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Zusammenfassung

In dieser Arbeit werden bestimmte Klassen von nicht-geometrischen String-Hintergriinden,
sowie weitere Aspekte im Wechselspiel zwischen Kompaktifizierungsmodellen und String-
Dualitaten, analysiert. Konkreter ausgedriickt, werden die durchgefiihrten Analysen durch
String-Zielraum-Dualitdten (T- S- und U- Dualitéten) motiviert, die Bezichungen zwischen
verschiedenen Raumen sind, die, wenn sie als String-Hintergriinde verwendet werden, zu
den selben Quantentheorien fiihren.

Insbesondere beginnen wir mit der Konstruktion einer Klasse von Kodimension-zwei
Losungen der String-Hintergrundgleichungen, die aus nicht-trivialen Zwei-Torus-Faserungen
iiber einer zweidimensionalen Basis B bestehen. Nachdem ein Degenerationspunkt auf
B eingekreist wurde, werden die Fasern mit einem beliebigen Element der T-Dualitéts-
gruppe geklebt. Diese Gruppe schlieft Transformationen ein, die weder Diffeomorphismen
noch Eichtransformationen sind, die zu nicht-geometrischen Konfigurationen fiihren. Die
entsprechenden Defekte, die wir T-fects nennen, konnen mit der T-Dualitdtsmonodromie
um sie herum identifiziert werden. Wir bestimmen alle moglichen derartigen Geometrien,
indem wir meromorphe Funktionen finden, die sie charakterisieren.. Das bedeutet, dass die
Konfigurationen einige Supersymmetrie bewahren. Mit Hilfe einer Hilfsflache, die iiber B
gefasert ist, wird ein geometrisches Bild entwickelt, in dem die Monodromie als ein Produkt
von Dehn-Twists auf dieser Oberflache beschrieben werden kann.

Die Zwei-Torus-Faserung Struktur bricht auf den T-fects zusammen, und um die voll-
standige String-Losung zu erhalten, muss man eine mikroskopische Beschreibung der De-
generationen einkleben, die typischerweise einige [sometrien der Faser bricht. Wir analysieren
die Physik in diesem Gebiet fiir parabolische T-fects durch Untersuchung der Dynamik von
Strings mit nicht-verschwindenden Windungszahlen um den Defekt. Daraus ergibt sich,
dass die Physik in der Nahe des Kerns im Allgemeinen Windungsmoden beinhaltet, die die
Supergravitationsannaherung nicht erfasst. Aus diesem Grund werden auch T-fects und
deren Physik in der Nahe ihres Kerns innerhalb Double Field Theory analysiert und es wird
diskutiert, in welchem Ausmaf} die gefundenen Windungsmoden in so einem Formalismus
kodiert werden konnen. Eine der untersuchten Geometrien entspricht der kompaktifiziert
NS5-Brane, fiir die auch T-Dualitat entlang anderer Isometrierichtungen analysiert wird
und die Ergebnisse werden mit der kompaktifiziert NS5-Brane verglichen.

Eine natiirliche Generalisierung fiir T-fects Losungen besteht darin, analoge Faserungen
in M- und Type II-Theorien zu betrachten und U-Dualitat-Monodromien zu erlauben. In
diesem Fall schrankt jedoch Supersymmetrie die Elemente der Dualitdatsgruppe ein, die als
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Monodromien verwendet werden konnen. Insbesondere ergibt sich, dass nur Konfiguratio-
nen, die zu T-fects dual sind, konstruiert werden kénnen. Wir untersuchen diese Konfig-
urationen anhand des neulich entwickelten Formalismus von generalisierten G-Strukturen
in Exceptional Field Theory, dass die U-dualitat Generalisierung von Double Field Theory
ist.

Ein solcher Formalismus ist ein méachtiges Werkzeug fiir die Untersuchung von super-
symmetrischen Flusskompaktifizierungen von Type II- und M- Theorien, da es Metrische-
und Flussfreiheitsgrade vereint. Die entwickelten Techniken werden auch dazu verwen-
det, um Kompaktifizierungen von Type IIB zu AdSg Vakua zu untersuchen, wobei bekan-
nte Ergebnisse in der Literatur durch eine einfachere Formulierung mit natiirlichen ge-
ometrischen Objekten reproduziert werden. Eine solche Formulierung erlaubt es auch,
notwendige Bedingungen fiir die allgemeinsten konsistenten Trunkierungen mit Vektor-
multiplets um diese Vakua zu finden. Diese konsistenten Trunkierungen sind wichtige
Werkzeuge fiir die holographische Untersuchung dieser Vakua.



Abstract

In this thesis certain classes of non-geometric string backgrounds, as well as other aspects
in the interplay between compactification models and string dualities, are analysed. Con-
cretely, the performed analyses are motivated by string target space dualities (T- S- and
U- dualities), which are relations between different spaces that, when used as backgrounds
on which strings consistently propagate, give rise to the same quantum theory.

In particular, we begin by constructing a class of codimension-two solutions to the string
background equations consisting of non-trivial two-torus fibrations over a two dimensional
base B. After encircling a degeneration point on B, the fiber is glued with an arbitrary
element of the T-duality group, including transformations that are neither diffeomorphisms
nor gauge transformations, which lead to non-geometric configurations. The correspond-
ing defects, which we call T-fects, can be identified with the T-duality monodromy around
them. We determine all possible such geometries by finding meromorphic functions of the
base characterising them, which implies that the configurations preserve some supersym-
metry. Using an auxiliary surface fibered over B, we develop a geometric picture where the
monodromy can be described as a product of Dehn twists on this surface.

The two-torus fibration structure breaks down at the T-fects and to obtain the com-
plete string solution, one needs to glue in a microscopic description of the degenerations,
which typically breaks some of the isometries of the fiber. We analyse the physics in
these regions for parabolic T-fects by studying dynamics of strings with non-zero winding
numbers around the defect. We deduce that, in general, physics near the core involves
winding modes that the supergravity approximation fails to capture. For this reason, we
also analyse T-fects and its near-core physics within Double Field Theory, an extension
of supergravity designed to capture momentum and winding modes in the same footing,
and discuss to which extent the encountered physics can be encoded within this formalism.
One of the geometries we study corresponds to the compactified NS5 brane, for which we
also analyse T-duality along other isometry directions and compare the results with the
compact NS5 brane.

A natural generalisation for T-fect solutions is to consider analogous fibrations in M-
and type II theories and allow for U-duality monodromies. In this case, however, super-
symmetry restricts the elements of the duality group that can be used as monodromies. In
particular, we find that only configurations dual to T-fects can be constructed. We study
these configurations using the recently developed formalism of generalised G-structures in
Exceptional Field Theory, the U-duality generalisation of Double Field Theory.
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This formalism is a powerful tool for the study of supersymmetric flux compactifications
of type Il and M- theories, since it unifies metric and fluxes degrees of freedom. We use
the developed techniques to study compactifications of type IIB to AdSg vacua, rederiving
known results in the literature using a simpler formulation in terms of natural geometric
objects. This formulation also allows one to establish necessarily conditions for the most
general consistent truncations with vector multiplets around these vacua. These consistent
truncations are important tools for the holographic study of these vacua.
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Chapter 1

Introduction

1.1 Why string theory?

The ultimate goal of science would be to construct a theory of everything, that gives a
complete and unique rational description of our entire universeE]. An important issue to
be taken into account in this context is that the universe happens to look very different at
different scales. Typically, as we will discuss below, phenomena that look very different at
some energy scale can become very closely related at higher energies, which is usually known
as unification in theoretical physics. This is the reason why science has been historically
developed as a set of apparently unrelated theories covering certain aspects of the reality
at certain energies (typically close to the ones available in experiments in each period in
history). Then, the current road towards a theory of everything is in fact a road towards
the most fundamental theory at high energies that includes all lower energy partial theories
and in this sense unifies them.

It is interesting to notice that, given the different appearance of reality at different scales
and the complexity of a unified theory, it is still very convenient to consider the partial
theories to study certain phenomena at certain energy scales. For instance, although we
know that quantum mechanics or general relativity are more fundamental than Newtonian
mechanics, the latter is a very good a approximation if one wants to study, for instance, the
dynamics of a train; and corrections due to the more fundamental theories are irrelevant
in this situation. In the same way, if one is interested in interactions between atoms,
chemistry is a very good approximation though it does not take into account their internal
structure, which are again irrelevant degrees of freedom. In this sense, the lower energy
theories can be thought as “effective theories” in some limit of the unified fundamental
theory.

Let us now briefly review how this unification occurred historically in physics and what

LOf course, a natural question to address is whether such theory indeed exists, namely if there is
a rational explanation for everything, including for instance for the existence of the universe itself; or
whether it is possible for us humans beings, which are part of the universe and therefore part of the theory,
to completely reveal it. Though these are very interesting questions, they are out of the scope of this
discussion.
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its current status is. The first clear example of a unification of two theories in modern
physics is probably Maxwell’s theory of electromagnetism [1]. Elaborating on the work by
Orsted, Ampere and Faraday, Maxwell was able to construct a unified theory describing
both magnetism and electricity. Furthermore, this new theory predicted the existence of
electromagnetic waves propagating at a finite speed, which could be identified with light,
turning also optics into electromagnetism. This theory was only experimentally proved
about twenty years later, when Hertz succeeded in detecting the mentioned electromagnetic
waves.

The success of the theory of electrodynamics had further implications. In particular,
certain contradictions between this theory and galilean relativity, a well stablished principle
of Newtonian mechanics, became soon apparent. The solution came with the theory of
special relativity [2], by Lorentz, Poincaré and Einstein, which unified the concepts of
space and time, established the speed of light as universal and the fastest speed allowed,
and elliminated the idea of an absolut reference frame. Unifying newtonian gravity with
this framework eventually culminated in Einstein’s theory of general relativity [3].

General relativity and electrodynamics are two very successful theories to describe
gravity and electromagnetism, two of the fundamental interactions of nature, at large
distances and low energy. However, it was realised at the beginning of the 20th century
that electromagnetism, the strongest of the two, failed to be consistent from a statistical
mechanic point of view, as well as at atomic level. By imposing a quantisation for the
energy of electromagnetic waves, Planck was able to successfully describe the spectrum of
black body radiation at all frequencies, for which no consistent model could be found using
the classical theory of electrodynamics. This idea was then further developed by Einstein,
Heisenberg, Schrodinder and others leading to the theory of quantum mechanics. With
this theory, the first successful models for atoms as electrons orbiting around a nucleus on
stable orbits could be constructed.

The unification of quantum mechanics, electromagnetism and special relativity lead
to the theory of quantum electrodynamics, constructed by Feynman, Dyson, Schwinger
and Tomonaga, based on earlier work by Dirac and others. It was soon realised that this
formalism could be generalised to include other interactions, leading to the framework of
quantum field theory. In particular, this allowed for the first time to study the other two
fundamental forces of nature, weak and strong nuclear interactions, the last one described
by the theory of quantum chromodynamics. All this work culminated with the formulation
of the ”Standard Model for Particle Physics” a quantum field theory based on point-particle
objects that successfully describes all interactions in nature except gravity, as well as their
couplings to matter, at quantum level.

For example, within this model electromagnetism is also unified with the weak nuclear
force into the electroweak interaction, with gauge group SU(2) x U(1)y. This group is
spontaneously broken to the quantum electrodynamics U(1) at low energies through the
Higgs mechanism, which gives mass to the weak interaction bosons. The success of this
theory was confirmed on 2012, when the Higgs boson was detected at CERN with a mass
of my = 125 GeV, establishing an energy scale for the unification of the electroweak force.

This success suggests that there could be a higher energy scale where also the strong
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nuclear interaction is unified with the electroweak force. A particular element that seems
to play an important role in this unification is supersymmetry. In particular, models for a
Grand Unified Theory has been constructed using a minimal supersymmetric extension of
the Standard Model. Such models, predict a unification scale at energies m,,, = 10'® GeV,
which are far away from the energies available in the current particle accelerators.

To complete a full unification of fundamental interactions, one should also include grav-
ity. However, this interaction has properties that makes constructing theoretical models
for a complete unification a very challenging task. Although the theory of general relativity
successfully describes the effects of gravity at large distances, it generically include singu-
larities, such as black holes, that indicate the need of a quantum version of the theory.
However, constructing a quantum field theory for gravity following the same procedure
as in the other interactions turns out to be impossible. The reason is that gravity as a
quantum theory happens to be non-renormalisable, meaning that one cannot consistently
remove the divergences that generically appear in a quantum field theory, and the theory
cannot be used to make physical predictions.

It is very important to remark that having theory of quantum gravity is important
even if it is not unified to the rest of interactions. Consider for instance the example of
an electron moving through a double-slit experiment. Although very tiny, this electron
generates a gravitational field due to its mass. However, quantum mechanics tells that the
path that a single electron follows cannot be determined, and therefore its gravitational
field cannot be constructed using classical gravity theories. Other more prominent examples
where a theory of quantum gravity is needed include the resolution of general relativity
singularities (i.e. black holes) and very early statges of the universe after the big bang.
Furhtermore, for these last situations one also needs a theory for gauge interactions in
highly curved backgrounds.

Nowadays, we have some candidates to provide a quantum theory for gravity. An
example is, for instance, Loop Quantum Gravity. However, this theory has currently no
consistent classical GR limit. Instead, the present thesis will deal with String Theory which
has a natural classical limit and, unlike the former, can also include gauge interactions.
This theory is based on changing the paradigm of point-like particle theories for one-
dimensional objects (strings). Intuitively, the fact that the fundamental objects have a
finite size implies the absence of ultra-violet divergences and, in fact, string theory is
known to be divergence-free. Furthermore, as will be briefly reviewed below, string theory
includes excitations that can be identified with gravitons and gauge bosons, becoming a
very natural candidate for quantum gravity and for a framework where ultimate unification
can occur.

In the last decades, string theory has been proven to have a very rich mathematical
structure. In this thesis, some aspects related with non-geometry in string theory and string
dualities will be analysed. The main concepts motivating this research will be introduced
in the upcoming sections.
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1.2 Basics of String Theory

The bosonic string

String theory is a theory of propagating one-dimensional objects. Analogous to a particle
propagating in space-time, one can construct an action by integrating the area swept by
the string while travelling between an initial and a final state. Such action is classically
equivalent to the non-linear sigma model described by the Polyakov action

T
Sp=—3 / d?o vV —hh*?0,X"95X" gy , (1.1)
P

where Y is the two-dimensional surface swept by the string, called world-sheet, and o =
(o', 0%) are a set of local coordinates on it. The fields X* can be interpreted as the
embedding of the string in the target space, which is a manifoldE] with metric g,,,. T =
(2ma’)~! is a parameter called string tension, related to the length of the fundamental
string [y = 2Vl , and the field h,p is a metric tensor on the world-sheet. We note that
gravity in two dimensions has no propagating degrees of freedom, which implies that h.g
is not dynamical. In fact, using the symmetries of the theory, one can always use a local
frame where h,s has the canonical form of a flat metric.

For the case where the target space is the empty Minkowski space, g,,, = 1,.,, the theory
can be quantised by promoting the fields X* to quantum operators. The corresponding
Fourier modes, which can be seen as oscillations of the string, are interpreted as particles in
the target space. Therefore, String Theory predicts a spectrum of infinitely many particles
of different mass coming from a single fundamental object, the string. We note that the
lower massive states of the spectrum will have a mass of order M, = (a/)~'/%  which
is the string mass scale. Therefore, all massive states can decouple from the massless
ones in situations when the characteristic energy of the system is much smaller than M,
corresponding to situations where o is small.

Another important aspect of the quantum spectrum of string theory is that it contains
a spin-two state in its closed strings massless sector. Such state will be interpreted as a
graviton when constructing effective actions. In particular, its space-time dynamics are
controlled by Einstein gravity equations, as we will see in some more detail below. This
fact is not only true for the bosonic string, but also for all other string theories, including
Superstrings discussed below. For this reason, gravity is always naturally encoded in String
Theory.

Furthermore, one can also consider open string states. In this case, their massless
spectrum will contain spin-one excitations which, analogous to the discussion with the
graviton, can be interpreted as gauge fields. Inuitively, one can see that a closed string can
be obtained by colliding two open string states. Therefore, any theory of interacting open
strings should also include closed string modes. In this sense, gravity is naturally included

2 Along this thesis we will also consider strings propagating in spaces that globally fail to be a manifold.
However, the current discussion is not affected by this consideration.
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in any gauge theory constructed from String Theory, which therefore provides a natural
framework for the unification of these two fundamental interactions.

While doing the quantisation procedure sketched above, one has to pay attention to
possible anomalous behaviours of the symmetries of the classical theory. In particular,
it turns out that the Weyl symmetry of the action (1.1)), given by the rescaling of the
world-sheet metric h,g — €2Aha5, becomes in general anomalous at quantum level. A
surprising result is that, in Minkowski space-time, this anomaly disappears if and only if
the dimension of the target space is fixed to a certain value, called critical dimension D, ,
which for the bosonic string is D, = 26.

Apart from a graviton state, the closed string massless spectrum of the bosonic string
includes an anti-symmetric 2-tensor B, called Kalb-Ramond field, and a scalar ®, the
dilaton. As we will discuss below, such string excitations are naturally related with fields
in backgrounds where a string can consistently propagate. Therefore, one should consider
a generalisation of the action that includes the coupling with them. This is achieved
with the action

1
Y

g =

/ P/ —h (K00, X 05 X" g + €00, X 05 X" By, + /' @R(R)) ,  (1.2)
¥

where R(h) is the Ricci scalar of the world-sheet metric. Since this metric do not encode
any degree of freedom, the last term is topological and do not affect the classical equations
of motion of the theory. However, it plays an important role when quantising the theory,
organising the string perturbation theory. This can be seen as follows. Assuming that the
dilaton changes on scales much larger than the string length [, the last term of the action
(1.2) can be approximated by the Gauss-Bonnet integral

—%/E\/—_hR(h) = —x(%) (@), (1.3)

where (®) is the background expectation value of the dilaton and x(3) the Euler number
of the two-dimensional surface ¥, which is a topological invariant. For a Riemann surfaceE]
with g handles and b boundaries, y = 2—2¢g—b. In the context of path integral quantisation,
one needs to consider exponentials of the action. The topological term then gives

e R VIR — g (14)

where g, = e!®) can be defined to be the string coupling Constan. Since the path integral
implies summing over all possible world-sheets, this factor organises them in powers of the
string coupling constant. For instance, for closed strings (with b = 0) the expansion in
powers of the string coupling corresponds to an expansion in the number of handles of the

3There is a generalisation of this topological invariant for non-oriented surfaces, which will not be
discussed in this thesis.

4This can be deduced by looking at the simplest interacting diagram for closed strings, namely the one
with two ingoing and one outgoing states.
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world-sheet. This is the string theory analogous of the loop expansion in quantum field
theories.

We conclude this part with a final remark about the string quantum theory. The fact
that, unlike point-particle theories, the fundamental objects of string theory have a finite
size implies that generally ultra-violet divergences are avoided in string theory. Together
with the fact that gravity is naturally included in it, this observation leads to the conclusion
that string theory is the most natural guess for a consistent theory of quantum gravity.

Superstrings

The bosonic string presented above has two important problems that prevent it to be useful
in the description of our world: its spectrum contains a tachyon state, of negative mass
squared, and it does not contain any fermionic states. It turns out that this two issues can
be solved by generalising the world-sheet theory and making it supersymmetric by
including fermionic degrees of freedom on the world-sheet.

The resulting theories are generically called Superstring Theories and all of them can
be consistently quantised when the critical dimension is D, = 10. It turns out, however,
that the procedures to obtain realistic theories with world-sheet supersymmetry are not
unique. The different possibilities are the following:

e Type II strings. These are constructed by adding supersymmetry for both left- and
right- moving sectors of the string and performing a GSO projection that eliminates
the tachyon. The result are string theories with A/ = 2 supersymmetry on the target
space. There are two inequivalent ways of performing the projection leading to type
ITA (non-chiral) and type IIB (chiral).

e Heterotic strings. These are constructed by adding supersymmetry on the left-
moving sector while having only bosonic degrees of freedom in the right-moving. Since
the critical dimensions of the bosonic string is bigger than the one for superstrings,
one needs to compactify 16 of the bosonic directions using a self-dual even Euclidean
lattice, which ensures modular invariance of the partition function. There are only
two choices for such lattices, that lead to a string theory with either gauge group
SO(32) or gauge group Fg x Eg. In both cases the theory has N' = 1 supersymmetry.

e Type I strings. These is a theory of un-oriented strings. It can be obtained from
type IIB by identifying the two orientations of the closed strings. Also, modular
invariance of the partition function is only satisfied if one includes a so called twisted
sector, that includes open strings. The theory has N/ = 1 supersymmetry.

Similarly to the case of the bosonic string, all such superstring theories have a graviton
and a dilaton in their massless spectrum. Furthermore the latter contains also different
form fields (the exact number and their degrees are different in each theory) as well as the
corresponding fermionic superpartners.

An astonishing fact about these theories is that all of them are related between them-
selves by a web of dualities, some of which will be reviewed in next section. Furthermore,



1.2 Basics of String Theory 7

they can be related to a unique theory defined in eleven dimensions: M-theory, whose fun-
damental objects are now two-dimensional (it follows from the above discussions that string
theories cannot be consistently defined in eleven dimensions). A complete description of
this theory is nowadays not known, but it should reduce to the unique 11-dimensional
N = 1 supergravity theory at low energies.

Low energy effective action and string background equations

As mentioned in the previous discussions, all string theories contain massless spin-two
excitations that we interpret as gravitons. In order to prove that this interpretation is
indeed correct, one needs to check that the dynamics of this states in the target space is
indeed governed by a (super)gravity theory.

Furthermore, string theory predicts an infinite spectrum of massive states, correspond-
ing to oscillations of the string, that have never been observed in the experiments available
nowadays. A plausible reason for this is that the characteristic string mass scale M, is
significantly bigger that the energies currently available in experiments. As pointed out
above, in this scenario the physics we observe is dominated by the massless modes of string
theory. This corresponds to study the theory in a limit where the parameter o/ is small,
in which effects due to massive modes, which are proportional to powers of o/, will be
arbitrarily small.

For these reasons, it is convenient to study the effective theory of the massless modes
of string theory, and check that this is indeed (super)gravity. Such checking is done by
studying scattering amplitudes of the different string massless excitations and constructing
a field theory that reproduce them. Undergoing this procedure, one obtains the expected
result.

As an example, let us consider the case of the bosonic string, whose massless excitations
are a graviton g,,, a two-form field B,, and a scalar field ®. The effective theory that
reproduce the scatterings of such excitations is

5= / P/ —ge 20 (R(g) !

= o g " + 4v“q>vuq>) , (1.5)

with H = dB, which is indeed a gravity theory coupled to the two-form and the scalar fields.
Analogous results are obtained for the superstring theories. Let us make the following ob-
servation about the theory: when the manifold is restricted to be a d-dimensional flat
torus (or the product of a d-dimensional flat torus times an arbitrary manifold) the action
has a hidden O(d, d,R) symmetry which non-trivially mixes the different background
fields [4]. This is in general not present in arbitrary manifolds but, since any manifold
looks flat in a small neighbourhood of any point (up to two derivatives terms like the
curvature), one expects that some reminiscence of this symmetry can always be locally
(i.e. close to each point in the manifold) found. We will reencounter these aspects when
discussing string dualities and extended space formalisms in sections and [L.5]

Let us now turn to an apparently unrelated question: above, we argued that quantising
the Polyakov action when the target space was Minkowski was only consistent in
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the case where its dimension was D..;.. However, we also argued that it was natural
to consider strings propagating on more general backgrounds, which include the fields
obtained from the massless spectrum of the theory. The dynamics of the string in this
situations is described by actions like . Now, one can wonder if the Weyl anomaly
is still cancelled after doing this generalisation. It turns out that for arbitrary fields the
symmetry is anomalous even in the critical dimension. However, by looking at the trace
of the energy-momentum tensor at one loop, one can deduce under which conditions this
anomaly cancels again. In particular, for the case of closed bosonic strings, the anomaly
is given by [5H7]

20T = o/ BOR(K) + BP0, X195 X" + B e 0, X105 X" (1.6)
with
1
58 = o (R = {H M Honp +29,9,0) + 0(a”).
1
BB = oz'(—éV)\HAW + HAWVA@) +O(?), (1.7)
1 1 1

B = Z_l(D — Daie) + o (R(g) + (V®)* — §V2<I> — ﬁhﬁ) + 0(a?),

and all backgrounds (g, B, ®) satisfying 39 = 38 = B(®) = 0 are anomaly-free. These
set of differential equations for the background fields are called string background equa-
tions and, at first order on o', they coincide with the equations of motion of the effective
supergravity theory (L.5)! This fact fits nicely in the idea of string theory being a theory of
everything: the backgrounds along which a string can consistently propagate are naturally
included within the theory itself.

String compactifications

Considering only massless string excitations is not enough to describe the physics we ob-
serve in experiments. In particular, we observe a four dimensional space, whereas super-
string theories are only consistent in ten dimensions. This can be solved by considering
that the extra dimensions are compact and small enough to escape from detection in the
experiments we have nowadays. Therefore, the study of string theory on compact mani-
folds is a central topic within the field and it is generically called string compactifications.
Generically, one considers string backgrounds of the form

= Mp

Mp a X Ky, (1.8)

crit. crit. —

where K, is usually called internal manifold, and has dimension d, and M Dt —d 15 the
external manifold. Phenomenologically, one is interested in situations where D . — d =
4, though other cases have also interest from a theoretical and mathematical point of
view. As we will see, specially in the last chapters of this thesis, the effective physics on
the external space (which is the one that should be eventually related with the physics
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observed in experiments) is highly influenced by the geometry and topology of the internal
space in a non-trivial way. The consequence is that the same ten-dimensional theory
compactified on different internal manifolds can lead to significantly different effective
theories in lower dimensions and, out of the five ten dimensional theories described above,
there is an enormous number of lower-dimensional effective backgrounds one can construct.
Such set of constructions is generically known in the literature as string landscape.

The natural question that arises in this discussion is which of these internal manifolds
lead to realistic lower-dimensional models. In general imposing some conditions for the
lower dimensional physics implies important restrictions to the kind of internal manifolds
we can have. For instance, demanding that the external space preserves some of the original
supersymmetry (a reasonable assumption in view of a minimal supersymmetric extension
of the Standard Model) imposes certain structures on the internal space or even restricts
its holonomy group (see discussions in chapter [5| for details).

Another common fact of compactifications is that they always give rise to several scalar
fields on the lower dimensional theory, which encode the moduli of the internal space. Since
massless scalars are not observed in experiments, one is interested in models that naturally
give a mass to such fields and stabilise them at some vacuum expectation value. These
techniques are generically called moduli stabilisation. One way to do it at tree level is
by turing on fluxes in the internal space [8-11]. By giving non-zero expectation values
to fluxes, a scalar potential for the moduli arises which can contain minima that stabilise
the moduli. In general, however, stabilising all moduli at the same time is not necessary
possible, and one has to use other techniques.

From the above discussion it follows that the relation between the internal geometry
and the effective lower dimensional theory is highly non-trivial. In fact, constructing an
uplift for a given theory with a given field content in the lower dimensional space is an
extremely hard task and there exist lots of cases where this uplift is still unknown. Actually,
a related natural question to ask is whether all possible realistic effective field theories can
be obtained from string theory. In the last years, there has been a lot of activity around
this question, generically called the swampland conjectures [12], and the latest results seem
to indicate that such theories could indeed exist.

1.3 String dualities

As already mentioned, string theory has a rich web of dualities which is not present in
point-particle quantum field theories. Most of them are based on the fact that string
theories deals with objects that extend in space (string are one-dimensional objects, but
in general one could also consider branes which can be higher dimensional). This allows
to have states winding or wrapping non-contractible cycles of our background. For this
reason, dualities are closely related to the compact string backgrounds described above.
In general a duality is a relation between two apparently different theories that maps
one to one all objects and observables from one to the other. In this sense, the two theories
are in fact equivalent. Dualities can be useful both for a deeper conceptual understanding of
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the theory and for computational purposes, since it can be that sectors of one theory where
we barely have access are mapped to a very well understood sectors in the dual theory.
Dualities in string theory include gauge/gravity dualities, mirror symmetry, open/closed
string dualities,. ... For this thesis, we will be interested mainly in T-, S- and U- dualities,
which will be reviewed next.

T-duality of the bosonic string

The simplest example where one encounters T-duality is the case of closed bosonic strings
compactified on a circle of radius R. Such theory is described by the action (1.1)), and
the corresponding quantum spectrum is given by infinitely many states, labelled by (n,m),
with n,m € Z, together with the excitation numbers of the different space-time oscillations.
Such states are subject to the constraint

N—-N=nm, (1.9)

where N, N € Z*U{0} are the sum of all excitation numbers for the left- and right- moving
oscillations, and their masses M are given by (in units where o/ = 1)

2

M2:%+m2R2+2(N+N—2). (1.10)
The integer n is related to the momentum of the state along the circle, which is quantised.
We observe that its contribution to the total energy of the state is higher the smaller the
radius is. On the other side, the m counts the number of times the string winds around
the circle. In this case its contribution to the total energy is bigger the bigger the radius
is.

A straight-forward observation is that, if one compactified the theory on a circle of
radius 1/ R, the spectrum would be exactly the same as the one obtained by compactifying
on a radius R. To relate the two situations, one needs to interpret the former winding
modes as the new momentum modes and vice versa. After this identifications the two
theories are indeed equivalent, obtaining

String theory on S* with radius R paiis String theory on S* with radius 1/R.

This situation can be easily generalised to the case where the background is a flat d-
dimensional torus 7. In this case, the space is big enough to have a two-form field B,,, and
one needs to use the action . The spectrum is now labelled by d momentum numbers
n € Z¢ and d winding number m € Z¢. Intuitively, the set of transformations that leave
the spectrum invariant is now bigger since we have more ways to identify momentum and
winding numbers. In fact, the set of all these transformations is the group O(d,d,Z) and
the 2d-vector (m, n) transforms in its fundamental representation. More details about the
action of the T-duality group on the background fields will be discussed in section [2.4.1]
It is interesting to remark that, as mentioned above, the low energy effective theory for
the massless spectrum of the bosonic string, given by the action , has an O(d, d,R)
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symmetry when toroidal backgrounds are considered. The way the background fields trans-
form under such symmetry is the same as they transform under the T-duality group. In
fact, what happens is that the O(d, d,R) symmetry group of the lower dimensional theory
is broken to the discrete group O(d, d, Z) by non-perturbative effects when considering the
full string theory. Note that the continuous group cannot be the duality group of string
theory since fractional momentum and winding numbers are not allowed.

Finally, it is also interesting to ask whether this duality can be generalised to curved
backgrounds. This is in fact possible in the cases where the background has a compact U(1)
isometry. In this case, starting from the sigma-model , one can gauge the isometry and
introduce a Lagrange multiplier that ensures that the field strenght of the corresponding
gauge field vanishes. Integrating out the bosonic field along the isometry direction in
space-time X“(o), one obtains another sigma model (where now the Lagrange multiplier
plays the role of the boson along the isometry direction) where the new backround fields
(§, B, ®) are given by the Busher rules [13-{15]

~ 1 ~ Bau ~ ga,ugazz - Ba,uBau

Jaa = — Jap = ) Juv = Guv — )
Jaa : aa : : Gaa

Y a 5 a Bau - Bau av

Bo, =2 B, =B, — = Jav (1.11)
Gaa Gaa

togehter with the dilaton shift
~ 1
¢:¢—§10g|gaa|, (1.12)

which is necessary at one loop. These set of transformations are indeed an O(d,d,Z)
transformation of the background fields, and one can check that the two theories are also
equivalent as quantum theories [16].

In this section, T-duality was mainly discussed for the bosonic string. However, the
arguments apply also for type IT and heterotic superstring theories. In these cases, however,
T-duality is not a self-duality of any of them, but instead relate type ITA with type IIB
and the two heterotic string theories among each other.

S- and U- dualities of type II superstrings

The massless spectrum of type IIB superstring theory includes, apart from the dilaton ®,
another scalar field Cy. It also contains two 2-form fields, the usual B together with Cs. In
type IIB supergravity, its low energy effective theory, these fields are related by an SL(2,R)
symmetry. In particular, given

(i Z) € SL(2,R), (1.13)

the fields transform like

) _ QTad b Ct\ _ [a b\ (Cy
Tad. = CTad +d7 (B/) - (C d) (B) 5 (114)
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(D[ 9 | 8 7 | 6 | 5 [ 4 |
Ed(d) SL(Q) X Zsy SL(3) X SL(Z) SL(5) Spin(5,5) E6(6) E7(7)
H SO2) | SO3) x SO2) | SO(5) | USp(4) x USp(4) | USp(8) | SU(8)

Table 1.1: U-duality groups Eg(g), and their maximal compact subgroups Hgy, of M-theory
compactified on a d-dimensional torus to D external dimensions.

where 7, 4 = Cy+ie~? is a complex field encoding the two scalar fields called axio-dilaton.

Analogous to T-duality, such group cannot be the duality group of the full string theory.
Instead, it is broken to SL(2,Z). This can be seen as follows: the fundamental string is
the object that couples electrically to the two-form B, and carries charge one. Similarly,
the objects that couple to the two-form C5 are D1 branes, which also carry charge one.
When considering the full string theory, this symmetry transforms fundamental strings
and D1 branes within each other. Since there cannot be fractional branes or strings, the
group SL(2,R) has to be broken to the discrete subgroup SL(2,Z). This duality is called
S-duality [17,|18]. We note that, when Cj is turned off, it includes a transformation that
relates gs — 1/gs. Therefore, S-duality can be seen as a strong-weak non-perturbative
duality.

As mentioned above, compactifications of type IIA and IIB supergravities on a d-
dimensional torus have also an SO(d,d,R) symmetry rotating the fields in the NS-NS
sector (which are the fields that coincide with the field content of bosonic string), and
are related between them by Buscher rules. Therefore, there should be a bigger group
including both T- and S-dualities. In fact, it is known that the full symmetry group for
type II supergravities on a d-dimensional torus is Egi1(441)(R), which is a non-compact
version of the exceptional group Egi1 [19,20] (see Table [1.1). Such group has an 11-
dimensional origin, consistently with the close relation between type II and 11-dimensional
supergravities: 11-dimensional supergravity compactified on a d-dimensional torus has a
symmetry group Fgg).

Similarly to the case of T- and S- dualities, the group Eyi1(41+1)(R) is conjectured to
be brocken to its discrete subgroup Fgi1(4+1)(Z) when considering the full string theory
(similarly Eq@)(R) to Eqa)(Z) in M-theory). Such string (and M-theory) duality receive
the name of U-duality (for reviews see [21-23]).

1.4 Non-geometric compactification models

An outcome of the above discussion on target space dualities is that geometry looks very
different when probed with strings (or higher dimensional objects, such as branes) than
when probed with point-like objects. They suggest then a natural generalisation to geo-
metric backgrounds: one could construct spaces where the gluing between patches is done
using string dualities rather than just diffeomorphisms. In general, such configurations
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will not be a manifold in the classical sense, but are smooth when interpreted as string
backgrounds. Such spaces are generically called “non-geometric” [24].

There are several reasons why these configurations are worth being considered. The
simplest one is that, from a world-sheet point of view, there is no indication that tells
that the space where a string propagates should be geometric. Compactifications using
non-geometric spaces are then a valid sector of the string landscape that can potentially
include phenomenologically interesting models.

Non-geometric configurations and non-geometric fluxes

In fact, in the context of flux compactifications, such type of backgrounds need to be
considered if one wants a fully T-duality invariant description of the four dimensional
physics. As an example, let us consider the case of type II string theories compactified
on a six-dimensional torus. If one turns on a non-zero H-flux in the internal space and
applies T-duality transformations along the directions where the flux has legs, one obtains
the following flux duality chain [25]

T-dual. T-dual. b T-dual. b
Hppe —— fuf —— Q. +—— R™. (1.15)

As a simple example where such fluxes can be realised, one can consider the following toy
model duality chain:

1. Torus with H-flur. We start from a flat three-torus equipped with a constant H-flux.
Choosing a gauge for the corresponding B-field, this configurations is described by
the fields

ds* = db* + dx® + dy?,
N

B = —fOdxNd 1.16
5-0dr Ady, (1.16)

where N is a constant. Such background can be seen as a two-torus fibration over a
circle, where 6 is the base direction, with period 27, and the periods of the coordinates
on the fiber (z,y) are set to 1. The total H-flux is given by

H= [ dB=N, (1.17)

T3
which for consistency at quantum level is quantised by N € Z.
2. Twisted torus. Applying Buscher rules procedure ([1.11]) along the direction y leads
to the following configuration
N 2
ds®* = db?+ da® + (dy — —Qda:) ,
27
B = 0, (1.18)
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where, in order to make sense of this metric globally, one needs to identify (z,y, ) ~
(x+1,y,0) ~ (z,y +1,0) ~ (z,y + Nx,0 + 27). The resulting three-manifold is a
Nil geometry and is usually called twisted torus, since it encodes a non-trivial circle
fibration.

In fact, this background is known to have a geometric flux f related to the non-
triviality of this fibration. In particular, following the same procedure we will follow
in chapter [4] for more general situations, the geometric flux can be associated to the
field strength of the globally defined form n = dy — %de,

f:/dn:/ﬁdx/\dezl\f, (1.19)
2m

and we observe that the original N units of H-flux have transformed into N units of
geometric flux.

3. T-fold. A further application of Buscher rules (1.11]) along direction x on the space
(1.18) gives the configuration

472

2 2 2 2
2r N6
B = ———d dy . 1.2
2 g Nt N (1.20)

Now, after going around the base direction, the volume of the torus and its B-field
get mixed in a non-trivial way, and the torus in the fiber cannot be glued using diffeo-
morphsism or gauge transformations. The gluing can only be done using T-duality
transformations and the corresponding configuration is globally non-geometric. Such
spaces are known in the literature as T-folds [26], and the corresponding flux con-
trolling the non-geometry is called Q-flux. It can be obtained as the derivative of a
bivector field 89, Q. = 9,/3%, where 3 is constructed as the antisymmetric part of
(g+B)'.

It is not difficult to see that neither the three torus with H-flux nor its duals are solutions
to the string background equations, so the above example should only be understood as
an illustrative toy model. Also, an important caveat of this example is the fact that the
Nilmanifold is not a principal torus fibration, and one of the U(1) isometries of the torus
is in fact not globally defined, which makes the application of Buscher’s procedure a priori
not obvious (see for instance [27430]). A way-out to this issue is to obtain the T-fold
configuration directly from the initial flat torus with H-flux, where both U(1) isometries
are globally defined, either by performing a collective T-duality using the methods in [31,32]
or by performing a fiberwise SL(2,Z), rotation as explained in [33]. We will encounter
again these backgrounds in chapter 2] embedded into a more general class of non-geometric
configurations.

Finally, the R-flux in the right-hand side of the relation is a bit more obscure.
These sort of fluxes appear naturally in four-dimensional gauged supergravities as structure
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constants of the corresponding gauge algebras [25|34-36]. However, it is very hard to
construct configurations realising it. For instance, to obtain a background with such flux
from (1.20), one would need to apply T-duality along the direction 6, which is not an
isometry of the background. Furthermore, the conjectured configuration would not have
a geometric description even locally, which make them very hard to study. During this
thesis, this type of fluxes will not be further considered.

In the remaining of this section we will discuss some general ideas about how non-
geometric fluxes can be used in the context of moduli stabilisation. Let us also mention
that spaces with non-geometric fluxes have also very interesting mathematical properties.
In particular, the @Q-flux gives rise to non-associative geometries while R-flux to non-
associative ones (see for instance [37-40]). Also, although in general CFT descripitions of
such backgrounds are not available, in some particular cases these have been constructed
from asymmetric orbifolds [40,41].

Non-geometry and moduli stabilisation

So far we have introduced non-geometric backgrounds only through dualities. By definition
of duality, if a certain non-geometric background is dual to a geometric one, the effective
lower dimensional physics will be exactly that of the geometric compactification. However,
by considering these cases one can learn about the couplings between the non-geometric
fluxes and the moduli of the internal space, which is a valuable tool to engineer more
general situations, using backgrounds which are not in any geometric orbit, that can help
stabilising moduli that cannot be stabilised using only geometric fluxes.

As an example, let us consider the case the case of type IIB compactified on T°/(Zy x
Z,), giving an N/ = 1 theory in four-dimensions, discussed in [25,42]. For simplicity, we
consider a six-torus of the form 72 x T? x T?, where each T? factor will have the same
complex structure 7 and Kéahler modulus p. In such compactifications, one obtains an
effective scalar potential for the moduli of the form

V =" (KYD;WD;,W —3|W|*), (1.21)
where K% is the inverse Kihler metric K;; = 9;0,K, with K the Kihler potential
K =-3In(—i(t — 7)) = 3In(—i(p — p)) — In(—i(7aa. — Taa)), (1.22)

with 7, q the type IIB axio-dilaton. If one considers only geometric fluxes, the superpoten-
tial W is given by
Wgeo. - Pl (T) + Ta.d.P2<T) ) (123)

where P, is a polynomial whose coefficients are obtained from the RR three-form flux and
P, another polynomial whose coefficients come from the NSNS flux H. We observe that,
in this situation, the superpotential W does not depend on the Kahler moduli p, and it
appears that such moduli cannot be stabilised (without considering other effects, such as
non-perturvative ones). This is related to the fact that such IIB compactifications have a
"no-scale” structure.
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The situation changes completely if one considers also the non-geometric fluxes de-
scribed above. In particular, if one wants to have an effective theory that is invariant
under T-duality, one needs to generalise the superpotential to

Wiot. = Pi(T) + Taa. Po(T) + pP3(7) (1.24)

where now Pj is a polynomial whose coefficients are obtained from the non-geometric flux
Q. We now observe that such flux couples with the Kahler modulus p, and this can be
stabilised. Intuitively, the fact that in the presence of ()-flux the volume of the torus
changes non-trivially breaks the "no-scale” structure.

From this example we learn that ()-flux can help stabilising the Kahler moduli of our
background in situations where they cannot be stabilised using geometric fluxes. Therefore,
non-geometric backgrounds are worth considering in the contexts of models for string
phenomenology or stringy cosmology (see for instance [43-46]). In this context, it would
be intersting to analyse to which extend they can be used to avoid no-go theorems of
geometric compactifications. As an example, one could wonder whether non-geometry can
avoid the Maldacena Nunez no-go theorem [47] for de Sitter spaces, and how this would
fit into the recent discussion of de Sitter space within the swampland conjecture [4§].

1.5 Generalised Geometry and extended space for-
malisms

In section we have seen that the natural background where a bosonic string propagates
contains a metric field g and a two-form field B, and are solutions of the theory (1.5)). The
local symmetries of such theory are diffeomorphisms and gauge transformations of the
B-field. On the other hand, we have seen in section that equivalent toroidal string
backgrounds are related by O(d, d, Z) transformations non-trivially mixing the metric and
the B-field. Furthermore, when only zero modes of the string where considered, this group
enhanced to O(d,d,R), which was indeed the symmetry group of the action (1.5) when
reduced on a d-dimensional torus. This symmetry is certainly no longer present when
more general backgrounds are considered, but still one can find a reminiscence of it at a
small neighbourhood around each point of the manifold, where any background looks flat
(up to second derivatives terms like curvature).

One outcome of this discussion is that, from the string theory point of view, the metric
and the two-form field are closely related. Such observation has motivation the appearance
of formalisms that threat this fields in a same footing, covariantising the above mentioned
symmetries and dualities.

O(d,d) Generalised Geometry

The first of such formalisms is Generalised Geometry, which was initiated by Hitchin
and Gualtieri [49-51] (in the context of string theory see [52,/53]). The starting point of
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this formalism is to construct a geometry generalising the tangent bundle T'M of a given
manifold M by formally substituting it to

TM & T"M. (1.25)

A section V of such bundle can be written locally as V = v + (, where v € I'(T'M) is a
tangent vector and ¢ € I'(T*M) a cotangent one. On the overlap of two patches of M, the
bundles can be glued together by a GL(d) transformation acting on both TM and T*M
(i.e. usual change of frame), as well as gauge transformations. The relevant fact of this
construction is that one can naturally equip it with the O(d, d) product

(V1, Vo) = (1 + (1,02 + Go) = 1, Co + 10,C1 = N VIIVY (1.26)

S (]? ]é) . (1.27)

The existence of this doubled bundle with this product defines an SO(d, d) structure on
the manifold in the same way a differential manifold has a GL(d) structure. Also, any
field over the manifold should organise into a representation of SO(d,d). In particular,
the metric and the B-field combine together into an object H called the generalised metric
(we will encounter an explicit construction in chapter . In a Riemannian manifold, the

metric breaks the structure group to SO(d), which is the maximal compact subgroup of

GL(d)

S0(d) "

generalised metric on the generalised tangent bundle breaks SO(d,d) into its maximal

subgroup, which is SO(d) x SO(d), and inequivalent generalised metrics parametrise the
50(d,d)

50(d)xS0(d)

with

GL(d), and inequivalent metrics parametrise the cosset space

Similarly, having a

cosset

Double Field Theory

The generalised geometry formalism is a natural framework for geometric bosonic string
backgrounds with H-flux. Now, we want to present a generalisation where one could
include also non-geometric configurations: Double Field Theory [54-56] (for reviews see
also [57-59]). Such framework is based on doubling not only the tangent bundle but also
the space-time dimensions, obtaining an extended manifold whose local coordinates on a
patch are XV = (2", Z,,), being 2" the ones of the original d-dimensional manifold. In such
construction, the above generalised bundle arises naturally as the tangent bundle of the
2d-dimensional manifold.

In ordinary geometry, the infinitesimal transformation of any tensor field T" along a
diffeomorphism parameter v™ are given by the Lie derivative 6,7 = L,T. Now, on the
doubled manifold, one can unify local diffeomorphisms and gauge transformations in a
generalised Lie derivative along a generalised vector V = v + (, which acts on an arbitrary
vector U as

SyUN = LyUN = VvM9,,UN 4 (0"Vy — O VY )UM | (1.28)
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where the indices M, N = 1,...,2d are raised and lowered with the O(d, d) metric (1.27),
and Oy = (O, 5”) Analogously, one can construct actions of the generalised derivative to
other generalised tensors, such as for instance the generalised metric. When restricted to
V =wv or V = (, one recovers the usual infinitesimal diffeomorphism and gauge transforma-
tions. In general, acting on an O(d, d) tensor with the generalised derivative will produce
another generalised tensor. In particular, the generalised derivative satisfy

Lynun =0. (1.29)

In ordinary geometry, the algebra of infinitesimal diffeomorphism transformations closes
and the bracket of two Lie derivatives is again a Lie derivative. This is in general not true
for the case of the generalised Lie derivative . In this case, the algebra closes only
when the condition

nMNOy @ Oye =0, (1.30)

is satisfied for any tensor field or gauge parameter in the theory inserted in e. Such
condition is known in the literature as strong or section constraint. Such condition is
usually solved by restricting all fields to depend only on half of the coordinates. For
instance, one can set 9" = 0, in which case usual supergravity configurations are recovered.
More concrete, if one solves the constraint by globally eliminating the dependence of any
field on half of the coordinates, one can integrate out such directions, reducing the theory
to the generalised geometry described above. However, one can also conceive spaces where
the solution to the section is not globally defined. In this cases, such solution needs to be
rotated by an O(d, d) transformation on the overlap of two patches, and the configurations
are non-geometric.

FEq) Generalised Geometry and Exceptional Field Theory

The above discussion focused only on the case of O(d,d) groups. There is however a
natural way to generalise it to include Egy) groups, motivated by U-duality of type II.
It is interesting to notice that Exceptional Field Theory, the Egy) version of DFT, will
naturally unify both type II theories (as well as M-theory) into a single one in the way
that will be explained below, which is consistent with the fact that type I1/B are related
by T-duality.

Starting from M-theory configurations, Fyq) generalised geometry [60-62] for d < 7 is
based on extending the tangent bundle of a manifold M to

TM @ N*T*M @& N°T*M & (T*M @ A"T*M), (1.31)

which accommodates diffeomorphisms and gauge transformations for the different form-
fields of the theory. In dimensions d < 7, the space will be too small to accommodate
some of these fields and, therefore, the corresponding term in will be absent. Also
analogous to the O(d, d) case, the field content of M-theory will organise into a symmetric
Eq(4) matrix, the generalised metric, that parametrises the cosset

)

a9 1.32
9, (1.52)
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where Hy is the maximal compact subgroup of Ey) (see Table [L.1)).

Analogous to Double Field Theory, one can now construct a covariant theory for U-
duality by enlarging the space-time dimensions in order to acommodate the bundle
as the tangent bundle of the extended manifold. Such theory recieves the name of Excep-
tional Field Theory [63],64], and within it one can unify infinitessimal diffeomorphism and
gauge transformations into a generalised Lie derivative along a generalised infinitessimal
parameter AV, Such derivative acts on generalised vectors V¥ as [65,66]

LAVY =AM, VN + (Padj.)NMPQVMaPAQ + AVNOAM (1.33)

where P,q;. is a projector onto the adjoint of Eyg). In type II and M-theory, togehter
with the Eyq) symmetry of the internal space, there is also an extra symmetry, called
trombone symmetry [67], related to rescalings of the warp factor of the external fields. For
this reason, it is convenient to formulate Exceptional Field Theory in terms of Fyq) < R*
tensors. Such objects will then have a weight under the R, which corresponds to the factor

A in ((1.33)). For vectors of weight A = (D —2)~!, the derivative (1.33)) can be rewritten as
LAVN = Aoy VN — VMo AN + VIV 0, A9 (1.34)

where Y]%M is an Fyq) invariant.
Finally, similar to the case of DF'T, the algebra of infinitesimal generalised diffeomor-
phisms closes only if the section condition

Y5 Oy @ Oy =0, (1.35)

is satisfied. In this case, different solutions to this condition lead either to type IIB or to
M-theory (and type ITA) configurations [63}/64}68,69]. In this sense, EFT unifies all these
theories. As in the DFT case, one can also imagine situations where the solution is not
globally defined, leading to non-geometric configurations. In chapter[0], we will discuss the
case of Spin(5,5) and give concrete expressions for the general discussion of this section.

1.6 Summary and overview

This thesis will be organised as follows:

e In chapter [2| we construct an analyse a class of configurations showing non-geometric
features. These are two-torus fibrations with T-duality monodromies along non-
contractible cycles. We will first analyse the case where the base is a circle, and
construct configurations where the torus fiber is glued with any arbitrary element of
the T-duality group. We then consider fibrations over a two-dimensional base and
construct local solutions to the background equations around a degeneration with
arbitrary monodromy in the T-duality group. We refer to such degenerations as T-
fects. Some of these T-fects are identified with a semi-flat approximation of known
brane solutions, while some of them are new exotic solutions.
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In chapter 3| we analyse the physics close to T-fects with parabolic monodromies. We
argue that winding modes play an important role in such analysis, but supergravity
approximation fails to encode them. For this reason, we also analyse this configura-
tions within the formalism of Double Field Theory and discuss to which extend the
physics we encounter can be encoded within it.

One of the configurations that appears in the discussions on chapters [2| and [3] is the
semi-flat approximation to the NS5 brane with two compact transverse directions.
In chapter [f] we analyse T-duality transformations for the full un-compactified NS5
brane along angular isometries and compare the findings with the compact version.

In chapter |5| we consider the T-fects configuration constructed in chapter [2| as solu-
tions of type II and 11-dimensional supergravities and generalised them to allow also
U-duality monodromies. After a detailed supersymmetry analysis, we conclude that
one cannot construct supersymmetric solutions with any monodromy in the U-duality
group. In fact, one can only construct configurations that are U-dual to T-fects. We
analyse and classify all such configurations.

In chapter [6] we analyse half-supersymmetric flux compactifications of type IT and 11-
dimensional supergravities to six dimensional Minkowski space using the formalism of
generalised G-structure in Exceptional Field Theory. This is a very natural formalism
to study these compactifications, since it unifies metric and fluxes degrees of freedom.
After reviewing it, we construct the necessary tools to study compactifications to six
external directions. We apply them to analyse the U-duality defects of chapter
reproducing the results obtained there.

In chapter [7], we use the tools from chapter [6] to study half-supersymmetric flux com-
pactifications of type IIB theory to AdSg. In particular, we derive a classification for
all such possible vacua, reproducing known results in terms of a simpler formulation
using natural geometric objects. Furthermore, this formulation allows for studying
the most general consistent truncations with vector multiplets around this vacua.



Chapter 2

Toroidal fibrations, T-folds and
T-fects

In this chapter we construct and analyse a class of torus fibrations including certain config-
urations exhibiting non-geometric features. In particular, we will study two-torus fibrations
with T-duality monodromies along non-contractible cycles.

In section we have introduced non-geometric backgrounds as configurations where
transition functions between patches are generalised to string dualities. Since, apart from
simple realisations such as asymmetric orbifolds, little is known about string theory prop-
agating in such backgrounds, it is interesting to construct and analyse explicit local ge-
ometries presenting such non-geometric features.

The approach we follow is to consider string theory compactified on a torus, and fiber
the resulting T-duality group over a base B. In particular, we will focus on the case of a
two-torus 7%, whose T-duality group is O(2,2,Z) = SL(2,Z), xSL(2,Z) ,x Zy X Z3, where T
is the complex structure of T? and p is the complexified Kahler form. The SL(2,Z), factor
will be related with the large diffeomorphism group of the compactification torus T2 = T2,
while the other SL(2,Z) factor corresponds to transformations that mix non-trivially the
metric and the B-field.

On the first part of the chapter, we develop a geometric point of view obtained by
interpreting the SL(2,Z), factor as the large diffeomorphism group of an auxiliary torus
T 3. We first consider the case in which the base B is a circle S, generating and classifying
T-folds with any monodromy in the T-duality group. If only 7 varies, the resulting 3-
manifolds are geometric and can be understood in terms of a product of Dehn twists. For
the cases with p-monodromies, one can think of them as Dehn twists of the auxiliary torus.

Second, we consider a fibration of the torus over a two dimensional base B = P!, which
is the familiar situation of stringy cosmic strings [70,24]. In this situation the fibration
degenerates at some point on the base around which we have a monodromy. In this sense
the torus fibrations over a circle will be recovered at the boundary of a small disk encircling
the defect. We will generically call this degenerations T-fects.

In order to construct approximate such geometries we use a semi-flat approximation
[7173] where the fields do not depend on the fiber coordinates. In our case this means to
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preserve the U(1) x U(1) isometry of the torus. On the degeneration this approximation
breaks down and one needs to introduce by hand the exact geometry. This will be the
main topic of chapter [3]

On the other hand, such T-fects solutions are co-dimension two objects and they have
logarithmic divergences far away from the degeneration, which make them ill-defined as
stand-alone objects. However, one can consider situations in which several of them are
distributed along the same base, cancelling the divergences. The deficit angles of such
objects will then bend the base and, by having enough of them, one can construct global
models for compactification.

Finally, on the last section of the chapter, we will discuss how this configurations can
be described within the formalism of Double Field Theory described in section [I.5, and
compare this picture with the geometrisation of the SL(2,Z), factor. This chapter closelly
follows [74], as well as [33] in the final sections.

2.1 T-duality monodromies

Along this chapter we will consider two-tori fibered over a base B. The moduli of a two-
torus are encoded into its complex structure 7 and complexified Kahler form p, defined as

po 92 V9 p=B+iyg, (2.1)
922 g22

where g11, g12, g22 are the components of the metric on the torus, g its determinant, and
B the unique component of an NS two-form field on the torus. Its T-duality group is
0(2,2,Z) = SL(2,Z), x SL(2,Z), x Zy x Zy, where the SL(2,Z) factors act on 7 and p

via Mobius transformations

_at+b _fa b
T = MT[T] = C7'+d7 M‘r— ( d) S SL(2,Z)T7
ap+b (a z})
— M,[p] = = M,=|(_. 5)e€SL(2,2Z2),, 2.2
p= M= = (1G] esie) 22)

The two Z, factors are the mirror symmetry (7, p) — (p, 7), which corresponds to factorised
duality along one of the toroidal directions, and a reflection (7, p) — (=7, —p). A partial
geometrisation of the duality group is obtained by identifying the two SL(2,Z) factors
with the group of large diffeomorphisms of two tori, 7 (the compactification torus) and
T2

’ The first case we will consider, in section [2.2] will be torus bundles where the base B is a
circle. This situation will be generalised in section to fibrations over a two dimensional
base, where the circle becomes contractible. Although in general configurations of the first
kind do not satisfy string background equations, this situation has been analysed many
times in the context of Scherk-Schwarz reductions and as toy model for non-geometric
backgrounds [75,76,42,|77,59]. Our discussion will focus in the role of the monodromy.
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@ -
u
Figure 2.1: In the left, a torus with the cycles u, v. In the right, the action of a Dehn twist
along the u-cycle, represented by the matrix U in (2.5]), acting on the cycle v.

The case with B = P!, where the configurations solve the string background equations,
was introduced in [24]. Such situation is interesting since, in the case of heterotic theory,
it can be understood from a duality with F-theory [78]. In particular, if one describes the
auxiliary Tg fibration as an elliptic fibration, the corresponding line bundles on B that
specify the fibration can be mapped explicitly to geometric compactifications on the F-
theory side, and one can use this duality to obtain the conditions on the non-geomtric Tg
fibration to obtain sensible string vacua. This analysis has been carried in [79-81].

2.1.1 Monodromy of mapping tori

Before turning into the study of such fibrations, we review some facts about monodromies
that will be used along the discussion. We consider the fibration 7% — Ny — St of a T?
over a circle constructed as

T2 x [0, 27]
(xaa O) ~ (QS([L’“), 27T) ’

where ¢ is an element of the mapping class group M (T?), the group of large diffeomor-
phisms of a two torus. This group can be mapped one to one to SL(2,Z) and, for this
reason, we will simply write ¢ € SL(2,Z). The geometry of Ny will be completely deter-
mined by the trace of ¢ or equivalently by the class of induced diffeomorphism of 72

The group M (T?) can be generated in terms of Dehn twists along two closed curves u
and v with intersection number one. The corresponding Dehn twists, which we will denote
by U and V, will satisfy the relations

Ny =

(2.3)

uvu = vUVv,
(v = 1, (2.4)
and the group will be generated by compositions of these two elements. A simple choice for

the curves is the standard basis for the homology, see Figure 2.1} This gives the following
matrix representation of the two Dehn twists:

U:(i»%, V:G D, (2.5)
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which indeed satisfy (2.4)).

Next we give a useful classification of the elements in M (T?), which will be later used
to classify the different toroidal bundles in terms of their monodromy. This classification
comes from the characterisation of elements in SL(2,Z) inherited from the orientation-
preserving isometries of the hyperbolic plane H? through the identification PSL(2,R) ~
Isom™ (H?) = Isom™ (Teich(7?)) via Mobius transofrmations. Each isometry ¢ represented
by a matrix M € SL(2,Z), is classified into one of the following types [82]:

1. Elliptic type: ¢ has one fixed point in H?, or equivalently [tr(M)| < 2.

2. Parabolic type: ¢ has no fixed point in H? and exactly one fixed point on dH?, or
equivalently |tr(M)| = 2.

3. Hyperbolic type: ¢ has no fixed point in H? and exactly two fixed points in OH?, or
equivalently |tr(M)] > 2.

Such classification for the elements of SL(2,Z) is reflected in a thrichotomy of the corre-
sponding torus diffeomorphisms, that are periodic, reducible and Anosov maps respectively.
The geometry of the corresponding mapping torus N is determined by the class of such
diffeomorphism and can be Euclidean, Nil or Solve. In the next section we will give con-
crete examples of this. In the rest of this section we study in more detail each of the three
types of the above classification.

Ellyptic type

All elliptic elements are necessarily of finite order. There are exactly 6 conjugacy classes
of elliptic type, given by the matrices

(UV)? = (_01 _11> ,  UVU= (_01 é) ,  Uv= (_11 (1)) : (2.6)

respectively of order 3, 4, 6; together with their inverses which, using the relations ([2.4)),
are given by

(UV) 2= (UV)! = (‘11 _01) , (UVU)™' = (UV)U = ([1) _01> ,
(UV)L = (UV) = ([1) _11> . (2.7)

The only other finite order element is (UV)? = —1.

Parabolic type

For parabolic elements, which are of infinite order, there is an infinite number of conjugacy
classes, which can be labelled by an integer N. Note that both the U and V' Dehn twists
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are in the same conjugacy class labelled by N = 1. The general representative for the
conjugacy class labelled by N is

1 N
N _
VY =4 <O 1) . (2.8)
Elements in the same parabolic conjugacy class can be labelled by two coprime integers
(p, q) as ;
LV L_<—Nq2 1 — Npg) (2.9)

for any L € SL(2,Z).

Hyperbolic type

For hyperbolic elements there is a conjugacy class for each value of the trace, plus additional
sporadic classes whose number can be computed with the methods of [83]. Two examples
are given by

VI-NUY = (ivl (1)) , UNty T = (_01 —1N> , N>3. (2.10)

The extra sporadic classes are listed in [83] up to tr M = 15. This are, in terms of Dehn
twist decomposition (some of the matrices we use are conjugate to their representatives)

_ sy (102 a2 (102 _ sy (12
Mg—UV—(37, Mo=U"V?=(, o), Ma=U"VI=(, 7).

My = UV2U3V3 = (_75 _1133> . My =UV? = (é 123> ., + inverses. (2.11)
We note that the decomposition My = U~NV?2 seems not to be conjugate to the element
(2.10) with the same trace nor to its inverse for N > 1. We therefore conjecture that this
gives a list of sporadic conjugacy classes for hyperbolic elements of even trace 2N + 2,
N > 2.

The elements of hyperbolic conjugacy classes have always two real eigenvalues. For
instance, the element V!=NUV in has eigenvalues (A, 1/\) with

)\:%(N—F\/NQ—ZL), for N > 3. (2.12)

2.2 Three-manifolds and T-folds

We next apply the discussion of the previous section to string theory compactified on a two
torus T?2. Fibering this torus over an additional circle one generates a class of 3-manifolds
that is commonly used to perform Scherk-Schwarz dimensional reduction and provides
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T M’T[T]
C=2D)N(E=
0 — 0+ 2r
<< >

Figure 2.2: The mapping torus of a T compactification. The monodromy of the fibration,
which determine the geometry of the total space, is a product of Dehn twists. The simplest
example is a twist along one cycle of the homology basis.

the simplest examples of Nil- and Sol-manifolds (see for instance [84]). If we also include
monodromies in SL(2,Z),, which can be geometrised by an auxiliary T’ 3 fibration over the
circle, the resulting configurations will be in general non-geometric and are usually referred
to as T-folds [27] (see also [85,86/,30]). A usual approach in the literature to such spaces is
through the chain of T-duality transformations , realised by the backgrounds (|1.16]),
and ([1.20), which are simple toy models to introduce non-geometric fluxes.

The logic we will follow in the rest of the section will be different and will not rely
on T-duality. Instead, our aim will be to give a classification of all possible geometric
and non-geometric 3-spaces, coming from the corresponding classification of mapping class
groups of the T? and Tp2 fibrations. We will construct explicit configurations for such
T-folds that will be used in next section to classify all possible local geometries around
defects arising from the fibration of the T-duality group on P!. Although, as mentioned
above, the configurations considered in this section are not string vacua, after fibering the
T-duality group over a two-dimensional base we will in fact obtain local solutions to the
string background equations. The mapping tori presented in this section will arise at the
boundary of a small disk encircling the defects.

We will now first review geometric torus bundles with SL(2,Z), twists and then discuss
spaces with non-geometric twists.

2.2.1 Geometric 7 monodromies

We begin considering the situation where p is fixed to p = ¢ and we let 7(0) vary along
the base B = S' (see Figure . This is a well known situation, it has been discussed
in some detail in [76], but will be useful to illustrate the role of the monodromy. The key
point in the construction of such fibrations is to determine the function 7(6) encoding a
given monodromy M, € SL(2,Z).. In terms of this function, the metric of the total space
is given by

ds* = df + gapdxda’ (2.13)
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where the metric on the toroidal fiber is, from ([2.1]),

o == (7). 2.14)

T1

with 7 = 7y + 479, and we fix the radius of the base circle to R =1 and (z!,2?) = (z,y). A
given element M, acts on 7 by Mébius transformation (2.2)). We fix 79 = 7(0) and demand
that 7 has the monodromy 7(27) = M[rp]. To find such function we consider the element
m = log(M) of the Lie algebra sl(2,R). Then, we construct the path M () in SL(2,R)
given by the exponential map M (6) = exp(m/27). By construction M (2w) = M,, and
we define

7(0) = M(0)[r] (2.15)

which obviously has the desired monodromy properties: 7(0) = 79, 7(27) = M[19]. We will
next discuss each of the three classes of SL(2,Z), monodromies, and the corresponding
torus diffeomorphism, separately.

Parabolic (reducible)

We begin considering monodromies of parabolic type, namely elements M, € SL(2,Z),
with [tr(M,)| = 2. The simplest example is the shift 7 — 7 4+ N, given by

o~ _ (1 N (0 N

This monodromy implements an N-th power of a Dehn twist along the v cycle of the torus
once encircling the base. Using the procedure described above, the complex structure of
the fiber is given by

N
_ - 2.1
7(0) =10 + 27?0’ (2.17)

where 79 is an arbitrary complex parameter. The corresponding total space is a Nilmanifold,
as can be seen from the metric (2.13), which becomes:

N 2
ds3 = do* + dz”* + <dy + 2—9d:c) , (2.18)
m

with coordinate identifications described above, that implement the desired monodromy.
Such metric can be written explicitly as a left-invariant metric on a nilpotent Lie group G.
In order to see this, we introduce the Maurer-Cartan forms 7° = df and n* = M (0)%,dz?,
which satisfy

dn’ =0,  dn* = (m.)"n" An. (2.19)

Then, the generators (ty,t1,t2) of the corresponding Lie algebra g satisfy

[to, ta} = _(m‘r)abtb , [ta, tb] =0. (220)
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From the precise form of m,, one can see that the lower central series, namely the sequences
of ideals g° = g, g* = [g,0°], > = [g,9'],... terminates and the algebra is nilpotent. In
fact, for m, in , g is the Heisenberg algebra, and the torus fibration can also be seen
as a principal circle bundle over a torus. The global identification that makes the space
compact is a quotient of G by a discrete subgroup. In the notation of [87] this space is
referred to as (0,0, N x 12).

The presented example was the simplest case of a Nil geometry and, as discussed above,
it can be obtained by T-duality from a three torus with constant H-flux. One can also
consider a monodromy which implements a Dehn twist around the u cycle of the fiber T2,
given by the element

o~ (1 0 (0 0
o (B0 e (00). o

This corresponds to the action on 7

-
1— N7~

T — (2.22)

which actually corresponds to a shift of 7= 77! — 77! — N. More generally, one can

consider arbitrary elements in the N the conjugacy class, labelled by two coprime integers

(p,q) as in (2.9),
1+ Npg  Np? ) <Npq Np? )
MT = s m, = y 223
( —N¢*  1-Npg —N¢* —Npq (223)
The corresponding solution for 7(6) is given by

(27 + Npgb) o + Np*0

0) = 0/2 = , 2.24
T( ) eXp(m / W)[TO] _nge To + (27T _ Npqg) ( )
and the corresponding metric on the total space is
N 2
ds; = dO® + di* + (dgj + 2—(102 + q2)9dfc> , (2.25)
7r
where
T +ifj =e%(x+iy), = arctan (g) : (2.26)
p

and the identification now corresponds to gluing the T? after performing a N-th power
of a Dehn twist along a cycle represented by p[v] + ¢[u]. Using with m, given in
2.23)), one can see again that the corresponding algebra is nilpotent. In light of the result
2.25)), one might think that studying different configurations with monodromies in the
same conjugacy class is uninteresting. However, we will see that the same analysis with
twists in SL(2,Z), give rise to very different local configurations.
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Elliptic (periodic)

We now turn to geometries with monodromies in elliptic conjugacy classes. We begin
considering an elliptic conjugacy class represented by the order 4 monodromy:

~ (0 1 (0 T
MT_UVU_<_1 0), mf_(_% 0), (2.27)

for which the corresponding solution for 7() using (2.15)) is given by (see also [76])

(6) = cos (0/4) 1o+ sin (6/4)
—sin (0/4) 1o + cos (0/4)

(2.28)

The corresponding total space is a compactification of the Lie group ISO(2), the group of
symmetries of the Euclidean plane. This can be seen from the local coordinate represen-
tation of the left-invariant forms:

" (2.29)
cos (0/4) dx + sin (6/4) dy ,
= —sin (0/4) dz + cos (0/4) dy .

nl
772
7]3

which satisfy (2.19) with m, in (2.27)). In terms of this forms, the left invariant metric can
be written as [76] ds3 = d6% + ga(70)nn".
We can perform an analogous analysis for the rest of the remaining finite order con-

jugacy classes. For example, for the conjugacy classes of order 3 and 6, represented by
(UV)*, k = 1,2, we have

ml = T (_12 _21) S UV oY (2.30)
and the corresponding complex structure is
At + \% sin(k 6/6)

—\% sin(k6/6)tg + A=’

= Lsin
AT =cos(k6/6) £ 7 (k6/6) . (2.31)

All 3-manifolds obtained in this way are compactifications of Lie groups of uni-modular
solvable (but not nilpotent) algebra. Note that, if the parameter 7y is chosen to be the
fixed points of the monodromy element we are considering, namely

7(0) =

UVU :19=1i, UV:m=¢e™3, UVUV: 1y=e? /3, (2.32)

the complex structure is constant along the base and given by 7(6) = 75. These points
are the minima for the potential for the moduli obtained by a reduction with duality
twists. In them, one has a CFT description in terms of symmetric orbifolds (see for
instance [75,[77.[85,/41]).
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Hyperbolic (Anosov)

Finally, we consider hyperbolic monodromies, corresponding to Anosov diffeomorphisms
of the fiber torus. To get some intuition about the kind of geometry we expect, we begin
with a simple example with monodromy in SL(2,R):

e 0 w 0
w (S 0) me (s ). o)

wl /7

The corresponding complex structure is given by 7(0) = ¢“?/ "1y, and corresponding metric

for the total space (fixing 79 = 1)
ds? = e“V/"dx? + e~ dy? + dh* . (2.34)

From the relations we can deduce that the corresponding algebra is solvable, but not
nilpotent, and therefore the configuration is Sol-manifold. The compact torus bundle can
be obtained by a quotient of a Lie group Sol by a discrete quotient [84]. The background
(2.34)) was analysed in [88] in the context of a search of d Sitter vacua in string theory.

We now turn to genuine SL(2,Z) hyperbolic monodromies. Some of the conjugacy
classes can be labelled by integer N and are given by:

N 1

_ Y/1-N _
M, =V UV_(_1 0

) , N>3. (2.35)

Note that the matrix

M= (? D , (2.36)

representing Arnold’s cat map on the torus, is conjugate to the matrix above for N = 3.
The monodromy matrix can be diagonalized with two real eigenvalues (A, 1/)), as
given in . Powers of the Anosov diffeomorphism stretch and contract exponentially
the two eigenspaces. For this reason, the repackaging of the torus image under the map
into the fundamental domain results in a chaotic behaviour. In terms of A, the algebra
element is given by

logA A2 +1 2A\
M= ( Son —(A2 4 1>> ! (2.37)
and the corresponding torus complex structure by
To + A = ATT(1 4 M) (2.38)

() = (70 + A) F N1+ M)

From this expression one easily gets the metric on the total space. Analogous solutions
can be found for the remaining conjugacy classes.
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2.2.2 T-folds and p monodromies

We next turn to cases of a torus compactification where the complex structure is fixed
to 7 = ¢ and we let p(f) to vary along the base B = S'. Such spaces can be formally
obtained by applying the results of an auxiliary 7T’ 5 fibration on the circle, that geometrises
the SL(2,Z), factor of the T-duality group. A local expression for the fields characterising
these configurations is given by

ds} = d6° + po(0)(da* +dy?), B = pr(6)da Ady, (2:89)

where p = p; +1p2. The monodromy mixes the volume and the B-field and, in general, the
resulting spaces are not manifold: after going around the circle, the torus fiber cannot be
glued using diffeomorphisms or gauge transformations. Except for some particular limit in
the moduli space in which we have a string description from asymmetric orbifold CFTs,
there is in general no clear string description of such T-folds. However, as we will discuss in
the next section, the non-geometric monodromies that we describe arise also in fibrations
over P!, and in some cases one can obtain evidence for the existence of the corresponding
string vacuum from string dualities.

Parabolic

We begin considering the parabolic monodromy

M,=VN= (é Jf) : (2.40)

This corresponds to a shift of p, p(6) = py+ N, and can be understood geometrically as a
Dehn twist along the v cycle of the auxiliary sz_ The corresponding total space is just the
three torus 7% = T2 x S* with N units of H-flux described by the fields (1.16]), and can be

obtained by T-duality from the Nilmanifold (2.18]) as we discussed above. If we consider
the conjugate monodromy

.~y _ (1 0
M,=UN = (_N ) (2.41)
we obtain the following solution for p:
2 po
)= ———. 2.42
p(0) v (2.42)

The gluing condition now mixes the volume of the fiber torus with the B-field, as follow
from the action on the volume,

VI~ N ({VEB 5 (2.43)

and we thus encounter an obstruction to glue the toroidal fiber to obtain a torus bundle.
Note that for py = 4, from ([2.42) we obtain the following field configuration:

NO

dss = d0° + g
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which coincides with the T-fold metric we obtain from a T-duality on the Nilmanifold. We
can also consider the general (p, ¢) parabolic conjugacy class as in (2.24]), thus obtaining a
class of T-fold metrics that interpolate between the two previous solutions.

Elliptic

We can now repeat the analysis of finite order elements done for the geometric 7 mon-
odromies. The corresponding solutions for p(f), for monodromies of order 3, 4 and 6 are
given by and by a fiberwise mirror symmetry 7 — p. In this case, all configu-
rations in this class present non-geometric features. For instance, the order 4 monodromy
M, = UVU, acting on p as

1
p— —=, (2.45)
p

has an action on the volume that transforms it like

N B;/f . (2.46)

and the non-trivial mixing between the volume and the B-field becomes an obstruction to
obtain a torus bundle. Analogous results can be also found in the cases of order 3 and 6.

These non-geometric T-folds have been discussed in the context of generalized Scherk-
Schwarz reduction within double field theory in [89,44]. The corresponding potential V' (pp)
admits a minimum at the fixed point of the monodromy element. At such minimum, there
exists a description in terms of an asymmetric orbifold CFT [40,|41]. We note that in
the CFT description (as well as in double field theory) we see the presence of both H-
flux and @-flux. These fluxes should be identified by the corresponding monodromy, the
perturbative shift V, ~ H and the non-geometric twist U, ~ ). The simultaneous presence
of both fluxes fits well with the monodromy decomposition of the elliptic monodromy of
order 4, MS” =U,V,U,. As we will discuss in the next section, such decompositions are
defined up to some redundancy, which basically follows from a braid action on the Dehn
twist decomposition. In this case we have for example, from , u,v,u, = V,U,V,,
so it is not simple to match the monodromy decomposition with the corresponding flux
parameters. We will come back to this point when we will study fibrations on a P! base
and we will identify sources for the fluxes.

Hyperbolic

We finally analyse the case of hyperbolic monodromy in p. As in the case of 7 mon-
odromies, one can construct a simple example by considering the SL(2,R) monodromy
(2.33)). Choosing py = i, this gives the metric

ds2 = dO? + poe®®™ (dx* + dy?) (2.47)

where the volume of the toroidal fiber increases exponentially by going around the base.
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We next discuss the case of the hyperbolic SL(2,Z) representative element

M, = N , N>3. (2.48)
-1 0
The action on p is given by
1
p————N, (2.49)
p

and the function p(#) is given by (2.38) with 7 — p. The action on the volume is the same
as for the elliptic case,

N BQ\/Jf_g- . (2.50)

but now iterations are not periodic and act in a complicated way. The action on the volume
after n iterations, for instance, can be derived from ([2.38]) by setting 7 — p and 6 = 27n.
One obtains

VI (N2 = 1)% N
AM(B+X) — (BA4+ 1A + gX2 (A2 —1)?

V7 (2.51)

2.2.3 General case

Finally, we also briefly analyse the case in which both SL(2,Z) factors are non-trivially
fibered over the same circle, letting 7(6) and p(@) vary. These configurations are in general
non-geometric and not dual to any geometric one, and they have been studied for instance
in [41,89]. An example is the order 4 solution

_cos (ff) o +sin(f0) 1
T<6)_—Sin(f0)T0+COS(fQ>’ f€Z+Z,

~ cos (g0) po + sin (g0) 1
pl0) = = sin (gf) po + cos (g0) ’ 9€7 +Z, (252)

where the parameters f and g should be identified with geometric and non-geometric fluxes.
The potential for the moduli (79, pg) has a minimum at the fixed points of the monodromy
(70, po) = (4,4). At this minimum, an asymmetric orbifold description was studied in [41].

In the context of heterotic/F-theory duality, it is convinient to think of these configu-
rations in terms of mapping class group of a genus surface of genus two obtained by gluing
together both tori 7, and T;. If we then embed the representative matrices M., M, in
4 x 4 matrices acting on the homology of the genus-2 surface, we can think about the
double elliptic monodromy as being decomposed into M¢ e” = U, V.U, U,V,U,. This would
corresponds to having two kind of geometric fluxes, as Well as H and Q- ﬂuxes in agreement
with [41]. More details on this discussion can be found in [74}79,80].
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2.3 Torus fibrations over a surface and T-fects

In this section we generalise the discussion of the previous section to the case where the
duality group is fibered over a two-dimensional base B = P!. This situation is well known
from stringy cosmic strings [70] and was discussed in the context of non-geometric com-
pactifications in [24]. In particular, it is known that in the case where the moduli 7 and
p are local holomorphic functions on the base, the configuration has local solutions to the
killing spinor equations preserving half of the original supercharges, and it is therefore a
local solution of the string background equations [70,24,90].

One can then imagine a situation where 7 and p are meromorphic functions of the base,
namely holomorphic everywhere except for a set of points, denoted by A = (z1,...,x,),
where the fibration degenerates and a defect sits (see Figure . These points are branch
points for the functions 7 and p and there is a non-trivial monodromy around them. A
complementary point of view, described in [78|91},92], is to describe this fibrations as
elliptic fibrations, and map the corresponding line bundles to an F-theory compactification
via heterotic/F-theory duality, where even non-geometric p monodromies are mapped to
geometric compactifications of F-theory. Possible degenerations of the elliptic fibrations
are described by the Kodaira list as it is familiar in F-theory. Since such defects have
T-duality monodromy around them, we will call them generically T-fects.

The approach we take here is slightly different and our goal is to understand the relation
between the T-folds discussed in the previous section and the defects that arise in fibrations
over P!, We construct local geometries in a region close to the defect for monodromies in all
conjugacy classes of SL(2,Z), naturally obtaining a classification for all such configurations
arising in the neighbourhood of a given 7 and p degeneration. In principle, the set of
degenerations we consider is bigger than those appearing in the Kodaira classification,
since not all SL(2,Z) conjugacy classes arise from degenerations of elliptic curves (for an
F-theory example see [83,93]).

Within the geometric subclass of solutions, we encounter fibrations that can be inter-
preted as a semi-flat approximation to known 10-dimensional brane solutions, such as the
NS5 or the KK monopole. However, it is important to emphasise that in general the exis-
tence of the solutions presented in this section cannot be taken as an automatic evidence
that the corresponding degeneration exists in string theory. In fact the semi-flat torus
fibration approximation breaks down on the defect, and one needs to complement it with
a microscopic description of such degeneration, which in general it is not known. In some
cases, part of this microscopic information can be inferred from T-duality arguments, as
we will discuss in chapter [3] Also, there is the possibility that in some cases evidence of
existence can be obtained from heterotic/F-theory duality.

2.3.1 Geometric 7-branes

We begin discussing local solutions in the neighbourhood of degenerations of the 7 fibration.
We fix the complexified Kéhler parameter to p = i and let 7(z) be a function of the two-
dimensional base B = P!, whose complex coordinate is denoted by z = re®. We take a
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Figure 2.3: Torus fibration over P!

semi-flat metric ansatz R x B x,, T?, where T? is fibered over B and the U(1) x U(1)
isometries on the torus are preserved:

ds?y = N drtds” + e 1odzdZ + gup(2)dE"dE?
e® = const, B=0, wrv=1,...,5, a,b=1,2, (2.53)

where g, is obtained by inverting (2.1 and is given by

ﬂ@:l<m2ﬁ>. (2.54)

1 1

One can check that, imposing 7(z) = 71 + iy to be a meromorphic function on B and
V2p; = 0, the metric is locally Ricci-flat and therefore a local solution to the string
background equations. In fact, these conditions are necessary and suficient to preserve half
of the supersymmetries (assuming that the corresponding spinor fields are globally defined
on the manifold) [24}90,/94]. For convenience, we will solve the condition VZp; = 0 by
taking (7 to be the real part of a meromorphic function ¢(z) = ¢1 + ips.

In the present discussion, we will study the case where B is a disc. Such local solutions
can in general be glued together to obtain a global fibration on P!, but we will not further
elaborate on this point. We then take a small disc D? : 0 < |z| < Ry and consider a
function 7 that has a branch point on its center, which means that 7 will be multivalued
around it. At the branch point the fibration will degenerates, the description break down
and one has to resort to a string description of the degeneration. On the boundary of the
disc, S = 9D?, we will have a smooth torus fibration, which will be the mapping tori
described in section identified with the monodromy of the multivalued function 7.

Given an element M, € SL(2,Z),, one can construct the corresponding local geometry
using the method described in section together with solving Cauchy-Riemann equa-
tions for 7(z). In particular, we promote the free modulus 74 to be a function of r = |z|.
The equations then reduce to an ordinary differential equation for 75(r) that, as we will see
in the following for the three different types of the diffeomorphism in the fiber, has always
solutions.
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The resulting function 7(z) we obtain using this procedure should be understood as a
function on an appropriate multi-sheeted Riemann surface, where the transition function
between sheets is determined by a given SL(2,Z) element, that we identify with an element
of M(T?). For instance, given an element,

M = (Z Z) , (2.55)

we obtain a function such that the analytic continuation along an arc that encircles the
origin is
at(z)+0b
T\R) > ———— .
(2) cr(z) +d
Such function determines the semi-flat approximation to a given T-fect. For parabolic
and elliptic conjugacy classes, we will recover in this way the known local solutions already
appearing in the work by Kodaira [95], see table . Solutions in the hyperbolic conjugacy
classes are more complicated and cannot be found by other methods.
Finally, to have the full description of the geometry, one needs to fix the warping factor
1. By various arguments [24,(90], one can show that in order for the metric on B to be

single-valued the analytic continuation for the meromorphic function ¢ = 1 + iy should
be

(2.56)

e?) - 2@ (er(2) +d) . (2.57)

Once 7(z) is known, one can use a similar logic as before and engineer a function ¢ satisfying

(2.57). This can be done by
e?®) = [c(0)7o(r) + d(0)]e ") (2.58)

being 79(r) the r-dependent modulus from 7(z) and ¢(@), d(6) the elements in the bottom
line of the matrix M (), constructed in section for each given monodromy. The free
modulus ¢g(r) can be fixed again by Cauchy-Riemann conditions and the function ¢(z)
has all the desired properties.

In the rest of the present section we construct and analyse explicit configurations for
local geometries with monodromies in all three types of conjugacy classes.

Parabolic 7-branes and KK-monopoles

We consider the situation in which the tours fiber degenerate at zy by shrinking a cycle
plv] + qlu]. If ¢ = 0 and p = 1 we have the monodromy (2.16|) for N =1, M, = V. The
corresponding action on 7 is a shift:

T—=T7+1. (2.59)

The corresponding solution for 7(2) is well known [70]:

7(z) = - log (g) , e =1, (2.60)
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Class Type Mondromy Local model
Parabolic I, Vn = ((1) T) % logz, n>0
. (1 1 n—n*z'/? _2ri/3

Elhptlc order 6 1] UV = <_1 0) W, n=e
Elliptic order 4 | 111 UvU = 01 LiyE
-1 0 1—+/z
- (0 1 n—n?z*3
Elhptlc order 3 v uvuov = (_1 _1) 1_—22/3,

Table 2.1: Locus solutions around degenerations of Kodaira type I,,, I, I11, IV.

where p is an integration constant. The corresponding metric in polar coordinates on C is
thus:

1 ©
2 _ ww o H 2, .272 812
ds® = ny,dxtdx +27r10g<r)[d9 + rdr® + (dz®)?]
2m 0 2
——— (d&® + —d¢" | . 2.61
+log(%)(€+27r£) ( )

It is easy to check that this is a semi-flat approximation of a KK monopole with compact
circle €2 ~ u. Indeed, this is precisely the analysis done in [96]. To show this, let us start
from the Taub-NUT metric:

1
h(z@)

(de® + A)? h(f):1+—Ri (2.62)

ds s = N da’dz” + h(Z) di® + Tk

where A = A-d7, 7 = (2,2,€%), and dA = x3dh. We will set the radius Ry = 1. We now
compactify on £!. This corresponds to have an infinite array of sources on the covering
space, resulting in the potential:

1 1 1 1
a2l | e | T 0
where the logarithm is a good approximation (up to exponentially supressed terms) in the
region away from the origin, where the configuration reduces to the semi-flat metric (2.61)).
On the other side, if one takes the limit close to the origin in the semi-flat metric (2.61)),
the fibration breaks down and one needs to add corrections to the logarithm term in order
to recover the full function (2.63)). These will localised the shrinking cycle (NUT direction)
along the perpendicular one, breaking the semi-flat torus ansatz. We will further elaborate
on this discussion in chapter [3] where we will study the physics close to the degeneration.
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The above analysis can be easily extended to the monodromy V¥, which corresponds
to having a stack of N KK-monopoles at the degeneration point. We next consider the
generic case corresponding with the (p, ¢) parabolic conjugacy class, with g # 0:

1+pg p? )
M, = . 2.64
( —¢¢ 1-pq (264)

We can construct the corresponding local geometry by using the method described above.
We begin considering the ansatz for 7(r, 6)

7(r,0) = exp(m.6/27)[19(r)] . (2.65)
Plugging this ansatz into the Cauchy-Riemann equations

or(r,0) 1 Or(r,0) B
o ir o0 (2.66)

they reduce to a single differential equation for 74(r), that can be written as

dro(r)
dr

2mair = [p+ qro(1)]?. (2.67)

The solution for 7(z) is then:

_ o 2m o p
7(z) = Zlog (5 ¢ (2.68)

Following an analogous procedure for e#(*) we obtain
e?) = ik log <H> : (2.69)
r

where k is an arbitrary integration constant. Since the monodromy corresponds now to a
Dehn twist along the vanishing cycle plu] + ¢[v], we obtain a semi-flat approximation of
a KK-monopole with special circle along an oblique direction in the (£!,£?) plane whose
slope is given by ¢/p, as in . The semi-flat approximation arise after compactifying
the orthogonal direction and taking the leading approximation for A as discussed before.

Elliptic 7-branes

We next consider the case in which the monodromy is of finite order, corresponding to
periodic diffeomorphisms of the torus. Different degenerations can be classified in terms
of elliptic conjugacy classes of SL(2,Z), whose representatives are listed in ,.
We consider for illustration the monodromy of order 4 M, = UV'U, corresponding to the
transformation

T— —1/T. (2.70)
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Following the same procedure we used for the parabolic (p,q) monodromy (2.65)), the
Cauchy-Riemann equations coming for 7 and e¥ reduce to

d d
47“d—7f +i(rg +1) =0, 47‘% = i1, (2.71)
from which one obtains the solutions
7(z) = tan {C’ — ilog(z)] , e¥ = K cos [C - ilog(z)] , (2.72)
where C' and k are integration constants. Note that 7(z) can be written as
- 2iC ' '
7(2) = % = i — 2ie¥C\/Z + 2ie¥C: + O(31?) (2.73)

and for C' = /2 the solution for 7 reproduces the local model shown in Table 2.1 At
the degeneration point the complex modulus is given, as expected, by the fixed point of
the elliptic monodromy, 79 = ¢. The corresponding metric can be found by plugging the
functions 7 and ¢ into the ansatz ([2.53)).

As we did for the parabolic case, we could also consider solutions associated to the
general conjugacy class of the particular elliptic monodromy. This is specified by three
parameters (p, ¢, w):

w(1l + quw)

pq+—p p? + w?

_ -1 _

Myquw=L7OVUL= | P g ) | (2.74)
T p? B P

for any L € SL(2,Z). The corresponding solution to the Cauchy-Riemann equations for
7(2) and e?®) is

-1
1 1+ wgq
_ 4 . , 2.75
(=) = p+ wtan [p>C — £log(z)] P (2.75)
e??) = k. pq cos [p20 — ilog(z)] + ki(1 + pw) sin [p2C — ilog(z)] ) (2.76)

Finally, a similar analysis can be done for all the remaining elliptic conjugacy classes. For
example, the solution corresponding to the monodromy UV and (UV)? are found to be

n+n26iCzl/3 i 3 ;
Uv . T(Z) = W s 64'0 = I€<€ C/2Z 1/6 +e 0/221/6> s (277)
. _n+ n?e'® 223 ¢ . (—iC)2_-1/3 | _iC/2.1/3
uvuov . T(Z) = W s er = K,(e z +e z ) s (278)

which reproduce the solutions listed in table 2.1 when C' = .
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Hyperbolic m-branes

The last example case to consider are the defects with hyperbolic monodromy, correspond-
ing to an Anosov map of the fiber torus. As we did for the maping class tori, it is useful to
consider a simple example with monodormy in SL(2,R) given by (2.33). In this case one
obtains

T(2) = 27/ = ¥/ |:COS <% log(r)) —sin (% log(r)>] : e = /2 (2.79)

We observe that both the imaginary and the real part of 7 are highly oscillating close
to the origin, and there are infinitely many intervals where 7, < 0. The solutions for
conjugacy classes of hyperbolic SL(2,Z) are more involved, but share the same problem.
As an example, for the monodromy(2.35), we obtain the following differential equations:

mr(A\* — 1)dTO(T) +ilog(N) [N+ 7o(r)] [Ao(r) + 1] =0, (2.80)
2mr (A2 — 1)%7(‘76) —ilog(A) [1 4 A* 4 2X79(r)] do(r) =0, (2.81)

which lead to the solutions

AN -1) 1

7(2) = MoeZ —g¥) X’ (282)
) = v/ Ae2=N) [a)‘Q — aeig] , (2.83)

with o, kK and p being integration constants and z defined as
F=p(l =N+ %log)\log [T2(N=1)] . (2.84)

Again, one can see that this solution has a bad behaviour close to the origin, having also
infinite intervals where 75 < 0, which makes it not obvious how to make sense of such
solutions. This fits well with the fact that Anosov diffeomorphisms cannot be obtained
as monodromies of a degenerating family of curves, and thus cannot be associated with
a degeneration point. The F-theory analogous of such hyperbolic branes was studied
in [93,83]. In this context, there are separated 7-branes, and the associated massive states
gives rise to infinite dimensional algebras.

A possible way out to the mentioned problems could be to think of this solutions as an
approximation to a non-collapsed group of branes. In this case there is a size representing
the brane distribution that can serve as a cutoff around the origin of the solution. To cure
the problem at infinity one should add extra defects to cancel the total charge, as for the
rest of T-fects. It would be interesting to understand better the nature of such hyperbolic
solutions in the present context.
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2.3.2 NS5 and exotic p-branes

In the previous section we discussed a classification of local geometries associated to mon-
odromies filling the SL(2,Z), mapping class group of the compactification torus. Global
models of such 7 fibrations will give rise to geometric 6d compactifications. We now con-
sider the case of a p fibration, that can be geometrised as a mapping class group of an
auxiliary torus T,. The p fibrations, at constant 7 = 7, are the fiberwise mirror-symmetric
of the geometric 7 fibrations discussed above. The ansatz in this case reads:

dsiy = Nuda’dz” + e pydzdz + pa(dEi + dE3), (2.85)
H = (Ozpldz + 8gp1d2) A dfl AN dfg s 6<I> = p2,

which, analogous to the 7 case, it contains the configuration on the boundary of
a disc centered at the origin. Again, the fact the base B is two-dimensional and the
circle contractible, allows to have configurations of the form ([2.85)) solving the equations
of motion. As in the 7 case these are solved by demanding that 7(z) and ¢(z) are locally
holomorphic functions of the base, which also preserve half of the supersymmetry, as it
follows from the careful analysis done in [2473,90]. In appendix [A| we independently check
that this ansatz satisfy the equations of motion. We stress that, also for the p fibrations,
the semi-flat ansatz breaks down on the degenerations (branch points) of the fibration
and one needs to resort to a string description of the degeneration. This aspect will be
addressed in chapter |3| for some particular cases.

The meromorhic functions p(z) describing the local geometries that will be discussed
in this section can be obtained from the ones in the previous by the exchanging 7 — p.
We also note that in this case, unlike before, we have non-trivial dilaton field that varies
around the defect. One should check that this transforms in the correct way under the
T-duality monodromy, which is indeed the case for the ansatz (|2.85|).

Parabolic p branes

We begin again considering the simple case with monodromy of type V¥. This corresponds
to gluing the torus with a gauge transformation for the B-field, so the corresponding
solution is geometric. We have

p(z) = - log (g) , e’ =1, (2.86)

and the background configuration is then given by the fields

1

ds? = da’da’ + o log (g) [d6? + r2dr® + (d€V)? + (d€?)?] . (2.87)
_ 0 2 o 1 H

B=__dg' ndg?, "= —log (;> . (2.88)

As it is well known, this solution can be identified with the semi-flat approximation of
a stack of NS5 branes [97] (see also [72,90]). An indication of this can be found by
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integrating the flux over a three-dimensional surfaces surrounding the defect [24], which
in this case we can take it to be the fiber torus times a constant radius circle v on the
complex plane. One obtains

N
H:—/dplzN, (2.89)
T2 %~ 27T y

which is an indication of the existence of a solitonic source for the H-flux in the interior
of the surface. In fact, following a procedure analogous to the KK-monopole case we
discussed in the previous section, this can be checked explicitly. The solution for a stack of
NS5 branes localized on R? x T2 can be found by starting from the NS5 harmonic function
h and compactify two directions, which is equivalent to consider an array of sources on the
(€1,£?) plane. This gives

1
hlr) = Z (28 — 2mn)% + (2 — 2;rm)2 + 12

n,m

(2.90)

At distances large compared to the distance between the sources, the result for the harmonic
function is the same as the smeared KK monopole, and we obtain the metric .
However, note that the corrections to the semi-flat approximation involve the breaking
of both the U(1) isometries of the torus. Since the degeneration is the same as for the
KK-monopole, it seems that information about the breaking of the second U(1) isometry
is missing. We will further elaborate on this discussion when studying the physics close to
the degeneration in chapter [3]

Next, we consider the solutions for the general conjugacy class of parabolic p mon-
odromies, namely the ones associated to a (p, q) monodromy

_(1+pg p?
M, = ( “ 1epa) (2.91)

Note that for p = 0 the monodromy is a S-transformation, while for ¢ = 0 this is just the
B-transformation we just discussed. For general p,q both transformations are present at
the same time. The NS5 brane corresponds to a (1,0) brane, while the general solution for
q # 0 is given by (2.68), (2.69). The (0, 1) solution, with monoromy U (—1/p — —1/p+1)

1S

omi
p(z) = l, e? =iolog <g> , (2.92)
log (;)
and one obtains the following solution
dsiy = nudadz” 4 2wo®h(r)(dr? + r*d6?) + _2mhir) [(de")? + (de?)?] (2.93)
0w h(r)? + 62 ’
270 2mh(r)
B, = d 1 d 2 29 _
2= e N T e e
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with
h(r) = log (g) : (2.94)

We see that the monodromy acts non-trivially on the volume, so this solution is non-
geometric. This is the exotic brane solution discussed in length in [98,/90] (see also [99])
and usually called Q-brane or 53-brane in the notation of [23]. We have explicitly shown
that the torus fibration on the boundary of a small neighbourhoods of such exotic brane
reproduces the parabolic T-fold fibrations. In this case, the lack of a notion of integration in
a globally non-geometric space such as the one described by the local geometry does
not allow to investigate the nature of the singularity by studying the flux on a hypersurface
surrounding it.

Finally, we note that the geometry can be obtained by applying Busher rules to
the semi-flat KKM metric , in the same way the NS5 smeared on one circle is T-dual
to the KKM solution . Corrections to this T-duality chain will be studied in chapter
Bl

Elliptic p-branes

For the elliptic monodromies of finite orders, we can again obtain local solutions from the
functions ([2.72)), (2.76)), (2.77) and analogous solutions for other conjugacy classes. For

example, the order 4 monodromy corresponds to the following background:

1 1 |
ds® = n,,drtdz” — 5 sinh {5 log (I) (dr® + r*d6?)

U
B sinh [% log (ﬁ)]
cos (£ 4 o) + cosh [l log (ﬁ)
sin(f/2 + o)
008(0/2+0 + cosh [ 1og (£)]

o _ sinh [ log (ﬁ)} (2.96)

cos ( —i— cosh [ log < ﬂ

where, with respect to (2.72), we have redifined C; = o and Cy = 1/4logpu. Let us
check explicitly that the solution has the desired monodromy. The action of the elliptic
transformation is p — —1/p. Recalling that p = B + ¢V, this corresponds to:

B(0) V9(0)
— 2m) = —— 2.97
BOP o0 VT BOR 10 290
where the value within brackets is the value of the angle 6 at which the fields are evalu-
ated. It is not difficult to check that indeed the B-field and the fiber torus metric in the
solution ([2.95)) satisfy the relations (2.97). Since the metric and B-field are mixed by the
monodormy the solution is non-geometric, as in the case of the 53 parabolic brane.

T [(dgh)? + (dg?)*] (2.95)

gt N dg?,

B(27) = —
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Let us discuss the regime of validity of the solution . As for the other codi-
mension two solutions, there is a scale at which the Ricci scalar blows up. This scale
is determined by the parameter p and can be taken to be large. In a global model this
would be related to the scale at which the local solution breaks down and is glued to the
global solution. Additionally, it would be very important to understand corrections to the
semi-flat approximations near the degeneration.

We conclude by discussing the relation between the elliptic defect and the elliptic T-
fold discussed in section In the T-fold picture, which is related to an asymmetric Zy4
orbifold construction [41], one can argue for the presence of both H and @ fluxes (this can
also be inferred from a double field theory approach [89]). This seems to be compatible
with the Dehn twist decomposition of the elliptic monodromy M, = UVU, if we identify
the source of H-flux with NS5 branes and the source of Q-flux with a 53 branes. The
charge of such branes should indeed be identified with the parabolic monodromies V and
U. There is some puzzle with this identification. The way to sum charges for codimension-
2 defects is closely related to braids, and Dehn twists indeed satisfy the braid relation
UVU = VUV. It is not clear how this fact could be seen in the corresponding gauged
supergravity. Moreover, the elliptic asymmetric T-folds have fluxes quantized in fractional
units, so that the relation with the corresponding brane is not obvious. It would be
interesting to clarify these issues.

Hyperbolic p-branes

The last example in order to exhaust all possible conjugacy classes for the p fibration
is a hyperbolic monodromy. As we discussed in [2.3.1] it is not possible to interpret such
monodromy as coming from a degeneration of elliptic curves. Let us consider as an example
the monodromy

Mp:(N 1), N>3. (2.98)
-1 0
The action on the B-field and the volume is then:
1 B \/g
B —— = — \% ) 2.99

We recall that \ is the bigger eigenvalue of M,, and A™' + A\ = N. The action is
similar to the elliptic case , but successive iterations of the hyperbolic transformation
acts very differently on the fields. From the solution it is possible to exhibit a metric
and flux with such monodromy. For simplicity, we show only the solutions for the torus
volume and the B-field:

1 e”(A\* —1) [60 — N/meX7 o f]
\/g - X€20 + €20/ 02002 _ 920/ 0o (A2+1) oo 7 - >‘7 (2100)

1 e?WHD (X2 — 1) sin 7

b= _X \—0/mp20 + MN/me20X2 _ 900(A2+1) cog

(2.101)
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where we defined )
P = p(A* —1) + =log Alog [rr(A* — 1)] . (2.102)
T

It is easy to show that those solutions indeed satisfy . From the expression of /g
we see that close to the origin there are infinite points at which /g turns negative. This
solution can at best approximate the geometry of non-collapsed branes outside a small
disk around the origin. Again, the solution cannot be trusted for large r, as for the other
co-dimension two metrics.

2.3.3 Colliding degenerations

We finally discuss the most general case in which both 7 and p vary along the base B and
their degenerations collide at the same point zy, that we again take to be the origin. The
semi-flat metric ansatz is now:

ds® = 1, drtds” + €2°' ropadzdZ + pagapdE®de? (2.103)
H3 = (azpldz + agple) A dfl A\ d§2 , eq) = pa,

with g, given by . The conditions imposed by supersymmetry on this ansatz have
been studied in [24}/73]. This fixes again ¢, 7 and p to be holomorphic functions on the
punctured sphere. In appendix [A] we gives the expressions for the Ricci tensor and Ricci
scalar for this ansatz, by explicitly checking that it solve the equations of motion.

In principle, by combining any of the solutions for p(z) and 7(z) derived in the previous
section we can obtain an explicit expression for the metric and the B-field that have an
arbitrary monodromy (M, M,), namely any arbitrary element in O(2,2,Z) that can be
connected to the identity with a path in O(2,2,R) (this excludes, for instance, 7 < p). As
in the case of the other local solutions described above, its existence cannot be taken as a
direct proof of the existence of the corresponding defect in string theory. However, in this
case this objects can be studied from heterotic/F-theory duality, where the monodromies
of the double torus can be reinterpreted as monodromies on a genus 2 surface [74}79)].

Double parabolic T-fects

The simplest example one can consider is the case M, =V, M, = V¥ should represent a
stack of N NS5 branes on top of a Taub-NUT space. This is trivial to check from(2.103]),
which by using previous results reads:

ds® = ndatde” + hs(r)dsi e (2.104)
By= Vi ndgr, e = ha(r),
2m
where It )
hs(r) = 3 log <;) . (2.105)
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This is a smeared approximation of the solution for a NS5 (smeared along a single direction)
on Taub-NUT space, which has precisely the same form by harmonic superposition,
with hs(r) ~ 1/r. Analogous results can be found for arbitrary M,. If M, is not a simple
shift, we obtain non-geometric solutions that are not T-dual to any geometric background.
Here we limit ourselves to discuss one example of this kind, obtained by considering an
elliptic monodromy for both the 7 and p modulus.

Double elliptic branes

As an illustrative example, we consider the monodromy

M. =M,=UVU = (_01 (1)) : (2.106)
which acts on 7 and p by
1 1
T -, po—=. (2.107)
T p

From the solutions obtained for the corresponding 7 and p one can construct a local
geometry that has the T-fold described by . Here we show the explicit expressions
for the metric of the torus that fiber over the two-dimensional base (for a particular choice
of the integration constants)

r+ p? — 2rucos(f + 20)

Gu=1+7= , 2.108
HoTe [r+u+2,/rucos(9/2+a)]2 ( )
Gia=1= sin(0/2 + ) (2.109)

cos(6/2 + o) + cosh [% log <£)]

sinh |1log ( Z

2 =7y = [2 i (”ﬂ , (2.110)

cos (g + a) + cosh [% log (ﬁ)}
B:pl :leGIQ. (2111)

The action of the elliptic transformation on the metric components is:
1 G12(0)2 2 G12(0)2

G11(2m) = G12(0)" —1 Go(2m) = — 2.112
11(2m) G (0) + G11(0)? [ 12(0) } ’ 12(2m) G (0)2 ( )

which reproduces the desired monodromy. We can now retake the discussion between the
relation between the T-fect geometries described in this section and the T-folds of section
that we started for a single p-fect. Now, a T-fold with moduli satisfying the double
elliptic monodromy has been studied in [89,41,40], where it was argued that such
backgrounds contain both geometric and non-geometric f, H and @) fluxes. It is interesting
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to ask if there is a relation between these fluxes and the charges of the T-fects considered
here. A way to define the charge is via the monodromy that identifies a given T-fect.
For a NS5 branes, the monodromy V, indeed corresponds to measuring one unit of H-flux
around the source. The exotic 52 brane is then identified by the parabolic monodromy U,
and one can declare this to correspond to one unit of non-geometric @-flux. For geometric
fibrations, one could naively identify the parabolic monodromies V., and U, that correspond
to KK monopoles with orthogonal special directions to the two kind of “geometric f-fluxes”
that appear in the gauged supergravity. This is little more than terminology, and there
are of course subtleties in making these relations concrete. For example, our discussion
makes very clear that the monodromy is closely related to the topology of the space, so
identifying a monodromy with a parameter of the effective theory requires some care [100].
However, it is interesting to see that the monodromy factorization in terms of Dehn twists,
which would correspond to adding the charges of the parabolic T-fects, indeed contains the
monodromies associated to NS5, 53 and KKM sources. It would be interesting to study
further this relation.

2.3.4 Remarks on global constructions

Before closing this section, we want to give some final remarks about global issues. In
general, all local geometries considered in this section have a bad behaviour far away from
the origin. This is actually a characteristic fact of codimension-two objects, that typically
have logarithmic divergences at infinity. However, in the present discussion we want to
remark that such configurations can be thought as local geometries in a region of a global
model.

In particular, retaking the discussion at the begining of this section, one can consider
the situation where the toroidal moduli 7 and p are meromorphic functions of P* /A, where
A is a discrete set of points where T-fects sit. One can then imagine that, by properly
distributing the defects along the base and adjusting the integration constants of the local
geometry, one can cancel the divergences and engineer global constructions.

The number of defects one can use for such constructions is however not arbitrary. One
of the reasons for this can be phrased in terms of the monodromies. In particular, the
monodromy along a path that encircles several defects is the product of the monodromies
around each single defect. This can be seen by deforming the path, as explained in detail
in [74]. Then, one expects that a path at infinity encircling all defects should have a trivial
monodromy. From the second relation ([2.4]), one can conclude that one needs at least 12
fundamental degenerations (with monodromy U or V', which generate the SL(2,Z) group)
to construct any globlal model.

On the other hand, the codimension-two objects have typically a deficit angle, which
bends the base surface and makes it eventually compact. This situation is well known
from stringy cosmic strings [70], where it is known that one needs exactly 24 fundamental
defects to construct a consistent compact string background, which is compatible with the
above monodromy argument.

For the case where only 7 varies and the fibration is geometric, the global model with
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24 degenerations is a K3 surfaces. Models with non-trivial p fibrations are non-geometric
and have been studied in [79,[80]. In both cases, the global model is not a torus fibrations,
since the fibration degenerates on the defects. To obtain the full description of the model,
one needs to smooth such degenerations by gluing in their exact geometric description,
which tipically breaks some of the isometries of the fiber. Such corrections will be the
topic of chapter 3

2.4 T-fects in extended space theories

So far we have described two-torus fibrations over a base B with monodromies in the
SL(2,Z), xSL(2,Z), subgroup of the T-duality group. The SL(2,Z), factor was identified
with the mapping class group M (T?), the group of large diffeomorphisms of a two-torus.
The factor SL(2,Z),, that includes the non-geometric monodromies, could be geometrised
by thinking of it as a fibration of an auxiliary torus 7),. This picture is motivated by the
heterotic/F-theory duality, where even non-trivial fibrations of the auxiliary 7, are mapped
to geometric ones. Also, it has a natural generalisation to fibrations of genus two surfaces,
corresponding to heterotic compactifications with a Wilson line, as discussed in [74].

In this chapter, we want to give a complementary picture for this configurations moti-
vated by the doubled space formalisms such as the one described in [26] or Double Field
Theory. Such picture will be useful in next chapter when discussing the physics next to
the defects. The main idea is to describe the above configurations as four-torus fibration
where the monodromies are restricted to be in SO(2,2,Z) C SL(4,Z), the last one being
the group of large diffeomorphisms of the four-torus. As we will argue in the upcoming
discussion, in the case where only one of the complex moduli (7, p) is non-trivially fibered,
the T* fiber factorises into T2 x T2. This is not the case for fibrations with non-trivial
monodromies in both 7 and p, where the gluing condition mixes both tori and one can
only rely on the four-torus description. We want to stress that the extra torus T2 is not
related with the auxiliary torus Tg in a trivial way. Instead, it is related to the extra wind-
ing coordinates of Double Field Theory. For the case of geometric 7-fects, the coordinates
along the torus T2 indeed coincide with these extra coordinates.

In the rest of this section, we will first recall some facts about O(2,2, Z) that will be then
used to constructed the described picture for the T-fects configuration. When discussing
the physics near the degenerations in chapter |3 we will discuss how and to which extend
the physics we obtain can be encoded in this picture.

2.4.1 Actions of the T-duality group O(2,2,2)

In section [2.1| we presented the T-duality group by its action on the complex moduli (7, p)
of a two-torus, which was the convenient language for the subsequent discussion. For the
upcoming one, it will be more useful to describe it in a different way. For this reason, we first
recall some well known facts about the group O(2,2,Z) (for details see for instance [101]).
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For general dimension d, an O(d, d,Z) element can be written as a matrix

A B
Qo(aa) = (C D) , (2.113)

satisfying
ATC+CT"A=B"D+D"'B=0 A'D+C"B=1. (2.114)

If one encodes the metric g and the 2-form field B on the torus into the background matrix

E=g9g+B (2.115)
the element (2.113)) acts on £ as
AE+ B
E———. 2.116
T CE+D (2.116)

Furthermore, one can also organise the background fields into an O(d, d,Z) matrix con-

structed as
 no1 1
"= (g By B By ) : (2.117)

which is usually called generalised metric and is the natural way to parametrise the moduli
space of a d-torus, which is the cosset %. The element ([2.113)) acts covariantly on
the generalised metric,

H— QHOQT. (2.118)

In the context of Double Field Theory, H is interpreted as a symmetric bilinear form on a

2d-dimensional space. This space is constructed by formally doubling the dimensions of the

manifold, whose local coordinates are now denoted as X4 = (£9, fa), where £ are identified

with the d-dimensional coordinates and éa are usually refered to as winding coordinates.
For the d = 2 case, the SL(2,Z) actions on 7 and p, defined as

b ap+ b .
LTEY L, —be=ad—bi=1, (2.119)
CT+d 6p+d

can be embeded into an element Qp(2,2) which is determined as follows [59)

A:&(Z Z) B:B(:Z ‘cl) C:é(_ac _bd), D:d(_db _ac> (2.120)

Let us now briefly discuss this embedding for the cases where we have a non-trivial SL(2,Z)
action on one of the parameters, as well as the case of factorised dualities.



50 2. Toroidal fibrations, T-folds and T-fects

Mo6bius transformations on 7

The action of SL(2,Z), is embeded into O(2,2,Z) by matrices of the form

M, 0
Qo@2),r = ( 0 (MT)l) ; (2.121)

which acts on E as a basis change F — M,EM?. Transformations of this type acting as
SL(4,Z) on the four-torus T* factorise into two SL(2,Z) transformation, one acting on the
geometric torus along the coordinates (¢!, £?) and the second acting on the winding toru
along the directions (51, 52)

Mobius transformations on p

The action of SL(2,Z), is embedded as

i 0 0 b
0 a —-b 0

Qo@2),, = 0 - d 0 (2.122)
¢ 0 0 d

Such transformations acting as SL(4, Z) on the four-torus T* factorise also into two SL(2,Z).
In this case, one of the two torus is constructed with the directions (£, 52), and the other
with the directions (£;,£2). If the SL(2,Z) transformation acting on the first is M,, the
transormation on the second is given by (é 5 ) M, ((1) 5 )

Mbobius transformations on 7 and p

In the case where the O(2,2,Z) element acts non-trivially on both 7 and p, the action on
the four-torus cannot be factorised. The only element acting non-trivially on p that has a
geometric interpretation is the one given by V? in ([2.5), which in the O(2,2,Z) language
can be identified with the upper right corner. We then see that upper triangular matrices
represent the subgroup Gyeom C O(2,2,Z) of all geometric transformations, namely those
that are product of diffeomorphisms and B-transformations. They are of the general form

M. l;MT -w
Qgeom - ( 0 (Mz“)_l) y (2123)
whith w = (_01 (1))

A diffeomorphism combined with a (0, 1) element of the parabolic conjugacy classes in

SL(2,Z),, namely by U (2.5):

p— = : (2.124)

is represented by a lower triangular matrix

0 — (ewMM (M2)1> . (2.125)
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The action given by the transformation forms an Abelian subgroup of O(2,2,Z)
usually referred to as S-transforms [50] since it acts naturally on bivectors § € A TM.
Such transformations implement TsT transformations and are very useful in holography
to construct gravity duals of marginal deformations, such as 3-deformations of N' = 4
SYM [102,[103].

Other SL(2,Z), transformations, such as the parabolic (p, ¢) monodromy, will result in
0(2,2,Z) elements in which both B- and p-transformations are present at the same time.

Factorised dualities

Finally, let us discuss the how the Z, actions 7 <+ p and 7 <> —1/7 are encoded into
0(2,2,Z) matrices. These transformations have negative determinant, and therefore they
do not belong to the group of large diffeomorphisms of the four-torus. They are embeded
with the two matrices
1—e, €q
Qz, = ( 1 e ) , (2.126)

€q

with a = 1,2, where 1 is the identity matrix and e, is a 2 X 2 matrix with all entries equal
zero except for the a’th diagonal element. Their action reproduce the familiar Buscher
rules, and in double field theory they correspond to &% <+ &,.

2.4.2 Doubled torus fibrations

We now want to discuss to discuss how the configurations of chapter can be described
by a T-duality covariant formalism such as the doubled formalism of [26].

In the semi-flat approximation, the T-fect solutions are fully characterized by associat-
ing at each base point a string state ¥ = > W, ,,|n, m) together with a monodromy, where
the latter is an O(2,2,Z) transformation acting on the momentum and winding numbers.
We can then Fourier transform the basis [n, m) to position space as

|£7 é> _ Z 6in1§1/Rl+in2§2/R2eimlélél‘i‘ingQRQ‘n’ m> , (2127)

Mg, My

where R; and R, are the radii of the two compact directions of the torus and we have
introduced the coordinates (5 L 52) as conjugate to the winding numbers. These additional
coordinates can be thought of as defining an extended compact space, the four-torus T*
described above, which leads to the doubled formalism of [26].

In the case when monodromies are in the parabolic type, both the geometric and
non-geometric ones act as generalised Dehn twists on such four-torus, defining a (non-
principal) fibration over the two-dimensional base. As an example, let us consider the
case where the defect has a parabolic geometric monodromy V, described in . The
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S0O(2,2,Z) C SL(4,Z) monodromy is given by

. = (Ag <M?>—T> -

from which one can see that the monodromy acts as a Dehn twist on both the geometric
torus and on the torus formed by the winding directions. Similar analysis for general (p, q)-
parabolic monodromies lead to analogous results.

One can similarly study parabolic monodromies in p. For instance, the cases represented
by V, and U, are given respectively by the SO(2,2,Z) C SL(4,Z) elements

_ o O

, (2.128)

o O O =
S O ==
_— o O O

—1

0

Qu, = -

P

: (2.129)

OO O
o O~ O
_o O =

)

-

I
O~ = O
O R OO
_ o O O

1
0
corresponding to a B-shift and [-transform as expected. In this case, the effect of the
monodromy is two Dehn twists on the tori along directions (51,52) and (51,52), as it
happens in general for all (p, q),-defects. The O(2,2,Z) elements can be obtained
from by exchanging (& < £%) or (& « &), which is consistent with the fact
that the corresponding local geometries can be obtained from the 7-fect with monodromy
by applying Buscher rules along £2 and &' respectively.

Restricting these T* fibrations over the boundary of a disk around the degeneration,
St = 9D?, one recovers the fibrations of [30]. In our case these fibrations extend over the
punctured base and we need to ask if there exists a degeneration of the four-torus giving
rise to such monodromies, aspect that will be further discussed in chapter [3| and if the
local models can be glued together to form a global space.

Global construction

Before discussing how these configurations look like in Double Field Theory, we want to
breafly adress the possibility of constructing global models with this configurations. This
issue is in fact quite subtle, and we would like to make the following observation. A
global, supersymmetric, non-geometric model can be obtained by pairing 12 non-local 7-
degenerations with 12 non-local p-degenerations [24]. In the doubled space this is described
by the factorization of the identity in terms of the (U, V') twists:

(UV)(U,V,)° = 1. (2.130)

However, as a T* fibration (including monodromies in the full mapping class group SL(4, Z)),
each degeneration can be seen as a collision of two elementary degenerations in which one
cycle shrinks. Locally, these correspond to a singular fiber of type I; x T?. We see then that
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the global doubled fibration is specified by 48 elementary degenerations, which appears to
be incompatible with a holomorphic fibration of the T* moduli.

This can be seen already in the geometric setting. Let us consider a smooth K3 surface,
described by 24 mutually non-local I; degenerations, corresponding to the monodromy
decomposition (MM %P)12 = 1. The doubled torus fibration will then be described by
the decomposition (U, V;)' = 1. Now, there exists a global polarization that identifies the
physical fiber with the (£;,&;) directions, and the fibration reduces to a T? x T2 fibration
over P!, If we try to fiber the two complex structure moduli 7 and 7 of the two tori we
can write the metric [104}105]

1 1, - _
ds® = P 1y Ty dzdz + — |det + rdg?|” + = |dé, + 7d&|”. (2.131)
2 2

Each I, degeneration of 7 or 7 would give the same deficit angle as the physical [; singularity
we started with, and a compact model seems to require a total of 24 degenerations, precisely
half of the degenerations required to build the 24 I x I; degenerations of the doubled model.
We leave this issue for future investigation.

2.4.3 T-fects in Double Field Theory

We finally discuss how the configurations in section look like within Double Field
Theory. As mentioned above, this theory interprets the generalised metric H in (2.117) as a
bilinear form on a 2d-dimensional space, with local coordinates X4 = (£2, éa) Furhtermore
the dilaton ¢ is encoded into the generalised dilaton ¢ defined by e2% = ,/ge~2¢. In order
for the algebra of infinitesimal diffeomorphisms to close, one has to impose the so-called

strong constraint

nMN Oy oy =0, (2.132)
which implies that the fields only depend on half of the generalized coordinates. Taking
this field content, one can write down a manifestly O(d, d)-covariant theory [56]

S ~ / A Xe P R(H, $), (2.133)

where R(H, ¢) is the generalized curvature scalar (see for instance equation (4.24) in [56]).
Solving the strong constraint by demanding no winding-coordinate dependence of the fields,
the NS-NS supergravity action is recovered.

T-fect configurations

From the discussion above one can easily construct solutions of the equations of motion
derived from the action (2.133]) that correspond to the semi-flat limit of the doubled torus
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fibrations discussed in the previous section. As an example, the semi-flat NS5-brane solu-
tion is lifted toll

dsher = h(r)|dr® +72d6° + (dg")? + (d€?)’]

1 B 0 2 B 0 2 (2134)
it (8 s (s |

This has a similar structure to the doubled torus fibration (2.131)) with
i

T 27TR1R2

_ - 27TiRlR2
1 ! = — 2.1
Og(Z ) ) T log(z_l) ? ( 35)

where z = re?, giving the expected monodromy Qy, . By the simple basis change
discussed above, one recovers the different semi-flat backgrounds discussed in the previous
section with monodromies and . In the next chapter we will use these
solutions to discuss to which extend one can incorporate corrections to these solutions
describing the local physics of the degeneration.

'We use ds?pr as a short-hand notation to encode the form of the generalized metric as ds?pp =
HundXMaxN
MN :



Chapter 3

Physics of winding modes close to
the T-fects

In the previous chapter, we have constructed a class of solutions consisting on flat two-tori
whose moduli were meromorphically fibered over a two-dimensional base, with T-duality
monodromies around a degeneration point. We also argued that one could construct global
models by considering a finite number of them distributed over the same base. In the
case where only the complex structure 7 varies non-trivially, one can recover in this way
K3 compact manifolds. In general, however, if one also allows the complexified Kéahler
parameter p to vary, one obtains non-geometric compactification models.

As it was also argued, close to a degeneration of the 7- and p-fibration this semi-
flat approximation breaks down, and one should complement it by gluing in the exact
local description of the degeneration. The latter, however, will in general break (some
of) the isometries of the fiber. In this chapter, we will study this physics for the case
of parabolic monodromies. As we will argue, in the geometric situation we have a good
understanding of such a local description, while in the non-geometric case the situation
is more delicate. In fact, we can rely on a dual description of the local non-geometric
solution, but we will point out that in all known cases such duality is strictly valid only
in the semi-flat approximation. Given that we lack a conformal field theory description
of the degeneration[]] and that supergravity is most certainly not valid for such stringy
backgrounds, it is important to understand the physics of these degenerations.

By adapting the arguments of [106] to the torus case, we will argue that such physics
is dominated by winding modes, and that the exotic brane solutions will receive stringy
corrections that can be related to the modes correcting the semi-flat ansatz near geometric
degenerations. In the last section, we will argue how and to which extend this physics can
be encoded into the Double Field Theory picture described in section [2.4, The discussion
on this chapter will follow [33}/107]

!Except particular cases such as asymmetric orbifold points. However, we will be interested in parabolic
monodromies for which a CFT description is not available.
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3.1 Exact metrics and T-duality

We will begin by analysing the geometric cases of monopoles with compact directions and
study the dynamics of unwinding strings in the semi-flat limit. We will focus in the cases
of the V' monodromy degenerations both in 7 and p and relate our findings using duality
arguments.

3.1.1 [, degeneration

In the geometric class, the simplest semi-flat solution is the Kodaira type I; singularity,
which corresponds to the semi-flat configuration . This is uniquely determined by
the monodromy acting on the fiber torus when encircling the singularity: a Dehn twist
around one of the cycles, which sends 7 — 7 4+ 1. As argued in the previous chapter, we
know that the exact metric is that of a Taub-NUT space with one transverse compact
direction. Such metric breaks one of the U(1) x U(1) isometries of the semi-flat metric,
and the modes that break such isometry localize the shrinking cycle (which coincides with
the cycle along which the Dehn twist is performed) on the orthogonal cycle of the torus.
We thus see that specifying the type of degeneration is enough to capture the symmetries
of the exact solution.

The local metric can be derived by starting from the Euclidean Taub-NUT solution
and compactifying one base direction. To do so, let us recall the background (2.62)), whose
transversal directions are
(d€? +w)?, hZ) =1+ ;l

ds® = h(Z) di* + (3.1)

h(Z) |z
where Z denotes coordinates in R* and &2 denotes the coordinate on the S'-fiber] The
background is regular if £2 has a periodicity of 27 R,, where R, is the radius of the fiber
at infinity] Note furthermore that at the origin & = 0 of the base, the cycle of the fiber
shrinks to zero size. The one-form w is not closed and encodes the non-triviality of the
fibration. It is determined up to shifts by exact forms through the relation dw = x3dh,
where the latter ensures that the equations of motion with H = 0 and e® = g, = const.
are satisfied.

As mentioned in section [2.3.1] the compactification of this background is achieved by
considering an infinite array of sources on one of the base directions. The harmonic function
h(Z) becomes

Ry
2\/7"2 + (§' — 2mRyn)? ’
2

where we split the three-dimensional radial direction into |Z|> = r* + (£')?. The sum in
(3.2) does not converge but can be regularized. After Poisson resummation we obtain the

hir.g) =1+

nezZ

(3.2)

2Here and in the following we omit the additional six space-time directions that make the background
into a full ten-dimensional solution of string theory.
3The tilde notation is introduced for convenience for the upcoming discussion.
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Ooguri-Vafa metric [96] described by

log(p/r) + Y _ &/ K <|2|1>

n#0

h(r,€') = (3.3)

27TR

with © a constant that controls the regulator and absorbs also all other possible constants,
for instance the first term in (3.2)). K| is the zeroth-order modified Bessel function of the
second kind, whose series expansion for large r reads

s (M) = e 35 TG (mR\) | (3.4)

k=0

Hence, the leading semi-flat term in (i.e. the logarithm) is a good approximation
of the exact metric far away from the degeneration point up to exponentially suppressed
terms. In fact, the semi-flat approximation of a smooth K3 — repaired with the Ooguri-
Vafa metric at the 24 I, points — gives a metric that is a good approximation of the exact
Calabi-Yau metric [108]. The expression (3.3]) can also be derived (in a simple way) field-
theoretically [109,/73] and (in a complicated way) by solving explicitly the Riemann-Hilbert
problem with wall-crossing technology [110].

The semi-flat approximation of the above background is then the flat two-torus fibration
(2.61). To obtain it from (3.1]), we introduce polar coordinates (r,#), bring the one-form
w mentioned above into the form w* = fd¢! with df = *»dh and take a gauge where

Ry
wsf —

fde' . .
ok, V% (3.5)

We observe that, after encircling the defect in the base as  — 6 + 27, the shift w —
wst + R2 2d¢" should be compensated by the shift £ — & — R2 2¢! which, as expected,
corresponds to the actlon of a Dehn twist on the torus cyclesﬁ The corrections to the
semi-flat term in (3.3)) explicitly break one of the U(1) isometries of the torus fiber. This
affects also the one—form , which is corrected (up to gauge transformations) by modified
Bessel functions of the second kind as

R kr\ . (k&
_,sf 2 § :
w=w — ﬂ_—}%l?” Kl (R_l) Sln( Rl ) do . (36)

k>0

The above analysis can be easily extended to a I,, degeneration. The solution is given by
coalescing n Taub-NUT centers, and the Ooguri-Vafa corrections , which completely
smooth out the semi-flat metric for n = 1, now replace the semi-flat singularity with an
A,,_1 singularity, as expected.

4We neglect a constant shift which is not captured by the action on the homology [110].
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Monodromy and unwinding strings

An important point to investigate the near core physics is that even within the semi-flat
approximation, some “‘remnant” of the corrections survives. In fact, it is useful to
look at the action of the monodromy on the momentum and winding of strings propagating
on the torus fiber. From the discussion in section [2.4] it follows that for a monodromy
(M., M,) € SL(2,Z), x SL(2,Z),, acting on the moduli as

S

jSh

at+b
ct+d’

p+
p+

T — M.[7]

p— M, = : (3.7)

IS

(9}

the corresponding O(2,2,Z) transformation on the combined momentum(n)/winding(m)

vector (n, m) is given by
(a0 ),
(o))

In the simple case of constant p, that is say (a, b, ¢ d~ (+1,0,0,+1), the above transfor-
mation reduces to

=
1
Qr

(3.8)

@& Q.@

o™

m —

n— M n, m — (]\/[i)f1 m. (3.9)

In our case of interest, namely 7 — 7 + 1, the monodromy is given by the matrix M, in
(2.16)), giving the transformation

(n1,n2) = (N1 + ng2, na), (m',m?) — (m',m*> —m"). (3.10)

We see that momentum along the (1, 0)-cycle (£'-direction) is not conserved for a string that
moves around a degeneration point at which the (0, 1)-cycle (£2-direction) shrinks. This is
in contrast with the translation invariance of the semi-flat metric along both directions of
the torus, which would make expect that momentum along both directions is preserved.
The exact metric cures this problem by breaking the U(1) isometry along the (1,0)-cycle,
as we discussed above.

Note however that winding along the (0, 1)-direction is also not conserved. This is
easy to see by taking a string wrapped along the cycle (1,1). Denoting the world-sheet
coordinates by (7,5), we consider the trajectory

& =21R, 0, 0 =2nT7,

- 3.11
62:27TR2(5', r=T"To, ( )

where (7, 6) are again polar coordinates on ~R2 and (&1, €?) are flat coordinates on T? with
periodicity (£',€?) = (&' + 27R;, &% + 27 R,). The monodromy around the defect is a
Dehn twist, which corresponds to cutting the torus along (1, 0), rotating by 27 and gluing
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it back. The process of unwinding the string along the (1,0)-cycle corresponds to the
patching &f ) = &) — (Ry/ R1)€(), where &fy) and £f, ) are the torus coordinates at 6 = 0
and § = 2w, respectively. With this transformation the trajectory unwinds the
direction &2 at @ = 2w, which is the semi-flat version of the unwinding trajectory in the
Taub-NUT space considered in [106]. In the latter case, the string can be unwound by
taking it arbitrarily far-away from the core of the monopole because the S! circle is non-
trivially fibered over S? at spatial infinity in the R® base. Such a fibration is in fact the
Hopf fibration of a three-sphere. The trajectory in this case takes a string wrapping the
fiber and a S' C S? from the north pole to the south pole, where a rotation of the fiber
effectively unwinds the string. Our case is a compactified version of this process. Although
far away from the degeneration the space is locally T? x S!, the global twist gives it the
topology of a nilmanifold, which can be seen as a non-trivial fibration of the (0, 1)-cycle
over the remaining torus T2 = (1,0) x S'. The non-triviality of such fibration gives the
unwinding in our case.

There is yet another way to understand equation . In the semi-flat limit we can
quantize the string on the T2-fiber, and find for the left- and right-moving momenta the
expressions

(pL,R)I:’/TI:I:(G:FB>IJLJ7 [>J: 1727 (312)

where 7; denotes the canonical momentum and L’ is the winding vector. In the present
case, these are given by

ny / Rl I R1 ml
Tr = ~ y L = ~ . 313
! (HQ/R2> (R2 m2 ( )
Furthermore, when encircling the defect as # — 6+ 2w the coordinates change as (f L 52) =
(€162 — g—fﬁ 1), as discussed below equation (3.5]). This gives rise to the diffeomorphism

S
QI"_ﬁ_f"_ (_% 1). (3.14)

If we require the spectrum to be invariant under 6 — 6+ 27, we see that the momenta py, g

appearing in the mass formula have to be invariant. Recalling then that in the present
situation By = 0 and G(0 + 27) = Q- TG(0) Q7 L, we find

0= A(pL’R)]
= (), (pr.r(0 + 2m)) , = (pr.r(0)), (3.15)
- [(QT)I%U(Q +2m) — m(@)} + Gys(0) {(Q*l)"K L¥(0 + 27) — L¥(9)]

which leads to the identifications shown in equation ((3.10)).
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Charge inflow

Asin [106], the non-conservation of the winding charge along the (1, 0)-cycle is compensated
by a radial inflow of charge towards the degeneration point. This arises from a coupling
between the string and a collective coordinate excitation of the monopole.

For the Kaluza-Klein monopole this comes from a gauge transformation of the B-field
in terms of the unique (up to a constant) self-dual two-form [111]

C
B=adA, A= E(d52+w), (3.16)
where « is a parameter that becomes dynamical at the quantum level. The normalization
constant C' can be fixed by demanding that « has periodicity of 2w/ Ry. After compactifi-
cation, it is possible to derive an exact expression for A |112]. Here, we will only need the
semi-flat limit where A reduces to
Ry

d&® + —9d§1] , (3.17)

C
A==
h

27TR1

which is indeed a self-dual form for the semi-flat I; degeneration. Let us now investigate
the coupling of the string trajectory with a. For this, we embed the semi-flat supergravity
configuration into 4 + 1 dimensions and study the dynamics of a string moving in this
background, described by the action

S = Ssugra
1
— | &z / dpd7 §(z® — XY [ A v BOaX 0 X Gy + B O1 X Op X" Bab],

o
(3.18)

where G and B are the five-dimensional background fields, Sygra is the usual NS-NS super-
gravity action and we have set o/ = 1. Promoting « to «(t) and considering the unwinding
trajectory , but leaving the motion along the base directions as arbitrary functions
of 7, we find that the dynamics of «(t) can be described in terms of the Lagrangian density

1., _, db h' dr
«== Ka|hmW—4+2r—0) = —|, 1
L 2a+ a dt+(7r )tht (3.19)
where K is a constant. The corresponding equations of motion are solved by
0—2
at) = K — "+, (3.20)

with ag an integration constant. For trajectories with » = const., we see that after en-
circling the defect & increases by 2w K /h. We have therefore checked that a string con-
figuration with initial winding charge my = 1 following the unwinding trajectory ,
couples non-trivially with the background fields via the zero mode. Along this trajectory
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the string looses its winding charge but this is compensated by an increase of the kinetic
energy of the zero mode. From the point of view of the theory reduced on the unwinding
cycle, the winding charge is an electric-type charge associated to the gauge field obtained
from the reduction of the B-field. With the discussed non-trivial coupling the unwinding
trajectory generates an inflow of “winding” current which is eventually absorbed by the
brane configuration [106]. We will come back to this point below when discussing the
T-dual configurations.

3.1.2 NS5-branes on R? x T2

The next case we would like to discuss is the parabolic degeneration of the auxiliary fiber p
with monodromy p — p+ 1, described by the geometric configuration ([2.87)). As discussed
in chapter [2] this configurations arises in the semi-flat limit of an NS5 brane and we will see
that the exact solution on the degeneration breaks all the isometries of the fiber torus. We
now discuss these corrections and, at the end of the section, we will relate them with those
encountered in the case of a geometric I; degeneration discussed in the previous section
which, at least at the semi-flat limit, is related with the NS5 by the factorised duality
T < p.

Compactification

To be more concrete, let us start from the uncompactified NS5-brane background, whose
transversal space is described by the configuration

—_

ds? = h() d?,

H3 :*4dh(f ,

where ¥ € R*. Next, we compactify two of the transversal directions on a two-torus. To
this end, we split R* — R? x T? and introduce polar coordinates (r, #) on R? and coordinates
(€1,€%) on T2. The above solution can then be expressed in the following way

ds® = h(r, €', ) [dr2 +r2d0? + (dEY)? + (d§2)2] 7
e’ =g, (¢, €%), (3.22)
H3 = *4dh(r7 517 52) )

where, as in (2.90)), the function h can be determined by considering a rectangular lattice

of NS5-branes as

1
+ (51 — 27TR1711)2 + (§2 — 27TRQTL2)2 '

hre' &) =1+ - (3.23)

nezZ?
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This sum is not convergent, but can be regulated with a regulator of the form [73/112]

1 1
. 24
Qth}b j{: T”Q (3 )

nezZ*

By subtracting this term from the original function and performing a Poisson resummation
we find

log (ﬂ)+ 3 KO()\r)ei(Rl ) . (3.25)

/rl —
ke(z2)*

where (Z?)" = Z2 — {(0,0)} and A\ = \/(kl/R1)2 + (ka/Ry)?. The same result can be
determined in purely field-theoretic terms [113,73] from one-loop corrections to the gauge
coupling of the non-linear sigma model, obtained by reducing a N' = 2 theory on the torus.
As in the case of the I; degeneration, the functions Ky(A7) vanish exponentially for large
r and, at this region, the semi-flat term

1 7
h(r) = log (= 2
(r) 21 R1 Ry ©8 (r) ’ (3.26)

is a good approximation, leading to the configuration . In this case, however, the
terms involving K, (A7) break both U(1)? isometries of the background. Note also that, on
the other side, taking the decompactification limit 7, !, €2 < Ry, Ry in , one recovers
the non-compact harmonic function shown in , that is

1
P EP T @

If we de-compactify only one of the cycles of the torus, say the one corresponding to &!,
and define as before |Z7]* = r* + (¢!)2, we obtain the familiar result for the H-monopole
compactified along one direction [114,/106]

1 sinh(|Z|/ Rz)
2R, || cosh(|Z]/Ra) — cos(£2/Ry)

h(r,',6%) =1+

(3.27)

h(|Z), &%) =1+ (3.28)

This solution encodes the breaking of the U(1) isometry along the cycle which is dual to
the shrinking one in the Taub-NUT space.

Monodromies

As in the previous case, we can understand the breaking of the U(1) isometries from the
action of the monodromies . Since now p is varying, there will be a mixing between
momentum and winding states. Using the general expression shown in , we can deduce
the action of p — p+ 1 on the momentum and winding modes as

(n1,m2) = (ng +m? ny —mt), (m',m?) — (m',m?), (3.29)
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as expected from T-duality. Momentum can now unwind from the T-dual of the (0, 1)-
cycle, with a trajectory dual to (3.11])

& =21R, 0, 0 =2nT1,
2 _ 2m - (3.30)
f = R_7;7—7 r=rTo,
where we used that Ry = 1/R,. Similarly, for the (1,0)-cycle we can write
V= 2rz 0 =2rT,
52 o (3.31)
f :_QWRQO—a 7“:7“0.
The canonical momenta that generate translations along the fiber directions are
My = /dé’ [gab(%Xb—l— Bab&,X”} . (332)

In order to compute such quantities we can set h = 1, effectively putting the brane in a
asymptotically flat background. For the above trajectories we find, respectively,

1 1
Ty = E(?ﬂ' —0), T = E(Q?T —0), (3.33)

which indeed vanish after encircling the defect. Accordingly, the exact metric breaks
translational invariance in both directions.

The non-conservation of momentum shown in (3.29)) can also be understood in a fashion
similar to the I;-degeneration discussed in the previous section. Quantizing the string on
the T2-fiber in the semi-flat limit, the left- and right-moving momenta are again given by
the general expression (3.12)), where

nl/Rl I R1 ml
" (nz/ RZ) ’ (Rzm2 (3.54)
When encircling the defect as  — 0 + 27, the coordinates change as (€1, €2) = (¢',£2) and

hence the diffeomorphism is trivial, however, now the B-field depends non-trivially on 6.
Demanding again that the spectrum is invariant, we are led to requiring

0= A(pL,R)I
= (pr.r(0+21)), — (p.r(9)),

- [m(e +27) + (Bry L7) (0 + 27) — 7(0) — (BrsL) (9)] + Gy [LJ(@ +om) — LJ(e)] ,
(3.35)

which gives L1(0 + 27) = L1(0) and 77(0 + 27) = 77(0) + R11R2 (O H )H L7(9). Hence, we

find the identifications of momentum and winding numbers shown in equation ((3.29)).
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Charge inflow

As we did for the KK-monopole case, we can compute the coupling of the string with
the background collective coordinates. In this case, the zero mode dual to is a
shift along the toroidal coordinate, £2 — &2 + . In analogy to the above situation, we
embed the semi-flat configuration into 4+ 1 dimensions and study the dynamics of a string
moving in this background using the action (3.18). Promoting « to «(t) and considering
the trajectory but letting the motion along the angular coordinate on the base be
an arbitrary function 0(7), the dynamics of the zero modes is described by the effective
Lagrangian density

1 -
Lazia?+Kamwh—ey (3.36)

where K is a constant. The corresponding equations of motion are solved by
ot
a:K/ﬁ& (3.37)

As for the KK-monopole, after going around the defect ¢ increases by 27K . In this case, the
non-conserved charge along the trajectory is momentum, which couples to the background
fields via the zero mode associated to the position of the brane along the fiber. Again, one
can also perform an analysis from the point of view of the dimensionally reduced theory. In
this case, momentum charge is associated to the KK gauge field coming from the reduction
of the metric. The trajectory will then produce an equivalent current inflow that is
absorbed by the background via the discussed mechanism.

T-duality of exact metrics

It is interesting to ask what happens to the T-duality transformation between the NS5-
brane and the I; degeneration, once corrections to the semi-flat approximation are taken
into account and thus the Buscher rules cannot be applied.

Corrections to the U(1) isometry of the (1,0)-cycle have a physical interpretation re-
lated to the non-conservation of momentum along that cycle. For the I; degeneration the
corrections are captured by the Ooguri-Vafa metric related to and have the form of
a sum of non-perturbative terms

7|n\r .n§1

Ch~e m e 'R (3.38)

where each of these contains also the perturbative sum ([3.4). The NS5-brane metric related
to (3.25) on the other hand contains a double-sum of terms

—\ —1
Cm,m ~e e Rl

e ' with A =+/(n1/R1)?2+ (na/R2)2.  (3.39)

The corrections depending on &2 break the isometry along the (0, 1)-cycle, along which
we dualize to arrive at the I; degeneration. The problem of dualizing these higher Fourier



3.2 Non-geometric parabolic T-fects 65

modes is in fact similar to the problem considered in [106], where it has been suggested (and
to some extend checked in [115,116], interpreting the corrections as world-sheet instanton
effects) that the modes in C,,,, map to stringy modes of the Taub-NUT space. In our
case we see that C~n70 = C,, — including numerical factors — and it is plausible to conjecture
that T-duality of the full NS5-background sends each mode énm for m # 0 to a mixed
momentum-winding mode (n,m) on the Taub-NUT side. Note that this is a very specific
rule for the massive modes, and it might be valid only in the regime where the semi-flat
approximation is broken only mildly (which is the regime in the analysis of [115,116]).

A similar conclusion is found by considering elements of the T-duality group that are
merely changes of basis, belonging to the geometric SL(2,Z), subgroup. An example is
the rotation that sends 7 — —1/7, exchanging a (1,0) I; degeneration with a (0,1) one.
The T-duality of exact metrics can now be derived by noticing that the two configurations
are obtained by a compactification of Taub-NUT spaces along two orthogonal directions,
and they are therefore related by a /2 rotation of the toroidal coordinates. This results
in a specific map for the massive modes that sends C, — e~ I"I"/F e*mg/Ré, with
R/2 = Rl and Rll = RQ.

3.2 Non-geometric parabolic T-fects

Next, we want to consider the degeneration with the non-geometric monodromy U, cor-
responding to [-transformations on the torus fiber, that sends

~1/p——1/p+1. (3.40)

As discussed in chapter[2], this configuration can be obtained either from the semi-flat I; de-
generation discussed in section by taking T-duality along the direction parametrised
by &', though the Killing vector along this direction is not globally defined; or by a col-
lective T-duality [32] from the semi-flat limit of the NS5 configuration in section [3.1.2]
corresponding to the fiberwise O(2,2,Z) transformation (p — —1/p,7 — —1/7). In both
cases, one obtains

472h(r)
ds® = h(r) (dr® + r?d0?) + = — dgh)? + (dg?)?|
ol ) Ar2h(r)? + R2 R26? (@) (5)}
B - 2rulel e (3.41)
Ar2h(r)? + R2R30?
47?h(r)

62¢ —

1h(r) + BRI

where R, = 1/R,, h(r) is the semi-flat harmonic function (3:26), and the solution coincides
with the Q-brane configuration [2.93] after constant redefinitions, as expected.

As in the previous cases, we can now deduce from the non-geometric monodromy
action on the momentum and winding states, which is

(n1,ng2) — (n1,n2), (m',m?) — (m' 4+ ny,m* —ny). (3.42)
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We note that this result can be also obtained from the NS5-monodromy by the
action of the transformation p — —1/p and 7 — —1/7, which interchanges n, <> m® for
all a. The transformations suggests that the U(1)? isometries of the metric ([3.41])
will not receive quantum corrections, as the momenta are conserved on both the torus
directions. However, in analogy with the duality between the Taub-NUT space and the
NS5-brane, there exist now trajectories along which strings initially wrapped along the
(1,0)- and (0, 1)-cycle of the torus unwind. For example, for the trajectory

1 _ A - A
- 1¢, - )
19 2r R0 0 =2nT
2 _  _ 2ma _ (3.43)
£ = TR r=To,

corresponding to a string with winding along the (1,0)-cycle and momentum along the
(0, 1)-cycle that will unwind after encircling the defect.

Let us again derive the change in momentum and winding numbers using the invariance
of the left- and right-moving momenta when encircling the defect. More concretely,
we quantize the string on the T2-fiber in the semi-flat approximation, and find for the
canonical momentum and winding vector the expressions

» > 1
n= (M0, = (). (3.4
’I’LQ/RQ R2m2

Under 6 — 0 + 27, the background can be made globally-defined by identifying the tori
T?(0 + 27) and T?(), where the value within brackets indicates the position along the
angular direction of the base, using an O(2,2) transformation. In particular, we have

(GFB)(0+2r) =05 [(GFB)O)] , (3.45)

where Op is a S-transformation. On the combined momentum-winding vector (L!,m;)T
this transformation acts by matrix multiplication as

+RiR2 O . (346)

We now demand that the spectrum does not change when encircling the defect, which
means that the left- and right-moving momenta have to be invariant under 8 — 6 + 2.
We then compute

0= A(pLr),
= Op(pr.r(0 + 27?))1 - (pL,R(Q))I

— 0 <7r1(9 +2m) + 05 [(GF B)6)],, L (6 + 277)) . (me) + [(GF B)6)],, LJ(@)) ,
(3.47)
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leading to the relation

120 (Lo am) ~ (ai) 019

which is solved by ((3.42]).

Additionally, the non-conservation of the winding charge should be compensated by an
inflow current, and we expect the winding modes to couple to two dyonic coordinates arising
from the flux. It is hard to make this concrete because of the non-geometric nature of the
local metric , but we can make the following argument based on T-duality. Let us
start from the solution of NS5-branes smeared on the T2, and consider the coordinate shifts
¢ — &+ fi(r,0) and €2 — €2+ fo(r,0)[] If one applies T-duality along the ¢2-direction
to the transformed solution, we see that f; remains as a coordinate shift of the Taub-NUT
solution, while fy is mapped to a gauge transformation of the B-field. This is consistent
with the analysis of the monodromy action in section [3.1.I} On the other hand, if we
start from the NS5-brane configuration and perform two T-dualities, both transformations
become gauge transformations of the B-field and the metric is not affected. This suggests
that the Q-brane has two dyonic zero modes, as expected from T-duality.

Beyond semi-flat approximation

As we did for the duality between the [; singularity and NS5-branes, we should ask what
is the transformation of the modes that localize the NS5-branes on the fiber torus
under the T-duality that leads to the solution (3.41). The answer is roughly a T-dual
version of the transformation between a (1,0) and a (0, 1) type I; degeneration. A naive
guess is that the NS5 Fourier modes are mapped toﬁ

Crymy ~ €7 e iméiR gminaboRs with X = \/(nlpq)Q + (naRy)?,  (3.49)

where we define R; = R%. As in [106], the modes & should be identified with dyonic degrees
of freedom of the non-geometric solution, as follows from a particular effective action
describing the type of couplings between winding and dyonic modes described above. The
rationale for such transformations is that both the geometrical coordinates &' = £& + &
and the dual ones & = & — £, play a non-trivial role. The semi-flat solution for a
NS5-brane is written in terms of a trivial fibration of the (£!,£?) fiber coordinates, and
the excited Kaluza-Klein momentum states break both the U(1) symmetries associated
to shifts in such coordinates. The dual stringy coordinates are instead exact. Note that
from the previous discussion it seems that such stringy coordinates are associated with
a non-geometric fibration structure, so that the present situation is substantially more

5These transformations are coordinate transformations, which result in another supergravity solution.
The zero-mode is a particular case thereof.

SFor the T-duality transformation between the I; degeneration and the Q-brane, this has been checked
in [117,/118] in a regime where the isometries are mildly broken.
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complicate than the usual duality between H-monopoles and Taub-NUT spaces. In this
latter situation, the stringy coordinate is associated with a topologically non-trivial circle
fibration, which is traded by T-duality with a B-field in the dual, trivially fibered solution.
In fact there is a well-known geometrical construction that unifies both fibrations [119].
Starting from an oriented S* bundle over a compact connected manifold M: S* — E 5 M,
one constructs the correspondence space C' = E X, E where E is the T-dual fibration.
C' is both a circle bundle over E and a circle bundle over E and if E is a trivial fibration,
as in the H-monopole case, we have that C' = E x S'. For the present case of elliptic
fibrations, this geometric construction cannot be easily generalized [28], in line with the
above discussion. The breaking of both U(1)? isometries of the NS5-background poses in
fact additional challenges for a geometric description in a extended space, as we will discuss
in the next section.

3.3 Description in extended space

In the previous sections we have seen evidence for a “generalized T-duality” acting on
higher Fourier modes of the string fields. We want now to discuss how and to what extend
this new physics can be captured by the extended space picture described in section [2.4]

There, we described T-fects as T* fibrations encoding the monodromy as SO(2,2,Z) C
SL(4,Z), the last one being the group of large diffeomorphisms of the four-torus. In par-
ticular, the semi-flat approximations to the I; degeneration and the NS5-brane considered
in this chapter, as well as the 53 brane, were characterised by the monodromies and
([2:129). In all of these cases the four-torus fiber factorised into T? x T? and the monodromy
could be geometrically described in terms of two Dehn twists, one along each two-torus.
In this description, the different 7- and p-monodromies were related by a change of basis
and one can conclude that all singular fibers should have the same topolgy.

Analogous to the two-torus fibrations, we then expect that the type of singular fiber in
the T* fibration should be determined by the conjugacy class of the monodromy around
the boundary of a small disk encircling the degeneration. If we assume that monodromies
of the type arise as a Picard-Lefschetz type monodromy around a singular fiber,
where two of the cycles of the T* are pinched, we obtain a topology of type I; x I;. Higher
Fourier modes should then correct the semi-flat approximation by localizing the shrinking
cycles in a similar way as for the I; degenerations, and the change of SL(4,Z) duality
frames would give then a precise generalized T-duality between higher Fourier modes, of
the kind discussed in the previous sections. Such degenerations can be described, within
the semi-flat approximation, by the Ricci-flat metric . However, a way to include
the corrections to such metric while keeping its Ricci tensor flat is not known. It would
be interesting to study in more details this quantum corrected metric for the I; x I
degeneration.

Finally, we will close this section by describing how the higher Fourier modes can be
included in the DFT solutions constructed in section [2.4 In this case, we will be able to
construct solutions to DFT equations of motion encoding these corrections. Furthermore,
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"generalised T-duality” will arise naturally as change of coordinate frames. However,
with this picture we will lose the geometric intuition since the generalised metric is not a
symmetric GL(2d) matrix and cannot really be understood as a metric for the extended
space. Also large diffeomorphisms is a delicate issue in DFT (see for instance [120], or [59]
for a discussion in the context of T-folds), which makes it a complicated task to identify
the Dehn twists.

3.3.1 Double field theory and generalized duality

In section [2.4] we constructed solutions of the equations of motion derived from the action
that corresponded to the semi-flat limit of the doubled torus fibrations .
An interesting question is now to what extent we can construct solutions that incorporate
the higher Fourier modes that localize the NS5-brane on the torus fiber. In fact, this is
possible by applying the generalized dualization discussed in the previous subsection. This
essentially corresponds to the particular T-duality transformation on the massive
fields.

We start by adding to the NS5 brane the Fourier modes that localised it on R? x T2,
Such corrections enter in the harmonic function as described in . We solve dB = xdh
by choosing a gauge where

B = AP AN dE* + 11, dO A dEt + T1, dO A dE? 3.50
where II; 5 satisfy the equations
&Hl = ’l“agh, @THQ = —r(’?lh, (821_[2 — 611'[1) = r(’?rh + (27TR1R2)_1 s
(3.51)

with A the localized harmonic function (3.25)). These equations are solved by

I (r, €, €2) = + Z (2 = 0ry.0 = Okyy0) @TKl()\T) oS (%ﬁl) sin <k2_§2> . (3.52)

k1, k2 >0 TR R3 A 1 Ry
2 50— Oro) K (k! a2
Iy(r, &', €%) = — Z ( ﬂ-kR%RZ k2.0) XHKl()\T) sin <115#1> cos (%2 . (3.53)
k1,k2>0

with K the first order modified Bessel function of second kind and A\ = \/ (ki/R1)? + (ko) Ry)>.
Starting from this configuration and applying the ”generalised T-duality” rules de-
scribed above, we obtain the following configuration

Ry
27TR1

de* + 0det +11,d0|

ds? = h [dr2 +r2df? + (dfl)ﬂ +

1
L 3.54
B =TI, doAdg', (3.54)

e?® = const. ,
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where IT; 5 = I 5(r, €%, &). Furthermore, h = h(r, &', &), with h the localized harmonic
function , and we write the result in terms of Ry = 1 /Ry. This is a compactification
of the solution presented in [115] and it is compatible with the naive T-duality discussed
in the previous sections. A second dualization leads to the background described by

ey

ds? = h[dr?® +r2d0?) + ————"
[ ) 4m2h? + R? R36?

[(dgl 11 d6O)? + (d€? + 1, dH)Q] ,

271'R1R2 0

B =———""7"2%  (4¢' +11,d0) A (d€? + T1,dh) , 3.55
47r2h2+RfR§92(§ 19) 1\ (46" + 11zd9) (3:55)
20 4A%h
Am2h? + R2R262

where now 111172 = II o(r, 51,52) and h = h(r, 51,52). We also substitute Ry, — ]%172 =
1/Ry 5. Configurations and depend explicitly on the winding coordinates,
and should be understood as DFT configurations by inserting the fields into (2.117) to
obtain the corresponding generalized metric. In the DFT language the above localized
configurations can be obtained from the localized NS5-brane generalized metric by simple
transformations of the type &% <+ &,. All these configurations have vanishing generalized
curvature Ry and therefore are solutions of the equations of motion of the DFT action
(2.133). DFT (and EFT) configurations describing the NS5 brane and its dual backgrounds
have been also discussed from a different perspective in [121-123].

Before closing this section, let us mention that in principle one can consider defects
with more general 7 and p monodromies. The physics of such non-geometric defects has
been recently studied in [79]. Analogous puzzles related to generalized T-duality will arise.
However, in this situation both winding and momentum might not be conserved along
both fiber directions, and a solution of the strong constraint is a priori not guaranteed.

3.4 Final remarks

In this chapter we have analysed the local physics of the parabolic T-fects degenerations
constructed in the previous chapter. Although in some cases a full description of such
physics might still be missing, we have discussed some physical effects that an exact
description should include. In particular we argued that winding modes are crucial for
understanding the near-core physics of T-duality defects.

This was already evident in the T-duality between I; singularities and NS5-branes,
where our analysis becomes essentially a compactified version of [106]. We argued that a
similar physics describes non-geometric Q-monopoles, where an essential role is played by
two dyonic coordinates dual to the isometric directions of the fiber torus. In particular,
the picture that emerges is that in both the Q- and the KK-monopole, winding modes
correspond to localization along a dual circle, related with the dyonic coordinate, in the
same way momentum modes localise the NS5 brane and the KK-monopole around a point
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NS5 I Q-brane
L Monodromy p—p+1 T—>T1+1 —1/p——1/p+1
Non-conservation o
1 momentum momentum winding
along &
Non-conservation L L
9 momentum winding winding
along &
Shift ¢! Shift ¢! Dyonic coordinate
0-modes £ § -
Shift &2 Dyonic coordinate | Dyonic coordinate
¢! ¢! &1
Corrections (Geometric loc.) | (Geometric loc.) (Stringy corr.)
dependence £2 & &
(Geometric loc.) (Stringy corr.) (Stringy corr.)

Table 3.1: Summary of the corrections for the different analised configurations. The first
two rows indicate which charge fails to be conserved along the directions of the torus, and
the third and the fourth the two zero modes of the background. The last two indicate the
coordinate dependence of the corrections. Corrections that depend on the geometric coor-
diantes £* correspond to localisations along the fiber directions while the ones depending
on the dual coordinates &, are stringy corrections.

on the geometric circles. The results obtained for each background are summarised in Table
3.1}, where we observe the relation between winding modes and the dyonic coordinate.

Finally, in the last part of the chapter we observe that DFT can indeed reproduce the
coordinate dependence suggested by the above analysis. It would be important, however, to
search for an explicit CFT description of such winding mode physics, or a dual formulation
in terms of more conventional dynamics.
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Chapter 4

Spherical T-duality for the
NS5-brane

Within the parabolic T-fects constructed in chapter [2, we found configurations correspond-
ing to semiflat approximations to the NS5 brane and the KK-monopole. As described in
chapter 3| such approximate geometries can be obtained from the exact configurations by
taking some particular limit after compactifying some of the directions transversal to the
brane. For the NS5, the process is as follows: the original configuration has four transver-
sal directions. Out of them we make two of them compact, which is equivalent to place
branes on a lattice along these directions. Finally, one takes a limit away from the brane
in the uncompact directions, known as smearing limit, where one looses the information
about the position of the brane along the compact constants and these directions become
isometries.

By undergoing this procedure the topology and the geometry of the configuration
change. For instance, the original s0(4) symmetry algebra of the transversal directions
is brocken to s0(2) after the compactification. In the smearing limit, this isometry group
is enhanced to s0(2) x u(1) x u(1), where the extra u(1)’s correspond to the new isometries
along the compact directions that arise in this region. The resulting configuration can be
seen as a trivial two-torus fibration, in the sense that the torus fiber has no geometric
twistings, as described in chapter [2]

For the KK-monopole, the procedure is analogous, though in this case the background
already has one compact direction in the transversal space. Then, by compactifying along
one extra direction and smearing, we break the original isometry algebra so(3) x u(1) to
50(2) x u(1) and then enhance it to s0(2) x u(1) x u(1). In this case, however, the circle
corresponding to the original u(1) is non-trivially fibered.

As it was discussed in chapter [2] and [3] the two semi-flat configurations are related by
T-duality. Furthermore, since the original NS5 has two isometries, one can perform an
extra T-duality obtaining the backgrounds E]

T-duality T-duality
> >

smeared NS5

532-brane

smeared KK monopole

IFor global issues on the last T-duality see discussions in chapters [2| and
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where the latter corresponds to a non-geometric background, as discussed in chapter
Such duality chain has been also discussed in the literature in the context of fluxes (see
for instance [25]) where the smeared NS5 is interpreted as a source for H-flux; the KK-
monopole as a source for a geometric flux f, encoding the non-triviality of the U(1) fibra-
tion; and the 53-brane as a source for the non-geometric Q-flux.

A natural question that arises in the above discussion is the following: do the same
features appear if one dualise the NS5 brane using the original isometries and without
undergoing the smearing procedure? As mentioned above, the original configuration is
topologically very different: the un-compactified NS5 brane is still a source of H-flux but
the U(1) isometries are not trivially fibered, which implies the presence of certain geometric
flux.

In this chapter we will analyse such dualities and show that the outcome is signifi-
cantly different. In particular, no non-geometric issues will be found after two T-dualities.
Furhtermore, the duality procedure will break the original supersymmetries, leading to a
non-supersymmetric configuration after two T-dualities for which, a priori, stability is not
guaranteed. This result will be consistent with the general analysis in [124-128]. We will
also reproduce the general result in [119], where it was argued that geometric and H- fluxes
are interchanged under T-duality.

The isometries we will consider in this chapter are then those of a three-sphere sur-
rounding the brane. These are convenient symmetries to consider since the corresponding
vectors remain finite in the origin, which will lead to non-singular configurations after T-
duality. In appendix |Bl we review some important results about T-duality transfomations
for the three-sphere, putting special emphasis to the global aspects, which are an appro-
priate warm up for the discussion in this chapter. The matherial presented in this chapter
follows closely [129].

4.1 The NS5-brane and its orbifold projections

To start, let us briefly give some details for the NS5-brane and its orbifolds. In particular,
we determine the geometric and NS-charges. For this discussion we will use a coordinate
frame where the four-dimensional configuration in the space transverse to the NS5-brane
is given by

2 o D(r)r? 2 2 2
ds® = h(r)dr® + 1 (d@ + d&° + 4dx* — 4cos dedg) ,
H = xdh(r), (4.1)
e?® = e2n(r),
where %4 denotes the Hodge-star operator in four Euclidean dimensions and the variables

take values r € [0,00), 6 € [0,7] and x,& € [0,27) (see appendix [B). The value of the
dilaton at infinity ¢¢ is constant, and we recall that the harmonic function A(r) is given
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by
h(r) =1+ * (4.2)
r2’ '
where k € Z, is interpreted as the number of coincident NS5-branes. Note that the solution
can be seen as a three-sphere fibered along the radial direction. This solution is
asymptotically flat at » — oo but, unlike empty Euclidean space, the angular directions
do not shrink at the origin and the volume of the three-sphere at » = 0 remains finite.

NS5-orbifolds

In analogy to the case of the three-sphere discussed in appendix[B] it is possible to construct
a generalization of (4.1)) by considering orbifold projections along the U(1) fibers. The
general form of this configuration is given by

h(r)r? 1 4 4
ds? = h(r)dr* + —2— [ d0* + =de? + =dy? — — 0 dxd
s (r)dr® + 1 ( +k§ '3 +k% X k1k2cos % 5),
k
H = —Fsinddf \dgAdy. (4.3)

e*® = *n(r),

where |k;| € Z,. The constraints on the possible values of k; and k imposed by demand-
ing a globally well-defined background coincide with those imposed on the three-sphere
discussed in appendix |[Bl The harmonic function is now given by

|kikoks|

r2

h(r) =1+

, (4.4)

and this configuration is in general not asymptotically R* anymore, but nevertheless a
solution of the string equations-of-motion. The geometry at the origin r = 0 is the sphere-
orbifold (B.41) with radius R = +/|k1k2ks].

Geometric charges

Since for the above configurations the three-sphere formed by the angular directions does
not shrink to zero at any point, we can describe as a principal U(1)-bundle in the
same way as it can be done for an ordinary three-sphere. We can then assign gauge fields
to the fibration structures either along the coordinate x or along &. In particular, for these
two choices we have

A, = P gyt Ae = L ga (4.5)
Ixx gee

and by integrating the corresponding field strengths over a two-sphere surrounding the
brane at fixed radius we determine the geometric charges as
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Note that n, € Z only when k; = 1 and ng € 2Z only when k; = 1, which are, respectively,
the cases when the U(1), and U(1), fibers are globally-defined (for details on this discussion

see appendix [B]).

NS charges

The NS charge h of the above configuration can be determined by integrating its Bianchi
identity dH = 47%hé™(z) over the transversal space which, as we did in , can be
expressed as in integral of the H-flux over a three-sphere S2_ at r = co. The charge for the
configuration satisfies the quantization condition h € Z and is given by
1 1
h=-— [ dH =-— H=kFk;. (4.7)

471_2 R4 47(2 sgo

4.2 T-duality

We are now going to perform T-duality transformations for the NS5-brane background
and its orbifolds. Similarly to the case of the three-sphere discussed in appendix [B] after
dividing by a Z, action some of the isometries of the original NS5-brane might be broken.
Applying T-duality along these directions leads to globally ill-defined configurations. In
a slightly different context, T-dualities along the Hopf fiber of the NS5 have been also
considered in [130}/131].

T-duality along the direction y

We begin by studying T-duality along the direction x in (4.3). Applying the Buscher rules
we find the following T-dual configuration

h(r)r? 1 . k?
ds* = h(r)dr® + — (d02 + 2 sin? 0d¢? + m@dx — kscos@dE)? ),
B = —ﬂcosﬁdf/\dx, (4.8)
2k
62c1> _ 62¢>0 P2

Y

which is again a solution of the supergravity equations of motion. It is not asymptotically-
flat anymore, and close to the origin the geometry is locally a three-sphere. With the same
prescriptions used above we can assign the following charges to this background

k1

- = =n.. 4.9
k2 nX ( )

We observe that only in the case where ky = 1 the quantization condition h’ € Z will be

satisfied. In fact, as it follows from the discussion in appendix [B] this is the case where the

U(1), isometry of the original background is globally-defined. In this situation, the effect

of T-duality along x interchanges the geometric charge n, with the NS-charge h.

n =ky=h, B
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T-duality along the direction ¢

As can be seen from (4.3), we can equally-well perform a T-duality transformation along
the direction &, and the corresponding dual background is

h(r)r? 4 . k2

ds* = h(r)dr?® + —1 (d92 + k_% sin? fdx? + h(r)22 " (d€ + 2ks cos 0dy)? ) ,
k

B = —20086d£/\dx, (4.10)

2k

2% — o200 7,—27

which is again a non-asymptotically-flat solution to the string equations-of-motion. As in
the case obtained by T-duality along y, one can compute the following charges

ng = —2ky = —2h, W=—=—gne. (4.11)

The resulting NS charge is an integer only in the case when k; = 1, which is the situation
where the U(1), fiber of the original background is globally-defined. We observe that, in
this case, T-duality exchanges k3 <> ko as expected.

T-dualities along the directions y and ¢

Finally, we discuss the background obtained after two T-duality transformations along the
directions y an £. The dual configuration can be expressed in the following way

? Kik3r?h(r) (1 4 4
ds? — him (ar2+ T gp2 | & Bt i) (L e 2 0
S (T)(T+4 )+ 10 k%£+k%X+k’1k‘QCOS Edy |,
k2 k2 k2 cos 0 (4.12)
B = 1723
T ok d§ A dy,
P28 _ o200 ki k3 h(r)
where we defined
Q= (7“2]1(7“) sinQ)Q—l— (klk’gk:g COSQ)Q. (4.13)

As expected, this background is again a solution to the string equations-of-motion.
However, the geometry is somewhat peculiar: at » = 0 the directions 6, £ and x describe
an S? orbifold, whereas at r — oo the T?-fiber corresponding to & and y shrinks to zero size.
The topology of the dual space is therefore different from the original NS5-brane topology.
Furthermore, the NS-charge of the background can in principle be computed in a
similar ways as in , but without proper knowledge of the dual topology this is difficult
in practice. Finally, as we will discuss in the next section, does not preserve any
supersymmetry and hence the stability of this solution is not guaranteed
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On the other hand, we want to point-out that the configuration obtained after
two T-duality transformations does not show any non-geometric features — contrary to
what one might have naively expected from [25]. This is in contrast to compactifying the
NS5-brane solution, smearing along the compact directions and performing a T-duality
along the latter, after which one obtains a non-geometric 53-brane [90,99).

4.3 Supersymmetry

We now want to analyze the amount of supersymmetry preserved by the T-dual config-
urations determined in the last section. Even though the dual backgrounds are solutions
to the string equations-of-motion, starting from the 1/2-BPS NS5-brane solution we will
see that a single T-duality along the direction y or £ results in a 1/4-BPS configuration.
Furthermore, after two T-dualities supersymmetry is completely broken. These results
are in agreement with [124-127], where it was found that if a Killing spinor depends on
the coordinate along which one T-dualizes then the corresponding supersymmetry will be
broken

Conventions

In the rest of this section we want to give some details of our analysis. For type II
supergravity theories in ten dimensions the supersymmetry variations of the dilatini and
gravitini read as follows (for our conventions see [90])

S\ = (%acb — iHP) €, W = (VM — %HMP) €, (4.14)

where € is a doublet of Majorana-Weyl spinors. The two components of € have the same
(IIB) or opposite (IIA) chiralities. The operator P acts on the spinor doublet as P = o3 for
type IIB and P = I'[jg) l2x2 for type ITA, where I'1q is the ten-dimensional chirality matrix.
Note that if we choose a representation of eigenstates of I'jjo;, P will act as +132.32 on one
component of the doublet and as —l3y.32 on the other, both in type IIA/B. Therefore we
will generically denote the two spinors as € = (e, €_).

The NS5-orbifold

We begin analyzing the amount of supersymmetry preserved by the configuration (4.3)).
This includes the NS5-brane for a particular choice of k1 and k5, which is known to be a

2A formulation of this condition independent of a particular coordinate frame was given in [128] using
the Kosmann spinorial Lie-derivative.
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1/2-BPS solution. The two Killing spinors for this background areE|

€y = eﬁr?réeoﬁr = <cos % +I'sI'g sin %) €0+ 5
91 , ' (4.15)
& prr,
€ = @_grgf‘geycg F7Fs€07_ = (cos 5~ '3y sin 5) (Cos 2%;2 + I'sI'g sin 2ik2) €0,— 5

where €y 4 are constant Majorana-Weyl spinors satisfying (1 £ ['3IsI'sI'g)eg + = 0, which
projects-out half of their componentsﬁ

T-dual configurations

Let us discuss the amount of supersymmetry preserved by the various T-dual configurations
discussed above. Here we only give the final results, but details of our computations can
be found in appendix [C]

e We start by considering the background obtained after a T-duality transforma-
tion along the direction y. Since €, in depends explicitly on y, we expect that
the corresponding supersymmetry will be broken. Indeed, for (4.8) we find only one
Killing spinor given by (assuming kiksks > 0)

€. = e’gr@réeir?réeg _
0 0 (4.16)
= (cos 5~ I'gI'y sin 5) (cos 2ik2 + I':I'g sin 2%@) €0,—

where again (1 —I'3I:I's'g)eo, - = 0. Note that this configuration preserves only half
of the original supersymmetries.

e A similar analysis applies to a T-duality transformation along the direction . Since in
the Killing spinor ¢_ depends explicitly on £, we expect that the corresponding
supersymmetry will be broken under T-duality. Indeed, for the background
we find only one Killing spinor given by (assuming kjkgks > 0)

€4 = efgréréeﬁr%rég()’_
0 0 4.17)
= (cos 3~ ['3I'g sin 5) (cos k:% + I'sI'y sin %) €0+ (

with (14 I'sI's['3I'g)eo+ = 0. This configuration again again preserves only half of
the original supersymmetries.

3We note that e is 27k;-periodic in x and e_ is 4wko-periodic in €.
4The solution presented here correspond to the case where kikoks > 0. Details corresponding to the
opposite case can be found in appendix |g
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o After applying two T-duality transformations along the directions y and &, we expect
that both of the supersymmetries corresponding to e, and e_ in (4.15]) will be broken.
For the background the supersymmetry variations can only be solved
for vanishing spinors, and hence supersymmetry is completely broken. This means
that stability is no longer guaranteed, and therefore we do not study this background
in more detail.

4.4 T-duality along non-globally-defined U(1) fibers

We finally want to generalize our previous discussion in the following way: if we interpret
the three-sphere inside the transversal geometry of the NS5-brane solution as a two-torus
fibered over a line-segment, we can in principle perform T-duality transformations also
along an arbitrary direction of the two-torus. In general, such isometries are not globally
well-defined and hence the dual background may show global problems. Nevertheless,
locally this analysis is valid.

Let us rewrite the NS5-brane solution in a different set of coordinates which make
the T2-fibration structure explicit. Including orbifold projections along the two directions
of the two-torus, we have

2 2
ds* = h(r) <d7‘2 + r2dn® + 7’_2 cos? ndé? + r_2 sin? ndfg) :

a7 a3
H =2agsinn cosndn A d& N dés (4.18)

e?® = 2% n(r),

where n € [0,7/2] and & € [0,27) and || € Z,, and where the harmonic function is
given by
|OZ10./2(1/3|

h(r) =1+ =3 (4.19)

After performing a T-duality transformation along the direction v = (3,0, + 20, we
obtain, for a choice of local coordinates (1,), the configuration

2 2

. 2
) 5 9,9 T2sin®(2n) , , 1 ojas o 2
— Ml S V4 _ 9
ds h(r) (dr + rodn® + 1 dyi ) + () (ddjz 5 cos( n)d@bl) ,

_ 51526@04% Sin2(2n)

H A2 dn A diy N dips
020 — o200 aiaj
r2A (4.20)

where we defined

A = (a8 sin n)2 + (@132 cos 77)2 : (4.21)
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As we mentioned in appendix |B| for the three-sphere, following Buscher’s procedure in
general does not give global information about the T-dual space, and hence we have not
specified the range of the coordinates (v1,15). Locally, however, does solve the
string equations-of-motion. Concerning the amount of supersymmetry preserved by ,
for arbitrary (1, 52) all supersymmetries are broken — only for (81, 52) = (ay, as) the
solution preserves half of the original supersymmetries. Note that the latter are precisely

the examples (4.8)) and (4.10) discussed above.

4.5 Comparison with similar configurations

Comparison with T-duality for R"

Let us note that performing a T-duality transformation along an angular direction for
empty Euclidean space R™ results in a dual geometry which is singular at the origin [16].
The reason is that the norm of the corresponding Killing vector vanishes there. This is
a puzzling observation, and it has been suggested that winding modes may play a role
in resolving the singularity. On the other hand, we see for instance from that the
metric and H-flux of the NS5-brane at the origin » = 0 is finite. (We ignore the dilaton
in the present discussion.) Performing a single T-duality transformation along an angular
direction leads to a geometry which is again non-singular, as can be seen for instance from
, and the reason for the non-singular behavior of the dual metric at » = 0 can be
traced back to the non-vanishing H-flux h = k3 # 0.

We do not have an answer to the question whether or how the singularity of the T-dual
of R™ can be resolved. We want to stress, however, that for the NS5-brane the H-flux plays
an important role in regard to this point, and one might suspect that it also can play a
role in the R™ case.

Comparison with toroidal compactifications of the NS5

We also want to compare our results to T-duality transformations for the smeared NS5-
brane solution. As mentioned above, these two cases are significantly different, since the
smearing procedure change the geometry and the topology of the original background.
In particular, by undergoing this compactification procedure, the transversal space is not
anymore a three-sphere fibration along a radial direction and the new U (1) isometries along
which we perform T-duality transformations are trivial fibrations. This implies that, for
this case, there is no geometric charge associated with this directions, in contrast with
the Hopf fiber of the three-sphere. T-duality along the smeared directions leads to the
KK-monopole and the 53-brane, which in both cases supersymmetry is preserved. The
outcome of our analysis is then that dualising along this two configurations lead to very
different results.
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Comparison with the NS5-Taub-NUT configuration

Finally, we also want to point the existence of another configuration which containts a
three-sphere orbifold at its near horison region. This is obtained by collapsing ks NS5
branes smeared along one direction and k; KK-monopoles. As mentioned above, the NS5
brane "loses” its geometric charge in the smearing procedure, which is restored by adding
the KK-monopoles. The resulting configuration is

h k ?
ds* = hi(p)hs(p) (dp* + p°df> + p” sin® Bdp*) + hggg (dx — 51 cos Gdgo) ,
1

B = —%Cosedgo/\da:, (4.22)
62@ — €2¢>0 hg(p) ’

with p € [0,00), 0 € [0,7] and ¢,z € [0,27). The harmonic functions hy(p) and hs(p)
correspond to the KK-monopole and the smeared NS5-brane, respectively, and read

ki
hi(p) =1+ 2_p . (4.23)
A computation analogous to the ones carried before shows that this background has indeed
k1 units of geometric charge and k3 units of NS-charge. Also, one can see that in the limit
p — 0 the metric in remains finite, and the corresponding geometry is given by the
three-sphere orbifold SU(2)k,k,/Zk, [132]. However, even though the solution (4.22)) close
to the origin agrees with the »r — 0 behavior of the ones discussed in section away from
r = 0 they are different. In particular, such configurations are 1/4-supersymmetric. After
applying T-duality to the direction x, the resulting configuration is again a superposition
of NS5-branes and KK-monopoles, where the numbers k; and k3 have been interchanged
T-duality

In this case, then, supersymmetry is preserved under T-duality.



Chapter 5

U-duality defects and
supersymmetric geometric
compactifications of M-theory

In chapter [2| we constructed a class of local geometries consisting in two-torus fibrations
with T-duality monodromies around a degeneration point. Now, we generalise this con-
structions to two-torus fibrations in type II string theories with U-duality monodromies.
The T-duality group of a two-torus, SL(2,Z) x SL(2,Z), is now enlarged into the U-duality
group SL(2,Z) x SL(3,Z). This group has a useful geometric interpretation in M-theory,
where the SL(3,Z) factor is the large diffeomorphisms group of the three-torus constructed
from the original two-torus and the M-theory circle. The remaining SL(2,Z) mixes the vol-
ume of this three-torus with the M-theory three-form in a way analogous to the SL(2,Z),
factor of the T-duality group in the heterotic case.

Because of this interpretation, we will actually begin our analysis by studying three-
torus fibrations in M-theory. Since we already know from chapter [2how the SL(2, Z) factor
can be fibered, we will focus in finding the most general supersymetric fibrations of the
geometric SL(3,Z) factor. This case will be studied by considering general supersymmetric
compactifications of M-theory on a five-dimensional manifold without fluxes. The analysis
of general compactification models fits into the picture that T-fects (and U-fects) solutions
can be seen as local descriptions of a region of a global compactification model close to a
degeneration, as argued in chapter [2]

After a meticulous supersymmetry analysis we will conclude that geometric M-theory
compactifications on a five dimensional manifold can only preserve supersymmetry if the
internal manifold is a trivial circle fibration. This will restrict the three-torus fibrations
two be non-trivial two-torus fibrations times a trivial circle, which implies that all U-fects
are dual to one of the T-fects configurations of chapter 2] We will close this chapter giving
the complete classification of U-fects in type ITA and IIB supergravities, relating some of
them to known configurations.

As in the case of T-fects, such configurations will include backgrounds with non-
geometric features. In fact, these are a particular realisations of the spaces generically
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called U-manifolds or U-folds in the literature [133}{135]. The discussion in this chapter
is based on unpublished material. In slightly different contexts, three-torus fibrations in
string theory have also been studied in [136}/137].

5.1 T-fects in M-theory

As a warm up before the full analysis, we will study T-duality defects as 11-dimensional
supergravity solutions. Because they only involve fields in the NS sector, we can inter-
pret 7-fects (2.53), p-fects and 7p-brane solutions as solutions of type IIA
supergravity and uplift them to 11-dimensional supergravity. By construction, these con-
figurations will only have monodromies in a certain SL(2,Z) subgroup of the SL(3,Z)
factor.

M-theory geometric 7-fects

We begin considering the pure geometric configuration (2.53). After an uplift we obtain

ds}) = dof + e radzdz + 1odE} + —(d& + mdr)? + dE3, (5.1)

1
T2
and vanishing three-form field. The directions §; are the compact directions of the 3-torus
and x| world-volume of the original 10-dimensional five-brane. The function 7 = 7 +im,
is again holomorphic in the (z,z) plane. In the case where the monodromy of 7 is in
the parabollic class, these configurations correspond to smeared KK6 branes, which are
Taub-NUT spaces embeded in 11-dimensional supergravity. As in the 10-dimensional case,
different monodromies inside the same parabollic conjugacy class correspond to different
orientations of the NUT direction (see discussion under ([2.68))).

From the 11-dimensional point of view, the solution preserves (locally) an SO(1,6)
subgroup of SO(1,10) and, therefore, the configuration can be interpreted as a six-brane
wrapping one of the compact directions. The space transverse to the brane is then four-
dimensional, where only a two-torus fibration over a plane fits, consistently with the fact
that we have only one complex modulus for the three-torus fiber.

M-theory non-geometric p-fects

Next, we consider configurations with monodromies in the SL(2, Z), factor of the T-duality
group, whose transversal space is described by the fields (2.85)) . After an uplift, we obtain
the 11-dimensional configuration

1 -
dst, = —gdaf+ e py dadz + 3 (dE] + dG3 + d83)
P2

A = pdé Ndés A dEs, (5.2)
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where p is again an holomorphic function of the (z,z) plane and the directions &; are
compact. In this case, from the 11-dimensional point of view, the configuration is a five-
brane and the transverse space is a genuine three-torus fibration. When p has the parabolic
monodromy V' , the configuration is an M5 brane smeared along three directions of
the transverse space. Instead, when we consider a solution with parabolic monodromy U
, the configuration is the non-geometric 5% brane [90]

2/3

2h(r) \ 2mh(r) omh(r) \**
)4+

27l
A = m d&1 A\ d§a N d&s, (5.3)

with
_ K
h(r) = log (-) . (5.4)
r
As expected, this configuration can also be obtained by uplifting the Q-brane (2.93)). The
monodromy U of this configuration will act on the volume as

Vips

Vi
T3_>V723+(A_1)27

(5.5)

where A is the unique component of the M-theory three-form on the three-torus, and the
configuration will be non-geometric. Analogous to the case of heterotic p-fects in chapter
, in general configurations ({5.2]) will show non-geometric features.

Colliding degenerations

As we argued in chapter [2| one can obtain general non-trivial fibrations for 7 and p by
colliding the corresponding individual fibrations. Here one can obtain analogous configura-
tions in M-theory by uplifting the local geometry . The result will be configurations
that are generically non-geometric and not dual to geometric configurations. From the
11-dimensional point of view, such configurations will look like five-branes lying inside
six-branes that wrap one of the compact circles.

In M-theory, it seems a priori that there is another way of colliding SL(2,Z) degener-
ations to obtain new configurations: collide two geometric SL(2,Z), degenerations with
different orientations inside the SL(3,Z) factor. However, such collision actually breaks all
supersymmetries of the background and the configuration is not a solution to the string
background equations [136]. The intuitive reason is that the supersymmetry projectors of
each individual 7-fect do not commute if they have different SL(3,Z) orientations.
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5.2 Supersymmetric U-duality defects in M-theory and

geometric compactifications

As discussed, the solutions presented in the previous section only covered monodromies
leaving in an SL(2,Z) x SL(2,Z) subgroup of the U-duality group. To generalise these
results into the full duality group, we need to enlarge the geometric SL(2,Z) factor into
SL(3,Z). This implies considering general geometric three-torus fibrations, turning on all
possible geometric moduli of the three-torus.

In section we will give a general ansatz for such construction. Then, in section
[5.2.2) we will study the implications of compactifications of M-theory on five-dimensional
geometric manifolds and apply the result to the ansatz for the three-torus fibrations. As
we will see, turning on more than one complex modulus parameter at the same time will
break all supersymmetry.

5.2.1 General ansatz for T° fibrations

The moduli space of a three-torus of unit VolumeF_-] without fluxes can be parametrised by
five real scalars, which we label by (71,7, 01, 09,03) and can be encoded into the three
vielbein 1-forms as

1
nt = W(d& + 11 d€? + 01dEs)
1
,',]2 — W(TQdfg + 0-2d€3) 5 (56)
1
3 _
n = W(U?)dfs)y

where the factor in front of each form is choosen in a way that the vielbein has unit
determinant. The corresponding metric is given by

1 1 1 01
(gT3)ij = 7]?77?6(1[, = W 1 7'12 + 7_22 T101 + T2029 y (57)

2 2 2
01 T101 + Te02 0] + 05+ 03

which satisfies det grs = 1. The set of vectors dual to (5.6)), satisfying t.,n/ = 55 , are

€1 = (7'20'3)1/3851 s
_ 1/3 T 1
€y = (T20'3) ——851 + —852 s (58)
T2 T2
1
b5 = (ma0)/? ((1 _ 2) Ber — 2 5en + _a£3> |
T203 03 T203 g3

!The volume is not affected by SL(3,Z) transformations.
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Next, we construct a flat torus fibration by letting the moduli parameters be functions of
a 2 dimensional base: 11 = 7i(2,2), T2 = T2(2, 2),.... The local metric in a patch can be
written as

d32 = fQ(Za 2)dzd2 + (gT3(Za 2))1] dgldgj’ (59)

which is the most general ansatz preserving the so(2) symmetry on the base. For further
discussions we will consider the following 1-forms on the base

ol — %f(z,z)(derdz),

02 = %f(z, 2)(dz — dz) (5.10)
which together with the 1-forms 1%(z, z) form a set of five 1-forms defined in a local patch.
We remark that these forms are not necessarily globally defined, and actually in general
some of them are not. We will furhter comment on global issues during the supersymmetry

analysis of next section.

5.2.2 Supersymmetry analysis

In previous chapters, the analysis of supersymmetry variations was already used as a tech-
nique to find stable solutions to the string background equations of motion. For instance,
the T-fect configurations on chapter [2| preserved some supersymmetry only in the case
where the moduli 7 and p were holomorphically fibered. Here we apply this technique to
the ansatz , in order to find the most general supersymmetric solutions to the string
background equations. In this case, supersymmetry preservation will have strong implica-
tions to the ansatz, allowing only two out of the five real moduli of the three torus to be
turned on simultaneously.

Before going into the concrete computation for the ansatz (5.9)), we give some general
considerations about compactifications of M-theory to six external directions to obtain
some intuition to the kind of result we expect. In particular, we derive necessary conditions
that any supersymmetric compactification needs to satisfy in terms of holonomy. In the
last part of this section, these conditions will be applied to the ansatz to obtain the
results mentioned above.

General geometric compactifications to six-dimensional Minkowski vacua

As follows from the discussion in section [I.2] we are in general interested in considering
solutions of 11-dimensional supergravites on manifolds of the form

M=M;x K, (5.11)

where Mg is the six-dimensional Minkowski space and K is a five-dimensional internal man-
ifold. In section [5.1, we have seen that one possible way to construct geometric solutions
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to 11-dimensional supergravities is by taking solutions to the 10-dimensional theory and
adding a trivial circle. Because of this close relation, we will also include in this general
description the case of 10-dimensional supergravities compactified on a four-dimensional
internal manifold. In this section, we will consider the simplest situation possible: the
metric on M will be of the form

ds® = dzr,dx" + dsy (5.12)

where ds% is a metric on the internal manifold K, which in our discussion will be eventually
related to the metric of global models constructed out of the fibrations (5.9)), and the rest
of form fields (as well as fermionic fields) vanish. Generalisations to spaces with fluxes will
be considered in chapter [6] and to the case where the external space is AdSg in chapter [7]
The main requirement we impose to our solutions is that they preserve some of the
supersymmetries of the original theory. For the case without fluxes, the only non-trivial
supersymetry variation is the one corresponding to the gravitino field, which will transform

as
0.V = Ve, (5.13)

where V is a covariant derivative with respect to the spin connection of and ¢ is the
supersymmetry parameter. In the cases where (some amount of) supersymmetry is pre-
served, the right hand side of will vanish for some spinor field € and the background
will then have a globally defined, nowhere vanishing covariantly constant spinor.

As we shall see, this statement has strong implications on the topology and the ge-
ometry of the configurations. On one side, it implies that the metric on K is Ricci-flat.
Furthermore, it imposes strong restrictions to the holonomy group ¢ of the internal man-
ifold K, as we discuss in the following section.

Special holonomy for compactifications to six dimensions

The holonomy group # of a manifold K is the set of all possible transformations that
any vector on any point of the manifold can experience after being parallel transported
along any closed loop. In general, for a d-dimensional Riemannian manifold, the holonomy
group has to satisfyﬂ A C SO(d). In the cases where the holonomy group is maximal,
there cannot exist globally defined constant spinor fields, and compactifications using these
manifolds will break all supersymmetry. On the other hand, if the holonomy group is
trivial all supersymmetries of the original theory can be preserved. If K is compact, this
last situation corresponds to flat tori.

A more interesting situation happens when J# is strictly a non-trivial subgroup of the
maximal one. In this case, one can have covariantly constant spinors if the decomposition
of the spinor representation of the maximal group under the holonomy group contains sin-
glets. Let us analyse the case where the external dimension is six. We will first discuss the
case of 10-dimensional supergravities, corresponding to the geometric solutions discussed

2For simplicity we consider orientable manifolds which are simply-connected. For cases where the
manifold is not simply-connected one has to use the concept of reduced holonomy group.
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in chapter [2| and then we will compare the results with the situation in 11-dimensional
gravity, which is the one we are eventually interested in this chapter.

10-dimensional supergravities

Under SO(1,9) — SO(1,5) x SO(4), the 10-dimensional Weyl spinors (16) decompose as

16 — (41,2) + (4g, 2), (5.14)

where 47, and 4p are Weyl spinors of SO(1,5) and 2, 2 Weyl spinors of SO(4). In ten
dimensional Minkowski space, one can impose Majorana condition consistently with the
Weyl condition and the 16 supercharges can be chosen to be real. If the internal space has
trivial holonomy, the reduced theory has two real 4, and two real 4z, which combines into
one complex 4; and one 4p. Therefore, starting from a theory with N' = 1/N = 2, the
reduced theory has N’ =2/N = 4.

To study the cases with reduced holonomy, one needs to analyse how the representa-
tions 2 and 2 transform under subgroups of SO(4). At the level of Lie algebra, s0(4) ~
s1(2) x su(2) and we can rewrite 2 = (2,1) and 2 = (1, 2), where the numbers inside the
brackets correspond to the representation of each su(2). We then see that, if one chooses an
internal manifold with SU(2) holonomy, either the original 2 or 2 transforms as a singlet
under the holonomy group and can be used to construct a covariantly constant spinor. The
reduced theory will then have half of the supersymmetries of the trivial holonomy case.
One can easily check that SU(2) (together with its Cartan subroup) is the only subgroup
of SO(4) that contains singlets, apart from the trivial ond?]

11-dimensional supergravities

We now reproduce the same kind of arguments of the case of 11-dimensional supergravity.

In this case, there is no Weyl projection, and the minimal spinor representation is 32.
Under SO(1,10) — SO(1,5) x SO(5), it decompose as

32 — (41,4) + (4, 4), (5.15)

where the 4 are spinors of SO(5). In eleven dimensions one can also impose Majorana
condition and choose the 32 supercharges to be real. Analogous to the ten-dimensional
case, by compactifying on an internal five dimensional torus, the four real 4; and the four
real 4p combine into two complex 4; and the two complex 4 and, starting with N' = 1
in 11-dimensions, the reduced theory in six dimensions has N = 4.

Next, we analyse the the cases with reduced holonomy. Under SO(5) — SO(4), the 4
represenation of SO(5) decomposes as 4 — 2+ 2. As discussed in the 10-dimensional case,
the 2 and 2 representations of SO(4) contains one singlet each under the two different

3 Another candidate that has singlets is the diagonal SU(2) subgroup of SO(4). However, in this case,
the singlet is a spinor-bilinear and therefore cannot be used as a fermionic parameter for supersymmetry.



5. U-duality defects and supersymmetric geometric compactifications of
90 M-theory

SU(2) subgroups of SO(4). Therefore, one can conclude that internal five-dimensional
manifolds with SU(2) holonomy also lead to supersymmetric compactifications. In this
case, starting with /' = 1 in eleven dimensions, the reduced theory will have N' = 2. As
we will see in the next section, when specifying to the torus fibration ansatz , these
configurations with SU(2) holonomy correspond to solutions of the form of .

Finally, by analysing all possible subgroups of SO(5), one can conclude that SU(2) and
the trivial group are the only subgroups that preserve some supersymmetry when used as
holonomy groups. For the ansatz (5.9), these will imply that the only supersymmetric so-
lutions are the ones in , as we will encounter in the next sections by explicit calculation.

The above two cases above showed the strong connection between holonomy and super-
symmetry preservation. Therefore, in general, it it useful for such analysis to know which
subgroups of SO(n) can in fact occur as holonomy groups for Riemannian manifolds. The
cases where the manifold is simply connected, not locally a product space and not symmet-
ric where classified by Berger in [138] . We observe that the only five-dimensional manifolds
appearing in such classification have SO(5) holonomy group, and they are therefore not
supersymmetric. In fact, the only odd dimensional manifolds are (Go-manifolds, which ap-
pears in the context of compactifications of 11-dimensional supergravity to four external
dimensions and allow constant spinors.

Next, we will analyse in more detail the precise implications of having covariant spinors
on the five-dimensional internal manifold. This result will be then applied to the toroidal

fibration ansatz (5.9)).

Supersymmetric geometric solutions in five-dimensional euclidean spaces

In five euclidean dimensions the smallest spinor representation has 8 real dimensions, which
can be combined into two complex four-dimensional spinors A\* (a = 1,2) satisfying the
symplectic-Majorana condition

Ao = ea(M)TC, (5.16)

where ), is the Dirac conjugate and C is the charge conjugation matrix. If a five-
dimensional geometric background without fluxes is supersymmetric, it has at least one
doublet of covariantly constant symplectic-Majorana spinors, satisfying

VA = 0. (5.17)

Finding all possible solutions for this equation is in general complicated. Instead, we will
analyse what are the implications of the existence of such globally defined spinor field. For
this, we will follow the analysis done in [139] for Minkowski signature, and adapt their
arguments to the Euclidean space. Out of the spinor A%, one can construct the following
bosonic fields:

feab — S\a)\b 7
Vie™ = Xyl (5.18)
B~ XN,

)
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where 7 are flat five-dimensional indices, €* is the Levi-Civita symbol, 1; are five-dimensional
euclidean gamma-matrices and 7;; = 7;7;. One can check that the scalar f and the 1-form
V' are real. Out of CI)%” , one can also construct three real two-forms as

1 7
XU = (" + ¢ X =_ (9% - o X® =iph, 5.19
2 ( + ) ’ 2 ( ) ’ ! ( )
The above bosonic quantities are all constructed out of the same spinor field A%, which
was globally defined by assumption, and they are therefore also globally defined objects.
Furthermore, the components of these fields are not independent, but subject to some
algebraic relations. Using Fierz identities, one can show that the following relations hold

[139]

vVt o= f2,
LvX(U) = O,
A XW = fx® (5.20)
XWAXO = 95, fV,
oRR XX =6, (1205 — ViVi) + ewnn X

where u,v = 1,...,3 and the vector V? is constructed by rising the 7-index with 0% and ¢y,
is the interior product. The x operation is defined on vectors as (xV')r = €5, V", and
on 2-forms as (#X)7* = 2¢7*m X7, - The fact that all the bosonic quantities in and
(5.19) are constructed out of a covariantly constant spinor, satisfying , implies that
all of them are closed |139)

df =0, dV =0, d(xV) =0, dxX™ =0. (5.21)

Next, we choose a local coordinate frame where the vector V' is along one of the coordinates,
V = 0,. The metric field in this local patch can be written as

ds® = f*(dx +w)* + f hynda™dx" (5.22)

where the metric f~'A,,, is obtained by projecting the full metric to the space perpendic-
ular to the orbits of V| which we will call base manifold B. The five coordinates on the
patch are 7 = (x,2") and the i-indices are now lowered and raised using the metric
and its inverse.

The 1-form V dual to &y is now V = f?(dx + w). From it follows that f has
to be a constant and, therefore, the condition dV' = 0 implies that dw = 0. Locally, this
condition implies that w can be absorbed into dx, and the metric field then becomes

ds* = f2dx* 4 f hppda™da™ . (5.23)

We next analyse the implications of the other constraints in ([5.20) and (5.21]) on the two
forms X®. The second constraint in (5.20]) implies that X have legs only along the
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base manifold B. Furthermore, the condition dX® = 0 implies that they do not have
dependence on the coordinate x and that they are also closed from the four-dimensional
point of view. The four-form %V, where now the *x operation is the Hodge dual with respect
to the metric field , can be regarded as a volume form for the base manifold B and
is it follows from that it is closed. The two last conditions of become

XWAX® = 26,.Volg,

XOPXOn = 6,6, + € X (5.24)
which, together with the closure condition, indicate that X () define a hyperkéhler structure
on the four-dimensional manifold B. We note that any hyperkahler manifold has dimension
4k and holonomy group Sp(k). In our case, the dimension is four and the holonomy group
is Sp(1) ~ SU(2), as expected from the discussion above.

Supersymmetric geometric U-fects

In the previous discussions, we have analysed in detail the implications of demanding that
some supersymmetry is preserved in a general five-dimensional manifold. Now, we will
apply them to the ansatz in order to obtain all possible M-theory supersymmetric
geometric three-torus fibrations.

As one can expect from the previous discussions, the result will be that the only cases
where some supersymmetry is preserved are those where one of the circles of the torus is
trivially constant along the base. We will find that this are in fact configurations (5.1)),
which were obtained by lifting T-fect solutions to M-theory. Therefore, only two out of
the five geometric moduli can be turned on simultaneously. We remark that this situation
can be improved by letting the base to be three-dimensional. This situation was studied
for instance in [136}/137]

We will proceed systematically, analysing first the cases when V lives in the toroidal
fiber and second the cases where it lives in the base.

V' along the fiber

We start by considering the case where V' ~ 0. In particular, we will discuss the case
where V' = e; ~ 0g1, where ey is defined in (5.8). The cases where V' ~ Og2 ~ e5 + :—;61 and

a1 _ miop o2 :
Vo~ O ~eg + (UB T203) e1+ 2o can be discussed analogously.

The form dual to e; is

V=mn= dé' + 1 de* + 01dE?), (5.25)

Cra

where 71, T9, 01 and o3 are functions of the base coordinates. If one demands this form to
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be closed, one has to impose that

o1 = constant,
71 = constant, (5.26)
T903 = constant.

We will implement the last of this conditions by considering 7, = A%/,/ps and o3 = \/p,
where A is a constant and py a function of the base coordinates. With this conditions, the
1-forms on the torus (5.6) become

R et

no= AdS

2 1 3 2 3

Vo= A ) (527)
1

nt = (po d€®)

N

where the coordinate €' is defined via the SL(3) transformation &' = &' + 7162 + 1€, For
convenience, we also introduced the function p; defined as p; = 03,/pz. The parameter A
can be absorbed into the coordinates &' by rescaling the radii of the circles. After this con-
siderations, we are only left with two non-trivial moduli, p; and ps, and we have recovered
the T-fect solution ([5.1)).

V' along the base

Next, we analyse the case where V' is along the base. We take, for instance,
1
V=6,= 5f(z, Z)(dz + dz) . (5.28)

We automatically see that dV = 0 implies that f has to be f = f(z 4+ z). On the other
side, we require that the 4-form

¥V = %f(z, 2)(dz — dz) A dEt A dE? A dEP (5.29)

is closed, which implies that f = f(z — 2z). The only possibility we have to satisfy both
requirements at the same time is that f(z, z) is constant.

If f(z, Z) is a constant function, the base is flat and there is no back-reaction. Therefore,
the only possible way that the metric in the total five-dimensional space is Ricci-flat is that
the fibration is trivial.

5.3 Type 1I configurations

In the above section we found that all possible M-theory U-duality defects are in fact
T-fects solutions uplifted to 11-dimensional supergravity. Reducing along the M-theory
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circle will bring us back to the T-fect configurations in type IIA. However, one can also
consider reductions along one of the directions that originally belonged to the two-torus
fiber. In this case, RR fields will appear and these configurations, together with T-fects, will
constitute a full classification of the possible supersymmetric type ITA toroidal fibrations
with SL(2,Z) monodromies. Then, one can also investigate the type IIB case by using
T-duality between type ITA and type IIB. This will complete the classification for type II
defects with SL(2,Z) monodromy.

In this section we will list all possible such configurations. Some of them will exhibit
non-geometric behaviour, mixing the metric field with the diferent NS-NS and RR form
fields. Furthermore, some of them will source non-geometric fluxes which are U-dual to RR
fluxes (i.e. U-duality generalisations of the non-geometric Q-flux), which are necessary for
a complete U-duality invariant description of the lower dimensional effective theory. Some
of the solutions we present here, as well as their relations to fluxes, has been considered
before in the literature (see for instance [140-H142,90,/143,144]). With our formulation, we
give a common framework to classify all them.

5.3.1 Type IIA configurations

7- and p-fects

As just argued, reducing (5.1)) along &3 or (5.2]) along any of the directions of the fiber one

obtains again 7- and p- fects solutions in type ITA respectively.

6-brane U-duality defect

The only different configurations in type ITA one can obtain from M-theory T-fects is by
reducing (5.1)) along some of the directions of the non-trivial two-torus in the fiber. For
example, if one reduces (.1]) along direction &, one obtains the configuration

1 1
ds® = —Tdeﬁ + €2\ /TodzdZ + \/T <d§% + T—2df§> J
Cl _ Tldgl ’ (530)
1
2% — ‘
2"

Note that this is a 6-brane wrapping the compact direction &3. If one takes 7 to encode
the monodromy V' in the parabolic conjugacy class (see chapter , the solution is a
D6 brane wrapping the direction {3 and smeared along the direction & (in string frame).
In this case, the effect of the monodromy can be expressed as gauge transformation of
the 1-form C;. Instead, if one considers 7 to encode the parabolic monodromy U, the
configuration will correspond to the non-geometric 65 brane (in the notation of [90]). For
general elements in any conjugacy class, the monodromy will involve a mixing between the
1-form and the metric, and will lead to non-geometric configurations. Also, note that any
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other configuration obtained by reducing (5.1]) along any other direction of the non-trivial
two-torus will lead to a configuration related to ((5.30)) with an SL(2) rotation acting on 7.

Colliding degenerations

Similarly to the M-theory case, one can now construct further supersymmetric degener-
ations by colliding a defect with monodromy in the SL(3,Z) factor with one with mon-
odromy in the SL(2,Z) factor. In this context, this implies that, apart from colliding a
T-fect with a p-fect, one could also collide the last with a 6-brane U-duality defect.

The fact that defects with different SL(2,Z) orientations within the SL(3,Z) cannot
be collide implies that one cannot collide a 7-fect with a 6-brane U-duality defect without
breaking all supersymmetries.

5.3.2 Type IIB configurations

With the general classification of U-duality defects in type ITA presented in the previous
section, one can now construct all possible type IIB configurations by factorised duality
transformations of the former.

7- and p-fects
As already discussed, T-duality acting on type IIA 7-fects give type IIB p-fects and vice
versa.

RR 5-brane U-fects

For the case of 6-brane U-duality defects, the configurations obtained after factorised du-
ality are different for each toroidal direction. For instance, if one applies Buscher rules
along the compact direction of the brane world volume (along &3 in ([5.30])), one obtains
the configuration becomes

1
ds’ = —=daf + €\ /rdzdz + /73 (d€] + dE3) |
VT2
Co = ndé& Ades, (5.31)
2% l
T2 ’

which is the transverse space of a five-brane. When the monodromy on 7 is the parabolic
monodromy V', the configuration is a D5 brane with two smeared transverse directions.
The effect of the monodromy can be interpreted as a gauge transformation of the 2-form
Cs. Instead, if the monodromy is the parabolic element U, the configuration is the non-
geometric 53 brane. In general, the monodromy will mix the 2-form with the volume of
the torus, leading to non-geometric configurations. Also, we notice that this configurations
are S-dual to p-fects in type I1B.
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7-brane U-fects

If one performs a factorized duality along the transverse compact direction of the 6-brane
U-duality defects (along &; in (5.30)), one obtains

1 1
ds? — Fdxﬁ + 62¢\/F2dzd2 + —= (d512 + dfg) ’
2

VT2

C(] = T1, (532)
1

62619 = =,
73

which in Einstein frame is

ds* = daf + **\/radzdz + (d&F + d&3) |
C, = 7, (5.33)

20

et = —.
These configurations are 7-branes wrapping 2 cycles (¢; and &3). The monodromy can now
be express in terms of the axio-dilaton parameter 7,4 = Cy + ie~® and the SL(2,2Z) is in
fact the type IIB S-duality group. This are in fact local fields for the F-theory seven-branes.

In particular, in the parabolic conjugacy classes one encounters the so-called seven-branes.

Colliding degenerations

Finally, following an analogous argumentation as in type ITA, we study supersymmetric
collisions of U-duality defects. We conclude that it p-fects, RR 5-brane and 7-brae U-
duality defects can be collided with 7-fects but not among themselves.



Chapter 6

Half-supersymmetric
compactifications from SO(5,5)
Exceptional Field Theory

In the previous chapter, we have studied supersymmetric three-torus fibrations in M-theory,
with special emphasis to the case without fluxes, as well as two-torus fibrations in type
IT theories. These where the natural generalisations of the heterotic two-torus fibrations
constructed in chapter [2| and, in fact, all configurations we encountered in chapter [5| could
be related to those in chapter [ using some duality. As pointed out in chapter [2], such
toroidal fibrations could be understood as local descriptions in a region of a global model
close to a degeneration. For this reason, together with the fact that supersymmetry is
closely related with global aspects of the configurations, the discussion in chapter [5| was
more general, including any possible compactification to six dimensions without fluxes.

The next step will be to include fluxes in the internal space. As argued in the intro-
duction, a natural framework to study flux compactifications of M- and type II theories is
Exceptional Field Theory, since it unifies the metric and the form fields degrees of freedom
into a covariant formulation. In this chapter, we will review and derive the necessary in-
gredients to describe half supersymmetric configurations in the context of SO(5,5) EFT,
which is the relevant duality group for our discussion. In the last section, we will apply the
results to the three-torus fibrations of chapter [3 reproducing the results we found there.
The techniques developed here will be also used in chapter [7] to study compactifications to
AdSg vacua. Standard references for SO(5,5) Exceptional Field Theory include [145.|146]
and for supersymmetric structures in EFT [147-151]. Some of the results in this section
will appear in [152].

6.1 Review of SO(5,5) EFT

In section we introduced the general concepts for Exceptional Field Theories. Here
we want to use this formalism to study compactifications of type II and M- theories to
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six external directions. We will begin reviewing the most important aspects of this EFT,
which will be used in the rest of this chapter as well as in chapter [7]

The U-duality group for six external dimensions is SO(5,5) (or rather its double cover
Spin(5,5)), whose maximal compact subgroup is USp(4) x USp(4) (see Table [L.1). The
diffeomorphism and gauge parameters organise into a generalised vector transforming in
the fundamental representation of Spin(5,5), corresponding to the 16 of SO(5,5). In
M-theory compactifications, the five-dimensional internal manifold K is extended to a 16-
dimensional space, an analogous for type II compactifications. For the rest of this chapter,
we use the conventions in Appendix D]

The infinitesimal parameters of the local symmetries (diffeomorphisms and gauge trans-
formations) can be encoded into a 16 representation AY. The action of the Lie derivative
along A on a vector V¥ in the 16 with weight A = 1/4 is given by [151]

1
LAVY =AMy VN — VMo AN + §(WI)NM(”YI)PQVP3NAQ ; (6.1)

where N =1,...,16 is the 16 index and I = 1,...,10 is an index in the 10, which can be
lowered and risen by the O(5,5) metric n7;. From (6.1)), one can read off the Y-tensor

1
Y]%M = 5(7])NM(71>PQ7 (6'2)
where 7! are the SO(5,5) gamma matrices satisfying the Clifford algebra

{vr 7} = 201463 (6.3)

For the upcoming discussion, it will be necessary to consider Lie derivatives acting on
objects in the 10 of SO(5) and with weight A = 1/2. This will be given by [151]

1
,CAV[ = AMﬁMVI + E(YJ’}/I)MNVJ(‘)NAM . (64)

Generalised metric

As mentioned in section [I.5] one of the central obects of EFT is the generalised metric,
which encodes all the degrees of freedom on the internal manifold into a representation of
the duality groupﬂ In SO(5,5) EFT, the generalised metric parametrises the cosset

SO(5,5)
USp(4) x USp(a)

(6.5)

Since all possible generalised metrics will be connected to the identity, they can be generi-
cally constructed by exponentiating elements of the so(5,5) algebra. As reviewed in [157],

'Similarly, all components of the fields with legs both on the internal and external space will also
organise in representations of the duality group. This fields appear in the tensor hierarchy of maximal
gauged supergravity [153-156], but will remain turned off for the discussion in this chapter.
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one can construct any element in the cosset in any representation R by considering
only the elements in the Cartan subalgebra together with the positive roots generators.
In particular, one can construct the generalised vielbein EgN, related to the generalised
metric via Myw = EnN EuM dyi, as

N

EyN = |exp (Z hpr> exp Z ho K, : (6.6)

pED acA N

where b is the Cartan subalgebra and A, the space of positive root generators. K, denote
generators of the algebra in the generic representation R, N = 1,...,dimR, and the
parameters h, and h, are eventually related to the vielbein and form fields of the internal
manifold. In appendix [D] we use this construction to obtain the generalised metric in
the M-theory and type IIB solutions of the section constraint in both thel6 and the 10
representations.

Solutions to the section constraint

As already mentioned, the space of SO(5,5) EFT is a product manifold with six external
directions and 16 internal ones. The dynamics along the later are however restricted by
the section condition

(v an (1) Op @ 9ge =0 (6.7)

for all M, N and for any field introduced in . When solving this constraint, one effectively
breaks the SO(5,5) symmetry of the extended space to some subgroup. As described in
detail in [146], there are two inequivalent ways of solving it:

e One possibility is to break SO(5,5) into SL(5) x RT. In this case, one can still
have dependence in five coordinates, which can be organised in the fundamental
representation of SL(5), and one can see that this restores the coordinate content of
11-dimensional supergravity.

e Another option is to break SO(5,5) into SL(4) x SL(2) x SL(2), in a way that the
SL(4) is not a subgroup of the SL(5) used above. In this case, one can only keep
dependence on four of the coordinates, and one restores the coordinate dependence
of type IIB supergravity, where the S-duality group corresponds to one of the SL(2)
factors. The extra SL(2) factor is accidental and is in fact broken when choosing the
directions of the geometric four-dimensional coordinates.

We want to remark the fact that, from a single Exceptional Field Theory, one can recover
both M- and type IIB theories, which is the reason why EFT provides a naturally unified
framework for these two theories. More details on these solutions to the section constraint
can be found in Appendix [D]
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6.2 Flux compactifications and EFT

In section we analysed the implications of supersymmetry preservation on purely geo-
metric manifolds. In this chapter we retake this discussion and generalise it by adding fluxes
to the internal manifold. We will first give some considerations at the level of supergravity,
and then discuss how EFT can be used to study such compactifications.

6.2.1 Compactifications with fluxes and G-structures

In this chapter we want to discuss flux compactifications of 11-dimensional and type II
supergravities. The precise content flux content will depend on the theory we consider,
but in general the gravitino variation (5.13)) used in chapter |5/ will be now modified to the
general form

0.0 = (V + flux terms) e, (6.8)

where ”flux terms” indicates contractions of the different form fields with gamma-matrices.
In type II supergravities, the presence of fluxes also makes the variation of the dilatino non-
trivial. As a concrete example, where only NS fields are turned on, see for instance (4.14)).
For the precise general form of the supergravity variations in type II and 11-dimensional
supergravity we refer, for instance, to [1589].

One implication of the variations is that the flux terms twist the spinor field and ¢
is no longer a covariantly constant Spinorﬂ Therefore, the analysis of the holonomy group
of the manifold is no further useful. However, there are still some necessary requirements
that our manifold has to satisfy in order to be supersymmetric. In particular the spinor
field € needs to be globally defined, which is again a requirement that impose topological
restrictions to the manifold. In this case, one can analyse them in terms of the structure
group G of the internal manifold, which is the set of all linear transformations that can be
used to glue sections of the tangent frame bundle (vielbeins) in the overlap of two patches.
Manifolds with a structure group G are said to have a G-structure and all tensor fields will
transform as representations of G. In general, for a d-dimensional riemannian manifold,
its structure group will be G C SO(d). If G is maximal, all spinor fields will twist non-
trivially in the overlap of patches and we will have no globally defined sections of the spinor
bundle. Therefore, a necessary requirement to preserve some supersymmetry is that the
structure group G of the internal manifold is some subgroup in which the decomposition
of the SO(d) spinors contains singlets. Then, analogously to the analysis in section
for the holonomy groups, we can conclude that, in the cases of type II and 11-dimensional
supergravities compactified down to six external directions, half of the supercharges can
be preserved if the internal manifold has G = SU(2) and all if the structure group of the
internal manifold is trivial.

2The covariant derivative in is defined with respect to the torsion-free Levi-Civita connection. On
manifolds with G-structures considered below, one can always find a connection V' such that V'e = 0.
Such connection will in general have torsion. Reduced holonomy as the one considered in the previous
chapter is then equivalent to consider torsion-free G-structures.
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The analysis of flux compactifications is important from the phenomenological point
of view, since fluxes induce potentials in the lower dimensional effective theories that help
stabilising the vevs of the scalar fields coming from objects living in the internal manifold
(for reviews of flux compactifications and moduli stabilisation see for instance [9,10]). Here,
we will now take a different path and reformulate the whole discussion in the context of
Exceptional Field Theory. This will allow us to rewrite the Killing spinor conditions in a
way where the symmetries of the theory become evident, which will give a valuable tool to
find solutions, as we will see in section and specially in chapter [7]

6.2.2 Exceptional G-structures in SO(5,5) EFT

As discussed in sections and [6.1] one key feature of Exceptional Field Theories and
Exceptional Generalised Geometries is the fact that the bosonic fields of supergravity
theories, that originally are GL(d) tensors, are encoded into sections of generalised bundles,
whose fibers are Fyq x RY tensors. In the same way that spinors in a d-dimensional
manifolds are representations of SO(d) C GL(d), one can now consider spinors in the
extended spaces as representations of the maximal compact subgroup Hy C Egq). In
fact, it has been shown that the flux terms of indeed generate an H,; action on
spinors [148,|147,/149,/159].

One can therefore rephrase the relation between G-structures and globally defined
spinors in the context of Exceptional Field Theory: a necessary condition to have globally
defined spinors is that the generalised structure group, i.e. the structure group of the
generalised tangent bundle, is a subgroup of H; in which the decomposition of Hy spinors
contains singlets [150]. Furthermore, demanding that the reduction yields to a Minkowski
vacua impose certain differential constraints on the structure. In particular, we need that
the internal manifold has vanishing generalised intrinsic torsion and the manifold is said
to have ”generalised special holonomy” [150], in analogy to the supergravity case.

This formalism can then be used to study flux compactifications using a logic analogous
to geometric compactifications discussed in section [5.2} out of the globally defined gener-
alised spinor on the internal manifold one can construct bosonic objects which will also
transform as singlets and will define the (generalised) geometry of the internal manifold.

Alternatively, once one has fixed the generalised G-structure group that stabilise some
spinor, one can directly identify the corresponding bosonic objects that will define the
geometry by finding which representations contain singlets under such decomposition. In
section [5.2] we found that the different bosonic fields characterising the structure were
not independent, but related by a set of constraints (see ) Here, the analogous
algebraic constraints will be those conditions that uniquely identify the singlets under the
decomposition from the rest. They are constructed by taking products of the different
representations and analysing the resulting field under the decomposition with respect to
the generalised G-structure group.
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SU(2) x SU(2) generalised structures

Let us now turn to the concrete case of half supersymmetric compactifications with six ex-
ternal directions and work out the fields that define their generalised structure, following
the discussion in [151]. As already mentioned, the duality group of the internal space is
SO(5,5), and its maximal compact subgroup is USp(4) x USp(4). We will be interested in
the case where the generalised G-structure group is SU(2) x SU(2) C USp(4) x USp(4),
which will lead to non-chiral NV = (1, 1) supergravities for the M-theory section and gen-
eralise the discussion in chapter [5|] We consider then the branching rules of

SO(5,5) — (5U<2) X SU(z)) x (SU(2> X SU(z)) , (6.9)
under which the lowest dimensional representations of SO(5,5) decompose as
1 — (1,1,1,1),
10 — (2,2,1,1)0 (1,1,2,2)0 @ (1,1,1,1), @ (1,1,1,1)_s, (6.10)
16 — (2,1,2,1)1®(2,1,1,2) 1 ®(1,2,2,1) 1B (1,2,1,2);.
where the subscripts correspond to U(1) charges. We now need to identify the singlets
under the subgroup SU(2) x SU(2) obtained by taking one factor from each bracket in the
right hand side of (6.9). We observe that such fields will organise into representations of the

remaining SU(2)x SU(2) ~ SO(4), which is the R-symmetry group of our compactification.
We conclude that the generalised structure will be defined by |151]

e One scalar field &, which is also a 1 of the SO(4)g.
e One vector field K in the 10 of SO(5,5), which is a 1 of SO(4)g.

Another vector field K in the 10 of SO(5,5), again in the 1 of SO(4)x.

Four vector fields J,, u = 1,...,4, in the 16 of SO(5,5), organised into a 4 of
SO(4)r.

If one includes into the discussion the R* group of the trombone symmetry mentioned in
section , this objects naturally accomodate in bundles with weight A = 1/4 for the case
of k and J,, and A = 1/2 for K and K. Furthermore, as already mentioned, the fields
defining the generalised structure cannot be independent, but they need to be related by
some algebraic constraints. For the current case, these are [151]

K'K,=K'K; = 0,
K'K;, = &', (6.11)
VN : IMunKr = 0,
1
5J;VijV(yf)MN = S,.K'.

3There is still another subgroup of USp(4) x USp(4) that can be used as structure group for half-
supersymmetric compactifications: USp(4) C USp(4) x USp(4). Compactifications of M-theory using this
G-structure lead to chiral A" = (2,0) supergravities in six dimensions, which will not be furhter discussed
in this thesis. For its generalised structure we refer to [151].
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The logic behind this constraints is the following: take for instance the two fields in the 10
of the G-structure group, K and K. Contracting them among themselves or between each
other using the O(5,5) metric, one obtains objects that are singlets on SU(2) x SU(2).
However, if we look at the U(1) weights of the decomposition , one can easily see that
the weight of the field k can be only obtained by contracting K with K (the power 4 in
the first equation of is there to match the trombone symmetry weights). Then, the
first two conditions of impose that K and K are not just arbitrary fields in the 10
of SO(5,5), but precisely those decomposing as (1,1,1,1)s and (1,1,1,1)_5 respectively.

Analogous logic can be used to construct the rest of equations. In particular, in the last
condition, two fields in the 4 of the R-symmetry group are contracted. The result is pro-
portional to d,,, which is the only SO(4)-invariant with such index structure. Finally, one
could also wonder why we did not analyse higher dimensional representations of SO(5,5).
In fact, by studying them and using the same logic we used for the algebraic constraints,
one can convince himself that any other singlet in higher dimensional representations will
be uniquely determined by constraints involving fields in the set {k, K, K Ju}-

Finally, if one wants to obtain Minkowski vacua, one needs to impose that the inter-
nal manifold has vanishing intrinsic torsion. This condition can be phrased as a set of
differential conditions on the structure fields, namely [151]

VM : (v)MYoyK' = (y)MYoyK' =0,
Vu: L, K' = 0, (6.12)
Yu,o VM L5, JM = 0.

Such set of conditions are usually referred to as integrability constraints.

6.3 The half supersymmetric generalised metric in
SO(5,5) EFT

In the analysis of sectionthe globally defined bosonic tensor fields constructed out
of the covariantly constant spinor completely determined the geometry of the background.
This is also a general fact of Calabi-Yau manifolds, where the metric can be determined
from the globally defined symplectic and complex structures. Here we expect a similar thing
to happen, namely that the generalised metric of the internal manifold can be determined
out of the generalised sections {x, J,, K, K }. This is indeed possible. In particular, in the
10 representation the metric is given by

—4

a4 K
MIJ:KV4<T

where 7k = Y17k] and we are using the conventions in Appendix @ For convenience, we

Euvwx(’YIK)MN(/YJK)PQJUMJAU,NJijz,Q + K[KJ + K]KJ) , (613)

have introduced the field ju, which is a section of a bundle whose fiber transforms in the
16 representation and is constructed out of J, and K as [151]

~ 1 “
Ju, M = 5(’7])MNJuNKI- (6.14)
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One can check that, by construction, M, is symmetric and an SO(5,5) matrix.

Similarly, one can also construct a generalised metric in the 16 representation in terms
of {r, Ju, K, K} as

1 K6 .
Muyn = E<_Teuvwx('VI)MP('VJ)NQ('VIJ)SRJuPJvQJwRJx,S
+4/€_6jquu7N — I{_Q(’YI)MN[A([> . (615)

The generalised metric in the 10 and 16 representations are compatible in the sense that
they satisfy the relation

M (v )P MpuMaon = (1) mn - (6.16)

G-structures from the generalised vielbein in the M-theory solution of the
section constraint

If the generalised metric for half-supersymmetric is determined by the generalised struc-
tures, it is also reasonable to think that one can construct the generalised structure out of
the vielbein fields. Such expressions for the generalised structures give a way to prove that

expressions ((6.13)) and (6.15)) are correct.

Let us do this checking using fields in the M-theory solution to the section constraint.
Using the conventions in Appendix [D] one can construct the following fields:

KI — H2 ESI

K' = k*E', (6.17)
N _ K N 1/4,. pub N _

LN = B + VA EWN oy =1,...4

where E;f and Ey" are the vielbeins in the 10 and 16 representations in terms of the
M-theory fields (see and in Appendix @[) and k is here a density field of
weight 1/4, for instance x* = /g, with ¢ the determinant of the normal metric on the five
dimensional internal manifold.

One can check that structures defined in indeed satisfy the algebraic constraint
(6.11)). Furthermore, plugging them into the expressions and , one recovers
the original generalised metrics, namely My = Ex™ Ey™ 5 and analogous for M.

As final remark, let us mention that is not necessarily the only way of construct-
ing generalised structures out of the generalised vielbeins. Also, for to be really
structures, one has to be sure that they are globally defined, which a priori is not a re-

quirement for the generalised vielbeins. These issues do not affect however our checking of
the expressions (6.13)) and (6.15]).
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6.4 An Example: Geometric half-supersymmetric U-

duality defects in M-theory

We will now use the formalism described in the previous sections to study the problem of
half supersymmetric toroidal fibrations in 11-dimensional supergravity analysed in chapter
bl We will encounter that, in the absence of fluxes, the EFT formalism will reproduce the
results obtained from the analysis of special holonomy in supergravity, as expected. This
example will also give us a first experience with the techniques that will be widely used in
next chapter to discuss compactifications to AdS spaces.

We will then work using the M-theory section of SO(5,5) EFT and using the con-
ventions from Appendix [D] The fields defining the generalised structure will then split
into

Ii4 = *K(5)

K' = woy+w,

f(] = @(1) + @(4) , (618)
Ju = Uy + W(2),u + W(5),u

where the subscripts (n) indicate that the object transform as a space-time n-form, and the
sums in the right hand side of the expressions have to be understood as a formal sums. For
instance K7 has two type of components, (K*, K;), and K; transforms under generalised
derivatives as a 1-form and K as a dual of a 4-form; the forth power of s transforms as
a density, or as the unique component of a 5-form in five dimensions; and analogously for
the rest. In the following, we will use this language to rewrite the constraints and
in terms of the M-theory fields and solve them for the geometric three-torus fibration
analysed in section , reproducing the results obtained there. We will first parametrise
the fields in K and K and then solve the constraints for the generalised vectors J,.

Parametrising K and K

In terms of the M-theory fields, the first two equations of (6.11)) imply that

Wy Awa) =way Awy = 0,
w() A (2)(4) + (1)(1) ANwuy = K)- (6.19)

Any general solution to these equations has to fit in one of the following situations:

(a) W) = @(4) =0 and (,:)(1) A W) = K(s), O

(2)(1) = W) = 0 and Wiy A @(4) = K(5)-

(b) W) = 0, @(4) = (2)(1) A Q(g) and @(1) AN W) = K), Or
W

(1) A Q(g) and w(1) A (2)(4) = K(5)-
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(C) W) = 0, W) = @(1) A Q(g) and w(1) A (2)(1) A Q(g) = K(5), OT
(2)(4) =0, W) = W) N Q(g) and (Ij(l) A w(1) A Q(g) = K(5)-

A
~

(d) wiy = way A Qz), @@y =) AQs and way Ada) A (Qs) — Q) = ks,

where )3y and Q(g) are arbitrary non-zero three-forms. Furthermore, the first integrability
condition in (6.12) implies that

dW(l) = dw(4) = d@(l) = d@(4) =0. (6.20)

The discussion was so far general. We will now turn to analyse geometric fibrations of
the general ansatz (5.9). In section we found that any such half-supersymmetric
configuration had at least one closed one-form whose dual four-form was also closed. This
condition, which is reproduced by the situation (a), already restricted our ansatz to be
a geometric T-fect solution of the form , which were fully classified in chapter
times a trivial circle. Cases (b) and (c) add to this situation an extra closed one- or four-
form, which are not proportional to the original one- and four-forms. These situations can
only restrict further our ansatz, leading to trivial fibrations. A similar thing happens for
situation (d), where we have two one-forms and two four-forms. These conclusions change
completely if one allows that forms come also from background fluxes, but this will not be
analysed in the present discussion.

Next, we will analyse what are the conditions imposed on J, by the compatibility and
integrability constraints in both of the situations described in (a). As expected, we will
encounter that in one of the cases J, includes three two-forms defined on the base manifold
that define an hyperkahler structure on it.

Parametrising J, for the case w) = wy) =0

Fixing w(y = @y = 0 the algebraic constraints (6.11)) on J, can be written, in terms of
the M-theory fields, as

L*w(4>w(2),u — 0 9
Uu[i (*w(4))j} = 0,
V2 (%Msm T we)u W<2>,v) = Ouw W4y, (6.21)
L@@yl = 0,
where (u||v) indicate symmetrisation in v and v and the equations hold Yu,v = 1,...,4.

The first two and the last equation are solved by taking v, to be either zero or in the same
direction of xw), and with ws), having no legs along this direction. Using the coordinate
frame from chapter this implies that v, ~ 0y, and the two-forms w(y), are defined on
B, whose volume form is proportional to w(4). The third equation in (6.21)) can be solved
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by taking
F\ 4 0 L Vol 0
oru=4: Vg = Oy, w(5),4=\/— Ol5 W2),4 =
2
1 u
Foru=1,23: v,=0, wp.=0, wou= WX( ) (6.22)

where X® are the two-forms defined in and the constraints with such
parametrisation imply the conditions , defining an (almost) hyperkéahler structure
on the base manifold B. Note that the choice of encoding 0y in J,—4 is arbitrary, but any
other choice can be related to this with an R-symmetry rotation.

Finally, we analyse the last two differential conditions from ({6.12)), which in terms of
the M-theory fields read

L, v, = 0

Ly, w@yw — to,dwi@y, = 0
Lvuw(5)’v + W@)p N dw(g),u = 0, (6.23)

Wy Ndwiy, = 0

Loay = 0

where L, refers to the usual Lie derivative with respect to a vector v. Because v, is either
Oy or zero, all Lie derivatives in ([6.23]) vanish if non of the forms has coordinate dependence
on A. The rest are solved by taking

d(JJ(Q),u = O, (6.24)

for all u, which implies that the hyperkahler structure is integrable. With this parametri-
sation we therefore reproduce the results found in section [5.2.2]

Furhtermore, once we know the generalised structures describing the manifold, one
can obtain the background fields by constructing the generalised metric or
and then read off the corresponding supergravity fields using the dictionaries derived in
Appendix [D] The result is that the metric on the five dimensional internal manifold is
given by

\/§ uvw mn
9ij = me Ekl W(2)7u7ik w(Q),u,jl w(?),w,mn 5 (625)

and the three-form flux vanishes.
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Parametrising J, for the case w) = wu) =0

We now reproduce the same analysis for the situation where @) = w(4) = 0. In this case,
the algebraic constraints (6.11)) for the components of J, are
Weu — 0 )

We)yu Nway = 0,
Lvuw(l) = 0 ) (626)
weuNwezw = 0,

2y, W@ = 0

The second condition can be solved by taking w)., = wa) A ), for any one-form Q) ,,
which automatically satisfies the fifth. The last condition becomes

Ly Q(l),u = 1, Vu,

u

L D = —lo, 1) for u # v, (6.27)

which can only be solved if the four vectors v, are non-zero and linear independent. To
see this, consider that v, = Z?:l a;v; for some functions a;. Then, using the relations in
(6.27)),

3

LU4Q(1)71 = Z aiLviQ(l)J = Q1 — by (CLQ Q(l)’g + as Q(Dﬁg) s (628)
i=1
1 1 1 a?  a?
Qs = —+ (2 Quy2 + a3 Qys) = — + 1y (a2 Quy2 + a3 Quys) + =+ 2,
ay aq ay ay aq
and, since 1, 2(1)1 = —ty,2(1)4, one would need that a; satisfy
ai+a;+a;=—1, (6.29)

which cannot be solved. The third condition of indicates that all four vectors v,
lie in the kernel of the closed one-form w;), which implies that they are a base of the
tangent space of the submanifold B defined in section [5.2.2] Since v, cannot have zeros,
otherwise at some point the first relation in would not be satisfied, the submanifold
B is parallelisable.

Finally, we look at the differential conditions, which in terms of the current parametri-
sation read

L, v, = 0
Ly, w@)w — to,dw@z)y, = 0,
0, (6.30)
Ly, w4 = 0.

W(2),v A\ d(,U(Q)M =

The first of this conditions implies that the the globally defined vector fields on B form an
abelian algebra. In our ansatz (5.9)), this automatically implies that the fibration is trivial,
and all other conditions are automatically satisfied.



Chapter 7

Half-supersymmetric type IIB AdSg
vacua from SO(5,5) Exceptional Field
Theory

Exceptional field theory is a very natural formalism to study type II and M-theory compact-
ifications, since it unifies metric and flux degrees of freedom into the same representation.
Therefore, the analysis of generalised structures in EFT in chapter [6] provides a powerful
tool to study supersymmetric flux compactifications. In section we could already taste
it by applying the formalism to the case of toroidal fibrations of chapter 5l In this chap-
ter, we will use these techniques to study more involved compactifications. In particular
we will construct and classify all possible flux compactifications of type IIB leading the
AdSg vacua. Such classification is actually known from the work in [160-162] (for previous
work, see also references within), but our formulation will be in terms of natural geometric
objects, making it much simpler. Furhtermore, such a geometric formulation will allow us
to establish necesarily conditions for the most general consistent truncations with vector
multiplets around the previously found vacua. This are important tools for the holographic
study of these vacua. The results in this chapter will appear in [152], where also a successful
analysis for the case of AdS; vacua in massive type ITA theory is performed.

7.1 Algebraic and differential constraints

In the last two chapters, we have studied compactifications to Minkowski space. Since
this space is flat and its topology is trivial, the globally defined spinors we used for su-
persymmetry were just constant along the external directions. This situation changes if
one demands the external space to be AdS, which has a constant curvature related with
a non-zero cosmological constant A. In particular, the right hand side of equation
(where V is the covariant derivative along the internal space) is not zero any more, but
proportional to A.

Let us now discuss how this modification affects the algebraic and topological con-
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straints and of the EFT formalism for half supersymmetric compactifications.
We recall that the algebraic conditions came from the analysis of G-structures, and
were necessary conditions to have globally defined spinor bundles in the internal space,
which is in turn necessary for supersymmetry. Then, such conditions cannot be modified
by the introduction of a cosmological constant, since the requirement of having global
spinors in the internal space remains.

The cosmological constant do instead modify the differential constraints (6.11). Intu-
itively, the fact that the right hand side of is not zero implies that the internal space
has no vanishing intrinsic torsion any more. The differential constraints are then modified
to [151]

Ly, Jy = —Ci€ypuwe JA",

L, K = 0, (7.1)
dK = & A" J,,
dK = 0,

where A, encodes the cosmological constant and we can use an SO(4) rotation to write
A, =(0,0,0,A) . (7.2)

This choice breaks the original SO(4) symmetry to SO(3), which is the R-symmetry group
of AdSg vacua. In the following, we will then split u = (A, 4) with A = 1,2,3. The non-
vanishing coefficients ¢; and ¢, cannot be fixed within the present formalism. This can be
done by careful comparison with six-dimensional half-maximal supergravity [163], or by
comparison with a known AdSg vacuum. With respect to (A, 4) the differential conditions
become

['JAJB = —C €ABCJCa

Ly, Jy = 0,

LK = 0, (7.3)
dK = ¢ Ju,
dK = 0,

where we hAave introduced ¢; = ¢; A and analogousAfor ¢o. Note that the conditions L, J, =
0 and £, K = 0 are automatically satisfied by dK = ¢;AJ, (for non-zero ¢;).

Generalised sections in terms of the type IIB fields

Analogous to the discussion in section it is convenient to parametrise the content of
the generalised tensors defining the G-structure in terms of type IIB fields. In this case,
following the conventions in Appendix [D} this is done by

Ju = vyt )\((ll)m + 0(3)u
K = w%) + wW(2) + w&) , (74)
K = (2)(06) + (f)(g) + (IJOZ) ,
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where « is the S-duality SL(2)-index and again the subscript (n) indicates that the object
transforms as a space-time n-form. The components v, are space-time vectors. As in the
case in section [6.4] needs to write the constraints in terms of these fields to perform the
upcoming calculation.

7.2 Parametrising generalised structures

As argued above, the fields defining the generalised structure organise themselves into
representations of the R-symmetry group SO(3). The only assumption we will consider
in order to construct the complete classification of AdSg half-supersymmetric vacua is
that this R-symmetry group is inherited from the symmetry group of a two-sphere in the
internal space. We will therefore assume that all such vacua can be obtained from 10-
dimensional type IIB string theory after compactifying on an internal space which is a
non-trivial fribration of a two-sphere over a Riemann surface Y. In this case, the S-duality
SL(2) will be obtained from the SL(2) symmetry in 3. As we will see a posteriori, these
assumptions are enough to obtain all vacua in [160-162).

The systematics we will follow to construct all possible generalised structures satisfying
the above mentioned conditions is the following:

1. We begin constructing the generalised vectors J4. In terms of the parametrisation
, each of these objects contains a vector, an SL(2)-doublet of 1-forms, and a
three form. We construct, in terms of the natural tensorial objects on the two-sphere
and on Y, the most general ansatz for them that organise into the 3 representation of
SO(3). We then check how these ansétze are constraint by the algebraic conditions
(6.11]).

2. The last condition in (6.11]) uniquely determine the field K out of any of the fields
Ja. Then, following the same logic as before, we construct the most general ansatz
for K and constramt it by demanding that it satisfies the conditions K'K; =0 and
K'K; = r* The field & is in fact determined by this last constraint, and the only
condition one needs to further impose is that it is defined everywhere and no-where
vanishing (which we implement by assuming, without loss of generality, that it is
strictly positive everywhere).

3. Next, the field J, is constructed out of K using the forth condition in (73), Ju =
cy 'A='dK. This has to be plugged again into the last condition of (6.11)), which
further restricts the components in K. We notice that the third condition in (6.11))
is in fact implied by the rest.

4. With the three steps above, we have constructed the most general solution to the
algebraic constraints , as well as to the forth condition in . The last step
is to check the rest of differential constraints in (7.3)) which translate into simple
conditions for the fields parametrising the generalised structures.
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Before moving towards the explicit construction of these fields, let us make the following
clarification: as explained in chapter @, generalised fields defining the generalised struc-
ture are in fact sections of generalised bundles, and therefore they need to be globally
defined. However, in this formulation one does not have to impose any further global con-
straint on the supergravity fields parametrising them. In particular, the latter could vanish
at some point if, at the same time, some other field parametrising the same generalised
section is not vanishing at this point.

We next give the explicit solution to the described construction. We will first state our
conventions for the fields on the two-sphere and on the Riemann surface . We will then
give some of the details of the calculation and state the final result. In next section, this
result will be used to read off the corresponding type IIB supergravity fields.

7.2.1 Conventions for the sphere and the Riemann surface

We begin with the S?, for which we use conventions similar to [164]. We define the SO(3)
triplet of functions y#, A = 1,2, 3 satisfying

ylya =1, (7.5)

which are in fact the coordinates on the embedding space R® O S2%, and we use them as
constrained coordinates on the S%. Furthermore, we consider the Killing vectors v4, as
well as the 1-forms

dya, and 04 = eapcyPdy®, (7.6)

where €4p¢ is the three-dimensional Levi-Civita symbol. Together with the vectors vy
they satisfy the following relations

yldys =0,

ZUAdyB = _GABC?JC7 (7-7)
ZvAeB = 5AB — YAYB -

The only 2-form on the S? is the volume form given by

1
volge = §eAchAdyB A dy© (7.8)
which satisfies the relations
1
§€ABCdyB ANdy© = yavolg:,
1,,00ls2 = dya. (7.9)
On the Riemann surface Y, we use the local coordinates x“, o = 1,2. One can then

construct any 1-form as

hdys (7.10)
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for arbitrary h*. The only two-form is the volume form
1 N 5
voly, = §eaﬁdx Adx", (7.11)

which satisfies
dXa N dxp = €qpv0ly (7.12)

with €,p the Levi-Civita symbol. This object can also be used to rise and lower SL(2)
indices, for which we use the conventions

Ve =PV, V=V es,. (7.13)

7.2.2 Parametrising Jy

In this part, we want to give some details of the computation described above. In particular,
we will give some details on the parametrisation of the generalised vectors Jy, as an example
for the logic followed during the whole calculation.

As mentioned, these objects are parametrised by a vector, an SL(2)-doublet of 1-forms,
and a three form. The most general ansatz for J4 constructed from the objects on the
sphere and the Riemann surface ¥ listed above, and that is also compatible with the SO(3)
R-symmetry, is

Ja = c104 + hayavolgz A dx® + teapcyPdy® A vols + 1%dy4

7.14
+yam®dys + n®eapcy®dy” + fdya Avols, (7.14)

where the SL(2) matrix m®®, as well as the functions f, hq, t, l4, n® only depend on the
coordinates on Y, y“. Note that the vector part of this ansatz has already been fixed to
be one of the vectors on the sphere v4 times the constant ¢;. This is in fact a consequence
of the first differential condition in , but it is convenient to already introduce it here
since it simplifies the computations. Also, the last term in (7.14) can be removed by the
generalised diffeomorphism parametrised by V = fxavol A dx?, with dfxe. = fdxa, and
we will therefore set f = 0.

Taking into account this considerations, the algebraic constraints in (6.11)) restrict the
ansatz to

m|

Ja=crva + maﬁyAdxg + pk®dys — kﬁmgayAvolSz ANdx® + —04 Nvols , (7.15)
C1
where |m/| is the determinant of m®?, and we have introduced
k® L oe, (7.16)
m|

The fields ([7.15)) are the most general solution to the algebraic constraints. These are
furthermore restricted by the differential constraints (7.3), which impose that

Mmag = —Claﬂka . (717)
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7.2.3 Final result

Following the procedure described at the beginning of this section, and using the same
logic that we used for the fields J4, one obtains that the most general solution satisfying
all algebraic and differential constraints is

1
Ja=crva+crd(k%ya) + écld(k"‘ Oa A dky)
Jy = dp® — ko dp™ N volge ,

2
_a (85/@8/31{:7) (vols, + k%volg2 A voly) ,

K pr—
7 (7.18)
N Co
K =—(po — (1 + pok) volg2) ,
5 o = (r+ pek?) volse)
2
4 _ % (8ak58“kﬁ) rwvolgz A vols,

which is given in terms of the functions on the Riemann surface r, k% and p®, which are
subject to the differential conditions

aa'r = _pﬁaakﬁv

7.19
8ap53apﬁ =c 8ak58“k’ﬁ >0. ( )

These conditions are implied if one consider the functions
fe=p*+icgk*, (7.20)

to be holmorphic functions of ¥. In fact, one can prove that this is the most general
solution to up to diffeomorphisms [152]. We can then conclude that the space of all
AdSg half-supersymmetric vacua can be parametrised by an SL(2)-doublet of holomorphic
functions f* (and the integration constant of the function r).

7.3 Background fields

Given the fields , we can now obtain the corresponding 10-dimensional configurations
by plugging them into the generalised metric or , and reading off the corre-
sponding supergravity fields using the dictionary in Appendix [D] for the type IIB solution
to the section constraint. We obtain the following fields on the internal four-dimensional
space

2454 (dkdk ) 4
ds? = 21 9 NG (A—1d52 + dk® ® d a),
25/ S 2oy r? (dkdk)? Y
Dk 9P p°
Co® = — (kw G2 Dy ;A b (dkdk)) volgs , (7.21)
1 dkdk
HY = 5= (Czécl—r)pap *4””‘97’“&%5)’
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with dkdk = 0,ks0*kP, and
1 3 2 1 o0
A= ST (dkdk)” + 57 (dkdk) py ps Oxk" 0 p° . (7.22)

After some redefinitions, these fields can be related to the results obtained in [160-162]
(for details see |152]).

7.4 Consistent truncations around the AdSy; vacua

The geometric language used by the EFT formalism allows us, not only to construct the
most general AdSg half-supersymmetric vacua, but also to study general consistent trunca-
tions around them. In particular, following the discussion in [151], one can study consistent
truncations with vector multiplets around a vacua by adding to the set of well defined sec-
tions defining the generalised structure extra generalised vectors in the 16 representation.
Concretely, the consistent truncation is then identified with the set of fields {wy, K, K, K},
where wy, = (Jy,wsz), where we split U = (u,u), with w = 1,...,4, w = 1,..., N, and
N < 4. The fields wz will be related with the extra vector multiplets when reduced to six
dimensions.
Such extra new fields are constraint by the algebraic relations

wy' (V) unKr = 0,
1
§WL]1MW\J/V(”71>MN = K’
where 7,y is the invariant metric on SO(4, N), with u the directions with positive signature

and u those with negative signature. Also, in general, the fields w, satisfy
Lowy = fUVWwW7 Lon =0, (7'23)

where fy"W are structure constants that appear in the embedding tensor.
With this fields one can construct the objects

\773(93, Y) = E;l(x)Abu”(x) wu(Y), (7.24)
Kz,Y)=S*2) K(Y),

where z are coordinates on the six-dimensional dimensional external space and Y on the
internal. The functions b,"(z) are subject to the constraint

buubvvnuv - 6uv 9 (725)
and therefore parametrise the cosset sg((;;(g); and X(x) are scalar fields leading to scalar

multiplets in six dimensions. The objects J,, and K are the analogous generalised fields to
the J, and K fields in the vacua, and therefore define the geometry.
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We will close this chapter by discussing the situation in which one vectormultiplet trans-
forming as an R-symmetry singlet is added to the vacuum solutions of section This
can be taken as an example for the analyses that can be performed with these techniques,
and can actually be generalised to situations with more R-symmetry singlet vectormulti-
plets, as well as for the case with three vectormultiplets in the 3 of SO(3). The results for
all these cases will appear in [152].

7.4.1 Consistent truncations with one vector multiplet around
AdSg vacua

For the case with one vector multiplet w; around the AdSg vacua discussed in section [7.2.1]
the conditions ([7.23) imply that

sJawr (uy =0,
% Yol (uy = 0,
%Cﬁww%v(vf)MN = —K',
with K, J4 and J; given by . Furthermore, the differential conditions
LoJa=LyJi=0, L, ,K=0, (7.26)

have to be satisfied. Following a procedure similar to the one used in section [7.2.1] one
can conclude that the most general field satisfying these conditions is

Ji = p (€asM g kPdx™ N Volge + M*eg,dy) | (7.27)

where M is an SL(2) matrix, depending on the coordinates on the Riemann surface, and
subject to the constraints

M*9sk, = 0,

M*9gp, = 0,

MM, = —0,kg0*k", (7.28)
OsM* = 0.

To solve these constraints it is useful to use the holomorphic functions f* ((7.20]) and encode
the matrix M“? into two real one-forms

M = M*Peg dx™, (7.29)
in terms of which the conditions (7.28) become
dfa AM® = 0,
2EM* N M, = df* Adf,,, (7.30)

dM* = 0.
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The first two of them can be generically solved for any f¢ with
M = g0, f%dw + c.c., (7.31)

where w = x! + ix? is an holomorphic coordinate on the Riemann surface and g is a
complex function constrained by
dejlgP=1. (7.32)

Finally, the closure condition dM*“ = 0 further restricts g to be defined via the implicit
relation

Ow (g0 f*) € Real functions of 3. (7.33)

To our knowledge, there exist no method to generically solve this condition, not even to
tell under which conditions this solution exist. However, this condition gives a very strong
necessarily condition that any consistent truncation around the AdSg vacua should satisfy.
Furthermore, by plugging the obtained fields into the generalised metric, one can obtain
the expressions for the fields in the 10-dimensional configuration [152], which shows the
potential of the presented formalism.
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Chapter 8

Conclusions and discussion

In this thesis we have studied certain aspects in the interplay between geometric and non-
geometric backgrounds, string compactifications and string dualities. We now summarise
our findings, discuss the results and point out some ideas for future research motivated by
them.

Chapters [2] 3] and [5] were dedicated to the construction and analysis of classes of non-
geometric string backgrounds. These are in general motivated by string target space dual-
ities such as T- S- and U- dualities. Such dualities, which are not present in point-particle
theories, indicate that strings (and in general extended objects) probe geometry differently
from zero-dimensional objects, and suggest that the classical concept of differentiable man-
ifold should be generalised in string theory. In particular, one can construct spaces where
strings can smoothly propagate by using dualities as transition functions between patches,
in a way that would not be allowed in classical geometry. It is also important to re-
mark that, from the world-sheet perspective, there is no reason that indicates that string
propagating backgrounds should be geometric. The only reason why non-geometric back-
grounds are less used as string compactification models is because we lack the powerful
tools of classical geometry.

Non-geometric backgrounds are then valid configurations in string landscape that can
lead to interesting phenomenological models and therefore a better understanding of them
is necessary. With this motivation, in chapter[2] we constructed and classified a general class
of two-torus fibrations including configurations with non-geometric features. In particular,
we began considering the case of a two-torus over a base B = S!. By going around B the
fiber does not come to itself but is glued with a T-duality transformation in SO(2,2,Z) ~
SL(2), x SL(2),. In the cases where such transformation is in the geometric subgroup,
¢ € SL(2,2Z),, the configurations we obtained are the mapping tori characterised by the
fibration 7% — N, — S*. We constructed explicit metrics for them and observed that the
trichotomy of conjugacy classes is in correspondence with the possible geometries of the
total space: Euclidean, Nil, and Solv.

On the other hand, when monodromies are in the SL(2,Z), subgroup, the T-duality
transformation mixes non-trivially the volume of the torus with its B-field and the total
space becomes non-geometric. We developed a picture where such monodromies can be
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understood as Dehn twists on an auxiliary torus 7' 3.

Next, we considered fibrations over a two dimensional base B = P!, where solutions
to the string background equations can be constructed by letting the moduli of the torus
fiber be meromorphic functions of the base, which also implies the preservation of some of
the original supersymmetries. In particular, we considered situations where the base was a
punctured disk D?/xy, at whose boundary the previous torus fibrations over a circle were
recovered. The defect in xg, which we call T-fect, is then identified with the monodromy
at the boundary of the disk. Again, when only the complex structure 7 is allowed to
vary, one obtains geometric configurations. By solving Cauchy-Riemann equations, we
argued that one could determine the function 7 for each monodromy in the T-duality
group, thus obtaining all possible local geometries for the mentioned configurations with
arbitrary monodromy. The simplest example is the semi-flat approximation to the Taub-
NUT space, obtained in the parabolic conjugacy class.

For the case where only p varies, the local solutions could be obtained by a fiberwise
mirror symmetry from the geometric fibrations. By applying this to all the conjugacy
classes of SL(2,Z), we obtained a classification of the corresponding local solutions. Anal-
ogous to fibrations over a circle, the monodromies in this situation act non-trivially on the
volume and the corresponding solutions are non-geometric. In the P! case, the geometric
picture in terms of an auxiliary fibration was motivated by the heterotic/F-theory duality.

The two-torus fibration structure breaks down at the degeneration point. In order to
have a complete understanding of these solutions, one needs to supplement the encountered
local geometries with a string description of the T-fect, which typically breaks (some of)
the isometries of the background. In chapter [3| we analysed the physics close to T-fects
with parabolic monodromies. We concluded that winding modes play a crucial role for
the understanding of such physics. In particular, it is known that the degeneration with
monodromy p — p + 1 corresponds to an smeared NS5 brane, and the exact geometry
is obtained by gluing in corrections that localise the brane along both directions of the
torus, breaking both isometries. Using duality arguments, we argued that one of these
set of corrections is related, in the geometric degeneration 7 — 7 + 1, to winding modes
localising the solution on a dyonic coordinate dual to the isometry direction. This analysis
was extended to degenerations with monodromy —1/p — —1/p+ 1, corresponding to non-
geometric Q-branes, where we concluded that corrections to the semi-flat approximation
involve two dyonic coordinates.

These effects due to winding modes cannot be captured by the supergravity approxima-
tion, which is a point-like theory. For this reason, we also constructed solutions in Double
Field Theory, a theory conceived to capture momentum and winding modes in the same
footing, encoding such effects. We furthermore argued that, at least in a region where the
isometries are mildly broken, these corrections could be understood in terms of instanton
effects. To have a complete understanding of such degenerations, however, it would be nec-
essary to find an explicit CFT descriptions encoding such winding physics. Also, it would
be interesting to know how these corrections are encoded within the heterotic/F-theory
duality mentioned above.

As mentioned, one of the geometries we encountered in the discussions summarised
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above is the semi-flat approximation to the NS5 brane. This configuration is obtained by
taking a limit away from the brane after making two of the transverse directions compact.
After a T-duality transformation along both compact directions, one obtains the non-
geometric Q)-brane. The full NS5 configuration, however, has also other isometries that can
be used for T-duality. In chapter , we analysed T-duality transformations along angular
directions in the space transverse to the NS5-brane and concluded that the situation is
significantly different from the T-duality along the flat toroidal directions of the semi-flat
approximation. In particular, the angular isometries are non-trivially fibered and one can
assign them a geometric charge, which is interchange with the characteristic NS charge of
the NS5 after T-duality, consistent with general results in the literature. Moreover, the
configuration obtained after two T-dualities shows no non-geometric feature, unlike the
(-brane, and the original supersymmetry of the NS5 brane is completely broken by the
dualisation procedure.

Furthermore, we compared the case of T-duality along angular directions of the NS5
brane with the case of angular T-duality on empty space. Unlike in the latter case, the
angular isometries of the NS5 brane do not shrink at the origin and the dual geometry
is non-singular. In empty space, instead, one obtains dual geometries with a singularity
at the origin. It would be interesting to further analyse this situation and find a way to
resolve this singularity.

A natural generalisation for the T-fect constructions of chapter [2]is to consider analo-
gous two-torus fibrations in type II and M-theory and allow for U-duality monodromies,
whose group is SL(3,Z) x SL(2,Z). These fibrations were considered in chapter |5 where
we argued that the SL(3, Z) factor could be interpreted as the large diffeormorphisms group
of a three-torus in M-theory. This interpretation motivated the study of general super-
symmetric geometric compactifications of M-theory on five-dimensional internal manifolds.
After a detailed analysis, we concluded that in this number of dimensions supersymmetry
preservation impose severe restrictions to the background. In particular, for the U-duality
defects, the only possible supersymmetric configurations where uplifts of the geometric 7-
fects of chapter[2] and the elements in the SL(3, Z) factor that could be used as monodromy
were restricted to be in an SL(2,Z) subrgoup. We also briefly discussed all possible local
geometries of type II with U-duality monodromies, which are all U-dual to some of the
T-fect configurations from chapter 2]

In chapter [0, we studied half-supersymmetric flux compactifications of type IT and M-
theory using the formalism of generalised G-structures in Exceptional Field Theory. The
last is in fact a natural theory for the study of flux compactification, since it threats metric
and flux degrees of freedom in the same footing. In that chapter, we reviewed generalised
G-structures and constructed the necessary tools for the study of half-supersymmetric flux
compactification, such as an expression for the generalised metric in terms of the fields
defining the G-structure or a dictionary for the generalised metric in terms of the type
[IB and M-theory fields, summarised in Appendix [D] As a first example, we applied the
formalism to the case of U-duality defects of chapter [ reproducing the results.

Finally, this formalism was applied to a much more involved situation in chapter
namely half-supersymmetric compactifications to AdSg spaces. In particular, we were able
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to obtain a full classification for such vacua in terms of two holomorphic functions f¢,
a = 1,2, which reproduced known results in the literature in a much simpler formulation.
Furthermore, this geometric language also allowed us to stablish necessary conditions for
the most general consistent truncations with vector multiplets around these vacua, as well
as to construct the explicit 10-dimensional configurations. These consistent truncations
are very usefool tools for the holographic study of the vacua.

The great success of this method in the considered situations makes generalisations
to other cases to look very promissing. In particular, one could next study AdS; vacua,
which have a richer structure and less results are known, and continue to lower dimen-
sional AdS spaces. Furthermore, it would be interesting to investigate how non-geometric
compactifications, such as the ones considered in the first chapters of this thesis, can be
studied within this formalism. An important issue in this context is that the generalised
G-structure formalism is based on objects that are globally defined on the manifold. In the
non-geometric configurations, however, the notion of “globally defined” is missing, and one
should find an analogous concept. It is reasonable to think that geometric pictures in terms
of auxiliary fibrations, such as the one described in chapter [2|for T-fect solutions, could help
in this direction. Altogether we conclude that the formalism of generalised G-structures
in Exceptional Field Theory has a promissing future in the study of supersymmetric flux
compactifications.



Appendix A

Geometry of torus fibration

We summarize some details about the geometry of the ansatz (2.103]). The relevant equa-
tions of motion are:

R — 4(d®)? +4V*® — %HZ =0, (A1)
1

RMN+QVMVN(I)— §LMHLNH:0, (A2)

d(€_2q) *10 H) =0. (A?))

It is easy to check that the Cauchy-Riemann equations for the functions 7, p and ¢ imply
that the ansatz (2.103)) solve the equations of motion. The Ricci scalar (in the string frame)
for such ansatz is:

R = S [ (57) +(57) ] S

For completeness we also give the components of the Ricci tensor along the torus and the
base directions:
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Appendix B

Spheres, Lens spaces and T-duality

In this appendix we want to review T-duality transformations on the three-sphere with H-
flux, which is useful for the discussion on spherical T-duality on the NS5 brane in chapter
. Some of the results presented in this section can already be found in the literature (see
for instance [165-167,32]), but we will put some special focus on the global aspects. This
discussion will closely follow [129].

B.1 Hopf fibration and U(1) actions

The three-sphere S? can be described as a non-trivial S* fibration as
Ste— 53 Ty G2, (B.1)
and the standard way is by using the projection

‘ S3 —s G2 (B.2)
T Gon) — (2200 |2f? — |21 ) '

It is easy to check that (2, z1) € S? and that 7(zg, 21) = 7(wo, w;) if an only if (29, 21) =
(Awg, Awy) for A € U(1). Therefore, at each point of S? there is a U(1) fiber. Note that
the action of U(1) on each fiber is transitive and free. The fibration is then a principal
U(1) bundle. To define the standard Hopf fibration, we use the first expression in (B.13))
to construct the U(1) action on the fiber. However, we can also employ the second action

in (B13) as

([

{ $ - s
(B.3)

(20,21) = (22021, |20]* = |21]?)
Again, one can show that 7(zg, 21) € S? and that, now, 7(z9, 21) = 7(wg, w;) if an only if

(20, 21) = (Awp, A*wy) for A € U(1). As before, the action acts transitively and freely on
all fibers, and the fibration is again a principal U(1) bundle.
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Let us also address the question whether one can construct fibrations using actions
infinitesimally characterized by a linear combination of the vectors v and o in (B.11)). If we
take the linear combination av 4+ bv with where a,b € R, the corresponding group action
1s

G20, 21) = (€04, eileblay )y (B.4)
where a € [0,27). Consider now a U(1) orbit through the point (zg,21) = (0,1) defined
as all points satisfying |z;] = 1 and zy = 0. The action acts freely and transitively
on it if and only if a + b = +1. In other words, only when this condition is satisfied the
orbit through the point (2, z;) = (0,1) constructed with the action is isomorphic
to U(1). Similarly, the action is free and transitive on the U(1) orbit through the point
(20,21) = (0,1) if and only if @ — b = £1. Then, we can conclude that the only cases that
can be used to construct principal bundles are (a,b) = (+1,0), (0,%1), which are the ones
discussed above.

Finally, we note that although the three-sphere S® can be described as a principal U(1)
bundle in two different ways, it cannot be described as a principal U(1) x U(1) bundle.
The reason is that the orbits constructed using the U(1) x U(1) action

9(20,21) = (ei(o‘+ﬁ)zo, ei(""ﬁ)zl), (B.5)

with «, 5 € [0, 27), are not isomorphic to U(1) x U(1) everywhere. In particular, the orbits
through the points (zp,21) = (0,1) and (29, 21) = (1,0) are two U(1) one on top of each
other.

B.2 The three-sphere as string background

A three-sphere of radius R? = k can be used as a consistent string background if it also
containts k units of H-flux. The background can be then described by the SU(2) Wess-
Zumino-Witten (WZW) model at level k. We will now review the main geometrical aspects
of this background.

The setting

Apart from the presentation of section [B.I], a round three-sphere of radius R can be also
defined by its embedding into C? through the equation

20 + |21]° = R?, (B.6)
where (29, 21) € C%. Using Hopf coordinates
2 = Re® cosn, 21 = Re®2siny, (B.7)

with n € [0,7/2] and &,& € [0,27), the metric and H-flux of the SU(2), WZW model
take the following form

ds* = R? (dn2 + cos? n d€? 4 sin® 7 df%) ,

(B.8)
H = 2ksinn cosndn A d& N dEs .
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The dilaton is taken to be & = ¢g = const. Note that in order for the theory to be conformal
one has to impose a relation between the radius and the level k£ which reads R? = |k|.
However, for practical purposes it will be convenient for us to keep the dependence on
R? explicit. In our subsequent analysis we will also make use of the following coordinate
system with 0 € [0, 7] and x, ¢ € [0, 27)

1
X:§(§1+§2)7 £=& — &, 0 =2n. (B.9)
The metric and H-flux (B.8)) in these coordinates take the form
2
ds? — & (d6? + 4dx* + d€* — A cos 0 dx d)
1 (B.10)

k
H = Esinede/\df/\dx.

Isometries

The isometry group of the round three-sphere is O(4), and therefore the isometry algebra is
50(4) = su(2) x su(2). Note that this algebra contains u(1) x u(1) as an abelian subalgebra.
Using Hopf coordinates, the corresponding Killing vector-fields for these isometries are

v:8§1+6§2zax, 17:651—852:285, (B.ll)
which have a nowhere vanishing norm
lv]* = |0]* = R?%. (B.12)

These vector-fields can be integrated to U(1) group-actions on the three-sphere, and for
A € U(1) the group acts on the embedding coordinates (2o, z1) in the following way

v ga(z0,21) = (Mz0,A21), (B.13)

v ga(20,21) = (Az0, A'21)
which are precisely the U(1) actions described in section and their orbits are therefore
U(1) fibers everywhere in S3.

Geometric charges

As follows from the above discussion, a three-sphere can be described as a principal U(1)
bundle whose fiber is along the direction defined by one of the vectors in (B.11]). There is
a natural procedure to assign a U(1) connection to such fibrations [168]. In particular, for
U(1) fiber along some direction %, we determine the corresponding connection as

A, = % da' (B.14)

where {dz'} is a local basis on the co-tangent space. For the three-sphere we then obtain
the following:
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e Using the coordinates , the metric in (B.10)) can be rewritten as

R2

d2
ST

1 2
(d«92 +sin20d£2) + R? (dx— §c059d§) . (B.15)
The U(1) gauge connection associated to the direction x reads

A, = —% cos 0d¢ , (B.16)

and the corresponding field strength is computed as
1
Fy=dA, = §sin9d6/\d§. (B.17)

We can then define a geometric charge n, associated to the fibration by integrating
F, over the base manifold B. The latter is a two-sphere of radius R/2, and the charge
is computed as

1
nX:%/B}"X:L (B.18)

This is precisely the first Chern class of the fibration, which in general has to be an
integer for principal U(1) bundles.

e Since also the direction ¢ in (B.11)) corresponds to a U(1) fiber, we can compute the
charge with respect to such a fibration structure. To do so, we note that the metric

(B.10|) can be rewritten as

R? R?
ds* = Z(d6’2+4sin29dx2) +I(d§—20089d><)2, (B.19)
from which we can determine the gauge field associated to this fiber-bundle structure
as
Ae = —2cosfdy . (B.20)
This gauge field has field strength
Fe=2sin6df A dy, (B.21)

and the geometric charge we associate to this fibration has a different normalization
as compared to (B.18]). It is given byl]

1
S . —9. B.22
ng 47T/B ¢ ( )

The fact that we obtain two units of geometric charge is because there is an effective
orbifolding in our coordinate £ (see the upcoming discussion in section [B.3)). Due to

this effect the charge along the coordinate £ in this coordinate frame is always even.
1Using the definition (B.18)), the charge associated with the field strength (B.21) would be n = 4.
However, the base-manifold B in (B.19) is not a two-sphere but rather a double-cover. This has to be

taken into account when computing the charge, and it is therefore the reason for the extra factor of two
in the normalisation.
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Remark

Let us briefly note that in addition to the coordinates there is one other consistent
choice, namely

t=bt&,  i=ga-&), =2, (B.23)

again with periods ¥,& € [0,27) and @ € [0,n]. This choice is one the same footing as
(B.9), and is more suitable to describe the background as a U(1), fibration. The natural
definitions for the geometric charges are now

1

. 1 _
n = —_— n = B24
nX 471_ B‘FX ) ng 27_‘_ /BF£ ) ( )

where ]:"5 and JEX are the field strengths computed in the (¥, 3 ) coordinates. In this frame
we obtain n, = 2 and ng = 1 for the three-sphere. However, the coordinates (B.23)) will
not play a major role in our subsequent discussion.

NS charge

Apart from geometric charges, the background (B.10) also has a non-trivial H-flux. Its
associated charge is defined as usual as

1
h=-— [ H. B.25
47'('2 93 ( )
In the case of the three-sphere (B.10), we find h = k independent of the coordinate frame
we choose. Furthermore, note that the H-flux is quantized as h € Z.

B.3 Lens spaces

In section we defined the three sphere as a Hopf fibration. We want now to construct
new manifolds by performing orbifold projections on it. An orbifold constructed using a
finite symmetry group of the original space is again a manifold if and only if the action
of any element of the group on the original space is a homeomorphism and the symmetry
group acts freely on the space. These conditions are satisfied if one consider a Z; group
acting on the U(1) fiber of the three-sphere.

In particular, given two natural numbers p and ¢ with p > ¢ and relatively prime, one
can construct the Lens space L(p, q) defined as the orbifold S*/Z, with Z, acting on the
sphere as

(Zo, Zl) — <€2ﬁ1§m 20, e2ﬂipqm21> , (B26)

for any m € Z,. This action is free if and only if the condition of p and ¢ being relatively
prime is satisfied. Note that, in fact, ¢ is defined modulo p. In terms of Hopf coordinates
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(B.7)), the action is

2mm 2mgm
R &= &+ g . (B.27)

We will next analyse these orbifolds using the coordinate frame .

The Z{¥ orbifold

Taking ¢ = 1, the action (B.27) leave the coordinate ¢ invariant and acts on x as

2
X%XJF%. (B.28)

Then, the configuration constructed with such an orbifold projection is the space L(ky,1).

The Z}° orbifold

The action that leaves y invariant and acts only on £ corresponds to the case ¢ = p — 1
(equivalent to ¢ = —1). However, in this case the situation is more subtle. The reason
is that, as discussed before (B.22)), the coordinates are not the most appropriate to
describe the three-sphere as a U(1)¢ fibration. In particular, if one considers the inverse

transformation of ,
1 1
&1 _—X+—2§, &2 _—X—§57 (B.29)

one can easily see that, by sending & — & + 27, the coordinates & and & do not come
back to themselves. The intuition behind this fact is that, when assigning a period of 27
to & — &, we are effectively orbifolding this direction. In fact, the points related by the
Z-5 action

(20,21) = (6™ ™20, ™21, (B.30)

with m € {0, 1}, are identified in the coordinates (£, x). We stress, however, that this is an
artifact of the coordinate frame we use, and not an orbifolding of the actual background.
Nevertheless, this effect arises when computing the charges, since we compute them in a
particular frame. This is then the reason for the factor 47 in the normalization of
and the even charge along this direction. Changing to the coordinate frame will
move this effect from the direction ¢ to the direction y.

With this considerations, we next want to find an action that leaves y invariant. The
natural guess is

2mimo _ 2mimg
(20,21) — (e 2 20, F2 zl>, (B.31)

for my € Zy,. The space constructed using this action is the L(kq, ko — 1) Lens space. In
terms of the coordinate system (B.9)), the action (B.31) acts on the coordinate & as

£ €+ 47;2"2 . (B.32)




B.4 Orbifolds of the SU(2), WZW models 131

Note that, for even ks, the action looks rather as a Zy, /,-orbifold. However, since my € Zy,,
the action has then fixed points and the corresponding configuration fails to be an
appropriate description for the orbifold constructed with the action . Again this is
just a coordinate dependent effect. In fact, Lens spaces L(kz, ks — 1) with even ky can be
described using the coordinates . In this frame, L(k;, 1) spaces can only be described
in the cases where k; is odd.

The Z}" x Z¥ orbifold

Finally, under certain assumptions it is possible to construct orbifolds with an action along
both x and £ directions. The natural generalization to the orbifold actions discussed above
is

(B.33)

.komq+kim .kom1—kim
21 2MmM1 1m2 21 pALLSY 1m2
(20,21) — (e Fky oz e k1k2 z1> ;

with m; € Zj,. In order to have a globally well-defined orbifold, one has to check whether
this action is free. As already discussed, the two U(1) isometries of the three-sphere
collapse into a single U(1) in two points of the base. However, if the integers k; and ks
are relatively prime, the action (B.33|) becomes free at these points. In particular, one
can convince oneself that the sets {komy + kyma |my € [0,k — 1],my € [0, ko — 1]} and
{/Q;le —kimsg |my €10, k1 —1],mq € [0, ko — 1]} contain exactly the same elements as Zj, 1,
but in a different order. Therefore, the total space will be L(k1ks,q) for some g # 1, and
the resulting space is in fact a Z,-orbifold along an oblique direction.
In terms of the coordinates , the action (B.33) is

2mmy 4mme

s €t

X=X+ (B.34)

where again the frame fails to describe the cases with even ky. These cases can be described
using the coordinates (B.23]), which fail to describe cases with even k;. Note that k; and
ko can never be even at the same time.

B.4 Orbifolds of the SU(2);, WZW models

We next use the discussion in last section to construct orbifolds of the SU(2), WZW
models presented in section [B.2] We will construct local metrics on them and compute the
corresponding charges. We will see that the configurations presented here are the natural
generalisations of the three-sphere to spaces with higher geometric charges.

The Z{¥ orbifold

We begin by considering the case where a discrete symmetry Zj, acts along the U(1),
fiber. The resulting space is locally the same as the original three-sphere, but is globally
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different. In particular, the orbifold background can be described by the same fields as in
(B.10) but with the coordinate x having the period

2
= {o, —”) , k€Z, . (B.35)

To restore the 27-periodicity we rescale y — kjx, after which the resulting background
fields read
R? 4 4
ds? = — (d92 + —dy® 4 dE? — P Cosedxd§> ,
1

2
4 M (B.36)

k
H = gsmedmdmdx,

where now x € [0,27) and where we defined k3 = k/k;. In order for this model to be
conformal, the radius has to satisfy R = \/|k1k3|. As described in section this manifold
is the Lens space L(ky, 1) and the full configuration corresponds to a SU(2)g,k,/Zr, WZW
model. Next, we compute the charges following the same procedure as in section[B.2 With
respect to the U(1), fiber, the associated gauge field is

Akt = —% cos B d¢ , (B.37)

X

from which we determine the geometric charge as n, = k;. The charge corresponding to
the H-flux is determined as before and is given by h = k3.

Let us now observe that similarly as in , the orbifolded background has in
addition a local isometry along the direction £&. However, if one naively tried to calculate
the geometric charge with respect to this directions, following the method above, one would
obtain ng = 2/k;, which fails to be in 2Z. The reason is that after the orbifolding procedure,
the ¢-fiber is not a U(1) bundle anymore. Intuitively, the fiber along this direction remains
a U(1) everywhere except at the points (zp,21) = (0,1) and (z0,21) = (1,0), where the
two fibers collide. There, the ¢-fiber becomes U(1)/Zy,, and one cannot define a U(1)
connection along this direction.

The Z}° orbifold

A very similar discussion applies if one constructs an orbifold by acting with Zy, on the
U(1)¢ fiber of the original S3. In this case, the resulting configuration is

altf;Q—R—2 do* + 4d 2+id€2—i(3089d d¢
- 4 X k% kg X )

. (B.38)
H = é’sin&d@/\df/\dx,

with x,& € [0,27) and the radius has to satisfy R? = |koks|. One can now compute the
charge with respect to the ¢ direction, for which the corresponding gauge field reads

A? = —2kycosfdy. (B.39)
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Using the conventions one obtains for the charge ng = 2k,, which satisfies ne € 2Z.
Analogous to what happened in the previous case, the configuration is not a U(1), bundle
anymore, therefore the charge is not well-defined. Furthermore, as argued in section
the configuration ([B.38]) is only well-defined for odd ks, which are the only cases compatible
with the artificial orbifolding along the direction & encoded in the coordinate frame. If one
wants to construct Z,(i) orbifolds with even ks, one needs to use the frame , where
the configuration would read

2

ds? = i (d92+dx + =

T 1 d§2—icosedxd§>

k3 ko

. (B.40)
H = gsme do A dE A dY .

The Z( X) o Z, 5) orbifold

Finally, let us comment on Zj, x Zy, orbifolds. As discussed in section[B.4] the only possible
cases are those where k; and ks are relatively prime, which are the only cases where the
action acts freely in the points where the two U(1)’s collapse. However, since the group
acts as Zy,, on these U(1)’s but as Zy, x Zj, elsewhere, none of the directions x or £ will
be global isometries.

Following the discussions above, we write the most general orbifold configuration using
the coordinates as

2 4 4

d82 = 1 (d@z k;2 d "‘ k > )

k4 (B.41)
H = gsmedmdmdx,

or using the frame (B.23)) as

R? >
ds* = (d92 - e —|— — d§ — cos 6 dy d§> ,

4 ki Fakz (B.42)

H = %sinedmdmdg.

Note that the first configuration fails to describe the cases with even k5 and the second the

cases with even ky. In both situations the radius is R = y/|k1k2ks|. A direct computation
shows that the geometric charges are n, = % and ne = 22 for the first case and 7, = 2%

2 1 2
and ng = ’Z—f for the second. Except for k1 = 1 or ky = 1, all of them are non-integers since

ki and ko are relatively prime.

B.5 Clifford tori

As it can be inferred for instance from the metric in (B.8|), the three-sphere can locally
be seen as a two-torus — constructed with the two U(1) directions — fibered over a line
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segment. This is not a globally-defined fibration structure, since there are two points on
the base where the torus degenerates to a circle. However, this picture is nevertheless
useful since we can interpret T-duality transformations as O(2,2;Z) acting on the T2

Kiahler and complex structure of T?

Let us therefore parametrize the two-torus in terms of its complex and Kahler structure 7

and p as
v/det
— %—FZﬂ, p:BTz +’i\/deth2. (B43)
Yxx Yxx

In terms of these parameters the general configuration (B.41)) is described by

e N B.44
2 kge ) p 9 3€ ) ( )

T =

where 6 € [0, 7] is the coordinate along the line segment. Note that at the end-points
of the segment the imaginary parts of 7 and p vanish, which are the points where one of
the two cycles of the torus collapses. For the following analysis, we will also consider the
coordinate system (B.23)), in which the parameters (B.43)) for (B.42)) are

ko
_16—19 _
k2
Finally, for all three-spheres the component of the metric on the base is required to be

R? = |kykoks|. This is not affected by any transformation of the toroidal coordinates, and
hence a transformation that preserves R? will preserve the three-sphere structure.

1 )
F=—2 4, p=—ghse " =p. (B.45)

SL(2,Z), transformations

To get some understanding of the three-sphere from the point of view of a torus fibra-
tion, we analyze how SL(2,Z) transformations act on the complex structure 7. These
transformations are large diffeomorphisms, and therefore we can also understand them as
transformations acting on the coordinates (£, x). However, as already discussed, this co-
ordinate frame has some orbifold structure intrinsically encoded in it, which also needs to
be taken into account.

In particular, let us analyze the transformation of the form 7 — —1/7, which cor-
responds to a 7/2-rotation of the coordinates. To do this, we will rely on the original
Hopf coordinates , where the two angular directions form a torus with no additional
structure. Under this transformation, the coordinates (¢, x) transform as

and the orbifolding structure is also rotated. Therefore, the natural transformation to

study is
1 1
ros-to L (B.47)
T 4T
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which is not an SL(2,Z) transformation anymore, but is indeed the transformation ob-
tained by conjugating 7 — —1/7 with the coordinate transformation (B.9). Applying this
transformation to (B.44)), the resulting configuration is described by

1 ks |
! 0
=== B.48
which acts on the integer numbers k; and ks by
ki = ko, ky = —kq, (B.49)

as one would have naturally guessed. The correct sign for Im 7" is obtained by taking
absolute values of k;. This transformation preserves the radius R of the three-sphere and,
therefore, the resulting configuration is again a three-sphere orbifold.

Finally, we point-out that the same result can also be obtained by an explicit rotation
of the metric, after which the geometric charges in the conventions and are
Ny = —ﬁ—j and ng = —%, which is in agreement with .

B.6 T-duality

We now want to investigate the configurations obtained after applying a factorized T-
duality on the sphere and its orbifolds. Buscher’s approach to T-duality involves gauging
isometries of the background [14,15,|13], and we therefore expect to find globally well-
defined T-dual spaces when the isometry of the original background is globally defined.

T-duality along x: 7 < p

We start by considering T-duality transformations along the direction y, which in the
conventions ([B.43) with coordinate frame corresponds to the interchange 7 < p.
The configuration dual to (B.44) is characterized by the parameters

1 , 1k .
/:__k —10 r_ - —i0 B
with corresponding charges
2 k1
n’X:krg, ’I’Lé:k—g, h/:kj_Q (B51)

The condition A’ € Z can only be satisfied if k3 = 1, since the original background is globally
well-defined if and only if k& and ks are coprime. In fact, as discussed in section [B.4], this
is the only case when the isometry along x of the original configuration is globally-defined.
Therefore, dualizing along it when ko # 1 leads to a background globally ill-defined. If the
condition ko = 1 is satisfied, the radius R of the three-sphere remains invariant and the
resulting configuration is a three-sphere orbifold with charges (n,h') = (h,n,) [167].
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The same results can be also obtained by direct application of Buscher rules to the
configuration (B.41)) with ks = 1, obtaining

4 4
ds? = _klf?’ <d92 + ﬁdﬁ + d¢? — = cos@dxdf) ;
3 3 (B.52)

H :%Sde@/\dﬁ/\dx,

and we can then conclude that the effect of T-duality along the direction y is the inter-
change ki <> k3, provided ko = 1. Therefore, in this case, T-duality relates the following
two conformal theories [132]

SU(2)k1k3 ) SU<2)/€1’€3

) . B.53
Z,. Zh (B.53)

T-duality along &: 7 ¢ -1/p

Next, we consider the T-duality transformation along direction £. The natural coordinate-
frame to describe this duality is (B.23)), where it corresponds to the interchange 7 <» —1/p
in (B.45)). The dual background is then characterized by

7 =2—e" j== B.54
with charges
T L= —k ok (B.55)
X ]{33 ) ¢ 3 kl ) .

and again the condition » € Z is only satisfied when k; = 1, which is the case where the
isometry in the original configuration is globally well-defined.

As in the case of T-duality along y, the same results can be obtained by direct ap-
plication of Buscher rules to the configuration . More interestingly, it is possible
to obtain an equivalent result within the coordinate-frame of . In this frame, the
Killing vector is v = 20, (see ), and applying the Buscher rules gives the T-dual
backgroundﬂ

ko 1 4
ds® = % (d92 +4dy® + ﬁdé + cosedgdx) ,
" 3 3 (B.56)
H = —52 sin 6 df A dE A dy,

and one can use the previously-mentioned procedure to compute the charges to obtain

77//5 = —2l€3 s n = —kz, (B57)

2For T-duality transformations along Killing vector-fields which are not normalized to one, see for
instance [31}32].
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which are consistent with the results found using the other coordinate-frame. Furthermore,
these results could have been obtained also by considering the transformation 7 <» —1/4p.
We then conclude that the effect of T-duality along the direction &, with k& = 1, is the
interchange ko <+ k3 and relates the conformal theories

SU(2)1€21€3 SU(Q)k2k3

S . B.58
Z., Z, (B.58)

T-duality along yx and & 7+ —1/47, p > —1/4p

Finally, we consider factorized dualities along both directions of the torus simultaneously.
Consecutively applying T-duality along the directions x and £ corresponds to the trans-
formation (in terms of the coordinate frame(B.9))

1 1

T = =, — ——. B.59

4T p ( )
Applying these transformations to (B.41) one obtains a configuration where the fibered
torus is described by

1 ky 11,
/ 0 / 0
_ - N — B.60
and corresponding charges read
ko 2k, 1
/ — / e — h/ = ——. B6].
nX kl’ nf k2 ’ ]{?3 ( )

The NS charge is properly quantized only for k3 = 1. This is in fact the self-dual point
for the p-transformation and also the case where the radius R of the three-sphere remains
invariant. We emphasize that it is enough to have only one of the geometric charges
correctly quantized in order to have at least one integer geometric charge in the dual
background. In fact, the dual background for the case k3 = 1 is the original background
after a m/2-rotation.

Summary

The various cases of T-duality transformations discussed in this section are summarized
in table [B.I] From there one can see how geometric charges and the NS-charge are in-
terchanged, and we highlight the cases of a globally-defined U(1), and U(1) isometry as
well as the case h = 1. We observe that, after a T-duality transformation along a globally-
defined isometry of the three-sphere orbifold, the dual background is again a three-sphere
orbifold.

B.6.1 T-duality along non-globally-defined U(1) fibers

So far we have discussed duality transformations for three-sphere orbifolds along the di-
rections of the vector fields (B.11]). In this section, we analyze the local fields obtained
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global U(1), | global U(1)¢ h=1
model
Ny Ng h ny ne h |ny mng h Ny Ng h
k1 ko k1 ko
3 — 2= k k k 2ks k — 2= 1
S oy ke 3 1 3 2R3 oy e
1 /{31 ']{71
T (S3 2— — 1 2 —
X(S ) k3 k;3 k2 k3 k‘l /{:2
1 kz k2
T:(S3 — 2k = 2ks k 1 2 =
(| ¢ 2k F - v
ko kq 1 ko ky
T S3 - 2= —— ——= 2= -1
(ng)( ) kl kQ k’g kl kz

Table B.1: Summary of geometric and NS-charges for the three-sphere orbifold and its
T-dual configurations. In the first column, 7,(S®) denotes the T-dual of S* orbifold along
the direction(s) . For a globally-defined U(1), isometry ks = 1 is needed, and we have
displayed only the integer charges. Similarly, for a globally-defined U(1)¢ isometry k1 = 1
has to be required and we again only showed the integer charges.

by T-duality transformations along an arbitrary direction of the Clifford torus. In gen-
eral, these directions will not be globally-defined U(1) fibers, and consequently the dual
backgrounds may not be globally-defined or may become non-compact.

For the present discussion, we will go back to the original Hopf coordinates to avoid
any choice of frame that singles out a particular direction. In this frame, a general sphere-
orbifold takes the form

1 1

ds®> = R? (aln2 + — cos®nd& + — sin2nd§§) ,
o a3

H =2agsinn cosndn A dé A dés,

(B.62)

with R? = |ajaeas] and |oy| € Z . As follows from our previous discussion, not all values
of (ay, ) are possible in order to have a globally-defined background. Next, we T-dualize
along the isometry v = (,0¢, + P20, for arbitrary (f;,32) using the methods described
in [31,132]. After a choice of local coordinates (¢, 15) we obtain the dual configuration

cos®n

A

-2
ds? = R? (dn2 + Ty + = d¢§> ,

2 9 :
g al%agﬁi? sin(2n) dn A dipy A dids, (B.63)

20 _ 2% aja 1

(0% A7
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where we have defined

A = (o Bosin 77)2 + (231 cos 77)2 : (B.64)

Since this is a local procedure, it does not give information about the global properties
of the coordinates (11, 15), which could be even non-compact. We however observe that
by choosing (81, #2) = (a1, *as) the dual configuration is locally a three-sphere, and for
B1, B2 # 0 the space is non-singular.
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Appendix C

Supersymmetry analysis of the
NS5-branes and its duals

In this appendix we give details of the analysis of the supersymmetry variations (4.14)) for
some of the configurations appearing in section [£.1, During the calculation the following
notation will be used:

e Capital letters M, N, ... correspond to curved space-time indices and take values
M € {0,...9}.

e Space-time indices are separated into those along the brane, p € {0,...,5}, and
those perpendicular to it, i € {r, 8, x,£}.

e Flat indices are denoted by a hat. For the transverse space we have 7 € {6, 7,8, 9}

The ten-dimensional fields are constructed by trivially adding the brane-volume directions
to the fields describing the transverse space. Note that both the spin-connection and the
NS field strength will have non-zero components only along the directions transversal to the
brane. Furthermore, we use conventions where # = %FMNPHMN# Hy = %I’NPHNPM
and DMV = LP(7 PN

The NS5-orbifold

We will first analyze the supersymmetry preserved by the NS5-orbifold solution (4.3]). This
includes the NS5-brane as a particular case, which is well-known that it preserves half of
the supersymmetries.

Dilatino variation We begin by analyzing the first of the variations in (4.14)). A direct
calculation shows that, in the present case,

|k1koks|

N = ————F
2r3h(r)3/2

g (1 £ sgn(kikoks)TelsTslg) € (C.1)
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where sgn(z) is the sign function and we pick the plus sign when acting on e, and the
minus when acting on e_. The matrix I'yy = I'zI-I'3I'g is the chirality operator of a
representation of the four dimensional euclidean Chfford algebra and, therefore, = (1 + F[4])
are projectors. Also, note that the two chirality operators I'yy) and (1 commute and one
can construct spinors which are chiral with respect to both of them. We conclude then,
that supersymmetry variations of the dilatino vanishes for spinors satisfying the condition.

(1 =+ sgn(kikoks)TglsTgTg) ex =0, (C.2)

which reduces the degrees of freedom of the original Majorana-Weyl spinors by one half.
For the following we will assume that without loss of generality sgn(kikoks) = 1. In the
case where sgn(kikoks) = —1, the two spinors of the doublet € are interchanged.

Gravitino variation for ¢, We next analyze the second condition in for the
component €. For the components M = pu, the equations 6.¥y = 0 reduce to 9, = 0,
and the Killing spinors have to be constant along the brane directions. For M = i the
variations are

5€+\I/7~ = 8T6+,
6, Vo = Opey + 7= (Dglg — Tels) ey
+ 4h( ) (C 3)
6. Ve = Ocey — ghos (sme(r Ty + Tgls) + cos @ (IsT — rérg)>e+, '
e Wy, = Des — sy (2Kikaks Dol + 72 (T3Tg + TgTg) e
and applying them to a spinor e, satisfying (C.2]) they reduce to
0, U, = Orey 0e, Ve = Oeey
+ + +x& §C+ ) (C.4)
56+\119 = 896+, 56+\I’X = (8)( - k—lF?Fg)@r .
A general solution to the equations d., A = 0 and d., Uy = 0 is
(L FAFA) )
€ =e\k T8¢y with (1 +T¢IsIslg) €0 =0, (C.5)

where € 4 is a Majorana-Weyl spinor with constant entries.

Gravitino variation for ¢ We perform now the same analysis for e_. The supersym-
metry variations for the gravitino along the M = ¢ directions are

0 VW, = 0,e_,

6 Wo = Dpe — 1z (2N DLy + 12 (Tgl — Dls) )e_ ,

b We = Oee- — yrriis ( (2kykaks + 72) Ty (sin @ Tg + cos O Ts) (C.6)
—1?Tg (cos O Tg — sin O T'g) )e_ ,

0 Wy = Oye- — 5 h( ) (Do + Telg) e,
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and applying them to a spinor e_ satisfying (C.2) they reduce to

0. U, = Ope_, de Ve = ((35 sm@F Ly cos@F I'; )6_, 7
e Wy = (Op+ 3T0g) e, b Wy = (9X€_.
The general solution to the supersymmetry equations is
e.=e 1% F9e2’§2r7r860 - with (1 —T¢IsIslg) eo— =0, (C.8)

where ¢y _ is again a Majorana-Weyl spinor with constant entries.

T-dual configuration along y

Next, we analyze the amount of supersymmetry preserved by the configuration obtained
after performing a T-duality transformation along the direction x to the NS5-orbifold,
described by the fields . We will find that part of the supersymmetry of the original
background is broken by the T-duality transformation.

Dilatino variation The dilatino variation for the present background is now
1
O0N=————T (1 £ €, C.9
2 /1) 6 ( l'71's1) (C.9)
which is again solved by a doublet of spinors satisfying
(1 + FéF&FgFg) €4+ = 0. (ClO)

Note that in this case this condition is independent of the sign of kiksks. As in the case
before, this condition projects out half of the components of each Majorana-Weyl spinor.

Gravitino variation for ¢, Although the dilatino variations do not depend on the sign
of ky1koks, the gravitino variations do depend on it. For simplicity, we will only discuss the
case where kikoks > 0. The case where ki1koks < 0 can be discussed analogously, and the
results are interchanged between the two components of the doublet. With the mentioned
sign assumption, the variations d., W; for a spinor €, satisfying are

5€+\I]r = 8r6+,
(5€+\I’9 = {0y + #I\I&) €+,

5w — (5 - (C.11)
Ve = §+2kr2h QCOSOPF —|—2khr)(sm0FF +0089FF)>6+,
5.0, = (0, — f4,’j(2’§3r ) ey

The first equation, d., ¥, = 0, is solved by spinors which are constant along the direction
r. However, assuming this condition, the other equations d., ¥; = 0 cannot be solved.
Therefore, for the present configuration there is no spinor € satisfying the condition ((C.10)
with plus sign.
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Gravitino variation for ¢ For the case of ¢_, the variations d. W; for a spinor e_

satisfying (C.10]) are

0. U, = Ope_,

5 Ve = <8§ — 12%2 sin T30y — 55 cosGI}F;E) €, (C12)
0. Wy = (89 + §F8F§) €_,

de W\ = Oye_,

which are the same as in the original NS5-orbifold. Therefore, the equations é._ Wy, = 0
are solved again by

se7ts T e with (1+ DaTs040g) eo_ = 0. (C.13)

€E_ = e—%FgF
This solution corresponds to the case where kikoks > 0. In the case where kikoks < 0,
the e_ component has no solution whereas the e, has a solution of the form (C.13). In
both cases, only half of the Killing spinors of the original background are present after the
T-duality transformation. The configuration is then 1/4-supersymmetric.



Appendix D

Sections of SO(5,5) Exceptional Field
Theory

In this Appendix we summarise the most relevant facts about M-theory and type IIB
sections of SO(5,5) Exceptional Field Theory.

D.1 M-theory section

D.1.1 Conventions

By choosing the solution to the section condition that breaks SO(5,5) — SL(5) x Rt the
fundamental (10) and spinor (16) representations decompose into

10 —» 5,8 52 ,

16 — 5 3610, ® 15, (D.1)

where the subscript corresponds to the weight with respect to the RT factor. We will then
write a vector V in the 16 and a vector V! in the 10 representations as

Vi = (Vi V),
VA = (V" Vi, Vi) » (D.2)
where N € {1,...,16}, I € {1,...,10} and i,n,--- € {1,...,5}. The indices niny are

anti-symmetrised and the subscript (z) denotes a singlet. For the M-theory section we use
the multiplication convention

Viw, = VW, + VW,

VNWN = Van + Vn1n2 Wz 4 ‘/(z)W(z) ) (D?))
Following these conventions the identity matrices are
I 6; 0 M 6n 57110712 0
: 0 0 1



146 D. Sections of SO(5,5) Exceptional Field Theory

where we define 67172 = 1(§m15m2 — §m26m1). The SO(5,5) metric and its inverse are

0 57 1 0 6’
Ny = <5Z 0 ) ) n (53 0 . (D'5)

D.1.2 M-theory y-matrices

We construct a set of matrices (v/)MY and (7!)yn satisfying the Clifford algebra relations

(VAWM =2nsM (D.6)

A possible choice is

O N ' K. ()"
1n2 (2) (5731:?2 0

201 n 01,

mima
0

n

(’YZ)MN = (71)m1m2 (71)m1m2 ning (,Yz)m1m2 (2)

(fyz)(z) (fyz)(z) ning (7’&)(2)(2) (
()™" ('Yi)mnm (%’)m(z) 0 0 Jasm
M8 [ ()t () (%) 0 2 0
(’yl) = /mime t/mima ning t/mima (2) ﬁezmlmznlng

[\)

nin2

(e (V) (V)

i\m1ime ( i)m1m2n1n2 ( i)mlmg(z)

Wy = | O
(,yi)glz) (,Yz‘)(Z)an (,Yz‘)(z)(z)

(Vi)mn (Vi) (%’)m(z) m
0 200020

(,yi)MN _ (%)mlan (/_yi)m1m2 ning (,yi>m1m2 (2) _ 2571:12 0 0 7 <D7)
(%)(Z) ('Yi)(Z) e (%')(Z)(Z) ! v !

(2)

0 V26!

0
0 \}5€1m1m2n1n2 0
V20! 0 0

where €;;x1,, is the Levi-Civita symbol and we use the conventions where €19345 = €234 = 1.

D.1.3 10 representation

We construct the generalised metric in the 10 representation M ; using the method de-
scribed in . We also write down the generalised derivatives in terms of the M-theory
fields. These will be used to compare the supergravity fields with the coefficients in the
exponential when constructing the generalised vielbein.
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Generalised derivatives

The generalised metric for vielbein in the 10 representation is

1

1 N 1
= AMoyE; + 3 (vev’),, ErfonaM — §Ej"8MAM. (D.8)

The generalised vector A encodes diffeomorphisms and gauge transformations for the
different supergravity fields as AN = (£", My n,, f), Where £" is a vector field corresponding
to diffeomorphisms, \,,,, a two-form corresponding to gauge transformations of the M-
theory 3-form and f is a scalar field. We will see that the generalised vielbein does not
transform under this scalar field (neither in the 16 representation).

After imposing the section condition (all derivatives are zero except for d,,), the gen-
eralized derivatives for the M-theory parameters read:

e Diffeomorphisms: AM = (£™,0,0)

. . 1
LeEr? = §0.E; — E;"0,8 + SE70,8",

1
Lok = §0nEr; + Ern0;8" — SEr;0n8" (D.9)
e 3-form gauge transformations: AM = (0, A\;,m,, 0)
J 1 kjnmima
E)\Ej = E Ejk € an/\mlmg )
e Scalar parameter: AM = (0,0, f)
LiE;; = 0. (D.11)

Algebra and generators
In the fundamental representation, the elements of the algebra K7 satisfy the relation
T
(™ K) =-n""K, . (D.12)

They can be labelled by (K42),”, where A and B are indices in the 10, and the generators
satisfy K48 = —KBA. They are

av g (080 ay g [ O 258 s_( 0 0
(K b)] _< 0 _5;}5]@ ) (K )I - 0 0 ) (Kab)l - 25;][) 0 )

(D.13)
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and they satisfy the algebra

ay az _  sa2 pral ay graz ai _ a1 ai
[K bl’K 52} - 5171 K by 552K b1’ [K b1’Ka2b2} - _5G2Kb1b2 o 552 K,

2b1 5
[Kalbl’ Kasz} — 6gl2Ka1b2 + 523[({12(11 ’ [Kalbl’ Kasz] — [Kalbla Kasz] _ O,
(K0 K] = =00 K"+ O K", + K", = K. (D.14)

One can check that a Cartan-subalgebra is given by the generators { K¢} and the positive
positive root generators are { K, q,, K b1b2 |by < by}

Generalised vielbein

Following the construction , we can write the generalised vielbein in the M-theory
section as

E N = [eXp (Z habK“b> exp (Z haK“a> exp (Z M“bKab>] , (D.15)

a<b a,b

N

where h,, h, and M are arbitrary fields. Using the generators in the 10 representation
(D.13]), we construct the generalized vielbein

e

1/2, 3 0
o g )
Ep” = < %671/26116&@ e 12T ) ; (D.16)

where now e, is the (inverse) vielbein of the 5-dimensional internal space, e = det(e’ i)

and 8% = %eij klmA;jZn, with A®) the M-theory 3-form flux. To construct this vielbein from
(D.15)), we have expressed the fields h,, h,” and M in terms of the supergravity fields
by demanding that, when acting on EI—J with generalised derivatives, all fields transform
correctly under five-dimensional diffeomorphsims and 3-form gauge transformations.

The invers vielbein is given by

, ~1/2, 7
b= ( —\/%6_1/25”“%3 el > : (D.17)

Generalised metric

Finally, one can construct the generalised metric M;; = E; ) Jj 077, obtaining

1, 1 . pki

egu egzkﬁ

My = 1 ik z‘jﬂ L pik, alj | (D.18)
— 75 B0k €9 — 5. B gnp

where g;; = e;"¢; §;; and e = \/det g .
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D.1.4 16 representation

We construct the generalised metric in the 16, My, using the same procedure as in the
previous section. In particular, we construct the generalised vielbein from (D.15) using the
same coeficients h,, h,” and M and changing only the representation of the generators.
By construction, the resulting vielbein will transform consistently under generalised Lie
derivatives, which we will check a posteriori.

Generalised derivatives

The generalized vielbein in the 16 transforms under generalized diffeomorphisms AV as

1 1
LaEyYN =ANopE, N — EgTopAY + 5 ()™ (7) pg By "0sA? — 1B NopAT. (D.19)

As we did in the 10 representation, we write this derivative in terms of the supergravity
diffeomorphisms and gauge parameters for the different components of the vielbein

e Diffeomorphisms AM = (£€™,0,0)

1
LBy = §0Ey" — Ey"0,¢" - 150 0"

1
‘CEEMnan = gpapEMnlng + EMnlqa’rqu + Equ28n1€q - ZEMnlngapgp )

3
LeEyry = §0pE + ZLEM (298", (D.20)

e 3-form gauge transformation AM = (0, A1, 1m,,0)

E,\EMn — 07
E/\E]\_Jmng = _EMp (ap)‘mnz + anl >‘n2p + 8n2)‘pn1) ) (D'21)
1
EAEM(z) _ §€p1p25qlq2EMp1p285/\Q1qz’
e Diffeomorphisms AM = (0,0, f)
,CfEMn == O,
LiExipm, = 0, (D.22)
LiEy = 0.

Algebra
To construct generators of the algebra in the spinor representation we use

KAB = i [7‘4,73] ) (D.23)
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Using the representation , these generators are

] op 0 — $0507, 0 0
(K%Y = [ ml = 0 —ooy el 4 Lgggmama |
4 L
0 0 Log
ab N 1 a b 1 ab?nlmgn 8 8
(K™ = 70T =1 e (D.24)
0 —V20%
1 0 _%Eabmnlng 0
(Kab)MN = Z[’Yaa’)/b]: 0 0 \/_5m1m2 R
0 0

and a straight-forward calculation shows that they satisfy the algebra relations (D.14)).

Vielbein

Using (D.15|) with the generators in the spinor representation and using the same fields
h,, he and M we used for the generalised vielbein in the fundamental representation one
obtains

~1/4 *1/4 1 *1/4 143
€ / Em Tt Aln1n2 T8 Alpqﬁpq
N _ _ -1/
EM = 0 e—1/4¢ mlmgnan e 21 4€m1m2l1l25l1l2 , (D25)
0 0 e/
where e™™2 = 1(e™, €™ —ny 4> ny). One can check that all the fields transform

correctly under generahzed derivatives as expected.
The inverse generalised vielbein is

61/4€m " %A%)mpz epe n1fig _%Agﬁqﬁpq
EMN _ 0 el/tgmma _ ‘3/45m1m2 , (D.26)
0 0 e 3/
Generalised metric
The generalised metric in the 16 representation, Myy = F MM Ey N§ow, is
Muyn = (D.27)
e /2 g + © c'/2 Amqu(?’) Pa g e d/2X X, 612/2 )y manz 6_1:;/2 X S —6_5/2 Xom
#AS’) 4 %Bmlm?Xn el/2gmimemng 4 ¢ 3/ Eo—pmmgmnz — _;/zﬁmlmz )

e—3/2
8

e8/2 —3/2
Xn -5 5”1”2 e /



D.2 Type IIB section 151

which, up to prefactors, coincides with the results in [145|. Again ™" = %em"WAS;l

and X, = Aﬁ;”;,lqﬁm The metric with two pairs of anti-symmetric indices is defined as

grmmemnz — L(gmm gmanz _ gmin2gmani) and s used to raise and lower a pair of anti-

symmetric indices. The determinant of the vielbein is related to the metric as e = /det g.
One can check that the generalised metrics in the 10 and 16 representations are related
by
PQ
(’VI) Mup MNQ M]J = (VI)MN . (D28)

D.2 Type IIB section

D.2.1 Conventions

We next choose a solution of the section condition that breaks SO(5,5) — SL(4) x SL(2) x
SL(2). The 10 and the 16 representations decompose into

10 — (2,2,1)&(1,1,6),
16 — (2,1,4)@(1,2,4), (D.29)

and we write vectors V! in the 10 and V¥ in the 16 as

VI = (VUC:17‘/117«2> = (V—giJV—aiJ‘/;liz)J

VN = (VR Ven) = (VR VRV, (D.30)
where again I € {1,...,10}, N € {1,...,16} and now «; € {1,2}, u; € {+,—} and
i,n, - € {1,2,3,4}. Since the generalised coordinates are in the 16 representation, the

supergravity coordinates x" should be included in X». We take the convention where
X! =2" and X" = %e”mqumpq. This choice breaks one of the SL(2) factors, which was
accidental.

For the type IIB section, we will use the multiplication conventions (note they are
slightly different from the ones used in the M-theory case)

1 .
VW, = VAW 4 5 Vi W,
VIWy = VEWE +Vorwe (D.31)
for which the identity matrices are
8%6, 0 on hum 0
I = @ * .. N = m=Un
o= (N e ) AR ) o
The SO(5,5) metric and its inverse are
_( Cauey€ 0 17 _ (€Y ey 0
77[] < O 6“12]1‘72 ) 77 O Eilizjljg 9 (D33)
and we use the conventions €2 = ey = et~ =€, = €23 = €193, = 1.
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D.2.2 ~-matrices

A set of matrices (v/)MY and (y7) v satisfying the Clifford algebra relation is

(ryai)MN _ (7 )umun (VSZ)ummi" _ ( 0 V20 eione, )
i Rl OV P B &
)Y — T HA TR g ) _ < 2200 e 0 )
v (711 )?nmgl (%1@)2?371 0 \/_Eilmmneaman ’
| 0 IR i) M 0 V260 e
(’yu;)MN - (”}/ )m Un, (731)771 n ) - ( \/55:?(32:”(532" 0 " ) ) (D34)
(7' ‘ ) _ (%112)%”#” (%’11‘2)%712” _ < \/ﬁeilizmne“mu“ 0 )
B (’7%1%2):;,:: (77‘122>01an 0 _2\/55;7111260‘7"&" .

Similarly, one can construct (v;)"" and (v7)un by

(sz) = Coyy€ et (%Jk) )
L 1
(71112) — 5611127431162 ('Yk:lkg) ) (D35)

D.2.3 10 representation

As we did for the M-theory section, we construct the generalised metric in terms of the
type IIB from (6.6)).

Generalised derivatives

The generalised derivative in the 10 representation is given in . Now, the generalised
vector AV encodes diffeomorphisms, 4-forms and 2-forms gauge transformations as AM =
(&m, x™, %), where Y = 31 €MP9 \pgr- After imposing the section condition (all derivatives
are zero except for 07 = 0,,), the generalized derivatives for the different components of
the generalised vielbein in terms of the type IIB parameters are:

e Diffeomorphisms: AM = (£™,0,0)

1

EfEf-: — gma E y_éEI_l—ya §m7
i m Qj 1 Qj m
LB = §M0nEr 7 + §E1‘_ Om€™ (D.36)

m m m 1 m
‘CfEl:jljé = 5 0 EIJ132+E131maJ2€ +Efmj2831§ E1J1J2 mg
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e C™ gauge transformations: AM = (0, ™, 0)

l:Xl;j +€ - 0,
‘CXEfjljz = 0,

e C? gauge transformations: AM = (0,0, Q%)

l:gzli}'j? - O

ay 1 _
EQEj _] — _§€k1k2mn8m9ag Efklkg , (D38)
LoErj; = €apan By S(0;,00 — 8,00

Algebra

As in the M-theory case, the generators in the fundamental representation satisfy the
condition ([D.12)) and can be labeled by (K“7),”, where A and B are indices in the 10 and

the generators satisfy K4% = —KPB4. In the type IIB section we choose the generators
(K"‘“O‘b) I 000 €% €y, — 000 Ontt €€y, O
UaqUp 0 O ’
J 0 —€a1a2j1j2 0000
K ayp — ( . ai1a271J2 % a; “up ) ’ (D39)
( ai1auy >I 5211152 €% €ubuj 0

(Kayagbitg);” = 0 o
a1a20102 /)1 0 2511 €b1b2]1j2 25212226(11(12]'1]*2 )

aia2

which satisfy the algebra

Qg Qp Qg _ QpQc Qaqlq _ QpQy Qg Qc Qg Qg apQec _  QqQc apOg
[Kuﬂub ,KUCUd} = € eubUcKuaud € Cupug Koy + € euaudKubuc € Cuguc o
Qg Qp _ QqQq Qp QapOg Qg
[Ku Up 7K0102ud } € euaudK01C2’U,b _'_ € 6Ubucz}'(clcgua ?
agQ
[Ku anb, K0102,d1d2} =0 (D40)
ap — _ aptg abad
[Kalagub ) Kclcgud } - 6£1111261€2 Kubud 6Ubud Kala20102 )
—_ b ap
[Kalagub7 C1C2d1d2} €a1a2d1d2K0162ub + €a1a20162Kd1d2ub )

[Ka1a2b1627 c1020l1dz] 6b1b261€2Kvalawhdz + Eala2d1d2Kb1b20102 - 6b1b2611012[(01026162 - €a1a20102Kb1b2d1d2 :

We identify as Cartan subalgebra the one spanned by the generators {Kli, K+ , K934 K1324, K1403}

cps 12 Qp
and the pOSlthe root generators are {K1213, K1214, K1223, K1224, K1314, K1323, K—-i-’ K++, K{ll(lg iy

Vielbein
Analogously to (D.15]), we construct the generalised vielbein as

aiaz +

Eq N = [Blgeoy - exp [MiEL ] - exp [MaKL2] - exp [M@2, K, 2] ", (D41)
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where

N

E(geo NN = | eXP [Zh K] Z ha1a2a3a4Ka1a2f13a4 ) (D42)

PED (ar1a2a3a4)EA N

with K, the generators in the Cartan subalgebra and A = {1213,1214,1223,1224, 1314, 1323},
is the vielbein with zero fluxes.
Using the generators in the 10 representation, one obtains the vielbein

Eng:j Ec’ﬂvjjm
E; 7= o - (D.43)
Ellwzj: Ezlzg

Jij2
with
ta; 172 oy —a; —a; _ 1/2 o
wioy { Es i =e 2 (7)a, Esy =0 E*— = e'?h(7)a,
Qju; Fay —-1/2 Qi | 1,-1/2 kikaokska ak (2) Qo
+ — e 12 ar (2)
B — %% C E&z‘jlh - h< ) CJIJQCYk
a;jije o+ jijear T - —0
1.71.72 _
E'lea] -0
EHZQCY] — lEiﬁz Bklkg €. MR — o +
Uj 2 k1ko ag - Tu; ElllQOéj _ 1 67172 ﬁkﬂw €Ok
- 7 2el/2 k1k2 ag
g L oan (D.44)
Jije el/2 J1j2 :

h(T)g, ™ = ( % ] ) , (D.45)

and 04) —6“2223140(4)77,”22314 = 0(4)71234 and BiliQ a = éﬁ“wkl]wc@ The fields 0(4) and

120

C? fields transform under gauge transformations as

§C% = (%) 650 = (05,9 — 85,9 )epa (D.46)

Q1o

1 11121317 [0 2 m 1
6Cl) = O™ = g€ (A0, O 0 = OnX™ = 5 % (AN CP).
To obtain this vielbein from (D.41]), we have adjusted the fields in the exponential
by demanding that, under generalised derivatives of the vielbein, all supergravity fields
transform according to the gauge transformations (D.46|) and space-time diffeomorphisms.
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Inverse generalized vielbein £,
The components of £ T are:
N L
—ay C(4) a; 1 2) 2)\ Lara a;
Eaz': - m a; _W*(Cai /\Cak)€kthat
+ _ iﬂ (2) k1k2 - =0
;1172 - 2 kiko oy 7172 ;1172
Qi & ivied; _ _ _—1/2pivia _oagpor @
EIQ—T_ = 0, Fhd% — _¢ /ﬂlékekthat
e = 61/2€i1i2 - (D47)
Generalised metric
The components of the generalized metric M;; = E; g 7 7675 are
MET ! (€’ + Cly) Haya, + 1, <C§E) A Cf)) * (Cgf,) A Cgf)) Hev
1&g e Lt 4e i P J q
Cla) apa € (2 2
+¥ (Hazap * <C§3> A C&?) € P71+ (O./i < CYj)) + ZC,EJQ i ]Esgmajgklb Fka
_ C'(4) 1 2 2 apo
M;—i%’ - T aa 2_6 * (C(géi) A C(gék)> e pHOépaj
_ 1
Maiozj = “dlga4
Ml‘ijlm — - (0(4)Haiak -3 * (Cﬁ) A Céi)) €% Haqak) eakazﬁjlﬁal + §g3112 k1ka O]SLQ%
M-hiz = EH keakapﬁj1j2
a; e Q; ap
Mi1i2 Jij2 eghiz J1j2 + lﬁilizapﬁjljzaq[{apaq (D.48)
e

where e = /|g| and gi1i2 Jije — %(921]192232 _ 921]2912]'1).

D.2.4 16 representation

We next reproduce the analogous computations for the 16 representation

Generalised derivatives

The generalized vielbein in the 16 transforms under generalized diffeomorphisms A" as

1

£AEMN = APQPEMN - EMP(?pAN + 5

After imposing the section condition (all derivatives are zero except for 9. = 0,,), the
generalized derivatives for the type IIB parameters read:

1
(v)™® (VI)PQ Ey"0sA® — ZEMNQPAP (D.49)



156 D. Sections of SO(5,5) Exceptional Field Theory

e Diffeomorphisms: AM = (£™,0,0)

n n n 1 n
LBy = OEy —Eg 0" — 1D 108"
3

LBy = 0B, — B P0,E" + ZEMf &P (D.50)
7 « e 1
EgEMnn — gpapEMnn + EMpn né“p - ZEMH pé‘p
e C™ gauge transformations: AM = (0, x™,0)
£XE]\_41 = 0
e C? gauge transformations: AM = (0,0,Q%)
LoEy" = —e™ey, o B 0,00 (D.52)
LoE 0 = —Eyn (000 — 0,,00m)

Algebra

We reproduce the same same calculation we did for the 10 but now using the generators
in the 16, which are

(K%)= 30727 (D.53)

This generators satisfy the algebra (D.40]).

Vielbein
Finally, we generate the rest of the fluxes again with

N

Ey" = {E@eo.)'exp [-nKL] - exp [Cuay K] 'eXP{ B %, awz+” )
M

By, By
_ 7 (D.54)

Em n m Qn
QmUn amn
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with
rn — n n — n — 2 ™ arQ
g _ E;{+ 7: e 1/4em E;{_ = —¢ 1/40(4)67? — %e 1/4eka,ir)arﬁ a €7
m Un ET;LJ} =0 Ev%jb — 63/46mn

_ _ '}an — —1/4 _k: (2) QO
E:%mzén — 6—1/46mkclii)ak€akan5im — { Em n e ;aem Oknake }
Exnn =
_ _ Emn —
mon — /4 m _ag pkn - _ ~ Am+
Eamun € € kham 5 akéun { E'ginr_L :—671 46mkho7mak lmak }
Eg o = e tlem hg o (D.55)
where
1
hy On = v V& D.56
S 2 ) (D50)

Again, one can check that, under generalized derivatives of the generalized vielbein, all
fields transform consistenly with their transformations under diffeomorphisms and gauge
transformations.

Inverse generalized vielbein E,,"

The components of £ MM are:

+m . _1/4_ m —m _ _—-3/4_ m —m

ET = eTe,™, E T=e Cm E T =0
_ _ 1 _

+m —3/4 m__ *_—3/4 ~(2) kr _apar m
ET = Cuye e 26 kaak B, € e,

+am _ 1/4 (2) k QrQp Qm —Qm __
Emm = —¢ ka:ozre m€ hak ) Emm =0

m m m m __ —3/4 gmr m
Eamq_L = 0 5 Eam: =€ 6 am €,

E G = ette™ b, o (D.57)

Qmm
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Generalised metric

The components of the generalized metric My = F MM Ey N§yw are

Mjn;g = el/ngn + 673/2 (C( )gmn + kaakﬁkr nsasﬁSt Oct.gT akareasat)

1
—5e 20(4)( Cﬁakﬁk’”atea’““tJr(mHn)) e!2CE) CP, gt Hoes
_ _ 1 r_apa
M:_nn = € 3/2 (0(4)gmn - §Omk:ak6k a€ . Tgrn)

M;@; = 673/2gmn

n — nr 1 r ns  coga 2 n oo
M:z_@an - € 3/2 (0(4)gmr6 Qn - 2 mkak/Bk aTgTSB . T) - 61/207(71]2;o¢rgk € " kHOLkCYn
M = e g8,

M= el mnHaman +e732gme gna g (D.58)
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