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RESUME

L’étude des vides avec flux est une étape primordiale afin de mieux comprendre la
compactification en théorie des cordes ainsi que ses conséquences phénoménologiques. En
présence de flux, I'espace interne ne peut plus étre Calabi-Yau, mais admet tout de méme
une structure SU(3) qui devient un outil privilégié. Apres une introduction aux notions
géométriques nécessaires, cette these examine le role des flux dans la compactification super-
symétrique sous différents angles. Nous considérons tout d’abord des troncations cohérentes
de la supergravité IIA. Nous montrons alors que des condensats fermioniques peuvent aider
a supporter des flux et générer une contribution positive a la constante cosmologique. Ces
troncations admettent donc des vides de Sitter qu’il serait autrement tres difficile d’obtenir,
si ce n’est impossible. L’argument est tout d’abord employé avec des condensats de dila-
tini puis amélioré en suggérant un mécanisme pour générer des condensats de gravitini a
partir d’instantons gravitationnels. Ensuite 'attention se tourne sur les branes et leur com-
portement sous T-dualité non abélienne. Nous calculons les configurations duales a certaines
solutions avec D branes de la supergravité de type II, et examinons les flux ainsi que leurs
charges afin d’identifier les branes apres dualité. La solution supersymétrique avec brane D2
est étudiée plus en détails en vérifiant explicitement les équations sur les spineurs généralisés,
puis en discutant de la possibilité d’une déformation massive. Le dernier chapitre fournit
une construction systématique de structures SU(3) sur une large classe de variétés toriques
compactes. Cette construction définit un fibré en sphere au-dessus d’une variété torique 2d
quelconque, mais fonctionne tout aussi bien sur une base Kéhler-Einstein.

ABSTRACT

The study of flux vacua is a primordial step in the understanding of string compactifica-
tions and their phenomenological properties. In presence of flux the internal manifold ceases
to be Calabi-Yau, but still admits an SU(3) structure which becomes thus the preferred
framework. After introducing the relevant geometrical notions this thesis explores the role
that fluxes play in supersymmetric compactification through several approaches. At first
consistent truncations of type IIA supergravity are considered. It is shown that fermionic
condensates can help support fluxes and generate a positive contribution to the cosmologi-
cal constant. These truncations thus admit de Sitter vacua which are otherwise extremely
difficult to get, if not impossible. The argument is initially performed with dilatini conden-
sates and then improved by suggesting a mechanism to generate gravitini condensates from
gravitational instantons. Then the focus shifts towards branes and their behavior under non
abelian T-duality. The duals of several D-brane solutions of type Il supergravity are com-
puted and the branes are tracked down by investigating the fluxes and the charges they carry.
The supersymmetric D2 brane is further studied by checking explicitly the generalized spinor
equations and discussing the possibility of a massive deformation. The last chapter gives a
systematic construction of SU(3) structures on a wide class of compact toric varieties. The
construction defines a sphere bundle on an arbitrary two-dimensional toric variety but also
works when the base is Kahler-Einstein.
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Introduction

Modern physics models are extremely successful in describing the universe. Virtually all
physical phenomena observable on earth can be explained at a fundamental level by two
theoretical frameworks.

The first one is the standard model (SM) of particle physics. It describes the basic con-
stituents of matter as well as their interactions. The SM is a quantum field theory, its starting
point is an action functional describing the dynamics of classical fields. The theory is then
quantized to get the spectrum, ie the different states that are available in the theory. As a
quantum theory the SM model predicts the probability of transition between states. When
the interactions (parametrized by couplings in the Lagrangian) are weak, a state can be in-
terpreted as a combination of particles propagating in space-time. If the particles come close
to each other they can interact and the result of their interaction can be computed with a
series expansion in the couplings. Such predictions are then tested in particle accelerators
and actually lead to the most precise predictions ever achieved in physics.

The second one is general relativity (GR), which describes the gravitational interaction,
not present in the standard model. In fact GR is much more than a mere theory of gravita-
tion. In GR space-time is modeled by a manifold equipped with a Lorentzian metric which
determines its "shape". Any physical object is then bound to follow geodesics in this geo-
metric space. Reciprocally any energy density sources the curvature of the metric through
Finstein’s equations, and thus modifies locally the geometry of space-time. GR can be de-
scribed by a classical field theory defined on the space-time manifold, in which the metric
itself is a dynamical field.

Of course both frameworks are not used in all physical applications, as they are supposed
to describe reality at its fundamental level. Newtonian approximation of GR is more than
sufficient to get accurate models in most situations. On the other hand the SM describes
accurately the interactions of elementary particles while most relevant situations involve
an enormous number of those particles. Then a complete treatment would be impossible
and actually useless. One uses instead effective models that are all, at least in principle,
compatible with the standard model. Most scientific research seeks to resolve the tremendous
complexity of the universe rather than its fundamental rules.

Still the SM and GR are two apparently unrelated frameworks, and thus do not qualify for
a fundamental theory describing the real world. One then expects that a complete description
of reality should involve a quantum version of GR that is compatible with the SM. However
this is conceptually difficult to achieve. Indeed one of the most important properties of GR is
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that it does not depend on a choice a coordinate system. Space-time is a set of points, and the
metric defines the distances between them. But this intrinsic description is not manageable
in practice and one needs to introduce coordinates so that physical objects can be attributed
numerical values. Eventually the result should not depend on this arbitrary choice. This is
translated in the theory as an invariance under diffeomorphism of space-time. On the other
hand quantum field theory is defined on a Minkowski space-time with a flat metric, which is
of course a coordinate dependent statement. This is actually crucial as quantum fields need
a background on which they propagate. If the metric is quantized, hence space-time itself,
it becomes unclear on what background the theory lives.

One could of course ignore this conceptual barrier and consider the metric as a regular
field by expanding it around the flat metric. The procedure fails drastically as the compu-
tation leads to inevitable divergences. The SM and GR seem by nature incompatible. Then
how come they both lead to such accurate predictions ? The main reason is that, compara-
tively to the fundamental interactions of the SM, gravity is extremely weak. For example at
the classical level, for two electrons the gravitational interaction is 10*? times weaker than
electromagnetism. Thus gravitation is completely negligible in the interaction of elementary
particles. When the number of particles increases gravitation becomes stronger and stronger
as it is universally attractive. On the contrary quantum effects will be smoothed out by de-
coherence and as bound states are formed, the fundamental interactions are screened. When
gravitational effects become relevant, quantum effects are negligible and the system can be
described in classical GR.

The situation then looks surprisingly satisfying. When one framework is needed, the other
one is negligible: one could argue that this is an acceptable answer. This is not the end of the
story though: despite the formidable predictive power of GR and the SM some phenomena
are still not understood at the fundamental level!

e The exact nature of dark matter is still not known. Moreover current cosmological mod-
els need a strictly positive cosmological constant (though extremely small) to explain
the acceleration of the expansion of the universe, usually referred to as dark energy. In
Planck units its value is of the order of 107122,

e A few marginal experimental results do not fit in the SM. One important example is
the non vanishing mass of the neutrinos.

e The mathematical foundations of the SM model are not completely clear. The compu-
tations need to be regularized through a process called renormalization to give finite
results. Moreover the expansion in the couplings is now known to be divergent. Also
in a regime of strong interactions perturbative techniques cannot be used anymore and
very few tools are available to make sensible predictions. For all these reasons, the SM
should probably be considered as an effective theory.

e In regions with extremely high energy density, gravitational effects can become signifi-
cant while quantum effects are still relevant. Even though such extreme conditions are
unreachable on Earth they actually exist in our universe: during the Big Bang, at the

'If we look back at the historical development of modern theoretical physics, those "small" imperfections
could most likely lead to major upheaval in our understanding of the universe.
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core of neutron stars, or at the horizon of black holes. A fundamental description of
reality should account for these effects.

Thus a quantum theory of gravitation seems necessary and may hopefully resolve some of
the issues raised here. Such theory should also be unified with the standard model at some
point. String theory stands as the most serious candidate.

In string theory the fundamental elements are not particles but extended one dimensional
objects. A quantum particle can be described by a quantum field theory on a one dimensional
space, its wordline, whose fields are its coordinates in space-time. In the same way a quantum
string would corresponds to a two dimensional field theory on its worldsheet. However the
one dimensional theory is rather trivial. Its only degree of freedom is its momentum and
it describes merely a free propagating particle. In order to get something interesting one
needs to combine different types of particles and add interactions. This is exactly what the
standard model does.

On the other hand the spectrum of the string is much richer, as it also contains the
excitation modes of the string. From the space-time point of view this gives a tower of
states with increasing masses. This would then give a quantum field theory with an infinite
number of fields but the full theory is not known. From the worldsheet point of view the
quantum string is a conformal two dimensional theory and amplitudes can be computed
exactly. Moreover the massless spectrum contains a traceless symmetric tensor, which can
be shown to behave like a graviton. Indeed at low energy, e ignoring the tower of massive
sates and higher derivative corrections, the effective action contains the Einstein-Hilbert term
of GR. At this stage this is very promising: string theory naturally includes quantum gravity
without suffering from the usual divergences. Moreover there still remains many degrees of
freedom that could, hopefully, include the SM. However:

e String theory predicts a 26 dimensional space-time.

e The spectrum contains only bosonic states. It cannot then reproduce the fermions of
the SM.

e The spectrum contains a tachyon, rendering the theory unstable.

Let us see how these problems can be avoided.

Compactification If extra dimensions seem to be inconsistent with our reality, they can
be accommodated though a process called compactification. In fact extra dimensions should
be considered as extra degrees of freedom (and can actually be beneficial). Consider a d-
dimensional space-time My with d > 4. Now decompose My = My x My_4 where My
represents our four dimensional world and M,_, is called the internal space and embodies
the extra dimensions. From the four dimensional point of view the components of tensors
along the internal space can be interpreted as extra fields. All field components are then
functions of x € My and y € My_4. If the internal manifold is compact of characteristic
length /; the y dependence can be decomposed into eigenmodes of the Laplacian?. In the
four dimensional theory this leads to a tower a states whose first mass are of the order of

%. This extra mass correspond to momentum in the internal directions. At low energies
k2

2These are Fourier modes when My_4 is a torus.
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compared to % these states cannot be generated and can thus be discarded from the effective
theory.

Superstrings A natural way to have fermions in a theory is to include supersymmetry.
The supersymmetry transformations have fermionic parameters and thus mix bosons and
fermions. As a consequence a supersymmetric theory necessarily has the same number of
bosonic and fermionic degrees of freedom. Moreover the successive action of two super-
symmetry transformations generates translations, so supersymmetry naturally extends the
Poincaré algebra. Superstring theory is then the supersymmetric version of string theory. Of
course the spectrum now contains fermions, but another consequence is that supersymmetry
removes the tachyon. The graviton is still present but now the critical dimension is ten.
The low energy effective theory is now ten dimensional supergravity. Thus string theory is
exactly what we were looking for: a consistent quantum theory of gravitation that potentially
includes the SM.

If superstring theory were to actually describe our world, our energy scales would most
likely be low compared to the string scale. Thus supergravity is expected to play an impor-
tant role in phenomenological considerations. An effective description of these low energy
processes should be determined by fluctuations around a supergravity solution, thus called
in this context string vacua. Note that by itself, ten dimensional supergravity is not a theory
of quantum gravity as it is not renormalizable. It should be considered only as a low energy
approximation: at higher energies the approximation fails and stringy effects should be taken
into account. Now in order to get to four dimensions, we will need at some point to proceed
to a compactification. Eventually the four dimensional theory will highly depend on the
choice of vacua, and thus on the reduction ansatz.

The search for string vacua then becomes an intensive research subject. At first reductions
to a Minkowski space-time were considered. In that case the internal space should be a Calabi-
Yau manifold, and some bosonic fields of supergravity called fluxes need to be switched off.
Such compactifications lead to great progress in our understanding of string vacua. However
along the reduction a high number of scalar field are generated in the four dimensional theory,
coming for example from the components of the graviton. The modes with lowest mass are
merely the constant modes in the internal directions and thus no mass is generated from the
reduction. In fact these fields end up being massless. Such fields are called moduli and would
not lead to a realistic phenomenological model. In the case of Calabi-Yau compactification,
very few options are left to stabilize these moduli and all rely on quantum corrections.

Flux vacua This suggests that the initial ansatz may be too restrictive. Actually the
masses of the moduli depend on the value of the background flux. Keeping the fluxes in
the ansatz should then help stabilize the moduli. Moreover fluxes are genuine ingredients
of supergravity and string theory, so keeping them is rather natural. Solutions with non
vanishing fluxes are called flux vacua and are the main subject of this thesis. Still, turning
on fluxes is not a trivial step. The internal manifold is not Calabi-Yau so that the associated
mathematical machinery is no longer available. The geometrical conditions can be rephrased
in the language of G-structures. More precisely the internal manifold must have SU(3)-
structure (note that Calabi-Yau manifolds can be defined as manifolds with a very specific
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SU(3)-structure). In the most general case, flux vacua should be studied in the framework
of generalized complex geometry. Then the relevant structure group is SU(3) x SU(3).

This thesis is the compilation of four papers that were written during my Ph.D [1, 2, 3,
4]. They have been slightly adapted to better fit the structure of the thesis and to avoid
unnecessary repetitions. Two chapters have been added to introduce the frameworks that
are used throughout the papers.

The first chapter is devoted to mathematical preliminaries, namely the definition of G-
structures. The emphasis is put on SU (3)-structures and their relations with spinors, which
are essential in flux compactification. A minimal introduction to generalized complex geom-
etry is given in order to properly define SU(3) x SU(3)-structures. Chapter 2 then explains
why those structures are relevant in flux compactification. This is also a good opportu-
nity to discuss supergravity further, its relation with string theory and branes. Original
content starts in chapter 3 which studies consistent truncations of type ITA supergravity in
the presence of fermionic condensates. At first dilatini condensates are considered with a
Nearly-Kéhler internal space[2]. A second truncation is presented, with a Calabi-Yau inter-
nal manifold and gravitini condensates [3]. It is suggested that the latter can be generated
from gravitational instantons. Chapter 4 is focused on the interplay between branes and non
abelian T-duality [4]. Several brane configurations are considered together with their dual
where the branes are studied by computing the flux charges. The D2 supersymmetric solu-
tion is further studied through its SU(3) x SU(3) structure. Chapter 5 presents a systematic
construction of SU(3)-structures on a class of toric varieties after a brief introduction to the
toric formalism [1]. The purpose is to investigate if such spaces could be suitable for flux
compactification.
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Geometrical tools

Throughout the thesis I will assume that the reader is familiar with standard tools from
differential geometry, among which are the very definition of a smooth manifold, vector
and tensor fields, differential forms (and their cohomology), Riemannian geometry. Unless
otherwise stated all objects will be taken in the smooth category, since this is the most
relevant case for our physical applications.

This chapter’s purpose is to introduce further tools that will be necessary (or at least
interesting) in the context of compactification. Being myself fond of mathematical nitpicking,
I will try to focus on the point and avoid (too many) unnecessary digressions. The ultimate
goals are the notions of SU(3)-structure and SU(3) x SU(3)-structure which are the relevant
structures for the internal six dimensional space in type I I compactification. This will require
a general discussion on G-structures on vector and principal bundles.

1.1 Fiber bundles in differential geometry

1.1.1 Fiber bundles

The easiest way to build higher dimensional manifolds is to merely "add" dimensions. Given
two manifolds B and F' of dimensions n and k, the Cartesian product £ = B x F is a
manifold of dimension n + k. Since each point of y € E' can be written uniquely in the form
y = (x,§) where z € B and £ € F we can define projections:

tg:BxF — B and mp:BxF — F
(,§) — =z (,§) — ¢

Fiber bundles are a generalization of this.

(1.1)

Fiber bundle A fiber bundle is given by three manifolds £, B and F together with a
projection 7 : B — B such that: for each x € B there is an open neighborhood U C B of x
and a diffeomorphism ¢ : 77U — U x F satisfying 7y o ¢ = 7.

The data (U, ) are called local trivializations of the bundle E which is a manifold of
dimension n + k. Note that the trivialization condition implies that E, := 7~ {z} ~ F. E,
is called the fiber over x and the total space E can be seen as the disjoint union, over the
base B, of all the fibers. The trivializations ensure that the union is locally well behaved,
and looks like a Cartesian product. If the trivialization can be defined globally, ie U = E,
then the bundle is trivial and the total space is merely a Cartesian product. In general, this
will not be the case.

12
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Similarly to the Cartesian product, an element y € E can be written y = (x,§) with
x € B and ¢ € E,. However the role of B and F are not symmetric anymore since we have
to choose a base point x before knowing in which fiber £ lives. 7 naturally projects onto the
base so that z = 7(y) but there is a priori no canonical projection onto the fiber.

Sections A section of a bundle is a function ¢ : B — E such that n(o(z)) = z for x € B.
Such a function do not necessarily exist for a general fiber bundle. We thus need to also
consider local sections, namely sections of the bundle Ej;; = 77U over U. Local sections
always exist on a local trivialization, since they can be identified as functions oy : U — F.

Transition functions and structure group Consider now an atlas of E, ie a set of local
trivializations (Uj, ;) covering the whole space: B = |J; U;. On an intersection U; NUj, both
¢; and ¢; can be used and ¢; o <pj_1 is a function U; NU; x ' — U; NU; x F. Since both
leave the base point unchanged we can write for x € B, £ € F":

piop; (2,6) = (2, i;(2)(€)) (1.2)

which defines the transition functions ¢;; : U;NU; — G where G is a group of transforma-
tions acting on F', called the structure group of the bundle. They satisfy several compatibility
conditions:

t”’ = id
tii =t (1.3)
tijtiktes = id

The last equation in (1.3) is the cocycle condition and is defined on triple intersection
U; N U; NUy. In fact the transition functions tell us how the different patches U; are glued
together and how the fibers are twisted when we move along the base. They give enough
information to build the bundle, provided they satisfy (1.3).

In practice the structure group is usually defined as part as the data required for the
bundle together with its action on the fiber and is chosen to be a nice group ( eg a Lie
group). Which structure group can be chosen for a specific bundle is a question that will
keep us busy for the remaining of the chapter.

1.1.2 Vector bundles and principal bundles

I have up to now only discussed general fiber bundles where the fiber F' is an arbitrary
manifold. When some structure is further imposed on F' the bundle will also inherit from it
in a certain way. This is the case for vector bundles (the fiber is a vector space) and principal
bundles (the fiber is a Lie group).

Vector Bundle A rank k vector bundle is a fiber bundle = : E — M with F = R*. For
each x € M, the fiber E,, is a vector space and the trivialization (U, ¢) induce an isomorphism

RF - E,

v o= e Y (x,0) (1.4)

A few remarks can readily be made from this definition:

e the same definition and all the following remarks would hold also for a complex vector
bundle with obvious substitutions.

13
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e on a double intersection U; N U; the transition function ¢;; are automorphisms of R",
ie matrices of GLg(R). So the structure group is naturally GLy(R)

e F, is a vector space and has its own zero vector. Thus F has a canonical global zero
section given by o(x) := (x,0g,) for x € M. The space of sections I'(E) is thus a vector
space, more specifically this is a C°°(M ) module since we can define f-u (z) := f(z)u(z)
for u € I'(M).

Moreover operations on vector spaces can be extended to operations on vector bundles.
Consider two vector bundles F¥ and F' over the same base M, we can define the following
bundles

e Direct sum: F @ F whose fiber over z is E, @ F,
e Tensor product: £ ® I whose fiber is FE, ® F,
e Dual: E* whose fiber is E

Principal bundles A G-principal bundle is a fiber bundle 7 : P — M with F = G a Lie
Group. There is a right action of G on P such that: for any x € M, G preserves P, and its
action on P, is free and transitive.

Note that the fiber P, over each point is diffeomorphic to the group G but is not a group
(in a relevant way). The obstruction is in fact the lack of an identity element. Suppose now
that there is a global section o : M — P. Then for p € P and x = 7w(p), p and o(z) belong
in P,. Since the action of G on P, is free and transitive there is a unique g € G such that
p=o(x)-g. This gives a diffeomorphism

P MxG — P
(z,9) = olz)g
Thus a principal bundle is trivial if and only if it admits a global section. This is drastically

different from the previous case of vector bundle which always admits global sections. Despite
their different properties, vector and principal bundles are related in a natural way.

(1.5)

Frame bundle Consider a rank k vector bundle w : E — M. For x € M the fiber E, is a
finite dimensional vector space and thus admits bases. Take F. the set of ordered bases for E,:
GLj acts on F,, by a change of basis. Any two basis are related by a unique transformation
of GLj, so the action is free and transitive. Then F'(E) := U,cps Fi is a GLy-principal bundle
called the frame bundle, whose fiber at x € M is exactly F,. Note that a global section on
F(FE) would define a canonical basis for any F, and thus would trivialize F'(E): a vector
bundle is trivial if and only if its frame bundle is trivial.

This shows that any vector bundle can be associated a principal bundle. It is also possible
to go the other way around.

Associated bundle Consider a G-principal bundle 7 : P — M. Let p : G — GL(V)
a k-dimensional representation of the Lie group G. Define now an action of G on P x V:
g-(p,v) :== (pg,p(g)~tv). Then E = P x V/G is a rank k vector bundle on M, called the
associated bundle to P with fiber V.

On way to see this is that P x V is trivially a vector bundle over P. The group action
relation will remove the degrees of freedom of the fibers P,, but at the same time twist the
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fiber V. The twist of the bundle P will be shifted to E via p. If P is a trivial bundle, then
E will also be trivial (but the converse is not true). Unsurprisingly any vector bundle is the
associated bundle of its frame bundle. However a frame bundle is always a GLg-principal
bundle so that principal bundles are not necessarily frame bundles.

On a manifold M of dimension n the tangent bundle T'M is a rank n vector bundle and
its frame bundle FM is a GL,-principal bundle. Both will play an especially important role
in the study of properties of M. TM and its dual T*M are used to build vector bundles
through tensor products and direct sums whose sections are usual objects in physics:

e Vector fields are sections of T M
e 1-forms are sections of T*M

e Higher order differential forms are sections of the antisymmetric products of T*M:
QM = A(T*M)

e Metrics are non-degenerate (to be understood fiberwise) sections of the symmetric part
of T"M @ T*M.

1.2 G-structures

As we have seen, the structure group of a bundle restricts the transition functions, which in
turn define how the bundle is twisted. This means that the more restricted the group, the
less twisted the bundle. However looking back at the definitions, the structure group seems
a bit arbitrary. For example for another group H such that G is a subgroup of H, it would
be as valid as G for a structure group. This can also be seen for the trivialization functions
which are nothing but a choice of coordinates. It is possible to add new charts with arbitrary
complicated coordinates without actually changing the bundle, but enlarging the structure
group. There can be in fact a lot a redundancy in the local trivializations and one would
like to have some control on the twisting of the bundle. The question at stake here is given
a fiber bundle, which groups could be chosen as its group structure, providing we made the
right choice in defining the local trivializations 7

1.2.1 Reduction of the structure group

Consider first 7 : P — M a G-principal bundle and another group H with a homomorphism
¢ : G — H. It is then possible to build bundle associated to P with fiber H in a similar
fashion as for vector bundles. Define an action of G on P x H: g - (p,h) := (pg, ¢(9)" 1h).
Then @ := (P x H)/G is a H-principal bundle over M where ' € H acts on Q by h'-(p, h) :=
(p, R 1). This action commutes with the action of G and thus descends to the quotient. The
bundle structure of () comes from P and thus do not carry more information.

Considering the other direction, one can wonder whether the G-principal bundle P comes
from a H-principal bundle Q:

Reduction of the structure group Let H be a group with a homomorphism ¢ : H — G.
A reduction of the structure group of P from G to H is a H-principal bundle @) such that
the bundle associated to ) is isomorphic to P.

For a rank k vector bundle E its frame bundle F(F) is a GLg-principal bundle, this leads
to G-structure.

15
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G-structure Consider a homomorphism ¢ : G — GLg. A G-structure on E is a reduction
of the structure group of F(E) to G.

The relation with the structure group is what we could expect: a vector bundle F admits
a G structure if and only if its structure group can be chosen to be G. Once again this does
not mean that this condition is indeed fulfilled, but only that it is possible to find an atlas
for which the transition functions all belong in G.

Before we get to examples a few remarks are in order:

e In the following we will mainly look at reductions of the frame bundle of a n-dimensional
manifold M, so a G-structure on M will refer to its tangent bundle.

e In most relevant cases ¢ is an inclusion map, hence the name reduction, but this is
not mandatory. When this is the case ¢ induces an inclusion ¢ : Q@ — P so that the
reduction @ is in fact a subbundle of P. For us G will most likely be a subgroup of
GL,,, and the reduction will correspond to a subset of local bases for T'M.

e The existence of a G-structure for a given group G is a topological property. However
a G-structure itself is neither unique nor canonical.

e As we have seen the frame bundle F'E of an associated bundle £ to P is not in general
the same thing as P. However P will give a reduction of the structure group of FFE,
for the morphism given by the representation.

1.2.2 Examples

This definition of G-structures is rather straightforward and elegant, however it is basically
useless for computations. A G-structure can rather usually be defined by a specific G-
invariant non degenerate tensor 1. Provided that the defining properties of T are well
chosen, it can be identified with the G-structure. It is then much easier (at least for our
purposes) to work with this tensor than with the more abstract notion of principal bundle.
It is also important to notice that this alternate definition enables to translate many common
geometrical properties in the framework of G-structures. Rather than giving a general proof
for this heuristic (and hazy) statement I will show how this works out on a case by case basis.

O(n) Consider a reduction P of the structure group of M to O(n). Thus P is a subbundle
of FM and gives for x € M a set of bases of T, M related to each other by an O(n)-
transformation. A basis defines canonically a metric g on T, M, which does not depend on
the choice of basis in P,. This metric is well defined everywhere and furnishes M with a
Riemannian structure. Note that a local section of P, which is also a local trivialization of
TM, is a vielbein for g.

Conversely consider a Riemannian manifold M with metric g. The bundle of orthonormal
bases for g is a O(n)-bundle and thus gives a reduction of FM.

An O(n)-structure on M is a Riemannian metric. Since it is possible to define a metric
on any manifold, note that there is no obstruction to the reduction to O(n). The same
construction can be done with metrics of signature (p, q) and O(p, q), but then there can be
topological obstructions.
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SO(n) This case is similar as the previous one but now the basis can be attributed an
orientation since the SO(n)-transformations will preserve it. This will define an orientation
on the whole space. Conversely an oriented Riemannian manifold enables to define oriented
orthonormal bases and thus a SO(n) subbundle of F'M.

A manifold admits a SO(n)-structure if and only if it is orientable. Strictly speaking the
orientation is defined by a GI} structure but the reduction to O(n) is automatic.

SO(n—1) Consider an oriented Riemannian manifold with an SO(n — 1)-structure. For
our purposes we will use the following inclusion:

$:50(n—-1) — SO(n)

. 10
9 0 g

On a trivialization (U, ¢) define the vector field V(x) := ¢~ !(z,e;1) for x € U and e, =
(1,0,...,0). Since e; is invariant under SO(n — 1), this definition is compatible with the
transition functions and V' can be extended to M. Note that the norm of V is 1 every where,
and thus V' does not vanish.

Conversely consider an oriented Riemannian manifold M with a non vanishing vector
field V. For x € T, M, take a basis B of the orthogonal complement of V(x). Then the
bundle of bases of the form (V(z),B) is a (SO(n — 1))-subbundle of F'M.

An oriented manifold admits a SO(n — 1)-structure if and only if it has a non-vanishing
vector field.

Spin(n) Consider an oriented Riemmanian manifold M with a Spin(n)-structure. Here
¢ : Spin(n) — SO(n) is a double cover. This is a typical case where the structure is not
reduced to a subgroup (and the only relevant one that I am aware of). Call P the reduction
of the frame bundle. Take Sy a spinorial representation of Spin(n) (it does not matter yet
whether we take a Dirac, Weyl or Majorana representation). The associated bundle S of P
with fiber Sy is a spinor bundle and thus M admits spinors.

A spin manifold if an oriented Riemannian manifold with a Spin(n)-structure. Note that
the spin structure of M is defined relatively to a specific metric and orientation, and that
it is in general not unique. M admits a spin structure if it is possible to lift the transition
functions to the spin group, the topological obstruction is given by the second Stiefel-Whitney
class.

1.2.3 Torsion

Some geometrical properties are stronger than the mere existence of a G-structure, and
require its so-called integrability. These conditions are expressed in terms of the torsion
classes of the G-structure. I will not delve into too much details and will rather define the
torsion classes for a specific structure when needed. Here is a quick insight about this.

As we have seen a G-structure on a manifold M is a reduction P of its frame bundle.
Since P is a principal bundle we can define a connection on it. This gives rise to a connection
on T'M with values in the Lie algebra of GG. The torsion of the G-structure is related to the
torsion of this connection and can be defined independently of the choice of connection.

For an O(n)-structure, a connection on P is a connection that is compatible with the met-
ric. It is always possible to choose a connection without torsion: the Levi-Civita connection.
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This means that the torsion of an O(n)-structure is trivially zero. If the structure group is
further reduced to a group G, look at the class of O(n)-connections that are still compatible
with the G-structure. The Levi-Civita connection needs not be in this class, in which case
the torsion of the G-connection cannot be torsion free: the torsion of a G-structure gives
obstruction to the compatibility of the Levi-Civita connection.

1.3 Complex structures and integrability

1.3.1 Complex manifolds

A complex manifold is defined in a similar way as a real one by replacing real smooth
function by complex holomorphic ones. This leads to a more restrictive structure: a complex
n dimensional manifold M is also a real 2n dimensional manifold but the converse is not
true.

Tangent bundles As a manifold, M naturally comes equipped with a tangent bundle
TM. However its structure as a complex manifold also provides M with a holomorphic
tangent bundle 79 M. Both bundles are different but can be unified in a larger bundle,
the complexified tangent bundle:

Te .M :=Tgr M ®C (1.6)

In fact T M can be embedded in TeM. The embedding is given in local coordinates
=k +iyk  kE=1,...,n by % = %(8%,6 —i%). The tangent space to M is then
the real vector space generated by the vector fields 8%,“ %, while the holomorphic tangent

space is the complex vector space generated by the holomorphic vector fields % This gives
a decomposition of the complexified tangent bundle:

TeM = TEO N g 7O pp (1.7)

where TODA = T0) M is the anti-holomorphic tangent bundle. Let us resume here
the rank of the different bundles:

dimpTM = 2n
dimcTcM = 2n
dim¢ TOON = g

Differential forms The decomposition 1.7 can also be extended to any complex tensor,
hence for differential forms. This leads to the following decomposition for complex k-forms
into (p, q)-forms:

O'M = P oiMm (1.8)
p+q=k

where QPIM = AP (THOM)* @ A7 (TODM)*. In local coordinates this corresponds to
a decomposition in wedge products of dz*,dz* whose pairing with vectors fields gives:
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0 .0

B R '

Since the holomorphic and anti-holomorphic tangent spaces both have dimension n, p
and ¢ are limited to n: QPYM = {0} if p > n or ¢ > n. The exterior derivative can also be
decomposed along these subspaces. For a complex function f on M:

f

df = 55d= —i—a—j; (1.10)

This can be extended to higher forms so that d = 9+ 9 : QPIM — QPTLIN @ QP+ L.

1.3.2 Almost complex structures

Let us first recall a few algebraic properties. An n-dimensional complex vector space is
trivially also a 2n-dimensional vector space. The converse is not trivial. A real vector space
V' does not come equipped with a complex multiplication, we thus need to define it by hand.
Consider I € £(V) such that I? = —1, then define for A = A\; +i\y € C and v € V:

Avi= (A1 + X)) v

With this multiplication V' is a complex vector space, hence [ is called a complex structure
on V. Such I always exists but the choice of I is in general not canonical. Now complex
endomorphisms are endomorphisms that commute with complex multiplication, ie with I:

L(V,C) ={A € L(V)| Al = [A}

For V = R?" we define a canonical complex structure:

0 I,
Iy, = < L ¢ ) (1.11)

This gives a natural inclusion ¢ : M, (C) — Ma,.

Re A ImA) (1.12)

o(4) = ( —ImA ReA

Let us come back now to the case of a complex manifold and its tangent bundle. The
decomposition 1.7 will define a complex structure on each fiber. Define an operator I on
TcM by its action on each subspace. For u,v € T M

I(u+v) =iu—iv (1.13)

This leads to I2 = —1. Moreover each real vector field of TM can be written uniquely as
u+ a for u ee THOM so that I(u + @) = (iu) 4 (4u) is still a real vector field. Thus I can
be seen as an endomorphism on 7M.

Conversely suppose that there exists an endomorphism I on T'M such that I? = —1.
Then I can be diagonalized on TcM with eigenvalues +i. Define T0OM (resp. TV M)
the eigenspaces of I for the eigenvalue i (resp. —i). For I to be real both should be conjugate
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to each other and thus have same dimension. This leads to a decomposition similar to 1.7.
As a side note this imposes the dimension of M to be even.

An almost complex structure on an even dimensional manifold is an endomorphism I of
TM such that I? = —1. As we have just seen, a complex manifold has a canonical almost
complex structure. The question that naturally arises now is whether an almost complex
structure comes from a complex manifold. The answer is already given in the word almost:
there are additional conditions. Indeed the almost complex structure gives a decomposition of
the tangent bundle. Locally this is just an algebraic condition on the tangent spaces but says
nothing about the manifold itself. A complex manifold would require complex coordinates
that are compatible with this decomposition. The Newlander-Nirenberg theorem states that
this is possible if and only if the Nijenhuis tensor vanishes. It is a 2-form with values in
vector fields given by:

N(u,v) = [u,v] + I[Tu,v] + I[u, Iv] — [Tu, v (1.14)

for u,v € T'(T'M). In local coordinates this becomes:

N = —I oI} + I, oI} + If (0,1, — 0;1}) (1.15)

When this is the case the almost complex structure is said integrable and can be promoted
to a complex structure, which enables to define complex coordinates on the manifold. When
they exist complex structures are very numerous compared to smooth structures and generally
span continuous degree(s) of freedom.

Gl,(C-structures The previous results concerning almost complex structure can all be
translated in the formalism of G-structures, in a similar fashion as was done in the examples
of 1.2.2. Consider a manifold M of dimension 2n with almost complex structure I. The
complex frame bundle of TWY M is a G, (C)-principal bundle and gives a reduction of F'M.
Indeed if fi,..., fu is a basis for 79 M, then we can define a basis (eq, . . . ,€2p,) of TM by
e; =Re fi,eijon =Im f; fori=1...n.

Conversely suppose the structure group of TM is reduced to Gl,(C), for the inclusion
¢. Ioy, acts naturally on each local trivialization of TM and commutes with the transition
functions, and thus can be globally extended to an almost complex structure 1.

An almost complex structure is a Gly,(C)-structure.

Here the G-structure only corresponds to the almost case. In fact the integrability con-
dition can be expressed as a condition on the torsion G-structure: the Nijenhuis tensor is
exactly the torsion of the Gl,,(C)-structure.

I will end this section with a remark about orientation. Consider a matrix A € Gl,,(C).
Then it is easy to show that

det ¢(A) = | det AJ? (1.16)

This means that when considered as a real matrix, the determinant of A is positive.

So that the inclusion is in fact GI,(C) C Gi3,. Ultimately any GI,(C)-structure is also a
Gl -structure and an (almost) complex manifold is canonically oriented.

1.3.3 Hermitian metrics

In the same way that real vector bundles can be equipped with a metric, complex vector
bundles can be equipped with an hermitian metric: 7e an hermitian form on each fiber. For
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a bundle E, an hermitian metric & is a section of E* @ E*. Focusing on an (almost) complex
manifold M we take E = T M so that h is a section of T M* @ TOD M* . Tt is crucial
to notice that h defines an hermitian form on the holomorphic tangent bundle only, and not
on the full complexified tangent space. h can be understood equivalently as a bilinear form
on TEONM x TOD M or as a sesquilinear form on T A x TLO A7

U(n)-structure On a complex vector space the group of transformation that preserve an
hermitian form is precisely the unitary group U(n). Thus by an argument nearly identical
to the O(n)-case:

An U (n)-structure on M is an hermitian metric. In this case the reduction of the frame
bundle provides local bases (f;), i = 1,...,n for TV9M* that are complex vielbeins for h:

h=fi®f (1.17)

Decompose h into real and imaginary parts:

— lir o f ot N — £ f
h=g—1iJ , where g = %(fz®‘iz+f—z®fl) ];Zfz = (1.18)
J = s(fieofi-fi®fi)=5fiNfi
Thus h is written in terms of two sections of T*M ® T*M: ¢ is symmetric, and J is
antisymmetric and thus Ives in Q%! M. This means that an hermitian metric comes together
with a riemannian metric and a symplectic form. They are related by the almost complex
structure:

J(u,v) = g(Iu,v) or in local coordinates: Jyy = I, gpn (1.19)

Conversely consider a Riemannian manifold M with metric g and an almost complex
structure I. Then define a symplectic form J and an hermitian metric h using 1.19 then
1.17. For this construction to work, g and I need to be compatible, namely J should be
antisymmetric. This leads to the condition:

i In9pq = Gmn (1.20)

which merely means that I is orthogonal towards g. This is not really restrictive since it
is always possible to define a corrected metric such that 1.20 holds:

1
g;nn = i(gmn + ﬁlnquq) (121)

Any almost complex manifold admits an U(n)-structure.

The relation between g, J and I can be understood by looking at G-structures on a
2n-dimensional manifold M. As we have seen g and I are respectively equivalent to O(2n)-
and Gl,(C)-structures. In fact J can also be identified with a Sp(2n,R)-structure: the
symplectic group is indeed the group of transformation that preserve a symplectic form.
Here is a reminder of what these matrix groups look like (here g is the identity matrix so
that the matrix representation of I and J are both s, even though they are still different
tensors):

O@2n) = {A€Gly, |A=A")
Gln(C) {A € Glayy, | AL Iy, A = Ign}
Sp(Q’rl,]R) = {A € Glayy, | ‘A Ioy A = Ign}
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Notice also that the inclusion ¢ : M,,(C) — My, verifies:

$(AT) = 'p(A) (1.22)
so that:

U(n) =0(2n)NGlL,(C) = 0(2n) N Sp(2n,R) = GI,,(C) N Sp(2n,R)

This translates the fact that two among g,I,J are sufficient to define the third one
(provided they are compatible). Note also that 1.16 implies that U(n) C SO(2n). Thus the
hermitian metric defines an orientation. Since J is non-degenerate, %J" defines a volume
form on M.

1.4 SU(3)-structures

We now have all the necessary tools to define SU(3)-structures. We first consider the general
SU (n)-case before specializing to n = 3 for specific properties.

1.4.1 SU(n)-structures

Consider a 2n dimensional manifold M with U(n)-structure defined by a hermitian metric h.
In order to reduce to SU(n) we need to ensure the determinant of the transition functions
to be 1. The determinant here refers to the determinant as a complex matrix, since the
real determinant is already 1 (recall that M is already oriented). The ideal solution would
be to find a tensor which is affected only by the determinant of U(n)-transformations, ie a
complex equivalent to a top form. Such an element is given by the decomposition 1.8: we
are interested in Q™0M:

Suppose the structure group if further reduced to SU(n) and take a (local) vielbein f;,
i = 1,...n in the reduced frame bundle. Since we are reducing from U(n), 1.17 is still
satisfied. Define locally a (n,0) form:

Q= /n\ fi (1.23)
=1

This definition is trivially compatible with the transition functions and thus leads to a
global non vanishing form Q € Q%M. Using the local expressions 1.18 and 1.23 it is easy
to find the following relations with J:

JAQ = 0
QAQ = (=1)zrntD ) gn

(1.24)

These are fundamental for the SU(n)-structure. The first equation comes from the fact
that J € QUM and Q € Q™M The second on translates the non-degeneracy of €.

Conversely suppose now that there exists on M a global non vanishing (n,0)-form .
Without further restriction €2 can be normalized so that 1.24 is satisfied. In a local vielbein
fi for U(n), 2 is thus:

Q=¥ /n\ fi (1.25)
=1
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Let us keep only the bases for which ¥ = 1: this defines a reduction of the frame bundle
to SU(n). Thus €2 defines a SU(n)-structure on M.

In fact the hermitian structure is not necessary as it can be retrieved from J, () only.
For this to work, ) needs to be complex decomposable and non vanishing. This means that
there exits local one-forms 7;,7 = 1...n such that Q@ = A, 7;. The complex subspace
generated by 7; then defines an almost complex structure. This can also be seen by defining
the endomorphism I explicitly. For example, when n = 3:

IF = P Im QT Q. (1.26)

Jlpq

Then normalize:

[ S (1.27)

D
\/ — 6 tr 12

Then [ is an almost complex structure towards which € is a (3,0)-form. Now using J,

relation 1.19 gives a metric. However this construction does not give any control on the

signature of the metric, so in order to really get an SU(3)-structure (and not an SU(p,q)),

the positivity of the metric should be imposed by hand. In practice this will not be a problem

here since a Riemannian metric will always be defined upstream. The goal will then be to
find compatible J and .

1.4.2 Relations with pure spinors

A primordial aspect of SU(n)-structures is that they can be equivalently defined by non
vanishing pure spinors. We will specify here to n = 3 but the argument can be extended for
general n.

Consider a 6-dimensional spin manifold M. This means that M has a Spin(6)-structure
(call P the reduction) and thus an SO(6): M is oriented and Riemannian with metric g. In
6d the irreducible spinorial representations are Weyl spinors. Denote ST and S~ the bundle
of spinor of positive and negative chirality, of complex rank 4. The fibers correspond in fact,
through the accidental isomorphism Spin(6) ~ SU(4), to the vector representations of SU(4)
and are conjugate to each other. Now suppose that there exists on M a non vanishing spinor
n € T(ST) of positive chirality. By an argument similar to what was done for SO(n — 1), this
gives a reduction of P to SU(3). Since TM is also associated to P, we can conclude that 7
defines an SU(3)-structure on M.

The structure can be explicitly constructed using spinor bilinears in #:

Jij = intyign = —ifyin°
Qije = n'yin (1.28)
Wi = —Mijkn

The choices here are made to be compatible with (1.24) and (1.19), and this can be
checked by Fierzing, using;:

mt = 1+ 5Jyy7) P*
ny = 4%Qijkp-i-,ywkﬁ (1.29)
nent = —35Qijp P

This result can be extended to other dimensions. But without the accidental isomorphism,
the conclusion is not as straightforward and an additional constraint has to be imposed: the
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spinor needs to be pure. ' Note that the holomorphic tangent space can also be defined
directly from the pure spinor. First let us recall that a vector V acts on spinors n as a
gamma matrix:

V= Vi (1.30)

Now a pure spinor is defined as a non vanishing spinor that is annihilated by a subspace
L C TeM of maximal dimension, namely n. This gives a splitting of the tangent space
similar to (1.7):

TeM =L+ L (1.31)

and thus defines an almost complex structure, whose holomorphic tangent space is L (or
L depending on the choice of convention).

The formulation in terms of spinors is what makes SU (3)-structures so important in the
context of supersymmetric compactification, as we will see in the next chapter.

1.4.3 Torsion classes

As we have seen in 1.2.3 any G-structure can be attributed a torsion, which provides addi-
tional information about the structure. For SU(3)-structure the torsion can be retrieved by
decomposing dJ and df2 along irreducible representations of SU(3) (this is not a proof). The
almost complex structure splits the tangent space into holomorphic and anti-holomorphic
parts and enables to decompose differential form along 1.8. However the almost complex
structure need not be integrable in general, and there is no reason for the exterior derivative
to be compatible with the decomposition (this is in fact a sufficient condition for integrabil-
ity).

Thus a holomorphic 1-form n € Q' M can "loose its holomorphicity" after the action of d:
dn € Q*°M @ QY M @ Q%2. Now according to Leibniz rule d acts separately on each factor
of a wedge product, so that in the worst case a higher degree form will lose 1 holomorphic
degree and gains 2 anti-holomorphic degrees:

dQPa ¢ Q241 g ptha g Opatl g Qp—1la+2 (1.32)

Applying this to J and © implies that dJ € Q30 @ Q%' Q12 3 Q% and Q € Q31 @ 022,
Since J is real the (3,0) and (2, 1) parts are respectively conjugate to the (0,3) and (1,2). As
SU(3) acts trivially on J, the symplectic structure enables to further decompose by extracting
terms proportional to J. This leads to a decomposition of dJ,df) into representations of

SU(3):

dJ = 2ImWiQ+ Wi+ WynJ
dQ = Wi 2+ WaAJ+WiAQ

where the W are called the torsion classes of the SU(3)-structure.

(1.33)

e W) is a complex scalar
e Wy e QLM is a primitive 2-form

o W3 € 0> @O is a real primitive 3-form

Tn 6-dimension any Weyl spinor is pure and this is why this is not an issue here.
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o W, e QL0 Q% ig a real 1-form

o W5 € Q9 is a holomorphic 1-form

Primitive refers to the fact that the component along .J has been projected out: the scalar
J - W5 and the 1-form J - W3 vanish, where the dot represents contraction with the metric
(this constraint is similar to a traceless condition). Also, the double occurrence of Wi results
from the constraint J A €2 = 0.

If the SU(3) structure is defined using a pure spinor 7 the torsion classes can also be
found in the covariant derivative of #:

1
Vinn = 5 (Wi},;o) + W — c.c) n
1 (1.34)
+ — (4W19mn - QWprmn + 4iWommn — Z'ngquPqn) ,ynnc )

This relation can be translated to (1.33) by using (1.28,1.29).

The structure can then be classified by the vanishing of certain classes. This in fact
corresponds to integrability condition of "almost structures" that live along the SU(3).

Complex: If the manifold is complex then the exterior derivative is given by 1.10 so that
W1 = Wy = 0. It can be shown that the converse is in fact true.

Symplectic: For a symplectic manifold the symplectic form J should be closed. Here this is
equivalent to W, =W =Wy, =0

Kahler: A Kéhler manifold is a complex manifold with a hermitian metric such that the
associated symplectic form is closed ie a symplectic complex manifold: Wy = Wy =
W3 = W4 = 0. More details are given in appendix B.

Calabi-Yau: A Calabi-Yau manifold is a Kéhler manifold with a holomorphic 3-form. Even if
Q € Q300 lives in the correct subspace, it is a priori only a smooth section and is not a
holomorphic form (where holomorphic refers also to the smoothness). Holomorphicity
of © amounts to taking W5 = 0, and thus all torsion classes vanish. Then a Calabi-Yau
manifold can be equivalently defined as a manifold with a torsion-free SU (3)-structure,
or also an integrable SU(3)-structure.

Nearly-Kéahler: A nearly-Kéhler manifold is a manifold with SU(3) structure for which Wy =
W35 = Wy = W5 = 0. Wy is taken imaginary W; = 4iw, and relations (1.33,1.34) then
simplify to:

Vi) = iwymn*
dJ = —6wRef (1.35)
dImQ =4wJ A J .
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1.5 Generalized complex geometry

For most of our purposes, SU(3) structures will be sufficient. However understanding super-
symmetric flux compactification in its full generality requires Generalized complex geometry
(GCG). GCG was introduced first in [5, 6] and quickly became the natural framework to
study flux compactification [7, 8, 9, 10]. This section will settle for the few details that will
be needed in the following, and thus will head straight to the definition of SU(3) x SU(3)
structures. For more details on the interplay between GCG and compactification, see [11]
for a review or [12] for a shorter course.

1.5.1 Generalized tangent bundle

The starting point of GCG is the generalized tangent bundle. For a manifold M of dimension
n, define:

TM =TM ®T*M (1.36)

At first glance, TM and T'M will basically carry the same information. However the
range of structures for the generalized tangent bundle is much richer than for the usual
tangent bundle. In fact many apparently unrelated geometric notions will be unified in the
language of GCG.

Thus let us now focus on the structure group of 7M. As a consequence of the decom-
position 1.36, T M admits a metric G that represents the natural pairing of vectors and
1-forms:

GX+&Y +n) =£(Y) +n(X) (1.37)

for X, Y € TM and &,n € T*M. This metric is split, ie has signature (n,n) and thus
reduces the structure group to O(n,n). It is also possible to define a volume form

0

o)
o = g A — Adz' A--Ad2™ (1.38)

O

which does not depend on the choice of coordinates, and defines a canonical orientation
on T M. This further reduces to SO(d,d). This is in fact not surprising, as we already now
that the structure group of TM is Gl,, in general, which is a subgroup of SO(d,d) for the
inclusion:

L:Gl, — SO(d,d)

A 0 (1.39)
A — (0 tA—1>

All of the structures discussed in the following will need to be compatible with SO(n,n)-
structure as we will look for further reduction of this structure group. As was the case for
ordinary G-structures, the generalized structure can also be subject to integrability condi-
tions, which will not be considered here.

Generalized spinors

As we have seen earlier, it may then be possible to lift the structure group to Spin(n,n). For
a general orthogonal group this is not trivial but there is in fact no obstruction in the case
of a split signature. This can be shown by explicitly constructing a spinor bundle.
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Define Q(M) = @}_, Q¥(M) the set of polyforms on M. An element w € (M) is merely
a sum of forms of different ranks. Vectors and 1-forms naturally act on w respectively by
interior and exterior product. This defines an action of the generalized tangent space on

Q(M):

(X +& w=(x+ENw (1.40)

Then a simple computation gives:

{X4+&EY 4+ w=EY)+nX)w=G(X+&Y +nw (1.41)

This means that the action of 7M on (M) respects the Clifford relation, hence Q(M)
is a representation of the Clifford bundle of G. We will thus identify generalized spinors
and polyforms in the following. Note that this identification is slightly abusive: the correct
action of Spin(n,n) on Q(M) depends on a choice of volume form. Since in practice M will
always be equipped with a metric and associated volume form, I will not discuss this issue
any further.

The action (1.40) is actually real so that polyform are in fact Majorana spinors. Moreover
(1.40) either lowers or raises the rank by 1. Thus even elements of the Clifford algebra will
not change the rank parity of forms. It is then possible to decompose polyforms into even
and odds polyforms:

QM) =QH (M) @ Q™ (M) (1.42)
QF (M) will then be Majoran-Weyl spinors of positive/negative chirality, as expected for
a split signature (n,n). Let us now define the charge conjugation operator C. This can be
seen as a bilinear form on spinors by identifying the notations:
C(wl, (UQ) > W1we . (1.43)
For polyforms, this is given by the Mukai pairing:

(w1, w2) = w1 A Mw2)ltop (1.44)

where we keep only the top part of the polyform, and A reverses the order of the wedge
—1
products: for a p form wy, Awy,) = (—1)? *37. The symmetry properties then depend on the

dimension of M:
n—1
<w2,w1> = (—l)nT<w1,WQ> (1.45)
At last note that the Mukai pairing takes values in top forms, if we really want a bilinear
form, we need to divide by the volume form of M.
Generalized Metric

The metric G is split and thus has nothing to do with an actual metric on M. Let us thus
introduce generalized metrics.

A metric on TM can be written in a matrix form, as a morphism from TM & T*M to
T*M @ TM. In this basis, the canonical metric becomes:

0 1T
g—(H 0> . (1.46)
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A generalized metric G is then a positive definite metric on 7 M satisfying the compati-
bility condition:

(G'G)? =1 (1.47)

As expected, a Riemannian metric g on M leads to a generalized metric:

G= ( g 991 ) (1.48)

The generic case contains a little more information. A bit of algebra shows that a gen-
eralized metric G defines a metric on M as well as a 2-form B, called the B-field, which is
here written as a morphism 7'M — T*M (and need not be invertible). In terms of these, G
is written:

—Bg'B Bg!
G = < g 735_1 gg_l ) (1.49)

Such a metric enables to split the structure group SO(n,n) and thus reduce to SO(n) x
SO(n).

1.5.2 Generalized almost complex structures

A generalized almost complex structure Z on M is an almost complex structure on 7 M
compatible with the metric G. Thus Z is an endomorphism of 7 M such that:

72 = 1

G(ZX, 1Y) = G(X,Y) (1.50)

for X, € TM. By similar arguments as for ordinary almost complex structures, Z
reduces the structure group from SO(n,n) to U(n/2,n/2), which can be achieved only in
even dimension.

We can see directly that we are actually generalizing almost complex structures. Indeed,
if I is an almost complex structure on M, define:

T = <é ﬁ[) , (1.51)

which is indeed a generalized almost complex structure. But this is not the only possi-
bility. Consider a symplectic form w, and define:

T, = ( g “6_1 > , (1.52)

which is also a generalized almost complex structure. In fact an arbitrary Z will cor-
respond to an intermediate situation between an almost complex structure and an almost
symplectic one.
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U(n/2) x U(n/2)-structures

As was pointed out in 1.5.1, an SO(n)-structure on M enabled to split the structure group
of TM. We could then expect a similar behavior for U(n/2)-structures. In fact an U(n/2)
can be defined by an almost complex structure I and a symplectic 2-form w. These in turn
lead to two generalized almost complex structures Z; and Z,,.

This is exactly what we were looking for: an U(n/2) x U(n/2)-structure is given by two
compatible generalized almost complex structures Z;,Z,. The compatibility conditions are:

71, Z5] =0

1.53
—G117, is a generalized metric ( )

1.5.3 SU(n/2) x SU(n/2)-structures

The next step is to define an SU(n/2, n/2)-structure. Instead of looking for the generalization
of the holomorphic top form € let us switch to the point of view of pure spinors: remarkably
the results of section 1.4.2 can be readily generalized. An SU(n/2,n/2)-structure is indeed
defined by a generalized pure spinor . Since ¥ is pure its annihilator space is an n di-
mensional subspace of 7 M and is actually the i eigenspace of the corresponding generalized
almost complex structure. In order to further reduce to SU(n/2) x SU(n/2) we now need a
second pure spinor:

An SU(n/2) x SU(n/2) is defined by two non vanishing pure spinors ¥;, Uy, such that
their generalized almost structures are compatible. They can be normalized to:

(W1, 0y) = (W9, Ug) = 8ug - (1.54)

In terms of the pure spinors the compatibility conditions say that they should share half
of their annihilator space.

From pure spinors to SU(3) x SU(3)-structures

Let us now specialize to our case of interest n = 6. SU(3) x SU(3)-structures can be quite
cumbersome to characterize but in the following we will only need the case where it actually
comes from two SU(3)-structures. Suppose that we have not only one but two spinors
11, M2 of positive chirality on M, normalized so that 171[771 = 77;772 = 1. Each defines its own
SU(3)- and almost complex structure, according to (1.28). They both combine to form an
SU(3) x SU(3)-structure on M, given by two generalized pure spinors:

Uy =8mn} , Uy=S8mip . (1.55)

Note that, thanks to Fierz isomorphism, generalized spinors can be seen equivalently as
bispinors or polyforms (in even dimension). We thus want to express Wy, Uy as polyforms. It
is also important to notice that 7,72 are not necessarily independent. Since 7); is pure, the
space of spinors can be constructed from 7; or 7{ and (anti-)holomorphic gamma matrices.
Note that we call a holomorphic gamma matrix the image of a holomorphic one-form in the
Clifford algebra, with respect to the complex structure defined by 7.
It follows that any normalized spinor of positive chirality, such as 7y in particular, can be
written as:
Ny = e cospn +singy . (1.56)
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Here e cos ¢ = 171172 and x is a normalized spinor, orthogonal to 71, and defined from an

anti-holomorphic one-form K such that K - K = 2:

1~ i ,.C
x = 5 Kin'n (157
In this definition K (and thus x) does not need to be globally well-defined, provided sin ¢
vanishes whenever the definition of K fails. Moreover, x (and K) defines locally another

SU (3)-structure, “orthogonal” to n;’s:

Jt = Xgx=iKAK—J

Qb = XT’Y(g)XC =1K QAK . (1.58)
We can also define a local SU(2)-structure (j,w):

w = X1 =3K-Q.

The two orthogonal SU(3)-structures can be reconstructed from the local SU(2) and K:

J = j+ %K ANK
Jt = —j+iKAK
O - wAK (1.60)
Ot = OAK.
Now we can compute the generalized spinors using Fierz identities:
U, = ej%K/\k (e™™ cospetd +sin pw) (1.61)
Uy = KA (e"cospw—singpetd) '
This leads to the following normalization of the generalized spinors:
<\I/1, \ifl> = <‘I/2, @2) = 8 V6 (162)

From there, several possibilities can arise. When sin¢ = 0, both spinors are collinear
so that they define the same SU(3)-structure (up to the phase v) on the tangent space. If
this condition is true on all of M we get a strict SU(3)-structure and the generalized spinors
simplify to:

U, = e*"l:eiJ
\I/Q = e“’ Q
On the contrary when sin ¢ # 0, K is well defined and so is the SU(2)-structure (1.59). If

this condition is valid everywhere, then this SU(2)-structure is globally defined and further
reduces the structure group of M. The extreme case where cos ¢ = 0 is called static SU(2).

(1.63)
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Supergravity and string theory

As the previous chapter was entirely devoted to mathematics, let us come back to some
physics. The main subject of this thesis is the study of certain solutions of N' = 2 super-
gravity in 10 dimensions. Even though supergravity is interesting in its own right, we should
remember that our motivation comes here from the study of vacua of string theory. Thus I
will first give a very quick and incomplete introduction to string theory, as several very good
books have been written on the subject: see [13, 14, 15] or more recently [16]. Most results
presented here are extracted from there, if not references will be added. The discussion will
go straight to the construction of the string spectrum. This will enable to better understand
how supergravity arises in string theory, and why supergravity solutions will play such an
important role.

I will then give a few details about supergravity in 10 dimensions. An emphasis is put on
the structure of fluxes, and their interplay with branes. Eventually I will talk about how to get
a 4 dimensional effective theory, and supersymmetric compactification in general. This will
make the connection with the mathematical tools introduced in chapter 1 as supersymmetric
compactification if better understood in the context of G-structures.

2.1 A few words about superstrings

2.1.1 The closed oriented string

There are different types of strings, each leading to a different string theory. I will speak
exclusively of type II superstrings, which are closed supersymmetric strings. The starting
point is a (super) conformal field theory on the two dimensional worldsheet of the string. For
the type II string the worldsheet is a cylinder W = R x S'. The field content will describe
an embedding of the worldsheet in a D dimensional space-time RUP~1, Indices o, 3, . .. will
refer to indices on the worldsheet while M, N, ... are indices on the target space.

XM will be the coordinates of the string in space-time. From the worldsheet point of
view they are just D independent scalars. Their fermionic counterparts are ™, a set of D
independent Majorana spinors. On top of these fields, the worldsheet is also equipped with
a metric A and a Majorana-Weyl gravitino x,. The full classical action presents a lot of
syminetries:

e Diffeomorphism invariance on the worldsheet
e Weyl and super Weyl transformations (or superconformal symmetry)

e Worldsheet supersymmetry
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e Poincaré transformations on space-time

Conformal invariance in particular is especially rich in two dimensions and plays a fun-
damental role in string theory. At the quantum level, anomalies are governed by the number
(and type) of fields, which is here directly linked to the dimension of space-time. An im-
portant consequence of conformal invariance, is that the cancellation of conformal anomalies
imposes D = 10, which we now take for granted. All these symmetries give (more than)
enough freedom to gauge away the worldsheet metric and gravitino. In this so-called confor-
mal gauge, the action can be written:

g= 1 / 20 <8aXM8aXM+a’1EMD@Z)M) (2.1)
w

4ol

where D = %0, is the Dirac operator in 1 4+ 1 dimensions.

2.1.2 NS and R sectors

Before going further we need to make a comment on the spinor fields . In order to define
spinors on a manifold (here W), the manifold shall have a spin structure (see the quick
discussion in section 1.2. For the cylinder W there are actually two distinct spin structures.
These structures come from the non trivial topology of the S' part, and are related to
periodicity conditions when turning around the circle. One structure gives rise to a trivial
spinor bundle, whose sections are periodic, while the other gives anti-periodic spinors. The
trivial, periodic structure will be called the Ramond (R) sector, while the anti-periodic one
the Neveu-Schwarz (NS) sector.

A priori there seems to be an ambiguity in the choice of spin structure. However it
happens that String theory will need both sectors to be represented in order to get a coherent
picture.

2.1.3 Type II string spectrum

To get to the string spectrum the action 2.1 is quantized: the solution to the equations
of motion for X and v are decomposed in modes that become creation and annihilation
operators in the quantum theory. For X the equations imply that it can be decomposed in
the form X (o) = Xgr(09—01)+ X (00+01). X1 R are respectively called Left/Right movers.
Define a,,, @,, their Fourier modes ! for n € Z. Note that ag corresponds to the momentum
of the string. Similarly ¢ can be decomposed in positive and negative chirality Weyl spinors:
¥ = ¥_ 4+ 1. The equations of motion then imply that ¢_ is actually a left mover while
1y is a right mover; call by, b, their modes. In the R sector n is an integer, while n € % +7Z
in the NS sector. The n < 0 operators will be taken to be the creation operators, acting on
a ground state. The indexing by n has been defined so that the action of a_,,b_,, adds 2n

units of (mass)?.

R-sector The action of by does not change the mass so the vacuum is degenerate. In fact
it can be seen that the b}/ act as space-time gamma matrices so that the ground state is a
space-time spinor |n). Note also that the R ground state is massless.

In this section the bar will refer to the right movers, not to be confused with the complex conjugation
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NS-sector There is no by here so that the ground state is unique and will thus be denoted
|0). However the NS-ground state has negative mass squared, such that the first excitations
b1/2|0) are massless.

Note that the sectors for the left and right movers are independent, which leads to four
different sectors for the closed type II string. In each sector the states are computed by
acting with both left and right creation operators on the corresponding ground state. In
fact, the NS sector leads to bosonic states while the R states are fermionic. Thus the bosonic
spectrum comes for the (NS,NS) and (R,R) sectors while the fermionic one from the (NS,R)
and (R,NS) sectors. Besides, left movers and right movers are not entirely independent so
that the states should obey the level matching condition, namely the same amount of mass
should be created in both sides. Nevertheless it can be shown that the full spectrum cannot
be consistent and must be truncated. This is done using the Gliozzi-Scherk-Olive (GSO)
projection. There are two nonequivalent projections, leading to two different type II string
theories. This projection enables to remove the tachionic state (namely the (NS,NS) ground
state) and to get a supersymmetric spectrum from the space-time point of view. We will only
need the massless spectrum in the following, but the massive states can be easily computed,
though the number of states rises quickly with the mass level. In the massless case, the GSO
projection amounts to choosing a specific chirality for the R sector and the spectrum is listed
below. To better understand their properties from the space-time point of view, they are
further decomposed in representations of so(1,9).

Type ITA strings: positive chirality for the left movers and negative chirality for the right
movers

, ates are space-time bivectors b @bV . ey can be decomposed into
NS,NS) Stat time bivectors bY ,|0) @b, ,|0). Th be d d int
its symmetric traceless part, antisymmetric part and trace.

(R,R) States are bispinors |, ) ® |A_). Using a Fierz decomposition the matrix 14 A_
is an even self-dual polyform, which can thus be decomposed into a O-form, a 2-form
and a 4-form.

(R,NS) Here states are a product of a vector and a spinor: |n;) ® B%/2]0>. This can
be decomposed into a positive chirality traceless vector spinor, and a negative chirality
spinor.

(NS,R) This is the same case with opposite chirality: b /2|0> ® |A_) is decomposed into
a negative chirality traceless vector spinor and a positive chirality spinor.
Type IIB strings positive chirality for both left and right movers
(NS,NS) This sector is the same as for the ITA case.

(R,R) States are bispinors [,) ® [A;). Using a Fierz decomposition the matrix 7, A,
is an odd self-dual polyform, which can thus be decomposed into a 1-form, a 3-form
and a self-dual 5-form.

(R,NS) This sector is the same as for the ITA case.

(NS,R) Unlike the ITA case, the chirality is identical to the previous sector: b, 210)®|A4)
is decomposed into a positive chirality traceless vector spinor and a negative chirality
spinor.
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This spectrum still contains some unphysical states, since the Minkowski metric of the
target space leads to negative norm states. To get the correct degrees of freedom, one
needs to eliminate these states. Once this is done, the spectrum can be decomposed into
representations of 50(8), as it should be for massless states in R%Y. For the (R,R) sector, this
implies that the p-forms should rather be interpreted as the field strength of (p — 1)-form
potentials (in particular that the 0-form of the ITA string is not dynamical).

It can be seen that the symmetric traceless tensor of the (NS,NS) sector should be iden-
tified with the graviton. Doing so would imply that the string length is of the order of the
Planck mass i ~ M%. This means that the tower of massive states would be inaccessible
in a phenomenological model of string theory. This is the main reason we will consider the
massless spectrum only.?

2.2 Type II Supergravity

In 10 dimensions, maximal supersymmetry corresponds to A/ = 2. There are actually two
ways to achieve this supersymmetry, namely type ITA or IIB supergravity, which are related
to the corresponding string theories (hence the names). In this section I will describe briefly
both theories (with more emphasis on the ITA side as this thesis is mainly about type ITA
supergravity). It is highly remarkable that the field content of type II supergravity matches
exactly the massless spectrum. This is of course not a coincidence, as supergravity arises as
a low energy limit of string theory (in a sense that will be shortly explained).

2.2.1 Type ITIA supergravity

As a theory a gravitation, type IIA supergravity is defined on a 10 dimensional lorentzian
manifold M. In physical words, the lorentzian metric g is dynamical and is called the
graviton. The N/ = 2 supersymmetry then imposes the existence of two gravitini. They are
Majorana-Weyl vector-spinors and in ITA they are of opposite chirality, hence it is possible
to regroup them into a single Majorana vector-spinor ¢5;. These are the basic ingredients of
supergravity, but in order to get a supersymmetric theory several supplementary fields need
to be introduced.

The bosons are a dilaton ¢ and a 2-form, the B-field; together with fluxes, namely a
1-form A and a 3-form C. All the differential forms here should be considered as potential
forms, the physical observables are therefore their field strengths. The spectrum is completed
by a pair of Majorana-Weyl spinors, the dilatini whose chirality should be opposite to the
gravitini. Hence we also regroup them into a single Majorana spinor A. Since both chiralities
are represented for the gravitini, type ITA supergravity is non chiral and is also denoted
N = (1,1) supergravity. Let us now write the action, parametrized by a constant parameter
m called the Romans mass:

1 1 1 1 1
S][Azﬁ/ [672(1) <RU10—|—4d¢)/\*d¢—H/\*H> —7m2v10—7F/\*F—7G/\*G
Kig JM 2 2 2 2

1 9 M _o m?2 5
BAAC? = LB A dC 1OB]+SQ+S4
(2.2)

2This argument is a bit quick here, since the Planck mass is usually defined in 4d. A better argument
should take into account the compactification
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where only the bosonic part of the action is explicit here.  is the Hodge star operator with
respect to g, vy is the volume form of M and could be written v1g = *(1) = /—gda’A- - -dz?,
and R is the scalar curvature. H, F, G are respectively the field strength of B, A, C, however
the B-field will have a particular role. Indeed the presence of the B twists the structure of
the fluxes, so that the field strength are written:

1
H=dB , F=dA+mB |, G:dC+AAH+§m§ (2.3)

This leads to the following Bianchi identities for the field strengths:

AdH=0 , dF=mH , dG=HAF (2.4)

Note also that the Romans mass could considered as a 0-form field strength, with Bianchi
identity dm = 0. In fact the bosonic action contains the standard kinetic terms for a graviton,
the scalar dilaton and the field strengths, apart from the non trivial coupling of the dilaton.
The first three terms in the second line of (2.2) are called the Chern Simons terms Scg,
they are combinations of the fluxes that form a top form and thus do not need the metric
to be integrated. Since they do not depend on the metric, they will not appear in Einstein’s
equations and are said to be topological.

I will not describe in detail the fermionic part as it is not particularly illuminating. The
necessary terms will be precisely defined when necessary (namely in chapter 3). Sy contains
the quadratic fermion terms: they are basically kinetic terms of the generic form WDV, where
D is a Dirac operator in a wide sense. D actually depends on the fluxes and thus gives the
interaction terms between the fermions and the fluxes. S4 is a quite involved contribution
of quartic fermion terms, but we will need only a few of them (cf chapter 3). Note that
these are self interaction terms that do not see the fluxes. A comprehensive expression can
be found in [17, 18, 19, 20] however these papers seem to be in disagreement [21]. Recently
the dilatino quartic terms were computed in [22] using the superspace formalism and found
agreement with [17]. We will thus trust the latter in the following.

Supersymmetry transformations The only information missing are the supersymmetry
transformations. Since we are considering N' = 2 supergravity the supersymmetry parameters
should be two Majorana-Weyl spinors. In type ITA they should be of opposite chirality and
are thus grouped in a single Majorana spinor €. The supersymmetric variations of the bosons
involve spinor bilinears between € and the fermions. The variation of the fermion, which will
be the one relevant for us, are given schematically by:

Setbnr = Vare

5.\ — Fe (2.5)

where V is the spin connection, modified by the fluxes, and F is a section of the Clifford
bundle, constructed by contracting all the fluxes to gamma matrices (including the dilaton).

Einstein frame It can be quite confusing to see that the Einstein-Hilbert term of the
action is coupled to the dilaton with a factor e 2?. However it could be reabsorbed in the
metric, at the price of a field redefinition. This is just a rescaling of the metric by a dilaton-
dependent factor. Such a redefinition of the metric is called a change of frame. The action
(2.2) is currently in the string frame, and the frame in which the scalar curvature is not
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coupled to the dilaton is called Einstein’s frame. The transition between both frames can be
done through a rescaling:

g =e??g" (2.6)

Since we will also need the Einstein’s frame action, let us spell out the changes:

1 1 1 1 1
SHa= —2/ (Ruig — ~dp A xdp — —e ®H AxH — =e***mvig — ~e39/2F A xF—
262y Jm 2 2 2 2

K10
%e‘b/zG A*G) + Scs + Sa + Sy
(2.7)

2.2.2 Type IIB supergravity

The other possibility is type IIB supergravity. This thesis is not so much about type IIB,
but since several solutions will be considered throughout the thesis, it would be welcome to
at least have an action written somewhere. This case is very similar to the ITA case (at least
for our purposes) and I will show here some of the main differences.

First of all this theory is chiral, as the gravitini have same chirality (say positive). Then
both dilatini, whose chirality should be opposite to the gravitini, have negative chirality. This
is also seen at the level of the supersymmetry parameters, which should both be of positive
chirality.

Regarding the bosons, the graviton, B-field and dilaton are identical to the ITA case.
However the fluxes are now a 0-form (a scalar) Cp, a 2-form Cs and a 4-form Cy. Hence their
field strengths Fi, F3, F5 are odd forms. Without much surprise, the IIB bosonic action is
then (in the string frame):

1 1 1 1
Srig = POCE [6_2¢ <R7)10 + 4d¢ A xd¢ — H/\*H) — —Fy ANxFy — —=F3 A\ xF3
2r70 JM 2 2 2 (28)

1 1
CCFE A%Fs— ~C4AH A F
1T AxFs = SCu N H A 3}

The only subtlety at first sight is coming from the Chern-Simons term, but there is also
an issue concerning F3. Indeed in type IIB supergravity, I5 should be self-dual:

*F5:F5 (29)

and this condition does not follow from this action. For this reason, (2.8) is called a
pseudo-action: not all the equations of motion follow from the action which needs to be
supplemented with the self duality condition.

Moreover, as was the case for type ITA supergravity, the field strength are twisted in
presence of B-field:

H=dB , K =dCy, , F3=dCy—-CyH , H;=dCy,—HANCy , (210)

which lead to the Bianchi identities:

dH =0 , dFi=0 , dFs=HAF, , dFs=HAF; (2.11)
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Note also that plugging (2.9) in the Bianchi identity for Fj leads exactly to the equation
of motion for Cy coming from the action®. This means that the selfdual condition is more
than just an algebraic constraint on the field strength: it is actually the equation of motion

for Cy.

2.2.3 Low energy effective action of string theory

Compare now both type II supergravities to the spectrum derived in 2.1.3. As previously
advertised, the field content is in exact correspondence with the massless spectrum of the
corresponding string theory. The (NS,NS) sector, common to types IIA and IIB, gives the
graviton, the B-field and the dilaton. The (R,R) sector will give the fluxes, with even field
strength in ITA and odd in IIB, including the self-dual F5. For this reason H will be called
the (NS,NS) flux while the other forms are (R,R) fluxes. Now looking at fermions, the (NS,R)
and (R,NS) sectors give each a gravitino and a dilatino with the right chiralities.

This matching between the massless spectrum of string theory and supergravity hints
toward a resemblance between both theories, at least at low energies compared the string
mass F? < 5 so that the massive states can be ignored. One way to check this is to compute
scattering amplitudes for string states and derive an effective action. The latter should recover
at tree level the string amplitudes. Note that in general an interacting quantum theory should
generates n-points functions for arbitrary n, so that an effective theory will have a priori an
infinite number of terms. Thus we expect an expansion in powers of «'.

The computation of string amplitudes is done using tools from conformal field theory.
Indeed the superconformal invariance of string theory gives a one to one correspondence
between states and certain operators, called vertex operators. A scattering amplitude is
then given by the correlators of the corresponding vertex operators. These correlators are
computed in the worldsheet two dimensional theory by a path integral over the possible
embeddings into a given background. This path integral, called the Polyakov integral, also
sums over the topology of the worldsheet. For the closed string, this is a sum over all compact
two dimensional oriented manifolds without boundaries. They are classified by an integer ¢
called the genus: g = 0 is the sphere, g = 1 is a torus, and so on.

This path integral should be compared to the perturbative expansion in Feynman dia-
grams of quantum field theory. Higher genus surfaces correspond then to higher order loop
corrections. A fundamental aspect of this is that these higher genus terms are governed by
powers of the dilaton. Thus the expectation value of the dilaton is often called the string
coupling constant:

gs = €' (2.12)

The effective action can thus be expanded in powers of o’ and g5, to which should be
added non perturbative effects that cannot be captured by the Polyakov path integral (for
example fermionic condensates that I will discuss in chapter 3). The computation of higher
order terms is of course extremely involved. The most important result is that, at leading
order in o/, the effective Lagrangian boils down to the type II (A or B) Lagrangian:

1
Lejr = ?EHA/B + O0(a”®) (2.13)

3The fermions are set to zero here. (2.9) is modified in presence of fermions and the equation of motion
for C4 is sourced, so that the remark still holds in presence of fermions
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Where the gravitational constant k19 can be related to the string length:

263 = (2m) " (2.14)

This means that type IIA and IIB supergravity are the low energy limits of the correspond
string theory. Note also that the next order correction in g, appears only at the order o/ at
least, so that this approximation is perturbatively exact in the string coupling.

2.2.4 Democratic formulation

There exists another formulation of type II supergravity, developed in [23] and called the
democratic formulation. It does not change the (NS,NS) part but unifies the (R,R) fluxes in
a single polyform F'. The bosonic part of the democratic action be written:

1
21y

where [ is an even polyform in ITA and odd in IIB. In order to get the same number of
degrees of freedom, a self-duality constraint must be imposed on F":

1
S / [6_2¢ (va 4+ 4dp Axd¢p — —H N *H) — 1F A *F} (2.15)
M 2 4

*AF=F (2.16)

where A\ has been defined in 1.5.1. To make contact with the previous description of
(R,R) fluxes, write:

F = (1+*)\)(F0+F2+F4) (HA) , F= (1+*)\)(F1+F3)+F5 (HB) (2.17)

F' can also be written in term of a polyform potential A:

F=dyA+ Fpe™® (2.18)

where d = d + HA is the twisted derivative? and Fyy = m is the Romans mass, present
only in ITA. The Bianchi identities can now be written in a compact form:

dgF =0 (2.19)

For the component Fj, of degree p < 5, this gives the usual Bianchi identities. But for
p > 5, F), are the Hodge duals of the (R,R) fluxes, so that these equations contain also the
equations of motion for all (R,R) fluxes. In fact the democratic formulation also generalizes
the issue we had with Fj5 in type IIB: the equations of motion result from the Bianchi identities
and the self duality condition, which cannot be derived from the Lagrangian. Thus (2.15) is
only a pseudo-Lagrangian.

Still the democratic formulation remains extremely useful, as it is necessary to make
contact with generalized complex geometry, since polyforms and the twisted derivative will
play an important role. This will be used extensively in section 4 to derive the transforma-
tion rules for the (R,R) fluxes under non abelian T-duality, and also in 4.3.1 to solve the
supersymmetry equations.

4Here we take a slightly different convention for B, that amounts to changing its sign, in order to make
contact with section 4.3.1
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2.3 Fluxes and branes

Fluxes will be at the heart of several discussions in this thesis, and are intimately linked with
the concept of branes. They can be understood as a generalization of Maxwell theory, to
higher order forms (Maxwell potential is a 1-form). Then in all generality a flux is a field
defined by p-form F' = dA, the field strength of a (p — 1)-form potential A. The kinetic term
of F'in an action will take the form

1
&m:/QFAM‘ (2.20)

so that the Bianchi identity and equation of motion read respectively:

dF =0 , d*xF=0 (2.21)

A source could then be inserted into these equations: a source for the equation of motion
is called electric, while a source for the Bianchi identity is called magnetic. Note that by
accepting the existence of a magnetic source one must give up the notion of potential®. These
sources are extended and their dimensions depend on the degree of the flux form. Such
extended objects are called branes in supergravity and string theory. Implicitly branes will
always be extended in the time direction and will thus be denoted by their spacial dimension.
Hence a 0-brane is the worldline of a particle, and a 1-brane is the worldsheet of a string for
example.

In the equations branes will be modeled by currents 7, /p,, generalization of distributions
for differential forms, which contain the volume form of the brane (the directions in which it
is extended) and the charge distribution (usually a delta function stating the position of the
brane). The equations become:

dF =*Jm , d*xF=%J. (2.22)

Which shows directly that a p-form is sourced electrically by a (p — 2)-brane and mag-
netically by a (n — p — 2)-brane. Another consequence of this is the charge conservation
equation:

d*xJ =0 (2.23)

The most straightforward example is when branes are inserted in a flat space-time, say
R, Then decompose space-time into the world volume of the p-brane and the space trans-
verse to the brane (in this picture the brane is flat too and can be identified with R?). In
the transverse space the brane is point like, it is then possible to compute the total charge
by integrating the current on a ball containing the brane:

Qe:/B*jez/S*F
= e

5The existence of a potential, even locally, implies by definition that the flux is closed. However most of
the time the source will be localized, it is then possible to remove the locus of the source from space-time. By
an abuse of definition, a potential can then be defined on this excised space, but never on the neighborhood
of the source.

(2.24)
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Where S = 0B. Thus the charge can also be computed by integrating the flux on a cycle
surrounding the charge. This is actually the definition given to charges in the following:
charges are integrals of the fluxes along specific cycles. Note that in a non topologically
trivial space-time, a flux can carry charge even without the actual presence of brane. Indeed
the integral over a non exact cycle is not necessarily 0 even if the flux is closed.

Until now the discussion has remained general, let us now see how the concept of branes
fits in supergravity and string theory.

2.3.1 Branes in supergravity

Strictly speaking, branes are not ingredients of supergravity. They should be considered as ad
hoc objects introduced as a source to the fluxes in order to understand how they modify the
equations and their solutions. NS1 and NS5 branes are respectively the electric and magnetic
sources for the (NS,NS) 3-form H while Dp branes are sources for the corresponding (R,R)
fluxes. Two important subtleties will arise when manipulating branes in the context of
supergravity.

Backreaction on the metric

The first issue is that we are now looking at a theory of gravity, where the geometry of space-
time itself is dynamical. Thus branes will also source Einstein’s equations, as any object in
supergravity. Inserting a brane in a background will backreact on the metric and possibly
change the topology or introduce singularities. In this new background, all the equations of
motion can be solved without the need for a source term. The interpretation of this brane
can then be confusing: is the brane an actual physical object, or was it just a mathematical
tool to get a new genuine supergravity solution ? A practical answer would be to look at
the charges which are more robust: the brane itself is not that important, what matters is
the charge carried by the fluxes. However there are cases where the brane can actually be
tracked down. For example the backreaction of branes on a flat background can be computed
and leave quite a peculiar signature:

NS5 branes
ds? = dsi/ + h(r)ds?
e?(r) — h(r)1/2
H=%.dh (2.25)
b
h(T) =a-+ )
Dp branes
ds® = h(r)~Y2ds?, + h(r)"/?ds?
1) = p(r)* T
Fp+2 = d(h_l) A vy (226)
b
h(r) =a+ p
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where the metrics are given here in the string frame. ds? / and dsi are respectively the
flat metrics of the worldvolume of the brane and of the transverse space. % is the Hodge
star operator in the transverse space only and v,, is the volume form on the brane. Each
time h(r) is a harmonic function on the transverse space®, whose radius coordinate is r.
The pattern here is that the brane backreacts on the metric through a warp factor that is
singular at 7 = 0. Such a singularity in the metric does not necessarily mean that space-time
is singular, but at least it is a hint that the global topology has changed.

The B-field and Page charges

The other issue concerns the presence of the B-field that twists the Bianchi identities and
equations of motion. In the democratic formulation both can be regrouped into (2.19).
Adding a source term to this equation would not be consistent: since di F' is not closed this
would violate the charge conservation equation (2.23). The way out is by defining the Page
flux F' = ePF. Then the Bianchi identity becomes:

dF = eBdgF =0 (2.27)

and this can be consistently sourced. Thus the correct charges are rather the integrals of
the Page fluxes, called Page charges. This construction comes at a price though, since now
the charges depend explicitly on B and can change under a gauge transformation d BdA.

2.3.2 Stringy origin

Contrary to supergravity, string theory is expected to naturally contain branes. For example
Dp branes can be understood as the locus on which open strings can end. The NS1 branes
are actually the fundamental strings themselves. The interpretation of the NS5 is on the
the other hand less clear but they are also expected to appear, for example as dual to D5
branes in type IIB. Now when looking at the low energy effective action, branes can arise as
non perturbative corrections to the supergravity action. It is important to keep that in mind
when solving the supergravity equations to get string vacua. One restriction of string theory
on the supergravity solutions is the quantization of the fluxes which we will state here as a
fact.

Flux quantization The charges, or Page charges when appropriate, should be integers
when normalized in the following way:

1
=—— | F 2.2
@ QK%OTP / (2.28)

where T}, is the tension of a p-brane, given by:
1 p+1
— = (2n)PVo! (2.29)
Tp
Note that this result is valid for Dp-branes as well as for NS5 branes when specializing
to p = 5.

SFor p =7, h(r) is logarithmic
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2.4 Supersymmetric flux vacua

In order to connect string theory to the real world, much more work has to be done. For
string theory to describe quantum gravity the string scale 5 should be of the order of M3.
This means that the standard model, as well as any physical process that can be probed
with particle accelerators, lie far below the string scale. Thus a realistic phenomenological
model of string theory will most likely rely on a low energy approximation: for us it is type
IT supergravity. If string theory were indeed a good description of reality, physics at our
energy scales should be described by small perturbations around a vacuum, that is a classical
bosonic solution of supergravity”. The properties of the theory will then depend on the choice
of vacuum. The study of string vacua is thus of paramount importance to understand the
potential physical applications of string theory.
In this thesis we will be mainly concerned by vacua with the following properties:

e We expect the effective theory to describe our 4 dimensional world. So the 10 dimen-
sional space-time is written as a direct product My x Mg, where My is a 4 dimensional
homogeneous space and Mg is the compact internal manifold of characteristic length
lg. Supergravity will then be compactified on Mg : this gives a refinement of the re-
lation between o’ and the Planck mass. Indeed the Planck mass is the coefficient of

the Einstein-Hilbert term. Integrating will over Mg gives a coeflicient 22‘; so that
10

M3 ~ i—% Moreover for stringy effects to be neglected in the supergravity approxima-
tion, lg should be larger than the string length 2 > /. On the other side no sign of
extra dimensions has been detected to this day so that lg should be small compared to
the characteristic length probed by actual experiments.

e The vacua are supersymmetric. This means that there exists spinors € such that the
supersymmetric variation of fields with parameter e, evaluated at the configuration,
vanish. This will imply supersymmetry of the effective theory and the number of inde-
pendent spinors satisfying this condition is the number of preserved supersymmetries.
Once again no sign supersymmetry has been detected, so that supersymmetry should
then be broken at some point between the compactification and standard model scales.
At first glance this seems like an additional constraint to an already involved problem
but integrability theorems [24] show that, together with mild assumptions, supersym-
metry of a configuration implies the equations of motion.

e Fluxes will a priori not vanish. Vacua without fluxes where originally considered, com-
pactification then leads to many massless scalar fields in the effective theory. Turning
on the fluxes can give a mass to these so-called moduli and thus helps deriving better
phenomenological predictions. Anyway fluxes are genuine fields of the theory and it
is thus necessary to consider them at some point in order to fully understand string
vacua.

Let us now explore the constraints supersymmetry will impose on the vacua. For more
details on supersymmetric flux vacua see the review [25]. Consider an arbitrary configuration
for which all fermionic fields are put to zero. Since the supersymmetric variation of the bosons

"For such vacua to be trusted, it is important to keep the approximations under control.
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is constructed from spinor bilinears between the fermions and the parameter €, they vanish
trivially. The constraints thus come from the fermionic variations, in the form of an equation
on the spinor e.

Define the following ansatz for type IIA supergravity in the democratic formalism, in
accordance with our previous description. The metric is given by a warped product:

g=e""g5+ g (2.30)

where g4 is the maximally symmetric metric on My and gg defines the geometry of the
internal space Mg. To respect the symmetries of the 4 dimensional space the dilaton ¢ and
the warp factor A depend only on the internal coordinates. Moreover the fluxes either have
no leg on My or are proportional to the volume-form vy of g4. Thus H is a 3-form on Mg
and the flux polyform can be decomposed into:

F = F; + e* vy A NF, (2.31)

where F; is an even polyform on Mg. In order to respect the self-duality condition (2.16),
F, is related to F; by F, = x¢A(F;). Finally the supersymmetry parameter will be factorized
into spinors of My and Mg. In 10 dimensions € is a Majorana spinor, whose two chiralities
are independent. Then take the ansatz:

€y = @m+ (e

. . (2.32)
€. =N+ N

where (;,n; are positive chirality spinors in respectively 4 and 6 dimensions. Then plug
the ansatz in the supersymmetry variations with parameter (2.32). The external part tells us
that (; are killing spinors for M. The internal part will involve covariant derivatives of the
n; and will be the core of the discussion. The first consequence is that they cannot vanish.
As we have seen in section 1.5.3 two non vanishing spinors on Mg define an SU(3) x SU(3)
structure. It can then be shown that the supersymmetry equation can be expressed in terms
of the SU(3) x SU(3) structure data for which the (R,R) fluxes act as a source. This seems
to lead to conditions on a supplementary structure, but an SU(3) x SU(3) structure actually
determines the metric. In practice, the supersymmetry constraints are first order differential
conditions on the bosonic fields. These equations will be much easier to solve than the second
order supergravity equations, and thanks to the integrability theorems their solutions will be
genuine vacua.

If both spinors ny, 72 are collinear the SU(3) x SU(3) structure boils down to a single
SU(3) structure. The supersymmetry conditions then determine the torsion classes, which
are sourced by the fluxes. If the fluxes are set to zero, the SU(3) structure becomes integrable
and Mg is Calabi-Yau. This also implies that the warp factor and dilaton vanish and the
four dimensional space-time is Minkowski. Also (i, (s can be chosen independently and this
gives N' = 2 supersymmetry. On the contrary non vanishing fluxes break the Calabi-Yau
condition and supersymmetry is possible only if (; = (5, ie N' = 1 supersymmetry. Moreover
it can be shown that fluxes give in general negative contributions to the curvature of the
four dimensional space-time. This leads for example to the no-go theorem from [26] that
excludes a Minkowski or de Sitter external space for vacua with non vanishing flux and no
other ingredients. We are thus left with AdS: the conditions on the SU(3) structure for
N =1 supersymmetric AdSy have been computed in [24].
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In the general case however n; and 7, need not be related. Then the SU(3) x SU(3) struc-
ture is not a strict SU(3). Of course each spinor defines an SU(3) structure but rewriting the
supersymmetry conditions in a unified way requires the framework of generalized complex
geometry. Once again fluxes break supersymmetry to A" = 1. The translation of the super-
symmetry equations for N' = 1 supersymmetric flux vacua in the language of SU(3) x SU(3)
structure was done in [7, 9].

Note that all the results cited here fit in the present ansatz. Of course is is possible to
look for flux vacua with a different ansatz. Then the supersymmetry equations need to be
modified accordingly. This is done for example in section 4.3.1 in the case of a domain wall
ansatz.
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This chapter will present consistent truncations of type ITA supergravity to 4 dimensions
in presence of fermionic condensates and fluxes. The motivation stems from [22] that shows
that quartic dilatino condensates could lead to de Sitter vacua, which are otherwise extremely
difficult to get in string theory [27, 28]. In fact no-go theorems [29, 26] show that supergravity
do not admit de Sitter vacua, at least when considering only its classical ingredients. The only
way out is thus to include quantum corrections, here in the form of fermionic condensates.

Before diving straight into the discussion, let us say a few words about the two framework
that will be used in this chapter:

Consistent truncation A truncation of a theory reduces its degrees of freedom by remov-
ing parts of its spectrum. If the truncated modes are not sourced by the remaining modes
the truncation is called consistent. Then all solutions of the truncated theory can be lifted
to solutions of the original theory. In practice a truncation is an ansatz on the fields that
will be plugged in the equations of motion. If the resulting equations can be regrouped into
a Lagrangian on the remaining fields, this Lagrangian gives a consistent truncation.

In string compactification consistent truncations can be used to build lower dimensional
theories (here 4D) by truncating the modes living in the internal space. Finding solutions for
the truncated theory will be much easier than for the full 10 dimensional supergravity, and
consistency of the truncation ensures that these solutions are genuine vacua. The downside
is that the stability of the solution can be checked only along the directions of the remaining
fields, while truncated modes could still source instability.

Fermionic condensates In a maximally-invariant vacuum of the theory, all fermion vac-
uum expectation values (VEV) are assumed to vanish, but quadratic and quartic fermion
terms may still develop nonvanishing VEV’s. Schematically,

N =0; O\ = / (DB (3N)e 51 £ 0 | (3.1)

where X collectively denotes the fermions and ® stands for all fields in the action S[®]. The

vacuum (@) is obtained by minimizing the effective action Seg with respect to the fields,
0Sefr
5P

-0, (3.2)
(®)
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where, at tree level in the coupling, the effective action coincides with S.

Moreover, in the case of the critical IIA superstring, the two-derivative effective action
Sest coincides with the action of ten-dimensional ITA supergravity to all orders in string
perturbation.! However, nonperturbatively, Seg may develop non-vanishing VEV’s for the
quadratic and quartic fermion terms.

The idea of fermionic condensate is not new. The phenomenon has already been observed
in supersymmetric Yang-Mils theories, for example in [30]. In the context of string theory
studies have mainly focused on gaugino condensation in the heterotic case [31, 32, 33, 34,
35, 36, 37, 38]. Note that gaugino condensation did not seem to help getting a positive
cosmological constant [39]. The situation seems to be different in the IIA case as [22] and
this chapter point out.

At first this chapter builds on the work of [22] by constructing a consistent truncation in
the presence of dilatini condensates. The truncation admits a limit in which the internal
space is Calabi-Yau. The ansatz is extended in a second time to get a consistent truncation
to the universal sector of Calabi-Yau compactification. Eventually gravitini condensates are
added to the truncation which then admits de Sitter solutions. It is suggested that such
condensates can be generated by gravitational instantons.

3.1 Dilatini condensation

We will not examine the mechanism for the generation of fermionic condensates here: we will
simply assume their presence and examine the implications. In the following we will look in
particular for dilatonic solutions, i.e. for solutions of the dilatino-condensate action of [22].
This is obtained from the ITA supergravity action by setting the Einstein-frame gravitino to
zero. Moreover, the quadratic and quartic dilatino terms in the action should be thought of
as replaced by their condensate VEV’s, and thus become (constant) parameters of the action.
The dilatino-condensate action should therefore be regarded as a book-keeping device whose
variation with respect to the bosonic fields gives the correct bosonic equations of motion in
the presence of dilatino condensates; the fermion equations of motion are trivially satisfied
in the maximally-invariant vacuum, and need not be considered.

In [22] the fermionic terms of ITA supergravity were determined in the ten-dimensional
superspace formalism previously developed in [40], resolving an ambiguity in the original
literature [17, 18, 19] concerning the quartic fermions, and finding agreement with [17]. In
the conventions of [22], the dilatino-condensate action of (massive) IIA reads,?

_ 1 _ _
S—_S,+ / 402 /G{(ATM V5, A) - f—ﬁew/‘lm(AA) + 3 (AA)?

512
5 - 1 .
- 3—263¢/4FMN(AFMNFHA) + @ew‘*aMNPQ(AFMNPQA)} ,

(3.3)

'Indeed loop corrections in the string coupling are expected to modify the terms in Seg with eight or more
derivatives. In general, this will no longer be the case in the compactified theory.

2We have rescaled the Romans mass: m — 5m/4 with respect to [22]. Moreover g, of that reference is
denoted gmn here. We have also changed conventions for the Riemann tensor so that R of [22] is —R here.
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where A is the dilatino; Sp is the bosonic sector of Romans supergravity [41],

/ Oa/g(~ R+ (a¢) L
! (3.4)
_l’_

s CH 4‘ e?2G2 4 2m 2e7/2) 4 8,
where CS denotes the Chern-Simons term. We emphasize that, as mentioned previously,
the dilatino terms in (3.3) are not dynamical but should be thought of as parameters of the
action. In particular (AA)? should be thought of as the VEV ((AA)?) and is therefore a priori
independent of (AA), which should be thought of as the VEV (AA).

The dilaton and Einstein equations following from action (3.3) read,

0=-V+ §63¢/2F2 - ie"bH2 + ie‘i)/QG2 + 5m e*9/?
1 - 1 1 = ’
- gew“m(m\) - 58 S Eyy (APVNT 1 A) 4 2o A Grpa (ATYVPA) |

and,

1 1
Ryn = *8M¢8N¢ + *m265¢/29MN + 163‘15/2 <2F]%/[N - ggMNFZ)

16
1 _ 1 1 3
t 15 ¢(3HMN - ZQMNH2> + 4*86‘”2 (4G?\/1N - ggMNG2)
1, - 1 1 — 3 -
S(AT A) + —gun(ATPVpA) — = e 4m(AN) — = (AA)?
+ 2( MV mnA) + 169MN( VpA) 89MN{16 m(AA) 512( ) }
5 _ . 1 _
- §€3¢/4F(MP(AFN)PF11A) + 786¢/4 {QG( POR(AT vy porA) — ggMNG(4) (AF(4)A)} :

(3.6)

The form equations read,
0= dx[e*/2F — 156 39/4(AT )FllA)] + e H A X[+ W‘*(Ar( JA)]

0= dxe H + e/2F N x[e?/?G + — ¢/4(Ar( A — lanc

+mx [€3¢/2F — %63¢/4(AF( )FHA)]

0=dx[e?”?G+ — T ¢/4(Ar(4)A)] ~-HAG,

where: (AL'(,)A) := ]%(/_\FMIWMPA)dxMP A AdaM

D)

3.1.1 Dilatonic solutions
Bosonic AdS, solutions

The equations of motion (3.5)-(3.7) together with (2.4) admit bosonic solutions of the form
AdSy x Mg, where Mg is nearly Kéhler, cf. section 11.4 of [42]. Let us now review these
solutions, before switching on the dilatino condensates in section 3.1.1.

We take the ten-dimensional spacetime to be of direct product form AdS,; x Mg,

ds? = ds*(AdS,) + ds*(Ms) . (3.8)
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Let us parametrize,

Ry =3\guw ;  Run = 200% g (3.9)

where g, gmn are the components of the metric in the external, internal space respectively;
A is negative for anti-de Sitter space; w is related to the first torsion class of Mg through
(1.35).

Moreover we set the dilaton to zero, ¢ = 0, and we parameterize the three-form and RR
fluxes as follows,

1
H=fReQ: F=0bJ; G:avol4+§cj2; f,a,b,ce R, (3.10)

where J is the Kéhler form of Mg, and voly is the volume element of AdS,. It is then
straightforward to see, using (1.35), that the Bianchi identities (2.4) are satisfied provided,

mf 4 6bw =0 . (3.11)

The F-form equation in (3.7) is automatically satisfied, while the H-form equation reduces
to,
2bc —ac+mb—8fw=0. (3.12)

The G-form equation in (3.7) reduces to,
af +6cw=0. (3.13)

Moreover the dilaton equation reduces to,
0= 9b* + 3¢* + 5m? — a® — 82 . (3.14)

The mixed (p, m) components of the Einstein equations are automatically satisfied, while
the internal (m,n) components of the Einstein equations reduce to,

20w? = 26> + 2 + m? — f?, (3.15)

where we have taken (3.14) into account. Finally the (u,r) components of the Einstein
equations reduce to,

1
A= éf2 —10w? , (3.16)

where we have used (3.14) and (3.15).
As noted in [42], these equations admit three general classes of solutions only one of which
is supersymmetric and corresponds to the nearly-Kéhler solutions first discovered in [43]; it
reads,
27 1 3 2 1 16
2_ 20 2. 2

b=-a; c=-m; f=x+-—m; w:—ga; A=——m

e =M Ty 5 5 25

(3.17)

In particular we see that the solution is parameterized by a single parameter (the Romans
mass) and reduces to flat space without flux in the massless limit m — 0.
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Solutions with dilatino condensates

We will now allow for nonvanishing dilatino bilinear and quadratic condensates. Let Ay be
the positive-, negative-chirality components of the ten-dimensional dilatino. We decompose,

Ap=b,@n—0_on"; A_=0_on-0_cn, (3.18)

where 6, ¢, are arbitrary anticommuting four-dimensional Weyl spinors of positive chirality,
see appendix A for our spinor conventions. Furthermore the reality of Ay imposes the
conditions,

é+ = gf ; 9, = —§+ 5 (319)

which implies in particular, N o
(0.6")* =—(0-0") . (3.20)

We define the following three complex numbers parameterizing the four-dimensional dilatonic

condensate, _ ~ _
A= (040,); B:=(0:6y); C:=(0.0,). (3.21)

In terms of these, the ten-dimensional dilaton bilinears decompose as follows,

(A+A )= ( )
A anrs = —6R Janrs
( M+ ) e( ) [ ] (3.22)
(A-i-rmnp +) - 2Re(Banp)
(A_TppA_) = —2Re(CY,,,0)
(/_\—&—F;wpa ) Zlm( )ngPU ’

where we have used (1.28). For the “kinetic” bilinear terms we will assume that (ALT,V,A+) =
0. For a NK internal manifold such that (1.35) holds, we have,

(AT (Vi As) = —2Im(Bw) gimn

- (3.23)
(AT, VAo) = —2Im(Cw™) gmn -

Let us now substitute the above in the 10d equations of motion, while retaining the same
form ansatz (3.10) as in section 3.1.1. The only difference is that we postulate a 10d metric

of the form
ds? = ds?(S1?) + ds* (M) | (3.24)

where now S? can be any maximally symmetric four-dimensional space. Le. (3.9) is still
valid here, but we allow A to also be positive or zero (corresponding to de Sitter or Minsowski,
in addition to anti-de Sitter).
With this ansatz the 10d equations of motion are modified as follows: the Bianchi iden-
tities (2.4) are satisfied provided,
mf +6bw =0, (3.25)

as was the case for vanishing condensate. The F-form equation in (3.7) is automatically
satisfied, while the H-form equation reduces to,

5 3
2bc — ac+mb — 8fw + ZmIm.A— ibReA: 0, (3.26)
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exactly as in the case of vanishing condensate. The G-form equation in (3.7) reduces to,
3 3
(a+ ZImA)f +6(c — ZReA)w =0, (3.27)
thus receiving a contribution from the condensate. The dilaton equation reduces to,

— 9b(b + 2TmA) + 3c(c — ZReA) + 5m(m — %ReA) —ala+ %ImA) _8f2. (3.28)

4

The mixed (p, m) components of the Einstein equations are automatically satisfied as before,
while the internal (m,n) components of the Einstein equations reduce to,

1 5 9 7 3 o2
20w —Em +16 ‘l‘ f +E +E (329)
3 Mm(Bw + Co™) — 2mRed + S (AN? .
+§bImA+3—2aImA—§cReAme( W Cw') = omReA + 5 (AN

where, as already mentioned, the last term above should be thought of as the VEV of a
quartic fermion term, thus a priori different from the square of the bilinear VEV. Finally the
(1, v) components of the Einstein equations reduce to,

1 1 5
N = —m?2 p2 _ 2 2 2
AT f TN (3.30)
3 3 1 7 '
— gyolmA+ o cReA — JIm(Bw + Cw’) — omReA + 212 (AA)? .

In the limit of vanishing condensates one recovers the bosonic AdSy x Mg solutions reviewed
in section 3.1.1. Moreover one can obtain A > 0, and thus four-dimensional de Sitter space,
provided (AA)? is sufficiently large.

3.1.2 Consistent truncation

The solutions of section 3.1 can be recovered from the equations of motion of a four-
dimensional consistent truncation of the ten-dimensional ITA dilatino-condensate action. In
the following we will construct the consistent truncation in the case of vanishing condensates.
The case of nonvanishing condensates will be considered in section 3.1.4.

Our ansatz for the ten-dimensional metric includes two scalars A, B with four-dimensional
spacetime dependence,

ds%lo) — 24 (eQB(x)ngm“dx” + gmndymdy") ' (3.31)

From the above we obtain the following formula for the ten-dimensional Laplacian of a scalar
S(z) with only four-dimensional spacetime dependence,

Vi S(@) = e 24728 (V2 S(x) + 897 A0,S + 20°B0,S ) (3.32)

where the contractions on the right-hand side are taken with respect to the unwarped four-
dimensional metric. The Einstein tensor of (3.31) reads,

RO = RO) — e 2By, (VP9,A+ 80P Ad,A + 20° A9, B)
RID = R — g, (VPO,A + VP0,B + 807 Ad,A + 20°BI,B + 100°A0,B)  (3.33)
+ 80, A0, A + 20,B0, B + 160, A0, B — 8V,,0,A — 2V,0,B ,
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while the mixed components R( ) vanish identically.

Our ansatz for the forms is such that the Bianchi identities (2.4) are automatically satis-
fied. It is given in terms of three scalars ¢, y, v which are taken to only carry four-dimensional
spacetime dependence. Explicitly,

1 1
F=mxJ; H=dxAJ—6wyReQ; G:g0v014+§(m)(2+’y)J/\J—8—dfy/\ImQ. (3.34)
w

In particular we obtain,

Ff?zn - m2X2€72A9mn ; F? 6m2 %e
H2, =2 *728(9x)2 g + 144 0> 2 g ; wa = 6419, X0, x

H? = 18754728 (9y)? 4 864e 04wy

—4A

e 2B (920 (3.35)

G2, = 12¢754 (mx2 + v) 60

3
G;Qw = —6e 4" GB‘PQQ#V + 876 ) YOy

3
G? — _940 8A-8B 2+72€ 8A (mX +’Y) +7e—8A—23(67>2

2?2

where the contractions on the left-hand sides are taken with respect to the ten-dimensional
metric while the contractions on the right-hand sides are taken with respect to the unwarped
four- and six-dimensional metrics. The following expressions are also useful,

1
*10F = 5mx€6A+4BVOI4 AJ?
1
*10H = 564A+23 *qdx A J? 4+ 6wxe4A+4Bvol4 A ImQ (3.36)
1 1
*x10G = —gwezA_4BJ3 + (mx? +7)e? A4 Byoly A J + STuezAHB x4dy A ReQ) |

where the Hodge star is defined as in [24, 22]. Plugging the above ansatz into the equations
of motion we obtain the following. The internal (m,n)-components of the Einstein equations
(3.6) read,

1 )
0 = ¢ 8A-2Bym <68A+2Ba“A) + Emzes>¢/2+2A+2B + 2 16 e30/2-2A+2B,,

/2 (36 6A—6B 2+7€ 6A+2B(mX2_’_7)2>

m?x’

1
+§67¢74A(8x)2+18e ¢—4A+2B w4+ —
1
25602

16
¢)/2 6A(8’)’) 20e 2Bw2 ’
(3.37)
where we have taken (3.9) into account. The external (u,v)-components read,
R(Y) = gu, (V2A+ V2B + 8(04)* + 2(0B)* + 1004 - OB)
— 80,40, A — 28#38 B — 160, A0, )B +8V,0,A+ 2V ,0,B

/2 6A8M78y'7

3
+ 5e*¢*4AaMXayx + ampa

(-
NRTRLE 16 16w2°¢
56/24+2A+2B

(3.38)
/2704 (9y)? 66’¢”4A(3><)2

2,30/2-2442B _ 9gg,—¢—4A+2B 2, 2

+mZe BmX X

_ 5e®/2-6A—6B 2 _ 9e?/2- 6A+2B(mX2_’_,y)2) 7
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while the mixed (u, m)-components are automatically satisfied. The dilaton equation reads,

) 9 1
—10A—4B A+2B —4A —8A—2B
0=e 10 \Ya (68 2 8,@) — 74m265¢/2 — 1€3¢/2 m2x? — e 26¢/2 8A=2 (87)2
3 1
267¢76A723(8X)2 79¢—¢—64 2X2 46<;s/2 (678A78B¢2 3678A(mx2 'y)2> .
(3.39)

The F-form equation of motion is automatically satisfied. The H-form equation reduces to,

0= _VH (e—¢+4A+2Ba#X) + 48w26—¢+4A+4BX + 63¢/2+6A+4Bm2x 5.10)
+ 2me®PP2ATAB (i 4 )y — p(mx® +7) -
The G-form equation of motion reduces to,
0= VH (e¢/2+2A+QBau,y) _ 48w2e¢/2+2A+4B(mX2 1)+ 4&02)“0 : (3.41)
together with the following constraint,
0= %d (ew shaA-ab 90) + (mx® + y)dx + xdy - (3.42)
The latter can be immediately integrated to solve ¢ in terms of the remaining fields,
o= (C—mx® = 3yyx) e 244192 (3.43)

where C' is an arbitrary constant.
The Lagrangian
As we can see from (3.31) the scalar B(x) can be reabsorbed in the definition of the 4d
metric. We have kept it arbitrary so far with the idea to use the associated freedom in order
to obtain a 4d effective theory directly in the Einstein frame. This can be accomplished by
choosing
B=—-4A. (3.44)

With this choice, and taking into account that ¢ is given in eq. (3.43), it is straightforward to
check that the ten-dimensional equations given in (3.37)-(3.41) all follow from the 4d effective
action,

1 3 - 1
Si= [ oy (R - 21047 = 5001 — e M(0x) - 5 e A0 -V )
(3.45)
where the potential V' is given by:
V= —120w2e 84 4+ 1m26—6A+5¢>/2 4 §m2x26—10A+3¢/2 + 720y e 1240
2 2 . , (3.46)
2 mx? 42 (0 3y ) e A

3.1.3 AdS, solutions revisited

The consistent truncation (3.45) captures all of the AdSy solutions of [42] reviewed in section
3.1.1. Indeed upon setting the warp factor and the dilaton to zero, A = ¢ = 0, and the
remaining fields v, x to constant values, imposing the equations of motion amounts to finding
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a minimum of the potential V' of (3.46). We thus obtain the following three classes of
solutions:
First class

1 1 2
H=+mReQ); F = :l:%m,] . G =TV3mvoly — imJ2 ;o Q= —gmg , (3.47)

where it is understood that the sign of I’ is correlated with that of the external part of G,
while the sign of H is arbitrary. This can be written equivalently:

1 1 4
w=+—7=m; =+— =——m; C= 3.48
Wi X=ET5 1= 3 433V/— (3.48)
Second class
1
H=0; F=0; G=+V5mvol ; Q:—§m? (3.49)
Or, equivalently,
1
—4+——=m; x=0; y=0; C==+Vom. 3.50
w=Eg My X g m (3.50)
Third class
2 1 27 3 16
H=+4+-mReQ; F=+——=mJ; G=4/"— L+ —mJ?; Q=——m?, (351
FmReQd ; \/ﬁm : z mvoly + o™ T ( )

where it is understood that the sign of I is correlated with that of the external part of G,
while the sign of H is arbitrary. Equivalently:
1 8 32

— =—m; C=+——m. 3.52
NVERRET: 3v/15 (3.52)
In the above we have noted that € is given by the value of V/6 at the minimum, as follows
from (3.45), (3.9). These coincide with the three classes of solutions presented in section 11.4
of [42], with the third class being the supersymmetric one, cf. (3.17).

w=*+——=m; x==£

3.1.4 Consistent truncation with condensates
In the presence of condensates, the internal (m,n)-components of the Einstein equations
(3.37) get modified as follows,
1 5
_ —8A—2Byyp (8A+2B L9 5¢/242442B | °  3¢/2—2A+2B
O=e \Y% (e 8MA>+16me +166
¢/2( —6A—6B 2+7€ 6A+2B(mX2+,y)2)

m2 X2

1
+§67¢74A(8x)2+186 (25 4A+ZB 2X + 16

1 7
6/2-64 2B 2 _ [ A42B «
256w2 (07)? — 20e*Pw 1€ Im(Bw + Cw™)
1 2A+ZB< 5¢/4 3 % 2) O 34/4+2B
53¢ 21e’?*mReA 198 (AN)*) + g€ mxImA
3 15
n §€¢/4—2A—2B¢ImA _ 336¢/4—2A+2B(mxz 4 )ReA |

(3.53)
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where we have taken (3.9) into account. The external (u,v)-components read,

RYY) = g, (VA + V2B +8(0A)* + 2(0B)* + 1004 - 0B)

W

— 89,40, A — 20,B9, B — 160,,,A0,)B + 8V,0, A + 2V ,0,B

3 4 1 1 _
+5e 0=149, X0y X + 5Ou0u0 + 72&’/2 649,79,y

1 g 3
+ Eguu[— 6e~? 4A(8X)2 - 16w A o€ ¢/2 6A(8’}/)
+ m25H/HHARE _ g2 2 36/2-24428 (3.54)

_ 988 ¢—4A+2B 2, 2 _ 5p$/2-6A—6B 2 _9et/2- 6A+23(mx2+7)2

- %(32’4"’23 (2165¢/4mReA - 128(/\1\)2) — 124728 Im(Bw + Cw*)

B ge¢/4—2A—QB(PImA+ g€¢/4—2A+ZB(mX2 n ’y)ReA} ,

while the mixed (ju, m)-components are automatically satisfied. The dilaton equation reads,

3 1
0 = ¢ 10A-4Bgu (68A+2Ba ¢> + §€—¢—6A—2B(8X)2 . 6¢/2—8A—23(a,y)2

64w?
_§m265¢/2 9 (3/2-AA 20 2 | =964 2 2

¢
1 4° (3.55)
+ Ze?/? (E_SA_SBQDQ - 36_8A(mx2 + 7)2> + —e5¢/4ReA
4 16
45 9
— 1—663¢/4_2Amxlm.,4 + — 6 /444 4B oImA + — 16 ¢/4_4A(mx2 + v)ReA .

The F-form equation of motion is automatically satisfied. The H-form equation (3.40) reads,
0= _VH (e—¢+4A+2Ba#X> + 48w2€—¢+4A+4BX + e30/2+6A+4B 2X + 2me¢/2+2A+4B(mX2 )

5 3
—p(mx*+7) + 163¢/4_2Bm1m./4 - §e¢/4_2A+QBmee.A .
(3.56)

The G-form equation of motion reads,

0=VH* <e¢/2+2’4+238u'y) — 48u2e®/2H2A+AE (mx +79)+ 48w X + 36w 200/4+6A+4B R, A,

(3.57)
together with the following constraint,
0=d (;g06¢/2+2‘443 + jle¢/4+6A1mA> + (mx? +y)dy + xdy . (3.58)
The latter can be immediately integrated to solve ¢ in terms of the remaining fields,
Y= (C —my® — 37)() e~ #/2724+4B _ Ze‘¢/4+4A+4BImA , (3.59)

where C' is an arbitrary constant.
Upon imposing (3.44) as before, a tedious but straightforward calculation then shows
that all the above equations of motion can be obtained from the following four-dimensional
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action,

1 e~64+6/2(9)2 _ V) .

3
2 92 _4A-—¢ 2

, 1
Sy = [dz\/g (R — 24(0A)? — 3

(3.60)
The action has exactly the same kinetic terms as before, cf. (3.45), but the potential now
reads,

V = —120w?e ¥ + %m26_6A+5¢/2 + gm2x26_10‘4+3¢/2 + 7202y 261240

3 1
4 §(mx2 i 7)26—14,4+¢>/2 i 5@261814-‘,-(1)/2 _ 126_7A1m(8w + W)

15 3¢/4—8A 21 54/4-64 9 4/a-104 2 (3.61)

+ - mxe ImA — Vi mReA — 1€ (mx” +v)ReA
3 647 AN2

— AA

tape (W)
where ¢ is non-dynamical and is given by,
3
o = (C —mx> - 3vx) e~¢/2-184 _ Ze_d’/‘l_l“ImA . (3.62)

It can also be seen that this consistent truncation contains the S13 x Mg solutions of section
3.1.1 as special cases.

3.1.5 The Calabi-Yau limit

It can be seen from the equations of motion that the limit w — 0 can be taken consistently,
provided that we first rewrite,
¥ = 70+ 4wt | (3.63)

where 7y is constant while ¢ is dynamical. This corresponds to the Calabi-Yau (CY) limit,
in the sense of the vanishing of all SU(3) torsion classes.?
More explicitly, in this case our ansatz for the forms becomes,

1 1
F=mxJ; H=dyxyAJ; Gzapvol4+§(mx2+’yo)J/\J—§d§/\ImQ, (3.64)

and can be seen to automatically satisfy the BI's (2.4), taking into account that dJ = dQ = 0.
All remaining equations of motion can be obtained from (3.37)-(3.43) by first replacing ~
using (3.63) and then taking the w — 0 limit. Note that this rewriting allows to keep the
dynamical field £ in the limit.

Moreover it can be seen that all equations of motion can be integrated into the following
Lagrangian,

1 3 1
SCY _ /d4.%'\/§ <R . 24(8A)2 o 5(8(]5)2 o 5674A7¢(8X)2 _ 5676A+¢/2<8§)2 _ VCY() )
3.65

3This is more general than the usual definition of a CY, as it allows for manifolds with nonvanishing
fundamental group such as 7.
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The potential VCY above is given by,

1 3 3
VoY _ 4 5m2e—6A+5¢/2 n 577,L2X2€—10A+3¢/2 n §(mx2 i 70)26—14,4+¢/2

N é S2eIBAT/2 | ?mxe%/‘*—&“lm A %€5¢/4—6AmRe A (3.66)
9 3 n
— =/ 104y 4 yg)Red + e P (AN)?
4 512
where,
3
= (C’ —mx® - 370X) e~ #2184 _ 16_¢/4_12A1m«4 : (3.67)

As can be easily seen, in the absence of condensates, unless all flux is zero, the potential is
non-negative and only has runaway minima. However this need no longer be the case in the
presence of nonvanishing condensates.

To our knowledge, this is the first truncation on a CY manifold with massive four-
dimensional fields, whose consistency has been rigorously proven.

Massless limit

A further truncation to two scalars, the warp factor A and the dilaton ¢, can be obtained
by taking the massless limit, m = 0, while at the same time setting x, v = 0. This amounts
to the following flux ansatz:

F=0; H=0; G=¢pvol, (3.68)

which is of Freund-Rubin type, and automatically satisfies the BI’s (2.4). Moreover the
remaining form equations reduce to a single constraint,

o =Ce #2184 _ Zef‘b/‘l*leImA , (3.69)

where C' is an arbitrary constant. It can then be seen that all equations of motion can be
integrated to the following Lagrangian,

1
S§Y = / d*z/g (R —24(8A)? — 5(agb)? ~ VCY> , (3.70)
where the potential VY is given by,
1 3 —
CY _ 1 2 18A4+¢/2 —64 2 1
1% S¥Pe + 53¢ (AN)” . (3.71)

3.2 Calabi-Yau truncation

3.2.1 Review of ITA reduction on CY

To establish notation and conventions, let us briefly review the reduction of ITA on CY at
the two-derivative level, in the absence of flux and condensates. As is well known, the KK
reduction of (massless) ITA supergravity around the fluxless R x Y vacuum results in a 4d
N = 2 supergravity, whose bosonic sector consists of one gravity multiplet (containing the
metric and one vector), h*! vector multiplets (each of which consists of one vector and two
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real scalars) and h?! + 1 hypermultiplets (each of which contains four real scalars), where
hP? are the Hodge numbers of the CY threefold Y. The 2h'! real scalars (v, x*) in the
vector multiplets come from the NS-NS B field and deformations of the metric of the form,

pLl pL1
B=p8)+ Y xMa)ety); idgy =D vi(x)ek(y), (3.72)

A=1 A=1
where 3 is a two-form in R%3; {efz(y), A=1,...,hb1} is a basis of harmonic (1,1)-forms on
the CY, and z, y are coordinates of R"3, Y respectively; we have introduced holomorphic,
antiholomorphic internal indices from the beginning of the latin alphabet: a = 1,...,3,
b,=1,...,3, respectively. Since every CY has a Kahler form (which can be expressed as a

linear combination of the basis (1,1)-forms), there is a always at least one vector multiplet
(which may be called “universal”, in that that it exists for any CY compactification) whose
scalars consist of the volume modulus v and one scalar y.

The 2(h%! + 1) complex scalars of the hypermultiplets, and the h! + 1 vectors of the
gravity and the vectormultiplets arise as follows: from the one- and three-form RR potentials
C1, C3 and the complex-structure deformations of the metric,*

h2’1
8gap = Y CH (@)U G0 (y) ;. C1=a(2) ;
a=1

. (3.73)

h2,1
Cs = —% (ﬁ(x)ImQ + §’(a:)ReQ) + Z fyA(ac) A eA(y) + ( Z % ()% (y) + C-C~) ;
A=1 a=1

where (y) is the holomorphic threeform of the CY and {®%_(y), o = 1,...,h*!} is basis
of harmonic (2,1) forms on the CY, we obtain the complex scalars ((%,£%) and the vectors
(a,7). Moreover the real scalars (£, ¢") together with the dilaton ¢ and the axion b combine
into one universal hypermultiplet. Recall that if h is the 4d component of the NSNS three-
form,

h=dg, (3.74)

the axion b is given schematically by db ~ x4h (the precise relation is eq. (3.93) below).

In summary, the universal bosonic sector of the 4d N' = 2 supergravity arising from ITA
compactification on Y contains the metric and the vector of the gravity multiplet (g,., ),
the vector and the the scalars of one vectormultiplet (7, v, x), and the scalars of the universal
hypermultiplet (£,¢',¢,b).

In the last section we presented a universal consistent truncation on Nearly-Kéahler and
CY manifolds in the presence of dilatino condensates. As it turns out, this consistent trun-
cation captures only part of the universal scalar sector of the N' = 2 low-energy effective
supergravity obtained from IIA theory compactified on CY threefolds. Therefore we must
extend the ansatz to include the “missing” fields and also to take into account the gravitino
condensates.

3.2.2 Action and equations of motion

In [22] the quartic dilatino terms of all (massive) ITA supergravities [17, 18, 19, 41, 44] were
determined in the ten-dimensional superspace formalism of [40], and were found to agree

“The right-hand side of the first equation of (3.73) can be seen to be automatically symmetric in its two
free indices.
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with [17]. As follows from the result of [40], the quartic fermion terms are common to all ITA
supergravities (massive or otherwise). In the following we will complete Romans supergravity
(whose quartic fermion terms were not computed in [41]) by adding the quartic gravitino
terms given in [17]. Furthermore we will set the dilatino to zero. Of course this would be
inconsistent in general, since the dilatino couples linearly to gravitino terms. Here this does
not lead to an inconsistency in the equations of motion, since we are ultimately interested in
a maximally-symmettric vacuum, in which linear and cubic fermion VEV’s vanish.

In the conventions of [22, 2], upon setting the dilatino to zero, the action of Romans
supergravity reads,

1 - 1 _
S=8+5 5 /dl%\/g{2(x11MrMNPvN\pr) + §e5¢/4m(\IJMI‘MN\I/N)
10

1 ~
— ﬁe3¢/4FM1M2(\I/MF[MFMIM2FN]PH\I/N) 575)
-2 3.75
1 -
— e P Hygy gy (UMD MM Ty B

2-3!
1 -
+ ﬂ€¢/4GM1M4(\I/MF[MPM1M4FN}\I/N) + L\Il4} s
where W), is the gravitino; S, = —S&, denotes the bosonic sector defined in (2.7). There

are 24 quartic gravitino terms as given in [17], denoted Lga in (3.75). Of these only four
can have a nonvanishing VEV in an ALE space: they are discussed in more detail in section
3.3.4.

We emphasize that the action (3.75) should be regarded as a book-keeping device whose
variation with respect to the bosonic fields gives the correct bosonic equations of motion in
the presence of gravitino condensates. Furthermore, the fermionic equations of motion are
trivially satisfied in the maximally-symmetric vacuum. The (bosonic) equations of motion
(EOM) following from (3.75) are as follows:

Dilaton EOM,

1

1 5)
—¢ 172 ¢/22 | 2,2 5¢/2
126 H” + —966 G* + 4m e

5 ~
+ §65¢/4m(\IIMFMN\IIN)

0=-V%¢+ §eg“i’/QFQ —
8

3 ~
— T663¢/4FM1M2(\IJMP[MFMlMWN]erIJN) (3.76)
+ ie—W?HMI,,_MS(@MF[MPMMM?TN]FH\IIN)

1 -
+ @e‘z’/“GMlmM‘l(\IIMF[MI‘Ml"'M4FN]\I/N) .
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Einstein EOM,

1
Ryn = *8M¢8N¢ + 6m2€5¢/29MN + - 4 3¢/2 <2FMN - ggMNFQ)

+ i€_¢ (3HMN - %gMNH ) 18 €¢/2 (4G%\JN - §gMNG2>

12 8
+ = 24 /4G( \M1M2M3(\TIPF[PF|N)M1M2M3FQ]\I/Q)
1
—%eqﬁ/”@Ml M4{(\Ilpr( MM Py ey — (U pD P M W) + gMN(\II PrprMi-Map 5w
1 (SL\I;AL

SQMNL\I/4 + (5 S MN
(3.77)

where we have set: ®2 uN = Py, o, ® NM2Mp for any p-form ®. We have refrained from
spelling out explicitly the quartic gravitino terms in the Einstein equation above, as they are
numerous and not particularly enlightening. We will calculate them explicitly later on in the
case of the ALE space in section 3.3.4.

Form EOM’s,?

1 . 1oy -
0= dx[e*2F — SN DOT Dy )] + H A %[e? 2G5 (UMD DT o))
1 - 1y -
0=dx[e ®H — 5@‘¢/2(\IJMF[MF(?’)FN]FH\PN)} + e¥2F A x[e?2 G e (UMD DO )]
— fG/\G+m*[ 3012 p _Z 3¢/4(\IJMF[MF(2)I‘N}FH\IJN)]

0 = dx[e o2¢ 4 L 5 ¢/4(\11MF[MF<4>FN]\DN)} ~HAG,
(3.78)

where ') .= Z%FMl,,,MpdxMP Ao AdaMr
Note that we will use only the bosonic part during this section. Gravitini will be post-
poned to the next section.

3.2.3 Consistent truncation

The truncation of section 3.1.2 contains the four real scalars (A, x, ¢, ), with A related to the
volume modulus v of section 3.2.1: it does not capture all the scalars of the universal sector
of N' = 2 supergravity, since it does not include the vectors and it truncates the two scalars
&', b of section 3.2.1. We must therefore expand the ansatz of 3.34 to include the “missing”
fields, at the same time taking the limit to the massless ITA theory, m — 0. Explicitly we
set,

5We are using “superspace conventions” as in [24] so that,
1 m
Py = Pmrmy d27 A A2 d<<1>(p> A ‘1’<q>) = D) N AV (g) + (=1)1dD) A Ty -
In D dimensions the Hodge star is defined as follows,

*(dz® A AdxP) =
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F=da; H=dyAJ+dp; G = govol4+%coJ/\J+J/\(d’y—a/\dx)—%d{/\ImQ—%dﬁ'/\ReQ ,

(3.79)

where ¢( is a real constant and ¢(z) is a 4d scalar. We have chosen to express H in

terms of the 4d potential 5 instead of the axion. Taking into account that for a CY we have

dJ = dQ = 0, this ansatz can be seen to automatically satisfy the Bianchi identities (2.4) in
the massless limit. Our ansatz for the ten-dimensional metric is still (3.31). This gives,

F2 = 727284, 2,0 F?= o—4A-4B 12

H? = 267414723(8)() Gmn wa = 6674A3uxayx + 674A74Bhl2w
H? — 1867614723(8)()2 4 ¢ 6A-6B2
G2,y = 3¢™4728[(98)2 + (9€)2| g + 126~ ABgonn + 3¢~ 74P (dy — & A dx) g
G2, = —6e7 5470820 + 6e04(9,£0,€ + 0,8 0,¢) +18e75472B(dy — a A dy)2,
G? = —247 847882 | 948428 [((95) + (0¢") } + 72¢2e 73 £ 36e 84748 (dy —a A dx)?
(3.80)
where the contractions on the left-hand sides above are computed with respect to the

ten-dimensional metric; the contractions on the right-hand sides are taken with respect to
the unwarped metric. It is also useful to note the following expressions,

1
*10F = 666A *4 da A J3
*10H 1 4A+QB *4dX/\ J2 1 4A723 *x4h A J3 (3 81)
*x10G = 6(,062A B3 4 ¢y €2A+4BVOI AT+ e %y (dy — a Ady) A J?
+ 1624128 5 dg AReQ — 124128 *4d£ AImQ |
where the four-dimensional Hodge-star is taken with respect to the unwarped metric.

Plugging the above ansatz into the ten-dimensional EOM (3.76)-(3.78) we obtain the
following: the internal (m,n)-components of the Einstein equations read,

1 1 1
_ —8A—2Byu (,8A+2B _ L 3¢/2-2A4-2B3 2 | 1 —¢-4A 2 1 —¢—4A—4B;2
0=e V (e 0 A) 326 da” + g€ (0x) 15° h

1 o®/2-6A~ 2B(d,7 a/\dx) e¢/2—6A[(8£)2+(a£/)2]

32 16
3 7
o#/2-6A—6B 2 | §/2-6A+2B 2
+ — 16 Y-+ 166 ch -

(3.82)
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The external (u,v)-components read,

R(Y) = g, (V2A+ V2B +8(0A) + 2(0B)° + 1004 - 013)
— 80,40, A — 20, B, B — 160,,A0,) B + 8V,,0,A + 2,0, B
3 —¢p—4A 1 3¢/2—2A—-2B 2 1
+ ¢ =449, X0, x + 3¢ ¢/ dag, + 1€
1
+ 32O DE0,6 1 0,ED,E) + Se? AP (dy — a N dx)E,

1
_4A—
¢—4 4Bhl2“j+§au¢8y¢

1 1 oA 1 a -
+ ng( _ 56345/2 24-2B 3,2 _ §€¢ 4A-4Bp2 _ 3,0/2 6A{(8§)2 n (85/)2]
e M(9y)? — 5e/26AT6B L2 _ g 2,6/2-6412B _ Qeqs/z_ﬁA_zB(d,Y Can dx)g) 7

2
(3.83)

while the mixed (u, m)-components are automatically satisfied. The dilaton equation reads,

1 3
0 = ¢ 10A-4Bgu (68A+2Bau¢) . Ze¢>/2—8A—2B [(85)2 + (65’)2} _ §e3¢/2—4A—4Bda2

3 1
n §€—¢—6A—23(ax)2 i EE—¢—6A—GBh2 (3.84)
I ieqﬁ/Q—SA—SB(pZ _ chedﬂ—&l _ %€¢/2—8A—4B(d7 —aAdy)?.

The F-form equation of motion reduces to the condition,
d(e3?/2+04 &) dar) = pe?/2T2A74BqE — 3e?/24240x A xy(dy — a A dY) . (3.85)
The H-form equation reduces to the following two equations,

d (e_¢+4A+2B *4 dx) = copvoly + (dy — a Adx) A (dy — a Ady) — e??T2Ada A sy (dy — a Ady)

(3.86)
and,
d (e_¢+4A_QB X dﬁ) = 3co(dy — a Ady) — dE Ade + e?/2T2A4B,q, (3.87)
The G-form equation of motion reduces to,
d (e¢/ 2424428 d{) —hAde
d (e¢/ 2+2A+2B dg’) = —hAdE (3.88)
d (e¢/2+2A weq (dy — a A dx)) = 2dy A dy + cpdB ,
together with the constraint,
0=d (<pe¢/2+2A—4B 1 3c0x) . (3.89)
This can be readily integrated to give,
o =e 2184 — 3egy) (3.90)
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Since x only appears in the equations of motion through its derivatives or through ¢, we may
absorb ¢ by redefining x. This corresponds to a gauge transformation of the ten-dimensional
B-field. We will thus set ¢; to zero in the following.

The Lagrangian

As we can see from (3.31) the scalar B(z) can be redefined away by absorbing it in the 4d
metric. This freedom can be exploited in order to obtain a 4d consistent truncation directly
in the Einstein frame. The appropriate choice is,

B=—4A. (3.91)

With this choice one can check that the ten-dimensional equations given in (3.82)-(3.89) all
follow from the 4d action,

Sy = / d'z/g(R — 24(04)2 = 1(99)? — 34470 (9x)? — Le 04492 [(9)% + (0¢)?

— 1302164402 — 3012124 (dy — o A dy)® — e o

+/360dfy/\5+3coxa/\dﬁ—i—?:xd’y/\dfy—ﬂ/\d&/\d{’.
(3.92)

Furthermore equation (3.87) can be solved in order to express df in terms of a scalar b (the
“axion”),

df = #1245y |db+ 3(€d¢’ — €d8) + 3eo(v — xa)| (3.93)

where we chose the gauge most symmetric in &, £/. The Lagrangian becomes, in terms of the
axion,

Si= [atayg(R - 24047 = J@6)° - §e472(0x)* - Je o449/2 (06 + (06 )]

- %e3¢/2+6’4da2 - %e¢/2+2A(d*y —andy)? - 56 ~124(db + w)?

_ %6—¢/2—18AC%X2 B %e¢/2—14AC(2)> n /3X dy Ady |
(3.94)

where we have set,
= 5(€d¢’ —€'d€) + 3eo(y — x@) (3.95)

Including background three-form flux
We can include background three-form flux by modifying the form ansatz (3.79) as follows,

1
F=da; H=dxAJ+dB8+ =Re(byQ")

2 3.96)
1 1 1 (3.
G:govol4+§coJ/\J+J/\(d'y—oc/\dx)—§D§/\ImQ—§D§’/\ReQ,

where we have introduced a background charge by € C. The covariant derivatives are given

by,
D¢ :=dé+bia; DE :=de¢ + b, (3.97)

where we set by = ib1+bs. We see that the inclusion of a background charge for the three-form
has the effect of gauging the isometries of the RR axions.
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The modified form ansatz (3.96) is such that it automatically satisfies the Bianchi iden-
tities. At the level of the Lagrangian, the modification amounts to replacing: d§ — D¢,
d¢’ — D¢’ and adding a potential term,

Sy = Sy — / d'a,/g L|bp|2e—97124 (3.98)

3.3 Gravitini condensation

3.3.1 Derivative corrections

Four-derivative corrections to the 4d effective action resulting from compactification of the
ITA superstring on CY threefolds have been known since [45]. Most recently they have
been computed in [46] from compactification of certain known terms of the ten-dimensional
ITA tree-level and one-loop superstring effective action at order o/®. The authors of that
reference take into account the graviton and B-field eight-derivative terms given in [47, 48],
but neglect e.g. the dilaton derivative couplings and RR couplings of the form R?(0F)? and
O*F* calculated in [49]. Furthermore [46] neglects loop corrections from massive KK fields.%
In a low-energy expansion, the 4d effective action takes the schematic form [51],

2628 = /dx4\/§ (R + B1a/ R? + Boa?R3 + 630/3R4) , (3.99)

where k is the four-dimensional gravitational constant, and a Weyl transformation must
be performed to bring the action to the 4d Einstein frame.” Moreover each coefficient in
the series can be further expanded in the string coupling to separate the tree-level from
the one-loop contributions. Although all the higher-derivative terms in (3.99) descend from
the eight-derivative ten-dimensional a/3-corrections, they correspond to different orders of
the 4d low-energy expansion. Indeed if Iy = 27v/a/, lyg and ly are the string length, the
four-dimensional low-energy wavelength and the characteristic length of Y respectively, we
have,

ls K ly K lyg . (3.100)

Moreover the term with coefficient 3, in (3.99) is of order,

l 2n l 6—2n
( ) () n=123, (3.101)

la) \ly
relative to the Einstein term, so that the n =1 term dominates the n = 2,3 terms in (3.99).
The ten-dimensional ITA supergravity (two-derivative) action admits solutions without
flux of the form R'3 x Y, where Y is of SU(3) holonomy (which for our purposes we take to be

a compact CY). A sigma model argument [52] shows that this background can be promoted
to a solution to all orders in o/, provided the metric of Y is appropriately corrected at each

SPresumably the KK loop corrections are subleading and vanish in the large-volume limit (see however [50]
for an exception to this statement). At any rate these corrections are dependent on the specific CY and at the
moment can only be computed on a case-by-case basis, e.g. around the orbifold limit where the CY reduces to
T°/T with T a discrete group. Winding modes are heavier than KK modes in a regime where (3.100) holds.

" As emphasized in [46], in computing the 4d effective action the compactification must be performed around
the solution to the a’-corrected equations of motion. This procedure can thus generate o’-corrections also
from the compactification of the ten-dimensional Einstein term.
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order in such a way that it remains Kéhler.® Indeed [46] confirms this to order o/ and derives
the explicit corrections to the dilaton and the metric, which is deformed away from Ricci-
flatness at this order. Their derivation remains valid for backgrounds of the form My x Y,
where My is any Ricci-flat four-dimensional space.

Within the framework of the effective 4d theory, nonperturbative gravitational instanton
corrections arise from vacua of the form My x Y, where M, is an ALE space. These instanton
contributions are weighted by a factor exp(—Sy), where Sy is the 4d effective action evaluated
on the solution My x Y. Subject to the limitations discussed above, and taking into account
the Ricci-flatness of the metric of My, the ITA 4d effective action of [46] reduces to,

2628y = fro/ / da\/gR o\ RFM (3.102)
My

where in the conventions of [46],°
KE=ma; Mp =27t (3.103)

with Mp = x~! the (reduced) 4d Planck mass and j3; given by,
196, = 297T40/2/ coNJ (3.104)
Y

where ¢o is the second Chern class of Y. For a generic Kéhler manifold we have,

1 1
N =2 <R,2mkl —-R2 o+ 49%2) volg | (3.105)

where we have adopted real notation and defined Rpn = RpnkiJ ™, R := RypnJ™". The
contractions are taken with respect to the metric compatible with the Kéhler form J and the
connection of the Riemann tensor.

The information about Y enters the 4d effective action through the calculation of ;.
Since B multiplies a term which is already a higher-order correction, it suffices to evaluate
it in the CY limit (for which R,,,, vanishes). We thus obtain,

1
fr = /Ydﬁa:\@Rfmkl >0, (3.106)

Therefore the leading instanton contribution comes from the ALE space which minimizes the
integral in (3.102). This is the EH space [54], cf. (3.113), so that,

!

So = = / &z /GR2, 0 > 0. (3.107)
A

8Tt should be possible to generalize the sigma-model argument of [52] to the case of backgrounds of the
form M4 x Y, where My is an ALE space, along the lines of [53].

9 The ten-dimensional gravitational constant of [46] 2x7, = (2m)7a’*, cf. (2.4) therein, is related to the
four-dimensional one via x* = r3,/1¢. Note in particular that eqs. (4.9) and (4.19) of that reference are given
in units where I, = 27v/o/ = 1: to reinstate engineering dimensions one must multiply with the appropriate
powers of ls. The 4d Einstein term in (3.99) has been canonically normalized via a Weyl transformation of
the 4d metric. This affects the relative coefficient between two- and four-derivative terms in the action: note
in particular that the right-hand side of (3.102) is invariant under Weyl transformations. We thank Kilian
Mayer for clarifying to us the conventions of [46].
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Note that Sy does not depend on the dilaton: this is related to the fact that, starting from

an action of the form [d'z,/g(e"**R+ ﬁlo/wapU), the dilaton exponential can be absorbed

by a Weyl transformation of the form g,, — 62¢gw, cf. footnote 9. Therefore we have,

Iy \?
Sy =c (z) , (3.108)

with ¢ a positive number of order one.

3.3.2 ALE instantons

Asymptotically locally Euclidean (ALE) spaces, see e.g. [55] for a review, are noncompact
self-dual gravitational instantons, i.e. their Riemann tensor obeys,

1
§5ul/paRn)\po = RKJ)\/.LZ/ . (3109)
From the above and the identity Rj.y,;, =0, it follows that the ALE spaces are Ricci-flat,

Ry, =0. (3.110)

These spaces asymptote S%/Zy 1 at spatial infinity, with k& € N (the case k = 0 corresponds
to R*). The simplest nontrivial example in this class is the EH space [56], which corresponds
to k = 1. Explicitly the metric reads,

ds? = dr?(1— %) + 42 (od 4 od + (1- %)) (3.111)
where a > 0 is an arbitrary constant, and,
o1 = sinypdf —sinfcospde ; o9 = —cospdf —sinfsinpde ; o3 = dip+cosfde . (3.112)

For the coordinate ranges a < r, 0 < 0 <7, 0 < ¢ < 27, 0 < ¢ < 27, the manifold can be
seen to be smooth with boundary given by RP? = S3/Z, at asymptotic infinity. (We would
have an asymptotic S% if 0 < ¢ < 47). The Hirzebruch signature 7 of a self-dual space is
given by,
48;2 / dat\/gRnw R €N (3.113)
As can be verified using (3.111), the EH gravitational instanton is the ALE space with the
smallest Hirzebruch signature, 7 = 1. More generally it can be shown that 7 = k, with k as
given below eq. (3.110).

It is convenient to use a gauge in which not only the curvature but also the connection is
self-dual [55],

T =

1
Wap = iaabcdde : (3.114)

In this gauge the covariant derivative reduces to a simple derivative on negative chirality
spinors,

(63 (0% 1 a « (6%
V,.0% = 8,0 +Z“ﬂb (Vap)® 507 = 9,0* , (3.115)

where in the last equality we took (A.26), (3.114) into account. It follows in particular that
covariantly-constant negative-chirality spinors are just constant. We may therefore choose
their basis 9?1), 0?2) as follows, in the chiral gamma-matrix basis of appendix A,

o 1 ) o (0
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The Atiyah-Patodi-Singer theorem for ALE spaces predicts an equal number of positive- and
negative-chirality spinor zeromodes for the Dirac operator ¥ [57]. On the other hand we
have,

(Y°0)" = (V20 + 4"V ,V,0)"
1 o
= (V20 + gRuupav“”v""ﬂ) (3.117)
= (V?0)",

where in the last equality we took (3.110) into account. It follows that negative-chirality
zeromodes are (covariantly) constant, hence non-normalizable since the ALE space is non-
compact. It thus follows from the index theorem that there are no (normalizable) spinor
zeromodes of the Dirac operator.

For a spin-1 field'% the index theorem predicts that the number of positive-chirality ze-
romodes of the Dirac operator minus the number of negative-chirality zeromodes is equal to
the Hirzebruch signature of the ALE space. We now have,

/

(V0)5 = (28) s+ 5 Rasr ()™ (07057 0 s (V20)™ = (V29) . (3.118)

where in the second equation we took (A.26) into account. By the same argument as before,
it follows that ¢ is covariantly constant, hence non-renormalizable. Therefore there are no
spin-1 fields of negative chirality. By the index theorem it follows that there are 7 spin-1
zeromodes of positive chirality (i.e. one zeromode for the EH space).

A massless gravitino 9, is also a zeromode of the Dirac operator Y, in the gauge v, = 0.
By a similar argument as before, there are 27 spin-3/2 zeromodes of positive chirality. These
can be constructed as follows,

Doy = Gasb (C_l’m)f  i=1,2, (3.119)

where ;) are the covariantly-constant spinors of (3.116), and ¢,z are the positive-chirality
spin-1 zeromodes of (3.118). Indeed we verify that the ¢(;),, are traceless,

() Piypa =05 i = 1,2, (3.120)
as follows from (3.119) and the identity (C'_l’m)(,yﬁ (C_lfy“)(;) * = 0. Moreover they obey
the zeromode equation,

2 1 a v
(V) = (V0 + 57 Ryspo" ), = 0., (3.121)

where we used (3.119) and the Hodge duality relations (A.24).

3.3.3 Gravitino condensates in 4d N = 1 supergravity

Within the context of 4d N' = 1 supergravity, the condensate (1!¢;,) was shown in [57] to
be proportional to the zeromode bilinear. From (3.119) we get,

Daytblyy = F 5 f=205,Cs, , (3.122)

0By a “spin-1 field” we understand a field transforming in the three-dimensional irreducible representation
of the su(2) algebra. It can be thought of as a field with two symmetric spinor indices of the same chirality,
bap = dsa (positive chirality) or ¢ = $** (negative chirality).
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where f is a positive function on the ALE space, and we have normalized 9(1)9(2) =1. In
deriving the above we have noted that ¢MC’75¢55 is antisymmetric in its free indices, therefore
it is necessarily proportional to Cyg, since there is a unique scalar in the decomposition of
the antisymmetric product of two spinors of positive chirality. For the EH space, cf. (3.111),
f can be given explicitly as in [58],

f= 16(%)8 _ (3.123)

The zeromode normalization can thus be inferred from.,
~ 1 o]
/ A4/G Dyl = 5 VOI(SY) / dr i f = dn’a* | (3.124)

where the “spherical” coordinates in (3.111) are related to the cartesian coordinates xz* in
the usual way, except that antipodal points on S3 are identified, see below (3.112).

To calculate the gravitino bilinear we follow [58] who adopt the prescription of [59] for
the functional integration over metrics. As shown explicitly in [58] in the case of 4d N =1
supergravity, expanding the action around the EH instanton saddle point and performing the
Gaussian integrations, the one-loop determinants from all massive modes cancel out thanks
to supersymmetry. One is then left with the integration over zeromodes. The latter reduces
to an integration over the instanton size,

(1huab*) = const. Mp e 50 /da a® i(l)uwé)

) (3.125)
= const. Mp e~ /daa5(g) a?t,
r

where we have used (3.122), (3.123) and normalized ¢, — v, /(2ma?), cf. (3.124); the re-

maining power of a comes from the Jacobian of the transformation from the integration over
metric zeromodes to the integration over the instanton moduli.

The integration in (3.125) would seem to depend on the spacetime position, since a is

bounded above by the radial distance r. In order to overcome this problem, [58] performs a

coordinate transformation,
= el =1 (9 (3.126)

r

which has the effect of changing the radial coordinate from r > a to u > 0. We can then
rewrite (3.125) as follows,

(1hubH) = const. Mp e /O daa®(u? + Vaat +ut) (3.127)

This integral diverges for a — oo at fixed u. In contrast, the same calculation for the gravitino
fieldstrength bilinear ((V(,1,))?) yields a finite result [58]. This is due to the fact that the two
derivatives bring about an extra (u/r?)? factor compared to the integrand in (3.127), which
contributes an extra a~* factor in the a — oo limit. However even this finite result seems to
rely on the coordinate system (3.126). This does not seem satisfactory: for diffeomorphism
invariance to be respected, the result should be independent of the coordinate system used
for its calculation.

One may argue that the divergence/ambiguity encountered is not surprising since the 4d
theory is nonrenormalizable and should anyway be thought of as an effective low-energy limit
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of string theory. On general grounds, at one loop in the gravitational coupling, one expects
a gravitational instanton contribution to the condensate of the form,

(Dup™) oc Mp e % oc [ 1e=¢ (r/ls)* (3.128)

up to proportionality constants of order one, where in the second proportionality we have
taken (3.103), (3.108) into account. Similarly, the quartic gravitino condensate receives
contributions from the ALE with 7 = 2 and scales as the square of the bilinear condensate
above.

3.3.4 Consistent truncation with condensates

In Euclidean signature the supersymmetric IIA action is constructed via the procedure of
holomorphic complexification, see e.g. [60]. This amounts to first expressing the Lorentzian
action in terms of Wy, instead of Wy, (which makes no difference in Lorentzian signature)
and then Wick-rotating, see appendix A for our spinor and gamma-matrix conventions. In
this way one obtains a (complexified) Euclidean action which is formally identical to the
Lorentzian one, with the difference that now the two chiralities ¥%,, should be thought
of as independent complex spinors (there are no Majorana Weyl spinors in ten Euclidean
dimensions). Although the gravitino Wy, is complex in Euclidean signature, its complex
conjugate does not appear in the action, hence the term “holomorphic complexification”.

Since we are interested in the case where only the 4d gravitino condenses, we expand the
10d gravitino as follows,

V=035 Yy =4, @n—1,— @n°; ‘IJM_:wL+®nC—1/)L,®n, (3.129)

so that, . ) } . . }
Uy =Py @M+ - @n°; Vo =4, @0+, ®7. (3.130)
In Lorentzian signature the positive- and negative-chirality 4d vector-spinors above are re-
lated though complex conjugation: 9“ = 0" 9" = —Oi, so that W), is Majorana in 10d:

Wy = ¥y Upon Wick-rotating to Euchdean signature this is no longer true, and the two
chiralities transform in independent representations. As already mentioned, in the present
paper we focus on the contribution of ALE gravitational instantons to the fermion conden-
sate. In this case there are no negative-chirality zeromodes and we can set,

P =yt =0. (3.131)

For any two 4d positive-chirality vector-spinors, Hl_f_, Xi, the only nonvanishing bilinears read,

’S

Lguwwslm (Qify)\pxi) : (9+X)\+) , (3.132)

(O ko) = 5

where we used the Fierz identity (A.23) and the Hodge duality relations (A.24); s = 1,2
for Lorentzian, Euclidean signature respectively. Ultimately we will be interested in gamma-
traceless vector-spinors,

Yy =Xy =0, (3.133)

since all ALE zeromodes can be put in this gauge [57]. In this case we obtain the additional
relation,

(02 apx7) = = (63xa1) - (3.134)

68



CHAPTER 3. CONSISTENT TRUNCATION

Assuming, as is the case for ALE spaces, that only positive-chirality zeromodes exist in
four dimensions, cf. (3.131), the only nonvanishing bilinear condensates that appear in the
equations of motion are proportional to,

A= (™) = = (P00) (3.135)

where in the second equality we have assumed that ¥% ¢f are gamma-traceless, cf. (3.133).
Furthermore we note the following useful results,

(xi/pr(“er---M4rP\1zy)) Gan.vts = 24(3coe A + pe 4748 Ag,,,
(@prgr(uM2M3M4rP\I/") Gy, = 24pe 4~4B Ag,, (3.136)

(00T MM MLPUT ) Gy, = 8coAe™ 472,

where on the left-hand sides above we used the warped metric for the contractions, while on
the right-hand sides we used the unwarped metric. In the 4d theory, these bilinears receive
contributions from the EH instanton at one loop in the gravitational coupling.

In the presence of gravitino condensates the equations of motion (3.82)-(3.89) are modified
as follows: the internal (m,n)-components of the Einstein equations read,

0 — ¢ 8A—2Byn (68A+236”A) 4ot % (S0€¢/4—4A—4B _ Coe¢/4—4A) A— éez,zurQJBL\I/4 :
(3.137)

where the ellipses stand for terms that are identical to the case without fermion condensates.
The external (u,r)-components read,

R = — %g;we‘f’/ 44448, (3.138)

while the mixed (u, m)-components are automatically satisfied. The dilaton equation reads,
0 — ¢~ 10A—4Bygu (68A+238u¢) bt %(3006‘1’/4”‘4 + ¢€¢/4+2A—4B)A . (3.139)

The F-form and H-form equations are modified as follows,
A(e3/264 5 da) = .. +e?/4T1A2B A 48 | (3.140)

and,
d (e—¢+4A—QB *a dﬁ) = 4ePAHAAS2B 4 g (3.141)

respecively. The G-form equation of motion remains unchanged except for the constraint,
0= d (pe?/2424748 | gogy 4 d/4H1A=28 1) (3.142)
In deriving the above we have taken into account that,
(UMD T UY) = 2424728 <vol4 - %e_4B J A J> : (3.143)
At this stage it is important to notice that the new A terms in the flux equations (3.140)

and (3.141) exactly compensate the modification of ¢ in (3.142), so that the form equations
are ultimately unchanged in the presence of fermion condensates.
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Of the 24 quartic gravitino terms that appear in the action of [17] only the following are
nonvanishing,

(‘T’urn\h) <\T/“F11\I/V) —4 (1[)[&@1])2 o—4A-4B

(\TJMFHFM‘..M\IIW) (\jjuspu\ym) _ _é <ﬁ,u1pmmu4mnqjuz) (@%pmn\pm)

= — (8Pps s + 40 ) (DY) e 1471P
(\ij[MlFMzMs \I’M4]>2 =1 (,&Llfl,yﬂ2#3¢gl_‘4])2 674A74B - ; (&B{lwi’})2 674A74B 7
(3.144)

where for the contractions on the left-, right-hand sides above we have used the warped,
unwarped metric respectively. We thus obtain, cf. (3.75),

1 - 1. )
Lys = (DT ¥n)? + c WMy, U2 BT 0

1 - ~ 3 -
+ TGWerMl-~-M6\I’M2 \I/M3FM4M5\I’M6 + Z(\P[erMzMg\IJMd)Q (3145)
_ iA-aBR

where we have defined,

B = _g(,l/’;[’uwly])2 + (&u')/pﬂ/}:;)(@pww) + 3(1;[;11’7112#3%:4])2 ) (3.146)

which does not depend on the warp factor. In the 4d theory, at one-loop order in the gravi-
tational coupling, the quartic gravitino term receives contributions from the ALE instanton
with 7 = 2 (four spin-3/2 zeromodes).

The Lagrangian

Imposing (3.91) as before, and solving once again for ¢,

@ = e 927184 (—360X — e¢/4+12AA) , (3.147)

it can now be seen that the ten-dimensional equations in the presence of gravitino condensates
all follow from the 4d action,

Si= / d'z/g( R - 24(0A)* - J(99)? — §e~M479(0x)? — Je 4912 (D) + (DE'Y?]
. %€3¢/2+6Ada2 . %€¢/2+2A(d,y —an dX)Q o %€—¢+12Ad52 . V)

+/360d’y/\ﬁ+300><oz/\dﬁ+3xd7/\dfy—ﬁ/\D§/\D§',

(3.148)
where the potential of the theory is given by,
Vix, b, A) = %ng26—¢/2—18A T %cge¢/2—14A n %‘b0’26—¢—12.4 5119
+ 3cgyAe /404 _ 300 Ae®/A4A 4 64 (B+ %AZ) ) '

Note that in integrating the 4d Einstein equation (3.138), care must be taken to first substi-
tute in the right-hand side the value of ¢ from (3.147), and take into account the variation
of the condensates A, B with respect to the metric.
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The relation (3.93) between 5 and the axion is unchanged. In terms of the axion, the
action reads,

Si= [dlayg(R—2404) = §(90)* - Je4-0(0x)? = Je 492 [(DE)? + (DE)?

- ie3¢/2+6‘4da2 - %e¢/2+2A(d’y —aAndy)? - %e¢_12A(db + @)% - V) + /3)( dy Ady

(3.150)

where we have set,

@ = $(¢DE — E'DE) + 3eo(y — xa) - (3.151)
Note that the three axionic scalars &, £, b, remain flat directions even in the presence of the
flux and the condensate.

3.3.5 Vacua

Maximally-symmetric solutions of the effective 4d theory (3.150) can be obtained by setting
the vectors to zero,

a=y=0, (3.152)
and minimizing the potential of the theory,
IV (x0, ¢0, Ao) = 9V (X0, 0, Ao) = 04V (X0, ¢0, A0) =0, (3.153)

where (x, ¢, A) = (X0, 0, Ap) is the location of the minimum in field space. Then the Einstein
equations determine the scalar curvature of the 4d spacetime to be,!!

R = 9c(2)xge*¢°/2718’40 +3c(2)e¢0/2714‘4° + ’50’267(;50712'40 +3coX0Ae*¢°/4*6A° — 300.146(;50/474'40 ,
(3.154)
and we assume that a Wick rotation has been performed back to Minkowski signature.
Condition (3.153) admits two classes of solutions.
Case 1: cog=0
In this case, imposing the vanishing of 94V sets by = 0, and the potential only depends
on the warp factor A. A minimum is obtained at finite value of A provided,

B=-1A%, (3.155)

and requires the quartic condensate to be negative. From (3.154) it then follows that R = 0,
and we obtain a Minkowski 4d vacuum. In fact the potential vanishes identically.

Case 2: cg #0

In this case (3.153) can be solved for finite values of ¢ and A. The value of x at the
minimum is given by,

A
Yo = —a gi/A‘elZAO 7 (3.156)
€o
where we have set g5 := e?. The values of ¢y and Ay at the minimum can be adjusted

arbitrarily, and determine |bg| and ¢y in terms of the condensates,

3
bp|?2 = —> ge1840 (408 — 2142 7 344942 + 808)
0 (3.157)
=55 g7 H4e1040 (m + /4942 + 806) ,

" Note that (3.154) is different from the standard relation R = 2Vy. This is because the condensates A, B
have non-trivial variations with respect to the metric.
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where the signs in by and ¢ are correlated. Henceforth we will set e”0 = 1, since the warp
factor at the minimum can be absorbed in [ly.
Consistency of (3.157) requires the quartic condensate to obey the constraint,

B>0, (3.158)

and correlates the sign of A with the two branches of the solution: the upper/lower sign in
(3.157) corresponds to A negative/positive, respectively.'?
From (3.154) it then follows that,

Ras = 393 ! |bo|? oc 72672 (I /l)* (3.159)

up to a proportionality constant of order one. We thus obtain a de Sitter 4d vacuum,
provided (3.158) holds. In the equation above we have taken into account that the quadratic
and quartic condensates are expected to be of the general form, cf. the discussion around
(3.128),

Aocljtee U/l o] 2e2e (/1) (3.160)

up to proportionality constants of order one.

We have verified numerically, as a function of A%/B, that all three eigenvalues of the
Hessian of the potential are positive at the solution. I.e. the solution is a local minimum of
the potential (3.149).

Flux quantization

The four-form flux is constrained to obey,?

~ | Gez, (3.161)

where {C4 ; A = 1,...,h??} is a basis of integral four-cycles of the CY, C4 € Hy(Y,Z).
From (3.96), (3.157), (3.160) we then obtain,

na x 98—1/4(1%)46—6 UY/ZS)ZVO](CA) , (3.162)
S
up to a proportionality constant of order one; vol(C4) is the volume of the four cycle C4 in
units of Iy, and n4 € Z. Since the string coupling can be tuned to obey g5 < 1 independently
of the ly/ls ratio, (3.162) can be solved for vol(C4) of order one, provided we take n4
sufficiently close to each other. Given a set of flux quanta n 4, this equation fixes the Kéahler
moduli in units of ly; the overall CY volume is set by ly, which remains unconstrained.
Note that even if we allow for large flux quanta in order to solve the flux quantization
constraint, it can be seen that higher-order flux corrections are subdominant in the g; < 1
limit. Indeed the parameter that controls the size of these corrections is |gsG|, which scales

as gg/ .
Similarly, the three-form flux is constrained to obey,
1
= HeZ, (3.163)
I3 Jea

121f B > 3.A4%/2, we may also take the upper/lower sign in (3.157) for A positive/negative, respectively.
Equation (3.158) is the weakest condition on the quartic condensate that is sufficient for consistency of the
solution.

13The Page form corresponding to G is given by G := G — H A o, which is closed. The difference between
G and G vanishes when integrated over four-cycles of Y.
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where {C4 ; A =1,...,h*!} is a basis of integral three-cycles of the CY, C4 € H3(Y,Z).
From (3.96) we can see that this equation constrains the periods of €2, and hence the complex-
structure moduli of Y.

3.3.6 Discussion

The validity of the de Sitter solutions presented here requires the higher-order string-loop
corrections in the 4d action to be subdominant with respect to the ALE instanton contribu-
tions to the gravitino condensates. Since the latter do not depend on the string coupling,
cf. (3.160), there is no obstruction to tuning gs to be sufficiently small, g5 < 1, in order for
the string-loop corrections to be negligible with respect to the instanton contributions.

The ly /ls ratio can be tuned so that the condensates are of the order of the Einstein term
in the 4d action, thus dominating 4d higher-order derivative corrections. This requires,

1.7 ~ Rgs o< I 2672 (/1) (3.164)

where we have taken (3.159) into account. Current cosmological data give,

Rqg Is \2 —122
e ( l4d) 107122 (3.165)
From (3.164) we then obtain [y /l5 ~ 10 for ¢ of order one, cf. (3.108).

In addition to the higher-order derivative corrections, the 4d effective action receives
corrections at the two-derivative level, of the form (Is/ly)?"® with n > 1. These come from a
certain subset of the 10d tree-level o/ corrections (string loops are subleading), which include
the R%2(OF)? corrections of [49]. Given the ly /I ratio derived above, these corrections will
be of the order of one percent or less.

As is well known, the vacua computed within the framework of consistent truncations,
such as the one constructed in the present section, are susceptible to destabilization by
modes that are truncated out of the spectrum. This is an issue that needs to be addressed
before one can be confident of the validity of the vacua presented here. The stability issue
is particularly important given the fact that, in the presence of a non-vanishing gravitino
condensate, supersymmetry will generally be broken.

Ultimately, the scope of the path integral over metrics approach to quantum gravity is
limited, since the 4d gravity theory is non-renormalizable. Rather it should be thought of as
an effective low-energy limit of string theory. A natural approach to gravitino condensation
from the string/M-theory standpoint, would be to try to construct brane-instanton analogues
of the four-dimensional gravitational instantons. The fermion condensates might then be
computed along the lines of [61, 62, 63].

Another interesting direction would be to try to embed the consistent truncation of the
present paper within the framework of N' = 2 4d (gauged) supergravity. On general grounds
[64], we expect the existence of a consistent truncation of a higher-dimensional supersymmet-
ric theory to the bosonic sector of a supersymmetric lower-dimensional theory, to guarantee
the existence of a consistent truncation to the full lower-dimensional theory. The condensate
would then presumably be associated with certain gaugings of the 4d theory. It would be
very interesting to investigate if such gaugings can be accomodated within the framework of
[65].
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D-branes and Non Abelian T Duality

Submitted: [4] R. Terrisse, D. Tsimpis and C. A. Whiting, “D-branes and non-Abelian
T-duality,” arXiv:1811.05800 [hep-th]

Non Abelian T-Duality (NATD) is a transformation relating different solutions of type II
supergravity. The duality relies on the existence of an isometry group on the initial solution.
When the rank of the isometry group is odd, NATD sends a ITA solution to a IIB solution
and conversely, while a group of even rank preserves the type. Thus NATD can be used
as a powerful solution generating tool in supergravity. In general solutions constructed with
NATD are highly non trivial, and it is unlikely that such solutions could have been determined
through other techniques. When the group is abelian (typically U(1)) one rather speak of
T-duality which, unlike NATD, can be lifted to a duality between type ITA and type IIB
string theory.

Non abelian dualities where introduced in [66]. The most direct way to compute the dual
solution is to use the Biischer rules, which are given explicitly in appendix C. These are a
direct generalization of the Buisher rules of [67] for T-duality. Originally these rules only
determine the transformation for the (NS,NS) sector. The transformation rules of the (R,R)
fluxes were derived more recently in [68], after which the interest for NATD got renewed, see
for example [69, 70, 71, 72, 73, 74, 75, 76, 77].

The point of this chapter is to study the effect of NATD on brane configurations. The
isometry group for the duality will be SU(2): see [70] for an explicit expression of the Biischer
rules for this case. The idea is that looking at full brane solutions will enable to follow the
interpolation between the near horizon and spatial infinity limits and give more freedom to
handle the dual configurations. The branes will then be tracked down by computing the flux
charges.

Throughout the chapter NATD will be applied to several brane configurations that are
known to be solutions of type II supergravity. For all these configurations the dual of the
near horizon limit has already been studied in the literature. Following those endeavors we
compute and study here the dual of the full interpolating solutions. The basic D3 brane
solution of type IIB supergravity will be considered first as a warm-up. The insights thus
acquired will be used to study several more involved configurations, namely type IIA D2
brane solutions coming from the reduction of M2 branes in 11 dimensions. Special attention
will be devoted to the supersymmetric D2. Its supersymmetry will be explicitly checked
using the generalized spinor formalism. The same framework will also be used to investigate
on the existence of a massive deformation.
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4.1 D3 brane
The metric describing a stack of parallel D3 branes is given by,

ds? = H(r)"Y2ds?(R"®) + H(r)?[dr? + r2ds?(S%)] , (4.1)
where H(r) = (1 + f—j) The S° is parameterized as follows,

ds*(S°) = da? + sina df? + %008204 (0 + 03 +03), (4.2)

where o € [0, 5], 0 € [0,27], and o0; are left-invariant SU(2) Maurer Cartan one-forms given
by,

01 = —siny1df; + cos 1y sin f1dpq
09 = cos1dfy + sin ¢y sin #1d¢y (4.3)
03 = COS 01d¢1 + d¢1 s

with ranges 11 € [0,4x], 61 € [0, 7], ¢1 € [0, 27]. This background is supported by a constant
dilaton and an F5 flux given by,

Fs = (14%)dzoAdz AdzaAdasAAH (1) = dzgAday Adzg Adas AdH (1) " —4L4dQ5 . (4.4)

Upon quantization of the five-form flux, one obtains the well-known relation between the
constant L in the harmonic function and the number Nps of D3 branes: L* = 4wa/>Nps.

The D3 branes lie along the R'3 directions. This can be seen in a probe approach.
Consider the same expression as (4.4) for a flux living now in R%?. The coordinates now
refer to the metric (4.1), but with H = 1. Since in spherical coordinates the S° collapses
at r = 0, its volume form d€; is ill-defined. However Fj; is a well-defined current (i.e. a
distribution-valued form) and we can compute:

dFy = d F5 = 4L (r)dr A dQs (4.5)

This means that a brane is inserted in » = 0. In this coordinate system this is a codi-
mension 6 space, and thus a D3 lying along R"3. In the transverse space R® the brane looks
like a point.

The D3 now acts as a source for the flux F5, which backreacts on the metric through
Einstein’s equations to give (4.1). The global geometry has changed, and the S° no longer
collapses. The supergravity equations are solved without sources and the brane cannot be
seen anymore. Nevertheless the information about the brane is still present in the charge
carried by the flux.

4.1.1 Near-Horizon and spatial infinity

Taking (4.1) as an ansatz for the metric, the supergravity equations reduce to an equation on
H. In the probe interpretation this amounts to saying that H is harmonic in the transverse
space. If we further constrain H to depend on r only, the general solution is of the form,

H(T)=a+%, (4.6)

where a and b are two integration constants. b can readily be interpreted as the brane charge.
Then two limiting cases arise:
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Spatial infinity: If b = 0, H is a constant and the space is flat without flux: no brane is
inserted. Since H — a when r — oo, this case is called the spatial infinity limit.

Near Horizon: If a = 0, the solution becomes,

2 L2
ds? = ds?(AdSs) + L2ds*(S%) = — ds*(R3) + = dr? + L2ds?(S°)
L2 r? (4.7)
; .

4
F;=(1 +*)%daco Adzy Adag Adzg Adr,

which is the well-known AdSs x S° background. For r — 0, H ~ % so that this case is called
the near horizon limit.

It is remarkable at first sight that both limits correspond to genuine backgrounds. The
reason behind this is that they ultimately correspond to different choices of integration con-
stants. These considerations might seem trivial for now, but they will be relevant in the
following, when the brane configurations become more involved.

4.1.2 The NATD

After performing NATD along the SU(2) isometry in the oy, cf. (4.3), the background (4.1),
(4.4) becomes,

()lﬂd(R”y+ﬂ(ﬂﬂwﬂ+m%¢ﬁ+gﬁaw%]
Lo 2 w2 2
Z{E 64 /Ap 2(dx? + sin? yd¢ )}
B =
2 256A sin xdx A d€
—2¢ _ = 2 2 -_ .2 .2
e P = A, A_64o/3(Q PP +E%), E=r?cos’a\/H(r),

and nonzero RR fluxes given by,

= H
Ar?’ cos asin adae A df
8a/3/2 \/H(r)

i el
2048032\ \/H

In particular we see that the NATD has resulted in a metric which is singular at a = 7.
Moreover the duality has generated a nonvanishing Kalb-Ramond field B2 and a varying
dilaton ¢.

Note that the background (4.8) contains a family of solutions, inheriting its degrees of
freedom from the D3 solutions before duality: for each choice of harmonic function H, NATD
generates a different solution. We will keep the same denomination for the different limits,
namely the near-horizon for H = %—f and spatial infinity for H = 1 (i.e. L = 0). However
their interpretation as different limits of the interpolating dual background is less meaningful.
We will study them separately to get a better view on the brane configurations.

For later use let us rewrite the metric in (4.8) in terms of the coordinates defined by,

Fy=-—
(4.9)

r 33 cos avsin avsin xydor A df A dx A dE .

x =rsinacosf ; y=rsinasing; w=rcosa. (4.10)
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Recalling the ranges of the «, 6 coordinates, cf. (4.2), we see that v > 0, while z,y € R.
Simplifying with 72 = 22 4+ y? + u? then gives,

o2 p2u?
4(a/2p2 + HU4)

12
ds? = H~1/2 [d52(R1’3)+%dp2} +H'?|da? - dy? + du?+ (dx*+sin? xde?)| .
(4.11)

In these coordinates, the metric is singular at v = 0.

Brane configuration and charges

The non-vanishing fluxes might indicate the presence of branes. Here we could expect NS5,
D4 and D6 branes as magnetic sources for H, Fy and F,. The first clue is given by the
corresponding charges.

Let us start with the NS flux. An appropriate cycle would be the following: start at
constant a = ag and integrate along p, x,& where p goes from 0 to pg. At p = 0 the cycle
closes but we need to close it at py. To do so, keep p constant and vary « from «g to 7/2.
The resulting charge will be independent of ag so we can take the limit ag — /2.

Along the cycle (X3 = [p, x,{],a = §), H3 simplifies to

1
Hs = 10/ sin xdé A dx Adp . (4.12)

Integrating Hs yields,

1

QNS5 = 55—

o [ro T 2m 00
—/ d,o/ sin ydx dé = — = Nngss5 (4.13)
4 Jo 0 0 47
In fact the charge will depend only on the value of p when the cycle reaches o = 7/2. As
we will see more explicitly in the simpler case of the spatial infinity limit in section 4.1.2,
this suggests a continuous distribution of NS5 branes at o = 7/2 along the p direction, with
constant charge density. For the flux to be quantized we need to close the cycle at quantized
values of p, namely pg = 4nm. The NS5 branes are thus located at the singularity: this can
be seen from the form of the metric and NS-NS fields in the limit o — 7, which is consistent
with the general form expected from the harmonic superposition rule [78]. After defining
v =(7/2 - a)? we find, in the o — 7 limit,
2 —1/2 7.2(m1,3 1/2( 7.2 22 T | A7
ds? = H™'2ds?(RY) + H'2(dr? + r2do +E[dy + 5

640/ o

2¢ _ . _ ;
e’ = i Hs = —sinydp Adx N d§ .
NG PN 3= sinxdp Adx Adg

dp® + v2(dx? + sin® Xd£2)D

(4.14)

The harmonic function in the space transverse to the NS5 is proportional to !, indicating
the presence of NS5 branes at v = 0. However this is not a point in the transverse space.
Since p is still unconstrained, this is consistent with a distribution of charge along p.

In order to determine the configuration of the remaining branes we follow the same
strategy. Recall that in solutions with nonzero By, the quantized charges are the Page
charges, defined as integrals of the Page forms,

F, = Fpe P2 (4.15)
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As can be seen from this definition, the Page charges depend on the cohomology class of Bs,
i.e. they are not invariant under large gauge transformations of Bs.
Integrating the Page forms in the D3 brane solution gives,

21

1 LY 3
= — cos” o sin adox df = N,
s 22, Tpg 20/372 /0 0 o (4.16)

Qps=0,

which leads to L* = 8a/>Npg. If we denote by AQp4 the change of D4 brane charge under
a large gauge transformation of B,

ABy = —nma’ sin ydé A dy (4.17)
we find,
AQps = —r— / _ABy A F
QD4 2/@10TD4 2 A Fy
1 nrl* (3 4 4 7f 2 (4.18)
= —— cos asinada/ d@/ sin yd d ’
2630Tp4a 8ol Jo 0 0 XX 0 $
= A]\7D4 )

which leads to L* = %80/ 2ANp,4. From this we readily see that
AQD4 = nNDg. (419)

This is nothing other than the creation of D4 branes via a Hanany-Witten effect [79], as
will be reviewed in the following in section 4.1.2. In order to get a probe interpretation of
these brane charges we would need to know in which background the branes are inserted,
but the situation is not entirely clear here. The expression for the fluxes suggests that the
D6 is transverse to r, «a, # and that the D4 is transverse to 7, a, 6, x,&. This would lead to
the following brane configuration:

0 1 2 3|r a 0 p x €&
NS5 | x x x X
D6 | x x x X X X X
D4 | x x x X X
Spatial infinity limit
The spatial infinity limit gives the following background:
2 =2
ds* = ds*(RY3) + dr? + r2(da® + sin® adf?) + 1 [—dp + TN 2(dx? 4 sin® Xd§2)}
pP’E
By —
2= "50en sin xdx A d€
e720 = A, = (?p*+2?%), E=r?cos’a.

~ 640
(4.20)

Here there are no RR fluxes anymore so all the D-brane charges vanish. The configuration is
thus much simpler. In fact it will now be possible to understand the exact brane configuration,
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as is done for the D3. Moreover this background is the NATD of the spatial infinity limit of
the D3 brane solution: the NATD (4.20) is simply the NATD of flat space along an S3 C R*
factor. This decomposition is thus better suited for the spatial infinity limit than the S° C RS
decomposition of the D3 brane solution. Accordingly the seed metric before NATD reads,

ds? = ds*(RY®) + du? + u?ds?(S%) | (4.21)
which is simply the spatial infinity limit of the metric (4.1) written in the coordinates of
(4.10). In these coordinates the NATD metric (4.20) is given by,

o2 p?u?

2
ds? = ds2(RY5) + du2 Ld2
s s°(R™?) + du + ade +4(a’2p2+u4)

(dx? + sin? xde?) . (4.22)

Let us now make a further change of variable,

u= RY* sing
Vo2 (4.23)

0
op= R'Y? cos = ,
2
upon which the metric becomes,

ds? = ds?(R"°) + |AR? + R%d0? + R? sin® 0(dx® + sin® xd¢?)|

16R3/2 sin §
= ds*(R"®) + f(R,0)ds*(R") ,

(4.24)

where in order to obtain a complete metric on R* we must have 6 € [0, 7]. In the second line
above we have introduced the function,
1

Rve = T2/ . 0
iy ) 16R3/2 sin%

(4.25)

which is harmonic in R* except for § = 0. The NS-NS two-form and dilaton are given by,

1/2 0
By = —R4 cos3§sinxdx/\d§
H ——ﬁd}ms' d /\d§+§R1/2cos2Qs' 946 A sinvd A d€ (4.26)
3 = 8R1/2 I xyay 3 9 1112 1mxyay

e? = 102403 f .

This clearly shows the presence of NS5 branes along the R'® directions, located at § = 0 (or
alternatively at v = 0), in accordance with the harmonic superposition rule [78]. However
this is not enough to determine the exact position of the branes since they could be anywhere
on this half line. Integrating Hs on a spherical shell of radius R gives,

T T 27
/H3 = / / dBy = VR . (4.27)
0=0 Jx=0 J¢=0

The branes are thus smeared along the 8 = 0 direction, leading to a linear distribution of

charge in the transverse space, whose charge density is proportional to ﬁ or constant in p

(recall that at 6 = 0, VR = p).
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More explicitly the NS5 distribution can be read off of the harmonic function f in (4.25)
as follows. First it will be convenient to parameterize the R* transverse to the NS5 by
introducing the cylindrical coordinates 7 € R3, w := Rcos 6, so that R? = 72 + w? and,

ds?(RY) = dF- dF + dw? . (4.28)

The new coordinates (R, w) are related to (u, p) by,
1 Y- SC |
—i(R—w) ;ap —§(R+w) . (4.29)

Moreover it can easily be verified that the function f can be represented as an integral over
the Green’s function for the Laplacian on R,
f =

v2 1 /Oodw’ﬁf(w/) (4.30)

16RVR—w 87 Jo (w—w')?’

with linear charge density o(w) = w2 along the half line w > 0.

An alternative way to find the charge distribution is to compute the source for the Hg
Bianchi identity,
dH; = j . (4.31)

However H3 = d B> is closed as a form, and we thus need to consider this equation on currents.
Indeed Hj is not defined for 6 = 0, which is precisely the locus where we expect to find the
brane. As a current, dH3 acts as a linear form (distribution) on six-forms. Consider a test
six-form €2,

Q = wvg , (4.32)

where vg is the volume form of R(1:5) . After integration against Hs, the only components of
dQ2 we need consider are,

dQ = OrwdR A vg + Ogwdld ANvg + -+ -, (4.33)
so that,
dH3(Q2) = H3(dQ)
- / Hy A dQ

cos® 2 (4.34)
/ i Opwd R A sin xydy A dé A dO A vg

20 . 0
+ 3 /R1/2 cos? 3 sin QagwdH Asin xdx AdE AdR A wvg .
Integrating each term by parts (respectively in 6 and R), the derivatives cancel out since Hj

is closed as a form. The charge can then be seen in the boundary terms. R'/? vanishes at

R = 0, w vanishes at R — oo because it is a test function, and cos3g vanishes at § = .

Note also that at § = 0, w cannot depend on x,&. We thus obtain,
1 [fw(@=0) .
dH3(Q2) = 3 / WdR A sin xdy A d€ A vg

/R1/2A99—0)
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From this we can read off the current,

. 1.4(0)
I=1 T2 ——~dR A df Asin xdy AdE (4.36)

which gives the exact distribution of NS5 charge. This distribution is remarkable since it is
entirely created by NATD from an empty flat space. It will be characteristic of the behavior
of NATD near a fixed point of the SU(2) isometry. For instance we found the same kind of
distribution when looking close to the o = 7/2 singularity in the full dual solution (4.14).

The near-horizon limit

The NATD of the near horizon solution is [68],

ds? = ds*(AdSs) + L*(da? + sin® adf?)

1 04,2 =2 9 . 5
+4( dp? +64 AP 2(dx? + sin? yd¢ ))
3z (4.37)
By = dxy Nd
2= “o5pa SmxdX NS
—28 _ A, A= = (?p? +22), E=L%cos’a,

640’3

and the nonzero RR fluxes are given by,

—_
=)

Fy = 2032 —— _TI?cosasinada A df

=2
=

Fy, = —mL2p3 cos asin acsin xda A df A dyx N dE .
o

(4.38)

Field Theory interpretation of near horizon NATD

In [80] a holographic interpretation of the background (4.37)-(4.38) was proposed. It was
pointed out that the background belongs to a class of Gaiotto-Maldacena geometries [81]
dual to N' = 2 superconformal linear quivers with gauge groups of increasing rank. Their
argument crucially involved constraining the range of the dual coordinate p in quantizing
the NS5 brane charge. Let us briefly summarize the main points of the arguments originally
presented in [80] and extended to further examples in [82, 83]. Related examples with flavor
branes include [71, 84] and [72, 85].

In the NATD a new set of dual coordinates arise, which we have labeled (p, x, ). The
coordinates (x, &) are naturally interpreted as compact angles on an S2, i.e. x € [0,7], £ €
[0,27]. The question remains how to interpret the p coordinate, as NATD currently lacks
the global information needed to constrain the dual coordinates. Using insight from string
theory the authors of [80] were led to impose the boundedness of the following quantity,

1
bp = —— B 1 .
0= e, B0, (4.39)

™

where in the case of (4.37) by is maximal along Yo = [x,&],a = 7. This leads to the
coordinate p varying in nr intervals, i.e. p € [nm, (n + 1)7]. To keep the relation (4.39)
satisfied, a large gauge transformation must be performed on Bs at each nm interval, i.e.

By — By — nma/ sin xdy A d€ . (4.40)
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As reviewed in section 4.1.2, this has the effect of changing the Page charges: quantizing Q) pg
and Q)p4 by integrating the RR fluxes in (4.38) above leads to Q@ps = Npg and Qps = 0.
However under a large gauge transformation of Bo, we find AQps = 0 and AQps = nNpg,
where Qngss = Nygs = n. Putting all this together suggests that there are parallel NS5
branes, each located at a 7 interval in p. Between each 7 interval n horizontal D4 branes are
suspended between them. That is, as we move towards larger p, an increasing number of D4
branes appear. In the field theory interpretation this corresponds to an infinite linear quiver
with increasing gauge group ranks. Interestingly, the field theory analysis of [80] suggested
that there should be a cutoff to the p coordinate in order to terminate the quiver with a
flavor brane. The intuitive way to see this is to start with parallel NS5 branes and a D6
flavor brane on one of the ends of the array. When one moves this flavor brane across the NS
branes, D4 branes are created across the NS branes via the Hanany-Witten effect [79]. This
completion of the quiver corresponds to giving p a finite range and it was shown that this is
necessary to make sense of the dual field theory as a 4d CFT.!

Thus the “stringy” picture is consistent with the spatial infinity limit of section 4.1.2,
provided we replace the supergravity approximation of a continuous linear distribution of
NS5 branes along a half line, by a grid of localized NS5’s so that there is one unit of NS5
charge per p € [nm, (n + 1)7] interval.

4.2 M2 branes

The M2 brane solutions of eleven-dimensional supergravity can be reduced in various ways
in order to obtain ten-dimensional IIA D2 brane solutions. Let us start from the M2-brane
solution in flat space,

ds® = H*/3ds*(RY?) + H'3(dr? + 2dQ3)

_ -1

o1+ Q,
T

where Q is a constant related to the number of parallel M2-branes, dQ% is the metric of the
round seven-sphere, and vols is the volume element of RM2. We will adopt the parameteri-
zation of the metric on S7 given by,

1 1
07 = 7 (d/f + 7 (sin® p + N (v + cos W”Q))’ (4.42)

v = 0 + X, wi =0; — X,

where pu € [0,7], o; are the left-invariant SU(2) Maurer Cartan one-forms given in (4.3),
while the ¥; have exactly the same form but with coordinates (62, ¢2,12). We will only treat

the round S7 case, i.e. A = 1. In the near-horizon limit, we have H = % and the space

becomes AdS, x S7.

This solution preserves 16 real supercharges (enhanced to 32 in the near-horizon limit),
i.e. N = 4 in four dimensions. In (4.41) we have written the flat metric on the space R®
transverse to the M2 as an eight-dimensional cone over the seven-sphere. We may replace

Tt was suggested in [80] and further considered in [86] that the dual field theory could actually be higher
dimensional through deconstruction.
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the base of the cone by any Sasaki-Einstein seven-manifold?, and still obtain a solution of
eleven-dimensional supergravity. The amount of preserved supersymmetry depends on the
number of Killing spinors of the Sasaki-FEinstein.

Replacing the round sphere metric dQ2 by the Y?9(B,) metric of [87, 88], reduces super-
symmetry to N’ = 1 in four dimensions, enhanced to N/ = 2 in the near-horizon limit. After
a change of coordinates to bring us to the conventions of [77], the metric reads,

ds2(Ys) = %ds2(M6) +w(0) [da+ £(O)(dv + A)? (4.43)

for some functions w, f of § that will be specified below, where ds?(Mg) is the metric of the
S?(By) bundle,

ds?(Mg) = ds?(By) + 5d6? +sin® 0(dy + A)* (4.44)

(1 + cos?6)
with 6 € [0,7], ¥ € [0, 7] the coordinates of the S? fiber; the connection A is a one-form on
the base B, obeying,

dA =7, (4.45)

with J the Kéhler form of By and a parametrizes a circle fibered over the basis Mg. Later
we will consider the special case By = CP? for concreteness and in order to perform an SU(2)
NATD.

The corresponding eleven-dimensional solution reads,

ds?> = H-?3ds*(RY?) + H'Y/3 <dr2 + 1r2ds2(M6)> + P2 HY3w(0)(da + A')?
G = —dH ™! Avols (4.46)
where we have set A" := f(0)(dy + A).

4.2.1 Brane configuration and charges

We expect the M2 branes to lie along the R%? directions. The transverse space would then
be R® or the cone over YP¢ depending on the choice of 7-dimensionnal space. In both cases

we find:
* G = —6Quy (4.47)

However since the 7-dimensional cycle collapses in the transverse space when r = 0, xG is

not closed and:
dx G = —6Q4(r)dr A vy (4.48)

We can also compute the M2 brane charge, which is defined by:

B 1

Q2 /*G = Nu2 , (4.49)

2The metric of the Sasaki-Einstein manifold must be normalized so that the cone over it is Ricci-flat.
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with the M2 brane tension given by Ty = ==~ and 2/<;11 = (27r)819, where the Planck

(27rl )
length is given by [, = g;/ 3o, For example, in the Y9 case, we compute:

1 27 2” 0
OQnrz = — Q / db—srs sin / dﬂg/ dw/ dpsin® g,
2&11TM2 256 6)3/2
N (4.50)
B 27Q
4096725 — M
This relates the constant in the harmonic function to the number of M2 branes,
~ 4096
Q=5 Nu - (4.51)

We will now proceed to track the M2, first through dimensional reduction, then through
NATD.

4.3 Supersymmetric D2 from reduction on Y?!

Here and in the following section we will need to make the choice By = CP? so that a
non-abelian SU(2) isometry is manifest in the metric acting on the oy,

1
ds?(CP?) = 3[dp* + 1 sin? p(of + o3 + cos? po3)] , (4.52)

where p € [0, 5], and the o; are given in (4.3).
Reducing the M2 brane solution (4.46) to ITA on the circle parameterized by « preserves
supersymmetry, as will be explicitly verified in section 4.3.2. Let us set,

1
e_2¢/3d52A = H_2/3d32(R1’2) + HY3 (dr2 + 4r2d32(M6)>
2 (4.53)
€4¢>/3 _ l—2H1/3w(6) 7
P
so that upon reduction to ten dimensions ds3 and the function ¢(r, §) are identified with the
ITA string-frame metric and dilaton respectively. Moreover the nonvanishing fluxes of the

solution are given by,
Fy=1,dA"; Fy=—dH ' Avoly, (4.54)

where A" was given below (4.46). F, carries a magnetic charge, but we will not interpret it
as coming from a brane. Since this charge is not related to the M2 charge, but rather to
the dimensional reduction, we will say that the flux is only geometric, and it will not be of
interest here. The flux Fj; on the other hand carries an electric charge and is sourced by a
stack of parallel D2 branes filling R™? and placed at » = 0 in the transverse space. Note that
the H function is inherited from the M2 solution, so that it does not need to be harmonic in
the new transverse space. We also inherit the usual parameters for a brane solution, which
allow us to define the near-horizon and spatial infinity limit.

We can then obtain the explicit form of the functions w(6), f(0) by taking the near-

horizon limit (H = %) of (4.53), (4.54) and comparing with [77]:

_ 2@1/2\/@ (ds*(AdSy) + ds?(Ms)) (4.55)
ed0/3 _ Q1/3w(9) ;o Iy =1 d[f(0)(dy + A)] ,
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where ds?(AdS,) is the metric of an AdS, space of unit radius, so that its scalar curvature
is normalized to R = —12. Comparing with (2.22), (2.23), (2.24) of [77] we read off,

2 4A0

__ gse
w(f) = 8(1 + cos? 9)

cost O— 64
2y/w(®) ' g
To summarize, the ten-dimensional D2-brane solution is given by (4.53), (4.54), where
ds?(Mg) is given in (4.44), H is given in (4.46) and f, w are given in (4.56). In the near-
horizon limit the metric becomes a warped AdSy x Mg product, cf. (4.55).

At spatial infinity (H = 1) the metric becomes a warped product R2 x C'(Ms),

f(0) = (4.56)

.,
ds}

[ \ulo) (dsQ(R1’2)+dr2+ir2ds2(M6)> , (4.57)

where C'(Mg) is the metric cone over Mg, while the remaining fields are given by,
2
(1911 = )

= LA [f(0)(dy + A)]
Fy=0.

(4.58)

It can be verified that this is an exact supergravity solution in its own right. Contrary to the
case of the D3 brane, here spacetime is neither flat nor empty at spatial infinity.
The solution (4.53), (4.54) describes D2 branes with worldvolume along the R!:2 as
inherited from the M2 solution. Looking at Fy, we find:
3Q
* Fy = ———\/w(f)v 4.59
o= g\ O (459)
However, contrary to the standard brane configurations (such as the D3 and M2 presented
previously), the probe interpretation is not straightforward. In order to understand this
configuration we take the transverse space to be the cone over Mg. There the 6-cycle collapses
at r = 0, so that:

dx Fy = ——=/w(0)§(r)dr A v (4.60)

Here again this equation must be considered on the transverse space. The D2 background is
a genuine solution of ITA supergravity, in which the 6-cycle does not collapse anymore. Then

*Iy is closed, as required by the equations of motion, and the brane is not visible. We can
(p+1)
however compute the brane charge, which requires the D-brane tension TB; = ((2m)Pd/ "2 )

and 2x%, = (27)"a*. We obtain,

27Q sin 6
Qp2 = 81927T5W/5/2/ dzﬂ/ d@ 3/2/ dQ3/ dpsin® jucos pu, (4.61)

The flux quantization condition () po = Npo then leads to

A 4096 2

Q= L2 Npy . (4.62)

Note that there are no D6 branes associated with the F» flux. Indeed in the present case
spacetime is smooth® and the metric singularity expected in the vicinity of a D6 is absent.

3The geometry and topology of the M-theory reduction along the a-cycle is discussed in detail in [89].
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As we will see in section 4.5, this is in contrast to the case of the D2 brane coming from the
reduction of M-theory on S7. Similarly one sees that there are no D4 branes sourced by the
Fy flux.

4.3.1 Domain wall supersymmetry equations

As already mentioned, (4.57) is a supersymmetric domain wall (DW) solution in four-

dimensional space, where the latter is viewed as a foliation, parameterized by r, with R%2

leaves. The supersymmetry conditions for A/ = 1 domain walls were written in [90] in gener-

alized Gg x G form in egs. (2.5), (2.6) therein. For our purposes it would be more useful to

recast these equations in terms of generalized pure spinors on Mg. Such a rewriting is indeed

given in [90], ¢f. (2.7) therein. We will now review their results adapting them to our case.
The ansatz for the splitting of the metric and the flux is given by:

ds? = e24ds?(RY?) + ds?(My)

F, = F+u3 A*AF | (4.63)

where the warp factor A and the dilaton ¢ are not constrained at this point; A is an involution
reversing the order of wedge products. The NS-NS form H is assumed to be internal, i.e.
to only have legs along M7, and likewise for the internal RR flux F. The total flux F} is
then chosen to be self-dual: for F' internal we get xAF" = vz A x7AF and in ten Lorentzian
dimensions (¥\)? = 1. Unbroken supersymmetry of the solution implies on My the existence
of two Majorana spinors y1, x2 normalized so that y/y, = 1. This leads us to define a
bispinor ¥, which can also be viewed as a polyform via the Clifford map:

V=8 ®@xh=U, +iV_, (4.64)

where W and W_ are respectively the real-even and imaginary-odd parts of ¥. We should be
careful however about how the identification is imposed: odd dimensional Fierzing does not
provide an isomorphism between bispinors and polyforms because the Clifford representation
is not faithful, as can be confirmed by a simple count of dimensions. We thus need to choose
the range of our identification. Here we take ¥ to be self-dual as a polyform: —i*7 AW = W,
This also means that the decomposition (4.64) is only valid in the polyform space and that
W, , W_ are not independent:

U, =57 A\U_ . (4.65)

These choices lead to the normalization:

(U, 0 (U, ) = 8uy . (4.66)

o
2
We now have all the necessary ingredients to write the supersymmetry for ITA in terms of
generalized spinors:

dH(egA_¢\I’+) = —€3A*7)\F
dy(e*A=*v_) = 0 (4.67)
(V_,F) = 0.

In order to match (4.53), (4.54) we need to further split M7 to Mg plus a transverse direction
parameterized by the coordinate . The metric and fluxes thus decompose as follows:

ds? = e??(e?ds?(RY2) + dr?) + ds?(Ms)
F = Fi+drAF, (4.68)
H = H;,+drANH,,
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where a depends only on r, and F;, F;., H;, H,. only have legs on Mg. Note also that the
expression ds?(Mg) can depend on r, since it can include a warp factor for instance. The
same split must then be performed for the spinors, by expressing 7D spinors in terms of 6D
chiral spinors. Since we are splitting along 7, «, (in flat basis) becomes the chirality matrix
for spinors of Mg. Thus we take:

mo o= \/1§P+X1 ;oM = \/1§P—X2 (4.69)
4.69
= —(m+n) , = —(na+n5),
X1 lm ) e 75 s
where Py := 3(1 £ 7,). Introducing the following bispinors on Mg (which can be viewed

equivalently, via 6D Fierzing and the Clifford map, as polyforms or generalized spinors):
Py =837 @ 77% , Dy =80 @7, (4.70)
we get:
U, = e 32H0(RDy 4+ Zdr ARD,) , W_ = e 32H(3D) 4 eZdr A SDy) . (4.71)

The factor e34~% is introduced here for future convenience; it is simply another choice of
normalization: - -
’i<q)1, <I>1> = i(q)g, (I)2> == 8662_2¢U6 . (472)

We then substitute (4.68) and (4.71) into (4.67), and decompose along dr. We look for an
expression solely in terms of polyforms on the internal space Mg, where r is now considered
as an external parameter:

dH eZRP, = e*2 % \F, + 6_30‘8{{63“%@2
dARDy, = —e22 % \F,
de 230, = 0 (4.73)
AP, = e 29920239,
(SP1, Fr) + eZ(SPo, F) = 0,

where now df = d + H;A, 0 = 0, + H, A, and d acts only on the coordinates of Mg. Note
also that (,) now refers to the 6D Mukai pairing (1.44).

4.3.2 Supersymmetric D2

We now want to check explicitly that the solution in (4.53), (4.54) is compatible with the
equations (4.73). This amounts to defining two polyforms @1, ®y, whose SU(3) x SU(3)-
structure carries the 6D part of the metric (4.53), and which is solution of (4.73). First we
need to identify the various fields. Comparing (4.53) and (4.68) we find,

1
et = Wi and e? = ?SHYS (4.74)

Since the fluxes are not given in the same formalism, we need to retrieve Fg and Fg from
I, and Fy by Hodge duality, in order to build the total flux polyform F; in the democratic
formalism. If we write F,q = Fy + F}, the total flux of the solution (4.54) we find,

Fy = Fog + *10AFpq -
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This leads to,

F, = Fy+ %9 \Fy = df(d¢ + A) + %6_421)6

=0 (4.75)
H, =0

H = 0,

where vg is the volume form of Mg taking into account the warp factor. We can now use the
results from section 1.5 to define our polyforms ®; and ®5. Our ansatz will introduce several
functions of # as supplementary degrees of freedom that should enable us to find a solution
of the DW equations.

We begin with the local SU(2)-structure, given by the Kéhler structure of B4. We denote
by j the Kihler form and & a holomorphic 2-form normalized so that,

JAG=0AG=0
A A (4.76)
DA =2]N7.
Note that j is global but & can only be defined locally. Furthermore we define,
O = 20,
1 N
j= ZT2€2Z <cos 07 + sin 0?]‘%&1)
1 - A 4.77
w = ZT‘2€2Z+2ZQ (cos 0RO — sinfj + Z%JJ) (4.77)

L 748 1 .
K = 57‘6 <1+00829d9+181n9(d¢+14)> .

Finally the polyforms (or, equivalently, the generalized spinors) defining the SU(3) x SU(3)-
structure are given by,

& =VHKA (ei”cosgow —singpe”)

L i , - (4.78)
Dy = VH e 2ENK (e_’” cospe'’ + singp@) ,
where the factor v/H has been added to match the normalization (4.72),
WDy, B1) = i(Dg, D) = 87472005 = 8H vg . (4.79)

We are thus left with five undetermined functions of 6 («, 3, (, v and ¢) that should provide
enough freedom for a solution of the DW supersymmetry equations: « and ¢ act as rotation of
the local SU(2) and, since the SU(2)-structures span a two-sphere, they can be respectively
seen as the intrinsic rotation and precession; [ is merely a modification of the phase of the
vielbein one-form K; the meaning of v and ¢ is explained in section 1.5, recall in particular
that ¢ must vanish at § = 0,7. Note also that a global phase of ®3 can be absorbed in v
and « whereas a global phase of ®; can be absorbed in (.

Solution

Note first that in the near horizon limit, the SU(3) x SU(3) is in fact pure SU(3),
i.e. ¢ = 0. Thus if our ansatz is correct (¢ is function of € only), ¢ should remain constant
to match the near horizon limit. Looking at the first equation of (4.73), the scalar term gives
straightforwardly,

cospcosy =1 .
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This is consistent with the ansatz, and also gives information about v. We get
=0, v=0.

The structure is then pure SU(3) all along the r coordinate. Moreover « and 8 now play
the same role: a global phase shift of the holomorphic 3-form. 3 can thus be absorbed by a
redefinition of «, and be set to 0. At this point, the second and fifth equation of (4.73) are
satisfied. Moreover the three-form part of the fourth equation of (4.73) leads to 2a0 = —73.
All the remaining terms are then proportional to ¢’ so that ¢ has to be constant. Taking

¢ = 0 then solves (4.73).

4.3.3 Mass Deformation

The background (4.54) is a solution to the type ITA supergravity equation with vanishing
Romans mass m = Fy = 0. Its near-horizon limit (4.55) has already been studied as an
example of AdS compactification and it was shown in [91, 92] that it admits a massive
deformation. That is there exists a family of type IIA backgrounds, parametrized by the
Romans mass, whose limit m — 0 is precisely the background (4.55). Let us now investigate
if this massive deformation can be extended to the full interpolating brane solution. To do
so we deform the SU(3) x SU(3)-structure ansatz presented in the previous section and try
to solve (4.73) with the deformed ansatz, in presence of non vanishing Fy.

The only difference between the full interpolating brane solution and its AdS4 near horizon
limit is a modification of the function H(r). The background (4.53), (4.54) is a genuine
solution under the sole condition that H(r) is harmonic in the transverse space R”. The
interpolating solution corresponds to the most general choice of H(r), whereas the near
horizon limit and the spatial infinity limit correspond respectively to the choices H(r) = Q/r%
and H(r) = 1. We would then expect that finding a massive deformation of the interpolating
solution would amount to adding the correct r-dependence in the different functions of the
massive deformation.

Consequences of the massive deformation: For the massive deformation of the near
horizon limit, the SU(3) x SU(3) structure is no longer pure SU(3) [91, 92], and this will
obviously be the case for the interpolating solution. It will now be necessary to switch on
the function v, ¢ and (, leading to our first source of complication. It is also important to
notice that the base and fiber of Mg get a different warp factor, and our ansatz should take
that into account. We also expect the massive deformation to switch on all fluxes. Switching
on the three-form H also impacts equation (4.73) by twisting the derivative.

Taking all the above into account, let us define the following ansatz for the SU(3) x SU(3)
structure and the fluxes. We first define the local SU(2) and one-form similarly to (4.77),

21 +0) gy

= 2B (cos ~v7 + sin 'yéRcD)

€2B+2ia (480)

(cos YR — siny] + 2%@)
= OB (£(0)d0 + isinf(dy + A)) .

N SRR )

The SU(3) x SU(3) structure is now given by,

d; = 322K A (e cospi —singpeld)

= ’ T 4.81
Dy = 329 3KNK (e cospe'? +sinpw) . (4.81)
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This corresponds to the ansatz of (4.68). The internal metric of Mg follows from the SU(3) x
SU (3)-structure,

ds?(Ms) = €2Pds?(By) + 2 (f(0)2d0% + sin? 0(d + A)?) . (4.82)

For The Bianchi Identities to be automatically satisfied we will rather define the fluxes from
their potentials: the two-form B and the odd polyform C,

B = hj
Ci = A
Oy = fiA Az (4.83)
Cs = feANJ.
The fluxes are then, in the formulation of (4.68),
H; = dB
H, = 0B
F, = dC +me B (4.84)
F. = 0IB.

All the warp factors Z, B, C, the dilaton ¢, the phases «, 3,7, (, ¢, v and the fluxes h, fs, f1, f6
are allowed to depend on 7, 0.

Despite its generality, we have checked that this ansatz does not solve the supersymmetry
equations (except for the solutions we already know, which are special cases thereof) and thus
does not qualify for a massive deformation. Unfortunately, without further input, relaxing
the ansatz to allow for a dependence on more variables quickly becomes intractable.

4.3.4 The NATD

The NATD of the supersymmetric D2 brane (4.53) is obtained by an SU(2) action on the o,
cf. (4.52). The NS-NS sector reads,

ds’ = Z;\/MH—V%SQ(RL?) + AQ(%dTQ +3dp? + md#
+ 212 sin? 0 cos? pdy?) + BZLE [d(psin x)]?
+ 4092)/A [EQpQCs?in2 X (dé)? + % (0/2p2 cos xdp + 4Z2d(p cos X)) 2}
By = md&b Adpx + ?M/;gad(p cosx) A dyp
e20 — e 20N, = %(ZEQQ +a?p’K), Z=sin®puA? A= %e‘z’/g‘rl{l/6 ,

(4.85)
where we have defined the following one-forms,
déy = (QdE — 4sin® Odap)
dpx = (,oKdX + cos y sin x(Q — 4)dp) (4.86)
dfu = (f'(0) sin udf + 2 cos puf (0)du) ,
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and included the following definitions,
Q = 4cos® pu + 3sin? psin® 0
K = Qcos? x + 4sin? x (4.87)
M = a%p? cos® x + 42% .

The RR sector is given by

A

9]
F = P sin { 0) sin pud(p cosx) — p cos ydo ]
1= S f(0) sin pud(p cos x) — pcos xdop

B 91,7/ p cos? uf’(@)d 9I2ASH' cos pusin® pusin 0
3= < 160 Pt B 20 (6)a(0)

7291, p° sin® pLA?

262144y 0/ QA

+ 2cos pf(0)Q(sin® xd€ — cos? y sin® pudip) A du

du> AdO A dip

{ — cos x sin x sin uQdp A dx N dév

— sin psin® x f'(6)df A d&p} A dp

7290,p sin” 1AS
655360/5/2A
— 8cos usin? O f (0)du A dp A dif]
~ N Hp
o 6472 H3/2w(0)
. 91,A? sin® 1
16a/3/2 sin fa(6)
7291, A% p? cos psin® psin
655360/3/2r2 H3/2w(0)a(0) A
— 2132w (0)a(0) sin (3£ () sin® 0 sin pdp

[sin xdu A d(psin x) A d€y (4.88)

vg N dp

vg A <2f(l9) sin? 0 sin pdf + a(6)? cos uf’(@)du)

[2lpA2H’ sin 0dO A du A dpy

— 2cos pf'(0)dl) A dp A dx] ANdENdY |

Tzw(g) dr A dzg A dxy A dxs.

where a(f) = 2(1 + cos? §) and vy = — Vg
P

Brane configuration and charges

The D-brane background before the NATD was a D2 brane solution, therefore we expect
to see the presence of D3, D5, and NS5 branes from the general lore Dp—D(p+1)-D(p+3)-
NS5. We will follow the same strategy as in section 4.1.2 to better understand the brane
configuration.

We first compute the NS5 charge. In the same spirit as in the D3 brane example, cf. (4.12),
we integrate Hs along the cycle (X3]p, x, €], » = 0), on which Hs simplifies as,

3
Hs = éo/ sin xd§ Adx Adp . (4.89)
We get,
Ongs = — / Hy— > (4.90)
NS5 = 2H%OTNS5 3= 87TP0 ) .
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where we cut off the integration at p = pg. For the charge to be correctly quantized, we

need py = S”T”. This is compatible with the condition of boundedness of by given in (4.39).

Modulo a large gauge transformation on B, this condition is satisfied if the range of p is
taken to be [8 ”gl)ﬂ, 8”%] Once again we can see that there is, at least from the supergravity
point of view, a continuous distribution of charge at the singularity created by NATD (here
i = 0). This distribution is smeared along the p direction and is constant in p. As was the
case in section 4.1.2, this can be seen directly in the metric by zooming in at the singularity.

Close to = 0 and after making the substitution v = p?, the metric becomes,

dsj, 0 = o \/ITC“) G [dsz’(ﬂam) + H(r)(dr® + 7’2(a (;)2d92 + isnﬁ 9d¢2))]
+ ’i{321p7“3\/1%\/m <16l§a’2a(9)2d,02 +r8H(r) [duz + V2 (dx? (4.91)

+ sin® yd(d€ — 2sin? 9d¢))m )

where v~ is the harmonic function in the transverse space for NS5 branes along the (RY2 7, 0, )
directions.
For the D-branes we need to consider the Page forms, given by,

_ 9lp\/ap

Fy= “org [4f’(9)d9 Adp A dip — 3siny sin udfu A d(psin x) A d€]
27Qvw(®) g

_ mcosusm wsin0d0 A dp N dy
; 27QUVa! 9r*v'H/w(f) (4.92)
Fr=——"""P —  ,doA 03 10(2£(0) sin 0 sin udd

5= a0 i (0) P N T Gaan () sing S H(3S (0)sin Osin
+ a(6)? cos puf'(0)dp) A vy
271,02

5 p2sin x f'(0)dO A dp A dx A dE A dip
where F} = F} given in (4.88) is unchanged.

We can readily see that the Page forms have two contributions: one coming from the
geometric flux £y and the other one from F,.* Since we want to trace the fate of the M2
branes we will consider the first part as geometric fluxes and focus on the second. The
relevant components are thus those proportional to Q (i.e. those that vanish when there is
no M2).

Ignoring the geometric fluxes, the only non-vanishing Page charge is ) ps, which can be
found by integrating F3. Namely, we keep only the (6, jz, %) term,

1 92 A 47 ™ Q1 3
Qps L /0 dw/o Smi\(/;)md@/; cos psin® pdp = Nps . (4.93)

262, Tps 128,032

The quantization condition of ()ps then leads to a relation between the constant in the
harmonic function and the number of D5 branes,

~ 2048
Q = 77Tlp0[/5/2ND5 . (494)

4Recall that NATD acts linearly on the RR fluxes so we can isolate each contribution.
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However as it was pointed out in the D3 example, the page charges depend on the choice
of Bs, and may change under a large gauge transformation. Here under a large gauge
transformation given by,

ABy = —nma’sin ydy A d€ , (4.95)

() p3 receives a new contribution,

AQp3 = /—ABz N F3

1 27nmQ / sin 9\/ /47r /
= ? cos psin® dido sin yd d
2Tp3k? 1281,/ Jo preme s v XX <

(4.96)
Evaluating this and comparing to (4.94), we then find,

AQp3 =nNps. (4.97)

This is analogous to the relation found in (4.19) above.

Assuming that the r coordinate still describes the radius of the cycles wrapped by the
RR-fluxes in the transverse space of the D-branes, the brane configuration is given by the
table below.

0 1 2/r p 0 ¢ p x &
NS5 | x x x| X X X
D5 | x x x X X X
D3 | x x x X

As we will find in additional examples throughout this paper, this relationship seems to be
universal for D-brane backgrounds generated by SU(2) non-Abelian T-duality. When a Dp-
brane background is transformed, the D(p+3) brane charges are easily found from integrating
the appropriate term in the Page form. The D(p+1) brane charges then are found from
restricting By to a cycle containing (x, &) cycle, performing a large gauge transformation,
computing the change in the Page form under this transformation, and finally integrating
to obtain AQp(,41)- This results in the general relation AQp(,+1) = n@Qp(p+3)- The new
D2 brane examples presented in this paper are not only distinct from the original D3 brane
example where this relation was proposed, but also highly nontrivial.

The spatial infinity limit

The spatial infinity limit of the supersymmetric D2 brane NATD solution (4.85)-(4.88) is
given by,

~ T 1 4
ds” = —\/w(®) |[(R"?) + d dp? + —————db* + — sin® f cos® pdip?
s B ()[( )+ dr? + = (3’u+(1+c0320)2 —i—Qsm cos® dyp®)
n 3lp0/2\/w(9)E[ 81 {w(9)52p2 sin? y
4M 16384120/ A 4Q

1 2
+ i <4lgo/2p2 cos xdp + w(0)Z2d(p cos X)) ] , (4.98)

~ 81y/w(0)Ep?sin x 3a’ sin? 0

e A d
327681,QA SO Ndpx+ 55

; 27 /w(0)=
—2 —2 2 12 2 =2y = _ 3.2
e — WA A= 16384857 (450" p* K + w(0)QE"), E=r’sin®p,

d(psin X)ﬂ + (déxp)?

d(pcos x) A dip,
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where we have defined the following one-forms,
déy = (Qd¢ — 4sin” Bdy),
dpx = (pKdX + cos x sin x (@ — 4)dp), (4.99)
dOp = (f'(0) sin udf — 2 cos puf (0)du),

with @, K defined in (4.87) and M = 4i20/%p? cos® x + w(#)Z2. The RR sector is given by

. 9l
F; :p{ 0)=d(pcosx) — pcos d@},
1 32r3@f() (pcosx) — pcos xdip
N /
Py = 9l11’6VQ0‘ pcos® iwf! (6)d6 A dp A dip
72973 /w(0)p? sin® {
+ — cos x sin x sin uQdp A dx A d
1048576V o/ QA XSinxsin uQap A dy 1 dSy

+ 2cos puf(0)Q(sin? xdé — cos? y sin® pudip) A dpu

— sin psin® x f'(6)df A d&p} Adp

(4.100)

7299w (0)3/ 2 psin”
419430412a/5/2 A

— 8cos pusin? Of(0)du A dp A dyp)]

[sin xdfu A d(psinx) A déy

A 9r3/w(0) sin® 1 2. 2 /
b5 = a2 sin ga(e) " (2/(6) sin® 6sin pud6 + a(9)? cos uf'(6)dn)

729r9w(0)3/2 p? cos pusin® psin x
4194304120732 A
+2cos uf'(0)dO) Adp Adx AdENdy .

(3£(6) sin? 0 sin pdp

As was already the case for the D2 solution, the spatial infinity is neither flat nor empty.
In a probe interpretation, this configuration could be interpreted as the space in which the
branes are inserted. As can be seen from (4.98), it is a foliation over the “radial” coordinate
r with leaves of the form of a warped product R}2 x Mg. At fixed r, the space Mg can be
thought of as a fibration of the space N3 parameterized by (p, x, &) fibered over the base M;
parameterized by (i, 6,1). The topology of M3 can be deduced from the line element,

~ 1 4 2
ds2(Ms) = 3dp® + —————dg? + ——= I

in? 2 4.101
(1 + cos? 6)? Q sin” 6dy”, (4.101)

and it is that of an S? parameterized by (6,), fibered over the interval parameterized by
1. Indeed at fixed p, ds?(Ms) is of the form g(6)d6? + h(#)dw?, for some positive functions
g, h of §. This has the topology of a circle parameterized by v, fibered over the interval
parameterized by 6. Moreover at the endpoints of the f-interval, @ is equal to 4 cos® ;1 and
the metric becomes %d&2 +sin? Ade)? in the vicinity of § = 0, 7. This is smooth given that the
period of v is equal to 7. In other words the v-circle degenerates to a point at the endpoints
of the #-interval so that the total space remains smooth. We thus obtain the topology of an
52, as advertised.

The range of the coordinate p was constrained by flux quantization to be the interval
specified in section 4.3.4. Moreover over a fixed base point (u,,1) € M, the coordinates
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(x,€) parameterize a smooth S? provided we take ¢ € [0,27], x € [0,7]. This can already
be seen from the geometry near the location of the NS5 branes, cf. (4.91). More generally
the geometry of the N3 fiber over a fixed point in Mjy is rather complicated, as can be
seen from (4.98). Topologically it is an S? parameterized by (x, &) fibered over the interval
parameterized by p. Indeed at constant p the line element of N3 is proportional to,

3,0\ /w(0)= 27/ w()Z
pT<C°SQ X+ 223aBA sin ) dx* +

81w(6)=? sin? x
216120/ AQ)

de? | (4.102)

which is a circle parameterized by & fibered over the interval parameterized by y. Moreover
it can be seen that near the endpoints of the interval x = 0, 7 the line element above reduces
to,

3,02 \/w(0)=
4(0/222 cos? X(—F) 4=2) (A" + sin"xd€7) (4.103)
so that the S? parameterized by (&, x) is smooth for the ranges given above.

We have thus been able to specify the ranges of all coordinates parameterizing the NATD
space. Once this result has been established for the leaf of the r-foliation at spatial infinity,
it remains valid for finite  and applies also to the full interpolating solution (4.85). In
particular the smoothness of the S? parameterized by (6,1)) is shown by the same argument
following (4.101). The smoothness of the S? parameterized by (£, ) also follows as above,
upon modifying (4.102), (4.103) to account for the interpolating metric (4.85).

The near-horizon limit is obtained by substituting H — % in (4.85). As is clear from
the previous analysis, the general structure of the leaves of the r-foliation described above

remains unchanged. Moreover the RM? space combines with the radial coordinate to form an
AdS, factor exactly as before the NATD.

4.4 Non-supersymmetric D2 from reduction on Y74

We will now reduce along the “obvious” Sasaki-Einstein S* cycle, thereby completely breaking
supersymmetry. Let us rewrite the Y?9(By4) metric (4.43) as follows,

1 - -
ds*(¥7) = (ds? (Vo) + (dy + A)?) (4.104)
where the base Mg is topologically an CP? x S? with metric given by,

ds?(Mg) = ds*(By) + 2d02 + 4w(0) sin?0 da?* | (4.105)

(1 + cos?6)

and we have defined,
A= A+ 2y/w(h) cos fda . (4.106)

Note that, as follows from (4.56), for the S? parameterized by (6, a) to be smooth o must
have period 27/(gs €249). Alternatively we may redefine a@ — g, e*4°a, so that a € [0,27].
In terms of the redefined coordinate,

2
~ 1 9 sin“ 0 9

ds?(Myg) = ds*(B d d 4.1
s (Ms) = ds™( 4)+(1+00s20)2 +2(1—i—cos29) “ (4.107)
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The corresponding eleven-dimensional solution reads,

ds? — 2/3dS (Rl 2) +H1/3 <dr + 4r2ds ( )) + 4T2H1/3(dq/)+A)
G=—-dH ' A volg (4.108)
Ho1+2.
r

Reducing along the S' cycle parameterized by v results in a non-supersymmetric ten-
dimensional D2-brane solution given by,

1 -
ds} = 2/ (H‘Q/‘Q’ds?(Rm) + H'3dr? + 4H1/3r2d32(M6))

GAo/3 _ ~ Hl /3

A2 (4.109)
= lpdA
Fy=—dH ' Avols .
In the spatial infinity limit, H = 1, the metric reduces to,
i = 5 (ds (R'2) + dr? + 7"2d5 (M6)> , (4.110)
while the remaining fields reduce to,
GAd/3 _ r?
412
(4.111)
= 1,dA
F4 =0.

Once again we see that, contrary to the D3 case, the spacetime is neither flat nor empty in
the spatial infinity limit: rather it is conformal to R'? x C(Mg), where the latter factor is
the metric cone over Mg.

Upon dimensional reduction on ¢ the M2 branes become D2 along R"?, whose transverse
space would be the cone over Mg. As in section 4.3 we find,

3Q

Fy=—
REEEDTE

w(f)ve . (4.112)

Since the cycle Mg collapses in the transverse space at r = 0,

dxFy = 32l —/Jw (5 dT/\Uﬁ (4.113)

We compute the quantized D2 charge and obtain a similar result to the supersymmetric case,
up to a factor of 2 difference arising from the different ranges of o and v,

27Q 2” Sln9 3 s
@02 = Si09m1, 087 / / 4 oy / dSdg /0 dpsin® pi cos 1, (4.114)
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leading to a relation between the constant in the harmonic function and the number of D2
branes,

R 2048

Q= 2l Q
Since F5 is not related to the D2 brane charge, we will only consider it as a geometric flux.
For the same reasons as in the supersymmetric case, cf. section 4.3, there are no D4/D6

512N pg . (4.115)

branes.

4.4.1 The NATD

We can now take the NAT dual of the background (4.109). The NS-NS sector of the resulting
background is given by,

~ 9 r 4 1
ds" = — H Y202RY2) 2 A2(—dr? +3du + ———_dp?
y 21, s )+ (r2 T odp (14 cos?6)?

12=

=

+ 4w (f) sin® fda?) + so

5 =[d(psinx)]?

81 2-2 2 .2 1 ?
+ e/ A |P S cos” usin x(d€)? —I—— o p? cos xdp + Z2d(p cos x)
~ 81p? sin Y2
= ——7—déNd
256A ¢ aPX
. 27= 1
e =" WA, A= la [cos =2 + 0/2,02[(} ZE=sin?puA?, A= §e¢/3rHl/6 ,

(4.116)
where we have defined the following one-form,
dpx = (pKdX — cos x sin y sin? udp) , (4.117)
and included the following definitions,

K = cos? jicos? y + sin? y,

4.118
M—O/2pQCOS X+u ( )
The RR sector is given by
- 9,VE=
= VZd(pcos x) + 2p cos i cos Ad}
1 16\FA2{ (pcosx) + 2pcos pcos xAdp
A 91,/ o/ psin O 1812\ /w(A)A3=3/2H'
Fy=*F d . in 0d )/\d@/\d
’ (16@(9)2 w@ " T aBR2g(g) e (IR “
729lpp53/2 cos psin y 9 .9 .
10060 TZAZA (— 2 cos” pA=*dp A d(psin x)
+ o?p? {QA sin xdpu + cos pu cos X\@dx} A dp) A dE, (4.119)
- 9 120/ pH’ 1, cos psin O=3/2
Fy=——uvs A (82 d
57 32q832 " ( 2132 P a0y w(6)Asin 6 >

_ 7291,0? cos i sin Y= 5/2
4096120/3/2a(0)2\/w(9) H3/2 A

<r2 cos usin OVEH?2dp A dx + 320,a(0)w(0) sin O H' A3du A dpx) ,

da A dO A dEN
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where a(f) = 2(1 + cos? #) and vy = dr N\ dxo A\ dxy A dxs.

412\F

Brane configuration and charges

As in the supersymmetric reduction, spacetime is singular at p = 0, which corresponds to
the fixed locus of the SU(2) isometry before duality. We thus first compute the NS5 charge
by integrating H3 on the cycle (X3]p, x,&], p = 0), on which Hs simplifies to,

3
Hs = 10/ sin xyd§ Adx Adp (4.120)
so that,
1 ro 3p0
— d d d =—=N, . 4.121
QnNss = 23 T 4 ; ,0/ sin xdx =1 NS5 ( )
For the charge to be quantized we need pg = 4"7”. This is compatible with the condition

(4.39) which leads to p € [M, 42”] and a large gauge transformation on By. We can now

examine the metric close to p = 0, with v = u?,

|ds”(RY2) + H(r) (dr® + (- (;)26102 - 4@1( i 0da?))]

(16l§o/2dp2 +r5H (r) [di/2 + 12 (dx? + sin? Xd€2)] >} ;

.

ds?

0T 20, JH ()
3

: (4.122)
I
v 1320,r3\/H(r)

where v~! is the harmonic function for NS5 branes along the (R'2, 7, 0, a) directions. As in
the previous example, the NS5 branes are located at the singularity © = 0 and are smeared
along the p direction.

The Page forms are given by

~ 9l\/>p

Asinfda A df A d
I () L g

+ 6a(6)*\/w(8) cos psin psin xdu A d(psin x)]

27Q) Lo
_ m cos psin” psin Oda A df N dp (4.123)
N 27121/ o/ Q 9r3V/H 3
Fy=— 5 9H3/2 pdp/\m—i—Wcosusm pdp A\ vy
271,0/3/?

2 . .
— ————————p“sinfsin yda ANdO NdE Ndp ANdy
64a(0)2/w(0)" X $Adp I ax
with Fy = F) given in (4.119). We will focus on the components that are proportional to
@, whereas the remaining term will only be considered as geometric flux. Integrating the
(a, 0, 1) term in F3 we obtain,

1 27Q 2 ™ sin 6 2
- d/ide/ s psin® pdp = Nps | 4.124
@ps 2/@%0TD5 256[1,0/3/2/0 @ o a()? 0 COS (LS hath D5 ( )
leading to a relation between the constant in the harmonic function and the number of D5
branes,
Q= 4096 wlya*/*Npy . (4.125)
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If we further consider the change in the Page forms under a large gauge transformation in
By, it is the D3 charge which is created and we find AQps = nNps.
In the same spirit as before, we would then have the following brane configuration:

0 1 2|r uw 0 a p x £
NS5 | x x x| X X X
D5 | x x x X X X
D3 | x x x X

The spatial infinity limit

The NS-NS sector of the spatial infinity limit of the non-supersymmetric D2-brane NATD
solution is obtained by setting H(r) =1 in (4.116)-(4.119),

N 1
d52 = % (d82(R1’2) + dr2 -+ 7’2 (3dﬂ2 -+ md@Z -+ 4'11)(0) Sin2 HdOZQ))
P
6lpa>= . 2 81 222 2 .2 2
T[d(psmx)} + 1638420/ A {p = cos” psin® x(d€)
1 212 2 =2 ’
+ i 641,a'"p cos xdp + Z=d(p cos x) (4.126)
81p? sin Y2
= —————déNd
2= oas,a B IPX
7 27=
720 = ¢ 20N, [cos? u=% + 64[12,0/2,02K], 2=risin’pu,

where we have defined the following one-form,
dpx = (pKdX — cos y sin y sin? ,udp) ) (4.127)
and included the following definitions,

K = cos® jicos? y + sin? x,

4.128
M = 641112)0/%2 cos® x + 22 . ( )
The RR sector is given by,
. 9,VE
F = —16;’3\5& {\@d(p cos x) + 2r%/2pcos p cos xdpu |,
A lpvVa!psin 6
L = 9pa—psmd0 Ada A dp
16a(0)?/w(0)
729p=3/2 cos pusin x 3/2 2 = )
- r°/% cos® u=°du A d§ A d(psin x)
10485767312a/5/2 A (
e (4.129)
+ 32[12)0/2;)2 [27‘3/2 sin xdp + cos p cos X\/idx} Adp A d§>,
- 9 in 0=3/2
P cos psin vs A d

- 25613/2a/3/2a(0)w(0) sin 6
729p? cos? jusin y sin =3
2097152120/3/2a(60)%/w(0) A

dO N da NdENdp A dy,

5The large gauge transformation has the same expression each time: see (4.17) or (4.95)
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with vg = —%dr ANdzo A dxy N dzxs.

The ten—diz;nensional spacetime is a foliation over the r-coordinate with leaves of the form
of a warped product R? x M. The general structure of the leaves is very similar to that
of section 4.3.4, and can be analyzed in the same way: at fixed r, the space Mg can be
thought of as a fibration of the space N3 parameterized by (p, x, &) fibered over the base M;
parameterized by (i, 8, ). The topology of M3 is that of an S? parameterized by (#, a) times
the interval parameterized by pu.

The range of the coordinate p was constrained by flux quantization to be the interval
specified in section 4.4.1. Moreover, over a fixed base point (u,,«) € Mj, the coordinates
(x, &) parameterize a smooth S? provided we take ¢ € [0,27], x € [0,7]. This can already
be seen from the geometry near the location of the NS5 branes, cf. (4.122). More generally
the geometry of the N3 fiber over a fixed point in Mj is a smooth S? parameterized by (x,€)
fibered over the interval parameterized by p.

As in the supersymmetric D2 case, we have thus been able to specify the ranges of all
coordinates parameterizing the NATD space. Once this result has been established for the
leaf of the r-foliation at spatial infinity, it remains valid for finite r and applies also to the full
interpolating solution (4.116). The near-horizon limit is obtained by substituting H — % in
(4.116), and results in an AdS, factor exactly as is the supersymmetric case.

4.5 D2 from reduction on S”

Here we consider the reduction of the M2 brane background with S” internal space (4.41),
to ITA along 1,

1
dsty = T cost [H(r)*l/QdSQ(Rl’Q) + H(r)Y?(dr? + =r?(sin? —22 + cos? dsQ(Qg) + d/f))}
21, " 2 1 2 2
3
By =0, &%= glg H(r) cosgg

Fy = —1,dQs, Fy=—dH ' Advols,
(4.130)

with Qg representing an S? with coordinates (61, ¢1) leftover from the o; in (4.42). The near
horizon limit of this solution and its NATD were given explicitly in [76]. It is not known
however whether the reduction preserves supersymmetry.

We can see the presence of D2 branes from xFy,

30  p
Fy=——%cos™ 4.131
T LR (4.131)

where vg is the volume form of the 6-dimensional space Mg (along p,d€Qe and dQ3). If we
take the transverse space to be the cone over Mg, this cycle collapses at r = 0, where we can
see the D2 brane,
3Q
dx Fy = o, cos —5( )dr A wvg . (4.132)

Upon quantizing the flux, we obtain

1 3 M
Qp2 = 2K%0TD2 /M6 *Fy = 20487T5l SR LB /52 ng/ ng/ dpsin® cos = (4.133)
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leading to,
Q = 1287%1,0/*/*Npy . (4.134)

On the other hand, as is the case for the near-horizon limit, F5 is sourced by a D6 brane
along R12) 7 Q3 and located at p = 7, where the 2-sphere Qs collapses. As shown in [76],
the metric in the vicinity of y = 7 is singular and takes the precise form of the metric near
a D6 brane source. The charge is given by:

1 21
= | =2
©ps 2H%QTD6/ 2 Vao!

The brane configuration is thus the following:

(4.135)

0 1 2(7r pu 61 @1 02 P2 Yo
D2 | x X
D6 | x x x| X X X X

Note that the 3-sphere 23, on which we will now dualize, is transverse to the D2 but
parallel to the D6. We will now see how both will behave under NATD.

4.5.1 The NATD
The background resulting from the application of NATD on the ¥; reads,

123
~2 7“COS2

ds” = H(r)2ds*(RY2) + H(r)'/? (dr2 + 72 [dp® 4 cos? gdsQ(Qg)
P
;4
r3/H (r)p? cos & sin %dSQ(dX2 + gin? ng)])} N 90,0 a2
4096120/ A 8r3\/H(r) cos & sin® &
. 27r%p? cos & sin? & 5 SI3A
— : de A d —29 — p
2 096L,A  Smxdendx. e r3/H(r) cos® &

3H

A=" (r) cos 5 sin’ (9120/2p2 + 1 H(r) cos? gst g) ,

p123a/3
(4.136)

. 9 3Q 3 M
F3 = —6—4lp\/c?pdﬁz Ndp+ 11,072 cos” 5 sin® *dﬂz A dp

~ 27@[12,\/5 3\Fsm
5=  8r9H (r)3/2 cos? ﬁpdp/\ v 8a’3/2 cos & S oost W

27r3\/>p cos® “ s1n5 “
524288120 A

(2r6H sin dp 6Qp cos —du) A dS2 A sin xdx A dE
(4.137)

'f'2 COS

with vy = — Wi

dr Adxg A dxy A dxs.
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The Page five-form is given by,

3 27012\ o/
Fy = — 5 o Adp +

r3v/ H sin® %
819 cos? £H 3/

8/3/2 vg Ay

(4.138)

2
— 5—172lp0/3/2p2 sin xdQs Adp A dx A dE .

Brane configuration and charges
We first compute the NS5 charge by integrating Hs on the cycle ([p, x, €], u = 0),

3
H; = —go/sinxdp/\dx/\df
1 3
QNS5:7/H3_ﬂ-

Qﬁ%OTng, - 8w

(4.139)

Qnss is quantized if pg = L,,, where we set L, := %ﬂn. With p € [Ly, L,+1] and a suitable
large gauge transformation on Bsg, the relation (4.39) is satisfied.

The NS5 branes are also seen by zooming in on the singularity generated by the NATD
at u =0,

d2

.
"0 = o JH )

2
[ds*(R"2) + H(r)(dr? + T-d23)|
(4.140)
1r 9,07 3H ~
[piad,oQ 4 V() (v +12a2)] .
2r3\/H(r) 321,
This is indeed consistent with the harmonic superposition rule, with harmonic function pro-
portional to v~ 1. This gives the characteristic NS5 brane configuration: along the (R%2 r, Q5)
directions, located at p = 0 and smeared along p.
Next we compute the quantized Page charges. We start with the dual of Fy to track the
D2. This corresponds to the terms proportional to (). Here only the F3 = Fj gives a non
zero charge and we integrate the (€9, 1) term to find,

1%

Q 1
=—~ = _—7Nps, 4.141
where we took (4.134) into account. We see that, as already noted in the near-horizon limit
[76], Nps and Npo differ by a factor of 5 and thus cannot both be integers. Indeed it is
known that NATD generically maps integer charges to non-integer ones [72]. In the dual
theory we are thus led to impose a different quantization condition: %TFN D2 € 7, so that
(4.141) is satisfied with Qps € Z. Moreover, we may perform a large gauge transformation
on Bs and find the resulting change in the Page charge for F5, AQps,

_nQ
2567l,a/5/2
We can also track the D6 by looking at the dual of Fy, i.e. the remaining components of the

Page forms. These are found by integrating the terms not proportional to Q in (4.137) and
(4.138), which we label F3 and F5. We find,

AQp3 = =nQps - (4.142)

1 . 9,(L2,, —L2) 1
o= | Fp=_TPndl ) “ o 4] 4.14
@ps QH%OTDE)/ 3 1287/ 47T( n+1)Qps (4.143)
1 - 9,(L3,, —L3) 1
) = —— | [, = TP Al o= Zx(3n®+3n+1 4.144
Qps QK%OTDZ&/ 5 2 677( n“+3n+1)Qps . ( )
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where in the last equalities on the right hand sides above we have taken (4.135) into account
and the quantization of py given below (4.139). Similar to the case of Qps above, we see
that Qps, @ps cannot be integers if (Jpg is integer. In the dual theory we are thus led
to impose a different quantization condition: %TFQ D6 € Z. Moreover, under a large gauge
transformation of Bg, @ ps is modified in the same fashion as @ ps, cf. (4.142),

AQpy =nQps (4.145)

The brane configuration is summarized in the following table.

0 1 2|r puw 6 &1 p x &
NS5 | x X x| X X X
D3 | x x x X
D5 | x x X X X X
D3 | x x x|Xx
D5 | x x x| X X X

The spatial infinity limit

The supergravity background corresponding to the NATD of the spatial infinity limit of
(4.130) is presented here,

123
A2:7"COS2

s [dsQ(Rl’Q) + (dr2 + 72 [dp® 4 cos? gdsQ(QQ)

lp
9r3p? cos & sin® & 9l o2
ds®(dx? + sin? xd¢€? ] T a2
4096120/ A S (A" + sin” xde )]) * 8r3 cos & sin? £ re
4.146
2713 p3 cos & sin? & oa SI3A ( )
p= PP 2 ginxde Ady, e = P
40961,A r3 cos3 &
3 Boin2 K
_TrTCosSgSITg o 99 g oM . o[t
A—W(lea p7 17 cos” 3 sin 5) ,
and,
9 /
F3 = —6—41;,\/04 pdQa A dp
r3sin3 £ 27r9p? cos? & sin® 4 (4.147)
P dp A vy + dp A dy A sin ydy A dE |
* = BaP o BN T T ogaiaaanEn 0N R s A de
2 . 2u
with vg = —%dr ANdxg Ndxi Adxre. The surviving RR flux terms in the asymptotic limit
P

ultimately arise from the charge created in the reduction of the parent M-theory background
to Type ITA, and thus from the D6. The NS5 also survives since it comes from the singularity
in the NATD.

4.6 Discussion

Having full-fledged brane solutions, interpolating between the near-horizon and spatial in-
finity limit, may give a better handle on the brane configurations and the global properties
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of the NATD. In particular certain general features emerge. The NATD of the spatial in-
finity limit of standard intersecting brane solutions is universal: it is given by a continuous
linear distribution of NS5 branes along a half line with specific charge density. We have also
provided additional examples where a general relation, observed previously in the NATD
literature, between the Page charges generated by the NATD and their behavior under a
large gauge transformation of the NS flux is obeyed. Since this behavior results from the
non-trivial dependence of the Page charge on the B, field, NATD naturally furnishes several
examples where the choice of Bs plays an important role.

More generally in cases where the brane configuration before NATD is not flat at spatial
infinity, the NATD contains highly nontrivial RR fluxes even at spatial infinity. If the charges
before NATD are related to the presence of branes, the latter can be tracked throughout the
NATD. On the other hand, the precise NS5-D(p+1)-D(p+3) brane intersections underlying
these solutions cannot be systematically identified with this approach. Indeed, we have not
been able to describe these brane fluxes as resulting from backreaction (as dictated by the
harmonic superposition rule) on some initial spacetime without branes. The exception to
this statement is the case of the geometry near the locus of the NS5 branes. Let us also note
that the spatial infinity limits of the NATD backgrounds presented here are highly nontrivial
exact supergravity solutions in their own right, and they can be considered independently
from the full interpolating intersecting brane solution.

In the case of the NATD of the D2 branes, proceeding by analogy to the NATD of the D3
brane, cutting off the range of the p coordinate at a finite value, in order to impose NS5 charge
quantization, provides a prescription for assigning well-defined ranges to all dual coordinates.
On the other hand, from a purely geometrical point of view this procedure renders the space
geometrically incomplete. Ultimately such a procedure should be justified through a physical
interpretation. In the case of the NATD of the D3 brane, such an interpretation was provided
by the field theory dual proposed in [80], as reviewed in section 4.1.2. It would be interesting
to provide a similar interpretation for the NATD of the D2 branes of the present paper.

We have cast the supersymmetric D2 brane solution, arising from the reduction of M2
branes on seven-dimensional Sasaki-Einstein, in the language of generalized geometry pure
spinor equations for domain walls. This framework allowed to look for massive supersymmet-
ric deformations of the D2 brane solutions, and we have been able to rule out a certain class
of ansétze. It would be interesting to try to construct these massive deformations explicitly,
at least in a perturbative expansion in Romans mass as in [93]. If they exist, these would
be full interpolating intersecting brane solutions whose near-horizon limit coincides with the
class of massive IIA AdSs x M;g solutions of [92]. Note also that it is not clear whether the
D2 brane solution obtained through reduction on S7 is supersymmetric: the formalism of
generalized complex geometry could also help resolve this issue.

It would also be interesting to cast the NATD of the supersymmetric solutions in the
generalized geometry formalism for domain walls, thus refining the general results of [94, 95].
Besides providing a check of supersymmetry, this might give insight into the global structure
of the solutions. In certain cases the duals might fall within the class recently examined in
[96].
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5 SU(3)-structures on toric CP! bundles

Published in: [1] R. Terrisse and D. Tsimpis, “SU(3) structures on S? bundles over
four-manifolds,” JHEP 1709, 133 (2017)

As we have seen in 2.4, supersymmetric compactification require the existence of an
SU (3)-structure on the internal manifold. Then in some cases the supersymmetry equations
can be translated into conditions on the torsion classes of the SU(3)-structure. Depending
on the flux content, the admissible torsion classes may vary. A classification of flux vacua
would then go through a classification of manifolds with SU(3) structure and the torsion
classes they can carry.

Calabi-Yau manifolds correspond to the special case where all torsion classes vanish. In
the context of compactification this is equivalent to vanishing fluxes. And this is only one
of many reasons why Calabi-Yau manifolds are interesting. Thus Calabi-Yau manifolds have
been the subject of intensive research, both in mathematics and theoretical physics. Other
types of torsion classes have been less studied and relatively few things are known about
their classification. This would require a significant pool of manifolds with SU(3) structure.

For this reason it was proposed in [97] to use smooth compact toric varieties (SCTV) as
a class of manifolds upon which a classification procedure could be started. Toric varieties
stem from algebraic geometry, thus in the smooth case they lie at the intersection between
differential and algebraic geometry and tools from both fields are available. SCTV come
with a lot a structure and this should help constructing SU (3)-structures on general grounds.
Indeed [97] gives a procedure to build SU(3)-structures that rely only on the existence of a
specific one form K. This procedure was applied in many examples, first in [97] and then in
[98], but the choice of K prevents the method to be fully systematic.

This chapter presents another procedure that can be systematically applied to a wide
class of SCTV. The procedure defines a 3D SCTV as a CP! bundle over any 2D SCTV, and
uses the bundle structure to build an SU(3) structure. The discussion starts with a review
of the formalism that will be used throughout the chapter. Then the general construction is
described, before being illustrated on the case where the base is CP2. Also the computation
of the torsion classes is initiated.

5.1 Review of the formalism

In order to fix the notation and make the chapter self-contained, in this section we give a
review of the SCTV formalism developed in [97]. Along the way we introduce the tools that
will be useful in the rest of the chapter. The description of the toric CP! bundles is given at
the end of the section.
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5.1.1 The symplectic quotient and coordinates

There are various equivalent ways to define a toric variety see e.g. [99], or [100] for an
introduction for physicists. In the following we will use the symplectic quotient description,
which turns out to be the best suited for the explicit construction of G-structures and the
associated differential calculus. The starting point of the symplectic quotient description is
a parent space C*. with coordinates {zi, i = 1,...,k}, and a set of s linearly-independent
integer k-vectors Qf, {a = 1,---,s} called the charges. Let M be the real submanifold
defined by the following set of moment map equations,

Qi = €. (5.1)

The real parameters £* are the so-called, Fayet-Iliopoulos parameters: they correspond to
Kahler moduli, parametrizing the sizes of cycles of the toric variety. On the other hand the
topology of the variety is independent of the £% as long as we stay inside the Kdhler cone,
defined by the conditions £ > 0. In the following we will always assume this to be the case.
The associated toric variety M is given by the quotient M = M /U(1)® where the phase vector
¢a € U(1)*® acts on the coordinates z; € M through the following gauge transformations,

Zi = ¢z = @ QiPay; (5.2)

Hence M is a manifold of complex dimension d = k — s: the equations (5.1) can be thought
of as removing s real “radial” directions, whereas the action of (5.2) removes s real ‘angular’
directions. In total the equations (5.1), (5.2) remove s pairs consisting of one radial and one
angular variable, which may be thought of as s complex variables.

Since the Q% are independent as k-vectors, one may choose a set S of s indices such
that Q¢, b € S, is invertible. The open set {z, # 0,b € S} C C* then descends to a well-
defined open set in M, denoted by Ug. On this patch one can then use the z;, coordinates
to compensate the U(1)® action on the z, coordinates, where the index « takes values in the
complement of S, a € LS. One may then define the following gauge-invariant quantities,

ti =z za_Q’?Qg , (5.3)
a€sS

where we have set,
Q= (@~ (5.4)
Thus, provided |Qg| := |det Qf.g| = 1, the map
ps - US — Cd
[zi] = (ta)aets

is well defined and homeomorphic, while the transition functions ¢g o <p§,1 are biholomor-
phic and rational. Now if M = U =1 Us, the charts (Us, ¢s) form a holomorphic atlas

, (5.5)

on M: the t,, a € Cg , define d gauge-invariant local holomorphic coordinates on Ug. Note
that for i = ¢ € S, we thus find ¢, = 1. This condition of covering of M is thought to be
related to the condition of smoothness for general toric varieties and is satisfied for the cases
we consider here.

To take a simple example, consider the case s = 1 and @ = (1,--- ,1). The corresponding
toric variety is the complex projective space CP*~1. Indeed (5.1) gives ||z||?> = ¢, i.e. M =

1This needs not always be the case
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S2k=1. Taking the U(1) quotient, M can be written as M = (C*\{0})/C*, the set of complex
lines in C*. On the patch U; = {zj # 0}, the local coordinates take the form,
Zi
t; = — 5.6
=2 (56)
which we recognize as the set of canonical coordinates of CP*~!. The z; on the other hand
correspond to homogeneous coordinates of CP*~1,

5.1.2 Differential forms

We have seen that toric varieties are equipped with systems of complex coordinates which can
easily be made explicit. Moreover it is often advantageous to work directly in the parent space
CF using the homogeneous coordinates z;. We will be interested in particular in globally-
defined differential forms on the manifold M. One way to construct a differential form on
M is to start from its local expression on a patch, and make sure a regular global extension
exists by checking its compatibility with the transition functions of the cotangent bundle.
Working directly in C* drastically simplifies this problem: since the topology of the parent
space is trivial, a single expression suffices to define differential forms globally. From this
point of view the key question is to identify the differential forms of C* which descend to
well-defined forms on M.

In the following we review how the formalism of [97] can be used to treat this question.
Let @ be a differential form on C*. In order for ® to descend to a well defined form on M, it
should be well-defined on M. Hence it should be compatible with the moment map equations
(5.1) which imply,

Qféidzi + Q?Zidzi =0. (57)
Consequently ® should not have any components along the 3tn®, where we have defined,
n® = Q5 zidz; . (5.8)

In other words, we require,

tpvey® =0, (5.9)
where V@ is the dual of 7% (with respect to the canonical metric of CF),
V&= Qfz0,, . (5.10)

Moreover, ® should be compatible with the quotient (5.2). On the other hand the U(1)*
action in (5.2) is generated by the vector fields (V*). Hence the U(1)® invariance can be
stated in terms of the following two conditions:

1. ® must be constant along U(1)* orbits, i.e. Lg1a)® =0 .
2. @ should not have any components along the orbits, i.e. tgya)® =0 .

These conditions have a natural interpretation: first note that a form ® has charge ¢ if it is
an eigenvector of the Lie derivative Lg(yay,

Eg(va)‘b = qaé . (511)
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We then see that the first of the two conditions above is simply the gauge invariance of @, i.e.
the condition that the total charge of ® vanishes. Moreover the second condition combined
with (5.9) gives,

te® = 1;.P =0, (5.12)

which is equivalent to ® being vertical with respect to V.

Thus in order to construct a well-defined form on M descending from a form ® on C*, the
gauge invariance of ® must be imposed from the outset. On the other hand, the verticality
condition is purely algebraic and can be imposed by projecting out the components along n®.

Let us now come to the explicit construction of the vertical projector. We introduce the
real symmetric matrix,

9" =" (V?) = Qi Q= - (5.13)
The projection P on a (1,0)-form & is then given by,

P(®) = & — Gaprva(®)n” (5.14)

where § = g~!. This definition of P can be readily extended to all (k,[)-forms [97]. In the
following it will be useful to define the vertical projections, Dz;, of the one-forms dz;,

DZZ' = P(dzl) = dzi — gabQ?Q?Ejzide = dzi — hijziijdzj s (5.15)
(no sum over i) where we have set,
hij == Q¢ Qb Gap - (5.16)

The Dz; are the building blocks that we will use to construct global forms on M. Note however
that since they are not gauge invariant, one must compensate their charge by appropriate
(charged) coefficients.

On the other hand the (singular) form Dz;/z; is both gauge invariant and vertical and
therefore admits an expression in terms of the local coordinates ¢;. On the patch Ug we have,

-3 ot

aces

dz,
5.17
=, (5.17)

dti . dzi
ti N Z5

where we took (5.3) into account. Setting i = ¢ € S then gives dt. = 0, c¢f. (5.4). This leaves
us with d linearly-independent one-forms dt,, a € CS. We can then compute,
Dzi dt 2 dtj

= = byl 5.18
o, Talal L (5.18)

where we took into account that: h,-j]szQ? = Jed QfQ;l]sz Q? = G Qg™ = Qb As
expected, given that the form on the left-hand side is vertical and gauge invariant, the result
can be expressed in terms of the local coordinates alone. Note also that the gauge-invariant
|zj|? can be expressed as a function of ¢; using (5.1).

Conversely, (5.17) can be used to express dit; as a function of Dz;, since dt; is vertical by
definition. We now have all the necessary tools to translate back and forth between the local
coordinate system {t;} on M and the global coordinate system {z;} on C*.
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5.1.3 Kahler structure

It is now possible to show that the toric variety will inherit a Kéhler structure from the
parent space. Indeed CF is equipped with a canonical hermitian form:

h=dz ®dz; =gc —1Jc (5.19)

Where gc is the euclidean metric and J¢ the canonical Kéhler form. The nice thing about
this is that the product of z and z automatically compensates for the charges and makes h¢
gauge invariant. We just need to project on the vertical component to get a tensor on M.

Thus a toric variety naturally comes with a hermitian structure:

H(¢") = P(hc) = P (dz; ® dz;) = Dz; @ Dz; . (5.20)

As we have already noted, the Dz; above are not linearly independent and do not form a
basis of the cotangent bundle of M. Using (5.18) it is not difficult to see that the hermitian
metric takes the following form in local coordinates,

i) 121% |2

[)(é““) = |ti‘2 dt; ® dt; — hjk‘tjﬁwfjdtj ® trpdty , (5.21)

where we have made use of the identity h;jhi|2i|* = hjp which can be shown by taking into
account the various definitions. As we have seen in section 1.3.3 the hermitian metrics is
given by a metric and a symplectic form. Using the decomposition 1.18 define:

h=g—iJ (5.22)

In this case J is in fact a Kéhler form,
J= %Dzi AD3 . (5.23)

Although Dz; are not closed, it can readily be verified that d.J vanishes as it should. Thus
any toric variety is Kéhler.
Let us illustrate the above with the example of CP*~!: on the patch Uy we have g = &
2
and h;; = % Moreover (5.1) gives |z;|? = ol — & where t2 1= Salta>sa=1,... k—1.

|ta |2 1+t2 b
Hence,
dt; ® dfz _
= _— = 5.24
h(&) £<1+t2 n®77>, (5.24)
where 7 := HLtQ t;dt;. We thus recover the Fubini-Study metric and its associated Kéhler

form.

An hermitian metric also gives rise to a scalar product "-" on differential forms on M.
Since P? = P, the calculation of the scalar product on vertical forms can be done in the
parent space C* using the flat metric. Indeed the action of the metric on vertical forms 7, 12
can be written:

g(m,m2) = gc(Pni, Pn2) = ge(ni,n2) (5.25)

Then, using (5.15) we can compute the useful relation:
’DZ' . DZj = 2((57;j — hijZiZj) y (5.26)

which shows that the Dz; are not orthogonal.
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5.1.4 SU(d) structures
To further reduce to SU(d) we need an holomorphic d-form. Once again look at the parent
space: C* has a canonical SU(k) structure given by,
Jo = %dzi Adz; (5.27)
Qc = Adz, (5.28)

As we have just seen, projecting Jc does lead to a Kéhler form on M. The question that
remains is about Qc. However P(€)) vanishes trivially since there can be no (k,0) forms on
M. In order to obtain a (d = k — s,0)-form on M we must contract  with each of the V¢
vectors, so that,

det H ). (5.29)
This expression is naturally vertical, since the vertical components have been contracted.
The V* are not charged so that Q) has the same charge as Q, ie. ¢ = > Q. Now if
> QF =0, Q) is gauge invariant thus defining a holomorphic d-form on M, and then an
SU(d)-structure. However M is also Kéhler so that M is in fact Calabi-Yau and cannot be
compact. This case will then be excluded for us.

Let us now suppose that ), Q¢ # 0. The pair (j , Q) does satisfy the compatibility equa-
tions (1.24), thus defining at least a local SU(d) structure on M. Moreover € admits a simple
expression in terms of local coordinates® on Ug. After some straightforward manipulations
we obtain,

H Zq

Q=(-1)%Q 5.30
(s it A (5.30)
where a € S, a € €S and we have defined,
(s+1)(s+2)
(—1)5 = (—1)2a65a+ +12 — . (531)

Remark Any manifold admits local SU(d) structures since the issue is precisely the global
definition. For example, for a manifold with U(d)-structure choose a holomorphic vielbein
define the holomorphic d-form as the product of the holomorphic vielbein form. Thus the
existence of () is of course not surprising but it will still be very useful as I will show in the
following. In order to define an SU(d)-structure it will be necessary to modify ) to make it
gauge invariant. At the same time J should also change to keep the compatibility conditions
intact. In [97] a prescription was given for the construction of global SU(d) structures on
M 3 Tt relies on the existence of a one-form K on C* with the following properties:

1. It is vertical and (1,0) with respect to the complex structure of CF.
2. Tt has half the charge of Q.

3. It is nowhere-vanishing.

2Thus defined, Q is compatible with the transition functions. But the z; are not strictly functions on Us
since they are not gauge-invariant. Then, a rigorous local form could be achieved by substituting z; with |z;|,
losing in the process the compatibility with transition functions.

3Originally presented for d = 3, the prescription of [97] is in fact directly generalizable to any dimension.
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Given a one-form K on CF satisfying the conditions above, [97] showed that a global SU(3)
structure on M can be constructed, and provided explicit examples of such a K for certain
toric CP! bundles. Many more examples of K were provided for other toric varieties in
[98], which also provided explicit computations of the torsion classes of the associated SU(3)
structures. However there is no known construction for K that would be applicable in
general, even for a subclass of SCTV, and the search for SU(3) structures on SCTV had so
far proceeded in a case by case fashion.

In the following we will present a construction of SU(3) structures valid for toric CP*
bundles over any 2d SCTV. As we will see, our method is not equivalent to the prescription
of [97], although it also makes use of a certain (1,0)-form on C*.

5.2 CP!' over general SCTV

5.2.1 Toric CP! bundles over SCTV

In [101], the classification of SCTV in three (complex) dimensions was shown to reduce to
the classification of certain weighted triangulations of the two-dimensional sphere. In [97] it
was shown how to systematically translate the results of [101] into the symplectic quotient
language reviewed previously. In the following we will be interested in the subclass of the
classification of [101] corresponding to CP' bundles over a two-dimensional SCTV base.
However the formalism applies generally to the case of CP! bundles over SCTV, so in this
subsection we will keep the dimension of the base arbitrary.

The U(1) charges of these bundles are given by the following set of (s + 1) x (k + 2)

matrices,
A_[q —n* 0

where A=1,...;s+1, I =1,....k+2;n, € N, a=1,...,s, are integers specifying the
twisting of the CP! bundle over a SCTV M; ¢, a=1,...,s, 4 =1,---,k, are the U(1)
charges of the symplectic quotient description of M, which is therefore of complex dimension
d =k — s. (In subsequent subsections we will specialize to the case d = 2.)

The total space of the bundle is constructed by appending two coordinates and one new
charge to those of M (given by the ¢), as in (5.32), thus obtaining a space of complex
dimension d + 1. We will hence use specific notations for the data related to the fiber,
namely:

U= Zpy1 ; Vi=zpyo; Ei=&5TL (5.33)

The last charge Qf“ defines a CP! fiber over M, while the integers n® determine the
twisting of the bundle. Indeed the moment map equations for the total space read,

k
doatlal =€l Jul o =€ (5.34)
i=1

Thus the last two coordinates define a sphere of radius /€, while the first n coordinates
define locally an M, whose “radii” (p®)? := £ + n®|ul? depend on the fiber. The twisting
can be thought of as a consequence of the modified U(1)**! action.
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5.2.2 Decomposition of the metric

We would now like to construct a metric that exhibits the bundle structure, i.e. a metric of
the form : hgi1 = bg + bepr, where by is a metric on M and hpr is a metric on the fiber
CP!, possibly modified by a connexion on the base.

We start by defining the vertical one-forms using the formalism introduced in section
5.1.2, for the total bundle. The relations are thus given by the charges Qf. The same can
be done by taking only the charges of the base ¢ :

g = diq))al
hij = Qabq?qﬁ R
Dzi = P(dzz) = dzi — hijziijdzj y

hatted symbols are used to denote objects relatively to the base, in order to distinguish
from the objects constructed in (5.1.2). Note that g, fz,ﬁzi live on the same space as their
non-hatted counterparts, which are the relevant objects for the definition of forms in the
symplectic quotient description. This means that they do not have, before further analysis,
any trivial interpretation. For example, the |z]? do not verify the moment maps equations
of the base but those of the total bundle, and thus g, h and Dz; depend on the radii. A quick
calculation confirms now that the Dz; do obey the expected algebraic relations :

k A
Z qf EZ"DZZ' =0.
i=1
Recall the form of the canonical metric on a SCTV (the generalization of the Fubiny-Study

metric of CP!),
k+2

bay1 =Y _ Dz @Dz .
I=1
We will now decompose this metric into base and fiber components. Since the Dz depends
on the matrix g2, the key here will be to decompose it and its inverse along the different
bundle directions.
The definition of Q}“ leads to :

an_ (8ol —nful?
g - _nb|u’2 § :

Moreover we need to express the inverse gap while keeping track of the inverse, g, of §?°.
For this purpose we first need to compute the determinant g = det g%,

2
uf? gnnllul(1-"1E) 0
nfuf? ¢

= g+nn nlul?
n!ul? 3

1
’ = ¢ det (g + €|u]2|v|2nnT) .

We now use the property of multilinearity of the determinant to expand this expression. We
then get all different terms of order s —m in g and m in nn’. But since ranknn’ = 1, only
the terms of order zero or one remain. The terms of order one are merely the determinant
of § where the column a has been replaced by the vector %a|u|2|v\2 n. By expanding along
this same column, we exhibit the cofactors of § which are independent of this exact column,
and are related to the inverse matrix,

det(g, g* ¢ n) = > _ cof(§)apn’ = § garn” .
a
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Thus we have :
ol 0[2g Gapm ) — (€ + Gum®nlu2lo]?) .

g=¢ (g + =
3
The same trick can be used to compute the inverse matrix
_1 ~ T, 12\ __ Q ~ a, b |2
gs+1s+1 = —det(§+nn’[ul”) = g(l + gaon n’|ul”) .
Moreover,
1 ~ g A
Jas+1 = Edet(gvga AN _’u‘Qn) - 7‘“’29(16”1)

The last cofactors are somewhat more complicated, since they involve double cofactors. Even-

tually we get :
A 9 A A
Jab = Jab — §\u|2\v|2 Jacn Gpan

It is now possible to compute the h,,. Let us introduce the objects
V= gabnanb , Vi= gacqgnc (535)
in terms of which we obtain
h gabq'L QJ 1.7 "U,| ‘UPVV
_ a _ g 2
hiks1 = Gas+14; — gabgin” = _avz'"U|
— a __ g 2
hik+2 = gas+14; = = Vilul
g 5 (5.36)
Mt k41 = o1 s+1 — 20ast1n® + gapn®n’ 5(1 +VIv[?)
h = a9
k+1k+2 = gs+1s+1 — Gas+11 = 5
_ g 2
Prt2k+2 = gs+15+1 ;(1 + Viul?) .
We can now compute the Dzp,
Dz Dz §
Lo 2 Iy ue)? e (5.37)
Zi i g
where,
du dv
e=———+V;z;dz; . 5.38
W v + Vjzjdz; ( )
The last two coordinates correspond to colinear one-forms
D g D g
—=IpPe —=-TuPe
u g v g
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Finally the canonical metric reads,
bar1 = Dz ® Dz; + Du ® Du + Dv ® Dv

=Dz ® Dz + gV;|u|2|v\2 Dz; @ 5 K* + c.c
g

(5.39)
9 i
+ V;V}|zi]2—2\u]4\v\4 eRe* + —2|u]2|v\2§ eRe*.
g g
On the other hand we have,
ViziDz = gun® 0z Dz =0; VE |52 =V,
so that the metric simplifies to,
2
bar1(€h) = ba((p")?) + %MZ\W({ + Viullo*) e®e* (5.40)
= 0al(p*)?) + JluPleP et (5.41)

Note that this decomposition remains valid in the complex local coordinates ¢;,t;41, on the
chart Ug defined by S = S U {k + 2}, in which & can be written as,

dtp1 & o dt;
€= + > Vilzi|"— .
tht1 ; il=d t;

The Dz; happen to be the projections on the space generated by the dt¢;, in fact they are
related to the d¢; by the relations (5.18) where we take ]Azz-j instead of hyy. This justifies that
in the decomposition (5.40), the metric on the base is exactly the canonical metric whose
radii vary along the fiber.

5.2.3 SU(3)-structure

We will now show how to construct a globally-defined SU (3) structure on a canonical (defined
in eq. (5.42) below) CP! bundle over a SCTV of complex dimension d = 2.

As we saw explicitly in section 5.2.2, the canonical metric of the SCTV, eq. (5.20), is
smooth for any twisting of the bundle parameterized by n® € N. On the other hand the
existence of a globally-defined SU(3) structure imposes a topological constraint and hence a
constraint on the n?, as we explain in the following. This constraint is automatically satisfied
for the canonical CP' bundle.*

We start with a (d+ 1)-dimensional toric CP' bundle over a d-dimensional base M, whose
charges were given in (5.32). The CP! bundle will be called canonical if the charge of zj1,
defining the twisting of the bundle, is taken to compensate exactly for the charges of the
base, i.e.,

k
n® = qu . (5.42)
i=1

“We use the term canonical metric for the metric (5.20) of the SCTV, which is defined for all n“, i.e. for
all topologies. On the other hand we use the term canonical CP*bundle for the topology defined in eq. (5.42).
Hopefully this will not lead to confusion.
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As emphasized in [98], the topological condition for the existence of an SU(3) structure on
the total space of the SCTV is that its first Chern class should be even. Condition (5.42)
guarantees that there is no topological obstruction for the existence of an SU(3) structure.
This can be seen as follows: the first Chern class of the SCTV is given by,

k+2
=Y Dr, (5.43)
I=1

where we have denoted by D the divisors corresponding to {z; = 0}. On the other hand
on a toric variety there are as many linearly-independent divisors as there are U(1) charges
[100]. In our case the fact that the local coordinates defined by S in (5.3) are gauge-invariant
is equivalent to the linear relations,

s+1

D= Y 03QFfDa=0. (5.44)

AeS B=1

Taking the charges (5.32) into account, and inserting into (5.43) then leads to,

s k
=y (Z (> ¢t —nb) + 2Q;4+1> Dy , (5.45)

AeS \b=1 =1

which, as advertised, is even if the bundle is canonical. More generally, we see that a globally-
defined SU(3) structure exists provided (3¥_, ¢% — n%) are even for all a [98].

We define the usual toric coordinates and a local SU(d+ 1) structure (.J, ) as explained
in section 5.1.4. We recall that Q is not gauge-invariant: for the canonical CP! bundle it has
charge,

Q(Q) = ( g ) , (5.46)

where we took (5.42) into account.
We first note that the CP! fiber distinguishes a one-form K, which we normalize such
that K* - K = 2,
= ! v = g Do . (5.47)
V1= hip2 gpalv]? 9 |ul
Note that K is not globally defined since it is not gauge-invariant. This can be seen explicitly
by taking the v — 0 limit, in which Dv vanishes. Indeed in this limit we have,

K~ gv 2 du ~ eiler=eu) gy,

[l ’

where ¢, ¢, denote the phases of u,v. However K A K* does not suffer from any phase
ambiguity, so that,

A

Ji=J—-KAK*, (5.48)

IR

is globally well-defined.

The next step is writing ) in terms of Dz. However this exercise is rather involved, since
the Dz are not independent and because of the ambiguity in the decomposition of wedge
products. Our starting point is eq. (5.29),

1
Q= %QQg‘zJaZJ-/I\dZI :
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In this expression, we notice that the expansion of the contraction with the horizontal vectors
amounts to choosing a set S of s+ 1 integers between 1 and k+2, corresponding to the indices
of the contracted coordinates. We compute,

Q= Lz:(—l)SQs Iz A dza,

V9 S AES  acts

cf. (5.31), where Qg is the determinant of the submatrix of Qf‘ whose columns are indexed
by S. Notice that if S contains duplicates, or if it does not select independent columns,
the determinant vanishes. Thus the sum selects only the sets S for which the matrix Q%
is invertible. The sign (—1)° is the signature of the permutation required to put the s + 1
indices of S in the first position, namely :

(—1)% = 0(5,58) = (=1)2aes TalstD(+2) (5.49)

We would now like to decompose Q with respect to the bundle structure. We therefore
distinguish four cases:

1. S |1,k
2. 8 =S8U{k+1} where § C [|1,k[], 1S =s—1
3. 8=8U{k+2}
4. 8 = SU{k+1,k + 2} where S C [|1,k]], S = s — 2
In the first case we get Qs = 0, since rankq! = d < d + 1. In cases 2 and 3 we can

wegs while (=1)5 = (=1)5(=1)¢ for case 2, and (~1)% =

(—1)5(=1)4+! for case 3. We can now write,

casily see that Qg = q¢ := det(q?)

Q—(l)dl d (vd dv) + PN
i — a « - - = l
Nz E qS”z /\ 2 (vdu — udv) \[4

S acs acts

with Y4 to be determined. In case 4 we get,
b b
QS = det(qav -n )aeg’

k
= det(¢,—> )

k
= > det(qs,q)
i=1

In the sum, if i € S, the determinant cancels out, leaving only a sum over Cg , so that,

Z Z det (9a,48) acd H ZaU v /\ dzy .

S pets aes acts

We are now ready include this sum in the one over the S, which appears in cases 2 and 3: we
just need to make the change of variable S = S U {#}. However dzg appears in the product,
thus we need to shift it to the last position. At the same time we need to move it to its right
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place inside det(gq,qs) so as to maintain the increasing order of S. The number of shifts
needed to do so is the number of shifts required to bring 3 from its place to the end in S
plus the number of shifts to bring it from the end to its place in S; since LS U S = [11, k|,
this is exactly the number of shifts required to bring § from its place to the end in [|1, kl],
i.e. k — (. The last sign we need to compute is,

(_1)5 - (—1)Za6§a+(k+1)+(k+2)—%(s+1)(5+2)
- (_I)Z{JES a— 6+(k+1)+(k+2)7%3(3+1)7(s+1)
(1) (=1)E A

Having expressed everything in terms of S and 5, it is now possible to transform the sum

2282.5e05 10 D06 D pe s

1)d+1 Z(_ qS H 2 /\ dz, A (UUZ de)
S

aesS a€etls

To get a more symmetrical expression we can simply complete the sum > dzp/zp, since the
missing terms can be trivially added thanks to the wedge product. The final expression is
thus,

1) .
Q:(l\/);(z qSHza /\ Dza) (vDu—u’Dv—i—uvZD‘Z) )

z
S aesl acts i=1

The dz were ultimately replaced by Dz because Q) is vertical. Now recall that the expression

(5.37) decomposes Dz; into base and fiber parts. Since the metric decomposes correctly into

(5.40), the Dz; are orthogonal to K. Besides, the fiber part can be shown to cancel out in the

first factor, so that the first factor is overall orthogonal to K. Thus we can take the second

factor to be proportional to K, and the proportionality factor can be found by computing,
K*. (vDu —uDv +uvz

i=1 Zi

2 —
T VT Tz ka0 <U(0 ~ Nk p20 )

k (5.50)
—u(l = Pigaprolv)?) +uvd (0= hiyo i))
i=1
2u K
= — 1+ [0 (=gt + hetogrz — O hir2 ) -
V1= hipo I<:+2|U|2( Zz::l ' )

On the other hand,

k k
Y hir2i = gapQite > QF
i-1

=1
A B B
gABQk+2(Qk+2 - Qk+1)
= hitokt2 — Pet2 ks
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so that,

DZZ‘
Zi

k
K*. (vDu—uDv+uvZ
i=1

)=-2,/2=.
9 |ul
Hence ) simplifies to

_1)d ; .
Q= (\/1§) (Z(—nsqg [Tz A Dza) NePK (5.51)

5’ aeé’ aEBS'

Its contraction with K is given by,

1 A elu S
GK Q= 7 (Z(—I)SqSHza A Dza> , (5.52)

S acs acts

which is not gauge-invariant. A gauge-invariant local holomorphic form @ on the base can

be constructed as follows,

&= %e—va* Q. (5.53)

Let us now specialize to d = 2. We will now modify the local SU(2) structure (7,&) in
order to construct a global SU(3) structure. Since we have |u|? + |v|? = &, we can define a
parameter 0 € [0, 7] such that : |u| = /& sin g and |v| = /& cos §. The SU(3) structure
(J,€) given by,

.
Ji=j+-KANK*

I (5.54)
Q:=wAhe K |

where,

j = sinfRO + cosh)
w = cosORD —sinhj + i3S,

can be seen to be globally-defined. The argument will be detailed in section 5.3.3, where the
procedure will be thoroughly applied on an illuminating example. Its associated metric is
the canonical metric of the SCTV, given in (5.20), (5.40). The associated torsion classes will
all be nonvanishing in general, c¢f. section 5.2.4 for more details.

This structure could be easily modified by multiplying (j,w) and K by functions of the
coordinates of the S? fiber. The associated metric will be modified accordingly to,

bs = [h]% by + |f]2 §|u12|v\2f<® K, (5.55)

for some functions of the fiber coordinates, f, h. Indeed modifying the local SU(2) structure
via w — h%w, j — |h|?w, K — fK results in the metric (5.55). More generally, an orthogonal
transformation can be applied on the triplet (j, Rw, Sw), without changing the metric by of
the base.

Provided f, h are smooth, the topology of the total space is that of the SCTV CP! over M.
The metric (5.55) is smooth, since it is a smooth deformation of the canonical metric (5.40)
of the SCTV. In some cases allowing f, h to have singularities or zeros can lead to a smooth
metric on a total space of different topology. We will see an example of this phenomenon in
section 5.4 where an apparently singular metric on S? over CP? is in fact the local form of
the round metric on S.
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5.2.4 Torsion classes

For a generic SCTV base all torsion classes are nonvanishing. We will not write them down
explicitly in this case, as they are rather cumbersome and not particularly illuminating. The
computation boils down to determining the exterior differentials of @ and K. In the following
we give some details of the calculation.

In the notation of (5.33), K and (j, @) can be written as follows,

D A a4 1 . R
K=/27" 50— KAK"; @=-eEK" Q. (5.56)
g |ul 2 2
In terms of the Dz;, we have,
_; = %252@ VAN ﬁgi
R ei(%t—%’v) S, A
w = TZS(—l) qS'HaES'Za /\QGCSDZQ .

Up to a phase (required for gauge invariance) this coincides with the canonical local SU(2)-
structure of the base. In particular this implies that 3 is Kéhler at fixed fiber coordinates.
The dependence of j on the fiber coordinates is such that J is Kéhler.

We can also rewrite everything in local complex coordinates on the patch S = Su {k+2}

g dt dt;
K== Zulo (22 4 vil=P )
g Tht+1 t;

W+ Ya) . i dre 4
N € > S i
WZT(—U Q§1:[\Z‘£\t7:f \

where 1,1, are the phases of tx11,t,. We can now introduce real coordinates 6,1 on the

fiber with |u|? = & sin? g:

(5.57)

1

where v = \/g = \/5 +3&2Vsin2 6 and A = V; |2¢|? Sdt—f = V; |2%)? dap;. We also get,

dA = %VZ @Zz A 7551 + isin 0de A Viz (221522 — Zﬂﬁz@) .

Differentiating @ leads to another one-form,

_df . ¢ - . . . Lo DDy,
oo (_2%(1 _hii|zi|2)smgd9+Zd¢+2@d¢j+§(1—hjj|2j|2) <zJ N z;))/\w,
j

Alternatively, in terms of ¢/,
s (S (1 a1 s : At dis |22 (s — b |52 -
do = 2Vl(l hii|zi|*) sin 0d0 + i (dy + A + dop|z;]“ (ha — hajhjjlzi]7) ) | NG .
We can write,
A’ = A+ dgy|zi|*(hi — hijhyslz*) = A+ B,
where B comes from the derivatives of § and is nonvanishing in general. For simple bases
such as CP? or CP! x CP!, § is constant and thus B vanishes. The df term comes from the

deformation of the base metric along the direction #. Note also that at fixed 6, dA” o« R
where R is the Ricci form of the base, cf. (B.4).
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5.3 A thorough application: CP' over CP?

Let us now examine in detail the construction of an SU(3) structure on the CP! bundle over
CP2. This is the simplest example in the class of 3d SCTV of the form CP' bundle over M,
where M is a 2d SCTV, but it already captures the main idea of the construction.

5.3.1 Illustration of the symplectic quotient

The toric data in this case are: k = 5 (the complex dimension of the parent space), s = 2
(the number of charges), d = 3 (the complex dimension of the toric variety). Explicitly the

charges are given by,
111 —n 0
@= < 000 1 1 ) ’ (5.58)

where n € N. The corresponding moment map equations read, using previous notations,

|21 + |22]? + [23]* = €1 + nful?

5.59
2+ ol =€ 529

This is a CP! bundle over CP?, with twisting parameterized by n. We can make this more
explicit in local coordinates: on the patch Uy 5 := {21,v # 0} we define,
zZ9 z3

to 1= ;o t3 = ;o by =
Z1 Z1 v

2l

Hence to,t3 are local coordinates parameterizing a CP? whereas, for z; fixed, t4 is a local
coordinate on a CP'. For n = 0, the bundle becomes trivial and we obtain the direct product
CP? x CP!. We can also see explicitly that the toric variety can be covered with patches of
the form Ug, as in (5.3): in the present case S is given by the pair (i,7) where i = 1,2,3
and j = 4,5, and the moment map equations (5.59) exclude the simultaneous vanishing of
21, 22, z3 or that of u, v. To make contact with our previous discussion about local coordinates
we can check here that [Qg| = 1 for all these S. However for the patch Uy 5, we do not get
in general compatible local coordinates since Qg—453 = —n, but this patch is not needed in
the covering of the toric variety.

Let us now calculate explicitly the various objects introduced in section 5.1. Since the
base is defined by only one charge ¢; = (1,1,1), the calculations are rather simple. We get
at first :

g=p
Vi=
p
2 (5.60)
n
V — 72
p
9= €%+ n?ul2lol?
We find thus that :
dty
€= ——+ nmn,
ty
where we have set,
n:i= (Egdtg + Egdtg) ; 2= |t2’2 + ’t3‘2 . (5.61)

14 ¢2
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If we now introduce

21,12
P PRl
9

the decomposition of the metric (5.40) can be written :

2

dts ; (5.62)

4
' +nn
hepe is the hermitian Fubini-Study metric of CP?, cf. eq. (5.24) with radius 1.

We see the fibration structure appearing naturally in (5.62): the displacement along t4
is modified by a connection, proportional to 7, depending on the variables of the CP? base,
to, t3. Moreover,

b = p*hepe + 0

dn = 2ij , (5.63)

where j is the Kéhler form of CP?, ¢f. eq. (5.24). For vanishing n the connection piece
drops out from the vertical displacement and the metric becomes that of a direct product as
excpected.

5.3.2 Comparison with the literature

Endowed with the hermitian metric (5.24), the base CP? of the CP! fibration is a Kahler-
Finstein manifold obeying,
dj=0; Rpn=Agmn - (5.64)

i.e. j is closed and the Ricci tensor is proportional to the metric. With our conventions,
setting & = 1 gives A\ = 6. Identifying the CP! fiber with S? (by forgetting the complex
structure), M can be thought of as an S? fibration over a Kihler-Einstein base By, denoted
by S?(By). These spaces appear naturally in the context of supersymmetric AdS,; compacti-
fications of M-theory on the so-called Y?(By) spaces [87, 89], which can be thought of as S*
fibrations over S?(By). Compactifying M-theory on an appropriately chosen S! then leads
to N = 2 type ITA solutions of the form AdSy x S?(B,) [91]. The latter can be deformed to
solutions of massive ITA for any Kéhler-Einstein base By [92], although regularity requires
B, to have positive curvature.
In the conventions of [89] the S?(B,) metric reads,

g =U""dp" + pPgcpe +q (A + A)* (5.65)

where j € [p1, 2] and ¥ € [0,27/3] are the coordinates of the S? fiber (for general A the
period of 9 is 4w/A); U and ¢ are positive functions of p, vanishing at p; et pa. The circle
parametrized by v is fibered over the [p1, g2] interval. The connection A is a one-form on
the base By obeying,

dA =27 . (5.66)

At the endpoints of the p interval the v circle contracts to a point, thus resulting in a total
space with the topology of S2. The period of 1) is fixed by requiring the metric to be smooth
at the endpoints, i.e. that,

U452 4+ qdy? — du? + u?dy? |, for p— pu, po , (5.67)

where u is a function of p that vanishes at the endpoints p1, p2, and we have defined an
angular variable ¢ := \)/2 with period 2.
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Moreover the 1) coordinate parametrizes an S' fibration in the canonical bundle of Bj.
To see this, note that the connection of the canonical bundle of a Kdhler-Einstein space with
curvature normalized as in (5.64) obeys,

dP =)j , (5.68)

cf. appendix B. Comparing with (5.66) we see that P = AA/2, and so the vertical dis-
placement along the S! fiber, c¢f. the last term in (5.65), is proportional to (d@Z + P), as
required for the canonical bundle. The fact that \ is positive for CP? guarantees that the
total space of the S! fibration, written in local coordinates in (5.65), extends globally to a
smooth five-dimensional (squashed) Sasaki-Einstein space.

Real coordinates

To make contact with the coordinates of (5.62), we must rewrite the CP! fiber coordinate 4
in terms of a pair of real coordinates. It is not necessary to do the same for 9,3, since the
coordinates of the CP? base do not appear explicitly in (5.65). Using eq. (5.34), |t4| can be
written in terms of p and the base coordinates,

2n 2 2n 2 2
’t4’2 _ ’Zl| |§4| _ P - P2 P; . (5.69)
|25 (L+22)"p5 —p
Let ¢ € [0,27] be the phase of t4, so that ¢4 becomes a function of t9, t3, p, ¢,
dt d d d d(t?
da - _pdp o pdp o de o, A0 g,
t p2—pi  pr—p p 2(1+12)
d
S n¥tn + idp
n pl’
Moreover we set,
dt4 dp .
=— = — d 3n) . 5.70
ei=g T on+z(s0+ndn) (5.70)
The term |e|? := £ ® £ appears naturally in (5.62) through the contribution,
- 1 2 2 . 1
5®5:mdp + (dp + nSn) _Zﬁ dp A (dp+nSm) . (5.71)

The last term on the right-hand side above contributes to the Kéhler form, while the rest
contributes to the metric. We can then rewrite the Riemannian metric g and Kéhler form J
associated with (5.62) for n # 0. The result reads,

1
g= ﬁdpz + pPacp + 07 (do +nSy)? (5.72)

and,
J=pj+ gdp A (de +nSn) (5.73)

where we are using local coordinates on the patch U;s. The CP! fiber is parametrized
by the (p,¢) coordinates: ¢ parametrizes a circle, fibered over the interval p € [p1, p2] =
V&1, V& + n€], whose radius vanishes at the endpoints. Indeed T' vanishes for v = 0 or
v = 0 which corresponds respectively to p = p1 and p = po, following from the moment maps
equations (5.59). Moreover it can be checked that the metric is smooth there.
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Deformation of the metric

Setting ¥ := ¢/n and A := Qn, we recover the terms appearing in (5.65), provided we set
n = 3. Moreover the relative coefficient between the dp? and the (dy + A)? term is fixed in
the expression of |¢|?, and this determines the change of variables p — j(p) by comparing
with (5.65). However, performing this change of variables in (5.62) does not directly bring
us to the metric of (5.65): there remain two coefficients that still need to be adjusted. This
can be achieved by introducing two warp factors F' and G as we now show.

Let us go back to the expression of the metric in terms of Dz;. In local coordinates we
have,

D

ZE e - n

21

D dt

Z9 t2

DZ:J, dtg

—— =—+tnle—n (5.74)
z3 t3

Dzy _ 203 — P

24 n det g

Dzs _ p2 pi—p°
z5 n detg

It follows that the term Y3, Dz; @ DZ; gives the hermitian metric of CP? plus a |e|? term,
whereas Dzy, Dz5 only contribute to |¢|2. Let us define,

3
h=F(p)Y Dz ®Dz+G(p) Y Dz @Dz

i=1 i=4,5
1
_ 2 2 2212
= P + (F+ (r — DG ) n?p 2
1
= Fp*hopy + <F + (3 — 1)G) (dp? + n'p?I2 (dy + A)* — in®pDdp A (dy) + A)) .
(5.75)
We can then adjust F',G, and p so that,
Fp? = 32
<F+ (i = 1)G> dp? = Lap
n?T VA (5.76)
1 4 212
(F+(n2F1)G>n p T =q.

These equations can easily be decoupled by first solving for p, then for F' and finally for G.
For this solution the real and imaginary parts of (5.75) reduce to the metric in (5.65) and
the form J of [89] respectively, provided we set n = 3.

The condition n = 3 is also important for the existence of a globally-defined SU(3)
structure. We turn to the construction of this structure in section 5.3.3. Note however that
the canonical metric of the SCTV, eq. (5.20), is smooth by construction for all n € N. This
can also be verified explicitly by examination of the local form of the metric in terms of the
coordinates (5.3) in each patch Ug.
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5.3.3 The SU(3) structure

In this section we will set F' = G = 1 for simplicity of presentation: the two warp factors
F(p), G(p) discussed in section 5.3.2 can be easily reinstated without changing any of the
conclusions.

Specializing the formalism of section 5.1.4 to the present example we obtain a local SU(3)
structure (J,€2), where J is obtained from (5.73) by setting n = 3. On the other hand we

have,
R 22
Q=——22 dis Adtz Adity, 5.77
dorg (2N dls A dty (5.77)
which is not gauge invariant, so this SU(3) structure is not globally defined. In fact neither
of the two local SU(3) structures (Ji, ) of [89] can be globally extended: in the following
we will see how to make contact with their results.
We can now apply the construction of 5.2.3. Let us first define a local SU(2) structure
(,&) on CP? where?,
1

o= 7(1 n t2)3/2 dts A dts , (5'78)

and j is the Kéhler form of CP?, ¢f. eq. (5.24), so that,

OA] = 0
OAQY = 2jAF.

* o

(5.79)

This SU(2) structure is only locally defined since & has a singularity at z; = 0, as can be
seen by using the transition functions to rewrite & in a patch where z; is allowed to vanish.
The SU(3) structures of [89] are then obtained by appending the contribution of the fiber
coordinate,

Ji;:IOZj';I:%K/\K*; QL =pPONK; Q_:=pOAK", (5.80)
where,

K:=pJTe. (5.81)

We see that exchanging K «+» K* is equivalent to (Ji,Q4) <> (J_,Q_).
To better understand the global properties of the €24, let us start from their local expres-
sion on the patch Uy s,

52

Lip |2
Q. = e B0 g1 Adig A dt
+ e Aorg 2/ dis A da

. 2 —_ —
a0 - ool dto A dts A (dig + 3Ea7) -

vdet g

We can see that the singularity in @ has been compensated by wedging with K, K*. On the
other hand, we can rewrite {24 in the patch U; 4 by using the transition function t5 = 1/t4,

0, = el Bl G0 g A
+ = e \/(m o ANdts A ( t5)
. 6 2 — —_
T 1 71 R N (—dis + 3i57) -

vdet g

®Note that these definitions match (5.48) and (5.53)
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We see that Q. has singularities of the form e = t,/|t4| = |t5|/t5 at t4 = 0 and t5 = 0:
indeed the phase of a complex number z is ambiguous at z = 0. It is always possible to
soak up one of the two singularities by multiplying or dividing by €’?, but never both at the
same time. Hence e, are well-defined at t; = 0 but singular at t5 = 0, whereas eT¥Q4
are well defined at t5 = 0 but singular at t4 = 0. This problem does not arise for J4, since
K N K* does not suffer from any phase ambiguities.

The way out is then to construct an €2 which combines both et %O, and eT¥0,. We
can take a hint from the supersymmetric SU(3) structure of [92] which we know is globally
well-defined. We use a new coordinate @ instead of p, defined by |u|? = & sin? g. Thus we
see that |v|? = {(1082% and p? = &' + n¢sin? g, which means that # = 0 or 7 for p = p;
(corresponding to t4 = 0) or p = py (corresponding to t5 = 0), respectively. The idea is then
to modify & — w by including the problematic phase e, then define another form & with

the property that @ varies from w to w* as 6 varies from 0 to w. More specifically we define,

= e

w
J:=sinOR + cosh ] (5.82)
@ :=cosO R —sinb ] +iS&

so that the SU(3) is given by,

L
Ji=p’j+ K NK*

PIT5 (5.83)
Q=p*ONK .

The relations (5.79) ensure that (1.24) is satisfied. Moreover at § = 0 we have Q = €?Q,,
whereas at 6 = m we have () = — (ei‘PQ_)*. The two singularities have thus been regularized
and € is globally defined. Thus the pair (J, ) is a globally-defined structure SU(3) on the
manifold.

Let us make one final comment: the prescription of [97] for constructing global SU(3)
structures, reviewed at the end of section 5.1.4, gives a form Q which is of type (2,1) with
respect to the integrable complex structure of the toric variety. We see that the prescription
used here can never coincide with that of [97]: the form € defined in eq. (5.83) is of mixed
type, varying from (3,0) at 6 = 0 to (1,2) at § = 7, with respect to the integrable complex
structure.

5.4 LT structures on S*(By)

We will now show that the sphere bundles of the form S?(Bjs), where By is any four-
dimensional Kéhler-Einstein space of positive curvature, admit regular globally-defined SU (3)
structures of LT type, 7.e. such that all torsion classes vanish except for Wy and Ws. This is
the generic type of SU(3) structure that appears in supersymmetric AdS; compactifications
of massive ITA supergravity [24].

Let j be the Kéhler form of By, normalized as in (B.7), (B.8) with A\ = 6, and let (J,&)
be a local SU(2) structure on By so that,

&

(5.84)

ANG*=2]A]; JAG=
dP =67 ;
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where P is the canonical bundle of By, c¢f. appendix B. We define the following SU(3)
structure,

]
J=nj+ - KANK*
IR+ 3 (5.85)
Q=hrwnK,
where h is a complex function of 6 and,
ji=cosf j+sinfd N(eD)
w = —sinf j + cos R(eVD) +i () (5.86)
K = fdf +ig(dy + P) ,

with ¢ € [0,27) and f, g real functions of 6. The associated metric reads,
o = [h’gs + F2d6% + ¢*(dy + P)? (5.87)

with g4 the Kéhler-Einstein metric of By.
Using eq. (5.84), one can then compute the torsion classes of the SU(3) structure (5.85),

i h (1 sinf gsin6
Wi=—— =>4 —— +62—=
=g (75 )
i h (1 sinf gsinf\ |
Wy=-— (= ~12 J
=g (745 i)
1 /1 sinf  gsinf 1
W= (755 )% (5.88)
|R?) g
Wy = —6cosf—- | db
' <f|h2! S

n g cosf
W= (2 + L K
= (it~ o ) K

where we have introduced the primitive forms,

Jt=|h?j—iK ANK*

5.89
Qt = |hP wAK*. (5.89)
Moreover, as we show in appendix D, one can impose W3 = Wy = W5 = 0 provided,
sin? ¢ - -
f:a<1—6a2H> . g=oasing; h=,/H(®) e*, (5.90)
with,
1 72
HO) ==-(2+—=+B
(0) 3 <33+ 5 + )
3 6 V8 (5.91)
27H, 27H, .
B:= ( 72 0+ 7% +3V3 —72 0 +333Hg>
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where the real constants «, # and Hg > 0 are the parameters of the solution.

For Hy > 0 the functions f, h are nowhere vanishing. Moreover the § — 0,7 limit
gives a regular metric, provided the period of 1 is 2w. Then by the same argument as in
[87, 92], the SU(3) structure (5.85) is globally-defined and the associated metric (5.87) is
regular and complete: the (¢, z#) space, where z# are the coordinates of By, parametrizes
a circle fibration in the canonical bundle £ over By; it extends to a complete, regular five-
dimensional Sasaki-Einstein manifold provided By is Kahler-Einstein of positive curvature
[102]. The (¢, 0) space parameterizes a smooth S2, so that the total space has the same
topology as £ Xgr(1) CP!, in the notation of [87]. The nonvanishing torsion classes read,

Wi = —%6%5
) (5.92)
Wy — %6%5 L 9a? sin? 0 gL '
3 « H

Therefore the S%(B,) bundles admit SU(3) structures of LT type, rendering them suitable
as compactification spaces for supersymmetric AdS, solutions of massive ITA [24]. Note that
unlike the LT SU(3) structures on S?(CP?) discussed in [103] from the point of view of
twistor spaces (cf. appendix E) or in [104] from the point of view of cosets, the structure
(5.92) does not, obey dWs € (3,0) @ (0, 3).% Indeed a direct calculation gives,

. 902 sin? 6 21 902 sin? 6 . 6i sin? 0
_ Q28 (1 _ it I i 280y — 2~ RO . (5.
dWy =e < 7 ) <3a2 ( 7 R(e ) 7 R (5.93)

As a consequence, if these manifolds are to be used as compactification spaces for massive

ITA, the Bianchi identity for the RR two-form will require the introduction of (smeared) six-

brane sources. Another difference from the LT structures of [103, 104] is that the discussion

of this section applies to any S?(By) bundle with Kéhler-Einstein base, not only to By = CP?.
In the case Hy = 0, on the other hand, one obtains the solution,

f=3a; g=asind; h=3asinfe?. (5.94)

This corresponds to the nearly Kdhler limit, in which also W5 vanishes. Moreover the 8 — 0,7
limit results in a conical metric of the form,

g~ do% 4 0%ds? | (5.95)

where,

1

ds? == g4 + g (v + P)?, (5.96)
is the canonically normalized metric of a five-dimensional Sasaki-Finstein base written as
a circle fibration on the canonical bundle over By; the normalization is such that the cone
metric (5.95) is Ricci-flat. Hence for Hy = 0 the metric presents conical singularities in
general, unless By is CP?, in which case the associated Sasaki-Einstein metric (5.96) is that

of the round sphere, and the associated cone (5.95) is not only Ricci-flat but also flat. Going
back to the metric (5.87) we obtain,

g =9a% (d6? +sin®0ds?) . (5.97)

5Tt should be possible to make contact with the results of [103, 104] by suitably acting on the vielbein by
an orthogonal transformation. There does not seem to exist a simple ansatz for this transformation, which
may be rather involved as it could a priori depend on all coordinates.
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We thus see that in the smooth case, By = CP?, we obtain a round S° of radius 3a.. We thus
recover the well-know result that the round S% admits an associated nearly-Kihler structure.

Let us finally note that we may relax the condition on By, so that By is any four-
dimensional Kéhler manifold (not necessarily toric, or Einstein). In this case the torsion
classes can also be explicitly calculated, cf. appendix F, however we do not expect the
structure to admit a global extension to a complete space with a regular metric.
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Conclusion

In this thesis flux vacua have been studied through several approaches. The SU (3)-structure
was often at the core of the discussion.

Consistent truncations of type ITA supergravity to four dimensions were presented. The
truncation ansétze are guided by the SU (3)-structure of the internal manifold. Quadratic and
quartic fermionic terms where added in the Lagrangian to model the effects of fermionic con-
densation. At first the internal manifold is Kéhler Einstein and the condensates are dilatini.
Subsequently a consistent truncation to the universal sector of Calabi-Yau compactification
is constructed then supplemented with gravitini condensates. In both cases the truncations
admitted, at least formally, solutions with positive cosmological constant and non vanishing
fluxes supported by the quartic condensates. By consistency of the ansatz these solutions
can be lifted to de Sitter vacua. At this time it is not clear whether such fermionic conden-
sates are realistic from a string theory point of view. In the gravitini case it is suggested
that the condensates originate from gravitational instantons. If this intuition is correct the
condensates are under control and can lead to realistic values for the cosmological constant.
Still the de Sitter solution relies on the quartic term being positive. The spin 3/2 zero modes
of the Dirac operator of the 7 = 2 ALE instanton should be determined to elucidate on this
point. Moreover the stability of the vacua cannot be checked in the truncated theory as the
truncated modes may lead to instabilities. This issue needs to be further addressed.

The non abelian T-dual of several brane configurations were computed. The dual of the flat
background is a NS5 brane configuration given by a continuous distribution of charge along
a half-line. This distribution is bound to the singularity generated by the fixed point of the
SU(2)-isometry. In fact such a smeared NS5 brane is expected to appear whenever the orbits
of the SU(2)-isometry collapse in a similar way, which is then confirmed in the non trivial
cases considered later. Moreover D branes were studied by computing the Page charges in the
dual configuration. This leads to general relations between the charges and their behavior
under a large gauge transformation of the B field. The supersymmetry equations for the D2
solution were solved in the formalism of SU(3) x SU(3)-structure. It would be interesting
to do the same thing for its dual, thus furnishing a check for supersymmetry and hopefully
providing new insights into its global structure. The same tools were also used to investigate
on the existence of a massive deformation for the supersymmetric D2 solution, ruling out a
class of ansétze. Further work is needed to draw definitive conclusions.

The construction of SU(3)-structures on SCTV had up to now proceeded on a case-by-case
basis. The last chapter presented a systematic construction valid on the canonical CP!-
bundle of any two-dimensional SCTV. It was also shown how to modify this construction
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by introducing certain functions, thus opening up more possibilities for the torsion classes.
Such general constructions are necessary steps for a systematic scan of flux vacua. The
admissibility of a manifold with SU(3)-structure as internal space for compactification re-
lies on its torsion. In the most general case the SU(3)-structure presented here has very
involved torsion classes, so that is it difficult to get conclusive results. Note also that the
construction has been extended to cases where the base manifold is not necessarily toric but
Kihler-Eintein. These S?(B4) bundles add to the pool of potential internal manifolds for flux
compactification.
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Conventions for spinors

Before specializing to specific signatures and dimensions, let us say a few general words on
spinors. We will focus on the even dimensional case D = 2n. Consider a metric g with
signature (t,2n —t) where ¢ is the number ot timelike directions (here 0 or 1), corresponding
to the negative eigenvalues of g. The gamma matrices v, satisfy the Clifford relation:

{7;17 7V} = 29#,1/ (Al)

The chirality matrix

Yont1 ="y a0 (A.2)

satisfies 73,,, = 1 and decomposes spinors into positive and negative chiralities: S =
Stes.
Fierzing

Moreover the Clifford algebra is isomorphic to £(S) and a unitary basis is given by the

set of yr where I is a multi-index whose cardinal will be note |I|. Since they are unitary,

tr 7}7‘] = 2§/ where § is the generalized Kronecker delta. For two spinors 7,1 this gives a

decomposition:

1 1
ot = 5 > vk o (A.3)
T !

From there several relations can be derived, depending on the chirality and reality prop-
erties of the spinors, which will all together be referred to as Fierz decompositions. They
enable to relate bispinors to gamma matrices, and also to differential forms by sending 1 ##
to daHt A - - A datk.

A.1 Spinors in D = 6, Euclidean
The charge conjugation operator is such that
'C=C=-C" ", 'yp=-C"mC (A.4)
The conjugates of a spinor 7 are then defined by

nc=0n" , =90t = ) (A.5)
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Moreover

0/77 = _770 ) (A6)

so that conjugation changes the chirality of the spinor. Thus spinors can be Majorana or
Weyl but not both.
We note the following useful properties of spinor bilinears in six dimensions,

(QZiV@p)Xi) = @i’Y(sz)X:F) =0
vmx) = (=1)2PFD Ry )

where 1, x4+ are arbitrary commuting Weyl spinors of positive chirality; 1)_, y_ are arbitrary
commuting Weyl spinors of negative chirality; v, x are arbitrary commuting Dirac spinors.

(A.7)

A.2 Spinors in D = 4, Minkowski

The charge conjugation operator is such that

ic=—C=-Cc"1! | 'y,=C"1y.C (A.8)
The conjugates of a spinor 6 are then defined by
0° = Cyof* , O6=1toC™" (A.9)
The definition is such that
gc =9, (A.10)
for @ = 0T~. If 6 is a spinor a positive chirality, define
0_ =05 (A.11)

of negative chirality.
Spinor bilinears in four dimensions obey,

(VY epr1)Xt) = (PxYp)Xs) =0
~ Lop_1)/~
WrpX) = (=1)2PP D (Fy,) ) |
where 14, x4+ are now arbitrary anti-commuting Weyl spinors of positive chirality; 1_,

X— are arbitrary anti-commuting Weyl spinors of negative chirality; v, y are arbitrary anti-
commuting Dirac spinors.

(A.12)

A.3 Spinors in D =10 — 4 + 6, Minkowski

Decompose S1gp = Sy ® Sg. Gamma matrices I'j; in ten dimension are then:

Tp=y®1

(A.13)
Fm =75 & Tm
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The charge conjugation and chirality operator are:

C=Cr®C , Tiu=70 (A.14)
Thus C satisfies:
tc=—-c=c"' , Ty =-Cc"'TyC (A.15)
The conjugates of a spinor € are defined by

€ =CTye* , e=teC™t | z=£Ty, (A.16)

such that & = . A Majorana-Weyl spinor 4 satisfies:

55& =ce4 = FI1e4 (A.17)

A.4 Spinors in D = 4, Euclidean

The charge conjugation operator C' is the same as in the Minkowski case. However the
definition of #¢ changes:

¢ = Co* (A.18)

which does not change the chirality. Thus spinors of opposite chirality are not related
anymore. Moreover

(0°)° = -0 (A.19)

so that there are no Majorana spinors.

For this case we will also need to make the spinor indices explicit. Our conventions are
as follows. A positive-, negative-chirality 4d Weyl spinor is indicated with a lower, upper
spinor index respectively: 0., x¢. We never raise or lower the spinor indices on spinors, so
that the position unambiguously indicates the chirality. The 4d gamma matrices, the charge
conjugation and chirality matrices are decomposed into chiral blocks,

0 (Mg 1 cB 0 57 0
(e S ) e (%) e

It is the “Pauli matrices” (071%1.“%) which act as Clebsch-Gordan coefficients between
spinor bilinears and n-forms. For example, the structure of indices of the charge conjugation
matrix reflects the fact that scalars can only be formed as spinor bilinears of Weyl spinors of
the same chirality,

v = OQCO‘BXB ;ou= 90‘0@5)(5 : (A.21)

As another example, the structure of indices of C*IW reflects the fact that vectors can only
be formed as spinor bilinears of Weyl spinors of opposite chirality,

v = 0% (C‘lfm)a xs: up=ba (C‘l’m)aﬁxﬁ : (A.22)
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We also make use of the Fierz relation for two positive-chirality 4d spinors,
1, 1 w
Oaxp = =5 (0X)Cap = S (07w X) (7 C)ag (A.23)

where § = 0™ C~!, and similarly for negative chirality.
The Hodge duality relations read,

Vy1...Vq4— 1 —
ﬁem...m e Z'YV1..~V471 = _(_1)2l(l 1)7M1~~u175 ’ (A~24)
With explicit spinor indices in Euclidean signature we have,
1 1
55#1/#0 (V7)o P = (’Y;w)a g ; §€Wﬂo ()¢ B == ('Yw)a B - (A.25)

In particular if 7}, is a self-dual tensor, %%WUT P9 =1T,,, it follows that 1" - v vanishes
when acting on negative-chirality spinors,

TH (7)) 5 =0 . (A.26)
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Kahler-Einstein manifolds

A Kaihler manifold of real dimension 2d corresponds to the case of a local SU(d)-structure
where W5 is the only nonvanishing torsion class,

dJ=0; dQ=iPAQ, (B.1)

cf. (1.33). The local structure (J,€2) can also be expressed in terms of bilinears of a locally-
defined spinor n on M. In terms of this spinor eq. (B.1) can be written equivalently,

)
Vinn = ) m1l (B-Q)

where P := 23Wj5 is a real one-form. (Note that the existence of the complex structure
allows us to reconstruct the torsion W5 from its imaginary part alone.) Moreover (B.2) can
be inverted to obtain P from the covariant spinor derivative,

P = —2in'V,un . (B.3)
From (4.41),(B.2), using V,,V,,;n = %Rmnpq'ypqn we obtain,
dP =R, (B.4)

where R is the Ricci form. Hence P can be identified with the connection of the canonical
bundle of M. On the other hand, the Ricci tensor is obtained from the Riemann tensor via,

1
Runn = 5 RnnpgJ* = Renpg 777 (B.5)

On a Kéahler manifold the Ricci form, the Ricci tensor and the Ricci scalar obey,
Rom = I’ Rpn 3 Romd"™ =R (B.6)
Furthermore for a Kéhler-Einstein manifold such that,
Ron = Agmn (B.7)

egs. (B.7),(B.6) imply,
R =\, (B.8)

but in general the Ricci form need not be proportional to the Kéhler form.
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APPENDIX B. KAHLER-EINSTEIN MANIFOLDS

The above relations are valid for arbitrary dimension. Specializing to four real dimensions
we adopt the notation (J, Q) — (j,®), in accordance with the main text. We may decompose
any two-form ® on the basis of a local SU(2)-structure (j,&) as follows:

O =)+ 0+ xb+YaT, (B.9)
where ¢ := %jmn@mn is the trace of ®, and D is (1,1)-traceless: 5m”§>mn = 0. Equivalently,
JNDP=0. (B.10)

It is also straightforward to show that (7, @) are selfdual forms while (1,1)-traceless forms are

anti-selfdual, N N
*(J,0)=(j,&); *=-0. (B.11)

In particular for the Ricci form the expansion reads,
1 . =

Moreover the above properties can be used to calculate,

1 1
RAR = (4R2 - 2Rman”> voly | (B.13)
where the volume is given by,
14 &
voly = —jAJ. (B.14)

2
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Buscher rules for NATD

Let us recall here the rules for Non Abelian T Duality from which the backgrounds in
(4.1.2),(4.3.4),(4.4.1),(4.5.1) are computed. NATD can be applied along a generic isome-
try group but all the cases considered here have SU(2) isometry.

C.1 NS-NS sector

The metric g and B-field can be combined in a single tensor Q = g + B. As @ is invariant
under SU(2), it can be decomposed into:

Q = Quu(v)dz" @ dz¥ + Qiv(2)0' @ dz¥ + Qj(z)dat @ 07 + Qij(z)0’ ® o7

Where o are the spectator coordinates (unaffected by the SU(2) action) and o are the
Maurer Cartan forms given in (4.3). In this basis the isometry amounts to saying that the
components of ) depend only on z*. From there NATD will dualize along the ¢ directions.
Introduce new coordinates v; (note that v actually lives in the Lie algebra of SU(2)) and
define the matrix

k
Mij = Qij + O/fij Vo,

where fl-jk are the structure constants of SU(2). Then the dual Q to Q is given by:

Q,uu = Quu - Qm‘Mﬁ“jQ‘jy
. i
Quj = QuiM "
QZV = _M_IZJQ]'V
OV — M1
The dual metric § (resp. E—ﬁeld) are recovered by taking the symmetric (resp. anti-

symmetric) part of Q. Note that @ is given in the basis (dz#, dv?).
The dual dilaton ¢ is given by the formula:

A 1 det M
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APPENDIX C. BUSCHER RULES FOR NATD

C.2 R-R sector

Identify the flux polyform F' with a bispinor through Fierz isomorphism. For this a choice
for a vielbein is needed, take:

A_ A _ :
e’ =e,dat e = kio" + \dat
Then define
P=¢’F

The bispinor P will be transformed under NATD by the action of a specific Clifford

matrix. Define

B F123+Cara .
’/06/3 /1+<’2 1

The gamma matrices involved here have flat indices and

SELHCERD
Where b is the three-dimensional dual of B: b = € kBjk 1. The dual P to P is then:

P =pot

! B;; is the antisymmetric part of Q;;, ie the components of B along ¢ A o7
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LT structures

In this section we fill out the details leading up to eq. (5.91). Plugging the following general
ansatz in the decomposition of d.J, d€2,

3 3
a7 = Mg %%Q + a3RK + ySK + asROT + 30

) (D.1)
AQ=a1JAJ +aK*ANQ+asJ- A J,
for some real and complex parameters «i,...,ag and ai,...,as respectively, and using

eqs. (5.84), (5.85), (5.86), we arrive at the torsion classes given in (5.88). Imposing W3 =
W4 = Ws =0 leads to,

Ws % _ 5120 + 69|s’,lii[120 - 0
2|7
Wy JL}th| — 6 cos 9”%2' =0 (D.2)
. h' ! 0 _
W h+d-gt - 0.

From W5 — W5 we see that the phase of h must be constant but is otherwise unconstrained
by the equations, i.e.,
h = |n|e? (D.3)

for some real constant 3 € [0, 27). Moreover we set H := |h|?, for some nonnegative function
H. Since dv is not defined at § = 0,7, regularity requires that the coefficient of di» + A
should vanish at the poles. It is therefore convenient to set g := G sin # for some function G.
The equations now read,

l_l_i_ Gsin20_0
f G H
H' —3sin20 Gf =0 (D.4)
H G feotd
ﬁ+5+00t0— a —0,

where we have assumed that f, h are nonvanishing. Plugging the first two into the third
then implies,
G=a, (D.5)

for some real constant . The system is then solved as in eq. (5.91), where H satisfies,

sin? 6
H

H' <1 — 6a? ) =30’ sin26 . (D.6)
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APPENDIX D. LT STRUCTURES

We immediately see that H () = 9a?sin?#6 is a special solution. Moreover the differential
equation imposes H(m — 0) = H(#). It is thus convenient to introduce a new function ¢(z),
where z := sin? § and H := 9a’z¢(x), in terms of which the equation becomes,
2
Y — 3 / 1
o == (D.7)
P — 2 x

Integrating over = between Xy and X we obtain,

X 2
Y — 3 / X
dz =log — , D.8
Xo o 9% " Xo (D)
where o := ¢(Xp). On the other hand,
o—2 21 1 1
N Tt D)
-9 3p 3p-—1
Since ¢ > 0 and ¢ — 1, g — 1 have the same sign, we find,
2 p 1 p—1 X
——log— —-1o =log — , D.10
glog - —glog —7 =log 3 (D.10)
which leads to, )
2(p—1 _ X0 —1 D.11
pilp—1) = 3v0lpo—1) . (D.11)

Rewriting the above in terms of H which, contrary to ¢, is necessarily everywhere well-
defined, we obtain,

H*(H — 90°X) = H3(Hy — 9a*X() = constant . (D.12)
We can henceforth assume Xy = 0 without loss of generality, which leads to,
H*(H —9°X) - H3 =0 (D.13)

It is easy to see that the above polynomial in H is increasing for negative H, until it atteins
the value —Hg’ < 0at H = 0. It then decreases until H = 602X, from which point on it
becomes increasing. Therefore if we impose Hy > 0 the polynomial only vanishes once, for
H > 6a2X > 0. For Hy = 0, there are two solutions: H = 0 (which must be discarded) and
the special solution H = 902X . We conclude that for any Hy > 0, there is a unique solution
to the differential equation with the boundary conditions H(0) = Hy = H(w); it is given in
eq. (5.91) of the main text.
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Twistor spaces

There is an alternative description of the total space of the CP' fibration over CP? in terms
of twistor spaces. More generally, for the purposes of the present section we may replace the
CP? base by any four-dimensional Kihler space Bj.

Consider By equipped with its canonical complex structure I and a hermitian metric g.
Let us introduce a complex zweibein z1, 22, so that I zL =1z, for k = 1,2. These forms are
of course only locally defined, since By is not parallelizable in general. We can thus express
the metric and the local SU(2) structure on By in terms of the complex zweibein,

g = 2121+ 2222
] = %(21/\51-1-22/\52)
w = z1Nz9.

At any one point & € By, Ju, @y form an SU(2) structure on the tangent space T, By. The lat-
ter is equipped with a complex structure and a scalar product given by I, and g, respectively.
Moreover the relation,
ffn = glmjmn )
allows us to identify the complex structure with a real selfdual form. The latter are param-
eterized as follows, see appendix B,
B, B

jzzajz+§ww+ o W

where « is real and o? + |5|> = 1. Hence the space of complex structures I, compatible
with the metric g, forms a sphere whose coordinates 6 € [0, 7], ¥ € [0,27) are defined by
a = cosf, B =sinfe'¥, so that I, is associated with the two-form,

jo = cosO j, +sinf &e(ei%x) .

Extending this procedure to each point on B4 then defines an almost complex structure [
over the whole manifold (unlike I, I will not be integrable in general). Over each point on By
an almost complex structure compatible with the metric of By can be thought of as a point
on the sphere S? parameterized by (6,). Hence the space of almost complex structures on
By is a fiber bundle S? over By denoted by Tw(By), the twistor space of By.

The zweibein 21, 22 is no longer compatible with the almost complex structure I associated
with the real two-form j given above. Rather we define,

w\é

2

0 P .. —i
f1:= cosie 2zl+zsm§e

(E.1)

w\é

0 P . IC
fo = cosie 2zz—zsm§e zZ1,
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APPENDIX E. TWISTOR SPACES

so that If; = ifx. In terms of the new zweibein the local SU(2) structure and the metric
read, - -

g = fifi+faf

i= 5(AAR+RAR)

w = fiAfo=-cosf R(eVD) —sinf j+i (),

which is precisely of the form of (5.82). Let us also note that the choice of zweibein compatible
with [ is only determined up to a phase. The latter leaves j and the metric invariant but
acts nontrivially on w, thus changing the SU(2) structure.

We have seen that I,(0,1) defines an almost complex structure on the base. Together
with the natural complex structure of the sphere (thought of as a CP!) we can construct an
almost complex structure on the the total space,

I.(0,7) O4x2

Ii = 0 isii@ ’
024 Fsinf 0

so that fi, fo and K = df +isinf(dy + A) are eigenforms of I with eigenvalue +i. We can
thus take (f1, f2, K) as the vielbein on Tw(By). More generally we could modify (fi, f2, K)
by introducing “warp factors” as in (5.86) below.
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Torsion classes for Kalher base

As mentioned in section 5.4 we may relax the condition on the base of S? (B4), so that By is a
generic four-dimensional Kéhler manifold. The torsion classes can also be straightforwardly
calculated in this case. Note however that this is only a local calculation: without additional
constraints, we do not expect there to exist a global extension to a complete space.

Let us postulate a globally-defined SU(3) structure as in (5.86) on a CP! bundle with
metric,

g6 = |h|’4 + KK* ; K = fdf +ig(dy + A) , (F.1)

where f, g, h are a priori complex functions; 6 and 1 parameterize the S? fiber; the one-form
A satisfies (B.1), (B.4) for (J,Q) — (j,&). We will impose further restrictions on f, g, h;
these functions must be regular and non-vanishing, except for g which must vanish at 8 =0
and 0 = w. The most general situation we will consider here is that df, dg, dh live on the
space spanned by K, K* (this restricts the dependance on the coordinates). Explicitly we
expand,

df = iK + fo K™, (F.2)

and similarly for g, h. It is also possible restrict the dependance on 6 alone.
The calculation of the torsion classes proceeds in the same fashion as in appendix D, with
the following result,

Wi o= 85k (5ERT+ o)

Wo = 5 (5 - Roe) -

Wy = —3(fg"+ [*9)d0 A R+ R (§L500 + Bgsnf) 0t (F.3)
Wy = d(log|h?|) — 2|§2‘(fg* + f*g) cos 0dO

Wi = gobge; (FoosO+ fig = for — (oo + fog®) — 2(fg" + [r9)2) K™ .

Our degrees of freedom in the above are a somewhat redundant: a phase change of K can be
absorbed in h so that f or ¢ can be taken real. Let us also note that in general a cross term
(fg* — f*g)df(dyp + A) appears in the metric. If we want this to vanish, we must impose f
and g to be colinear, so that they can both be taken real.

Furthermore if we want to impose W4 = 0, we must restrict A to depend only on @, in
which case we get,

g* B R gh’
fo+rg’ T fe+ g
Therefore f and g must also be restricted so that R (f*g + fg¢*) is a function of # alone.

hi = (F.4)
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