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Abstract

We first give a review of the geometrical techniques (in particular G-structures and Gen-
eralized Complex Geometry) that are currently used in the study of supersymmetric N' = 1
compactifications. Then we focus on the study of type IIB compactifications to four dimen-
sional Anti de Sitter vacua with N’ = 1 supersymmetry. We give the general conditions that
supersymmetry imposes on the solutions in particular, the internal manifold must have SU(2)-
structure. Then we perform an exhaustive search of such vacua on cosets and group manifold.
With some assumptions on the SU(2) torsion classes and constant dilaton and warp factor, we
find that such vacua are very rare : two on cosets and five on group manifolds. All of them
are required to include intersecting O5 and O7-planes. This also means that there exist no
sourceless AdS; vacua. We then study scales separation on the vacua in order to look give
some insights for four dimensional effective theory and found that only two of them admit
scales separation.

A long french summary of the thesis is given in appendix [B]

Résumé court

Nous commengons par donner une revue des techniques géométriques (en particulier les
G-structures et la Géometrie Complexe généralisée) qui sont couramment utilisées dans I’étude
des compactifications supersymétriques N’ = 1. Ensuite nous nous concentrons sur 1’étude des
compactifications de type IIB vers des vides Anti de Sitter avec supersymétrie N' = 1. Nous
donnons les conditions générales que la supersymétrie impose, en particulier la variété interne
doit avoir une structure SU(2). Nous faisons une recherche exhaustive de tels vides sur les
quotients et les groupes de Lie. Avec quelques hypotheses sur les classes de torsion SU(2)
et avec dilaton et facteur de warping constants, on trouve que de tels vides sont tres rares :
deux sur des quotients et cinq sur des groupes de Lie. Tous requierent des plans O5 et O7
qui s’intersectent. Cela veut également dire qu’il n’existe pas de vide AdS, sans sources. Nous
étudions ensuite la séparation d’échelles sur ces vides afin de donner quelques intuitions sur les
théories effectives a quatre dimensions. Nous avons trouvé que seulement deux d’entre elles
admettent séparation d’échelles.

Un résumé long en frangais se trouve appendix [B]
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Chapter 1

Introduction

Physicists have always tried to describe the world under a formalism as general as possible and
to unify all known interactions. During the 20" century, tremendous progress in this direction
has been done thanks to two main theories. At the microscopic level, the Standard Model gives
an accurate description of electro-weak and strong interactions using quantum field theory. It
provides us with a quantum description of matter and with the recent discovery of the Higgs
boson at the Large Hadron Collider, its achievements are widely acclaimed. At the other end
of the spectrum, General Relativity based on Riemannian geometry gives a description of how
spacetime interacts with matter. Both theories are nevertheless incomplete in the sense that
they can’t explain everything we observe.

Indeed, in the Standard Model, many parameters are not theoretically fixed but rather are
chosen so that their values fit the experiments. Moreover, the origin of the gauge group of the
Standard Model SU(3) x SU(2) x U(1) is still unknown. Why is it this one that one encounters
and not some other? The answer could be that this theory is only an effective theory and inherits
its structure from a more fundamental description. Also the Standard Model doesn’t include
gravity. Similarly, General Relativity, despite the accuracy of its predictions, fails to give a
correct description of all observations scientists make. Indeed, already at the classical level, it
cannot completely describe singular objects such as black holes. Moreover obtaining a quantum
field theory description of gravity is not easy since renormalization fails.

There is also another conceptual issue in the description of the universe via these two
theories : the hierarchy problem. One of the typical energy scale of the Standard Model is
the electroweak scale, which is the scale where electromagnetic and weak interaction have a
unified description (around 246 GeV). One can also define a scale where quantum gravity effects
should appear and this is what one calls the Planck scale (around 10! GeV). The discrepancy
between these two scales is not explained within the framework of these theories and so require
a more fundamental one. Another scale that one has to consider is the cosmological constant.
Precise cosmological measurements show that our universe is expanding and so should be
described by a de Sitter spacetime with a positive but small cosmological constant of mass
scale My = AT ~ 10712 GeV. This is much below both the electroweak scale and the Planck
scalel And once again, there are no theoretical explanations as to why it is the case.

All these reasons show that there must be something more. At the moment, a theory that
seems to give answers to most of these questions is string theory. We will now give some of the
main properties of this theory, the interested reader can find more details for example in [1},2].
The basic idea of string theory is to replace the notion of point particle by a one-dimensional
extended object (a string). Then particles are seen as oscillation modes of the strings. One



can easily show that the spectrum of string theory always contains a spin two particle which
can be identified with the graviton. That is to say that string theory automatically contains
gravity and since string theory is a quantum theory, it should even contain quantum gravity.
Note that there exists a characteristic length in string theory which is the length of the string
ls which is usually taken to be proportionnal to the Planck scale (this is because the quantum
gravity effects should appear at this scale).

In order to also include fermions in the theory, one generally consider a string theory with
supersymmetry (SUSY) to give superstring theory. Rigid SUSY is an extension of the Poincaré
group that has the feature of relating bosons and fermions (the action of SUSY on a boson
gives a fermion and vice-versa). There can be many supersymmetry generators and one denotes
by N their number (for instance, in four dimensions N can vary from one to four). An
important feature of supersymmetry is that it commutes with the momentum, so that fields
can be arranged in multiplets of same mass.

We can make SUSY a local symmetry and include gravity: these are supergravity (SUGRA)
theories. These theories are very constrained. In particular, in eleven dimensions, the theory is
unique. Unfortunately, these theories are not renormalizabld’] A non renormalizable theory is
perfectly acceptable if taken as the low energy limit of a more complete and well defined theory.
In the case of SUGRA theories, they emerge as the low energy limit of string theory. That’s
why even if the SUGRA theories are not finite, their study is important as effective theories of
string theory.

Anomaly cancellation forces superstring theories to live in ten dimensions. Thanks to that
and the strong constraints coming from SUSY, one can show that there exists only five different
types of superstring theories : Type I, Type ITA/IIB, Heterotic SO(32) and Heterotic Eg X
Es. Each of these theories give SUGRA theories in ten dimensions with A" = 1 (heterotic
and type I) or NV = 2 (type ITA and IIB) supersymmetry. It is believed that also the eleven
dimensions SUGRA can be interpreted as the low energy limit of what is called M-theory where
the fundamental objects are not strings but rather extended objects like membranes. All these
theories are related by a web of dualities and this hints to the existence of a single theory which
would encompass all these. In this thesis, we will focus on type II string theories.

As we said, superstring theories involve a ten dimensional spacetime. One can wonder how
one recovers the usual four dimensional spacetime and how one should consider the extra six
spacelike dimensions. The simplest mechanism is compactification, namely one assumes that
the six extra dimensions are compact. This means that they are closed (ie not extended) on
themselves and form a six dimensional compact manifold. One usually assumes that the typical
scale of this manifold is very small which would explain why we are not able to probe the extra
dimensions. We call this manifold the internal manifold. Then one has only to ”integrate” over
this internal manifold to recover a four dimensional theory.

Unfortunately, if the method is straightforward, applying it is less easy. Indeed, in order to
have phenomenologically interesting theories, one has to select particular internal manifolds.
The simplest examples of such manifolds are Calabi-Yau but theories based on this spaces give
a large number of scalar fields that have no fixed vacuum expectation value, called moduli.
These scalars are not physical, since, if they existed, they would produce a fifth force that we
don’t observe. String theory contains form potentials, the Neveu-Schwarz and Ramond-Ramond
fields, which can be seen as higher-dimensional generalizations of the electro-magnetic potential.
Considering more general backgrounds where some of these fields are non-trivial allows to get

!This statement is still under debate, in particular for N’ = 8 in four dimensions but recent results tend to show that
no SUGRA is finite.



rid, at least partially, of the unwanted moduli (see [3] for a comprehensive review on fluxes
compactification). This is the only method we know to solve the moduli problem at the classical
supergravity level. Higher order perturbative corrections or other stringy mechanism are of
course viable alternatives. The presence of fluxes on a compact manifold must be compatible
with Gauss law. There are indeed no-go theorems forbidding purely flux compactifications
to Minkowksi space. These can be avoided by introducing negative tensions sources, the so
called O-planes. One can also look at more complicated manifolds with fluxes, O-planes and
D-branes. These are non perturbative objects that sources the RR and NS fields.

As we said, the universe appears to possess a positive cosmological constant and that’s why
one of the important fields of study in string theory is obtaining a stable de Sitter vacuum.
While stable de Sitter solutions can be found in lower dimensional gauge supergravity theories,
it is very hard to embed them in sting theory. de Sitter space-time is not compatible with
supersymmetry. Breaking supersymmetry while having a positive cosmological constant is a
difficult task in string theory. In particular this seems to require, beside background fluxes,
stringy objects like orientifold, quantum and higher derivative correction and non/geometric
fluxes.

One of the first step towards obtaining a de Sitter vacuum may be, oddly, an Anti de Sitter
vacuum. Indeed one can devise a way to break SUSY in the AdS vacuum in order to lift it to
a de Sitter vacuum. This is the KKLT proposal [4]: the idea is to start from a AdS, vacuum
in type IIB with all moduli fixed by fluxes and non-perturbative effects, and then to lift it to
de Sitter by adding a small portion of anti-D3 branes wrapped on the internal manifold.

A significant part of the work in this thesis is devoted to the study of AdS, vacua with
N = 1 supersymmetry in type II SUGRA. In type IIA, the literature is quite extensive and
that’s why we will consider type IIB. We will use powerful mathematical tools in order to
achieve our goal namely G-structure, Generalized Complex Geometry and torsion. So we will
devote a significant part of this thesis to a search for de Sitter vacua. The KKLT proposal
is not the only option to achieve stable de Sitter compactifications in string theory. In [5] it
was suggested to use an ansatz for a SUSY breaking calibrated source to find a classical de
Sitter solution directly in ten dimensions on a given solvmanifold (For a definition, see for
example [6]).

In appendix [A] of this thesis we will report on some partial attempt to recover such solu-
tions from the point of view of the four-dimensional action obtained by compactifying on the
solvmanifold.

Here is a brief outline of the thesis :

In Chapter [2| we give a review of some mathematical tools needed to do our analysis : G-
structure and torsion. We describe the different topological structures one can put on manifolds.
We also give how this structures can be incorporated in a differential setup.

In Chapter 3}, we review Complex Generalized Geometry. It generalizes the notion of tangent
bundle. We also introduce the Courant Bracket to generalize the concept of integrability of a
structure. This framework will be an essential tool in our analysis.

In Chapter [4] we will use the formalism seen in the first chapters in order to rewrite the
SUSY equations into differential equations on the internal manifold. We also present some
results about N/ = 1 compactifications.

In Chapter [5] we present our method of analysis for N' = 1, AdS; vacua on parallelizable



manifolds. We use both the SU(2)-structure and the Generalized Complex Geometry in order
to do this analysis. We also present orientifolds plane and their involution. Finally, we study
scales separation on the vacua we found in order to have genuine four-dimensional vacua.
Appendix [A] contains some results about the search of stable de Sitter vacua in type ITIA
theory.
Appendix [Blis a summary of the thesis in french.



Chapter 2

G-Structure and Torsion

In this section we will review some useful definitions about G-structure, holonomy and torsion.
These concepts are important when considering string compactifications because they permit to
encode in an easy way topological and differential conditions on the compactification manifolds.
Indeed, as we will see in chapter |4} the supersymmetric (SUSY) conditions will put constraints
on the structure group and the holonomy of the manifold we compactify on. We will also review
the intrinsinc torsion associated to a connection which will also be useful to parametrize the
exterior derivative of the objects defined by the structure we put on the manifold. We will then
focus on two examples SU(3) and SU(2)-structures in six dimensions which will be of interest
when compactifying.

2.1 G-structures

In this chapter we introduce the notion of G-structure. In fact, many of the topological prop-
erties characterizing a manifold are examples of G-structures.

2.1.1 Structure group

Consider a manifold M, of real dimension d = 2n. At each point p of the manifold one can
define a vector, which is an element of the tangent space T,M. The union of the T),M for all
points p of M is called the tangent bundle T'M and its sections are called vector fields. The
same construction for one-forms define the cotangent bundle T*M on M, whose sections are
one-form fields.

On each patch on the manifold, one can introduce a local frame e,(ﬁ), namely a set of d
independent vectors spanning 7'M at each point. Then a vector v (or tensor) can be expanded
in this basis, v = v?;) egﬁf ), and its components on two overlapping patches are related by a local
change of coordinates

V(a) e U,

= vigy = (Mag)n vy on U, NUsz, 2.1
S} i = Oy : 21)

where M,5 € GL(2n,R), the group of general linear transformations. Since one can repeat this
construction at every point on M, the matrices M,z can be seen as functions from the manifold
to GL(2n,R)

M,z : M — GL(2n,R) .
x — Mup(x). (2.3)



These are the transition functions and contain all the information about the non-trivial topology
of the bundle 7M. On a triple overlap U, NUgNU, they must satisfy the consistency condition

MosMgy = M, . (2.4)
and also
MaﬁMﬁa = 17 (25)

which gives the set of transition functions the properties of a group, G. The group G, in this
case GL(2n,R), is the structure group of the tangent bundle.

Alternatively, one can define the structure group of T'M as the group of the transition
functions of the frame bundle associated to the vector bundle TM[ Since the vector field
v = ug)eﬁff ) (no sum over «) is invariant across patches (and thus globally defined), it is clear

that the frames must change with the same (inverse) transition functions
el®) = (Mojﬁl)”megf) : onU, NUs (2.6)

where the same transition functions M,z as before.

Note that the fields one can define on the manifold carry representations of the structure
group with transition functions taking values in different representations of the structure group.
For instance

frame bundle — adjoint
vectors — fundamental

2.1.2 G-structure

If one can arrange all the transition functions of the frame bundle of a manifold M to take
values in a subgroup G C GL(2n,R), the structure group of the tangent bundleﬂ is reducible to
G. If it is possible to reduce the structure group of a manifold M to a subgroup G C GL(2n,R),
we say that the manifold M as a G-structure.

An alternative definition of a G-structure is given in terms of G-invariant tensors, or, if M
is spin, G-invariant spinors : a manifold M has a G-structure if there exist globally defined
(non-vanishing) G-invariant tensors or spinors

It is easy to prove that the two definitions are actually equivalent. Recall that tensors of a
given type on M are in a certain representation of GL(2n). Suppose now that the structure
group of the frame bundle is reduced to G. Then the GL(2n) representation of a given tensor
can be decomposed into irreducible representations of G. It can happen that some components
of the tensor field, under the decomposition, transform as singlets of G. This means that the
corresponding bundle is trivial and thus admits a globally defined non-vanishing section £. In
other words, we have a globally defined non-vanishing G-invariant tensor or spinor.

Let us now consider the converse. We have a non-vanishing, globally defined tensor or spinor
¢ which is G-invariant. Since the invariant tensor ¢ is globally defined, by considering the set
of frames for which £ takes the same fixed form, one can see that the structure group of the
frame bundle must then reduce to G. Thus the existence of £ implies we have a G-structure.

The relation between G-structures and globally defined tensors extends to other vector
bundles with structure groups different from GL(d,R) and its subgroups. In particular it

IThe frame bundle associated to T'M is the bundle having as fibers the set of all frames.
2This is more generally true for the structure group G of any vector bundle



extends to spin bundles with spin groups as structure groups. In this case, a (reduced) G-
structure can be usually associated to the existence of globally defined spinors.

The standard structures we are used to in differential geometry can be re-interpreted as
different G-structures on M

Structure Structure group
Riemannian manifold O(2n)
Orientable manifold SO(2n)
Almost Complex Structure GL(n,C)
Almost Hermitian manifold U(n)
Pre-symplectic Sp(2n, R)
Almost Product Structure | GL(I,R) x GL(2n — [, R)

where in the last line, [ is the rank of Tr.

Below we discuss in more details some of the structure which are relevant for the discussion
of Generalized Complex Geometry and supersymmetry.
2.1.3 Almost complex structure and almost complex manifold

Consider a manifold of real dimension d = 2n. An almost complex structure is a globally
defined tensor (i.e. a tensor field) given by the map

I : T—=>T
" = Ia" (2.8)
such that
I,PL" = —6,,". (2.9)

Note that locally one can always define a tensor with such properties, but this is an almost
complex structure only if it is globally defined, namely if it is a tensor field.

A manifold of real dimension d = 2n is called almost complex if it admits an almost com-
plex structure I. On any even-dimensional manifold, pointwise, one can introduce complex
coordinates. The existence of an almost complex structure guaranties that the introduction
of complex coordinates can be defined on the whole neighborhood and that the definition on
different patches is consistent. To introduce explicitly the local set of complex coordinates, we
can use . From this equation it follows that any almost complex structure has eigenvalues
+4. Thus one can define the projection operators

U&Mﬁ=%®%$uaﬂ, (2.10)
which project onto the +i-eigenspaces, and satisfy
P.P. =P, PP =0. (2.11)
Then locally we can split the tangent bundle in

T =759 gT0D (2.12)



On an almost complex manifold one can use the projectors (2.10) to decompose a real
(p 4+ q)-form wP*? into holomorphic and anti-holomorphic components

B ey = (PO ™ o (P )" (P )7 (P )yt (213)

mi...Mp+q Mmp+1 Mp+q ni...Np4q

In general we will denote the projections on the +i eigenvalue subspace with an unbarred index
1, and the projection on the —i eigenvalue subspace with a barred index 1.

2.1.4 Hermitian metric and almost Hermitian manifold

A metric g,,, on an almost complex manifold is called Hermitian if it satisfies
L. 1) Gor = Gunn - (2.14)

An almost Hermitian manifold is an almost complex manifold endowed with a Hermitian metric.
On it, one can define a 2-form

Jmn = Impgpn ) (215)
1
J = §Jmndxmd:c", (2.16)

called the fundamental form. The relation implies that J is a non-degenerate 2-form.
In local complex coordinates the hermitian metric is of type (1,1) and has one barred and
one unbarred index. Thus, raising and lowering indices with the hermitian metric converts
holomorphic indices into anti-holomorphic ones and vice versa. Moreover the contraction of a
holomorphic and an anti-holomorphic index vanishes. Also, on an almost hermitian manifold
of real dimension d = 2n, forms of type (p,0) vanish for p > n.
Because [ is not constant, derivatives of a (p, g)-form give (extra pieces compared to complex

manifolds see ([2.35))) [7]

dw®9 — (dw)(pfl,qu?) + (dw>(p,q+1) + (dw)(pﬂ,q) + (dw)(p+2,q71) ) (2.17)

2.1.5 Symplectic structures

A manifold M admit a pre-symplectic structure if there exists a globally defined skew-symmetric
2-form

w € AT, (2.18)

which can also be seen as a map
w T =T (2.19)
2™ = 2"w,m = i,w. (2.20)

A manifold M admitting a pre-symplectic structure is called almost symplectic.

2.1.6 Product structure

An almost product structure is very similar to an almost complex structure. It is a globally
defined tensor given by the map

R : T—T (2.21)
" — R'x" (2.22)

such that
R,’R," = 6," . (2.23)

It has (+1) and (-1) eigenvalues and induces a split of 7" in two subbundles T and Ty .
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2.1.7 SU(3) and SU(2) structures in dimension 6

In the rest of the thesis we will focus on compactifications to four-dimensions with with N' =1
supersymmetry. In this case a very useful way to recast the conditions imposed by supersym-
metry is in terms of SU(3) and SU(2) structures on the internal six-dimensional manifold. We
will then discuss in some detail these two cases

2.1.7.1 SU(3) structure

A six dimensional Riemannian manifold admits a spin bundle, so the structure group generically
will be SU(4) ~ SO(6). The irreducible spinor representation is the 4 € SU(4). So a globally
defined invariant spinor necessarily requires the reduction of the structure group. The simplest
possibility is to consider a SU(3) invariant spinor 7

SO6) — SU(3)
4 — 34+ 1
n — N+

We can also see the reduction of the structure group in terms of globally defined forms. On
a 6-d manifold one can define 1,2,3,4,5,6-forms. Each of them is in a non-trivial representation
of SO(6). We can then look at the decomposition in SU(3) representations and see whether
there are SU(3) singlets: these are the invariant tensors

SO(6) — SU(3)
Ay 156 — 8+3+3+1 J
As 10, — 6+3+1 Q
Ay, 15 — 8+3+3+1 JNJ
Ag 1 — 1 QANQ~JTANTAT

Then an SU(3) structure in 6 dimensions is equivalently defined by a real 2-form (fundamental
form) and a complex 3-form (J,£2), or a metric and a globally defined chiral spinor (g, 7).

The two definitions are indeed equivalent since the forms can be defined as bilinears in the
spinor

Qynp = —in*_”ymnpn+ (2.25)

Note that, unlike the U(n) case, given J and €2, the metric does not need to be specified in
addition [§]. Essentially this is because, without the presence of a metric, Q2 defines an almost
complex structure, and J an almost symplectic structure. Treating J as the fundamental
form, it is then a familiar result on almost hermitian manifolds that the existence of an almost
complex structure and a fundamental form allow one to construct an hermitian metric.



2.1.7.2 SU(2) structure

An SU(2)-structure is defined in terms of a globally defined, nowhere-vanishing complex vector
2™, a real two-form j and a complex two-form w, satisfying

WAj=wAw=0, (2.26a)
L.j =t,w=0, (2.26b)
wAw=2j?, (2.26¢)

where z now denotes the 1-form z,,dx™ = g,,,2"dz™.
Alternatively, the SU(2)-structure can be characterized by the existence of two globally
defined nowhere-vanishing and nowhere-parallel chiral spinors

1 *
n, X = §zm7mn : (2.27)
Here we have chosen x to be orthogonal to 7, which is always possible by subtracting the
parallel part.
As for the SU(3) case, these tensors can be written as bilinears in the spinors ([2.27)

2" =0ty (2.28a)
G = (3/2)0 Yt = (1/2)X Yonn X (2.28b)

An SU(2) structure can be seen as the intersection of two SU(3) structures, defined by the
spinors n and Yy, respectively. The corresponding fundamental forms are given by

1 1
J+ = 577T7mnnd$m A dxn = _52 A Z+j7

J_ = %menx dz™ Adx" = —%z NZ—7].

More generally, the SU(2)-structure determines an entire U(1) family of almost complex struc-

tures compatible with the metric. The corresponding (1,1)-forms are constructed as in ([2.24)
and ([2.25) in terms of the normalized spinor

Yv=kn+kx. (2.29)

with k| and k, positive and kﬁ + k¥ = 1. When ky = 0 and k; = 1, one talks about a

static SU(2)-structure whereas when kj # 0 and k, # 0, one talks about an intermediate
SU(2)-structure. When k) = 1 and k; = 0, one recovers an SU(3)-structure.

The one-form z provides an almost product structure on M, defined locally by
Ry = zp 2" + Zp2" — 07, m,n=1,...,6, (2.30)
which induces a (global) decomposition of the tangent space in

TM =T,M & TyM . (2.31)

The subbundle T5M is spanned by the real and imaginary parts of the form z.
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2.2 Holonomy group and torsion

The existence of a G-structure on a manifold M is related to its topological properties, namely
the existence of certain bundles. In order to make contact with the supersymmetry conditions
in string compactifications, we need to study the integrability properties of such structures.
We will not give here a rigorous definition of integrability. Roughly speaking a given structure
is integrable if it is possible to find a system of adapted coordinates on the manifold. What
matters for us is that the integrability of a given structure can be rephrased in terms of intrinsic
torsion. The structure is integrable is the connection is torsion free. We then recover special
holonomy manifolds as special cases where all torsions vanishes.

2.2.1 Examples of integrable structures

Before defining the notion of intrinsic torsion we recall some examples of integrable structures.

2.2.1.1 Complex structure

An almost complex structure is integrable if there is an atlas of coordinates such that I can be

put everywhere in the form
L xn 0
I = ( OX il > . (2.32)

An integrable almost complex structure is called a complex structure. There are two possible
equivalent definition of integrability of an almost complex structure

1. the Nijenhuis tensor
Np” = L4 (aqlnp - aanp) = I,1 (8q]mp - am[qp) (2'33)
must vanish.

2. the “(1,0)” part of the complexified tangent bundle T'® C is integrable under the Lie
bracket. This means that the Lie bracket of two (anti)-holomorphic vectors must be
(anti)-holomorphic

PiPix,Piyl =0 Vaz,veT. (2.34)

One can see that both the real and imaginary part of the equation above are proportional
to the Nijenhuis tensor.

An almost complex manifold admitting a complex structure is said to be a complex manifold.
For an almost complex manifold we have seen that it is possible to define complex coordinates
in a patch. For a complex manifold the transition functions between different patches are
holomorphic functions of the complex coordinates. It is the holomorphicity of the transition
functions that allows to put I in the diagonal form ([2.32)).

For a complex manifold the exterior derivative of a (p, ¢)-form takes the form
dw® — (dw)(p7q+1) + (dw)(erl,Q) . (2.35)
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2.2.1.2 Symplectic structures

A pre-symplectic structure w on M is integrable if it is possible to find local coordinates on M
such that the symplectic forms becomes

w=dz, ANdy™ (2.36)

and such that all transition functions are symplectic with respect to the standard symplectic
structure. By Darboux theorem, the integrability condition is equivalent

dw =0 (2.37)

A manifold M admitting a closed w is called symplectic.

2.2.1.3 Product structure

The integrability if an almost product structure can also be expressed in terms of the Nijenhuis
tensor becomes :

Nown? = Bn (0 B = OnRy") = B (0 Fon” — O By) (238)

The £1 subbundles 77 and Ty are integrable if the projections on 77 and T of the Nijenhuis
tensor vanish, respectively. If both T and Ty are integrable, they define a product structure.

2.2.2 Intrinsic torsion

Let us first recall the definition of torsion and contorsion on a Riemannian manifold (M, g).
A connection D" on (M, g) is said to be a metric compatible connection D! on (M, g) if it
satisfies

D oy =0 . (2.39)

From such a connection one can define the Riemann curvature tensor and the torsion tensor as
follows
|D;,, DJv, = —Rynp®vy — 21000 Divy, (2.40)

where v is an arbitrary vector field. The Levi-Civita connection is the unique connection
without torsion compatible with the metric.

Any metric compatible torsionful connection can be written in terms of the Levi-Civita

connection
DD =Dk, (2.41)

where we denote by D and D™ the covariant derivative with respect to the Levi-Civita con-
nection and a connection with torsion, respectively. The tensor &,,,” in (2.41]) is the contorsion
tensor. Metric compatibility implies

Kmnp = —Kmpn » (2.42)

where Kpmnp = Kmn' grp- There is a one-to-one correspondence between the torsion and the
contorsion’]

1
Tmnp = é(ﬁmnp - /fnmp> = K[mn]p 5 (243)
Rmnp = Tmnp + Tpmn + Tpnm . (2.44)

30ne can prove it inserting 1’ into 1'
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From these relations it follows that, given a torsion tensor 7', there exist a unique connection
D) whose torsion is precisely 7.

We can now go back to our G-structure. In general the G-invariant tensors (or spinor) ¢ is
not constant under the Levi-Civita connection

DE#0. (2.45)

However, it possible to prove [9], that there always exist some connection with torsion D)
compatible with the G-structure, that it is say

DD¢ =0 (2.46)

In general there is more than one connection compatible with a given G-structure and
they have different torsion. However, it is possible to identify a part of the torsion which is
independent of the choice of the connection and only depends on the G-structure: the intrinsic
torsion. This can be defined using the Levi-Civita connection

D¢ = DE + ko€ =0 . (2.47)

The tensor kg is called intrinsic contorsion and it is the component of the contorsion that acts
non-trivially on the invariant tensor. To see this we can look at the symmetry properties of
the contorsion, : k is an element of A' ® A? where A" is the space of n-forms. Since the
space of two-forms on the manifold is isomorphic to the algebra of SO(2n) (A? & so(2n)), we
can also consider the contorsion as a one form with values in the Lie-algebra so(2n)

k€ A ® s0(2n). (2.48)

Given the existence of a G-structure, we can decompose so(2n) into a part in the Lie algebra
G of G and an orthogonal piece G+ = s0(2n)/G. The same splitting can be enforced on the
contorsion tensor

K = Ko+ Kg , (2.49)

where r is the part in A'® G1. Since £ is an invariant tensor (or spinor), it does not transform
under the action of G (the generators of G), so that

DD = (D + ko +kg)€E=(D+kp)€E=0. (2.50)

In summary the intrinsic contorsion is independent of the choice of G-compatible connection.
Basically it is a measure of the degree to which D¢ fails to vanish and as such is a measure of
the G-structure itself.

Using the isomorphism between torsion and contorsion (2.43)), one can also define the in-
trinsic torsion as

Tgmp = Ky [mn]p eAN®Gt. (2.51)

The intrinsic torsion also provide a classification of G-structures. The idea is that one can
decompose kg into irreducible representations of the group G. Then a G-structure will be
specified in terms of the representations appearing in the decomposition. In particular, in the
special case where kg vanishes so that D¢ = 0, one says that the structure is torsion-free.
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2.2.2.1 Example: Complex structure

An almost complex structure I defines a GL(d/2, C) structure on M. A compatible connection
V is such that VI = 0 . The integrability of an almost complex structure is equivalent to
the vanishing of the Nijenhuis tensor, N;. An almost complex structure on M corresponds to
a GL(d/2,C) structure. The Nijenhuis tensor can be written in terms of the torsion of the
GL(d/2,C) compatible torsion, and integrability becomes the condition of the structure being
torsion free.

2.2.3 Special holonomy

The holonomy group H of a Riemannian manifold M consists of the matrices that realize
parallel transport of a generic field ¢ on M around a close curve ~

o=@ =Ug U = P(eh ) (2.52)

where w is the spin connection, which is a SO(2n) gauge field. The matrices U are element of
SO(2n) and in general H coincide with SO(2n). If the holonomy group is smaller than SO(2n),
the manifold is said to be of special holonomy. Note that the holonomy is associated to the
curvature tensor, and hence to the choice of a connection. When it is not specified otherwise,
the holonomy is that of the Levi-Civita connection.

The reduction of the holonomy group is related to existence of covariantly constant tensors
on M. Consider a tensor bundle on M and suppose that it admits a covariantly constant tensor
(if the manifold is spin we can also have a covariantly constant spinor)

VE=0. (2.53)

Such a tensor is invariant under parallel transport and hence under the holonomy group. This
means that the holonomy group is reduced to the subgroup G € SO(d) that leaves the tensor
¢ invariant. The opposite statement is also true: if the holonomy is reduced to a subgroup
G, then there exist constant tensors. Therefore studying the holonomy of a connection or its
constant tensors is equivalent.

Consider now a connection, V of reduced holonomy. From ({2.47), it follows that it is
always possible to find a G-structure such Hol(V)= G. If the connection is the Levi-Civita
connection, then the corresponding G-structure is torsion free. For simply-connected manifolds
M of dimension n, with a Riemannian metric g, that is irreducible and non-symmetric, the
possible reduced holonomy groups are given in the Table below. In the same table we list the
corresponding constant tensors and/or spinors (1, are chiral spinors) .

Holonomy dim(M) constant tensors | Type of manifold
SO(d) d g Orientable
U(m ) d=2m ,m>2 (g9, J) Kéhler
SU(m) d=2m,m>2| (J, Qn) or ny Calabi-Yau
Sp(m) d=4m ,m >2 Hyperkéahler

Sp(m) Sp(1) | d=4m , m > 2 Quaternionic Kéhler
Go 7 @3 orm Go
Spin(7) 8 Q4 or ny Spin(7)
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2.2.4  Torsion for SU(3)-structure in dimension 6

As an example we can consider again the case of an SU(3)-structure in six dimensions. If we
write explicitly the relation between the torsionful connection and the Levi-Civita :

1 n'
L =0 (2.54)

we see that the contorsion is indeed the obstruction to 7, being covariantly constant with
respect to the Levi-Civita connection. We can also write the analogous condition on J and (2,
and show that they are no longer covariantly constant

Dg)TH = Dy —

D) ] = Dindrp — Fomn” Jrp — oy I = 0, (2.55)
DD = Dinipg — Fonn” Qg — Fomp Qg — Fomg Qnpr = 0. (2.56)

Again k is measuring the obstruction to J and 2 being covariantly constant with respect to
the Levi-Civita connection.

The connection with torsion D) preserves the SU(3) structure in that n, or equivalently
J and 2 are constant with respect to it.

As we have already seen in the general case, the obstruction to having a covariantly constant
spinor (or equivalently J and 2) is actually measured by not the full contorsion but by “intrinsic
contorsion” part k°. Indeed Ky, takes values in A'@A?, and A? is isomorphic to the Lie algebra
so(6). We can further decompose it according to SU(3)

3) 1
s0(6) & su(3) @ su(3)t = kMO 4 g0 { 43 € A @ su(3)

kKY€ A @ su(3)*t (2.57)

If we apply this decomposition to the covariant derivative of the spinor, since n, is an SU(3)
singlet, the action of su(3) on 7, vanishes, and we are left with

1
Dmn = Z’ignnpfynpn-l- . (258)
Similar expressions can be derived for the covariant derivatives of J and {2
dpmnp = 6T Jrfp] (2.59)
Anpg = 1217 Qg - (2.60)

Because of the isomorphism between contorsion and torsion, the same definitions hold for the
torsion 7.

Both the intrinsic torsion and contorsion can be decomposed into irreducible representations
of SU(3), and, hence, different SU(3) structures can be characterized by the non-trivial SU(3)
representations 79 carries.

T°c M@ SUB): = Ba3)e(1e3d3)
= (1e1)o8®8) P (6®6)DdB®3)® (3d®3)

= W Wo Ws Wiy Ws (2.61)
The W; are called torsion classes, they correspond to form of different types
Wi — complex scalar
W,  —  complex primitive ((Wa)mnJ™ = 0) (1,1) form
Wj —  real primitive (2,1) + (1,2) form
W, — real vector
W5 — complex (1,0) form
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For SU(3) structure it is possible to express each torsion class in terms of a component in
the SU(3) decomposition of dJ and df).

dJ = [(dI)*0 + (dN)**] + [(d))e! + (dT)g?] + [(d)0 + (d])!]
20 = (1e1)®(606)D (3®3)
Wi W W, (2.62)

dQ = (dQ)* + (dQ)p? + ()™,
24 = B3a3)eBad)d(lal)
Wy W5 W (2.63)

According to this decomposition we can write the exterior derivatives of J and 2 as
3 _
dJ = §[m(WlQ) +WiANJ+Ws (2.64)
dQ = WiJAJ+WaAJ+WsAQ (2.65)

Manifolds with SU(3) structure can then be classified depending on which torsion classes
are non-zero. Here are some examples

Name Torsion classes

Complex Wi =Wy =0

Symplectic Wi =W =Wy =0

Nearly Kahler Wy =Wz =Wy =Ws;=0

Kéahler Wi =Wy =Ws=W;=0

Half-flat ImW; =ImWy =W, =Ws5 =0
Nearly Calabi-Yau | Wy = ImWs = W3 =W, = W5 =0
Calabi-Yau Wi =Wy =Ws=W;=Ws5=0

Table 2.1: Classification of geometries according to the vanishing SU(3) torsion classes.

2.2.5 Torsion for SU(2)-structure in dimension 6

In the rest of this thesis we will be interested in the torsion classes for an SU(2)-structure in
six dimensions. A simple way to obtain them is to decompose the SU(3) torsion classes given
in the previous section according to SU(3) — SU(2) x U(1). As a result the intrinsic torsion
(and contorsion) can be decomposed into 20 irreducible representations of SU(2)

T'eT"M@su(2)"=2-102-2)@(“4-104-2)
=16-1®16-2®8-3 (2.66)

That is to say that one has 8 complex scalars S;, 8 holomorphic vectors V; and 4 complex
tensors 7;. Omne can define these torsion classes from the exterior differentials on the forms
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defining the SU(2) structure [10]
dz=Sw+Soj+ S35z AZ+ S0+ 2AVi+Va)+2A (Va4 Vi) +Th
dj:S5z/\w+56z/\w+%(S7+5’8)z/\j+j/\v5+z/\z/\V6—|-z/\T2+c.c.
dw=S72Aw+ SsZANw—2852Aj =282 Nj+izAZA Veew) + 5 A (Ve + V)

+2 AT+ 2NTy. (2.67)
where the relations between the representations in dj and dw are implied by the conditions
djAw)=d(jAj)=dlwAw)=0. (2.68)

In we added two vector representations in dz that were missing in [10]
Notice that the doublet V; are holomorphic vectors with respect to the complex structure
defined by j,
wAV; =0 (2.69)

while the T; are (1,1) and primitive
GAT, =wAT, =0 (2.70)

and can be decomposed on the basis of anti-self dual two-forms j;, ja, j3 transforming in the 3
of SU(2)

3
T = Ztijtr (2'71)
a=1

2.2.6 Calabi Yau manifold
When all torsion classes of an SU(3) structure manifold vanishes
Viep=0 & dJ=0 dQ =0, (2.72)

the internal manifold is a Calabi-Yau three-fold. Calabi-Yau manifolds played a fundamental
role in purely geometrical string compactifications, and the whole idea of applying Generalized
Complex Geometry to to non zero flux backgrounds is to try to extend to this case some of the
properties of Calabi-Yau compactifications.

There are several definitions of a Calabi-Yau manifold of dimension d = 2n

e Calabi-Yau manifold is a Riemannian manifold with closed fundamental form dJ = 0
(Kéhler manifold) with SU(n) holonomy.

e A Calabi Yau manifold as a Kéhler manifold with vanishing first Chern class ¢; (M) = 0.
The first Chern class is the second cohomology group of the manifold.

e A Calabi-Yau manifold has a globally defined closed real two-from and holomorphic n-
form, such that

ONQ=cJ™, (2.73)
where the proportionality factor must be a constant.

The interest of the definition is that it allows to express the geometrical properties of the
manifold in terms of differential equations for some forms. It is in this formulation that we will
generalize the idea of Calabi-Yau manifolds to the case of non-zero fluxes.
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Chapter 3

Generalized Complex Geometry

Generalized Complex Geometry (GCG) was introduced by Hitchin and then further developed
by Gualtieri [8,/11] with the aim of treating on the same ground complex and symplectic
geometries. In doing so, GCG allows to geometrize the NS B-field and that’s way it is of
fundamental interest in string compactifications.

3.1 The generalized tangent bundle

Generalized complex geometry is the generalization of complex geometry to the sum of the
tangent and cotangent bundle of a manifold. The idea is to combine vectors and one-forms into
a single object. Given a d = 2n-dimensional manifold M, one defines the generalized tangent
bundle E, which is en extension of T'M by T*M

0—T"M —FE -5 TM-—0. (3.1)
Sections of E are called generalized vectors and locally can be written as
X=@w+E)eTMaTM (3.2)
where v € T'M and & € T*M. The projection operator 7w : E — T'M in is defined by
T :v+Ev. (3.3)

On the overlap of two patches U, and Up the sections transform as

T .
L) + &) = Uap)T(B) T [a(am&ﬂ) - Za(amw(ﬁ)w(aﬂ)] : (3.4)

where a(,p € GL(d,R) gives the usual patching of vectors and one-form, and the two-form
W(ap) gives the non trivial fibration of T*M over TMI]. From ([3.2) we see that there is an
isomorphism between E and T'M & T™* M which is not canonical since it depends on the choice
of the two-form w

r+(E—w) el (TMaeT"M), (3.6)
I This is a gerbe structure. Indeed, if we set Wiap) = —dAp) with
A@p) + Ay + Aya) = 9(asy)dY(asr) (3.5)

on Uy NUsg N U, and gagy := € is a U(1) element. This is analogous to the patching of a U(1) bundle, but here the
transition “functions” are one-forms
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where I' denote the sections of T'M & T*M. Such a structure has a natural interpretation in
string theory, where the two-form w can be identified with the NS two-form B. Indeed while
the field-strength, H = dB is globally defined, B itself generically is not. In the rest of this
chapter, unless it is necessary to specify them, we will use E and T'M & T*M in an equivalent
way.

Given the split into vectors and forms, there is a natural O(d,d)-invariant metric Z on
TM & T*M given by the natural pairing of vectors and forms

I(X1, X0) = (01 + 61,02 + &) = 5(6(02) + &o(w)). (3.7)

This is a non degenerate symmetric bilinear form of signature (d,d). Using a two-component
notation to distinguish the vector and form parts of X

X - (g) (3.8)

we can write

1
(X, X)=X"TXx, 7-2(% 1), (3.9)
2\I 0O
The structure group of E can be reduced to SO(d, d) by choosing a natural volume form :
irin O 9 ‘ i
vol = WG L n% VAN % VAN Ejl...jndle Ao NANdxt.

The metric is invariant under O(d, d) transformations acting on the fibers of E. Explicitly
a general element O € O(d, d) can be written in terms of d X d matrices a, b, ¢, and d as

O:(ﬁ 2) (3.10)

under which a generic element X € T'M & T*M transforms by

v~ ()mon- (2 5)(2)

The requirement that Z(OX,0X) = Z(X,X) implies a’c + c'a = 0, b'd + d'b = 0 and
a’d+ c'b =1. Note that GL(d) action on the fibers of TM and T*M embeds as a subgroup of
O(d, d), leaving Z invariant. Concretely it maps

X|—>X'—(8 a%)(g). (3.12)

where a € GL(d) and a= = (a=!)T. In what follows we will also discuss two other elements of
O(d,d). Given a two form w, we define

e“’:(fj g) such that X =v+&— X' =0+ ( —iw). (3.13)

This is usually referred to as a B-transform and forms an abelian subgroup Gg C O(d,d).
Similarly we can consider a bivector § and define the S-transform

eﬁz<g g) such that X=v+&= X' =w+ifh)+¢. (3.14)
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3.2 Generalized complex structure
A generalized almost complex structure is a map
J  TeT"=-TaeT" (3.15)
such that
T? = —Iy, JIT =n. (3.16)

The second condition is the hermiticity with respect to the natural metric, Z, on TM & T* M.
The existence of J reduces the structure group of TM @& T*M further, to U(n,n).

As for an almost complex structures, it is possible to define locally a holomorphic and
anti-holomorphic splitting of T'® T

T@T*:ﬁj—FEj (3.17)

by introducing the projectors on the +i eigenbundles of 7

=

- %(]IQH —iJ), (3.18)

We also have to impose that IIX = X, where X = v + £ is a section of T'® T™.
The +i-eigenbundles of the generalized almost complex structure are maximally isotropic
subbundles of T'® T*E] Indeed they have dimension n and are null with respect to the metric Z

in (3.7), since for X,Y € L,

(X,V)=XIY=XT'TJY =(iX)I(iY)=-XJTY =—(X,Y). (3.19)

3.2.1 Generalized complex structure and generalized complex manifolds

Just as for an ordinary almost complex structure, it is possible to give an integrability condition
for a generalized almost complex structure. We will define integrability as the requirement that
the “holomorphic” part of the complexified T'M & T™* M is integrable with respect to a bracket,
the Courant bracket, that generalize the Lie bracket toT'M & T*M. The definition of the
Courant bracket will be given in the next section.

A generalized almost complex structure J is integrable if its ¢ eigenbundle L is closed
under the Courant bracket B
(v + &), H(w +n)]c =0, (3.20)
where II is the projector on L, C T'M @ T*M. In this case, J is called a generalized complex
structure.

A manifold on which such a tensor exists is called a generalized complex manifold.

2A mazimally isotropic subbundle L is such that
e it is a null space: (X,Y) =0 VX, Y eL

e it has maximal dimension, which in signature (n,n) is n.
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In summary

T TreTr
almost complex J J
structure J2= -1y TJ?=—1y (3.21)
projectors Ty =(lg£iJ)/2 Iy = (lag £iJ)/2
integrability | my[m_(u),7_(v)] =0 | I [II_(X),II_(Y)]c =0

The simplest examples of generalized complex structures are provided by the embedding in
TM @ T*M of the standard complex and symplectic structures

I 0 0 J
j]E(O —It) s jJE(_J_l 0> (322)

where I = I,," obeys I? = —I;, i.e. it is a regular almost complex structure for the tangent
bundle, and J = J,,,,, is a non degenerate two—form J,,,, i.e. an almost symplectic structure
for the tangent bundle.

In these two examples, the integrability of 7 turns into a condition on the building blocks,
I,,™ and J,,,. Integrability of J; forces I to be an integrable almost complex structure on T
and hence a complex structure. In other words the manifold is complex. For [J;, integrability
imposes dJ = 0, thus making J into a symplectic form, and the manifold a symplectic one.

We can construct explicitly J; ; and their £i eigenbundles for the very simple case of a
two-torus. If we call e! and e? the vielbein on the two-torus, we can define the fundamental
and the holomorphic forms as J = e! A €% and Q; = e! +ie?, respectively. Then

01 0 0 0 0 0 1
-10 0 0 0 0 -1 0

J=1 09001 P01 0 0 (3:23)
0 0 —-10 -10 0 0

1 0
: 0 *
LJ1:< (ZJ 1 >:T1’0@(T)0’1,
0 1
1 0
1 .
Ly, = < 8 | > ={v" + " S} (3.24)
i 0

3.2.2 The Courant Bracket

To impose integrability of the almost complex structure we need a bracket on TM @ T* M. This
cannot be the Lie bracket since this is defined on vectors. So we must look for a generalization
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of Lie. This is provided by the Courant bracket, which is a skew-symmetric bracket defined on
smooth sections of T'M & T*M

[U + 57 w + 77]0 = [Ua w] + ‘Cvn - ‘ng - %d (%77 - ng) ) (3'25)

where [v,w] is the usual Lie bracket between vectors, and £, is the Lie derivativeﬂ Note that
Courant reduces to the ordinary Lie bracket when restricted to vectors, while it vanishes on
one-forms.

The Courant bracket does not satisfy the Jacobi identity on TM & T*M (actually there
is no bracket on TM & T*M satisfying it). However it does so when restricted on isotropic
subbundles of TM & T*M. One can measure the violation of the Jacobi identity by a trilinear
operator, the Jacobiator

Jac(X,Y, Z) = [[X, Y], Z]c + [[Y, Z], X]c + [[Z, X], Y]c (3.30)
which in turns can be expressed as the derivative of the so-called Nijenhuis operator
Jac(X,Y,Z) = dNij(X,Y, Z), (3.31)
N(X,Y,Z) = 5 (X.V]e, 2) + (V. Ze, X) 4 (Z.X]e V) . (332)
There is an alternative definition of the Courant bracket as a particular case of so—called

derived brackets (see for example [12]), which is more useful later when considering pure spinors.
We first define the Lie bracket as a derived bracket

[{Lva d}7 Lw] = Llv,wnie (333)

where if, ] = [Ly,tw] and all the variables are operators acting on differential forms. The
brackets on the left hand side are commutators and anticommutators; the one on the right
hand side is the Lie bracket. We can now define the Courant bracket analogously

[{X7 d}7 Y] = [X, Y]Courant' ) (334)

where X and Y are sections of T @ T™. Here X- denotes the action of a section of F differential
forms
X-=1,+ (A (3.35)

where vectors act by contraction and one—forms act by wedging. By computing it explicitly we

obtain the definition (3.25)).

3Given two vector fields

v(z) = v (2)di]« w(z) = w' (). (3.26)
the Lie bracket is defined as
[v,w](f) = vw(f)) —w(f)) basis independent (3.27)
iawj 0 i@vj d i
v,w](z) = wv oy %h Wi @h basis dependent (3.28)

The Lie derivative along a vector v is defined as

Loy = tod + diy. (3.29)
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3.2.2.1 Symmetries of the Courant Bracket

As the Lie bracket, the Courant bracket is invariant under diffeomorphisms of M, but has also
an additional symmetry given by the B-field transformations with closed B

ef = ( é ?) (3.36)

where v + & — v + £ + 1, B.

3.2.2.2 Twisted Courant bracket

The main feature of a derived bracket is that it contains a differential. For both Lie and Courant
the differential is d, but one can generalize it to other differentials. A natural generalization is
the inclusion a closed three—form H, to form the differential d — HA. The bracket will of course
be modified in a way that is very natural in string theory. Indeed, if B is not a globally defined
form, but is actually a field, like it is the case for the (e.g. the NS two-form, a B-transform
is not be a symmetry of Courant. We can can use it to modify the definition of the Courant
bracket, and introduce the twisted Courant bracket

v+ &w+nlg =[v,w] + Ly — L€ — %d (Lo — tw&) + totwH . (3.37)

The twisted bracket appears naturally in the supersymmetry equations for type II supergravity.

3.3 Pure spinors

On the tangent bundle T'M there is a one-to-one correspondence between almost complex
structures and Weyl spinors. An analogous property holds on T'M & T*M between generalized
almost complex structures and pure spinors.

3.3.1 O(d,d) spinors

Given the metric Z one can define Spin(d, d) spinors. The Clifford algebra, Clif f(d,d),
("t =0y (3.38)
(YA = {me 1w} =0 (3.39)

has two irreducible representation, one of positive and one of negative chirality Sy (T M &T*M).
The spin representation splits into two chiral ones because, due to the signature (d,d) of the
metric, the volume form (the chiral gamma) squares to 1, and thus has +1 eigenvalues.

There is an isomorphism between the spinor bundle and the exterior algebra of T* M, A*T* M

Sy =AM S 2 AT (3.40)

so that positive and negative chirality spinors are even and odd forms, respectively. To see this,
consider the action of the Clifford algebra on forms: the gamma matrices of the Clif f(d,d)
algebra are vectors v and one—forms ( (acting by (A). As a basis, we can consider

4™ = dz™, Ym = lm (3.41)

that satisfy
{dz™N, da" N} =0, {dx™N, 9,} =", {to,,to,} =0. (3.42)
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Then the action of an element of the Clifford algebra on forms is
(v+&) - P=1,P+END, (3.43)

and it is easy to check that this is exactly the Clifford algebra with metric (3.7))

X*=(X,X) VXeETMaTM. (3.44)
Indeed
(v +OW+E) -2 = (WP +END) (3.45)
= (P H+END)+EN(L,P+END) (3.46)
= (LP=@W+ v+ D (3.47)

On the spinor representation it is possible to define a symmetric bilinear form. Because of
the isomorphism between spinors and forms, this translates into an inner product on the space
of forms, the Mukai pairing. This is defined as

(A,B)=(AAXNB))a,  MA)) = (—1)m/A4 (3.48)

where the subindices d and p denote the degree of the form. More precisely, the Mukai pair-
ing selects the component of the wedge product of highest degree. In d = 6 this pairing is
antisymmetricﬁ

The Mukai pairing can be used to define the norm of a spinor. Consider the inner product
of a spinor and his conjugate (®, ®). In this case the component of highest degree is a top
form. Since the top form is proportional to the volume form ”vol”, one can define the norm as
the constant of proportionality between the Mukai pairing and the volume form

(@, D) = —i||®||*vol . (3.49)

3.3.2 Pure spinors

From the action of the Clifford algebra (3.43]), one defines the annihilator of a spinor as the
subspace
Le={v+CeTMdT*M|(v+()-®=0}. (3.50)

From ((3.44)), it follows that the annihilator space Lg of any spinor & is isotropic. It can have
at most dimension d, in which case it is maximally isotropic.

A spinor is said to be pure if its annihilator is maximally isotropic. This is equivalent to
say that a pure spinor is a vacuum of the Clifford algebra since it is annihilated by half of the
gamma matrices. A single pure spinor reduces the structure group of TM @& T*M to SU(n,n).

3.3.2.1 Examples

e The holomorphic-three form §2 in six dimensions is a pure spinor. One can define holomor-
phic and anti-holomorphic gammas: %, ;, 7%, v;. We choose ~* and 7! to be the creators
and v; and ; the annihilators. Then (2 is annihilated by

Y =50=0. (3.51)

41t is symmetric in dimension 4k k=1,2,...and skew symmetric in dimension 4k + 2.
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e The exponential of the fundamental form is a pure spinor
(Y + iy e = 0. (3.52)

e The identity is a pure spinor
(v+&l=¢ (3.53)

since the contraction with any vector is zero. Then the annihilator of the identity is the
tangent bundle itself
Ly={v+E&st&=0}=TM, (3.54)

which is maximally isotropic.

3.3.3 Pure spinors and generalized complex structures

There is a one-to-one correspondence between generalized complex structures and pure spinors.
The isomorphism holds both at the topological and differential level.

At the topological level, the correspondence is based on the fact that, given an almost
complex structure, J, one can always built a pure spinor that has the +: eigenspace of J as
annihilator

annihilator of & = ¢ — eigenspace of J . (3.55)

For instance, for an SU(3) structure we have
T — Q To > e, (3.56)

Given a pure spinor ®, we can also define the corresponding generalized almost complex
structure J as

Jxas = (Re(®y)), TasRe(Py)) | (3.57)

where A, ¥ are indices on TM @ T*M, and I'y are Cliff(d, d) gamma matrices.

Since rescaling the pure spinor ® does not change its annihilator Lg, to each almost complex
structure we can associate a line bundle of pure spinors. In general this line bundle does not
have a global section. When this is the case, the structure group on TM & T*M is further
reduced from U(n,n) to SU(n,n).

At the differential level, the correspondence is a relation between the integrability of J and
some differential properties of the associated pure spinor.

J integrable & dd = (1, +EN)D, (3.58)

for some v and a £. To see this, let us consider the +i eigenspace of J and use the definition
of the Courant bracket as a derived bracket, (3.34)). For X,Y € L7,

[X,Y]c® = (XY —YX)dd =0. (3.59)

[ J is integrable, [X,Y]c = 0 and d® = 0 . The converse is also true: imposing d® = 0 implies
that [X,Y]c € Le = Lz, and hence by definition 7 is integrable. Notice that the condition
d® = 0 is actually too strong. For d® to be annihilated by the two gamma matrices X, Y it is
enough that it is at most at level one starting from the Clifford vacuum &

AP = (1, + (A)D (3.60)
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for some v and (.

Let us consider again the two-dimensional examples of generalized complex structures of
(3.23) and let us construct the corresponding pure spinors and their annihilators. Let us take
first the generalized complex structure Jz. Then ®; must be such that Ly, = L, annihilates
it

(o, +ite,)®r =0, (' +ie* ) A®;=0. (3.61)

This gives
Pr=c_ (e +ie*)=c_Q, (3.62)

where the complex number c_ can be freely rescaled and gives the normalization of ®;. The
same procedure for Ly, gives

(L81 +i€2A)q>J:O

— Ll A2y i
(LaQ—ielA)®J:O}:>®J_C+(1 iee Net) =cpe. (3.63)

3.3.4 Type of a pure spinor

Another characterization of a pure spinor is the type. In any dimension d = 2n a pure spinor
can be put in the form

d = P A wy, (3.64)

where B and j real two-forms and wy a holomorphic k-form (0 < k < n)ﬂ The degree k of the
holomorphic form is called type of ® and corresponds to the dimension of the intersection of
the annihilator L ; with the tangent bundle T'M.

From ((3.64]) we see that the most general pure spinor is a hybrid of the two examples we
discussed above. Notice also that in general the type of a pure spinor can vary over the manifold
M: it is as low as allowed by parity, and can jump in steps of two at some special loci. More
precisely, an even pure spinor ®, will be of type 0, and jump to type 2 at some locus on the
manifold, while an odd one, ®_, will be of type 1, and jump to type 3 at some loci.

3.4 Generalized Calabi Yau manifolds
A manifold M admitting a closed pure spinor with non vanishing norm
d®=0. (3.65)

is called a generalized Calabi-Yau (GCY).

Note that the requirement of non-vanishing norm is essential, since otherwise any manifold
would be a generalized Calabi-Yau. To see this consider the identity operator, which, as we
have already seen, I is a pure spinor. However it has zero norm, since I A I has no top—form
part, (see ((3.48])).

The generalized Calabi-Yau condition is the parallel on the generalized tangent bundle of
the well-known Calabi-Yau condition. In summary

5The degree of w cannot be bigger than N because in that case the spinor ® will have zero norm.
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T TeT
Clifford Clif f(6) Cliff(6,6)
algebra oty =2 [ ™" =0 {vm et = 0.0 b =6
spinors (0, q) forms (p, q) forms (3.66)
pure spinor | 779 vacuum of Cliff(6) ¢ vacuum of Cliff(6,6)
D,mo =0 dd =0
Calabi Yau Generalized Calabi Yau

For applications to string theory, it is useful to define the notion of twisted generalized
Calabi-Yau manifold. Notice that given a closed spinor ®, we can build other closed two-
spinors with non-zero norm by acting on ® with a closed B-transform

1
dp=ePND, eB:1+BA—|—§B/\B/\—|—.... (3.67)

where B is given in (3.36)). Notice that the new spinor corresponds to the generalized complex
structure

Jp=BJIB . (3.68)

So in general a GCY does not admit a unique closed ®.
What is more interesting is what happens for when we act on a closed ® with non-closed B—
field. Using the twisted Courant bracket (3.37) we can state a correspondence between twisted

generalized complex structures (3.68|) and twisted pure spinors ((3.67))
(d—HN)® = (1, + NP & J twisted integrable . (3.69)

We can then introduce the notion of twisted generalized Calabi-Yau: it is a manifold on
which there exists a pure spinor ® which is closed under d — HA

do+ HANP=0.

3.4.1 Differential structure of the manifold

The existence of an integrable pure spinor allows to determine the local geometry of the man-
ifold. If the integrable pure spinor has type k, the generalized complex manifold is locally
equivalent to a product

_ 2h 2R holomorphic
C*F x (R2*, ) { G 6 el P (3.70)
where
J = da® AN da® T b da® A da? (3.71)

is the standard symplectic structure and k is again the type. This is a complex—symplectic
“hybrid”. Some examples that will be relevant in type II string compactifications are

SU(3) structure ITA & is type 0
I[IB &_ is type 3
SU(2) structure IIA @, is type 2
I[IB &_istypel

Ys is symplectic

Ys is complex

Y5 is hybrid 1 symplectic -2 complex
Y is hybrid 1 complex - 2 symplectic
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3.5 Metric from pure spinors

Two pure spinors are said to be compatible if they have three common annihilators. Alterna-
tively, they must have equal norm

(@7, d7) = (dF,0T) (3.72)
and must satisfy

(T, (v+()- @) =(d, (v+()-P) =0, Vo+(eTMa&T M. (3.73)
Two compatible pure spinors reduce the structure to SU(n) x SU(n).

For instance, on a manifold of SU(3) structure there exist two compatible natural pure
spinors
op= e =1—id = 2+ %J3 (3.74)
which is annihilated by 7, + tJ,,7" and

d_ =0 (3.75)

with annihilators 7%, ;.

Using the isomorphism between pure spinors and generalized complex structures, we also
have a pair of compatible generalized complex structures J; and J5: they commute and are
such that

H=-ThJT> (3.76)

is a positive definite metric on T'M & T* M. The metric H can be constructed also introducing
a split of £ into two orthogonal (with respect to Z) n-dimensional sub—bundlesﬂ

E=C,®C. (3.79)

such that the metric Z decomposes into a positive-definite metric on C'; and a negative-definite
metric on C_. Then, the generalized metric H is defined by

H=Tlo, ~ Tl . (3.80)

It is easy to see that H? =1 Z(HX,HY) =Z(X,Y).
The explicit form of H can be derived from (3.77) and (3.80]), by noticing that (1 &+ H) are
projectors into Cy. This gives

1 . —1 —1
’H:—(g Bg B Bg ) (3.81)

2 _gle gfl

5The two subbundles C+ can be defined as the graphs
Ci={X€eF : Xy =v+(B=xg)v}, (3.77)
where g is a Riemannian metric on M and B is a two-form. Both g and B are seen as maps from TM to T*M

(Bt g)v=(B=+g)mnv"dz™. (3.78)
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From this expression we see that a U(n) x U(n) structure implies the existence of a metric
g and B—field. Notice that B appears indeed as in a B—transform, (3.67)

"= (é (1)) (g gol) (_13 (1)) . (3.82)

Note also that the metric M = Z G appeared in T—duality (see for example [13]) as a
combination that transforms by conjugation under SI(2,R).

In the two-dimensional examples (3.23)), it is easy to prove that the two complex structures
are compatible and define a metric H

1 000
0100
00 01

Here there is no B-field and the metric g is just the 2 x 2 identity matrix. In this example it is
easy to verify that the relative sign of the two generalized complex structures is important for
‘H to be a metric. Indeed, even if change the sign of one of the J’s, they would still commute,
but the metric ¢ would not be positive definite.
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Chapter 4

Supersymmetry and N = 1 flux
compactifications

In this thesis we will focus on type II compactifications to four dimensions and we look for
classical vacua. For this reason we will always work in the context of the low energy supergravity
actions in ten dimensions.

Type II supergravities are ten-dimensional theories with local N' = 2 supersymmetry. The
bosonic sector consists of the Neveu-Schwarz and Ramond-Ramond fields. The NS sector is the
same for both theories: the metric, the dilaton and the NS two-form. The RR sector depends
on the theory. For IIA, It consists of odd p-forms for ITA, and even for IIB. We will use the
democratic formulation [14], which considers all RR potentials, C,, with n = 1,...,9 for ITA
and C, with n = 0,...,0, for IIB. These potential are not all independent: for instance Cj is
equivalent to Cg because of Hodge duality. Therefore to reduce to the independent degrees of
freedom we will impose a self-duality constraint on the field strengths

Fn = (_1)Int[n/2] *(10) FlO—n . (41)

The fermionic sector consist of two Majorana-Weyl spin 3/2 spinors, the gravitinos v%,, and
two Majorana-Weyl spinl/2 spinors, the dilatinos );. Gravitinos and dilatinos have opposite
chirality. In ITA the gravitinos (hence the dilatinos) have opposite chirality, while in two 1B
the gravitinos have the same chirality, which we choose positive. Correspondingly the dilatinos
will have negative chirality.

We are interested in compactifications to four dimensions, where the four dimensional space
are maximally symmetric: Minkowski, Anti de Sitter or de Sitter spaces. To this extent we can
make some hypothesis on the form of the 10-dimensional solutions we are looking for:

e the space time is a (warped) product of 4-dimensional space-time and a compact internal

6-dimensional manifold
MlO = X4 Xw M. (42)

The corresponding metric has the form
ds?, = e Wds? + ds? (4.3)

where the warp factor A can be a function of the coordinates on the internal manifold M.
The 4d metric will have Poincaré, SO(1,4) or SO(2,3) symmetry for My, AdS, or dSy,
respectively.
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e some of the RR and/or NS fields can have non-zero background values. In order to
preserve maximal symmetry in four dimensions the fluxes can be non trivial only on the
internal manifold

F" = volyAF, 4 +F, (4.4)
= F,+voly AN*Fs_,)  with A(E,) = (—=1)™r/2E, (4.5)

Then the Hodge duality (4.1]) implies for the following relation among internal and external
components of the RR fields

E,=xMFs_p) & F=x\(F). (4.6)

e imposing maximal symmetry sets all the vacuum expectation values of the fermionic fields
to zero. So we will look for purely bosonic solutions.

4.1 Supersymmetric solutions

We will actually restrict even more the form of the solutions we are after, by imposing that
they have minimal supersymmetry, namely N’ = 1 in four dimensions.

From a technical point of view, looking for supersymmetric solutions simplifies life a lot.
Indeed, it can be shown that, under some hypothesidl] that are verified for the type of solutions
we are interested in [15], instead of solving the equations of motion, which are second order
differential equations, one can solve a set of first order equations

e vanishing of supersymmetry variations for the gravitino and the dilatino
e Bianchi identities and equations of motion for the fluxes

Minimal supersymmetry is a phenomenological requirement, since extended supersymmetries
do not admit chiral fermions and thus do not give rise to a physically relevant spectrum of
particles in the low energy actions obtained compactifying around one such vacuum. We do
not address here the issue of how supersymmetry is broken. We simply assume that it is
spontaneously broken at low enough energies.

4.1.1 Supersymmetry equations

For a purely bosonic background, the conditions for unbroken supersymmetry is that the vari-
ations of the fermionic fields vanish. Indeed, an unbroken supersymmetry is such that its
generator (the conserved supercharge) annihilates the vacuum state

Q0 >=0, (4.7)
which is equivalent to the condition that for all operators O in the theory

<0|Q,0]0 >=0. (4.8)

Tt has been proven by |15] that whenever in the Einstein tensor there are no mixed time-internal components, the
SUSY variations plus the flux Bianchi identities imply the equations of motion for the dilaton and the metric. This is
indeed the case for backgrounds corresponding to warped product. More recently, |16] extended the result to the e.o.m
for the NS field H.
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For all bosonic operators this is true since the anticommutator {@, O} is fermionic, and thus
it must vanish to preserve Lorentz invariance. So the only non trivial condition from is
when the operator O is fermionic. The constraint is actually quite simple since for a fermionic
operator

< 0|Q,0]0 >=< 0[60]0 >~ §O classically . (4.9)

Then, in type II supergravity we have to set to zero the bosonic part of the gravitino and
dilatino variations

Sibar = 0 SA=0. (4.10)

We will always work in the string frame and we use the democratic formulation. If we write
the two gravitino and the two dilatino as doublets 1y = (¥3,,13,) and A = (A, A?), then their
supersymmetry variations read

0y = (Dpre + éllHMP e + —e¢z F Gy, P €, (4.11)
= (Pt 5 HPJet et S0 6= 20) F Pac, (112

where the supersymmetry parameter € = (!, €2) is also doublet of Majorana-Weyl spinors. The
matrices P and P,, are different in IIA and IIB. For ITA P =TI'y; and P,, = I'1101, while in I1IB

P = —0o3, P, = 01 for n+ 1/2 even and ioy for n + 1/2 odd.

Because of the product structure of the space-time, the 10-d Lorentz group reduces accord-
ingly
SO(1,9) — SO(1,3) x SO(6). (4.13)

The ten-dimensional gamma matrices I'M split accordingly in terms of four- and six-dimensional
gamma matrices 4* (associated with the unwarped X, metric) and 4™ in the following way

M =eMel I'™ = 4 @™ (4.14)
where V) = i4°123 is the standard four-dimensional chiral operator. The six-dimensional chiral
operator is in turn vy = —iy123456 and so we have that L0y = Y4) @ Y(6)-

Then supersymmetry parameters decompose as
€1 :C+®77_1F+C7®77£
=Gen+en, (4.15)

in ITA while for IIB
EZ:€+®77:-+C—®T]Z— 22172a (416)

where (4 is a 4d chiral spinor (¢} = ¢(_) and 775? is a 6d chiral spinor (7% =n").

4.1.2 Bianchi identities and e.o.m for the forms

The distinction between Bianchi identities and equations of motion depends on what we take
for the electric and magnetic components of the fluxes. Following the splitting , it is
natural to choose F', the component entirely in the internal directions, as electric, and F' as the
magnetic one.
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Then Bianchi identities for the NS and the RR fluxes can be rewritten in terms of the
internal fluxes. If we define the sum of the internal fluxes

ITA F=Fy+ F,+ Fy+ Fg 1IB F=F 4+ F;+ F5, (4.17)

the Bianchi identities become
(d — HA)F = §(source) (4.18)
dH =0. (4.19)

where d(source) is the contribution from brane or orientifold sources. Similarly the equations
of motion read

(d+ HA)(e* x F) = 6, (4.20)
d(e* 720« H) = e F, A s\ (Foys) (4.21)

where the upper/lower sign corresponds to ITA/IIB. Note that the Hodge star is the six-
dimensional one. As we will see later the equations of motion, , follow from the su-
persymmetry conditions. So the only extra conditions to impose for supersymmetric vacua are
the Bianchi identities. In fact, these latter are highly nontrivial constraints on the solutions.
We will see that they enforce the no-go theorem about flux compactification in the special case
of supersymmetric flux compactification.

4.2 Pure geometry: Calabi-Yau compactifications

We start by considering the case of purely geometric compactifications, where the only non
trivial field is the metric. Since all the fluxes are set to zero, in order to find a solution it is
enough to solve the supersymmetry variations.

When all fluxes are set to zero, using the metric ansazt and the splitting and
for the spinors, the dilatino variation (4.11)) reduces to the six-dimensional equationﬂ

dpma =0, (4.23)

where @¢ = y™m0,,¢. Since ||dpmo||> = (06)?||n12||?, it follows that the dilaton must be
constant.

The gravitino variations reduce to the requirement that the supersymmetry parameters
must be covariantly constant

Sy = Ve =0, Sa; = Vea =0, (4.24)

where V= Oy + }lw v BT 45 is the standard spinorial covariant derivative.
Using the metric ansatz (4.3) and 4 plus 6 splitting of the gamma matrices and spinors,

(4.14)-(4.16]), the space-time component of equation (4.24) becomes (an identical equation holds
for 1)

1
D,(®@m — 56‘4(%(* ®PAN) +c.c. =0, (4.25)

2In order to be able to describe at the same time type ITA and type IIB, in the spinorial SUSY variation 7,2 denote
six-dimensional chiral spinors, of opposite chirality in ITA and same chirality in IIB

Y =m y7m2 = Fn2 in ITA/IIB. (4.22)
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where D,, is the standard covariant derivative with respect to the four-dimensional unwarped
metric. This equation requires the warp factor to be constantﬂ and

D,=0. (4.26)
This leads to the integrability condition
1 A
[D/“ DV]G = ZLRNVPUVPUE = 6’}/#1,6, (427)

where we used the expression for the curvature tensor for a maximally symmetric (unwarped)

four-dimensional metric: R, ,, = %A(gupgw — JuoGvp). Combining (4.26]) and (4.27)), we obtain

that Avy,,¢ = 0, which implies the vanishing of the cosmological constant
A=0. (4.28)

Then, from the external gravitino equations it follows that the warp factor must be constant
and the four-dimensional space must be Minkowski.

We are left with the internal gravitino equations, (4.53)), which reduce to
D=0, i=12, (4.29)

where D,, is the covariant derivatives with respect to the internal six-dimensional metric. This
equation is highly non trivial and determines many of the properties of the solution. More
precisely it implies

e Ricci flatness. Applying the integrability condition on the internal manifold, we see that
the internal metric must be Ricci flat R,,, = 0.

e SU(3) holonomy. As already mentioned, a covariantly constant spinor implies a reduction
of the holonomy group of a Riemannian manifold. From it follows that the inter-
nal metric must have at most holonomy SU(3). The internal metric has exactly SU(3)
holonomy SU(3) if the two internal spinors ' and n? are proportional’|

A Ricci flat manifold of SU(3) holonomy is a Calabi-Yau.

An alternative definition of a Calabi-Yau manifold is via closed forms. Without loss of
generality we can set i =73 =7 with n'n =1 and define the forms

anp = — nilymnp T+ (4 33)

3 Alternatively we should impose that #A 7% is proportional to 7; 2, but this is impossible since nIyzfymm,z =0.
4 Notice that we could have started from a more general spinorial ansatz than ([#.15) and (4.16)

61 =0 ®m +c.c., €2 = (2 ®n2 + c.c., (4.30)

where (1 and (s are completely independent. This ansatz gives exactly the same supersymmetry conditions (with both ¢q
and (2 constant) as for the case (1 = (2 considered above. If the internal space has strict SU(3)-holonomy (17_1~_ and 773_ are
proportional), ¢; and (> give eight independent real supercharges and the background preserves A = 2 four-dimensional
supersymmetry. If the internal space has a holonomy group smaller then SU(3), the equation V,,n = 0 has two (for
SU(2)-holonomy) or four (for flat-space) independent solutions 7, and we can set

=Y cina,  ni=) i, (4.31)

with arbitrary constant c¢l>. Thus we have N = 4(8) four-dimensional supersymmetry.
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which define an SU(3) structure as in [2.24| and [2.25, They allow to rewrite the Calabi-Yau
condition in an alternative form

Dy Jpp =0 { dJ =0 (4.34)

Dm”:O:{Dmeq:o 40 =0

J and Q are then the Kéahler form and the holomorphic (3, 0)-form of the Calabi-Yau.

The interest of this definition is that it allows to express the geometrical properties of the
manifold in terms of differential equations for some forms. It is in this formulation that we will
generalize the idea of Calabi-Yau manifold to the case of non-zero fluxes.

In view of the generalization to flux backgrounds it is worth stressing that the supersym-
metry condition D,,n’, = 0 (see ) actually splits into two parts: a topological condition
about the existence of globally defined spinors on the manifold, which is equivalent to the ex-
istence of a SU(3)-structure, and one on the differential properties of the spinor (and tensors),
which is the SU(3) holonomy condition

Dpny =0
4
2 types of constraints
N
topological differential
3 a globally defined non- the spinor is covariantly
vanishing invariant spinor constant
N+ Dm77+ =0
reduction of the structure reduced holonomy (special
group (G-Structure) holonomy)
SO(6) — SU(3) SO(6) — SU(3)
T T
3 globally defined invariant forms the forms are closed
— —inifymnmr dJ =0
anp = _inT—’anpn—i- d2=0

Note that the topological condition, namely the existence of a globally defined spinor, is
necessary in order to perform the KK-reduction of the action and to have supersymmetry, here
N = 2 in the effective 4-d low energy theory. The differential condition, that the Levi-Civita
connection has SU(3) holonomy, tells that the effective theory has a vacuum corresponding to
4-d Minkowski.

4.3 N =1 flux compactifications: Generalized Calabi-Yau manifolds

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

Ryn ~ HMPQHNPQ + Z FMQl.‘.QpFN Q1--Qp , (435)

p
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we see that the fluxes back-react on the metric, which generically cannot be Ricci-flat (and
thus Calabi-Yau) anymore. Another generic feature is a non trivial warp factor in the ten-
dimensional metric (4.3]).

The supersymmetry variations are also modified. For example, from and one
can see that in the presence of RR fluxes the supersymmetry conditions relate ! and €? so that
the four-dimensional components (; 2 cannot be chosen independently anymore, as in .
Therefore, in the presence of RR-fluxes one generically obtains A/ = 1 in four dimensions.

It is natural to ask whether it is possible to have a geometric characterization of NV = 1
flux backgrounds generalizing the Calabi-Yau condition. This is what Generalized Complex
Geometry provides. The ten-dimensional supersymmetry conditions for flux vacua can be
rephrased in terms of differential conditions on a pair of pure spinors on the internal manifold
[17-19]. As in the case of Calabi-Yau compactifications this condition splits in two parts, a
topological condition and a differential condition. The topological condition is that there exists
a pair of compatible pure spinors. This means that we will have to introduce pure spinors
in supergravity. The differential condition states that one of the two spinor is closed. This
amounts in deriving the closure of ® from the SUSY variations.

4.3.1 Topological condition

The way pure spinors on T'M & T*M appear in supergravity is via bispinors, namely tensor
products of Clif f(d) spinors.

The idea is that if a manifold M admit an SU(d/2)xSU(d/2) structure on the generalized
tangent bundle, it is possible to write the two pure spinors ®1 as Spin(d) bispinors. This
is because the pure spinors can be seen as Spin(d)xSpin(d) objects and then as bispinors of
Spin(d). We define a basis for the gamma matrices adapted to the splitting of the generalized
tangent bundle £ = C; @ C_ induced by H (see section

It =T, £ (9F B)mnl™. (4.36)

With this choice of basis, the Cliff(d, d) algebra factorizes into two independent Cliff(d) algebrae
on Cy and C_, respectively

{TE T} =4+ 29,0, {I),T,}=0. (4.37)

't generate two independent Spin(d) groups. For each of the two Spin(d) groups, we can
consider a pair of chiral spinors nf, that are annihilated by half of the Spin(d) gamma matrices.
The spinors 7", are associated to a pair of SU(d/2) structures on M (J1,€4) and (Js,s) and
their annihilators are given by

(1+il)" T (1+il)", T, , (4.38)

where I1o = g~ 'J1o are the two almost complex structures associated to the two SU(d/2)
structures.
Given our pure chiral spinors 7; and 79, we can build two Spin(d,d) spinors as tensor

productsf’]

1 2 1 2t
Qp~vn@ny P~ (4.40)
5We recall that the Fierz identity we are using
- 1
el =g o (ni*wmk.“mmi) AT (4.39)
k=0
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where the subscripts 4+ denote an even/odd polyforms. Written this way, 1 can be seen as
bispinor of Spin(d).

We thus have two different representation of Spin(d, d) spinors, as polyforms and as Spin(d)
bispinors, which are related by the so-called Clifford map:

w=) mel..‘mpd:ic AN e = o, v (4.41)
p

—~ p!
where 7, are ordinary Spin(d) matrices. Under this map one can identify the Clifford action
of T on forms and bispinors as

I w= 1w+ gmnda” Aw +—— Tm

T W=t — gndaz" Aw (=) (4.42)
where |w| is the degree of w and in the action of I'Z (we still have B = 0).

In type II supergravity, we have two natural globally defined pure spinors, the SUSY pa-
rameters ' and 7. By tensoring them, we can construct a pair of Spin(d,d) spinors that
are automatically pure and compatible. Hence they define an SU(3) x SU(3) structure on
TM @ T*M. We have

o, =nlep o =nlepl (4.43)

It is easy to prove that the two Clif f(6,6) spinors defined above are by construction pure
and compatible. In six dimensions a pure spinor must have six annihilators. These are the 3
annihilators of n* and the 3 annihilators of n?, acting from the left and the right, respectively.
By virtue of (4.42)), we can translate these 3 + 3 annihilators into 6 annihilators in Clif f(6, 6)

(6 + i) 2yt @2 =0 (Simn = =013 Y}
This means ¢ are pure. By the same token we see that the two pure spinors are also compatible
%
since they share three annihilators: the three gamma matrices (0 + iJy),,"™ ¥".
The explicit expressions of the pure spinors (4.43) depends on the relation between the two

supersymmetry parameters 7' or, in other words, on the G-structure on T'M. More precisely
we have

e SU(3) structure on T'M

b .
o, = %e—”, (4.44)
b
o= —z’%Q, (4.45)
where J and 2 are defined as in (2.24)).
e static SU(2) structure on 7'M
b _
o, = —i%w N (4.46)
b ..
o = —%e—” Az, (4.47)

where again the forms are defined as in (2.28al).
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e intermediate SU(2)-structure

b -
o= —%z A (ke + ikyw), (4.48)
b .. g
b, = % e (kje™ — ik w), (4.49)

4.3.2 Differential condition

As for the Calabi-Yau case, we decompose the ten dimensional supersymmetry conditions

according to the 4 plus 6 splitting (4.3) and (4.15]) and (4.16]).
From the external part of the gravitino variations, (4.12)) it follows that the four-dimensional

chiral spinor ¢ in (4.15)) must satisfy

1

Dy = € (4.50)

where the constant p is related to the four-dimensional cosmological constant
A=-=3|uf. (4.51)

Thus, supersymmetry backgrounds are possible only when the four-dimensional space is either
Minkowski (4 = 0) or AdS (A < 0). The remaining conditions coming from the external
gravitino equations give constraints on the internal manifold

1 A«
DA + Z€¢77F772 +e tumr =0,

h (4.52)
DAy — Ze(b%FT?h +e un; = 0.
The internal gravitino equations 61 = 0 give the six-dimensional conditions
1 1 4
(D + ZHm)nl + 3¢ Frmyema =0,
1 1
(D = H ) — §€¢FT7m77nl =0. (4.53)

Finally, a combination of the dilatino equations and the trace of the gravitino ones give a
condition relating the NS fields and the spinors 7, » on the internal manifold

1
(D — @ +29A + ZH)TH +2eun; =0,

(D — §® + 29A — %H)m +2e s =0 .

(4.54)

Notice that the integrability of equations (4.53|) we can directly see that the internal manifold
is no longer Ricci flat and hence no longer Calabi-Yau, since

1
[Dims DaJmz = 5 B Yo 2 #0. (4.55)

In [17] it was shown that it is possible to derive a set of differential conditions on the
pure spinors (4.43)) that are equivalent to the SUSY variations. Since the pure spinors are
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tensor product of the SUSY parameters we expect these conditions to be obtained by suitable
manipulations of the the SUSY Variationsﬂ The result consists of three differential equations
involving the two pure spinors plus two conditions relating the norms of the internal spinors
to the warping. The content of the differential constraints is different for compactifications
to four-dimensional Minkowski or Anti de Sitter. The equations for M, vacua have a nice
geometrical interpretation, while this is less clear for for AdS; vacua. In this section we will
only discuss the SUSY conditions for My, and we will postpone to the next chapter the AdS,
case.

For compactifications to four-dimensional Minkowski space the ten-dimensional supersym-
metry variations are equivalent to [17]

(d— HA)(*479d,) = 0, (4.60)
(d— HA) (e PRe®y) =0, (4.61)
(

1
(d— HA)(347%Im @,) = —§64A * MF), 4.62)
where ¢ is the dilaton, A the warp factor, F' is the sum of the RR field strength on M, (4.17)),
and A is the transposition operator defined in (3.48]). The equations have the same structure
in type ITA and type IIB, with

1A O =D, Dy=0_
1B O =d_  Dy=0d,

The equation for ®; tells us that the pure spinor with the same parity as the RR fluxes is
closed and has a nice interpretation in terms of Generalized Geometry: a necessary condition
for a manifold to allow for an A/ = 1 vacuum is to be a (twisted) generalized Calabi-Yau.
This means that a supersymmetric compactification to flat space naturally posses an integrable
generalized complex structure J;. The other equation, , shows that the RR fluxes act as
torsion creating an obstruction to the integrability of the second generalized complex structure
associated to ®,. We have then a very straightforward parallel with the case of Calabi-Yau
compactifications

T TeT:
spinors (0, ¢q) forms (p, q) forms
pure spinor | 1y vacuum of Cliff(6) | & vacuum of Cliff(6,6)
Dpno =0 dg® =0
Calabi Yau twisted Gen. Calabi Yau

6 The basic point is to express their exterior derivative in terms of the covariant derivatives of ' and 7>
d®y =dz™ D, P4 . (4.56)

Using the relation between the action of the gamma matrices on bispinors and on forms (4.42), the action of dz™
translates into

dz™ =" @+ (=)@ 4" (4.57)
Then we can rewrite the exterior derivative of @1 in terms of bispinors as

APy = {¥", Dm(n} @nih)}, (4.58)

Ao = [, Dm(ny @nih)]. (4.59)
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As shown in [19], it is easy to see that the equation of motion for F' is implied by the
supersymmetry conditions (4.60))-(4.62)). Acting with the operator A on (4.62)) we obtain

A(d = HA)(@4Tmd,)] = F(d + HA)[* A (Imdy)] ;%&A VF o (463)

where the upper (lower) signs correspond to ITA (IIB) and come from commuting A with the
Hodge star and and (d — HA). From (4.63) it follows e*4 % F'is d + HA exact, and hence also
d + H closed.

41



42



Chapter 5

Anti de Sitter vacua in type IIB
SUGRA on cosets and group manifolds

In this chapter, we will apply the formalism developed in the previous chapters to the study of
four-dimensional N' = 1 Anti de Sitter vacua in type IIB theory. We will focus on parallelizable
manifolds, on cosets and group manifolds, and we will show how the pure spinor approach
allows to reduce the supersymmetry constraints to a set of algebraic equations and, in some
cases, to fully scan for possible vacua in a large family of manifolds (namely group manifolds).
It is also easy to see if such vacua are admitted on a given parallelizable manifold (recently
progress as been made on non homogeneous manifolds [20,21]). We first give some motivations
to the search for AdS vacua.

5.1 Motivations

Even if of no direct phenomenological interest, compactifications to four-dimensional Anti de
Sitter space are worth to study for several reasons. For instance, they are relevant for the
CFT3/AdS, correspondence and, also, they might be the first step in the construction of de
Sitter vacua in string theory.

In type ITA the literature on SUSY AdS, flux vacua is plentiful: examples have been found
both with [22H26] or without sources [27,28]. Among the vacua with sources some (see for
instance [29,130] and their T-duals [19,]31,/32]) contain fully localized sources. However most
examples involve intersecting sources, D-branes or O-planes, which are then smeared in the
transverse directions. This raises the question of what is the meaning of a smeared orientifold
plane and how such solutions can lift to full string theory [33,34]. The way the solution is
supposed to change for fully localized sources is still an open question, even if some interesting
progress was made in [35]. For compactifications with sources that are parallel (or have an
F-theory interpretation), such as for the no-scale orientifold compactifications of [29}30] and
their T-duals [19,131}32], it is known how to treat fully localized sources. For these cases the
backreaction does not invalidate the existence of the solutions, but it is expected to be very
relevant when computing fluctuations around the vacuum (see for instance [36-3§]).

There is also a more stringy issue that troubles these vacua and concerns the proper defini-
tion of string theory with O6 planes when there is non-zero Romans mass [33}39]. Since there
is no conventional lift of massive IIA supergravity to 11 dimensiond!] it is not clear how the

!See however the intriguing proposal of [40], or the alternative suggestion that a lift is unnecessary since massive IIA
cannot be strongly coupled at weak curvature [41].
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orientifold singularities can be resolved and whether the background makes sensd?

Another open question is whether the known AdS, vacua in type ITA can give rise to truly
four-dimensional effective actions. Before the original KKLT proposal [4] (and [43]), none of the
AdS vacua in string theory were truly lower-dimensional in the sense that the AdS scale was not
parametrically larger than the length scale of the extra dimensions. The AdS solutions that are
used for holography typically do not have scales separation and it is important to understand
how holography works for AdS vacua with scales separation [44]. The KKLT construction and
its descendants are not entirely explicit from a 10-dimensional point of view, which complicates a
possible holographic understanding. For that reason, and for reasons of elegance and simplicity,
it would be desirable to have solutions of classical supergravity in ten dimensions. This was
first claimed in a series of papers constructing such vacua in massive ITA supergravity with
intersecting O6 planes [22-24] (see also [2526] for later work on these solutions). In massive
ITA many solutions without sources are also known [27,28], but they cannot achieve scales
separation [45]. Only for solutions with O6 planes is this possible, although no no-go theorem
excluding other possibilities has been found. And, unfortunately, the AdS compactifications in
ITA with scales separation involve intersecting O6 planes and, apart from the partial results
in [35], not much is known.

For the reasons just named it is relevant to find other classical AdS solutions with scales
separation in a different context. In this chapter we study AdS, vacua in type IIB theory. These
are less studied than their ITA counterparts. It is commonly claimed that this theory cannot
achieve moduli stabilisation at the classical level, but this statement can readily be violated
by considering non-geometric fluxes or by moving beyond the usual O3/07 compactifications
and instead relying on O5/07 orientifolds. A first attempt at finding such vacua has been
done in [46], where the authors considered four dimensional effective theories obtained by
consistent truncations on specific SU(2) structure manifolds (built from coset space coverings)
with smeared O5/07 intersections. While some of the models considered allow for full moduli
stabilisation, it is not clear whether they admit a limit in which the solution is at large volume,
weak coupling and with scales separation.

One of the aim of this chapter is to further study O5/07 compactifications of 1IB super-
gravity to four-dimensional, unwarped AdS space, the absence of warping being a necessary
outcome of the approximation of smeared sources. We construct the solutions directly in ten di-
mensions using the pure spinors approach of [17-19] that we described in the previous chapter.
Our results have partial overlap with an earlier investigation on SUSY AdS vacua in ITA /TIB
SUGRA [47].

Another question we aim at answering is the existence of AdS,; SUSY vacua without sources.
These clearly avoid all the aforementioned problems about the possible validity of the solutions
and are clearly important in the context of AdS/CFT. While supersymmetric AdS, vacua
without sources are known in type ITA | there is only one example in type IIB [48]. Using
SU(2) structure techniques, the authors of [47] showed that, for constant warp factor and a
specific choice of SU(2) torsions, only non supersymmetric sourceless vacua can be found. In
this work we will extend the analysis to a larger class of manifolds. However, the most general
form of the supersymmetry equations is too complicated to give general results. For this reason
we will focus on group manifolds admitting an SU(2) structurerﬂ and look for solutions with
constant warp factor. We will see that under these assumption it is not possible to have
sourceless solutions.

2See reference [42| for more radical doubts about the use of orientifold planes.
3 As shown in [25(/49] N = 1 susy vacua in type IIB supergravity only exist on manifolds with SU(2) structure.
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From simple manipulations of the traced Einstein equations it is easy to see that in absence
of sources the internal manifold must have positive curvature [49]. This condition already rules
out all nilmanifolds as candidates for sourceless vacua in type IIB. In this thesis we will prove a
stronger result: under some restriction on the SU(2) torsions (namely the vectors in the torsion
classes are set to zero), it is not possible to have sourceless solutions. We will leave the analysis
of the warped case for future work.

For compactifications to four dimensions, this formalism allows to reduce the study of ten-
dimensional supersymmetric backgrounds to the analysis of a set of equations involving only
the components of the fields on the internal manifold. In this case, it is easy to show that the
O-plane projections and supersymmetry require the internal manifold to admit a rigid SU(2)
structure. It is then possible to write down a general solution for the fields on the compactifi-
cation manifold. By general solution we mean a set of constraints on the six-dimensional fields
that are applicable to a whole class of manifolds instead of a specific example. This is typically
achieved through writing the solution in terms of the SU(2) invariant forms on the manifolds.
To go from this general form to a concrete example one only has to compute the canonical
forms for a given manifold. This is clearly beneficial and more insightful than minimizing F
and D terms for a given manifold. When the compactification manifolds allow for consistent
truncations, which is the case for homogeneous manifolds with smeared sources, then the min-
ima of the scalar potential must lift consistently to solutions of the equations of motion in ten
dimensions. Reference [50] explicitly analyzed how the IIA vacua in 4D lift to 10 IIA SUGRA
solutions with smeared sources.

5.2 N =1 SUSY AdS, vacua in type IIB SUGRA

We are interested in N/ = 1 SUSY AdS, vacua in type IIB theories. As already mentioned in
the previous chapter, in order to study N = 1 vacua with non trivial fluxes, it is convenient
to use the language of Generalized Complex Geometry [8,51]. This formalism allows to reduce
the study of ten-dimensional supersymmetric backgrounds to the analysis of a set of equations
involving only the pure spinors &, (see section

oL =nl @, (5.1)

and the components of the RR and NS fields on the internal manifold. As already discussed in
section (4.3.1]), the explicit form of ®; depend on the choice of structure on M. In the most
general case of dynamical SU(2) structure they are

b -
o = —%z A (kre™ + ikyw) | (5.2)

b .. g
O, = % 2 (ke — ik w) | (5.3)
where z, j and w are the forms defining the SU(2) structure (see section [2.1.7.2]). The norm of
the pure spinors @ is related to the norm of the spinors n’ by

_ , i
(By, ®L) = —i]|®||*vols = —§]a|2]b|2v016, (5.4)

where volg is the volume of the internal manifold and the product (@, ®..) is the Mukai pairing
defined in (3.48)).
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As shown in |17], for type IIB compactifications to AdS4 the ten-dimensional supersymmetry
variations are equivalent to the following set of equations on the pure spinors ®4

(d— HA) (40D ) = —2ue” ?Red,, (5.5)
(d— HA)(e?®Re®,) =0,

1
(d— HA)(*Im @, ) = —3eAIm (ad_) — §64A * \(F), (5.7)

where ¢ is the dilaton, A the warp factor in (4.3)) and F' is the sum of the RR field strength
onY, F'= F| + F35+ F5. The complex number p determines the size of the AdS, cosmological
constant

A=—|p*. (5.8)

Notice also that, for AdS vacua, supersymmetry constraints the norms of the two six-
dimensional spinors to be equal [19]

laf? = [pf2 = e (5.9)

Only the relative scale between the spinor being relevant, we can always rescale . in such a
way that

b=a, — 710, (5.10)

It is convenient to introduce the rescaled forms

& =e"w (5.11)
s=F (5.12)
|l

but for simplicity of notation, we will drop the ~ symbols in the rest of the thesis.

5.2.1 The SUSY equations for rigid SU(2) structure

From equation (5.5 it is immediate to see that it is not possible to have AdS; vacua with
SU(3) structure, as found in [52]E|. Let us consider then the most general pure spinors defined

in (5.2) and (5.3)), and first expand ([5.5). The zero-form component gives
pkycost =0, (5.14)

which implies
k=0 or cosf =0. (5.15)

The first choice corresponds to a rigid SU(2) structure, while the second fixes the relative phase
of a and b. In the rest of this thesis, we will focus on the k| = 0 case. Indeed, when we will look
at cosets, we will require the presence of O5 and O7 which require kj = 0 (see [16] for more

“Indeed, in this case the ®_ only contains a three-form term, so that one has to zero the zero- and two-form terms
in Re®,, which for k; = 0, give

cosf =0,

sin@(j—i—%z/\i) =0. (5.13)

Clearly these two equations cannot be solve at the same time.
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details). As for group manifolds, as we will see, the case cos(d) = 0 provide no AdS vacua.
This means that the pure spinors take the following forms :

o, = %w AeH (5.16)
A
N (5.17)
8|

With the redefinition made above, the two-, four- and six-form components of (5.5 give

d(e3472) = 2|ple*? wy, (5.18)
A3 02N §) =i PH A 2+ 24 ul 2 A2 Awg, (5.19)
A2 AN NG =2V PHAZNG. (5.20)

Plugging (5.18)) in (5.19) and recalling that w; A j = 0 for an SU(2) structure we obtain
2A(dj —iH + |ule* ZAwr) =0 (5.21)
It is also straightforward to show that ((5.20]) is implied by (5.19). Indeed substituting (5.19)
in ((5.20) gives
SAGA(d—iH) =0 (5.22)

which is a consequence of ([5.21]).
Let us now consider the second equation, (5.6),

(d— HA)(e*"Re®,) = 0. (5.23)
Expanded in forms it gives a three- and five-form equation

d(e**%w;) =0, (5.24)
d(e** ™02 N2 Awg) = 2ie* P H A wy (5.25)

Finally we have to expand ([5.7))

1
(d— HA)(4?Im @) = —3e*?Im (ad_) — §e4A * \(F) (5.26)

This gives
*Fy = 3¢ 47 |2y, (5.27)
xFy = —e M d(eM%wg) + 3¢ ulzr A 7, (5.28)

*Fi = —id(2A — @)z ANZAwr — e °H Awg

1
+§€_A_¢|M|Z[ ANJNJ (5.29)

where in the last equation we used ([5.24]). In summary the non trivial susy conditions are
d(e4702) = 2|4~ (5.30)
2A(dj —iH + |pule* ZAwg) =0 (5.31)
d(e**™%w;) =0, (5.32)
Ad(e* 7?2 A zwg) = 2ie* P H A w; (5.33)
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plus equations (5.27))-(5.29) for the fluxes. Note that in order to have a full solution of the ten-
dimensional equations of motion, one must also check that the RR fluxes determined this way
satisfy the Bianchi identities and that the NS three form is closed (we put no NS five-brane) :

dH =0, (5.34)
dF — H A\ F = d0(sources) , (5.35)

where d(sources) denotes the charge density of the space-filling sources. But we will come back
to these in section [5.3.1]

5.2.2 Link to the SU(2) torsion classes

To make contact with previous literature, we can express the equations above using the SU(2)
intrinsic torsions . The idea is to decompose all the objects in the equations in represen-
tations of SU(2) and then obtain a set of conditions for the fields in the various representations.
To decompose the exterior derivatives we use the torsion classes defined in (2.67)), while for the
fluxes we have

H=hizA&+hzAo+hszAj+2zA2ARY + P Aj+2a0® e, (5.36)
Fo=fiz+ f@ +ce., (5.37)
Fy=foz Ao+ fsZ A0+ faz Aj+2AZA O+ P Nj+20 O e, (5.38)
Fs=fzAjAj+2AZAGA D +ce., (5.39)

where h; and f; are complex scalars in the singlet representation of SU(2), h§2) and fi@) are holo-
morphic vectors in the 2 and h® and f® are complex two forms in the triplet representation,
which are (1,1) and primitive with respect to j.

For completeness we also give the decomposition of Hodge dual fluxes

sH = —ih1z A&+ ihaZ A& — ihaz A j — iz A +2h®) + 27 x4 B
- %z Az(h$PL)) + coc. (5.40)

Py =—shzAjAj— 52 AEAxf + e, (5.41)
xFy=—ifoz N+ ifsZ NG —ifsz Aj— iz Asaf® + 205y f32

- %z/\i/\ (F205) + cec., (5.42

«Fy = — 2ifsz + 2if P+ cc. (5.43

where we used the fact that a product structure allows to split g = *o%4 and *4(v A &) =
(—1)deSy%4¢ and the following convention for the Hodge star :

)
)

9l = — 2p A 21 *9ZRp =Z2] %921 = — 2R xozp Nz =—1 (5.44)

1 . . . . ~ ~ . .
#al =5j N J 4], WR, W1 =J,WR, W *4Ji = — Ji *4f N j =2 (5.45)
We can now look at the SUSY variations. Let us first consider ((5.30]) - (5.33). We find that

the singlets in the torsions must satisfy

Sy =0, Sy = =Sy = —ilple™,
Sy = 30:(34—¢), S5 = Sg = ihy — ze~|ul, (5.46)

Sy =Sy = —10.24—¢).
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Similarly, there are conditions on the vectors

Vo=V, =Vs=0, Ve = i(0 A+ P w
Vs = ihY Vs = i[04(34 — ¢) + P w, (5.47)

and the two-forms

Ty =0, Ty = —ih® Ty =Ty, (5.48)
and the NS flux singlets .
hy=hy,  hs= —%az(zA —9). (5.49)
Finally the equations (5.27)) - (5.29) for the RR fluxes give

fi = —e?(dihy — glule™), A2 =ie~tw [04(24 — ) + 71(2)] ;
fo=Js=—1e?0.A, 5 = e %L@(M ¢) —h’], (5.50)
fa = Leo(4hy + dlple) o =
f5 = %6_‘4_‘75“11‘ f( ) = Z ¢T3

5.3 Restriction to parallelizable manifolds

A general analysis of the SU(2) structure constraints derived in the previous section is very
involved, due to the large number of torsion classes. In order to proceed we have to make some
simplifying hypothesis.

The first assumption we will take is that the warp factor and the dilaton will both be
constant. The second one is that all vectors (ie the 2 of SU(2)) in (2.67)) will be put to zero
by hand. This simplifies dramatically the expressions and still provides us with a large class of
interesting vacua.

Then we will restrict to manifolds for which we can compute the SU(2) structure explicitly.
These are typically homogeneous manifolds (groups and cosets). These manifolds admit left-
invariant forms, which can be used to build the SU(2) structure. All the examples we will
present are parallelizable manifolds: they possess a basis of globally defined one-forms e’ (the
frame bundle is trivial) which are left-invariant. Then, up to redefinition of the ¢’, one can
always put the SU(2) structure forms under the following form :

2 =z + iz9€? ,

j_j1€36 +j2€45

WR = J1J2 e + we’ (5.51)
w1
Wy = — ]_1]2 635 + w2€46 s
)

with all the coefficient being real. Moreover, one can also define a basis j; of two-forms spanning
the 3 of SU(2) namely :

31 _j1€36 - j2645 )

Jy = j132 et + w e (5.52)
w1

33 = — Me% — CUQ646 .
)

49



In particular, the 7T} in can be decomposed as follows : T; = t?}a with ¢¢ being complex.

Moreover we expect to have O-planes in our solutions as they are required to achieve a
hierarchy of scales. The possible SU(2) structures one can define out of left-invariant forms,
consistent with the orientifold involutions, is restricted. Even if we use homogeneous spaces to
justify the specific choice of SU(2) torsions, the general solutions we derive could be applicable
to more general manifolds.

5.3.1 Sources

In general we expect our solutions to require intersecting sources, D-branes or O-planes. Since
we do not know how to find exact solutions that describe generic intersecting branes or O-
planes, we smear them over the internal manifold, and we write the source terms as invariant
decomposable forms on the internal manifold, dual to the cycle wrapped by the braneﬁ

5(D7/O7) = Z N(D7/o7)ij€i VAN €j
(5(D5/O5) = Z N(D5/O5)ij/€l€i ANel Nef Ael.

We can also define vol” as the decomposable form proportional to e! A e/ and normalized such
that < vol’, Im®, >= —volg = —8i < &, d, >. Similarly, one defines vol’*". They represent
the volume forms dual to the cycles wrapped by the sources. Then the sources can be written
as

§(D5/05) = Z n(p5/05)ijr1vol ™ (5.54)

The constant n and N have different interpretations. n(p7/07yi; and n(ps,o0s)iji can be seen as
the densities of charges on the cycle wrapped by the D-branes or orientifolds and they give the
sign of the charges. On the other hand, N(pr 07y and N(ps/0s)ijr are more similar to total
charges and these should be generally of order one on a solution since they are directly related
to the number of D-branes or orientifolds.

For compactifications to Minkowski space there is a no—go theorem that rules out vacua
in which the internal compact manifold has non-zero background fluxes and no sources. The
no-go theorem is based on the simple observation that background fluxes contribute a positive
energy momentum tensor that it is not compensated in four dimensions. It is derived using the
external components of the modified Einstein equations of motion. However, for supersymmet-
ric compactifications, it should be possible to obtain the above no-go theorems directly from
the supersymmetry conditions and the Bianchi identity [19,/54]. The idea is that one can use
the susy equation to show that the Bianchi identity has a definite sign. This can be
done by taking the Mukai pairing of with e34=¢Im®,, which is the calibration form of
the cycle wrapped by a spacetime—filling brane or an orientifold, as derived in the context of
generalized complex geometry in [55]. Using the adjunction property

/ (A, (d— HA)B) = / (d— HA)A, B) (5.55)

"We refer to Appendix C of [26] for an explanation on smeared source terms and the corresponding microscopic
interpretation in terms of orientifolds and their involutions, whereas Appendix D of [53] contains some first attempts for
charge and flux quantisation.
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for the differential d — H, one derives
1
/ ((d—= HA)F, 470Imd,) = / (F, (d— HN)**0Imd,) = -3 / M U(F, *MNF)), (5.56)

from which we see that there must be sources of negative charge.

If we apply this condition to smeared sources, we find

/Z|Fp|2v016 _ /(F,*/\(F))
= /;ni<v01i,1m®+> = —/;nivolﬁ, (5.57)

where, for simplicity, we denoted by n; the charge density of a generic source and by vol® the
corresponding transverse volume. We also take

/v016 =1. (5.58)

This means that we can associate orientifolds to a negative charge density n; and branes to a
positive one.

In AdS compactifications, the presence of a negative cosmological constant, allows to avoid
such no-go theorem, and solutions with trivial fluxes and no sources can be found (see for
instance [27,28] in type IIA). We can use the same convention to compute the charge and
determine their signs: if n(p7/07),; and/or nps/os)ijr are negative we have an overall O-plane
charge and viceversa.

5.3.2 O35 and O7 planes

The last ingredient we need before discussing concrete examples are the orientifold projections.
Indeed, all of our examples will require both O5 and O7 either because we put them by hand
(on the cosets) or because the SUSY equations require them (for group manifolds).

The O5 and O7 projections are given by

Mosjor = Qws(~1)"o Hos/00 = Qwso (5.59)

where Qg is the world-sheet reflection, F' is the left-mover fermion number and o is the
target space involution. The action of the target space involution on the pure spinors is given
by [164|19]

o(D) = £A(®,) o(d) = FA@.) (5.60)
where o is the orientifold involution, \ is the transposition operator (3.48)) and the upper and
lower signs correspond to O5 and O7 planes, respectively. From this we can deduce how the
orientifold involution acts on the SU(2) structure forms. An intermediate SU(2) structure is

not compatible with both O5 and O7 projections, since, when k| # 0 the phases of the spinors
have to be different for O5 and O7 planes [16]

O5 :a==b O7 : a==ib. (5.61)
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Therefore, all we need is the orientifold action on the rigid SU(2) structure forms

o(z) = Fz,
o(j) =-7,
o(w) =+w. (5.62)

From the equations above we see that the one-form z must be orthogonal to the O5-planes and
parallel to the O7’s. The triplet j; of anti self-dual two-forms (5.52)) have the same transforma-
tion properties as j, wg and wy

o(j)) ==, o) =%ja  o(js) = Fis, (5.63)

where, as before, upper and lower signs correspond to O5 and O7-planes. It is also useful to
remind how the NS and RR fluxes transform under the orientifold involutions

o(H)=—-H,
o(Fh) =FF,
O'(Fg) = :l:Fg,
o(F5) = FF5, (5.64)

where, as before, upper and lower signs correspond to O5 and O7-planes.
Given the ansatz (5.51)), it easy to see that the most general configuration of O5 and O7
compatible with N' = 1 supersymmetry is

’planeHl‘QHS‘4‘5‘6‘

05 X | x

05 X | x
o7 x| x| x X

o7 X | x X X

Table 5.1: O5- and O7-planes

These orientifolds are intersecting , that’s why we will take them to be smeared on the
internal manifold. Notice that these orientifold projections can be also should be better seen
as asymmetric orbifold of T°/(Zy x (—1)¥1Z,) with one single O-plane. As pointed out in [46],
asymmetric orbifold of this type should still have a valid supergravity description.

5.3.2.1 SUSY and Bianchi identities

The orientifold projections in table put further constraints on the SUSY equations. First
of all notice that, even if we hadn’t put the torsion classes in the 2 of SU(2) to zero by hand,
the presence of orientifolds would have forced us to do so. The same thing can be said about
constant dilaton and warp factor, because of the smearing of the orientifolds.

As a result the supersymmetry conditions ((5.46)) - (5.50]) reduce to
dz = 2|ule &y,
dj = (2ihy — |ple ™™z A g —iz AR® +c.c.,
dog = (2ihy + |ule ™)z Aj+2 ATy +cc.,
dor =0, (5.65)
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while the fluxes become

H=2hzNog+2N0® +ce.,
1
Fy = e ?(4ihy — §|/L|€7A)Z +c.c.,
] :
F5 = —ie’¢(i]u|e*A +4hy))z AN j+ %e’% NT3+c.c.,
Fs=efszANjAj+cec.. (5.66)

Comparing ((5.64)) and (5.63]) we can see that only one of the three components survive for each
T; and h®
Ts = ts)1, h® = hyj, . (5.67)

What remains to be solved are the Bianchi identities (5.34]) and (5.35). To do so we need
(567

the derivatives of T3 and h®, which can be easily determined from ) and

d}l = tngobR _QQZ/\32+C.C7
djo = —ihaz A j + a2z A j1 + c.c, (5.68)

where the equations above can be obtained expanding the dj; as in (2.67) and imposing the
orientifold projections. Note that ay is a complex number.

Let us start with the BI identities for NS three-form. Using (5.65)), (5.66) and (5.68) we

obtain
\hy|* — 4|he|? + 2Im(e | u|h) = 0, Im(2h,t3 + hydy) = 0. (5.69)

The equation for the five-form flux is trivially satisfied. We are left with the BI involving
sources (by abuse of notation we also denote by a § the contribution of smeared sources)

dF, = §(D7/07), (5.70)
dFy = H A Fy + 6(D5/05) . (5.71)

Using again (5.65)) and (5.66)), they give
§(D7/07) = —2e (e ™ p* + 8Im(e™*|ulh1))dr , (5.72)

§(D5/05) = —2ie”?(Re(asts) — Im (e~ | p|hy) — 6Re (hiha))z A Z A J
+ie”?(2ts]? + 24|hy|* — le A pu)2 A Z AR,

Notice that the parameters in the previous equations have to satisfy further consistency
conditions, namely d®j = d*0xr = 0 and d®j; = 0. More precisely, taking the exterior derivative
of (5.65)) and (5.68)) we obtain (the consistency conditions on j; and j, give the same equations)

Re (hydy + 2hyts) — Im (e~ ults) =0, (5.
Re (e_A|,u|h4) + Im(2ﬁ1h4 + agfg) =0. (5

73)
74)

In summary, in order to find a generic N' = 1 AdS, vacua with the choice of O-plane of
Table , one has to solve (5.69)), (5.73]) and . The fluxes and the geometry are then
given by (5.65) and (5.66). The general solutions to these equations are easy to obtain but,
since the expressions are not very illuminating, we do not give them in this thesis.
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5.4 Explicit examples 1: Cosets

Coset manifolds are very good candidates for string compactifications since the existence of
globally defined left-invariant forms makes it possible to perform a Kaluza-Klein reduction
even in presence of fluxes. Coset manifolds in string compactification have been studied in
[26,56]. In [46] a search for type IIB AdS4 vacua has been performed looking for minima of the
four-dimensional effective action obtained by reduction on a generic SU(2) structure manifolds
with the orientifold projections of table . Our aim is to compute solutions directly in 10
dimensions when they exist and to demonstrate when solutions cannot exist. This was an open
issue in [46], while with the pure spinor technology this is quite straightforward to settle.

We refer to [57] for a thorough discussion of coset manifolds. Here we simply recall some
simple facts that help making our derivation clearer.

A coset manifold M = G/H where G is a Lie group and H is a closed subgroup of G,
is completely determined by the corresponding algebrae, g and h. We denote by {H,}, with
a=1,...dim H, a basis of generators of h and by {K;}, withi =1,...,dim G —dim H a basis
for the complement of h in g. Then the structure constants are given by

[Hme] = ;bHca
[Ha, K| = [l + foHe
[Ki, Kj] - ]Zk;K’L + ](-lkHa . (575)

The coframe €'(y) on G/H is defined by

L'dL = ¢'K; + w*H,, (5.76)
where L(y) is a coset representative and y* are local coordinates on G/H. A p-form

¢ =i, i€ N.. NeP (5.77)

is then said to be left-invariant under the action of G if and only if its coefficients ¢;, ;, are
constant and

fg[i1¢i2.‘.ip]j =0. (5.78)
From the algebra ((5.75)) we have
de’ = —3 e N ek — oW N el (5.79)

It is then easy to show that ([5.78]) guarantees that the exterior derivative preserve the property
of left-invariance.

As mentioned before, we want the SU(2) structure to be also left-invariant. As shown in [57]
this requires that H C SU(2). The list of reductive coset manifold that satisfy this property
is [46]

SUB)xU1)  SU2)

SU(2) T <YW SUR)xSU) SU(2) x U(1)°. (5.80)

The rest of this section is devoted to the study of N'= 1 SUSY AdS, on such manifolds.
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SU(3)xU(1)
5.4.0.2 UG

Of the 9 generators of SU(3) x U(1) we denote by Ty and T7, T3, Ty the generators of U(1) and
SU(2), respectively. The algebra is given by

fie = —? (and cyclic) , fas = ? (and cyclic) ,
f% =1 (and cyclic),
fiy= Fia= iy =iy = Fa= Fla =5 (and eyclic). (581)
The left-invariant forms compatible with the O5 and O7 projections are
1 forms el e |
9 forms 3 45 B 4 36 o35 _ A6

9

Since the SU(2) structure forms must also be left-invariant, in the ansatz (5.51)) and ([5.52))

we set
J1=J2 W1 = €172 Wy = €272, (5.82)

with €, = +1 and e, = £1. It is easy to see that none of the forms j; is left-invariant, which
implies t3 = hy = 0. Solving the constraints (5.69)), (5.73) and (5.74]) gives the solution

hl =0 y
. V3
1= €57 1>
2|l
i 3
= —€16——>,
PP
as =0, (5.83)
where
3 ¢ 9\/§ Z9
p - 1 128 |,LL|5 )
Ry =4|uf?, (5.84)
and the orientifold charges are
—¢ |/ﬁ|2
N(D7/07)35 =N(D7/07)46 = —N(D5/05)1234 = —1(D5/05)1234 = —€ R
3e %
Np7/07)35 = — N(D7/07)46 = 1 -,
3v3e e 169
N(ps/05)1231 =N(D5/05)1256 = # . (5.85)

Note that by consistency the orientifold planes should wrap directions whose dual source
forms should be left-invariant. The source forms that are Poincare dual to the surfaces wrapped
by the O5 planes are not left-invariant, although we have said O planes have to be consistent
with the left-invariant forms. This problem is however cured since the sum of the two O5 forms,
el 1256 ig left-invariant. If we interpret each of these two terms as a separate orientifold
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source with its own involution then consistency requires the two O-planes to have exactly the
same charge, such that the source term in the Bianchi identity for Fj is given by the sum of
the two forms, and hence left-invariant. This is anyhow a necessary requirement from the point
of view of charge quantisation. Orientifolds, unlike D-branes, cannot be stacked. So for each
involution we should have a single unit of orientifold charge.

5.4.0.3 U@ )

For this coset, out of the 7 generators of SU(2)? x U(1) we denote by T+ the generator of the
U(1). The algebra is given by :

fas = 1 (and cyclic), fI; =1 (and cyclic)

fi6:f§7: —f§7:_1- (5.86)

As in the previous case, the SU(2) structure must be left-invariant. This means that in the

ansatz and we set

J1=172 W) = €1]2, (5.87)
with €, = +1. As before, the requirement of left-invariant implies hy = 0 and t3 = 0. The
solution is

1
1= —€ m )
1
“ =R
‘ 1
J2 = — € W )
h1 :O,
h4 :tg — O,
az =|p|, (5.88)
with e = £1. The volume and curvature are
3_ A=
SERNEPIEN
R =4|p?, (5.89)
and the orientifold charges are
_ _ _ —l
N(p7/07)35 =N(D7/07)46 — —TU(D5/05)1234 = —TY(D5/05)1234 — —€ 4 (590)
_4€
Npr/07)35 = — N(prjomyas = € ¢§1 ;
_ €22
N(D5/O5)1234 :N(D5/O5)1256 =€ (bﬁ . (5-91)

5.4.0.4 SU(2) x SU(2) and SU(2) x U(1)3

There are no SUSY solutions on these two manifolds. This is most easily seen for SU(2) x SU(2)
since the SUSY equations (see (5.65))) require the one-form Im(z) to be closed whereas there
are no closed (left-invariant) one-forms on SU(2) x SU(2).
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5.5 Explicit examples 2: Group manifolds

A second class of examples we are interested in are AdS, vacua on group manifolds. With the
assumption that dilaton and warp factor are constant, and that there no vectors in the SU(2)
torsion classes, we are able to perform a complete scan of group manifolds admitting N/ = 1
AdS, vacua. In this case we do not impose any orientifold projection since we want to be able
to look for sourceless solutions as well. We will see that, under our assumption, there are no
sourceless solutions and that we are always forced to have O5 and O7 planes.

The strategy is the following. We consider a generic six-dimensional homogeneous group
manifold. A homogeneous group manifold is specified by a basis of globally defined one forms,
¢!, satisfying the Maurer-Cartan equations

de' = ~5 ke’ A e” (5.92)

with fi, constant. In this case imposing d*¢' = 0 gives the Jacobi identities
f[ljkfl’]gz =0. (5-93)

We take the SU(2) structure (5.51)) and ([5.52)) and we impose the SUSY conditions of section
5.2.2. Under the hypothesis discussed above this gives

: = 7 1
Sg 253257288:0 51:—54:—z|,u| 55 :S(;:zhl—§|,u|
‘/;; :0 T1 :0 T3 :T4
h3) =iT, hy =hy hs =0

Or equivalently :

dz = 2|pleay,

dj = (2ihy — |pule™)Z Adog + 2 A S, + c.c.,

diog = (2ihy + |ple )2 A j+ 2 A t3), + c.c.

dor =0, (5.94)

In order to solve the Bianchi identities, we need to parametrize the exterior derivatives of
the anti-self dual two-forms j,. Taking already into account the SUSY constraints we can write
them as

djy =2p A (thpj + thpwr + 151 J2 + £51J3) 4+ 21 A (—tg) — tywr + 1902 + 155]3)
dj2 =zr N (thj + t?«;RwR - i?ljl + Eglj?)) +2r A (_tgjj - t%IwR - ﬁzjl + 5323'3) (5‘95)
djs =zr N (835] + tapwr — B0 — 19072) + 21 A (=55 — thwr — B9 — 15,72)

where the Egj are new free real parameters. We remind the reader that the ¢} are defined by
T, = tl‘jja where T}, is defined in .

In and (5.95), we haven’t enforced the whole SU(2) structure. Indeed, the equations
of the type d(d(j)) = 0 are not automatically verified. Unfortunately these equations are
quadratic in the torsion coefficients and the flux parameters. We can bypass this problem by
using the structure of the group manifolds. Once we use the expressions and for
2z, j, w and j,, the quadratic constraints d?() = 0 are clearly satisfied since we know that the
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one-forms e; must satisfy the Jacobi identity d2e! = 0. Clearly we can’t use the same technique
on the cosets because the one forms e’ are not necessarily left-invariant so d? is not necessarily
0 on them.

The idea is then to express the structure constants in terms of the torsion parameters and the
coefficients of H, and then solve explicitly the Jacobi identities in terms of such parameters.

Plugging (5.51)) and (5.52)) in the torsion equations (5.94)) and (5.95) we find the following

non-zero structure constants

0 0 0 0 0 0 000000
0 0 0 0 0 0
2luljida 000000
|00 0 0 e 2|0| ., |oooooo
k=10 0 0 0 0 —=E k=1 000000
oluliv i
0 0 -2k g 0 0 000000
2
00 0 |l:|1w2 0 0 00 0O0O0OO 0
0 0
0 0
(42 _ 41 1 2
(tSR sz)Zl —@21_7531)32
- (23 p+0))z1w0 3 (89, —2t3 ) 20w2
7 21 72 2
(a2 p -2t p 15 420l )1 (4h1 g—2(t3 +t1 ) +835) w1
_ 271 5 2](’31
(tgl—thR)zlwzwl . (2t5 [ +t55) z2waw1
27172 2j1j2
0 0
0 0
. (2635 —101)i121 (2t3,+1%,) 122
2w 2
4 2 4 w2
= _ (41 2 Yy = 1 2
fin (tzg, +~g3R>Zl Ji2 (tar + t31)2
_ (2t3p—15)z1w1 (2t3 ;4155 2ow1
2wa 2ws ~
(—4h =263 2L p 415, 2|l ) 2100 _ (4hag—2t342t], —83)) 200
272 272
0 0
0 0
(4hys =263 —2t1 p+83, 2|l ) j121 (Al 2(83 4t ) +H,)d1 22
o = e 5 = oot
it _ @BptiE )W 72 _ (8-2t5))zawe
2w1 2w1
1 2 2 T
—(tap _~t3R)Z1 (?31 — 21)%2
(QtSth?l)leg (2t§1+t(1’2)z2w2
252 2j2
0 0
0 0
(213 p+t5,)j15221 (213,18, j1jez
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Then we can impose the Jacobi identities d?e’ = 0 . Fortunately some of these equations
are linear in t§, and the H coefficients and we can simply solve them. The result is quite
simple: jl, It 15 f 21, f;1 are put to zero and the other ones are left unchanged. This can also be
translated in condltlons on the torsion classes and coefficients of the NS three form H :

£ =0 g =2 B, 0 i, 0 i 0

5.5.1 Bianchi Identities

Only one thing is left for us to claim that we have a genuine 10D vacuum and that is to solve
the Bianchi identities.
First of all, we will look at the Bianchi identity for the RR 1-form. Then we have :

5673A7¢ )
N(D7/07)35 = N(D7/0T)46 = —T|/~L| <0, (5.96)

That is to say that in order to have an AdS SUSY solution on a group manifold, one must
always have two intersecting O7-planes. Since we have intersecting orientifolds, we will only
consider smeared sources. The compatibility of the algebrae with the orientifolds involution
forces to set :

t21 = 2531 = 5?2 = 532 =u.

The expression for f;k we gave above are not very manageable. Moreover, in looking for
solutions, one usually proceed in the opposite way: given an internal manifold, one would like
to find the coefficients of the torsions and H flux in terms of the structure constants. By
inverting these relation we find the following expressions for the parameters in the SU(2)

f41621 L D

— = —— 5.97
%) 26_A|,Uz| J2 4]1 ) ( )
with D = i}‘%f‘%ﬁ, the torsions and H flux coefficients :
1 f6 j2w2
h - _ D 4 5 2 J24J171
1R 81 2901 <f26 f5]1 23W1 D
1 f6 j2w2
2 4 _ 5,2  JaaJ1Wp
21 47, 29007 < J26 f 5]1 Joswi D
1 f6 j2w2
31 47, 29007 <f26 f5]1 Joswi + D ( )
1 f6 j2w2
P 4 5 2 24J1W1
12 2 j1 7901 ( JagD + f25]1 Joswi + D
We also find that
f255 - _f233 f266 - _f§14- (5-99)

s 1 r1 3 p3 g4 g4 g5 16
The non-zero free parameters are now : ji, 21,22, w1, fss5, fig and fos, fo5. for, fag, fo3, Jou-

99



The NS Bianchi Identity can be rewritten as :

dH :4(4h%R - (t;J)Q - (75%1)2)21% Nzr Nj+ 2(4tht§1 - t%]ﬁz)zR A% A 31
+2(4higtl; + 5, 85.)2p A 2p A Jo — A(thth, + t2,82)) 2R A 21 Awr (5.100)
=0

One can solve this equation. Indeed there are sufficiently few solutions that one can look at
them all one by one.

We then study the O5 source equations in each of the three solutions of the NS Bianchi
identity. If the charge densities n(ps/05) are negative, there are additional constraints on the
structure constants due to the presence of an O5-plane in the directions 34 and 56

f33=Fas =0. (5.101)

5.5.2 Intermediate SU(2) structures on group manifolds

Up to know we restricted our analysis to the case of rigid SU(2) structure kj = 0. In this
section we will briefly discuss the case of intermediate SU(2) structure when restricted on
group manifolds (we reserve the term dynamical SU(2) for the case where &, and kj are non
constant, see [58] for more details). As we saw in Section [5.2.1} having both /ﬁ 0and k; #0

forces to set § = —7. Then, for constant dilaton and warp factor, (5.5) and (5.6) give
2¢4 ,
dZR: — 2 |N| [kLWR‘i‘k”(]‘i_ZR/\Z])] y (5102)
il

dz; =0, (5.103)
k . _ .

dwg = k—g [—/{J_d] + 2lple™ 2 A (kyj + kJ_WR)] (5.104)
1

2 A [dj — k2 H — ik ydwr — |ple42 A (%(1 —2k2)2if — wy + 2z’kﬁw3)] — ((5.105)
ikiz NZNdwr —2kjj ANH =2k wp NH —itkjzNZANH =0, (5.106)
while can be used, as always, to determine the RR fluxes
e x Fy = 3z;|pe k., (5.107)
e? x Fy = kyH — ki dwr + 3|pe™| (klzR NJ+E(zr Nwr—zr A wR)) . (5.108)

—1
e?x Fy = T (2kykj Adj + 2k wr ANH — [pe™zr A A G(L+3KF)) . (5.109)

One can straightforwardly repeat the analysis of the SUSY conditions and Jacobi identities.
Then we look at the Bianchi identities as in section [5.5.1} In particular we find that :

6_3A_¢|,u|2kﬁ(—8 + 3k%) —0
4k%

N(Dp7/07)36 =N(D7/07)12 = — (5.110)

This means that we must have at least an orientifold in each of the orthogonal direction.
Then the orientifold involution on z (namely o(z) = z) can’t be satisfied. It means that in our

framework, there can’t be any AdS, vacua on manifolds with intermediate SU(2)-structure.
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5.5.3 Explicit vacua on group manifolds

After having imposed the SUSY variations and the Bianchi identities as described in the pre-
vious section, we find that A" =1 AdS, solutions are very rare and have at least one O5-plane
besides the O7-planes we already mentioned. We give the list of solutions in Table where

’ algebra \ 05 \ type of manifold ‘ name ‘
(35 + €46,0,0,0,23,24) v nilmanifold n3.13, n3.14
(35 + 46,0,0,0,23,0) v nilmanifold n4.1
(35 +46,0,0,0,0,0) v nilmanifold nd.1
(35 + €46,0,25, —€26, —€23,24) | v solvmanifold g6.88

Table 5.2: list of group manifolds admitting an AdS SUSY solution (e = £1).

the O5 column tells us if there is presence or absence of O5 plane.

We will now give the explicit vacua on these manifolds (omitting n3.13 since it is very close
to n3.14). Since O5 and O7 are necessarily present, we use the notations of section m
Moreover since the warp factor A is constant, one can, without loss of generality assume that
it is zero.

5.5.3.1 Nilmanifold 3.14

The solution is given by

2 = —2|plein/j172,
Wy =€14/ JiJ2 s

_ilpl | Git)en

hy = —
2 871J222
h _ (jl +j2)wl
4 — — — . .
471 j2z0
i(j1 — J2)wn
ta=—Q9g = ———"— . 5111
’ ’ 451J222 ( )
where the volume and curvature read
3
p*=- 2e1|plz2(j1g2)2
2
Rg = — 4|u|* — M (5.112)
2]1]222
The orientifold charges are :
1
Né7) :NO7 = —10e1e” ¢’M| VJijz2
1 |M|€1 . .. .
Ny :—\/ﬁz — (Blul*jtis=5 + (1 + jrje + 32)wt)
N05 =20 ey | > \/j1j2 20w (5.113)
1 2 56
=y ==~
- ¢
W __ 5 e € 2 5.114
nO5 4 ’ ‘ 4]]_] (]1+j1j2 +]2) . ( . )
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with ¢, = £1

5.5.3.2 Nilmanifold 4.1
The solution is

2 = —2|pler/—7172,
Wy = — €1y —J1J2

@|M| Ji
hi=— 4+ ——
! 2 + 822(,01 ’
hy = —iay = ity = 42‘7; . (5.115)
2W1
where
.. \3
o’ =2€1|p|zo(—j1J2)2
)
J
R = — 4|/J“|2 - 22221&}% ) (5116)
and the charges are
2 _ —
N(()17) =— é7) = —10ere™?|ul*/—j1J2
_ ..\ 3 %
Ngg = — 20¢1e ¢!u!3(—]1jz)2 w—Q )
1
9 2.2, 2
_ — + 5|l z5w
NS =4ere™ ||/~ jus (jl Zli 2 1) , (5.117)
—é
W _. @ _ @ _ e
Nor =No7 = Nps = — 1 |/~L|27
¢ —6 ;2
(20 _ %% o € 5.118
with ¢; = £1
5.5.3.3 Nilmanifold 5.1
The solution is :
2 =2|plern/—JJ2,
Wo = — €1/ —J1J2
h4 —=Q9 = t3 == O7 (5119)
where
.. \3
p* =261 |l (—jr1j2)? 22 |
Re = — 4|u)?, (5.120)
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and the charges are
N(()17) == N(()7 = —10€se ¢|M‘ V=12,

_ (3%
Ngs) = —20ere|p*(— ‘71‘72)25
1
N(()25) =20€16”%|u[32+/ = j1jazawr (5.121)
e
1 2
NGy =ngr="nps = ngs = 1 —|ul . (5.122)

with ¢, = £1
This solution can be obtained from a T-duality of the O6 toroidal orientifold in massive ITA
SUGRA.

5.5.3.4 Solvmanifold g6.88

The solution 1is :

21 =2|plerg
j2 - — Ejl )
Wo =€1€]1 ,
i
h4 :07
i —ad)
3=—
2712w
. .2 2
a9 :W—Ewl) (5'123)
271201
where
P’ == 2ere|p|jiz,
(J7 — ewi)?
Re = — 4|l — 55—, (5.124)
jiawt
and the charges are
N(l) _ N(2) =10 —¢ 2 .
o1 — o7 = 10ere™?|ul )1,
1 €€1|M|J1 .
NG =" == (e slulad) +uf)
2) de~%er|pl 2 2,2y, 2
Ny =— ——— (jl + (—e+ 5|u| 22)w1) , (5.125)
2ol
1 —nl _E| E
07 4 )
—5le~tulP + —2 |, (5.126)
Z2
w2
—5le P+ —2 | . (5.127)
Z2
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with €; = £1. Notice that we still have three free parameters (ji, z2 and wy). Note also that

5e~? A 12 7 €wr 2
n +n = — e —e ¢ — — <0, 5.128
(D5/05)1234 (D5/05)1256 5 | | 21 21 ( )
which means that at least one of them is negative and so there is, as we said, at least one
O5-plane.

Differently from the previous cases, the algebra in this solution is solvable. It is straightfor-
ward to check that it has nilradical of dimension 5. Solvable algebrae with five-dimensional nil-
radicals have been classified [6]. One can easily see that our manifold (35+€46, 0, 25, —€26, —e23, 24)
has nilradical g5 4. We rewrite our solution in Bock’s notation in order to make the comparisons
easier :

[X2, Xu] =X4 [X3, X5] =X,
[XQ,X@] :X4 [X3,X6] = — €X5 (5129)
(X4, Xo] = — eXo [X5, Xo] =X3

We consider manifolds that one can put under the following form :

(X, X4] =X4 (X3, X5] =Xi
[XQ, X6] :€2X4 [Xg, Xﬁ} 263X5 (5130)
(X4, Xo| =€4X5 (X5, Xg] =€5 X33

with ¢, = £1. One can see that by redefining X4 in — Xy, one can change all the signs of the ;.
So without loss of generality, one can assume that e; = 1. These manifolds are all unimodular
(ie VX, Tr(Adx)= 0) solvmanifolds of dimension six with nilradical gs 4. One can see that up
to real redefinitions of the X'’s, the different cases are :

| (es,ea,65) | Name |

(17 17 1) J6.88

(—1,-1,1) X

(—1,1,-1) X

(1,-1,-1) 96.92

(1,1,-1) | g5’ = g6

(— vla]-) 922%91 _92901

The first row of the table corresponds to our solution with ¢ = —1 whereas the second row

corresponds to € = 1. As one can see, we weren’t able to find it in the classification and called
it solvy in the main text. Note that if one permits complex redefinitions of the X’s, the first
four rows are equivalent and the last two are also equivalent.

There is also another good reason to believe that such algebra and the corresponding solution
make sense: it is easy to show that this solution can be obtained via T-duality from a Lust-
Tsimpis type solution in ITA found in [19]. This is a ITA solution with an AdSs-spacetime with
Og planes on the solvmanifold (0,0,25,-26,-23,24). We will first rewrite it in our notation and
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then do a T-duality in order to recover our solution. The solution of [19] can be written as

J=e'Ne? —et e’ + e nel (5.131)
Q= —i(e! —ie*) A(e® +ie®) A (e —ie”) (5.132)

H =2|p|Qp (5.133)

Fo =5 (5.134)

F, =0 (5.135)
Fy=3/2ulJ NJ (5.136)

Fs =0 (5.137)

and verifies the susy conditions for an AdS,; vacuum in ITA
(A4 HA) (279D ,) = 2ue’ *Red_, (5.138)
(A4 HA) (e PRe®_) =0, (5.139)
1
(d+ HA)(E24?Tm &) = 3 ?Im (ad_) + §e4A « F, (5.140)

where ¢ is the dilaton, A the warp factor, ®_ =  and ®, = e¢~*/. Since this will be relevant
for T-duality, we define the flux part of H

B=—2|u/(-1+a)e*Aé’ (5.141)
Hpy =2\l (—e' A Ne’ —e' Net Ae® +2ae* Ne® Net — (2 — a)e® Ae’ Aed) (5.142)

with a an arbitrary real parameter.
Topologically the manifold (0,0,25,-26,-23,24) is
Sty X Ms, (5.143)

where M® is a T,y X T7, o~ fibration over S,,. So the only possibility is to T-dualize along the
direction 1 . We will note all the T-dual quantities with tilde. Since the metric is the identity
and the B field is only along the base, these two quantities don’t change under T-duality, and
we have :

ds? = I B=-2u/(-1+a)Enée& (5.144)

Next we will do the T-duality on the pure spinors, following the rules in [19]. We first define
the twisted pure spinors
d,p=ed, O p=ed_, (5.145)

which are those transforming naturally under T-duality. T-duality in an element of the O(d,d)
group of symmetries of the generalized tangent bundle, that act on the spinor representation
by wedges and contractions (see section . In this case, T-duality in the direction 1 gives

(ﬁ+B = — (Ll - 61/\) CI>_B) (5146)
d_p=(1; — NP5 (5.147)

where in @, 5 we replace e by é. Similarly, the T-dual of the fluxes is :

F=e?Bn (11 —e'N) (P AF) (5.148)
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with e replaced by é as above.

Finally, according to Buscher rules [59], the components of the H-flux with one leg in the
T-duality direction give off-diagonal elements in the metric that appear as new ”geometric
fluxes”, namely new structure constants

[l <> Hpp 1ap - (5.149)
This give the new algebra
(2|p|35 + 2|p]46, 0,25, —26, —23, 24) (5.150)
and a new flﬂ
Hpy =2|ul(ae* N AEt — (2 —a)e> N&® A &) (5.151)

In order to reproduce the algebra of our solution (with e = 1) : (35446, 0,25, —26, —23, 24),
we we rescale the vielbein as ' — 2|ulé’.
Now we can give explicitly some of the T-dual quantities :

z =2|ulé" + ié? j=Neb —etne® (5.152)
wp=—8NETHENE wr = NE> &M A" (5.153)
H =2|u|(B N2 Nt — & NEP A eY) Fy =10|p|%e! (5.154)
Fy =3Jul(? netne® -2 néd ned) Fy=—6|ul?e' A2 net Ae® AE° (5.155)

which is the solution we had with j; =1, ¢ =1, w; = 1.

5.6 Scales separation

A question relevant for both compactifications and holography is whether genuine 4-dimensional
vacua exist within 10d supergravity. To this extent some conditions have to be fulfilled: the
string coupling constant e? needs to be tunably small in order to suppress string loop corrections,
for o’ corrections to be small the internal volume needs to be tunably large (in string units) and
the AdS scale A 445 needs to be tunably small. Moreover to be able to decouple the massive
KK modes and to reduce to a fully 4-dimensional theory, all of these three conditions must
combine in such a way that the AdS length scale, L 445, is parametrically larger than the length
scale set by the compact dimensions Lx

LKK

<<1. 5.156
L as ( )

Let us first discuss how to define Lk and Lags. The four dimensional length scale is set
by the inverse of the AdS,; cosmological constant in the four-dimensional Einstein frame. We
follow the notation of [60]. Since all solutions we will consider have constant warp factor, we
will set e = 1. Then we rewrite the 10-dimensional string frame metric as

dsi, = 7o 2ds] + pd3z, (5.157)
where ds? is the 4-dimensional Einstein frame metric. We have rescaled the internal metric

dsi = pd3;, (5.158)
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in such a way that the modulus p = (det g¢)/® measures the string frame volume of the internal

manifold and
/\/576 —00). (5.159)
6

The variable 7 is the 4-dimensional dilaton and is given by

Tt =%

0. (5.160)

With 7y we denote the VEV of 7, such that in equation only the dynamical part of 7 is
used to obtain 4d Einstein frame.

Then direct dimensional reduction of the 10-dimensional string frame action gives the 4d
Planck mass in terms of the string mass scale M2

m2 =13 M? . (5.161)

We define the dimensionally reduced action as

S = /\/ﬁ(miR -V), (5.162)

such that the scalar potential is a dimension four operator. The AdS cosmological constant is
then defined as v

Apgs = — . (5.163)
m

2
p

The number |u|? that appears in the supersymmetry equations of the previous section is related
to the cosmological constant in the following way

|ul? = =67 a4 - (5.164)

We define the AdS length scale as L%, = —A}q, such that it determines the 4d curvature as
follows
2R() = L2595 . (5.165)
The size of the internal manifold is less straightforward to define. A natural guess for the
KK scale, which we will adopt in this thesis, is

Lix =p- (5.166)

The proper way to check the condition ((5.156)) would be to compute the Kaluza-Klein
spectrum and see that the masses are indeed much larger than the AdS scale. Since this is
often not easy to perform, one has to rely on some simpler estimates this ratio.

A way to determine under which conditions scales separation can be achieved is to study
the dependence of the effective four-dimensional potential on two moduli, namely the volume
of the compact manifold, p, and the dilaton, ¢. As an example we briefly recall how the this
can be applied to the model of [24], which is one of the first constructions of a type IIA vacuum
admitting full moduli stabilisation and scales separation. The model of [24] corresponds to a
compactification on an orbifold of T° with non-zero Fy, F,, H-fluxes and O6 sources. The scalar
potential depends on the moduli 7 and p schematically as

Vip,7)/my = [H[>p™> 772 + Toer > + |[Fo|**p* + |[FuPr~"p 7, (5.167)
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where Tog is the O6 tension and is the only negative term in the potential. The coefficients in
the potential are a priori functions of the other moduli. In the particular example of [24], it can
be shown that, while the H and Fj flux are constrained by the tadpole condition to be order
one, the F; flux is an unbounded flux quantum. In what follows we assume that |H|?, Toe, | Fo|*
are all order one in proper units and |Fy|? scales as N2, where N is unbounded. From the
detailed balance condition (all terms are of the same order in the potential) we can derive the
N-dependence for p and 7 at a critical point

1 3 3
p~N2, T~ N2  (e?~N71), (5.168)
from which we see that large N implies large volume and weak coupling. Secondly, we find

that the AdS scale becomes tunably small in the same limit. Using the scaling of the potential
and the 4d Planck mass we find

9
Vimy~N"2  ml~MZe?p" ~ N* L2~ N2 (5.169)
Since p = L%, we indeed find scales separation

LKK

— 0. 5.170
L aas ( )

A similar argument can be also given for IIB solutions. On the type IIB side, an explicit
example with the right properties of tunably large volume, small coupling and small AdS scale
was found in [26] by T-dualising the type ITA torus example. A systematic study, from a 4d
point of view, of IIB solutions was initiated in [46]. Typically we have models with Fy, F3, F
flux, O5, O7 sources on some curved internal manifold. The scalar potential can be written as

1 _1 o _
V(p,T)/m;:T—4<|F5|2p—2+|F3|2+|F1|2p2> +T—3(T07p2 + Tosp 2) + Rer2p7t. (5.171)

where, as in the type ITA case, the coeflicients are functions of all other moduli. The models
of [26,/46] are characterized by two unbounded flux quanta: Fj5 and a component of F;, whereas
another component is determined by the O7 planes and not tunable. So let us scale both fluxes

|F5|> ~ N?* | ~ N©, (5.172)

where C' is some positive number. If we then balance FZ? against F? and To; we find the
following N-dependence
1 C &}
p~N2 "1, e® ~ N 7 . (5.173)
If 0 < C < 2 the solution is indeed at large volume and weak coupling for large N. The
F5, Fi, To7 contributions, which set the size of the AdS solution, scale as

V/my, ~ N2, (5.174)

and go to zero at large N. If we compute L?,5 we again find a separation of scales. This
argument relied on a detailed balance condition for the Fy, I} and Ty, contributions. We have
not discussed the other contributions to the scalar potential. In the explicit solutions we derive
in this thesis all terms in the potential will be of the same order of magnitude.
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The Ricci scalar of the internal space scales as the inverse metric/ p~*. Therefore one would
be tempted to conclude that in the large volume limit the two definitions of scales separation

L2
scales separation (1) : 245 5 00, (5.175)
Lk
R
scales separation (2) : Eﬁ — 00, (5.176)
4

are equivalent. However, these two definitions do not need to coincide if the normalized curva-
ture R 3
Rs = p'R(¢1), (5.177)

is not kept constant when the limit of large p is taken. The other moduli ¢; that appear inside
the normalized curvature could also introduce an extra scaling. Below we find an explicit
examples for which there is scales separation according to the first definition, but not according
to the second definition. Nonetheless notice that, as we will show in the next sections, the ratio
of the Ricci scalars can be very useful in setting general conditions on the torsion classes of the
internal manifold in order to achieve separation of scales.

5.6.1 Separation of scales without sources?

The most trustworthy solutions are those without any orientifold or D-brane sources since
there is no reason to worry about the smearing approximation or charge quantisation. Even
in the case one knows the localized solutions one could have rightful worries about the use
of supergravity in the presence of singular sources. A priori, sourceless AdS SUSY vacua can
exist both for SU(3) structure manifolds IIA and SU(2) structure ones in IIB. When SUSY
is broken many more solutions can exist, see for instance reference [28] for the ITA case. It
is not clear whether solutions without sources allow for separation of scales [45]. The above
scaling arguments do not obviously use the presence of a source term. We did include it in the
analysis, but we could have equally discarded it. It turns out that it depends on the details of
the manifold whether there exists the specific large flux limits that achieve scales separation.
While no no-go theorem has been found so far, there is no example known of a solution in 10d
SUGRA, whether SUSY or not, that achieves scales separation without sources.

In the following we give a simple argument that seems to suggest that AdS without sources
do not allow for scales separation. The argument below holds under two assumptions: 1) there
is no warping and 2) the size of the internal manifold cannot be decoupled from its curvature
radius.

Consider a general compactification with RR fluxes F},, H flux and no sources. The scalar
potential can be written as

Vip,m)/my=—Rer*p + [HPpPr 2+ ) | B Pp" P77t (5.178)
p

The vacua of the theory must be extrema of the scalar potential. One can easily verify that
the equations
0,V =0, 0.V =0 (5.179)

are specific linear combinations of the dilaton equation of motion in 10 dimensions, the trace
over the internal indices of the (trace reversed) Einstein equation, and the external Einstein
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equation [61]. Upon eliminating |H|?* in terms of the RR field strength densities, these are
equivalent to

Ry=2V =-2) |F><0, (5.180)
p
9-p
Rg=>)_ T|Fp|2 >0, (5.181)
p

where we did not write down the explicit p, 7 dependence anymore. The first condition is
an alternative derivation of the Maldacena—Nunez no-go theorem [62] in the simple case of
no warping. The second condition was found before [34]. With the above equations we can
compute the ratio

Ry
Ry
and define scales separation as the possibility to have r >> 1 . However, our equations
imply that r is bounded from above by a number 7,,,., since p < 9. We compute 7,4, by
rewriting the inequality:

|, (5.182)

r =

9—
Z(Tp — maa) |2 < 0. (5.183)
p
From this one deduces that 9
T"mazx = fmam 5 (5184)

where ... is the highest rank field strength that is turned on in the vacuum solution. We
then conclude that, under the assumptions we discussed above, AdS vacua not supported by
sources cannot achieve scales separation. Note that indeed Freund-Rubin vacua [63] have r of
order one. It would be most interesting to see whether the same argument holds when allowing
for warping.

5.6.2 Study of scales separation on the explicit examples

We can now check whether the solutions we found on cosets and group manifolds admits small
string coupling, large volume and scales separation. We proceed as follows. We look at possible
scalings where, taking the limit of small cosmological constant

ul* =0, (5.185)

we can have small coupling and large volume. We also check whether separation of scales is
possible according according to both definitions . Our results are summarized in
Table [(.3]

Only the solutions on Nil 4.1 and 5.1 can be tuned into a trustworthy regime. The solution
on Nil 3.14 cannot be achieved for large volume and furthermore suffers from having a singular
limit (vanishing volume) if scales separation is required. We also notice that for several examples
there is no match between the two criteria for scales separation.

In finding the appropriate limits we have taken a conservative and safe viewpoint where
each source term was taken to have finite prefactors as a consequence of charge quantisation
(Appendix D of [53] contains some first attempts for charge and flux quantisation). Since not
all source terms are represented by forms in the cohomology of the internal space, it is possible
that charge quantisation is less restrictive on such forms and that certain numbers do not need
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’ Manifold H weak coupling ‘ Large volume ‘ scales separation (1) ‘ scales separation (2) ‘

g(UJ% x U(1) X v v X
% x U(1) X v v X
Nil 3.14 v X v v
Nil 4.1 v v v v
Nil 5.1 v v v X
95 v X v v

Table 5.3: The scaling regimes for the various manifolds with SUSY AdS vacua.

to take fixed values. In that case it is possible that certain solutions do allow weak coupling
and scales separation although the above table indicates otherwise. We leave such subtle issues
for further investigation.
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Chapter 6

Conclusion

String compactification are the standard approach in string theory to make contact with the
four-dimensional universe we observe. Among the solutions of string equations of motions,
one selects those whose geometry is the product of the four-dimensional space we observe
times a tiny compact six-dimensional space, the internal manifold. The geometry of such
manifold determines the physical properties of the low energy effective actions. Since strings
come with supersymmetry it is natural to look for supersymmetric solutions. It turns out
that supersymmetry strongly constrains the geometry of the internal manifold. For example,
if one looks for the simplest solutions, where only the metric is non trivial, requiring minimal
supersymmetry forces the internal manifold to be a Calabi-Yau. In spite of their nice properties,
Calabi-Yau manifolds are not suitable to give phenomenologically viable models, because of the
moduli problem. In type II string theories, if one considers more general string backgrounds
where also some of the Neveu-Schwarz and Ramond-Ramond fluxes are non trivial, it is possible
to lift some (even all) moduli, and also to have N’ = 1 supersymmetry (this is necessary to
allow for chiral fermions). The backreacion of the fluxes changes the internal metric, which
is no longer Calabi-Yau. We then face two problems: one is merely technical, namely finding
explicitly such vacua, the second is more fundamental and consists in trying to see whether one
can understand the geometry of these new internal manifolds.

As we review in the first three chapters of this thesis, for Calabi-Yau compactifications
supersymmetry tells us the internal manifold must have reduced holonomy (SU(3) holonomy
in six dimensions). The idea is then to see what remains of this condition when we add fluxes.
This leads to the formalism of G-structures. Indeed, it is possible to see that the manifold still
admits globally defined spinors (or equivalently tensors), as it is the case for reduced holonomy,
which define a G-structure in the manifold. But now they are not covariantly constant (or
closed). Their failure to be constant is due to the fluxes and it is measured by the intrinsic
torsion of the Levi-Civita connection. The SUSY conditions can be rewritten as conditions on
the torsion classes. For N' = 1 compactifications on six-dimensional manifolds we can have
SU(3) or SU(2)-structure.

Generalized Complex Geometry is a further generalization of these ideas that allows to treat
all N' = 1 compactifications in an unified way. The basic principle of Generalized Complex
Geometry is quite simple, instead of considering the tangent bundle alone, one considers the
sum of the tangent and the cotangent bundle, the generalized tangent bundle, whose sections
are generalized vectors composed of a vector and a one-form. Then one can define the analogue
of the SU(3) or SU(2)-structures and relate them to the existence of globally defined polyforms,
which are pure spinors on the generalized tangent bundle. We see that Generalized Complex
Geometry naturally encodes complex and symplectic structures and can even interpolate be-
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tween them. One defines the Courant bracket in order to properly define the integrability of
these generalized structures. The integrability of one such pure spinors define a generalized
Calabi-Yau. This generalize the notion of Calabi-Yau manifolds.

What matters for string compactifications is that is possible to rewrite the supersymmetry
variation of ten-dimensional type II supergravities and differential conditions on two compatible
pure spinors. With a suitable ansatz for the metric and the fluxes, these equations contain only
the components of all fluxes on the internal manifold. In this way we have reduced the study of
supersymmetry to a purely six-dimensional problem. Let us also remind, that for the solutions
we are interested in, solving the SUSY equations and the Bianchi identity automatically solves
the full ten dimensional equations of motion.

In this thesis we have applied Generalized Complex Geometry (and G-structures) to study
N = 1 compactifications to AdS, in type II supergravity.

We first study in full generality the SUSY equations in terms of pure spinors for compactifi-
cation to AdS,. This allows us to reproduce very elegantly the result that the internal manifold
must have SU(2)-structure. Solving the SUSY equations for vacua is very hard. So we make
some assumptions in order to simplify our task: we consider constant dilaton and warp factor
and put the torsion classes in the 2 of SU(2) to zero. We also restrict ourselves to paralleliz-
able manifolds, cosets and group manifolds. The idea is to find an exhaustive list of vacua
and also see whether they can give rise to truly four dimensional theories, meaning that they
admit large volume, small curvature and scales separation. We also wanted to see whether
sourceless solutions are possible in [IB (we know that some exist in ITA). The cosets admitting
SU(2)-structure were known and it was easy with our technique to see which one admits AdSy
vacua, completing this way the analysis started in [46]. For the group manifolds, the analysis
is a bit more involved, but as described in Chapter |5|it is possible to perform a complete scan
for AdS4. In particular we find that there are no AdS; vacua on manifolds with intermediate
SU(2)-structure and that all vacua must have both O5 and O7 planes present. In particular this
means that with our assumptions no sourceless AdS, vacua exist. Even allowing for sources, we
find that, under our assumptions, AdS, vacua are pretty rare: we only find only five of them.
Four of are nilmanifolds which were already known for admitting Minkowski vacua (and they
are the only nilmanifolds that do). The fifth solution is a totally new solvmanifold. In order
to further argument its validity we showed that it is T-dual to a known solution in ITA.

Finally we check whether the seven solutions we found satisfy the requirements of large
volume, small curvature and scale separation. We find that the cosets can’t even have small
coupling and so are not good candidates for a four-dimensional effective theory. For the group
manifolds, two of them (n4.1 and n5.1) appear to verify all the conditions for scales separation
and one should be able to define a genuine effective four-dimensional theory on them. In
order to rightfully claim to have such an effective theory, one should of course compute the
Kaluza-Klein spectrum but it is nonetheless promising that some of the vacua survive this first
analysis.

There are various issues that call for further research.

First of all, there still is a lot to be done in the search for AdS, vacua. Indeed, our method
is very general and can be adapted to much more complicated situations that those we looked
at. I think that by relaxing some of our assumptions, one can obtain new interesting AdS,
vacua. Indeed, the first step would be to take non constant dilaton and warp factor, and see
whether we can find the known example of sourceless solutions in IIB [64] and also find new
ones.

It would also be interesting to compute the four dimensional effective theory and study for
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example moduli stabilization in these vacua. Indeed in our papers we looked at ten dimensional
vacua without doing the four dimensional analysis which could give exciting new results. The
hope is to find a four dimensional theory with scales separation and all the moduli stabilized,
the ten dimensional analysis providing a list of manifold on which this is possible.

Other important open questions concern the source we often encounter in flux vacua. A
first problem is understanding charge quantization in these backgrounds, the difficulty being
that in these solutions the sources wrap submanifolds that are not cycles (Appendix D of [53]
contains some first attempts for charge and flux quantisation).

Besides that, it is essential to understand how to localize the orientifold planes. Indeed
most of the solutions of parallelizable manifolds contain intersecting O-planes and branes,
which then we have to take smeared. What it is the meaning of a smeared orientifold and
whether it makes sense is a very debated question. Likely this question is more tractable using
the pure spinor formalism, as was attempted for localized O6 solutions in massive ITA [35]. If
an analogy can be made with solutions that feature parallel orientifolds |19, 31] then one can
expect that localization will change the geometry but that the very existence of the solution is
not invalidated.

Ultimately, it is perhaps even more relevant to break supersymmetry and to look for non-
SUSY AdS vacua in this context or even de Sitter vacua. Notice that sourceless non-susy vacua
are relatively simpler to obtain [15]. In ITA meta-stable non-SUSY AdS vacua have been found
using Ansatze that are close to that of the SUSY AdS solutions [28]. Interestingly, the same
has been done for dS solutions [5,/53}/61, 65767”1-], although none of the latter examples turned
out meta-stable. Clearly more examples are required and the results in this thesis could offer a
first step towards achieving this. Already a (unstable) de Sitter critical point was numerically
found in [46]. It would be worthwhile to verify whether this numerical solution lifts to a simple
10-dimensional solution.

Non supersymmetric solutions are hard to study because we have to solve the full ten-
dimensional equations of motion. Also, given a solution checking its stability is a non trivial
problem. Continuing in the line of [70], it would be interesting to see whether using Generalized
Complex Geometry it is possible to give a set of first order equations that are equivalent to the
equations of motion, at least for a class of non-SUSY backgrounds. These fake BPS equations
should correspond SUSY breaking calibrated sources. If they existed we could obtain a general
mechanism of controlled SUSY breaking and perform a systematic study of the stability of such
solutions.

Clearly the same method could be applied to the search of (meta)stable de Sitter vacua.
This approach is along the same lines of what is proposed in [58] where a (possibly stable)
de Sitter solution on a given solvmanifold was found, using an ansatz for a SUSY breaking
calibrated source. This also relates with an ongoing project during the Ph.D. where we tried
to see whether we could reproduce such solution in the four-dimensional effective action. We
explicitly computed the four dimensional action coming from the Kaluza-Klein reduction. One
can show that it admits a Minkowski A/ = 1 vacuum when there is no supersymmetry breaking
sources. In doing so, we recovered a known SUSY solution that had be obtained by a ten
dimensional approach. We then tried to include supersymmetry breaking sources. We found
a way to obtain a de Sitter vacuum but were not able to easily determine its stability. The
analysis is still in progress and we hope to have some result in the near future.

IThese de Sitter constructions are in part inspired on the proposals in [68L[69].
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Appendix A

De Sitter Compactification

The first part of my PhD work was devoted to the construction of (meta)stable de Sitter solu-
tions in type ITA theories. The project is not finished yet, because of technical and conceptual
issues we still have to address. In this Appendix I will give a very schematic account of the
work done up to know and of some of the open questions.

A.1 DMotivations

Embedding (meta)stable de Sitter vacua in string theory is a highly non trivial issue. While
vacua of this kind can be found, at least in principle, in gauged supergravities, their lift to
the full ten dimensional theory is far for being clear. Even if there are no no-go theorems, no
examples of (meta)stable de Sitter vacua have been found in purely classical supergravity. It
seems that other stringy ingredients like sources, higher order corrections and non perturbative
corrections are needed.

The difficulty partly resides in the need for breaking supersymmetry and having a positive
cosmological constant. The requirement of having a positive cosmological constant restricts the
choice of internal manifolds. Without supersymmetry, one is forced to solve the second order
equations of motion, which can be in general very hard. Particularly hard to handle is the
computation of the variation of the DBI action for the sources, which are necessarily present
due to no-go theorems about flux compactifications.

For SUSY-preserving sources, using x-symmetry one can write the DBI action as the pull-
back of the non-integrable pure spinor (see the expression of the SUSY variations (4.60)-(4.62)).

(*[Im®o) A ) = %\/li*[g] + Fld¥z, (A1)

where ¢ denotes the embedding of the world-volume into the internal manifold M, ¢ is the
internal metric and F is the gauge invariant combination of the field strength of the world-
volume gauge field and the pullback of B. Then for sources preserving the bulk SUSY, one can
replace the DBI action by the left-hand side of (A.1)). The equations of motions derived this
way are the same as those derived form DBI since the corrections are would be linear in the
k-symmetry condition, and thus vanish in the supersymmetric case.

With this approach one arrives at the following conditions for the four- and six-dimensional
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Ricci scalars

Ry = 2(GIRof — HP) (A2)
Ro+ 5B + (2R — [HI) =0, (A3)

together with
g = S (2R HP + 262 Fal + 1FP) (A

where Ty denotes the source contribution. These equations show that two necessary require-
ments to have de Sitter solutions are Fj # 0 and Rg < 0.

The authors of [5] proposed to treat in a similar way also sources that do not preserve
the bulk supersymmetry. The idea is to modify (A.1]) in order to account for SUSY-breaking
sources :

(FMmX_]Ae”) = /]i*[g] + Fld"z, (A.5)

where X_ is an odd polyform which, in general, is not a pure spinor. This proposal is inspired

by what was done in [70] where the SUSY equations (4.60)-(4.62) were modified in this fashion.

It permits to encode in a controlled way the SUSY breaking term by considering a fake BPS

source. In particular, in the context of four dimensional compactification, the trace of the
Einstein equation gives :

Ro= 2 (%(Ty = 1) + 2| Fol? — | HI? A6

=5 (@ gme - 1aP) | (A.0)

where Tj is different from the trace of the energy momentum tensor 7' (it is equal in the

supersymmetric case). This suggest that this SUSY breaking source could help finding a stable

de Sitter vacuum by providing a new term in the expression of the four dimensional Ricci scalar.

Using the "fake” calibration (A.5)), in [5], the authors found a de Sitter solutions on the
solvmanifold called g3;7 *! (we will define it in the next section) and checked its stability
against the two universal moduli, namely the four-dimensional dilaton and the volume of the
internal manifold.

Our goal is to find further evidence for the validity of the ”fake” calibration. The idea is to
compute the four-dimensional effective action by compactifying on the internal manifold, check
whether it is in the class of theories that might admit a (meta)-stable de Sitter solution (see
for instance [71,[72]) and compare with the ten-dimensional solution of [5].

This project is still work in progress. That’s why in what follows, we only give a schematic
outline of what we did.

: —p,*1
A.2 The Manifold g5 7

Let’s first study in a bit more detail the manifold g5"7 *! and define on it some quantities that

will be useful in what follows. Its algebra is

(@1 (pe™ + %), qa(pe'® + €*), @a(pe™ — ), a1 (pe™ — €*),0,0), (A7)

with ¢; and g2 two positive real numbers. As discussed in [5], it is necessary to have two
intersecting O6 planes, filling the four non-compact directions and wrapping the space-time
and the directions (146) and (236) respectively of the internal manifold.
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We can then define odd and even forms under the O6 involutions (the underlined forms are
closed V p) :

even (+) odd (-)
1 forms 6 5
2 forms 14, 23 12, 13, 24, 34, 56
3 forms | 125, 135, 245, 345, 146, 236 | 145, 235, 126, 136, 246, 346
4 forms | 3456, 2456, 1356, 1234, 1256 1456, 2356
5 forms 12346 12345
6 forms - 123456

Table A.1: Parity of the forms under the orientifold involutions

For future convenience, we take the following basis w!* for the two-forms :
wt =eM w:=ce w’=e w'=e w’=e w’ =e

where + gives the parity under the orientifold involution (eg. an index summation oy, w’™
means a summation on w' and w?). .

Next we define T}, as dw! = T/,e! Aw’. One can show that only one T}, is non zero, namely
T5 and :

0 0 G PG —Pgi —q
0 0 —@ —Dp2 —pi2 @
~ - @ 0 0 0

0
L=l pe —pa 0 0 0 0 (A.8)
—pg2 —pp O 0 0 0
42 - 0 0 0 0
We also define :
w! Aw? = n'ePvoly with
010 0 0 O
100 0 0 O
'’ = 8 8 8 8 _01 (1) ePvoly =e' Ae* Aed Net (A.9)
000 -1 0 O
001 0 0 0

which will be useful in order to have a compact formulation thereafter.

A.3 Compactification

In this section we briefly outline the compactification to four-dimensions. The results of this
section are incomplete, since we still have to recast our results in a proper N’ = 2 form.

A.3.1 The metric
We will consider the following ten dimensional metric :

ds? = Gudxtdx” + gijé'ié'j + gape®e (A.10)
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where i,j denotes the indices 5,6 of the internal manifold, a,b, the indices 1,2,3,4 of the
internal manifold and pu,v the indices of the external spacetime. In fact, we will specify a
bit more this metric by taking £5 = e® and €% = b — G% with G® an external one-form
(G° = G dat). Note that due to the orientifold involutions, the only non zero terms in g, are
{911, 922, 933, Gaa, G14, go3} and g;; is diagonal. We will take the following parametrization for
these two metrics :

e Pl 0 0 €7p17r1
T T
61 e P2 e P2 Tro 61
— Ti2 7
Gab = 0 e~ P27, € P2 (7-?24-7'%) 0 (A 11)
Ti2 Ti2 9 2
e 0 0 e (i)
Til Til
-n
gi=( = 0O (A.12)
0 e nTig

note that p defined in ((A.9) is such that p = p; + pa. 1 (resp. p1, p2) can be seen as the volume
in direction 56 (resp. 14, 23).
We also define :

H" ePvoly =w! A sw’ (A.13)
Ti1Tio€P1 P2 0 0 0 0 0
0 TilTige_p1+p2 0 0 0 0
ie HT7 :L 0 0 |7'17'2’2 _‘7—1|2Tr2 T7~1’7'2|2 —Tr1Tr2
Ti1Ti2 0 0 _|7—1’27-7‘2 |7'1| —Tr1Tr2 Tr1
0 0 7'r1|7'2|2 —Tr1Tr2 |7'2’2 —Tr2
0 0 —Tr1Tr2 Tr1 —Tr2 1
(A.14)

A.3.2 The fluxes

The fluxes are constrained by the orientifold involutions. Indeed, Fj and F; must be even (so
As also) whereas H and F, must be odd (so B and A; also). Using the table we can use
the following general ansatz for the fluxes by decomposing them on the left invariant forms:

B = B5de“e5 + b12€5(66 — GG) +b Wl
Ay = aze’
Ay = C5+ Cy(e® — G®) + Orrpw’™ + cora (€5 — GO + c57_eSw!™

H = dB+ Hy,

Fy = dA + FyB+ Fay
Fy = dAs+ Fip— HA, + BFys + 1)2F, B (A.15)
with
Hfl = hm],a)IieG + hp1+w”e5
Fy = fo€® + frw'™
Fap = f1e"' + friow' el (A.16)
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A.3.3 The 10-dimensional action
We will consider the following action which is the type ITA supergravity action in ITA :
S :Skin + Stop + Ssource

1 1 1
Skin =5 / e 2 (R + 4d® A *d® — S A *H) — Z/Fg + Fy A xFy + Fy A\ +F} (A.17)
1 1
Stop =7 / (AsHj + B(dAs + Fyp) + B*Fyp + §FOB3)(dA3 + Fyp) (A.18)
Lo 1 4 Lo s
—B°Fy F: - FyB*F: —F;B
+3B 2f1 2f1+4 0B 2fl+20 0
and Ssources Undefined for the moment. Note that we used the democratic formulation of |14]
for the fluxes so that only the internal fluxes appear in the action.
A.3.4 Bianchi Identities
To the action [A. 17 we must supplement the Bianchi identities :

dFy =0 dH =0
dFy — HFy =26*T)jsource dFy — H A Fy =0 (A.19)

with jseurce the source current and 7), the tension of the p-brane that gave rise to such a current.
In order to verify these Bianchi identities, we take :

F, =constant VI—, hyr— =0 (A.20)

A.3.5 The 4-dimensional action

We now follow the steps of [73] in order to establish the four dimensional effective action. We
will not explicitly put all the details but we refer the interested reader to [73] to have the whole
scheme.

For the topological term in the action, we first do the following integration by part :

1 1
Siop = Stop + 7 / (d(hp,cgcg) + d(dBscgCr) — d(ce;C'dBs) + §d(061dCIB5) — d(hprICQ))

Then we compactify the action in string frame after dualization of the three-form C'5 which
gives us S = Syrkin + Stop + Sskin + Spot With :

1

SvThin = = (72 1735d G A #dGS + e 2 1135(dBs + b12dG®) A #(dBs + b12dG®)
—pP1—pP2
+€—UHIJ(dCI - CG[dGG) N *(dCJ - CﬁJdGﬁ) + ¢ dCQ A *d02:|
Ti3

1
Stop = Iz / dC®) (2Desb" + brb' (f2G° — FyBs) + 2C1h! — 2B fy)

1
— 2<dB5 + b12dG6)06[(d01 — §CédG6) + blgdCIdC[
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1 | 2
Sskin = 22 / {6_2¢R * 1+ 4e7%dg N wdg — 56_2¢d77 A xdn — 62—2dTi3 A *dTss

Ti3
1 24 L 94 e 2
—=e d(p1) AN xd(p1) — ze Pd(p2) A *d(p2) — ——dTin A *dTy
2 2 2753
e 2¢ —2¢ —2¢
_?igldTrl A *dTrl - ?Z%dﬂ‘g A\ *deQ — Fi%dﬂ? AN *dTrz

1

—ie_pl_pQTig(d% + FoBs — fQGG) N *(das + FyBs — szG)
1 1

—ée*%”"dbm A «dbyy — ée*2¢+p1+p2HI’J’dbl, A *db_

1
—§Tz‘3HI_J_ (DC5[ - (l5db[) AN *(DC5J — CL5de)

1
——HI+J+dC6]+ VAN *d06j+:|
27}‘3

1
Spot = _m/ [6_2¢+n+”1+p2n3]—[”‘]+(TgbK + hp])(T;f]bK + th) 4 en—pl—p2(f2 4 ng12)2
1 2
+e TH ™77 (frur + Fobp) (frng + Foby) 4 e 1HPtr2 ( o+ b (fi + 5Fobf—)>
+e"H' ™ (—nipTiec™ + b fo + bio(fs + b1 Fo) + frmiar)
(_UJPT;;(C(I;( + by fo+ bio(frg + s F0) + frizs)
1
=€ s [H, Ts)! [ H, T5]) + 77" =7 Ff
1 2

+ertrite: (bl (fiﬂg + b12fé — Tg,IJCg + Ebl(ﬁ + F0b12)> + biafs — hpfcé) ] * 1

We defined :

Desr = desp + nierToy CF — (fabr + fmaar) G® + (finr + Fobr) Bs

and ¢ = ® + £(n + p). Note also that the H in [H, T3] is H'; = Hny,.

Note that we have 21 scalars : (1, ¢, T3, Co1, P1, P2, D12, G5, Tr1, Tray Ti1, Tiz, b1, C51), 4 vectors :
(Bs, G% C7) and 1 tensor (Cy).

Since we are in four dimensions, we can dualize the tensor C5 into a scalar v5. We do this
dualization and go to Einstein frame in order to obtain :

1
Svian = =1 / (67207 173d GO A %dG® + € > 1755(dBs + b12dG®) A #(dBs + b12dG®)

+e TH" (dCy — ¢1dG®) A x(dCy — ¢6,dGP)]

1

Stop - _m

1
/ — 2(dBs + b12dG®)cgr (dCT — 5cgdGﬁ) + b1pdCdCy
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1

SSkin - ﬁ

1 1

i3

1 1 1
—§d(f)1) A xd(py) — éd(m) N xd(py) — Fidm A *dT;

1 1 1
__QdT'rl VAN *dTrl — _QdTiQ VAN *dTZ'Q — —2d7'r2 A *dT,«Q
il 275 275

1
_§€2¢_p1_p27'i3(da5 + FyBs — szG) A *(das + FoBs — szG)

1 1
—§€2ndb12 A xdbiy — §ep1+p2HI_J_db1_ A xdby_
e2®

—TTigHI_J_ (DC5[ — (I5db1) AN *(DC5J — a5de)

1
—§Ti362¢+"1+"2 (Dys + b'"Desp_). A #(Drys + b~ Desy_)

e*? I+J
———H"""Ydegry A *deg
27—1‘3

1
Spot = 1z [e2¢tmtertezr, HIWTH (TR by + hyr) (Tiybk + hyy) + €777 (fy + Fobya)®

1 2
FE T (four + Fobr)(fong + Foby) + €07 ortes <f4 b (T + §F0b1>>

e T (e p T ™ 4+ brfo + bia(finr 4+ b1FY) + fmtar)
(_UJPTsI;{Cé( + by fo + bia(frng + b1 E) + frmiz2g)

1
_Ze2¢+nn3 [H, T5]IJ[H, T5] JI + eto—n—pi—p2 FOZ

1 2
+etotntorte (bI (f;’nm + b fh — Tdyed + §bl(f2 + Fobm)) +biafa — hp10é> ] * 1

with :
1
D’y5 = d"}/5 —|— §b1bl(f2G6 — FoB5) —|— 20[h£ — 235f4

We now have 22 scalars : (777 (b? Ti3, CeI, P15 P2, b127 as, V5, Tr1, Tr2, Til, Ti2, b]? C5I) and 4 vectors :

(Bs,GS,Cy).

A.4 Sources

In this section we perform the reduction of the source terms as they appear in [5]. We perform
the reduction both in the supersymmetric and non-supersymmetric case. In both cases we look
for solutions, and in the susy case we can see that the solution we find correspond with the
ten-dimensional counterpart found in [5].
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A.4.1 Structure
We take the following SU(2) structure :

e 1 )
Z = ed — 1/ 6_777'1'366

Ti3
g —ePLpld + e P23
e~z te2) 12 . 24 . 13 . 34
w=——-(e'"% — (1,1 +i1)e"* + (Tra +iTi0) (€' + (701 + iT51)e>"))

\V Ti1Ti2

And construct a SU(3) structure thanks to it :

A
QO =(ij + Im (w)) A z J:Re(w)Jrz’ZQZ
Then for the corresponding pure spinors we take :
1 _, i
b, =—e d =--0
T8¢ 8

A.4.2 SUSY source

We will now consider the source term of the action. For a BPS source, we have :

Ssourcc = /e(I> < js,SImqD_ > x1

(A.21)

(A.22)

(A.23)

with js being the source form defined by : js = dFy — H A Fy. After compactification, it becomes

Ssource = _4/€_¢+§(77+Pl+,02) < jsa Im(@—) > x1

We now have the entire action. We checked the equivalency of the 10d EOM and of the 4d

EOM. Using this 4d action, we also recover the SUSY solution of [5] by setting :
g =diag(—1,1,1,1)

iy =diag(t1, 173, ta7y, t1, 13, t37¢)

o =0
H =0
FO :O

1
F =——= ((qit1 — qata73) (¥ — €) + plaits — qotors) (e** +€?))

NG

F4 :O
A.4.3 SUSY breaking sources
We now modify the source term to :

1
Ssource = - 2_,%2 e’ < 2K2T’p.7sourcea Im (X) > with

X =+/|ga|d*z A X

X =ao®_ + ayd_ + QY P_A" + dmn'ymi)_’y”
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Moreover, we will take ay,, and @,,, symmetric. We define

ap =Re(ag — ap) Uy =R (W — Qi)
aé =Im (050 + 650) afm =Im (Oémn + &mn)

so that Im (Xs) = ajRe(P_) + aflm (P_) + al,,y"Im (P_)y" + al, . v"Re(P_)y".

Then one can show that One can show that setting :

gi; =diag(ty, taty, taTs, t1, t3, t37g) Fo =0 F
, 1 | .
guu :dlag(—l —+ EA.ZU%, 1_—11\275, J]%, Sln[$3]21‘§) © :0 H
3
2pqata T3 13 | o
F=—"""(e"+e agy =0 ay
NG ( ) 34 24
q2t27'2 r r
Q1 ITS ay =0 a3
b, =0 ay3 =0 as,
oo o3 =77) + 3kyyags) at, =0 o
66 3k 24 12
i Tt (=1 +77) — 12k yags) o3t
6 12k T Ak
2975t (1 — )T ro_ _ 7 r
A= gy = — an )
3tits

is a solution of the 10D and 4D equations of motion. If one takes 72 < 1 then
vacuum. The study of the stability of this solution is still in progress.

=0
=0
=0
=0
=0

=0

T
= — dsg

we have a dS

There are still some issues to adress. Indeed, we would like to better comprehend the
compactified action with the modified source X_ and in particular embed it in a NV = 1 or
N = 2 SUSY framework similar to those in [71,[72]. We would also like to give a physical
interpretation to the modified source X_ and what object could give rise to it. Last, we would
like to verify the stability of the de Sitter solution in order to be able to claim that we have a

genuine de Sitter compactification.
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Appendix B

Résumé long en francais

B.1 Structures sur les variétés

B.1.1 Groupes de structures

On dit qu'une variété M de dimension d = 2n admet un groupe de structure G si ’ensemble des
fonctions de transitions est dans le groupe G. Pour une variété Riemanienne (ie munie d’une
métrique), ce groupe est a priori GL(d). Dans certains cas, ce groupe peut étre strictement
inclus dans GL(d) on parle alors de structure de groupe réduite. Nous allons maintenant en
voir quelques examples.

B.1.1.1 Structure complexe

Soit une variété M de dimension d = 2n. Une structure presque complexe est un tenseur
globalement defini :

I : T—T (B.1)
™ — I (B.2)

tel que
LI = —0,,". (B.3)

Le groupe de structure est alors réduit a G L( g, C). On dit que cette structure presque complexe
est intégrable si le tenseur de Nijenhuis :

Nmnp = ]mq (8qlnp - 8anp) - ]nq (aq]mp - amlqp) (B4)

est nul. On parle alors de structure complexe.

B.1.1.2 Structure Symplectique

Soit une variété M de dimension d = 2n. Elle admet une structure presque symplectique s’il
existe une deux-forme globalement définie. Le groupe de structure est alors réduit & Sp(d, R).
Si de plus, cette deux-forme est fermée, on dit qu’elle définie une structure symplectique.

B.1.2 Les cas SU(2) et SU(3)

Nous allons maintenant étudier plus en détail deux structures de groupes qui vont partic-
ulierement nous interesser : les structures SU(3) et SU(2) sur des variétés des dimension 6.
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B.1.2.1 Structure SU(3)

On peut définir une structure SU(3) sur une variété de dimension 6 a l’aide de deux objets :
une deux-forme réelle J et une trois-forme complexe €2 vérifiant :

JAQ =0 J/\JAJ:%QAQ

On peut ensuite utiliser la théorie des groupes pour montrer que leur dérivée extérieure peut
se mettre sous la forme :

3 _
dQ = Wi JAJ+WoAJ+W5AQ (B.6)
Ou W) est un scalaire complexe, W, est une forme complexe (1, 1) primitive (ie JAJ AW, = 0),
Wj est une forme réelle (2,1) + (1,2) primitive (ie J A W5 = 0), Wj est un vecteur réel et W

est une une-forme complexe. Les VW sont appelés classes de torsion. Si elles sont toutes nulles,
on dit que la variété est une variété de Calabi-Yau.

B.1.2.2 Structure SU(2)

On peut définir une structure SU(2) sur une varié¢té de dimension 6 a l’aide de troix objets :
une une-forme complexe z, une deux-forme réelle j et une deux-forme complexe w vérifiant :

WAj=wAw=0, (B.7a)
1.j =t,w=0, (B.7b)
wAw=2j*, (B.7c)

Comme pour le cas SU(3), on peut décomposer les dérivées extérieures comme suit :

dz = Sw+Spj+ S32 A2+ S+ 2AVi+ Vo) +2A(Va+ Vi) + T,
1 _
dj:552/\w+562/\w+§(S7+Sg)z/\j—i—j/\Vg,+z/\2/\V6+z/\T2+c.c.,
dw =Sz Aw+ Sz Aw —2S52Aj—2S5s2Aj+iz Az A (VeLw) + 5 A (Ve + V)
+Z/\T3+5/\T4, (BS)

ou S; est un scalaire complexe, V; est un vecteur holomorphe (w A V; = 0) et T; est un forme
(1,1) primitive (ie j A T; = 0).

B.2 Géométrie complexe généralisée
Afin d’étudier des compactifications, nous allons utiliser le formalisme de la géométrie complexe
généralisée (GCG) qui permer de simplifier les équations. Le principe de base de la GCG est

de considérer la somme de I'espace tangent et de I’espace cotangent et de généraliser toutes les
structures que 'on définit habituellement sur I’espace tangent.
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B.2.1 Structure complexe généralisée

Dans la géométrie complexe généralisée, on traite de la méme maniere les vecteurs et les une-
forme. Les sections sont appelés vecteurs généralisés X :

Il existe alors une métrique naturelle invariante 7 sous O(d, d) donnée par :
1
(X1, X2) = (1 + &, 02 + &) = 5 (&(v2) + (1)) (B.10)

qui réduit le groupe de structure a O(d, d).
Une structure presque complexe généralisée est une fonction 7 :

J . TeT ->TaT" (B.11)

telle que
J? = —la, (B.12)
InT =n. (B.13)

Celle-ci réduit le groupe de structure total a U(n,n). On peut montrer que chaque sous espace
propre de J est de dimension n et on note II (reps. II) le projecteur sur le sous espace de valeur
propre i (resp. —i). On peut également montrer que ces sous espaces propres Ly et L7 sont
maximalement isotropiques. On dit qu'un espace L est isotropique si VX,Y € L, (X,Y) = 0.
On peut également montrer que sa dimension maximale est d et que dans ce cas, on dit que £
est maximalement isotropique.

On veut maintenant définir 'analogue de l'intégrabilité sur cet espace. Pour cela, nous
devons d’abord définir le crochet de Courant qui est une généralisation du crochet de Lie (qui

agit sur les vecteurs) a T'(Ms) & T*(Ms) :
[U +&w+ 77]0 = [Ua w] + Lon — L€ — %d (Wl - Lw§> ) (B'14)

ol [v, w] est le crochet de Lie habituelle et £, est la dérivée de Lie définie par £, = t,d+d¢,. On
peut remarquer que ce crochet de Courant ne vérifie pas I'identité de Jacobi sur T'(Mg) BT (M)
(en fait, il n’existe pas de crochet sur cet espace vérifiant Jacobi) mais il la vérifie sur chacun
des sous espaces propres de J.

On définit alors I'intégrabilité de la structure presque complexe généralisée par :

II[I(v+ &), (w+n)]c =0, (B.15)

Les deux examples les plus simples de géométrie complexe généralisée sont :

I 0 0 J
jIE(O —It> s jJE(_J_l 0) <B16)

ot [ = I" vérifie I* = —I; ie c’est une structure presque complexe standard et ot J = J,,,, est
une deux-forme non dégénérée ie c¢’est une structure presque symplectique standard. On peut
facilement montrer que la condition d’intégrabilité de la structure presque complexe généralisée
correspond aux conditions d’intégrabilité de la structure presque complexe standard et de la
structure presque symplectique standard respectivement. On voit donc que la GCG est une
génréralisation de ces deux structures et permet de les regrouper sous un méme formalisme.

89



B.2.2 Spineurs purs

Sur T il y a une bijection entre les structure presque complexe et les spineurs de Weyl. Une
propriété analogue existe sur 7' @ T™ entre les structure presque complexe généralisée et les
spineurs purs.

Etant donné la métrique 7, on peut définir des spineurs de Spin(d,d). L’algebre de Clifford
Clif f(d,d),

(Y™} = oy (B.17)
" = {vmm) =0 (B.18)

a 2 représentation irréductible, une avec une chiralité positive et 'autre avec une chiralité
négativeSy (T @ T*). Il y a un isomorphisme entre le fibré spinoriel et 'algebre extérieure de
T, A*T™

S, = AT S_ =2 Aeddp (B.19)

telle que la chiralité positive (resp. négative) correspond aux formes paires (resp. impaire). On
peut le voir facilement en prenant comme base

et alors I'action d’un élément de 'algebre de Clifford sur les formes est :
(W+&) P=1,P+EAND (B.21)

pour la représentation spinorielle, il est possible de définir une forme bilinéaire symmétrique.
En considérant 1'isomorphisme ci-dessus, on peut définir un produit sur I’espace des formes, la
paire de Mukai :

(A,B) = (AAXNB))g,  MA,) = (=124, (B.22)

ot les indices d et p dénotent le degré de la forme. En dimension 6, ce produit est antisymétrique.
On peut se servir de cette paire de Mukai pour définir la norme d’un spineur par :

(®, D) = —i||®||*vol . (B.23)
On définit ’annihilateur d’un spineur ® comme :
Le={v+CeTdT"|(v+() - =0} . (B.24)

qui est automatiquement isotropique. On dit qu’un spineur est pur si son annihilateur est max-
imalement isotropique. La présence d’un spineur pur réduit le groupe de structure a SU(n,n).

I1 est alors facile de voir la correspondance entre spineur pur et structure presque complexe
généralisé. En effet, étant donné une structure presque complexe 7, on peut toujours construire
un spineur pur ayant pour annihilateur le sous espace propre de valeur propre ¢ de J. Inverse-
ment, étant donné un spineur pur, il est facile de construire une structure presque complexe en
la définissant sur ses sous espaces propres, le sous espace propre de valeur propre ¢ correspon-
dant a 'annihilateur du spineur pur. Au niveau de l'intégrabilité, on peut montrer que J est
intégrable si et seulement s'il existe un vecteur v et une une-forme ¢ telle que d® = (1, + EA)P
ou ® est le pur spineur correspondant a 7.
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B.3 Supersymétrie

B.3.1 Généralités

Nous allons nous interesser a des compactifications de type II et donc étudier les supergravités
de type II qui sont des théories N' = 2 en dimension 10. Il existe deux types de théories, la ITA
et la IIB. Chaque secteur bosonique de ces théories est divisé :

e le secteur Neveu-Schwarz (NS) composé de la métrique g, du dilaton ¢ et de la deux-forme
NS H

e le secteur Ramond-Ramond (RR) composé de de p-formes F), paires pour le type IIA et
impaires pour le type I1IB

Nous ne nous interesserons pas au secteur fermionique. Nous considérons un espace temps a 10
dimensions qui est un produit d'un espace-temps a quatre dimensions et d'un espace interne a
six dimensions avec une constante de “warping” non nulle :

ds?, = 4 Wds? + ds? . (B.25)

Dans la plupart des cas, I'espace-temps sera AdS;. On peut montrer qu’alors les seuls flux non
triviaux sont ceux présents sur la variété interne.

En fait, nous allons encore restreindre les solutions que nous cherchons en nous limitant a
celles qui admettent A/ = 1 SUSY en 4 dimensions. Nous pouvons alors utiliser les résultats
de [17] pour exprimer les équations de supersymétrie comme des équations différentielles du
premier ordre. De plus, [15,[16] ont montré que les équations SUSY et les identités de Bianchi
impliquait les équations du mouvement pour les différents champs considérés. Ainsi, au lieu
de devoir résoudre des équations différentielles du deuxieme ordre a 10 dimensions, on doit
résoudre des équations différentielles du premier ordre a 6 dimensions. Nous verrons dans les
sections suivantes que, dans notre formalisme, ces mémes équations deviendrons des équations
algébriques.

B.3.2 Géométrie complexe généralisée et compactifications N =1

On peut réexprimer les équations de supersymmeétrie en termes de spineurs purs et donc utiliser
la géométrie complexe généralisée pour simplifier les équations. Cela se décompose en deux
conditions : une condition topologique et une condition différentielle.

La condition topologique est l'existence de deux spineurs purs compatibles (ie les deux
structures presque complexe généralisées associées commutent). Le groupe de structure sur
T @ T* est alors SU(3) x SU(3). On peut donner Iexpression de ces deux spineurs purs en
fonction de formes différentielle définie en (B.7a)) :

A

o = —%z A (ke +ikjw), (B.26)
pApit -
o, = 8 e (ke — ik w), (B.27)

avec k% + k‘ﬁ = 1 et 6 un réel. On parle alors de structure SU(2) intermédiaire sur 7". Les deux

limites k| = 0 et kj = 1 sont intéressantes et correspondent aux structures SU(2) strictes et
SU(3) respectivement. Dans ces cas, on a :
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e Structure SU(3) sur T

o, =" 86 et (B.28)

oA
=i, (B.29)

e Structure SU(2) stricte sur T
A0

o, = —i° 86 wA N2 (B.30)

ed
o_ = —ge_” Az, (B.31)

La condition différentielle consiste en une équation sur chacun des spineurs purs. Pour le
type IIB, on a

(d— HA) (2479 ) = —2ue”“Red, (B.32)

(d— HA)(e*"Red,) =0, (B.33)
1

(d—HA)(E47Tm ®,) = —3e*4Im (ad_) — §e4A * A(F), (B.34)

ou F' est la somme des champs de jauge, F' = F} + F5 4+ F5. p lié a la constante cosmologique
par A = —|ul®. X a été défini par (B.22). En type ITA les equations de SUSY prennent & peu
pres la méme forme que (B.32))-(B.34) avec &, et &_ échangé :

(d+ HA) (249D ) = 2ue *Red_, (B.35)

(d+ HA)(e*PRe®_) =0, (B.36)
1

(d+ HA)(E4?Tm ®_) = 3e*ATm (ad ) + §e4A *F. (B.37)

et 1C1F2F0+F2+F4+F6

B.4 Etudes des vides AdS sur les variétés parallélisable

B.4.1 Recherche sur les groupes de Lie

On va maintenant utiliser le formalisme que 'on a vu dans les sections précédentes afin de
chercher des vides AdS sur les variétés parallélisable.

Pour cela, la premicre étape est tres simple : il suffit d’utiliser et dans
et (on peut montrer que dans le cas qui va nous intéresser, seul une structure SU(2) stricte
donne des résultats) pour obtenir :

d(e*72) = 2|ule* Cwy (B.38)
2A(dj —iH + |ple* ZAwg) =0 (B.39)
d(e**%w;) =0, (B.40)
Ad(e* =2 A zwg) = 2ie* P H A w; ( )
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et

*Fy = 3¢ |plzr (B.42)
wFy = —e M d(e*%wp) + 3¢ | ulzr A 7, (B.43)
*F) = —id(2A — ¢)z ANZAwp — e PH Awg
1
e Aol ag A (B.44)

Ces équations étant compliquées, on va utiliser quelques hypotheses supplémentaires. En
effet, dans la suite nous allons supposer que nous avons un dilaton ¢ constant, un facteur de
warping A constant (et donc on peut le prendre nul en le réabsorbant dans AdS) et enfin nous
supposerons que toutes les classes de torsion dans le 2 de SU(2) sont nulles (ie V; = 0 dans
B.8]). Nous nous restreignons également aux variétés parallélisables et méme dans un premier
temps aux groupes de Lie. Notre but est de faire un scan complet de ces variétés dans notre
formalisme pour voir lesquelles admettent un vide AdS. Comme nous considérons des variétés
parallelisables, on peut prendre ’ansatz suivant pour les formes de structure :

z =z + izgeQ,

j =51€* + jae®

R _J1J2 34 + we’0, (B.45)
w1
wp = — D285 4 et6
w2

B.4.1.1 Sources

Avant d’effectuer le scan proprement dit, nous allons étudier plus en détail les identités de
Bianchi du secteur RR. En effet, on a :

0(Ds—n/Os—p) = dFy — H A Fo3= > Niy i, € A Aeit

2~ o T15eenyn41
= E My iy VOL'T7

ot Pon définit vol" comme la forme proportionnelle & €' A ... A €™ et normalisée telle que
< voltin Imd, >= —8i < O, D, >.

Ni,..i,., est I'analogue de la charge totale et doit eétre d’ordre 1. n; ;, ,, est 'analogue
de la densité de charge et son signe nous dit qu’elle sorte de source existe dans la direction
perpendiculaire. Sin;, . .., est positive alors il y a au moins une D-brane et si elle est négative,
il y a au moins un orientifold.

B.4.1.2 Méthode

On commence par résoudre les équations SUSY qui, avec nos hypotheses sont simples a résoudre
car linéaires en les classes de torsion. Ensuite nous imposons d?¢’ = 0 sur la base des une-
formes. L’ensemble de ces équations est divisé en deux ensembles : les équations qui sont
linéaires et celles qui sont quadratiques. Heureusement, les équations linéaires permettent
automatiquement de résoudre les quadratiques. C’est pour cette raisons que nous nous somme
restreints dans un premier temps aux groupes de Lie.
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Ensuite nous regardons ce que nous donne 'identité de Bianchi pour la une-forme F; :

Se~34=¢
N(D7/07)35 = N(D7/07)46 = —T|/~L| <0, (B.46)

On a donc nécéssairement présence de deux orientifold O7. En particulier, on ne peut pas avoir
de solutions sans source. De plus, comme ils s’intersectent, nous sommes obligés de les prendre
"smeared” sur tout I'espace interne. Mais alors I'involution des orientifold nous impose plus de
contraintes sur nos equations en réduisant ’espace des solutions.

C’est cette réduction qui nous permet de continuer dans cette voie. En effet, on s’interesse
maintenant a l'identité de Bianchi NS dH = 0. Celle-ci est quadratique mais il existe main-
tenant suffisament peu de solutions qu’on peut les considérer une par une. Dans chacun des
cas on regarde également 'identité de Bianchi pour la tois-forme Fj et on s’apercoit que 1'on
doit nécéssairement avoir au moins un orientifold O5 qui impose de nouvelles contraintes qui
réduisent encore plus I'espace des solutions.

Ces réductions successives de l'espace des solutions nous permettent d’obtenir une liste
exhaustive des groupes de Lie admettant un vide SUSY AdS :

| Nom || Type de variété | algebre |
Nil3.13 | nilpotente (=35 — 46,0,0,0,23, —24)
Nil 3.14 nilpotente (—35+46,0,0,0,23,—24)
Nil 4.1 nilpotente (—35 —46,0,—25,0,0,0)
N 5.1 | milpotente (35 1 46,0,0,0,0,0)
ads résoluble (35 + €46, 0,25, —€26, —e23, 24)

B.4.2 Quotients

On peut effectuer la méme étude sur les quotients qui admettent une structure SU(2). C’est
méme plus facile car il existe une liste de tous les quotients de ce type (donnée par exempe
dans [46]). 11 suffit alors de vérifier si ces variétés admettent un vide SUSY AdS et on obtient :

Quotient G/H | SUSY AdS, solution

SU(3
SU§2§ x U(1) v

sgg)) x U(1)
SU(2) x SU(2)

SU(2) x U(1)?

XX N

B.4.3 Séparation d’échelle

Nous voulons également vérifier si nous pouvons obtenir un vrai vide en quatre dimensions sur
ces variétés. Nous devons donc vérifier en particulier que les approximations que nous utilisons
sont correctes. Mais d’abord, comme nous 'avons dit section [B.4.1.1] on doit vérifier que les
charges totales des sources sont d’ordre 1. Nous devons également vérifier que les corrections a
une boucle des cordes sont petites c’est a dire que le dilaton doit étre petit devant 1. De méme,
il faut que les corrections en o' soient petites c’est a dire que le volume de la variété interne
(nous prenons volg = y/det(gs) = L8 ,) doit étre grand et que la constante cosmologique doit
étre petite.

Enfin, nous voulons que les modes massifs de Kaluza-Klein découplent. Pour cela, il faut
que I’échelle typique de Kaluza-Klein soit petite devant la longueur typique d’AdS. Il y a alors
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deux choix naturels pour la longueur de Kaluza-Klein Lgy. Le premier (que nous noterons
définition (1)) est de supposer qu’elle est égale a la longueur typique de la variété interne
Lint- Le deuxieme choix (que nous noterons définition (2)) est de supposer que L% = R%)_.
On trouve les deux définitions dans la littérature et nous allons étudier les deux. Bien str,
pour pouvoir réellemenent prétendre avoir une telle séparation d’échelle, on devrait calculer le
spectre de Kaluza-Klein a partir de la théorie quatre dimensionnelle, ce qui requiert une autre
étude que nous ne ferons pas ici. Dans le tableau suivant, nous donnons les résultats pour les
variétés étudiées plus haut (sauf pour n3.13 dont létude est similaire a n3.14) dans la limite ot

la constante cosmologique est petite :

’ variété H couplage faible \ volume large \ séparation (1) \ séparation (2) ‘
ggg; x U(1) X v v X
2
Sgg; x U(1) X v v X
Nil 3.14 v X v v
Nil 4.1 v v v v
Nil 5.1 v v v X
Solv v X v v
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