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INTRODUCTION

String theory is currently the most promising candidate for describing gravity at high
energies, where quantum effects become relevant, thus opening the way towards a
unified description of all fundamental interactions. It appeared for the first time in
the late 1960’s as an attempt to describe the observed spectrum of hadrons and their
interactions (before being replaced by the more successful quantum chromodynamics)
and its innovation lies in the fact that the fundamental degrees of freedom are not point-
like particles but extended objects: one-dimensional strings and, in later developments,
higher dimensional branes. The spectrum of this theory comes up with a massless
spin-2 particle, which was not compatible with the intention of using string theory as a
theory of strong interactions. Instead, in 1974, Scherk and Schwarz suggested [1] that
this particle could be interpreted as a graviton, thus offering a quantum description
of the gravitational interaction; they also proved how to recover Einstein’s theory of
general relativity in a proper low energy limit.

In order to be a consistent theory of quantum gravity, thus solving the problem
of non-renormalizability, string theory requires two ingredients: the introduction
of extra dimensions and supersymmetry between bosonic and fermionic degrees of
freedom. Then, a central question is how to recover from string theory the 4-dimensional
spacetime we live in.

The issue can be addressed by adopting an effective field theory approach: realistic
field theories in 4 dimensions should be interpreted as a low-energy limit of the more
fundamental string theory. The 4 spacetime dimensions can be obtained as the result
of a compactification procedure, tracing back to the work by Kaluza and Klein, which
is based on the assumption that extra dimensions parametrize a compact space small
enough to remain hidden to any present experiment.

A crucial point that makes string theory a good candidate for unification of all
interactions and matter is that it is so constrained to have basically no free parameters.
On the other hand, when we try to get back physics in 4 dimensions through com-
pactification, a lot of freedom arises in the choice of the internal space and its metric.
In other words, the compactification procedure completely breaks the uniqueness of
string theory: each possible low energy effective theory is constructed about a different
vacuum of string theory and the number of such vacua is so huge to result in an
apparent loss of any predictivity.
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At low energies and after compactification of the extra dimensions, string theory
is described by gauged supergravity theories. Supergravity, in a lower-dimensional
perspective, is the result of turning global supersymmetry into a local gauge symmetry
and it allows to combine the features of supersymmetry with a description of the gravi-
tational interaction. Once we interpret supergravity theories as a low-energy version
of superstring theory, their particle spectrum, their masses, couplings and symmetries
are essentially determined by the geometry of the space where compactification is
performed, together with the possible fluxes one can turn on.

The problem of vacuum selection in string theory is then intimately related with the
study of the possible vacua of supergravity theories. The subject can be also approached
from a modern, bottom-up perspective, in the framework of the swampland program. The
swampland can be defined as the set of apparently consistent quantum field theories
in 4 dimensions that do not admit a completion into a quantum gravity theory in the
ultraviolet regime.

String Theory
Energy scale (Quantum Gravity)

\\)

Set of consistent low-
energy effective
Quantum Field Theories

Figure 1: Schematic illustration of the string landscape and the swampland within the space of
quantum field theories in 4 dimensions (from [2]).

The definition was introduced in [3], in order to stress and possibly quantify how,
despite the vastness of the string landscape, it can be viewed as relatively small if
compared to the swampland. The original idea (also found in [4]) was to present some
finiteness properties (regarding, for instance, the volume of the scalar field space, or the
number of matter fields) that could allow to identify the boundaries of the landscape.

In general, the swampland program aims at specifying some criteria, formulated
exclusively in terms of properties of the low-energy effective theories, to select field
theories which admit a quantum gravity UV completion, isolating them from the
swampland of all other consistent-looking theories. In the definition of swampland, it
is not by chance that we used a generic notion of quantum gravity rather than string
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theory. Indeed, in principle, swampland criteria should regard universal properties of
the lower-dimensional theories that are valid no matter whether the correct quantum
gravity theory is actually a string theory or not. However, being string theory the only
UV complete theory of gravity known to us, almost all of the swampland program is
unavoidably developed in the framework of string theory.

The criteria are usually stated in the form of conjectures because they cannot be
rigorously proved in a mathematical sense, but rather they are motivated by some
physical evidence. Therefore, the various conjectures are not all at the same footing, in
the sense that the evidence supporting them can have varying levels of rigour. The most
common approach [2] to the development of swampland conjectures is to use known
string vacua and the corresponding low-energy theories as a type of experimental data.
If a given conjecture is satisfied by the known vacua, we can say that this conjecture is
supported by string theory data. A review of the various conjectures can be found in
[2], [51.

In this framework, the study of 4-dimensional theories and their vacuum structure
can lead to interesting results if we select a well-defined set of theories and try to
obtain, at least for these theories, complete results. This thesis focuses on the maximal
supergravity theory in 4 dimensions, with N' = 8 supersymmetry generators, whose
peculiarities are that the matter content is completely constrained by supersymmetry
and its higher dimensional origin is well known since its discovery. In particular, we
will look for its Minkowski vacua in the case of N' = 6, 5, 4 residual supersymmetries,
analysing in which cases vacua can actually be found.

The work is organized as follows.

¢ In chapter 2 we describe the general features of gauged supergravity theories:
starting from a discussion of the global symmetries of a generic supergravity
theory, it is shown that any gaugeable symmetry must be a subgroup of the U-
duality group, emerging as a generalization of electric-magnetic duality, and how
the gauging procedure leads to the introduction of a non-trivial scalar potential.
The embedding tensor formalism, which will be a fundamental tool in chapters
4 and 5, is also introduced. In the second part of the chapter, we deal with
flux compactifications and their direct correspondence with the presence of a
gauging in the low-energy effective theory. Non-trivial fluxes over the internal
manifold for some higher-order form field strength and compactifications on
twisted tori (geometric fluxes) are considered, deriving at any step the resulting
gauge algebra.

* The discussion of flux compactifications continues in chapter 3, where the focus
is shifted to non-geometric fluxes. Their introduction is needed in order to match
the most general gauge algebra one expects to find from a lower-dimensional
analysis with the algebra that can be obtained from the compactification procedure.
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Particular attention is devoted to the discussion of duality twists, the role of T-
duality transformations and the equivalence between duality twists and orbifolds.
Eventually, we present the possibility of introducing an asymmetry between
left-moving and right-moving string coordinates, which is not unnatural in the
context of string theory but completely spoils a geometric interpretation of the
internal compact space.

e The maximal supergravity theory in 4 dimensions, with A = 8 supersymmetry
generators, is the topic of chapter 4. The scalar sector of the theory can be
characterized as a coset manifold, E;(; /SU(8), where the isometry group E; )
is also the U-duality group of the theory. The gauge group of the theory and
its embedding into E;(;) can be encoded in the embedding tensor, so that the
lagrangian, and in particular the scalar potential, can be written in a formally
E;(7)-covariant way without explicitly fixing the gauge group.

¢ In chapter 5, the analysis of Minkowski vacua for the maximal supergravity
theory is performed. The technique adopted, combining the embedding tensor
formalism with the transitive action of the duality group on the scalar manifold,
allows to recover information on the whole scalar manifold just by computing
the scalar potential and its derivatives at the origin of the scalar manifold, so that
the computational procedure is considerably simplified. The results obtained are
summarized in 6.

1.1 VACUA OF SUPERGRAVITY THEORIES

The notion of supergravity vacua will be crucial throughout the thesis. Having a
supergravity theory, we call vacua the field configurations of this theory in which the
metric is maximally symmetric. In 4 spacetime dimensions, this means that the metric
is Minkowski, de Sitter or Anti-de Sitter; to be compatible with Lorentz invariance,
all other fields with spin different from zero must vanish, while scalar fields must
take constant values. Then, in presence of a non-trivial scalar potential, vacuum
configurations correspond to critical points of the potential. The value of the potential
at the critical point gives the vacuum energy density and acts as a cosmological
constant, thus establishing if the vacuum solution corresponds to a Minkowski, de
Sitter or Anti-de Sitter spacetime.
Some remarks are worthwhile [6]:

* the most general maximally symmetric field configurations could involve, apart
from constant scalar fields, also non-trivial Lorentz invariant fermionic conden-
sates, such as gaugino condensates (AA) # 0. However, at energies far below
the condensation scale, they would be described in an effective field theory as
additional scalar fields;
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¢ what we call supergravity vacua are a subcase of the vacuum solutions to Ein-
stein equations, i.e. those solutions where the only contribution to the energy
momentum tensor comes from a vacuum energy density. The two concepts do
not coincide because vacuum solutions in general relativity allow for a spacetime
metric which is not necessarily maximally symmetric.

In this thesis we have chosen to focus on Minkowski vacua, where the scalar
potential takes a vanishing expectation value, and their higher-dimensional origin from
string compactification. However, there are plenty of reasons to investigate also de
Sitter and Anti-de Sitter vacuum configurations. The existence of de Sitter vacua, in
particular, can be very interesting also from a cosmological perspective, because, due to
the positive effective cosmological constant at the vacua, they could provide theoretical
models for inflation. On the other hand, Anti-de Sitter vacua can describe, via the
holographic correspondence, conformal fixed points of some dual (three-dimensional)
field theory, then they could take a role in the analysis of the renormalization group
flow in the dual framework.

5
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FLUX COMPACTIFICATIONS AND GAUGED SUPERGRAVITY

Gauged supergravity arises starting from a theory containing ny abelian vector fields,
under which none of the matter fields are charged, namely an ungauged supergravity. A
gauged supergravity theory can be considered as a deformation of the corresponding
ungauged theory, obtained if some global symmetry group is promoted to a local
symmetry, coupling it to the formerly abelian vector fields of the theory and introducing
minimal couplings with the matter fields. In the context of gauged supergravity,
however, the most general gaugeable group is not a subgroup of the global symmetries
of the lagrangian, but rather of a global symmetry of the equations of motion, the
so-called U-duality group Gy.

Once the duality group of the ungauged theory is fixed, all possible gaugings can be
described through the embedding tensor, which parametrizes the way the gauge group is
embedded into Gy. This formalism was originally developed for three-dimensional
supergravity theories in [7], [8] and then extended to higher dimensions. Writing
the action in terms of the embedding tensor allows to keep "implicit" the choice of
the gauging and then to formally restore the global symmetries of the ungauged
model, which are in general broken by the gauging procedure, in particular symplectic
covariance.

On the other hand, supergravity theories in four dimensions can be seen as low-
energy effective theories deriving from compactifications of ten-dimensional superstring
theories or eleven-dimensional M-theory. In this framework, the geometry of the
compact internal manifold and the way compactification is performed affect the field
content, but also the symmetries of the lower-dimensional theory. Compactification on a
Ricci-flat internal manifold in absence of fluxes gives an ungauged supergravity theory,
but if the compactification is made in presence of fluxes (either fluxes of higher-order
form field strengths, geometric or non-geometric fluxes) then gauged supergravities
come up.

In this chapter, the main features of gauged supergravity theories will be presented,
starting from the description of gaugeable global symmetry groups in the ungauged
theory, and then the concept of flux compactification will be introduced, with particular
attention to the way of deriving the gauge algebra of the reduced theory.
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FLUX COMPACTIFICATIONS AND GAUGED SUPERGRAVITY

11D M-theory
10D superstring theory

reduction on
flat internal space

4D ungauged 4D gauged
supergravity gauging ~ | supergravity

2.1 GLOBAL SYMMETRIES AND GAUGING PROCEDURE

flux compactification

In theories of ' = 1 supergravity, the scalar potential is the result of two different con-
tributions: F-terms, coming from an holomorphic function, the so-called superpotential,
and D-terms, which are related to the gauging ([9], [10]). For N' > 2, F-terms are no
longer allowed and then the scalar potential is completely determined by the gauging.
This means that for ungauged theories of extended supergravity no scalar potential
can arise; as a consequence, all scalar fields of the theory should remain massless.
Having a non-trivial potential is also crucial for describing scenarios of spontaneous
supersymmetry breaking, since vacua of supersymmetric theories coincide with its
critical points: in absence of the scalar potential, a fully supersymmetric Minkowski
spacetime is the only possible maximally symmetric vacuum configuration, while vacua
of gauged supergravity can show different supersymmetry breaking patterns.

Since the gauging procedure starts by promoting some of the global symmetries
of the theory to local symmetries, it is important to highlight which kind of global
symmetries our theories could show.

2.1.1  Electric-magnetic duality

For any field theory containing vector fields, there exist a natural generalization, first
described by Gaillard and Zumino [11], of the electric-magnetic duality showed by
Maxwell’s equations, which can be expressed as the symmetry of Bianchi identities and
equations of motion for the gauge potential A under the exchange of the field strength
F = dA and its Hodge dual F.

Having a theory with ny abelian vector fields A!, coupled non-minimally with other
fields ¢, the lagrangian

1 1 ~ 1
e IL = EIUFIW jal 1RUP’W el EOI”VPIW + e Lrest (2.1)

(where 7;;, R, are scalar field-dependent symmetric matrices and O, is a tensor
with generic dependence on the fields ¢ I and their first order derivatives, while Lyest
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includes all terms which are not function of the A') is invariant under local abelian
U(1)"v transformations, under which the vector fields transform as A;II — AIIJ + BHAI .
The Bianchi identities for the vector fields dF! = 0 are still valid, but equations of
motion are modified by non minimal couplings. However, if we define

~ oL(FL,zi,a7) 1 oo

Gl = ZW = EeyvpaG] , (2.2)
the new equations of motion for vector fields can be written again as Bianchi identities
for the dual field strengths G;

oL

H_—=
9 al:‘l;w

=0 & dG; =0, (2.3)
and (2.3) implies that one can define, at least locally, ny dual 1-forms A; such that
dA; = Gj. The system of equations {dF =90, dG; = O} is in principle invariant under
general linear transformations of GL(21,, R) mixing the field strengths F! and the G,
but the symmetry has to be constrained if we want to mantain the definition of the G;
in terms of the F!. In particular, we can consider infinitesimal transformations of the
form S =1+ <Ié D
the field strengths is

>, where A, B, C, D are ny x ny real matrices, whose action on

6F' = A, F/ + BUGy,

(2.4)
6G; =C F + D/, 4

and analogously on the dual field strengths {f I, G 1}. Varying both the LHS and the
RHS of eq.(2.2) and using the explicit expression (2.1) of the lagrangian to write the Gy,
G 7 in terms of the F!, F! one can obtain the variations for 7, % RU and then consistency
requires that C = CT, B = BT, D = — AT, i. e. that the symmetry group is Sp(2ny, R).
Still, symplectic invariance of the system of Bianchi identities and equations of motion
for the vector fields does not imply automatically invariance of the remaining equations
of motion, nor invariance of the lagrangian, which transforms as

1 1 ~
0L = JCyyFly P 4 1 BYG 0 G+ 0Lt (2:5)

Neglecting for the moment the transformation rules of L, duality rotations which
do not affect the lagrangian are those with B = C = 0 (but the term F!CjjF! just
corresponds to a total derivative).

2.1.2  Global symmetries and symplectic frames

Since we are considering theories containing not only the vector fields, but also different
types of bosons and fermions, we should ask now how the electric-magnetic duality
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group acts on the other fields and which group of transformations Gy; leaves all their
equations of motion invariant. It turns out that this invariance can be obtained if we
impose that the duality transformations do not change the lagrangian sector which we
called Lest [6].

For the scalar sector of the lagrangian, the global symmetry group coincides with
the isometry group G of the scalar manifold. If the action of this group on the scalar
fields comes together with a linear action on the vector field strengths and their duals,
which in particular should define a 21,-dimensional symplectic representation Ry of
G, then the group is a global symmetry group of the field equations. This is always
the case in theories of extended supergravity, because supersymmetry connects vector
fields with (at least some of) the scalar fields®, so that transformations of the ones and
of the others necessarily come together and then we have G;; = G. In the most general
case in which the theory includes fields not having a direct coupling to vector fields, if
Ginert is the global symmetry of such fields the largest global symmetry group of the
equations of motion is Ggiobal = Gu X Ginert-

As already mentioned, Ggjopal is not a symmetry of the lagrangian, which could be
modified by generic transformations of Gy = G C Sp(2ny, R). Different lagrangians
correspond to different symplectic frames, i.e. to different choices of which elements,
in the basis of the 2ny-dimensional representation Ry (G), are taken to be the vector
fields appearing in the lagrangian, namely the electric vector fields Al and which are
their "magnetic" duals A;. Elements of the double quotient space

GL(ny,R) \ Sp(2ny,R)/G (2.6)

are in 1-to-1 correspondence with lagrangians that cannot be obtained one from the
other by local redefinitions of the scalar and vector fields ([12], [6]) (in particular,
GL(ny,R) transformations give a local redefinition of the electric vector fields in the
lagrangian, while G acts on both scalars, as a group of isometries on Mg,1,r, and vectors,
with its representation Ry (G)) . Each of them will have a different global symmetry
group, defined by the subgroup Gejetric C G sending electric field strengths into
themselves. In the context of ungauged supergravities, these inequivalent lagrangians
all share the same equations of motion and then give the same physics, but the choice
of the symplectic frame becomes relevant when the gauging is introduced and vectors
become minimally coupled to other fields.

2.1.3 General gauging procedure

From now on, we will always assume that the most general group of global symmetry of
the equations of motion is simply Gglopal = G = Iso(Mcalar)- This is always guaranteed

Scalar and vector fields always sit in the same multiplets in the case of N > 3 theories, while for N/ =2
scalar fields are in both vector multiplets and hypermultiplets, then isometries of the manifold described
by the latter correspond to trivial transformations of the field strengths [12].
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for supersymmetric theories with A/ > 4, since vectors and scalars necessarily are in
the same multiplets. The action of isometries (seen as global symmetries) on the scalar
fields is

St =l (27)
where &; are the Killing vectors of the scalar manifold, verifying V;¢1;) = 0. Gauging
such transformations means, as usual, that we require symmetry under transformations
with spacetime-dependent parameters a!(x). In supersymmetric theories, since the
field content is arranged in multiplets of fixed length, the addition of new vector fields
is not permitted, then the gauge fields of the theory are taken from the ny independent
vector fields of the ungauged theory. As a consequence, we can derive a constraint on
the dimension of the gauge group, which is

dim(Ggauge) < 1y - (2.8)

Moreover, since the field strengths should transform in the adjoint representation
of the gauge group, but we already know that they transform in a 2ny-dimensional
representation of G, which is usually the fundamental one, we get

adj(Ggauge) C fund(G) .

Once some of the global isometries are turned into local transformations, the
introduction of covariant derivatives for the scalar fields

ayq)i — 5,,goi = a;,qf' +gAi,§§ (2.9)

is needed in order to restore gauge symmetry of the scalar kinetic term. The formerly
abelian gauge transformations of vector fields are modified to include terms depending
on the structure constants of the gauge group

AL =0l (x) + gf! Ahak (2.10)
and also the field strengths are replaced by non-abelian ones

j\l

v = 20, Al + gf i ALAY . (2.11)

Here we do not reabsorbe the coupling constant ¢ into the vector fields in order to
make clear the order in g of each modification to the lagrangian.

The introduction of covariant derivatives and non-abelian gauge transformations,
while ensuring gauge invariance of the theory, on the other hand breaks supersymmetry.
In order to restore it, mass-like terms for fermionic fields have to be introduced in the
lagrangian (see [13]):

eilf’mass - g(Az] E;'Y]le]/ + Bai XA'YMIIJ; +Cas XAXB) +h.c., (2-12)

11
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where I/JL and x? generically denote gravitini and spin-1/2 fermions contained in
the theory (indices i and A label some representations of the R-symmetry group),
while tensors A;j, Bai, C4p depend on the scalar fields. These mass terms cancel all
supersymmetry violating terms linear in g if they come together with modifications of
supersymmetry transformation rules for fermions

Pl = doyl, — gATye; ,  ox* = dox — gBYe;, (2.13)

where §y denotes the supersymmetry variations before gauging and ¢; are the in-
finitesimal parameters of supersymmetry transformations. Finally, in order to restore
supersymmetry also at higher order in g, the addition of a term of order g2 is required:

eflﬁpot = gZ (BAiBAl' — Al]Al]) , (2.14)
which gives the gauging-dependent potential for the scalar fields.

2.2 THE EMBEDDING TENSOR FORMALISM

As anticipated, a very efficient way to describe gauged supergravities and also to
perform a systematic analysis of all possible gaugings of a given supergravity theory is
through the embedding tensor formalism. Once the embedding tensor is defined, it
completely parametrizes not only the gauge group, but also the way it is embedded
into G and eventually into Sp(2ny, R).

We will discuss this formalism under the assumption that the scalar manifold is
a homogeneous space, i.e. that the isometry group G has a transitive action on the
manifold (the group action allows to go from any point to any other point over the
manifold). This means that the manifold can be seen as a coset manifold G/H, where H
is the isotropy supgroup of G leaving a chosen point invariant. Each point ¢ of such a
manifold can be described through its coset representative, which is an element of the
group G denoted by L(¢). The assumption, though simplifying the formal treatment of
gauging procedure, is not restrictive in the context of extended supersymmetry. Indeed,
in all theories with A/ > 3 and in part of the theories with A/ = 2 the scalar manifold is
constrained by supersymmetry to have the form of a coset manifold (see [6], [12] for
the explicit coset structure of all N' > 3 scalar manifolds).

If t, € g are the generators of the isometry group G, we can specify the generators
of Ggauge as linear combinations of the ¢,

Ta = my"ty with A = 1,...dim(Ggauge) , (2.15)
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where m ,* is a constant matrix, completely generic but for the fact that the resulting
generators T4 must have closed commutators in order to correctly define an algebra®.
In a similar way, the vector fields chosen to define the gauge connection are

A=Al (2.16)

where AM = {Al, A|}. These informations can be encoded in a single object if we
renounce keeping indices A over the adjoint representation of Ggauge and only use
representations of G. In this way we can define the embedding tensor

Opf = npm~ (2.17)

It transforms under G in the product of its fundamental and adjoint representations,
hence allowing to write the action and the equations of motion in a G-covariant way
(G-covariance is broken only when we assign a specific value to ®,,*, thus fixing the
gauging). In this formalism, we can define gauge generators as

Xm = O "ta (2.18)

even if, being 2ny, they are not linearly independent. The vector and scalar fields before
the gauging transform under the global symmetry group G (using the formalism of
coset representatives for scalar fields) as

6L = A*(toL+ Lw,) , (2.19a)

SAN = — A" (t)NMAY (2.19b)

where the A* are constant parameters, w, is the so-called H-compensator, which is an

element in the Lie algebra of H (see (A.9), (A.10), (A.11)), and (t,x)NM are G generators

in their 2ny-dimensional representation. Once the gauging is introduced and covariant
derivatives are defined, the theory is invariant under the following transformations:

SL = gAM(XmL + LOy wy) , (2.20a)

SAN =0, AM — g Al X\pM AT = 0,AM, (2.20b)

where X, pM = ©,*(t.) pM and AM is now a local parameter AM(x).
2.2.1 Constraints on the embedding tensor

In order for the embedding tensor to define a consistent Lagrangian with local gauge
symmetry, it has to satisfy two types of constraints [13]. The first set of constraints is

Actually, the case in which the generators T4 close in a Lie algebra is not the most general one. When
the theory contains antisymmetric tensor fields, in presence of non-abelian gauge couplings the gauged
algebra can take the structure of a free differential algebra (FDA) (see [14], [15] and section 2.4.1).

13
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quadratic and comes from requiring that the tensor ©® is invariant under the action of
the generators X, i.e. that it does not transform under the gauge group. It can be
expressed as

SmON* = ©,,L5,07 = 0,/ (t5)1"Op* + 0,/ (t5),"0y" =0, (2.21)

where the generators in the adjoint representation (f4)," are nothing but the structure
constants of g algebra. If the LHS of (2.21) is contracted with a generator ¢,, the
quadratic constraint on © allows to derive the closure of the gauge algebra

(X, Xn] = —Xun' Xp . (2.22)

A further quadratic constraint is needed since we have defined 2ny generators Xy, but
at most ny mutually local vector fields can enter the gauging procedure, consistently
with (2.8). The condition

0,0,/ oMY =0, (2.23)

where OMN is the 21y x 2ny symplectic matrix, guarantees that electric and magnetic
charges are mutually local, so that a symplectic frame can be always chosen in which
the gauging is purely electric [16]. This locality requirement is automatically verified if
the other constraints are imposed whenever scalar and vector fields are always in the
same multiplets, as it is the case for N > 3 theories.

The linear constraints on © are imposed by supersymmetry: the embedding tensor
transforms under the product of the fundamental and adjoint representations of the
duality group, which is reducible, but supersymmetry requires that ® only transforms
in a subset of the representations obtained by decomposition. This can be expressed
as a linear projection P® = 0, where [P projects on a subset of the representations
contained in the product of fundamental and adjoint ones. The explicit expression of
this constraint depends on the spacetime dimension and on the number of supercharges,
but in 4 dimensions it can be expressed as

2.3 FLUX COMPACTIFICATIONS AND GAUGING

Gauged supergravity theories have acquired a special interest in the context of flux
compactifications of higher-dimensional theories, because they provide an example of
deriving, from superstring theory or M-theory, models with phenomenologically desir-
able properties, such as mechanisms of supersymmetry breaking, or the introduction
of mass terms.

In particular, standard dimensional reduction usually generates massless scalar
fields (associated with the geometry of the internal manifold), which is problematic in
a "realistic" 4-dimensional field theory. Indeed, such fields would generate long range
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interactions that are unacceptable in our observed universe, i.e. are not compatible
with the limits imposed by fifth force experiments. The introduction of fluxes, for
instance by giving a non-trivial expectation value to some tensor field, causes instead,
in the lower-dimensional theory obtained after reduction, the introduction of minimal
couplings between vector and scalar fields and the emergence of a scalar potential
giving masses to the moduli fields, all features typical of the gauging procedure.

2.3.1  Kaluza—Klein reduction

The simplest way to perform a dimensional reduction is through spontaneous com-
pactification, which generalizes Kaluza—Klein procedure first followed in an attempt
to unify gravity and electromagnetism in 4 dimensions starting from a 5-dimensional
theory of pure gravity ([17], [18], [19]). The original idea has been widely used and de-
veloped because it provides a way to connect string theories, which are only consistent
in a precise spacetime dimension (D = 26 for bosonic string theories and D = 10 for
superstring theories), with 4-dimensional field theories [20]. Physics in 4 dimensions,
in particular supersymmetric theories and extended supergravities, can be recovered as
low energy approximation of an higher-dimensional theory.

Having a theory in D dimensions, we look for solutions where the D-dimensional
spacetime geometry can be split as

MD — M4 X Mint , (2.25)

where Mip: is a (D — 4)-dimensional compact manifold. In particular, having a Ricci-flat
internal manifold (as it is the case for a torus or a Calabi—Yau space) allows to solve
the D-dimensional equations of motion for the metric R? = 0 in such a way that the
manifold is split into

MD = ]Mink4 X Mint . (2.26)

If the D-dimensional fields are expanded in normal modes of My, the coefficients of
the expansion can be interpreted as fields satisfying their own equations of motion in 4
dimensions. Under the assumption of a sufficiently small size of the internal manifold,
the lower-dimensional effective theory is obtained by retaining, among these fields,
only the massless ones.

Such a procedure allows to obtain ungauged supergravity theories from compact-
ification of superstring or M-theory. As an example of how the field content of a
4-dimensional theory arises from the spectrum of the original theory, we mention
that ' = 8 supergravity, which we will discuss in the following chapters, can be
derived from 11-dimensional supergravity, by performing Kaluza—Klein reduction
over a 7-dimensional torus T’. The 11D theory, first described in [21], contains a

15
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graviton, a gravitino and a 3-form field A. After dimensional reduction, the 4D fields
(for simplicity we just focus on the bosonic sector) are

Su 1 graviton
g — 8um 7 vector fields (2.27)

SumN 28 scalar fields

Ao
A,m 7 tensors

no physical degrees of freedom in 4D

A — (2.28)

A,pn 21 vector fields

Aynp 35 scalar fields

where the notation employed splits the coordinates of the original 11D manifold into
compact and non-compact ones

= (x",yM)  with i=0,...10; u=0,...3; M=4,...10.

It is immediate to see that, after dualizing the 7 massless tensors to massless scalar
fields, we get back the bosonic spectrum of 1 graviton, 28 vectors and 70 scalars that
characterizes maximal supergravity in 4 dimensions.

The abelian U(1)?® gauge symmetry of the theory originates in part from the
gauge symmetry of the 3-form 4, i.e. invariance of the action under transformations
of type A — A+ dX where ¥ is a 2-form, and in part from the invariance under
diffeomorphisms. This can be observed by writing explicitly the reduced metric

dsp = @ix“dxi +&mn (GM dxt + dy™) (GN, dx" +dy™) , (2.29)
ds?

where, to match the previous definition, g,,; = GN u8nm- In a Kaluza—Klein reduction,
all the fields only depend on the non-compact coordinates x/3

Sy = g;w(x) ’ SMN = gMN(x) ’ GMpL = GMy(x) ’

and the original invariance under diffeomorphisms of the D-dimensional theory is
broken. Since the dy™ transform under residual diffeomorphisms as dy™ — dy™ +
dw™(x), to keep invariance of the vielbein GM,dx# + dyM it is necessary that the so-
called Kaluza—Klein vector fields GMP transform as GM]‘ — GMV — awa, which is
precisely a gauge transformation in 4 dimensions.

3 In other words, the vector fields d)s generate isometries for the theory [22].
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2.3.2  Fluxes and the origins of gauging

A generalization of spontaneous compactifications is obtained if we admit the presence
of non-vanishing fluxes. If we still take as our model the 11-dimensional supergravity
theory (discussed in [23]), the 3-form A is associated to a "field strength", i.e. a
4-form H such that, at least locally, H = d.A; introducing a constant flux for H
means giving it a non-trivial expectation value over the internal manifold, of type
(Hyvpg) = hynpg # 0. In absence of fluxes, the reduced 3-form could be written as
1 1

A(x,y) :ﬁAHVP(x) dxt A dx¥ A dx + EAva(x) dxt A dxV A dyM4- 50
2.30

1 1
+ 5 Aumn (X) dx A dy™ A dy™ + 2 Ayap () dy™ A dy™ Ady”

where all the 4-dimensional fields only depend on the non-compact coordinates. The
constant flux is the result of adding to the expression (2.30) a 3-form o = o (y) (so that
A — A+ o) with explicit dependence on the compact coordinates y™, whose exterior
derivative is by definition

do=h= %hMNPQ dyM A dyN A dy” AdyQ. (2.31)

How the introduction of a flux corresponds, at the level of the 4-dimensional effective
theory, to a gauging can be easily showed by just considering the kinetic term for the
3-form in the 11-dimensional lagrangian —5; H, i H iikl After dimensional reduction, it
gives rise to the kinetic terms for scalar and vector fields derived from the 3-form

9, Annpd”" Agrs gMeghiehs a[y'Av]MNaLu‘AV]PQ gMrehe, (2.32)

where we can observe that scalar fields define a ¢ model, with a metric on the scalar
manifold which depends on the scalar fields (in this case the ones coming from
dimensional reduction of the 11D metric), and also non-minimal couplings between
vectors and scalars appear in the gauge kinetic term.

In presence of fluxes, new terms appear in the 4-dimensional lagrangian: first of all,
a contribution playing the role of potential for the scalar fields

hI]KLhMNPQ gIngNgKPgLQ = V(gmn) - (2.33)

On the other hand, kinetic terms for scalars and vectors are modified respectively by
couplings of the form

- Amnphyk 8M8™ N 9y A ke 8118 ¢ RN (2.34)

which allow to recover both covariant derivatives for scalar fields and non-abelian field
strengths
OuAnpe = O Anne + ainpo Gu® 1 Hyan = 201, Ayun + hnpoGy GO -
(2-35)
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These results show again how the constants /1y po, which we interpret as fluxes over
the internal manifold of the higher-dimensional theory, give direct information about
the gauging of the corresponding 4D supergravity theory and also about the embedding
of the gauge group.

From the expression of non-abelian field strengths in eq.(2.35), it is immediate
to notice that the constant fluxes h,,\p, have the role of structure constants of the
non-abelian gauge group. More precisely, denoting with A = {GM, Axp} the gauge
vector fields, we can introduce the associated generators spanning the Lie algebra of
the gauge group

To = {Zm, WN'} (2.36)

and then eq.(2.35) translates into the following non-vanishing commutator:

[Zm, ZN] = hynpW'e (2.37)

In other words, this relation tells us that the commutator of two infinitesimal transforma-
tions under diffeomorphisms of the internal manifold results in a gauge transformation.
If we do not introduce other types of fluxes, all the remaining commutators of the
algebra will vanish

[Zu, WNP] =0 ,  [WMN WP =o; (2.38)

but there exist other possible ways to deform the theory and introduce mass parameters,
then switching on additional commutators.

2.4 REDUCTION ON TWISTED TORI

In the previous paragraph, fluxes have been introduced arising from a dependence on
internal coordinates of some components of the 3-form A. Another possibility is to
include fluxes coming from internal coordinate dependence of the metric components;
such a dependence can be completely general, provided that the internal compact
manifold has an isometry group with a transitive action on it and with the same
dimension as Mjp;.

This procedure amounts to introducing deformations of the geometry of the internal
manifold; they can be described, if we consider the expression (2.29) for the reduced
metric in the case of compactifications on a flat space, by replacing the coordinate
basis dyM with a basis of (nowhere-vanishing) 1-forms 7™ depending on the internal
coordinates

™ = NyM(y)dyN . (2.39)

The matrix Ny defines a "twisting” of the vielbeins with respect to the coordinate
basis dyM and dimensional reductions performed in this context are usually referred
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to as compactifications on twisted tori*. At the level of the effective 4D theory, this
procedure is equivalent to the mechanism, first described by Scherk, Schwarz [24]
and Cremmer [25], for introducing mass couplings for the moduli fields in theories
coming from string compactifications. The interpretation of (2.39) is that we could
perform compactification still on a flat compact manifold, but changing some "boundary
conditions" on it, i.e. imposing that the theory is invariant under some additional
(usually discrete) group of transformations [26]. As a consequence, the coordinate basis
dyM may be no more well defined globally on the internal manifold, but (2.39) allows
to get vielbeins which are globally defined.

The 2-forms obtained from exterior derivatives of the vielbeins #™ can be expanded
as

1
dy't = ST AT (2.40)

Following [22], we can define a basis of vector fields Zj; on the internal manifold which
are dual to the 1-forms: Zyn™N = 6,,N. They are the Killing vectors generating the group
of isometries of the internal space; this group, as already mentioned, necessarily has
the same dimension of M. The Zj; vectors generalize the homonymous generators
defined in (2.36), which in the case of dimensional reduction over a flat internal
manifold just corresponded to translations of the compact coordinates.

The constant parameters T, in order for the gauge algebra to be well-defined,
must satisfy

TMR[N TRPQ] =0, (2.41)

which can be easily obtained from (2.40) exploiting the property of exterior derivatives
d? =0, and

Mo
™"mn =0, (2.42)
which comes from requiring invariance under isometries of the internal volume element
_ 1 M Mp_4 ; —
‘/int — WEMI---MD7477 1 /\.../\7’] b 4, 1.e. EZM‘/int —0.

2.4.1  Gauge algebra

In generic dimensional reductions, one has to find, starting from gauge transformations
and internal space diffeomorphisms acting on the fields of the D-dimensional theory,
the structure of gauge transformations for the 4-dimensional fields of the effective
theory. Once this analysis is performed, gauge transformations of vector fields can be
used to determine the gauge algebra, i.e. to find its structure constants. Indeed, all the
commutators between generators of the algebra can be obtained by evaluating products
of infinitesimal gauge transformations over the vector fields, which for sure provide
a faithful representation of the gauge group. This method is described in detail in

Despite the name, the formalism developed can be also applied for more general reductions, where the
internal manifold has not necessarily the geometry of an n-torus, as explained in [22].
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[22], where dimensional reduction is performed starting from 10-dimensional heterotic
string theory.

Calling T, the algebra generators and w*” the corresponding infinitesimal parameters,
taking two gauge transformations g = exp (iw{T,), h = exp (iw§T,) and exploiting
Baker—Hausdorff formula, we find

ht -g_1 ‘h-g=1+ w?wg[Ta, Ty] + O(w?’) =1+ wi’wé’fdbcTC + O(aJS) . (2.43)

Hence, replacing g, h with the explicit expression of gauge transformations for vector
fields, one can derive the structure constants fabc.

The application of this procedure to the compactification of M-theory on twisted T’
in presence of fluxes can be found in [23]. In this case, taking the algebra generators
(2.36) and infinitesimal parameters w” = {wM,Zyp}, infinitesimal gauge transfor-
mations for the vector fields coming from reduction of the metric and the 3-form
are

M M_ .M NAP

0G", = ™ — T \pw Gy,
_ P S S

5"4‘MMN = ayZMN + 2G ]lT P[MZN]S — ZCUQT Q[MA}lN]S+

— (,URI’IRMNQGQM — TSMN (ZyS —+ ZSRGRM) ,
and the non-vanishing commutators of the resulting gauge algebra are

[ZM, ZN] - hMNPQWPQ + TPMN ZP ’

(Zn, WNP] _ ZT[NMQ wrlQ (2.44)
The full algebra does not verify, in general, vanishing of Jacobi identities, because it
cannot be described as an ordinary Lie algebra: it has a more complicated structure,
which can be formalized employing Free Differential Algebras (see [14] for a general
definition). These algebras are characterized by generalized Maurer—Cartan equations,
which do not involve only 1-forms, but also higher-rank forms, in this case the 2-forms
A, mn- Integrability conditions of the FDA constrain the algebra structure constants
[15]: in addition to (2.41), one also obtains

TN[U hgevgn =0 (2.45)

which has the 11-dimensional interpretation of a Bianchi identity for the 4-form field
strength h. The Jacobi identities for vector fields Zy, take the form

[Zm, 1Zn, Z6)) + [Zn, [Ze, Za) + [Zp, [ 2, ZN]) = WRRT ok Banips (2.46)

and then the Lie algebra structure can be recovered if TSQR hyinps = 0.
From a purely 4-dimensional perspective, whether the gauge algebra is a Lie
algebra or not is not an intrinsic property of the gauge group, but rather depends on
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the particular symplectic frame, i.e. on the way Ggayge is embedded into G. Then,
even in the cases when the gauge algebra of the theory obtained from compactification
is just a free differential algebra, the Lie algebra structure can be recovered through
a duality rotation that makes the gauging purely electric, as it is guaranteed by the
locality constraint on the embedding tensor. In such a frame, the magnetic charges
disappear and the tensor gauge fields are dualized to scalar fields (see also section

4.2.3).
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NON-GEOMETRIC FLUXES, ASYMMETRIC ORBIFOLDS AND
FLAT VACUA

In the last part of chapter 2, we have discussed the gauge algebra obtained from
compactification in presence of the so-called geometric fluxes. The algebra structure
(2.44), however, is not the most general one can obtain. If we denote by Z); again the
gauge generators arising from dimensional reduction of the metric and by XM the
generators associated with the vector fields obtained from reduction of a 2-form Bjj*, in
principle we could have [27]

[ZM/ ZN] = hMNpXP + TPMN Zp, (3.1a)
[Zan, XN = TN p X+ QNP Zp, (3.1b)
[AM, AN = QMNP + RMNPZ,, (3.1¢)

Such supergravity gaugings always exist from the lower dimensional point of view
and, actually, they can be also consistently realized in the full string theory [28]. On the
other hand, a general gauging containing the so-called Q-fluxes and R-fluxes cannot be
obtained by a geometric compactification of a higher dimensional supergravity theory.

Then, in this chapter we focus on the string origin of supergravity theories in
presence of Q- and R-fluxes . In general, when there is no supergravity compactification
that gives rise to a certain gauged supergravity theory in lower dimensions, we say that
the lifting is non-geometric [27]. They can result from intrinsically stringy constructions
such as reductions with duality twists, T-fold reductions or asymmetric orbifolds. From
the point of view of string theory as a two-dimensional conformal field theory, the need
of such constructions is somewhat obvious, in the sense that there is no reason a priori
why the target space should have a conventional geometric interpretation.

Another way of seeing the difference between geometric and non-geometric string
compactifications is the following [29]: a string solution is geometric when the back-
ground fields constitute a spacetime manifold whose transition functions between
overlapping coordinate patches only involve standard diffeomorphisms and possibly

The change in notation is motivated by the fact that we now consider mainly compactification of 10-
dimensional theories, while in the previous chapter we took as a prototype compactification of 11-
dimensional supergravity, where the field content includes a 3-form field.
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gauge transformations. Conversely, if the transition functions are allowed to involve
some duality transformation, the corresponding backgrounds preserve only locally the
structure of a Riemannian manifold, but not globally. When the duality transformation
is a T-duality, the corresponding background is called T-fold (the name was proposed
in [30]) and, from the point of view of (3.1), corresponds to turning on Q-fluxes.

There exist another class of backgrounds that do not look like conventional spaces
even locally: they are connected with the presence of R-fluxes. It can be shown that
in some cases such backgrounds have a point in moduli space that minimises a scalar
potential and at which the theory can be constructed by a special type of asymmetric
orbifold, so that they can be thought of as giving deformations of asymmetric orbifolds.

In this chapter, in order to show how non-geometric fluxes can appear in the gauge
algebra, we first describe the general features of compactification in presence of duality
twists. Later, we introduce the orbifold formalism, focusing on the equivalence between
compactification with duality twists and orbifolds, the role of orbifold points in allowing
for T-duality transformations and the possibility of decoupling left-moving and right
moving coordinates in the case of asymmetric orbifolds. Finally, we present some
results, obtained from string theory computations, about compactifications in presence
of asymmetric orbifolds and their consequences in terms of partial supersymmetry
breaking in the reduced 4-dimensional theory.

3.1 DUALITY TWISTS AND NON-GEOMETRIC FLUXES

We describe compactifications with duality twists, which can be interpreted as a
generalization of the Scherk—Schwarz reductions described in 2.4. Starting from a
supergravity theory with a global symmetry group G, we can introduce twists in the
compact directions by an element of the group G.

We will introduce the general formalism considering, for simplicity, the case of
twisted reductions of a theory in D + 1 dimensions on a circle of radius r, parametrized
by a periodic coordinate y ~ y 4 27tr. The fields should sit in some representation of
G, i.e. they transform under the action of the group according to ¢ — g[y], for any
g € G. In the twisted reduction, the fields are chosen to have a dependence on the
circle coordinate of type

(' y) =g [¢(x")], w=0,...D-1. (3-2)

Fixing the choice of ¢(y) means taking a section of a principal fiber bundle over S! with
structure group G (whose fibers for any point of S' are homeomorphic to the group G
itself).

In order to have a consistent reduction, we have to require the reduced theory to be
independent of y, which means that

g(y) =exp (My> , (3:3)

27ty
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where M is an element in the Lie algebra of G. Going around the circle once, the fields
are not periodic, but acquire a non-trivial monodromy given by

M(g) = g(2mr) g(0) ' =exp M. (3-4)

The twist group of the bundle is defined to be the discrete abelian subgroup of G
generated by the monodromy M [31]. Its elements can be viewed as the twists
obtained if we go around the circle more than once. If the twist group is a finite group
of order n, then the principal bundle has a trivial n-fold covering; in other words, if the
twist group is Z, we can take a larger circle of radius nr as a covering of the original
circle of radius r and the principal bundle built on this base space will have a trivial
monodromy, since M" = 1.

While the low-energy effective action of our theory is invariant under G, if we
consider the full quantum theory the symmetry is broken to a discrete subgroup

G(Z) =GNSp(2k,2), (3-5)

where k is the number of independent vector fields of the theory. The subgroup G(Z)
has the property to preserve the self-dual lattice of electric and magnetic charges [32].
Therefore, while in classical supergravity any element of G can be used as monodromy,
a consistent twisted reduction that can be lifted to string theory requires that the
monodromy is in G(Z) [33].

After the twisted reduction, the theory in D dimensions will be a gauged supergrav-
ity, where the gauge symmetry group is the 1-dimensional subgroup of G generated
by the Lie algebra element M and the gauge field is the vector field arising from
Kaluza—KIlein reduction of the metric. The reduced theory does not depend, actually,
on the choice of ¢(y), but only on its conjugacy class in G. Indeed, if we change the
twist from ¢(y) to hg(y)h~!, where & is a constant element of G, the resulting theory is
equivalent to the original one up to a field redefinition ¢ — h[¢] [33]. Then, eventually
the reductions are classified by conjugacy classes of M in the Lie algebra.

M plays the role of a mass matrix for the reduced theory; the fermion mass terms
and the modifications of the supersymmetry transformation rules that characterize the
gauged supergravity (as discussed in chapter 2) depend linearly on M, while the scalar
potential, which is a generalization of the Scherk—Schwarz potential [24], is a quadratic
function of the mass matrix [31].

3.1.1  T-duality twists and Q-fluxes

We want now to give some details about the gauge algebra resulting from compacti-
fication with duality twists, i.e. to show how the Q- and R-fluxes come out. To this
purpose, we consider, following [27], [28], theories obtained by compactifications from
D +d 41 dimensions on d-dimensional twisted tori (in presence of a 3-form field
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strength). The reduced theory in D + 1 dimensions is covariant under the action of an
O(d,d) group, as it was shown by Kaloper and Myers [22]. In the case we start from
an heterotic string theory, the O(d, d) symmetry is contained in a larger O(d,d + 16)
symmetry group, while for type II strings it is a subgroup of the U-duality group.

Then, we want to further reduce on a circle introducing a twist. In the string theory,
the monodromy associated to any twisted reduction has to be in the discrete T-duality
group O(d,d; Z)

P(xt,y) = exp (?ﬁg) [p(xH)] with M =expM € 0(d,d;Z) . (3.6)

In order to understand the resulting gauge algebra structure, we introduce a notation
that allows to distinguish between the gauge generators coming from the S! reduction,
labeled by the circle coordinate y, and the remaining ones, which result from the
previous compactification over the d-torus

Tll = {Zy/Xy/ TD(} ’ TzX = {ZI/XI} . (3'7)

The non-vanishing commutators of the gauge algebra for our reduced D-dimensional
theory are
(2, Ta] = M Ty, (3.8)

where M,f is a proper 2d-dimensional matrix representation of the Lie algebra element
M. It can be decomposed, in the basis T, = {Z;, X'}, as

w,) u
MFP =1 T, :

where U, V, W are d x d matrices and U, V are antisymmetric, as it is required by the
fact that M should belong to the Lie algebra of O(d, d). Then, the gauge algebra can be
decomposed accordingly as

(Zy, Z1) = WIIZI + UUX] , (3.10a)
(2, X1 = -W,"x] + vz, (3.10b)
[ZI/Z]] = [XI/X]] = [Xyzzy] = [Xylzl] = [Xy’XI] =0. (3'10C)

We can easily compare the above commutators with the most general gauge algebra
(3.1), obtaining the following non-vanishing fluxes:
~ I
TIyI = T]yl -w/, hyy=Uy, Qy F=vl. (3.11)
Then, whenever we choose V!/ #£ 0, we obtain that T-duality twists can give rise

to a non-geometric compactification. Still, we have not described a way to turn on
non-trivial Q MNP or RMNP fluxes.
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3.2 ORBIFOLDS

Orbifolds can be defined as topological spaces obtained by taking the quotient of a
manifold by the action of a discrete group. Strictly speaking, this requirement does not
hold globally: an orbifold just needs to be locally homeomorphic to the quotient of
an euclidean space by a discrete group. If the group action is free, i.e. without fixed
points, the resulting mathematical object is still a manifold, while when fixed points
exist they result in singularities at the orbifold level.

If we consider a theory defined on such spaces, we have to take into account also
the action of the discrete group on the states of the theory. The Hilbert space of the
orbifolded theory includes the states (among all the states of the original theory before
taking the quotient by a discrete group) that are invariant under the group action, plus
the twisted sectors of states that are close up to non-trivial group transformations.

The fact that strings can consistently propagate on orbifolds was already pointed out
in [34], [35]. Putting together this result with the fact that, in string theory, left-moving
and right-moving excitations are allowed to live on different spaces (as it happens
for heterotic strings), in [36] it was proposed for the first time to consider asymmetric
orbifolds, where the left-moving coordinates of a string theory live on one orbifold and
the right-moving ones live on another orbifold.

The purpose of this section is to show how further generalizations of the gauge
algebra (3.10) are naturally realized in the context of orbifolds.

3.2.1  Again T-duality

In the previous section we have seen how to generate non-geometric Q-fluxes from
compactifications on a T-fold with monodromy in O(d, d; Z). This means that we have
reduced our theory from D +d + 1 to D dimensions on an internal space that can be

locally described as T x S, allowing for twists in the T-duality group of the d-torus.

Starting from this class of reductions, we can ask what is the action of T-duality on
the resulting theories. In particular, we can consider two different kinds of duality
transformations: those acting on the T fiber and those acting on the base space S'.

The first type of T-duality can be parametrized by an element of O(d,d; Z) that
modifies the mass matrix M specifying the twist in the following way:

M—M=0MO"', 0c0(d,dz). (3.12)

The metric and the 2-form field, which keep a dependence on the S! coordinate y, are
dualized with a linear fractional transformation depending on the matrix O and acting
on their sum £(y) = G(y) + B(y) (according to the Buscher rules [37]).
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It can be easily shown [28] that the above described procedure allows to start from
a block-diagonal twist-matrix

M= <V3] —S\/T> , (3.13)

corresponding to a compactification in presence of geometric fluxes 7, T and end up
with both geometric and non geometric fluxes (h, T, T, Q). Then, in this case Q-fluxes
are simply obtained by T-dualizing some geometric flux; we can distinguish them from
"truly non-geometric" Q-fluxes, which correspond to those cases when the matrix M
generating the monodromy is not in the same conjugacy class of "geometric" matrices
of the form (3.13).

3.2.2  Orbifolds and twisted reductions

The situation changes completely when we try to perform a T-duality along the S?
direction. The reason is that T-duality in its usual formulation requires translations in
the direction in which we dualize to be isometries, but the ansatz (3.6) for the twisted
reduction introduces an explicit dependence of the fields on the y coordinate. However,
there can be special points in the moduli space of our theory where translation along
the y direction actually becomes an isometry and then T-duality is allowed. These are
the orbifold points, because at such points the twisted reduction becomes equivalent to
an orbifold by a discrete symmetry of the d-torus followed by a shift along S'.

A detailed analysis of the connection between orbifolds and duality twist can be
found in [31], where the case of strings compactified on T? x S! is taken as a prototype.
First, we focus on duality twists of elliptic type, i.e. those obtained if the generator M
in the Lie algebra of O(d, d) is compact. This in turn happens if M is (or is conjugate
to) an element of the block-diagonal subgroup O(d) x O(d) C O(d,d). It can be shown
that, in the elliptic case, the monodromy M always generates a twist group of finite
order, which means that M" =1 for some finite n € IN and then the twist group is
isomorphic to Z,.

In general, the twist group acts on the fields, and in particular on the points of
moduli space, in a non-trivial way, but in the case there are points invariant under
the action of Z,, i.e. points at which Z, becomes a symmetry for the theory, then
a description in terms of orbifolds is possible. Remarkably, as clarified in [31], such
points correspond to stable minima with zero energy of the scalar potential arising
from compactification. It is immediate to see how we can construct an orbifold by the
Z, action. If the duality twist is defined along a circle of radius 7, then we can take its
n-fold cover, a circle of radius R = nr parametrized by a coordinate Y with periodicity
Y ~ Y +27R, so that all fields are periodic around this larger circle. In the orbifolded
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theory, the Z, group acts with rotations generated by the monodromy M together
with order n shifts along Y

27R
Y & Y+L—Y+27rr

In the case of twisted reductions over T2 x S!, the allowed orbifolds are associated
to the groups Z,, Z3, Z4, Zs, which are the only possible discrete symmetries of the
lattice associated with a 2-torus. They are in 1-to-1 correspondence with the 4 conjugacy
classes (apart from the trivial one) of elliptic monodromies My, M3, My, M.

Once we have sketched this description in terms of orbifolds at the stable points of
the scalar potential, we can perform a T-duality transformation along the S* direction.
The effect of T-duality is to exchange the circle of radius R with a circle of radius

= 1/R and coordinate Y ~ Y + 27R; the action of the Z.,, orbifold after dualization
1nvolves a shift of order 1 along the dual coordinate Y.

Then, T-duality can be carried out exactly at the orbifold point, but as soon as
we go away from this point the fields will acquire a non-trivial dependence on the
circle coordinate. A new background can be still constructed consistently by exploiting
deformations around the orbifold point after dualization [27].

Under T-duality along the circle direction, the gauge generator Z, is conjugated to
XY, so that a gauge algebra of type (3.8) becomes

(XY, T = M,PTy . (3.14)

In this context, it is possible to obtain non-trivial R-fluxes. Indeed, if we start from
a twist specified by a generator M with non-vanishing U, V, W, then after perform-
ing T-duality we get a compactification with 7, Q, Q and R fluxes. In details, the
correspondence is

h—7%, 7T—5Q, T—Q, Q—R, (3.15)

as it is reported in [28].

3.2.3 Asymmetric orbifolds and R-fluxes

Up to now, we have not specified a distinction between symmetric and asymmetric
orbifolds. Since we are considering twisted reductions over spaces of the form T¢ x S!,
the orbifold action involves a duality twist and a shift, so that we will have different
cases depending on whether the asymmetry concerns the T fiber or the base space S'.

Given that an orbifold is specified by its monodromy matrix M € O(d,d), we
can always interpret it as a rotation acting on the doubled torus T?! parametrized
by the standard "geometric" coordinates yl ,with I = 1,...d, and their duals yvl , Of,
equivalently, by the left-moving and right-moving coordinates y!, y%. We can choose to
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specify the orbifold action in terms of the y!, !, or y!, yk with a simple change of basis
for the monodromy matrix M.

Once the basis has been fixed, we can see explicitly whether the orbifold is symmet-
ric or asymmetric in the torus coordinates. In order to give some very simple examples,
we will consider for a moment that d = 2, so that we have a 2-torus specified by one
complex coordinate z = y* + iy?. The symmetric action of a Z; orbifold can be written

as
{ zL — eZm/kzL

M, .
zr — e2milkz

(3.16)
Starting from a symmetric orbifold, if we act with a T-duality transformation, as in
(3.12), the orbifold is modified to

M

{ S, (3.17)

zZr — e 2milky L

This is an asymmetric orbifold, because the action on left-moving and right-moving
coordinates is different, but it cannot give rise to truly non-geometric fluxes because the
compactification with geometric fluxes can be recovered via a duality transformation.

A truly asymmetric orbifold can be obtained, instead, if we consider Z; rotations
acting only on the left-moving coordinates

{ zl — eZm’/kZL

ZR — ZR

M (3.18)

In this case, the monodromy matrix cannot be dualized to a symmetric one, and indeed
such an orbifold would generate non-geometric fluxes. Some examples of symmetric,
asymmetric and truly asymmetric orbifolds for higher-dimensional tori can be found in
[28].

As a further generalization of the above discussion, we can consider orbifolds
where asymmetry lies not only in the twist acting on the torus coordinates, but also
in the shifts along the circle direction, in the sense that the orbifold action involves
asymmetric shifts for the coordinates y, yr. Such an orbifold is specified by a group
of type Z, X Z,,, associated with two elements M, M in the o(d,d) algebra, where
M generates an order n rotation, while M generates an order m rotation, with the
requirement that

[M,M] =0. (3.19)

The gauge algebra in this case is given by

Z,, Ta) = M Ty,

_ (3.20)
(XY, T,] = M,PTy .
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As proposed in [27], this suggests that, away from the orbifold point, the fields acquire
a dependence on the S! coordinates of type

064,9) = oxp (222 exp (222 )ty G2

27tr

The dependence on both y and its dual coordinate y is a signature of a non-geometric
background that is not geometric even locally, associated with the presence of R-fluxes
that cannot be eliminated with a duality transformation, as we are going to see.

The matrix M can be parametrized, in analogy with M, as

W
Mlx‘B == ( ~I ~ ]I> ’ (3‘22)

I T

Vi (W),
so that we obtain

1Z,,21) = WI]Z] + LIUX] , (3.23a)
[Zy,)(l] = —W]IX] + VUZ] , (3.23b)
(XY, Z1) = W)z + Uy &7, (3-230)
(v, xl = —W]IX] +Vviz;. (3.23d)

If we compare this result with the gauge algebra (3.1), we can now identify all the
fluxes as

] _ = J _ I _ y/1
TyI_TyI_W ’ hyU_UU, Qy —V],

~y 7 v A vl el yIJ _ 71 (3-24)
Ty =—Uy, Q' =-Q =-W , RIU=VI.

3.3 DIMENSIONAL REDUCTIONS

As already outlined in chapter 2, compactification of supersymmetric theories gives rise
to gauged supergravity theories in lower dimensions, whose features and symmetries
mainly depend on the way compactification is performed and the fluxes that have been
introduced.

We are mainly interested in extended supergravity theories in 4 dimensions. The
introduction of non-geometric backgrounds and in particular of genuine left-right
asymmetry (by means of asymmetric orbifolds) allows to obtain extended supergravities
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with ' = N} + N supersymmetry generators starting from vacuum configurations of
type II superstrings. The possible configuration are described in detail in [38]: they are

Ng & Np=4,Nzr=4,
N6 g NLZZ,NR:4/
Ns < No=1,Ng=4,
N4 < J\/’L:2,NR:2 or NLZO,NR:él,
Ng, d NLleNRZZI
No & Np=1,Ng=1 or N.=0,Nzx=2,

Nl < NL:O/NR:1/

up to the exchange N}, <> Ng. From the above scheme it is clear that only the cases of N/
even, different from 6, admit a left-right symmetric description, while for N' = 6,5,3,1
an asymmetric background is required.

In particular, models with N/ = 3 can be constructed by performing a geometric
Z, orbifold, whose action is given by a twist (resulting in a theory with residual
N =4 =2, + 2g) and a shift that avoids massless states in the twisted sectors. This is
followed by a non-geometric projection (acting only on left or only on right coordinates)
that allows for a further supersymmetry breaking N' =4 — N = 3.

The results of [38] are obtained from a string theory approach, but it could be
interesting to investigate their 4-dimensional counterpart. Namely, we should be able
to reproduce the same orbifolds as gaugings of some supergravity theory. Then, we
could take the known stringy results as a guide to investigate gauged supergravities
where the gauging produces specific supersymmetry breaking patterns at the vacuum.
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In 4 spacetime dimensions, the maximal number of allowed supersymmetry generators
is N' = 8. The field content of the resulting supergravity theory is completely con-
strained by supersymmetry: the unique (CPT-self-conjugate) supermultiplet contains

* a graviton (spin 2), which can be described by the vielbein ¢,

8 gravitini 7, i =1,...8,

(g/) = 28 vector fields AHI , where in agreement with the notation introduced in
2.1 we denote with the upper index I only the electric vector fields representing
the independent degrees of freedom of the theory, while the 28 dual "magnetic"
vectors are AV 1,

(/;[) = 56 spin 1/2 fermions /¥ = XK,

. </>1[) = 70 real scalar fields ¢/ = li¥!].

The R-symmetry group of the theory is SU(8)*; gravitinos, spin 1/2 fermions, scalar
fields transform respectively in its 8, 56, 70 representation and the indices 7, j, k, | used
to label the fields denote precisely these transformation properties.

The N = 8 theory was constructed by Cremmer and Julia in [39], [40] exploiting
dimensional reduction from the 11-dimensional supergravity, then in [41] it was derived
entirely within a 4-dimensional context.

We mentioned in sections 2.1, 2.2 how the structure and the symmetries of the
scalar sector play an important role in the description of extended supergravity theories
and their gaugings. Then, a starting point in the analysis of the maximal theory is to
characterize its scalar manifold: it can be described as a homogeneous space

Miscalar = E7(7)/SU(8) ’ (4.1)

The largest R-symmetry group allowed for A/ = 8 supergravity would be in principle U(8), but fields can
transform non-trivially only under its SU(8) subgroup because the supermultiplet is CPT-self-conjugate

[6].
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as explained in [40]. In this chapter we will first give some details on the E;7) group
and the structure of the scalar manifold, then describe the lagrangian realization of the
maximal theory. Subsequently, we will focus on the gaugings of the theory, adopting the
embedding tensor technique described in chapter 2. We will discuss some implications
of the constraints imposed on the embedding tensor and the main effects of the gauging
procedure on the different fields of the theory will be analyzed. Finally, we will show
how to describe the gauging via an object called T-tensor, obtained from the embedding
tensor and coset representatives; the decomposition of this tensor into irreducible
representations of SU(8) will reveal particularly useful in the following chapter.

4.1 THE SCALAR MANIFOLD
4.1.1  The exceptional group Ez7)

To describe E;(7), we can start from its generators, considering the infinitesimal group
action in the fundamental (56) representation. Following [42], we assume that the
56-dimensional representation space is spanned by two antisymmetric rank-2 tensors
xM = (x4p,y°P), where indices take values A, B,C,D... = 1,...8. The infinitesimal
transformation laws are

6xap = A S xcp + AgS xac + Zapcp y<L

A B 1 (4-2)
SyAB = AL yCB 4 AP yAC 4 ﬁSABCDEFGH Serey XCD »
where A B = — A’ B A N4 = 0, while Z4BCD ig a totally antisymmetric tensor. If we de-

fine A ;P =2 A A[C(S Pl the ¢ algebra generators in the fundamental representation

B
can be expressed as
(t) g = (AABEF ZABGH) (4.3)
o)M= CD ’ :
xECDEF - A1CD

where xX denotes the Hodge dual of the tensor X. It is immediate to see that the 133
independent generators correspond to the 63 degrees of freedom of the traceless A ,°
plus the 70 degrees of freedom of the antisymmetric ZABCP.

The generators with £ = 0 select an SL(8,R) subgroup, which is the maximal
subgroup of E;(7). Indeed, tensors A A8 N AB can be interpreted as generators of

SL(8, R) respectively in the 8 and 8’ representations; analogously, A ,,P and A’ B
correspond to the 28 and 28’ representations of SL(8, R) resulting from the splitting of
the E;(7) 56 representation (56 — 28 & 28'). This can be easily observed from the block
diagonal structure assumed by (4.3) once X = 0 has been imposed.
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In order to see how the SU(8) subgroup of E7(7) comes out, it is useful to separate
the tensor A AB in the symmetric and the antisymmetric parts, while the tensor X can
be split into self-dual and anti-self-dual components:

B (A%, = (A%)" (35 d.o.f.)
At { (A" ,F = — (A" (28 d.of) (4-4)
(Zd)ABCD (=) agcp (35 d.o.f.)
Fanco { (ZQ)ABCD —(Z )ABCD (35 d.o.f.) 45)

Among ¢y(7) generators, those verifying A = A%, X = X7 span the 63-dimensional Lie
algebra of SU(8); they are all compact generators, indeed SU(8) is the maximal compact
subgroup of E;7)2. The signature of the Killing metric on the ¢; algebra, which comes
from the difference between the number of non-compact and compact generators, is
70 — 63 = 7, that’s why the real form of the exceptional group E7 appearing as duality
group in the maximal supergravity theory is denoted with Ey ).

4.1.2 A complex basis

Once the structure of E; generators has been described, it is useful to change the
basis (in the previous section indices denoted with capital letters A, B ... correspond to
vector representations of SL(8,R)) in order to make easier the identification of SU(8)
generators and eventually the definition of coset representatives for the coset manifold
E;(7)/SU(8). The appropriate basis is a complex one, of type (z,z) = (x + iy, x — iy),
in which the infinitesimal SU(8) transformations take the form

Ssu(s) (xap + iy?P) = ((A“)ABCD + i*(ZH)ABCD) (xap £ iy*®), (4.6)

where notation becomes consistent from the point of view of SL(8,R) covariance only
if we take into account relations (4.4), (4.5). If we consider the remaining generators,
orthogonal to SU(8) ones with respect to the Killing metric, their action exchanges
complex coordinates with their conjugates

61 (xap £iy??) = ((AS)ABCD + i*(zd)ABCD) (xap Fiy*P) . (4.7)

This change of basis can be correctly reproduced through chiral I matrices, obtained
from a Clifford algebra Cliff(8) in 8 dimensions ([40], [43]). Such an algebra is defined
by matrices T4, A = 1,...8 satisfying the anticommutation relations

{r4, 18} = 2481, (4.8)

It is not exactly SU(8) to be contained in E;(7), but SU(8)/Z,, which still has dimension 63; the same is
true for the SL(8,R) subgroup, which is actually SL(8,R)/Z; [40].
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where 748 could be in principle a diagonal matrix with arbitrary number of +1 and
—1 along the diagonal, but for our purposes we can restrict to the case in which it
is an euclidean metric 748 = +§48. Antisymmetrized products of the T4 matrices
are defined as 48D = rlATB...TD] and, as in any even dimension d = 2n, it is
also possible to define a chirality matrix [**! = i"T'!...T anticommuting with all
the I'4, which is useful in order to split the 2"-dimensional representation of Cliff(8)
into two chiral representation of SO(d). For the algebra Cliff(d), matrices with two
antisymmetrized indices ['4® satisfy the following properties:

alC

D
P48, 70] = —gy 47 (4.92)

4%, rCD =166, (4.9b)

where (4.9a) allows to identify the set of ['*® matrices as a complete basis of the Lie
algebra generating SO(8). They play a role similar to the y*¥ matrices built out of the
Dirac matrices y* in 4 dimensions, which convert the Lorentz group generators from
vector to spinor representation, allowing to define covariant derivatives for spinors in
curved spacetime. Indeed, matrices (I'*%)"/ make it possible to interpolate between
indices A, B... ., referring to SL(8,R) representation, and indices 7, . .. that label SU(8)
representations, thanks to a property of the SO(8) subgroup, which is common to
SL(8,IR) and SU(8), called triality [44]. This property is essentially the local equivalence
between vector and spinor representations of the su(8) algebra; it allows to interchange
the two types of indices, so that the (T*2)¥/ can be also interpreted as matrices (I'/)4B
coming from a Cliff(8) algebra of matrices T".
Thus, complex coordinates can be defined as

1
4f<FAB xAB—I—zFABZ]yAB), z) = 4\[(1"AB”xAB B]yAB). (4.10)

We can also apply the change of basis to E;(;) generators, obtaining

Zi]'

1
Aijkl 3721~AB i ((Aa)ABCD + i*(za)ABCD)rCDkl ,
(4.11)
Oy = irAB ((AS) CD + i*(zd)ABCD>1—~CD 4
ik = 3yt AB ki

where the tensor )\ijkl encodes all SU(8) generators, while the totally antisymmetric
Tl correspond to orthogonal generators. The change of basis can be described with a

more compact notation if one defines a 56 x 56 matrix constructed from the '8

AB
SMN = L rij ZFZ]CD , (4.12)
M 4\/§ rklAB rleD
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where from now on we denote with underlined capital letters M,N... = 1,...56
indices referring to the complex basis. Applying the change-of-basis matrix (4.12) (and
its inverse) allows to obtain the generic form of E;(7) generators in the complex basis

_ —klI
O.klmn A

N N Ai™ Tijpg
(tzx)Mi = SMP (ta)PQ S+Qi = ( ! > . (4.13)
1Z

4.1.3  The coset manifold

Using only the generators orthogonal to SU(8) and in particular establishing a corre-
spondence between the antisymmetric form ¢;;; and the 70 scalar fields ¢;;;, we can
easily define coset representatives of E;(;)/SU(8) as?

0 @i u.mMm —p..
N _ _ ij ijpq
L(p)y = exp < himn Z(J)W> = (_vklmn UK ) : (4.14)
pq

Here and in the following, even if not written explicitly, it is understood that raising
or lowering all indices of type i,j ... corresponds to complex conjugation, so that, for
instance, ¢;;; = oM, or u, jkl = u",, (the upper or lower position of indices i, j . .. refers
to the representations 8 or 8 of SU(8)).

Another possibility, which will reveal useful in the following, is to write coset
representatives in a mixed basis, as

L(¢) MM - S+MB

so that they can be used to interpolate between SL(8, R)-covariant and SU(8)-covariant
objects. This can be the case when couplings between scalar and vector fields appear.

In section 2.1.2, we discussed how the isometry group of the scalar manifold (here
E;(7)) coincides with the duality group of global symmetries of the equations of motion,
acting linearly on the vector fields contained in the theory, but it is not a symmetry
group for the lagrangian. If we stick to ungauged supergravity, the same equations of
motion can be obtained from a set of inequivalent lagrangians, corresponding in the
case of maximal supergravity to the double quotient space

L(‘P)BM ’ (4.15)

(from the general expression (2.6)). Elements of (4.16) can be explicitly represented
through matrices E € Sp(56, R) that define the embedding of E; into Sp(56,R), or
equivalently the embedding of the 28 electric vector fields into the 56-dimensional

Here we exploit an Iwasawa decomposition of E77), which is a non-compact form of E7, with respect to
its maximal compact subgroup SU(8) [39].
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representation space of Ey(7) [45]. As a consequence, the action of the duality group
Gu = Ey(7) on vector field strengths and on scalar fields is not the same, but transfor-
mations of the ones and the others are related by a constant E matrix:

SFM = FN (1) ™,
SL(9) ™ = (E D)y (t)pOEQRL(9) Y,

where t, € ¢;7). We use for the moment a notation distinguishing between indices

p (4.17)

M,N...and M, N ..., which both refer to some 56-dimensional representation of E77),
but denote different basis: the former correspond to the basis where the 28 electric
vector fields and their magnetic duals are AM = (Al, A;), while the latter are associated
to the basis in which we have first defined the infinitesimal E;7) action (equation (4.2)),
with basis vectors x x4, y°P). We will not keep this distinction in any other part

of this thesis: following [45], we will indeed always reabsorbe transformations E,
into the definition of coset representatives

=

’ L’ L
N N _ P N _ 1] _ 1 Imn
L(¢) — L(@)y =Em L(9)p = (LM , Lan) = ( Ui 1 ) . (4.18)
The drawback is that the object L(¢) MM used as coset representative is no more an
element of Eyy) (it only belongs to Sp(56, R)), unless E = 1.
Once we have fixed coset representatives, we can define the Maurer—Cartan form,
taking values in ¢;(7) (see section A.3),

Q(p) = L™ (¢) dL(9) = V*(P)ta + &' (9)t; (4-19)

where t; and t, denote respectively generators of the su(8) subalgebra and the remaining
generators of ¢ey(7). It is important to remark that the Maurer—Cartan form is not affected
by changes of basis such as (4.15), nor it depends on transformations (4.18), because
they are all realized through constant matrices. This means that the choice of the
symplectic frame, encoded in E, has no consequence on the coset manifold geometry,
even though it affects the explicit expression of the lagrangian and also the embedding
tensor of the gauged theory.

The vielbein V and the SU(8)-connection w can be found by exploiting the block-
diagonal structure (4.13) of generators in the complex basis

Kl
W pg

mn )
(Lil(fp) dL(‘P))MM = ( i;l(]lmn i > . (4.20)

By definition of symplectic matrices, the coset representatives always satisfy LTOL =0,
which in the mixed basis becomes

M Q
(L™ QNP L= =QMQ, (3.21)
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The symplectic form Q) in the real basis takes the form QMN = < 0 ]1> , while in the

-1 0

0 il
—il 0
obtain the inverse of coset representatives as

complex basis is QMN = < > The invariance relation (4.21) allows to easily

1, N _ P —iLl. L, .
(L) = (1) (17) QQQN:<Z,LIH” —iL]]l’]d)' (22)

Then, the following expressions can be derived:
; MN cr ] . I

. : . (4-23)
Wy l]kl - ZLMI] QMN axLNkl = —1 Lll] GxLIkl +1 LII] axlel ’

where indices x,y... = 1,...70 refer to curved coordinates ¢* on the scalar manifold.
To ensure compatibility with the Lie algebra ¢;(7) [45], Vx jji is a self-dual SU(8) tensor

3 1 ..
V) ijkl _ ﬂs1]klmnpq V., mpq - (424)

For the same reason, the SU(8)-connection can be reduced to a traceless rank-2 tensor

1 2k

[ o Wy = 3 Wx i - (4.25)

ko 5 [k
Wrij =0 W

The connection w can be used to define an SU(8)-covariant derivative, as in any
coset manifold

oL — L=0L—-w, Lt. (4.26)

The action of covariant derivatives on coset representatives (A.23) can be written,
exploiting the index structure, as

. . . N wi‘mn 0
where the connection, according to (4.20), is w,,~ = 6 w |- The 1-form w,
~ w
pq

behaves as a gauge field under SU(8), as in (A.16b); it is a composite connection, in
the sense that it is not associated with propagating vector degrees of freedom, but
instead is defined from coset representatives in order to get rid of the redundancy in
parametrizing Ey (7 /SU(8). It allows to build covariant derivatives also for fermionic
fields, which transform linearly under SU(8) (derivatives appearing in the ungauged
lagrangian will be both spacetime and SU(8) covariant).

The vielbein is related to the covariant derivative of coset representatives by (A.24),
which in coordinates becomes

DLy’ = Ly Vi . (4.28)
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This identity allows to write the scalar kinetic term of the ungauged lagrangian in
terms of the vielbein, as in [46]:

1. .
-1 kI

e Lyin = _EV”Z] VWit (4.29)
where we use a pull-back to switch from curved coordinates on the coset manifold to
spacetime coordinates: V, = 9,¢* V.

4.2 GAUGING THE THEORY

The gauging procedure consists in promoting a subgroup of the U-duality group
Gu = Ey(7), which is a symmetry group of the equations of motion and not necessarily
of the lagrangian, as we stressed in chapter 2, to a (local) gauge symmetry group.
In order to construct the gauged theory and to obtain a lagrangian which is gauge-
invariant but at the same time preserves supersymmetry, the fundamental steps to
follow are the ones described in 2.1.3, which eventually lead to the introduction of
fermionic mass terms and of a scalar potential.

The maximal supergravity theory was first studied with an SO(8) gauging, since it
was already known that in extended supergravity with A/ supersymmetry generators
the w vector fields appearing in the graviton multiplet can be used to build the
connection of an SO(N') gauge group. Of course, this is not the only possible choice,
but it is not obvious in principle whether a given group can be gauged or not. The
best way to select all the admissible gaugings for the A/ = 8 theory is to adopt the
embedding tensor formalism described in 2.2 (see [45], [46]), which allows to study the
gauged theory without fixing a priori the gauge group.

4.2.1  The embedding tensor and its constraints

The embedding tensor ®,," parametrizes the gauge group Ggauge as a subgroup em-
bedded into Ey(7); this happens through the definition of gauge generators, as in (2.18),

Xpm =0y, s with M=1,...56, a=1,...133, (4.30)

where £, are the generators of ¢(7). As it is shown by the index structure, the embedding
tensor transforms in the tensor product of the 56 (fundamental) and 133 (adjoint)
representations of Ey(y). Its rank, i.e. the number of independent generators among
the Xy, gives the dimension of the gauge group, which cannot exceed the number of
electric vector fields: dim(Ggauge) < 28.

In order to correspond to a consistent gauging, the embedding tensor has to satisfy
the set of linear and quadratic constraints discussed in 2.2.1. The linear constraint,
also called representation constraint, follows from requiring the cancellation of the terms
associated to supersymmetry variation of the gauged lagrangian at order linear in the
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coupling constant (and then linear in ®). In maximal supergravity, the representation
space in which the embedding tensor is defined can be decomposed according to

56 ® 133 = 56 © 912 ¢ 6480, (4.31)

but supersymmetry restricts ©,,* to be in the 912 representation. This condition, given
the decomposition (4.31), implies the equations

14 14 N 1 [
(fzx)MN@N =0 , (tvtﬁ’)’ ﬁ)M ®N7 = _§®M ’ (4.32)

where 7*F is the inverse of the Cartan—Killing metric defined on the Lie algebra [46].
The quadratic constraint is (2.21), coming from the requirement of gauge invariance
of the theory; it implies (2.22), which is interpreted as the closure of the gauge algebra.
However, from the relation [Xy;, Xn] = — X, ;" Xp it does not automatically follow that
the quantities — X7 = —© M"‘(ta)NP are the structure constants of the algebra; it only
guarantees that the two quantities coincide after contraction with the gauge generators,
ie.
—Xun'Xp = fun" Xp (4-33)

where f,,, " are meant to be the correct structure constants. In the generic case, we can
split X,y into an antisymmetric and a symmetric component (with respect to the first
two indices

Xun" = Xpuny” +Z0un (4-34)

where ZF, \, = ZP (MN) and consistency with (2.22) requires that Z%,,,Xp = 0.

The presence of non-vanishing Z%, ;5 has an important consequence*: if we assume
that the structure constants coincide with the antisymmetrized X[ MN]P , they fail to
satisfy ordinary Jacoby identities [13]

Xin) Xior" + Xivg) Xpe) + Xjoa Xpnp* = =Z 510 Xaun” (4-35)

where the RHS vanishes only after contraction with the Xr. These identities are actually
the analogue of (2.46), which were obtained from dimensional reduction in presence of
fluxes. As already mentioned, the resulting gauge algebra is not a Lie algebra in general,
but rather it can be described consistently as a free differential algebra [16], provided
we introduce some tensor gauge fields B,,. The explicit 4-dimensional construction
will be described in section 4.2.3.

Once the linear representation constraint is imposed, the quadratic one (2.21) is
equivalent to the locality constraint (2.23), which can be also expressed as

o'l =0, (4.36)

For the theory of maximal supergravity in 4 dimensions, Z%,,; are never vanishing because it can be

shown [46] that requiring X MNP =X [ MN]P would violate (4.32).
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where we again adopt the convention that splits vector indices in the electric and the

4
magnetic part, then ©,,* = gf N
is possible to choose a symplectic frame, i.e. an embedding of Ggauge into Sp(56,R),
encoded by a matrix E in the double quotient (4.16), such that

). This condition implies that, for any gauge group, it

e =0. (437)
As a consequence, when we construct the gauge connection, which is in general
Ay =AMXy = (A0 +A,0M)1,, (4-38)

only electric vector fields Ayl are involved: equation (4.37) defines a purely electric
gauging. However, in order to keep E;(;) covariance, in the following we will not
assume to be necessarily in the electric frame and then we will keep also magnetic
vector fields.

In general, different values of the embedding tensor correspond to either different
gauge groups or different embeddings into E;(7) of the same gauge group. However,
once the symplectic frame has been fixed, there is not a one-to-one correspondence
between allowed embedding tensors and inequivalent gauged supergravity models,
because many distinct values of the embedding tensors can correspond to theories
related between each other by U-duality transformations. A classification of the inequiv-
alent theories, relying on the analysis of some duality-invariant tensorial quantities
constructed from the embedding tensor, can be found in [47].

4.2.2  The scalar sector

Once we have introduced the embedding tensor that describes the gauge group, the first
step in the construction of a gauge invariant lagrangian is the definition of a covariant
derivative from the connection (4.38)

ay — /a\y = ay - gAyMXM = aﬂ - gA]/tM ®M“ttx ’ (439)

where ¢ is the gauge coupling constant and the symbol ~ denotes, here and in the
following, gauge-covariantized quantities. We can observe from this definition that the
embedding tensor ©,,* plays the role of a charge matrix.

We want now to analyze how the gauging modifies the structure of the scalar sector,
again exploiting the formalism of coset manifolds. To begin with, we can define a
gauge-covariant Maurer—Cartan form (to compare with (4.19))

Q=L"L=L"d-gAMXy)L = V', + &'t; (4-40)
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where we have introduced the gauged versions of vielbein and SU(8)-connection.

Making explicit the above expression, they are

V=V - gAMe, (LML), (4-41a)
;\/_/
C(Xxvxa
&' = W' — gAMO, " (L’lt,XL)i , (4.41b)
%/
2!

where, comparing with the definitions given in section A.3, the gauged vielbein Y and
SU(8)-connection @& are written in terms of the Killing vectors ¢,* and prepotentials
Z,! respectively. In components,

~

wikt = Vit — 184, Ly O XMPQLle , (4-42a)
wiit = @i —igAM Ly QN Xpp Lo, (4.42b)

)

where VM ijki and w, l.jkl can be taken from (4.23), once we have replaced the derivatives
dyx with the pull-back 9, = (9;,¢*)d,. We can introduce now a covariant derivative for
coset representatives that is both gauge and SU(8)-covariant

-@VL =0,L - L&, — gAyMXM , (4-43)

which in components becomes

DuLp” = 0Ly — L@, — AN Xum" Ly - (4-44)
The gauged version of the identity (A.24) means that the vielbein can be expressed as
Vi = ilag Q"N DLy (4-45)

and this quantity enters the definition of the gauge-covariant kinetic term for the scalar
fields, in analogy with the ungauged case.

4.2.3  The vector sector

The set of electric and magnetic vector fields should transform under the gauge group
as in (2.20b). Then, the natural choice for the non-abelian field strengths of the theory
is

FMy =205, A + ¢ Xnp M ANAS (4-46)
which follows from the Ricci identity [/B\y,ﬁv] =—g9F Mw, X, and we would expect it to

be enough to guarantee gauge invariance of the vector kinetic term. Actually, this is not
the case, because field strengths defined as in (4.46) transform in the following way:

59Myv = _8ANXNPM9P;W + 2gZMNP(AN°9ZPyv - A[HNAV]P) ’ (4-47)
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where only the first term corresponds to an ordinary covariant transformation, while
the second one would require the addition of new terms in the lagrangian in order to
be compensated.

The standard solution ([16], [48]) is to introduce tensor fields, in particular 2-forms,
coupled to vectors through the Z%,, (it is a Stiickelberg-like coupling, similar to those
appearing in massive deformations of supergravity [13]) and then define modified field
strengths

oY, =7, +ZMpBN,, (4.48)

The new gauge transformation rules for vector and tensor fields are

SAM =0, AM — ZM 2 NP

- (4-49)
5BMNW = za[sz]MN — 2A[MHNLW +2A (MéAv N +49

]

BMN

(1

where ZMN is the gauge parameter associated to the tensor field . These transfor-

mation rules can be interpreted as the relations defining the free differential algebra
associated to the gauging. As a consequence of (4.49), the modified field strength
transforms covariantly:

sHY,, = =XpMATHN,, . (4.50)

wv -

In order to guarantee that the full lagrangian is invariant under the vector gauge
transformations, we need to add new terms to the action [46]:

_ i 1
e 1 Liop =5 g7 O By (2 3o Aat + 8 Xunt A,MAN — ®, By ,3)+
i Hvpo AMAN(5 Al 1 I APygQ ( )
"'585 Xmng A0 A, ( Ay +ZgXpQ 0 Ac )+ 4.51

i 1
e Xyl 4,MAN (apAUI + 38 Xpar APPAUQ) ,

where we identify B, = —(t,) ~pBNP. Here, in the first line we have a topological
coupling between the antisymmetric tensor BMN and the magnetic vectors A;, while
the remaining terms are a generalization of the Chern—Simons-like couplings that are
needed in order to ensure gauge invariance even in the case of electric gauging.

Clearly the tensor fields BMN cannot add new degrees of freedom to the theory;
they should instead be dual to some of the scalar fields of the ungauged lagrangian.
Such a duality relation can be obtained explicitly from the equations of motion for
the vector fields, so that substituting the solution to these equations in the action
eliminates the tensor fields, which is equivalent to perform a duality rotation to the
electric frame. However, the presence of tensors BMN in the action if we don’t fix the
symplectic frame is not problematic: indeed, it is in agreement with the possible higher-
dimensional origin of supergravity theories, since tensor fields come up naturally from
flux compactification, as we discussed in 2.4.
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4.3 THE T-TENSOR

After describing how the gauging procedure and the requirement of gauge invariance
modify the scalar coset manifold, as well as the effects on the vector sector of the
lagrangian, we have to consider, according to the general procedure outlined in 2.1.3,
which modifications are needed in order to restore supersymmetry invariance of the
lagrangian after the gauging. This step, which introduces termslinear and quadratic in
the gauge coupling constant g, can be conveniently formalized through the T-tensor,
which was first introduced in [41]. It can be defined as the embedding tensor "dressed"
with coset representatives (in order to couple to fermions), then it depends on the
embedding tensor, but also on scalar fields:

M

Tw(©,9) te = (L71)y O\ (L75L) . (4.52)

Equivalently, the T-tensor can be expressed, in the complex basis of the 56 representa-
tion, as
M, 1y N Py P
(L )M Xmun Lp— - (4-53)
From these definitions, it is clear that T is an SU(8)-covariant tensor, i.e. its indices
transform under local SU(8) transformations.

The constraints T obeys are a direct consequence of the constraints on the embedding
tensor. In particular, T inherits the representation constraint on @

Tyn'(©, ) = (L_l)M

PT(®,¢9) =0 Vo, (4.54)

which forces T, just like O, to be in the 912 representation of E7 (7). If this representation
is decomposed according to the SU(8) subgroup of Ey(;), we get

912 — 3636420 420 . (4.55)

In other words, the components of the T-tensor can be parametrized in terms of simpler
tensors
P jj kI -
Ty — (A1, Ay, A5, Ady) (4.56)

where Ap is symmetric, while A, is antisymmetric in the last three indices and traceless
j i kI kI ik
af =4l =M, =0, (4-57)

: L AR ki
As usual with complex indices, we have Ay;; = A", Aoy = A"

If the tensor TMB = ((T) P ()i MB> is decomposed in blocks according to

ijﬂi
25 [pp qlij ij
(ryif= [ e (4:58)
N i n)i ’ :
2174€klrstuvw Ttuvw ] _%5[r st} ]
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the final expression of T components in terms of A; and A; is [46]

lii 3 i 3 o
T =- 1A2k - EAll[l‘SJ]k /
oA (4-59)
kimn = 3% [k~ Imn]

The gauging procedure always requires to modify the supersymmetry transforma-
tion rules for fermions, as already shown in (2.13), and in the case of the A = 8 theory
the tensors giving the shifts are precisely A1 and Aj:

5, = o, + V2g A Tye , SxXTF = Sox™* — 2847 e (4.60)

At linear order in g, this modification comes together with the introduction in the
lagrangian of Yukawa terms for fermions, also referred to as mass-like terms, as in
(2.12),

_ 1 —i gy L, ki
e v =8 (5 A1 0, 9B+ ¢ A,
V2

tim e R ke Ay qur) +he. .

(4.61)

To conclude, at order ¢* supersymmetry requires the addition of a scalar-dependent
term that, as already discussed, plays the role of the scalar potential

jkI

1 3 .
V= 82<ﬁA2n AZ”jkl - 1A1k1A1k ) . (4.62)

4.4 THE GAUGED LAGRANGIAN

We report here, for completeness, the whole expression of the gauged lagrangian,
giving some comments on the terms that have not been discussed in the rest of the
chapter.

_1£_1 1yvpc7 i 5 — it
e _ER - 58 (lpy Yv ‘@P Yoi — lpy ‘@PIYV ¢7i>+

1 ik —~ 7..kﬁ 1 ~ ijkl |2
- ﬁ(?(” YDy Xik — X" 2 wyu Xijk) - EW” *+

V2o, 5 ijkl 6
5 (Xijk’Y YV + h.c.) + (H”W O+ h.c.>+ (4.63)

; -
= (A By BT — Ny HIZ HI )
-+ e_lﬁtop + e_lﬁYuk -V.



4.4 THE GAUGED LAGRANGIAN

The first terms in the lagrangian are the Einstein—Hilbert and Rarita—Schwinger kinetic
terms respectively for the graviton and the gravitini, followed by the Dirac lagrangian
for fermions, the scalar kinetic term, expressed as a function of the vielbein, and
the Noether couplings between scalars and fermions, required by supersymmetry
invariance.

The next terms correspond to the vector kinetic terms and the couplings of the
vector fields with the fermions and the tensor fields. Here we have replaced the usual
non-abelian field strengths .#™ with the modified field strengths HM defined in (4.48);
following [16], we split them into self-dual and anti-self-dual components HM+ gM-
normalized in such a way that

H% = H%I,Jr + H%ﬁ . (4.64)
The tensor OM+W is defined according to

3 V2 1 V2 _

and {07, = LITO;*, [46].
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FLAT SUPERSYMMETRIC VACUA OF MAXIMAL SUPERGRAVITY

In the previous chapter we have outlined the main features of the theory of maximal
supergravity in 4 dimensions, with particular attention to the origin and the expression
of the scalar potential; now, we focus on the study of its Minkowski vacua. The
technique we use to identify the possible vacua has been first employed in [49], [43].
It exploits the embedding tensor formalism, together with the transitive action of the
duality group on the scalar manifold. Indeed, the scalar potential can be expressed as a
quadratic function of the embedding tensor and a non-linear function of the scalar fields,
but different points of the scalar manifold can be related one to another by a duality
transformation, as well as different values of the embedding tensor. As a consequence,
we can recover information on the whole scalar manifold just by computing the
scalar potential and its derivatives at the origin of the scalar manifold. In particular,
the extremization condition and the requirement of vanishing potential, which are
needed to select a Minkowski vacuum, can be expressed as quadratic equations for the
embedding tensor, to be solved simultaneously with the quadratic and linear constraints
on the embedding tensor that guarantee to have a consistent gauging.

Although this procedure considerably simplifies the scan of allowed vacuum con-
figurations, it is still not possible to solve analytically the problem in full generality. We
will concentrate, instead, on verifying the presence of flat vacua in the case of specific
supersymmetry breaking patterns. While partial supersymmetry breaking to an even
number of supersymmetries is kinematically possible, and indeed some vacua are
found, partial supersymmetry breaking to an odd number of residual supersymmetries
is extremely constrained.

5.1 THE TECHNIQUE

Preliminarily, we make an important remark: the scalar potential can be expressed
in terms of a real, symmetric, field-dependent matrix, .#n, defined from coset
representatives as

AN = Ly L + Ly Ly - (5.1)
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It is positive definite and its inverse is
MMN = QMPONC 77 (5.2)

The scalar potential, written in terms of .Zjy, takes the form
1
V= — & (X Xpg M ANl + 7X g XN M) (5.3)

as derived in [46]. This equation makes clear the quadratic dependence of the potential
on the embedding tensor. At the same time, being .#jy manifestly SU(8) invariant,
we can see how SU(8) transformations do not affect V.

In order to find the possible Minkowski vacua of our theory, in principle we should
select a viable gauging (i.e. an embedding tensor verifying the quadratic and linear
constraints) and, once the choice of the gauging has fixed the expression of the scalar
potential V = V(¢), impose the extremization conditions

Vi) _
ikl ’

together with the equation V(¢) = 0 (since we are interested in flat vacua). This system
of equations is not easy to solve in full generality due to the dependence of V(¢) on the
70 scalar fields: even if we employ an Iwasawa decomposition, the potential will have
an exponential dependence on the fields associated with the generators of the Cartan
subalgebra and a polynomial dependence on those corresponding to the nilpotent
generators [6], [43].

Our approach to the study of vacua is based instead on the structure of the scalar
manifold as a homogeneous space: any point can be connected to any other by an E; )
transformation. On the other hand, elements of E;(7) act linearly on the embedding
tensor. The key point in our analysis is that the scalar potential, which is in general
a function of the embedding tensor and of coset representatives V = V(L,®), has a
dependence of type

V=Vv(L"0), (54)

where L~1® denotes the tensor combination where the embedding tensor indices are
fully contracted. Exploiting homogeneity of M.y, We can map any (critical) point to
a fixed point ¢, at the price of changing accordingly the form of the embedding tensor.
Denoting with U € Ey(7) the group element mapping a generic point ¢ into the chosen
¢', we have

UL(p) = L(¢")h(p,¢"), heSU(S),

Ue— o' (5.5)

and the simultaneous application of the above transformations leaves the scalar potential
invariant
V(L,®)=V(ULU®), UEe E7(7) . (5.6)
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In particular, we will perform all calculations at the origin of the scalar manifold, i.e.
¢’ = 0. The choice is motivated by the fact that this point is invariant under the action
of the isotropy group SU(8). As a consequence, we can consider only transformations
U corresponding to the non-compact directions of E;(7), which parametrize nothing but
the coset manifold Ey (7 /SU(8). Then, there is a one-to-one correspondence between
points of the scalar manifold and transformations of the embedding tensor.

Concretely, the scalar potential is defined from the irreducible components of the
T-tensor (4.53). Starting from a given value of the tensor T (¢, ©), if we consider the
transformation U such that UL(¢) = L(0)h(¢), the same transformation acts on the
gauge algebra generators as

P P -1.F
Xun" = Oy (t)y = Xuy = uMQ Uy® XQRS u-'s . (57)

If we take the tensor T’ computed from modified generators X',y at the point ¢/ = 0,
it is immediate to see that the equality

T yn' (0) = L7(0) " L71(0) L(0),” = Ty 2 (9) (5-8)

holds up to the action of h(¢), which, as already stressed, has no impact at the level of
the scalar potential.

In other words, we have shown that, as far as the analysis of the scalar potential is
concerned, moving on the scalar manifold via a transformation U € Eyy) is the same as
modifying the embedding of the gauge group into E;(7) with the inverse transformation
U~1. Thus, it is not restrictive to look for vacua of the theory just by sitting at the origin
of the scalar manifold. In this way, we can scan over all allowed embedding tensor
values at once and the advantage is that the system to solve in order to select a vacuum
configuration reduces to a set of quadratic equations for the embedding tensor.

N P

/
XMN

5.2 MINKOWSKI VACUA

The quadratic constraints (2.21) (or equivalently (4.36)) to impose on the embedding
tensor in order to have a consistent gauging are equivalent to the following quadratic

identities for the tensors A; and Aj:
g ki ‘ ‘ ‘
0= AZklijAZnW] o AZ[ l]AZmnij . 4A2( ‘Alm)l . 4A2(nmk1All)z‘+

Ini

m ki k mi (5.9)
- 25] Alm'Al +251’1 AlliAl ,
— j k i k .
0= A2’ A2 upg) + Atk 1 A2 g — AL A2 upg
+ lg (A ikrA stu + A ik5 " A, St ZrA stu (5.10)
24 mnpqrstu 2j 2k 1 0j Agg
— mnp [ } [m }
0= AzrijkA2r —9A, r[z]Azk} — 95[1’ Ay \rs\]AZk] o
_ 9(5[ij[mnA2‘u|k} As, plrs n ‘SzjkmnpAZurstAzu
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These equations are the ones we will employ in our computations, following the
procedure already adopted in [50] to find AdS vacua of the maximal supergravity
theory.

In order to find Minkowski vacua of the theory, apart from solving the equations
(5.9), (5.10), (5.11), we need to impose that the scalar potential

3 kI 1 ikl
V=i (AlklAl — A Aznjkl) (5.12)
has a vanishing value, together with the extremization condition of the potential, which

can be expressed requiring that the tensor

3
Ciirt = A" Ay + EAzmn[ijAznkl}m (5.13)
becomes anti-self dual .
Cijir + 54 EijktmnpgC" T =0 (5.14)

In this way, we can find vacuum solutions using as unknowns exclusively the com-
ponents of the tensors A;, A;. Since we only have to solve homogeneous quadratic
equations in the tensor components, a scaling constant will remain undetermined for
any solution we can find. The embedding tensor and the gauge group can then be
reconstructed making use of the defining relation for the T-tensor and its expression in
terms of A;, As.

Due to the high number of independent degrees of freedom involved, in order
to find analytical solutions we cannot simply consider the full set of equations and
find at once all the possible solutions; instead, we need to divide the problem into
smaller subcases, i.e. to put some constraints on the components of tensors A; and
Aj. Our strategy is to proceed by considering some specific supersymmetry breaking
patterns, starting from cases when the residual supersymmetry is larger (then the
computational treatment is easier) and progressively reducing the number of preserved
supersymmetry charges.

Here and in the following of this chapter we denote the indices corresponding to
unbroken supercharges with capital letters, while the remaining indices are denoted
with the first letters of the alphabet in lower cases,

Ll...=1,..N ; ab,...=N+1,...8, (5.15)

where N denotes now the number of unbroken generators at the vacuum.

The supersymmetry requirement can be imposed at the level of the field transfor-
mation rules under supersymmetry, depending on infinitesimal spinorial parameters
€;, with i = 1, ...8. In a Minkowski vacuum all fermionic fields must take a vanishing
value in order not to break Lorentz invariance, then the transformation rules for bosons,
which necessarily involve fermionic fields to be contracted with € parameters, will be
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automatically null. What we need to verify are then the fermionic transformation rules,
in particular the terms induced by the gauging

5gauge¢; = +\f2gA1ij'Y,u€j ’
(SgaugeXl]k = _ZgAZZZ] €l .

In order to impose a residual N supersymmetry at the vacuum, these infinitesimal
variations must vanish for every choice of the parameters €!, which immediately gives

AlljZAleZO , Azlijkzo Vi=1,...N Vijk.

In general, if we start from the theory with maximal supergravity (8 supersymmetry
generators) and consider a vacuum configuration in which supersymmetry is partially
broken, the R-symmetry group SU(8) of the theory splits into

SU@B) — SU(N) xSU(B—N) xU(1). (5.16)

The SU(8 — ) group can be further reduced to smaller subgroups, as we will see.
Once we have fixed the R-symmetry group at the vacuum, by requiring invariance
under this group we can get additional constraints on the tensors A; and A», in order
to reduce the number of independent unknowns in the equations we have to solve.

The analysis in terms of A and A; is particularly useful for our purposes because
they transform according to irreducible representations of SU(8), then we can easily de-
rive their transformation rules under the residual R-symmetry exploiting the branching
rules for group representations, as we explain in more detail in appendix B.

5.3 RESIDUAL N = 6 SUPERSYMMETRY

Since there is no supergravity theory with N/ = 7 (its supermultiplet, in the CPT-
completed version, would be equivalent to the N' = 8 one), we first look for vacua
preserving N/ = 6 supersymmetries. Imposing that the corresponding supersymmetry
variations of the fermionic fields are vanishing, we get

AT =4AJ"=0 Azlijkzo VI=1,...6 Vijk,

i.e. the A; tensor has only 4 non-vanishing components A;", while for A, we are left
with 40 components of type Az,"'X, 60 of type A,'" and 12 of type A,

To further constrain the form of A; and A, we can now exploit the R-symmetry
group. In particular, we consider the case

SU@B) — U(6) x U(1),

where the U(6) factor results from SU(6) x U(1) (compare with (5.16)), while the U(1)
symmetry comes as a subgroup of SU(2), then it is embedded in the original SU(8)
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group as a rotational symmetry acting on the indices 4,b - - - = 7,8. To get invariance
of A; and A; under this additional U(1) factor, the submatrix Al”’b must be diagonal,
while among the components of A; only the ones with two upper indices of type I, ]
can be different from zero. In particular, in order to respect both U(1) invariance and
the condition of vanishing trace, it must be

A =etxl with e = (_01 (1)) ,

where the matrix X is 6 X 6 and antisymmetric.

For antisymmetric complex matrices of even dimension, Youla’s theorem [51] guaran-
tees that they can be "block-diagonalized", i.e. that there always exists a unitary matrix
V such that VTZV has a block-diagonal structure, each block being proportional to the
e matrix through a real constant. In principle the theorem does not give information
about how to find the proper matrix V, but in our case the matrix X must respect the
underlying U(6) symmetry, then we can always go to the basis in which

0 nq
—mq 0

—Mmy 0 ’
0 ms
—ms 0

once we know that such a basis always exists. In conclusion, the remaining free
parameters in A; and Aj; are just 4: my, my and m3 for Ay, « for Al‘zb = ad%b (among
them only « is still a complex parameter).

Having a null potential immediately implies

1 ikl
AlklAlkl == EAZ;,[] Azn]'kl =
1
A177A17 + A1gg A% = B (A278UA2781] + A287UA2871]) Aad
1
o = 3 (m 4 m3 4 m3) .

If we want to find extremal points of V, the totally antisymmetric tensor C; jk1- considering
all the restrictions on the structure of A; and A;, has non-vanishing components only
if all the four indices are of type I,J,K,L = 1,...6 (in this case the second term in
the RHS of (5.13) can be different from zero) or if two indices are of this type and the
remaining two are of type a,b = 7,8 (then the non-vanishing term is the first one in
(5.13)). From the anti-selfduality condition we get

3

1
S A5 A%y + SenkmnzsC T =0
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and assuming without loss of generality to choose for any I, ], K, L the indices M, N
ordered in the proper way so that I[JKLMN is an even permutation, the equation we
obtain is

A781]A8KL7 - A78[kA8]L7 + A781LA8]K7 — ASMNAT = 0.

From all the possible choices of the indices we can derive three similar equations

mymy +mzx =0,
mims +ma =0,

moyms +ma =0,
which are simultaneously verified if
my =My =my = —a, (5.17)

giving a candidate vacuum state which is automatically a Minkowski one.

To verify that this extremal point of the potential actually corresponds to the vacuum
of a theory with a consistent gauging, we have just to put the values of the A; and
Ap components within equations (5.9), (5.10), (5.11) and verify that the identities are
satisfied. In order to do this, it is convenient to analyze for which combinations of
indices (in the set I,] = 1,...6 or in the set a,b = 7,8) each term on the RHS of the
equation is not vanishing and then verify how, in any case, the full combination gives a
zero result if the parameters are constrained by (5.17).

After carrying out this procedure explicitly, we can confirm that, indeed, (5.17)
describes a Minkowski vacuum with residual N = 6 supersymmetry.

5.4 RESIDUAL N =5 SUPERSYMMETRY

We can try to find other vacuum states progressively reducing the number of preserved
supersymmetries: the next case to analyze is then the set of possible vacua preserving
N =5.

In analogy to the case N = 6, by imposing supersymmetry at the level of fermionic
transformation rules, we can constrain the tensors A; and A, as follows:

Al=aAd =0 , A =0 VI=1,..5 Vijk,

i.e. the A; tensor has only 9 non-vanishing components A;”, while for A, we are left
with 30 components of type Az,!’%, go (with 10 constraints) of type A"/ and 45 (with
15 constraints) of type Aol As for the components Ay, they automatically vanish
due to the traceless condition on A;

Ao = A, 78 =0

a

and analogously for the other two components.
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Once we break the original N’ = 8 supersymmetry leaving only 5 preserved charges,
the largest possible residual R-symmetry is

SU(S) —» SU(5)xSU(3) x U(1),

but in order to analyze some more general cases we can further break the SU(3)
symmetry acting on the indices 6,7, 8 in two different ways

SU(3) — SO(3),
SU(3) — U(1)xU(1).

5.4.1 SU(3) — SO(3)

The symmetry under SO(3), meant as a group acting in its fundamental representation
on the contravariant indices 6,7, 8, imposes the following constraints on the residual
components of A; and Aj:

e A" is invariant only if it is proportional to the identity: A1 = w6 ;
o AzaU K'is never invariant, unless all components vanish;

o Ay’ is never invariant, because SO(3) transformations would leave invariant
the identity but traceless condition forces also the diagonal components to be
vanishing;

o Ay, could be invariant under SO(3) if Ay, ! = ¢V,

In order to verify simultaneously the extremization condition of the potential and the
consistency equations (5.9), (5.10), (5.11), the only possibility would be that Azi]kl =0,
but in that case a non-vanishing « could never give a Minkowski vacuum. Then,

imposing a U(5) x SO(3) R-symmetry, we don’t find any vacua besides the trivial one.

5.4.2 SU(3) — U(1); xU(1)y;

We consider two distinct U(1) groups, each of them acting on a 3-dimensional rep-
resentation as independent rotations of the three basis vectors, with proper charge
assignments to each vector in order to preserve the unit determinant inherited from the
original SU(8) symmetry group. A possibility is that indices 6,7 transform as a doublet
and index 8 as a singlet under the group U(1);, while the group action of U(1);; rotates
the doublet components with opposite charges. The charges with respect to the two
groups would be, for instance,
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but there are also other possible choices of the group action. An inequivalent one could
be

gi=1, q=1, q=-2,

g =1, q;=0, qy=-1.
In any case, if we require symmetry under the two groups’,

¢ A" is never invariant under the action of the two groups simultaneously, unless
all the components vanish;

¢ also AzaUK =0= Azab” ;

bI]

e among A, components, the invariant ones under the group action are A, al] ,
a a

fora=26,7,8.

The structure of A, allows to parametrize the non-vanishing components as
61 71 81 61 71
M =23, =y AT, A = (A + 4,7

where £/ and A" are antisymmetric matrices. Exploiting the U(5) symmetry, one of
these two matrices could also be rewritten in a block-diagonal form, similarly to the
case N' = 6.

However, if we try to find Minkowski vacua, it is immediate that we cannot get
any non-trivial solution, because the only components which could be non-vanishing
are all coming from the A; tensor. Indeed, they would appear in the expression of the
potential (5.12) as a sum of squared moduli with all positive signs, then the potential
can take a zero value only if all the tensor components are identically null.

5.5 RESIDUAL N = 4 SUPERSYMMETRY

If we impose that the number of preserved supersymmetries at the vacuum state
reduces to N = 4, from fermionic transformation rules we derive

A=Al =0 , A =0 VI=1,..4 Vijk,

which means that the A; tensor has at most 16 non-vanishing components A;”, while

for Az we should consider 16 components of type Az,’%, 96 (with 6 constraints) of type

A2ab I 96 (with 16 constraints) of type Azubd, and 16 (with 6 constraints) of type AQQde.
The largest possible residual R-symmetry is now

SU(8) — SU(4) xSU4) xU(1),

We are not considering the case in which the three charges with respect to U(1); are proportional to the
charges of U(1);], because in that case there would be a single U(1) symmetry group.
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where clearly the first SU(4) group acts on indices corresponding to the preserved
supersymmetry generators (indices 1,2,3,4), while the second SU(4) rotates the re-
maining indices. As a first step, we suppose to break this second SU(4) symmetry in
the following ways:

5.5.1 SU(4) — SU(3) x U(1)

The SU(3) group acts in its fundamental representation on three of the four indices
(wlog 5, 6,7), while the U(1) group acts by rotating the basis vectors with charges

q5:q6:q7:1, q8:_3
Imposing R-symmetry under this subgroup of SU(4) means that

e all A1’ components must vanish because otherwise the tensor would not be
invariant under U(1) (there are no combinations of two charges that cancel each
other);

e also Ay, K, Ay b and Ay, ' are forced to vanish (again, it can be obtained by
imposing symmetry under U(1) with the above charge assignments);

* among A0 components, the diagonal ones Ay,"/ are invariant under U(1); to
satisfy the SU(3) symmetry and also the traceless condition, they must be

A2551] _ A2661] _ A277I] — ZU , A288I] — _3 ZU ,

where 2/ is an antisymmetric matrix, which could be led to a block-diagonal
form by exploiting the unbroken U(4) symmetry.

Then, only A, tensor can have some non-vanishing components, which means that
imposing the condition of zero potential we immediately get the trivial solution.

5.52 SU(4) — Sp(4)

The group of matrices
Sp(4) = {MecU4): MTOM = Q},

where () is the skew-symmetric matrix

(0 I
Q_<—1[2 0)'
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acts in its 4-dimensional representation on indices 5,6,7,8. Symmetry under Sp(4)
implies that

o all A% components vanish (A; must be symmetric, then we cannot have At =
),

e all AgaU K and Azabd components must vanish, too;
. AzabU components must vanish due to the traceless condition on Aj;
o Ay, components could be Sp(4) invariant if they had the form
Al = 5,0 0,
but if « # 0 they would violate antisymmetry and traceless constraint on Aj.
In summary, by imposing a residual U(4) x Sp(4) R-symmetry we automatically get
that the only possibility is to have no gauging.

5.5.3 SU(4) — SU(2) x SU(2)

The two SU(2) groups act on orthogonal vector spaces, i.e. for instance one group
acts on the subspace generated by basis vectors with indices 5,6 and the other one on
the subspace generated by 7, 8. If we impose symmetry under the product of the two
groups

e all A;”* components must vanish (due to the symmetry condition on A1);

e also Ay," and A,,'! are never invariant unless they vanish;

e A" components can be SU(2) x SU(2) invariant if they take the form
Aot = M = 21 a7 = 4 = sl

where XU is an antisymmetric matrix as usual, while all other components cannot
be different from zero;

* among Az, the only possibility would be that the non-vanishing components
were
Aps8 = Ay 078 = — A, 58 = — 4, = |
A27756 — A28856 — —A27765 — _A28865 — ‘B ,

but the traceless condition on A, forces « = = 0.

Again, we obtain that the possibly non-vanishing tensor components all come from A;
tensor, which prevents non-trivial Minkowski vacua being found.
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554 SU4) — U(1) x U(1)

This symmetry group can be seen as a subgroup of the SU(2) x SU(2) analyzed in
section 5.5.3. In particular, assuming that the charges with respect to the first U(1) are

P = 41, P =1,
and analogously for the second U(1)
78 = 41, 7 =1,
symmetry under U(1) x U(1) implies that
¢ the non-vanishing components of A; are

Alﬁg = a6 for 4,b=5,6 , Alﬁg = ,BCS@E for 4,b=7,8 ,

e components of the A, tensor should have 2 or 4 indices of type 5,6,7,8 in order
to be invariant under the symmetry group and they should take the form

Ar = qe®etl for 4,b=5,6,6d=7,8,
Ayt = sethed  for 4,6=7,8, c,d=5,6,

and Youla’s theorem can be applied so that, exploiting the U(4) unbroken sym-
metry, we go to the basis where

0 my
—Mmy 0

As a consequence, requiring such a symmetry means that there are 18 parameters to
fix: &, B, 7y, 8, my, my and 6 independent components for each of the antisymmetric Al
and 'Y, which are all in principle complex numbers, apart from m; and 1.

In order to find a Minkowski vacuum, we have to impose the condition of vanishing
potential

V=0 & =3(laf+|pP)+ (\712+\612+m%+m§+ Y AR L2y yrU\z) _o,
I<J I<J
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together with the extremization condition, which gives

(Y*a* + 5 B*) + mumy + AZA — ATBA% f AMAZ (1234 _ 824 | TSy — g
a*my + 0F(A2)* + BAM* +ymy =0,

wrmy 4+ 6% (A + BAZ +ym; =0,

5 (AB) — BAY =0,

5 (A™)* + BAB =0

These equations, combined with other conditions coming from equation (5.9), give the
following constraints on the squared moduli of the parameters:

8 = 912 = m} - [P2 + T2 [T
|,3|2 |(5|2 |A12|2—|—|A13| +|A14|2+|1—-12|2_|_|I-13|2+|1—|14|2
m% — m% , ’/\12’2 |A34|2 |A13‘2 ’A24’2 |A14|2 |A23|2

’r12’2 ’r34’2 ‘Fl3| — ‘FM‘Z , ’r14’2 ’r23’2

which are compatible with the requirement of zero potential, plus some constraints on
the phases, coming also from equations (5.10) and (5.11),

o1 (0utby) — _ i (6 +6my) ,
e*i(@ﬁ‘i’@g) — _ei(912+934) — _ei(014+923) — +ei(913+924) ,
ei(¢12+({734) — ei(<P14+§923) — _ei((P13+<P24) ,

where the phase of AU is denoted by 01;, the phase of i by ¢ and clearly e 1Oy +0my) —

+1 since m; and m; are real quantities. At this point, we can exploit the unbroken
U(1) x U(1) symmetry to fix the phases of two complex parameters, for instance we
can fix « and f to be real quantities.

555 SU(4) — U(1)

The original SU(4) symmetry can be broken to U(1) in different ways, corresponding
to different actions of the U(1) group. In particular, three inequivalent choices for the
charges of basis vectors are

I) q5+i6 =1, q57i6 =1, q7+i8 =0, q7fi8 =0,
II) q5+i6 =1, q57i6 =-1, q7+i8 =1, q77i8 =-1,
IH) q5+i6 =1, q57i6 =-1, q7+i8 =2, q77i8 = -2,
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Case I

The tensor components invariant under the action of U(1) are

e for the tensor Ay
A 55 A 66 , A177 — 'B , A188 =1, A178 — A187 — (5’

IJK IJK
* components A27] , A2s] ;

¢ among components of type A; ab Iy

A255U _ A2661] -yl A277I] _ MlU , A288U _ —(ZZU 4 Ml”) ,
A256U _ _A265U _ Mz” , A278U _ M3” , A287U — M4” ,

which correspond to 5 independent antisymmetric matrices; exploiting the U(4)
symmetry acting on indices I, J, a basis can be always chosen in such a way that

one of these matrices, for instance A255U = 2! | takes the form
0 mq
—m 0
Y= ! )
0 noy
—1my 0
where m; and m; are real quantities;
¢ among components of type AQde
571 671 I 671 571 I 561 I
Axg”" = Apg =V, Axgl = A =Vo Ay =V3,
581 681 I 681 581 I 561 I
Axs™ = Agg” =V, Axs = A =V, A =Ve,
87I I 781 I.
A28 - _2V1 ’ A27 = _2V4 ’
* among components of type A ab o
678 578 756 _ 856 567 568
A25 = _A26 =&, Az A = g A28 =1, A27 =1.

The condition of having a null potential in this case becomes
V=0 & 0=—3(2af+[BP + |71 +2057) + [2\e|2 + 207+ [n + |2+

+ Y (A0 + AT + Y6V + 2wt + v eV 2V + VT +
I<J<K i

+ 3 @RV + (M 4 20T+ MY MY+ 220+ M) |
I<J
To have an extremal point of the potential, instead, the requirement is
(—2e*a* +20%6* + ' y* — I B*) + [6mymy + 2(myMy*? + my M)+
+ 2(M112M134 - M113M124 + M114M123) + 2(M212M234 o M213M224 + M214M223)+
+ (M312M334 o M313M324 + M314M323) + (M412M434 _ M413M424 + M414M423) —0.
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Case 11

The tensor components invariant under the action of U(l) are

e for the tensor A

A155 — A166 =a, A157 — A168 =, A158 — —A167 -4 , A177 — A188 — ﬁ/

® among components of type Azab I
A2551] _ A266I] — I ) A2771] _ A288U — _yl )
A256I] _ _A2651] _ M1U ) A2781] _ _A287I] _ M2U )
A2571] _ A2681] _ M3U ) A2751] _ A2861] _ M4” ,
71 81 61 51
Azg I = —Az; F= M5, A = —Ang F'= Mg ;

which correspond to 7 independent antisymmetric matrices; again, a basis can be
always chosen in such a way that one of these matrices, for instance AZSSU =X,
takes the form

0 mq
Y — —nm 0 .
o 0 my !
—Mmy 0
* among components of type Azub“i
A 678 A 578_8, A2786 A 756:§,
Ay 567 A867_A26568_ A578_17/
Ay 388 — A, 78 — A, 567 — A, 587

We can impose the condition for having a Minkowski vacuum
V=0 & —3(laf+[BP+2v+200P)+

6
+ <|s|2 + 1217+ 271>+ 2>+ 2mi +2m5 + ) Y |M1-”|2) =0
i=11<]

and the extremization condition, which gives

(ea* + T"B* + 20" y* — 21%6%) + [ — 2mymp+

+ (M112M134 _ M113M124 + M114M123) + (M212M234 _ M213M224 + M214M223)+

. (M312M434 . M313M424 + M314M423) . (M412M334 . M413M324: + M414:M323)+

o (M512M634 o M513M624 + M514M623) _ (M612M534 _ M613M524 =+ M614M523):| =0 ,
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(M) 4 (o 4 %) (M) * + (6%
+ BM™M — (y + )M5™M — (6 — ) Ma™™M + ey "M =0,

(@ + ) (M) — (B + &) (MyT)* —2(7* =) (ZV)* + (6" — ") (M + M)+
— [(@+ MM — (B+ )M —2(y = )ZHM 4 (5 — ) (My ™M + M) | =0,
(" =) (M) + (" = B*) (M) — (7" — 1) (My T + M)+ 2(6% — ") (27) "+
— [(@ = DM + (e — B)MeM — (7 — ) (M ™M + M;"M) +2(5 — )zHM| =0,

where, in the last equations, indices (IJLM) are meant to be any even permutation of
(1234).

From (5.9) we get many additional quadratic constraints

)3 (|M3U|2

=) (M) + T (M)

— M) + [e2 = |2 — |2 + B[ = 0

<]
Y (1M — |MGT[2) + Jef = [g 2 — [af? + B = 0
I<J
m+ 3 IMy P M2 MY 2 — Ja? — 92— 6 =0,
J#1
m3+ 1 IMT2 o M2 M2 = [a? = |92~ |6 =0,
J#3
m+ Y M2 M2 o MY 2 — B — [y — o = 0
J#41
m3+ 1 MY 2+ M2+ M — B = 72 — o = 0
J#3

where the last four equations also hold if we replace the matrix indices I = 1 with
I=2and I =3 with [ =4,

2 M13 +M14(Mi24)* =0, 2 Milz(MiZ3)* . Mil4(Mi34)* =0,

i=1,3,5 =135
ori=24,6 or i=24,6
Z M12 +M13(Mi34)* :0’ Z MlZ +M24(Mi34)*:0,
i=1,3,5 =135
or i:2,4,6 ori= 246
Z Mi12(M114)*_Mi23(Mi34)* :0, Z M13 +M23(M ) =0.
i=1,3,5 =135
ori=24,6 ori=2,4,6
Case 111

The tensor components invariant under the action of U(1) are the same as in the case

of a residual U(1) x U(1) symmetry

e for the tensor A,

55 66
A1 = A1,

77 88 .
A=A
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e among components of type Ap,"!
51 61 71 81 51
A25]:A26 ]1 A27]:A28]:_A25 ]1
61 51 81 71
A25 ]:_A26 ]/ A27 ]:_A28 ]/
which correspond to 3 independent antisymmetric matrices; a basis can be always
chosen in such a way that A255U = 21J takes the form
0 mq
- 0
=™ ;
0 nmy
—my 0
¢ among components of type Azabc‘i
A25678 — _A26578 , A27856 — _A28756 .

Then, if we look for Minkowski vacua, the solutions are analogous to the results
obtained in section 5.5.4. The only difference is that, since in this case there is no more
a U(1) x U(1) symmetry, but just a single U(1), we can choose arbitrarily the phase
of one complex parameter (for instance we can require « to be real) but not of two of
them.
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CONCLUSIONS AND OUTLOOK

In this thesis, we have reviewed some important ideas about gauged supergravity
theories and their deep connection with string compactifications in presence of fluxes of
various origin, then we have presented the maximal supergravity theory in 4 dimensions,
in order to perform a partial but systematical analysis of its Minkowski vacua.

The results we have obtained can be summarized as follows:

Residual supersymmetry Residual gauge group
N =6 U(6) x U(1)
N =5 no flat vacua
N =4 U(4) x U(1) x U(1)
U(4) xU(1)

The above outcomes are in agreement with the literature on the subject. In particular,
an analysis of Minkowski vacua for the spontaneously broken N = 8 supergravity
can be found in [52]. Here, all the models considered show supersymmetry breaking
patterns to an even number of residual supersymmetry generators N' = 6,4,2,0,
compatibly with our results for N’ = 6 and N = 4.

As for the case of 5 residual supersymmetry generators, it was expected that
Minkowski vacua could not be found, because this pattern is prevented by kinematical
constraints. In general, when supersymmetry is broken from A = 8 to some N’, the
tield content of the unique supermultiplet has to be rearranged in smaller multiplets.
Among them, there are always one gravity multiplet (with N gravitini) and 8 — N/’
massive gravitino multiplets, but this is not possible in the case of N/ = 5 [43], [53].

For the other possible supersymmetry breaking patterns with an odd number of
residual generators (N = 3 and N/ = 1), there are no similar kinematical constraints,
but examples of such Minkowski vacua have never been found up to now (if we do not
require a vanishing vacuum energy, instead, there are possible solutions resulting in de
Sitter spacetimes). On the other hand, there are some hints, coming from string theory
calculations, that suggest to not exclude their existence (see the results reported in
section 3.3). Then, it would be very interesting to continue our analysis by investigating
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these two cases. Since the technique we have used gives complete results once we have
imposed a given residual symmetry, if calculations were able to exclude the presence of
Minkowski vacua once and for all, this could suggest that there is some yet unknown
mechanism at work.



COSET MANIFOLDS

We mentioned in section 2.2 that scalar manifolds of extended supergravity theories
can be often described as coset manifolds, which simplifies a lot the discussion of
gauging procedure. Given the relevance of this geometric structure, in particular for the
construction of the maximal supergravity theory in 4 dimensions in chapter 4, we give
in this appendix a general introduction to coset manifolds, with particular attention to
those definition and properties that are employed in the rest of the thesis. Notation is
mainly taken from [54].

A.1 FIRST DEFINITIONS AND CLASSIFICATION

Definition A.1. A metric space M is homogeneous if it admits an isometry group G with
a transitive action on M, i.e. if any point of the metric space can be reached starting
from any other point and applying the group action

Vx,ye M 3dgeG st y=gx.

Definition A.2. The isotropy group of a point x of an homogeneous space is the subgroup
H C G whose action on x leaves the point invariant

hx=x VheH.

Due to the transitive action of G, any point of the homogeneous space is left
invariant by a subgroup of type ¢gHg !, for some ¢ € G:

y=gx = (ghg’l)y:y VheH.

This property allows to identify the homogeneous space with the coset G/H, which
is the set of equivalence classes of G once we have defined the equivalence relation
g~ g'iff g = g'h, for some h € H. If G is a Lie group, we call G/H a coset manifold; its
dimension is d = dim(G) — dim(H).

The Lie algebra g of G can be written as the direct sum

g=hopt, (A.1)
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where b is the Lie algebra of H and ¢ contains the coset generators. The g algebra
structure can be described in terms of the generators as follows:

[t t] = £t
[tista] = fiitj + fua"to (A-2)
(ta, to] = fop'ti + fap“te

where we used the convention that i, j, k... are b indices and a,b,c. .. are £ indices.
Coset manifolds can be classified according to the form of (A.2) relations. In
particular, a coset manifold is said reductive if [h, €] C £, which means that

fl =0. (A3)

This is always the case for semi-simple G groups, whose Cartan—Killing metric on g
Yag = f4cP fapC (Where capital letters denote generic g indices) is non-degenerate:
once a proper basis is chosen so that the metric is diagonal, it can be used to raise and
lower the structure constant indices and then to obtain £,/ = 0 from ij" = 0.

A coset manifold is called symmetric if

fabc =0 ’ (A4)

which corresponds to requiring that [¢,¢] C h. If G/H is non-compact, reductive
and H is the maximal compact subgroup of G, symmetry of the coset manifold is
always guaranteed. Indeed, the non-compact g algebra can be obtained starting from
its compact counterpart and multiplying by the imaginary unit only generators in &,
then [¢,¢] C b is needed for the algebra to close with real structure constants. This is
what happens for the coset manifold G/H = Ey (7 /SU(8) of maximal supergravity in 4
dimensions.

A.2 COSET REPRESENTATIVES AND INFINITESIMAL TRANSFORMATIONS

For each coset in G/H, i.e. for each point ¢ of the homogeneous manifold, one
can choose an element L(¢) € G belonging to the equivalence class under right H
multiplication and use it as a coset representative. Once we fix the way of performing
this choice, acting on a coset representative with a group element g € G does not
necessarily send it into another representative: in general, we also need to apply a local
H transformation

gL(¢) = L(¢") () - (A.5)
A natural way to choose coset representatives is through exponentiation of the genera-
tors spanning the ¢ subspace of g:

L(p) =L(y,,...y") = eV  with a=1,...d =dim(G/H), (A.6)
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where the i, ...y are real parameters.

In the case of non-compact spaces, an alternative choice comes from the Iwasawa
decomposition ([6], [55]). Indeed, having an euclidean non-compact maximal G/ H, there
is always a solvable subalgebra solv C g having the same dimension as £ as a vector
space and such that the Lie algebra g can be written as

g="bDsolv. (A7)

Thus, coset representatives can be taken as exponentials of the generators of the solvable
subalgebra

Lig) =[e¥ ™  with (f,...5) = solv. (A.8)
a

The transformation law (A.5) of coset representatives under the action of constant g
can be considered at the infinitesimal level, i.e.

g=T1+¢ety,
h(g,g) =1—ew,'(p)t;, (A.9)
(. g) = 9" +€C,%(9),

where we assume to have established a set of local coordinates on the coset manifold
¢ ={¢"}, a =1,...d. Remembering that G is the isometry group of G/H, the vector
fields {4 = ¢ 4" 94 describing the group action on the coset manifold are the Killing

vectors associated to the generators t4 € g. The ¢-dependent w ,' is usually called
H-compensator. In this formalism, the variation of L(¢) can be expressed as

L(¢') = L(§) + 24" 0. L(¢) , (A.10)

so that the transformation rule (A.5) becomes, for infinitesimal transformations,

tAL(¢) = Ca(@)L(9) — L(P)wa'(P)ti - (A.11)
It can be shown [54] that the Killing vectors — 4 satisfy the g Lie algebra, i.e. that

4, E8] = —fap“c - (A.12)

A.3 LOCAL STRUCTURE: THE MAURER-—CARTAN FORM

In the following, we focus on reductive coset manifolds. Starting from coset representa-
tives, the following Lie algebra-valued 1-form can be defined:

Q(¢p) = L7 (¢) dL(9), (A.13)

called the Maurer—Cartan form of a coset manifold, which generalizes the left-invariant
1-form defined on Lie groups. Taking values in g, (A.13) can be expressed in terms of
the algebra generators

Q(p) = V' (P)ta + &' (@), (A.14)
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where V" is a covariant vielbein and w' is called the H-connection. These two objects
completely characterize the geometry of a coset manifold.

Due to the coset structure, the Maurer—Cartan form is not invariant under left
multiplication by a constant element ¢ € G: from (A.5), which can be rewritten as

L(¢') = gL(¢) h~1(¢), we derive
Q(¢)) =hQ(p)h L +hdh ! =

' A.
=V P) hteh ™ + ' (P) ht; k™ + hdh L (A.15)

Using the (A.14) decomposition, we can write the transformation rules for the vielbein
and the H-connection under left G transformations

Vi(¢') =V (¢) D, (1), (A.16a)
w'(¢) =w/(¢) D (k™) + (hdh ™)', (A.16b)

where matrices D ,5(g) denote the adjoint representation of elements g € G, defined
as D ,8(g)tp = g1 ta g and we exploit D, (1) = 0, which holds due to the reductivity
of the coset manifold (A.3). Transformation rules (A.16b) show that the H-connection
behaves indeed as a connection under the gauge group H.

From the definition of Maurer—Cartan form and the decomposition (A.14), taking
infinitesimal transformations of the coset representatives (A.11) and multiplying both
sides by L~1(¢) from the left, one obtains

L™ (¢)taL(¢) = D" (L(p))ts =L~ (§)EA"duL(9) — wy'ti =

=AM @)V ita + 84" Wlati —wa't (A.17)
The quantities 2, = —¢ ,*w’, +w ' are called momentum maps or Killing prepotentials

[12] and generalize the prepotentials constructed for N' = 2 supergravity theories
[56]; they are particularly important because they enter the definition of the gauged
connection, as in (4.41b).

An explicit expression of the Killing vectors can be derived from (A.17) by projecting
on the generators t, € £

Ca"(9) = DA"(L(9)Ve"(9) , (A.18)
where V,* is defined as the inverse of the vielbein
V"V =6 . (A.19)

Projecting on the generators t; € b, instead, gives an explicit expression for the H-
compensator,

W, () = W'y ()54"(¢) — D4 (L(9)), (A.20)
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which can be also interpreted as an identity for the prepotentials

Pul =D, (L(9) = — (LN (@)taL(9)) . (A.21)

A left-invariant metric on the coset manifold G/ H can be obtained from the Cartan-
Killing metric on G using the vielbein

8ap(P) = Yar Ve (@)V5(9) - (A.22)

This metric in insensitive to the choice of coset representatives and allows to convert
flat indices a,b. .. into curved indices a, 8. .. on the coset manifold.
From the H-connection, one can define a covariant derivative on the coset manifold

DuL(¢p) = 04 L(p) — wiaL(gb)ti ) (A.23)

Given the definition of Maurer —Cartan form and the decomposition (A.14), H-covariant
derivatives can be used to write

LHPZL(@) =Vista & TL(@) = L)V, - (A-24)
A.3.1  Maurer—Cartan equations

The Maurer—Cartan equations express the differential properties of () = L~1dL

40(p) + Qp) A Q(P) = 0. (A.25)

Projecting on the £ and h subspaces of the Lie algebra g, we obtain

. 1
AV VNG "+ SVIAV S =0, (A.26a)
1. 1 .
de' + Sl A W fy + SVIA Vo i=0. (A.26b)

If we assume that the coset manifold, apart from being reductive, is also symmetric
(then f ¢ = 0), equations (A.26) can be written in a more compact notation as

2V =dV+VANw+wAV =0, (A.27a)
R=dw+wAhw=-VAYV, (A.27b)

where we have defined the covariant derivative of the vielbein 2V, while the 2-form R
is the H-curvature [12]. In components, equation (A.27b) becomes

Rwi = aawiﬁ — dpw'y + W wkﬁ fjki ==V Vbﬁ fup' - (A.28)
The curvature R can be used to relate Killing vectors and prepotentials
D P4 = Ea"Reg' (A.29)

which holds not only in the case of coset manifolds. Indeed, for non-homogeneous
scalar manifolds, as in the case of some N = 2 supergravity models, momentum maps
can be constructed from Killing vectors as solutions to the differential equation (A.29).
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In this appendix we give, through a concrete example, some details about the strategy
used to select the independent non-vanishing components of the tensors A; and A,
for each chosen supersymmetry breaking pattern. The underlying idea is that the
components we cannot automatically set to zero are those transforming trivially under
the residual R-symmetry group, i.e. the components that are left invariant by the group
action.

In this context, a key element is the knowledge of rules for decomposing any
irreducible representation of a group into irreducible representations of its subgroups,
the so-called branching rules. We will recover information about the branching rules for
the groups of our interest from [57], where they are obtained exploiting the Mathematica
application LieART, which is specifically designed to study Lie groups and Lie algebras.

B.1 AN EXAMPLE

We consider the case in which we look for vacua with 4 unbroken supersymmetry
generators, as in section 5.5. The R-symmetry group splits into

SU(8) — SU(4) x SU(4) x U(1),

then the first step is to take the branching rules of the 36 and 420 representations of
SU(8) and match the irreducible representations with the tensor components. For the
36 representation, corresponding to the A; tensor, we have

36 — (4,4)(0)+(10,1)(2) 4+ (1,10)(-2),

where, for each term, the first two numbers denote the representations with respect
to the two SU(4) groups, while the third number is the charge with respect to U(1).
Using again the notation (5.15), we can easily establish that

e the (4,4)(0) representation corresponds to the tensor components A;" = A;'%;
e the (10,1)(2) representation corresponds to the components A;"/;

e the (1,10)(—2) representation corresponds to the components A;".
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Due to the supersymmetry requirements, we know that we have to take into account
only the last irreducible representation, while the others will be automatically vanishing.

The same can be done for the A, tensor: considering the branching rule for the 420
representation, we find that

e the (10,1)(2) representation corresponds to the tensor components A I] KL trace-
less, i.e. verifying Aj IUK =0;

e the (1,10)(—2) representation corresponds to the components A" traceless, i.e.
verifying A,,"" = 0;

e the (15,6)(—2) representation corresponds to the components Ay, “ such that
Azllab =0;

6,15)(2) representation corresponds to the components AZHU bt AZQU =0

e the (4,4)(0) representation corresponds to Azij”K = (Sij A fori =1,...4 and
Ay = —6/AK fori=5,...8;

e the (6,1)(2) representation corresponds to AzinL = 5ij AKL fori =1,...4 and
ANt = 6/ AKL for i =5,...8;

e the (1,6)(—2) representation corresponds to Azij”b = 5{]‘ A% fori=1,...4 and
Ap)™ = 5] A fori=5,...8.

Due to the requirement that A,,” =0 imposed by supersymmetry at the vacuum, we
can keep only the (1,10)(—2), (6,15)(2), (4,20)(0) and (4, 4)(4) representations, which
correspond precisely to the non-vanishing tensor components listed at the beginning of
section 5.5.

If we further break the SU(4) symmetry associated with the broken supersymmetry
generators, we have to exploit the branching rules of SU(4). In particular, we consider
the breaking pattern

SU(4) — SU(2)xSU((2)xU(1) — U(1)xU(1), (B.1)

which leads to the residual R-symmetry analyzed in section 5.5.4. The two U(1) factors
in the final symmetry group are meant as subgroups of the two SU(2) respectively.
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We use now a notation where indices transforming non-trivially with respect to
the first SU(2) factor are denoted with 4, b..., whilea,b...are the indices associated
to the second SU(2) factor. If we take the A; tensor, its non-vanishing components
A1 sitting in the 10 representation of SU(4) transform under SU(2) x SU(2) x U(1)
according to the following irreducible representations:

* (2,2)(0): components Ay,
* (3,1)(2): components A,
* (1,3)(—2): components Ay,
For the A, tensor, instead, we have that

e the representation 4 (corresponding to the components A,,"X) splits into

(2,1)(—1): components A,""*;
1,

- (1,2)(1): components Ap,"%;

¢ the representation 15 (corresponding to the components Az, PV splits into

)(

)(2): components A ﬁEU ;
)(—2): components AZdBU;

)(0): components AngU such that AzﬁﬁU =0;
)(0): components A ﬁi’” such that A" = 0;

e the representation 20 (corresponding to the components A,,’!) splits into

1): components A,;";

)

)(—3): components A,"!;

)(3): components A; ﬁi’ et

)(—1): components A; dm ;

)(—1): components Azdi’@[ such that A, = 0;

)(1): components Azﬁi’fl such that A, = 0;

e the representation 10 (corresponding to the components A,,”) splits into
~ (2,2)(0): components A,," = (5," — 5,") A%,

- (3,1)(2): components Azdi’f‘j such that Azﬁm =0;
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- (1,3)(—2): components Azﬁgé’i such that Azﬁﬁé‘{ =0.

At this point, as expressed in (B.1), we want to consider that the symmetry is broken
to U(1) x U(1), where the two U(1) act respectively on indices @ and 4. Due to the well-
known structure of the branching rules for SU(2) — U(1) (from the n-dimensional
representation of SU(2) we obtain n 1-dimensional representations of U(1) that are
charged under U(1) with charges going from —(n — 1) to n — 1 in steps of 2), we can
immediately select the tensor components of A; and A, transforming trivially under
U(1) x U(1). Indeed, since only from an odd-dimensional SU(2) representation we can
get a U(1) representation with zero charge, we will get a singlet under U(1) x U(1) for
each representation of SU(2) x SU(2) of the type (2n+1,2m + 1).

Using this procedure and at the same time fixing the action of the U(1) in the
chosen basis (i.e. the charges under the U(1) groups), we can find explicitly the A; and
Ay components which are singlets under the U(1) x U(1) symmetry; they correspond
to those listed in section 5.5.4.
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