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Chapter 1

Introduction

1.1 Is the Standard Model truly a good model?

The course of theoretical particle physics has been very successful in the last decades. The
Standard Model, based on Quantum Mechanics and Special Relativity principles, proved to
be faithfully up to the scale proven at LHC, namely order ten Tev. It has received different
confirmations and proofs from various experiments, and thus it is an excellent model that
describes gauge interactions so far. Fermions come in three families of leptons that differ
only by masses. The standard model has been confirmed numerous times and also provides
a good amount of predictions. On the other hand, it has several drawbacks. There are a
number of free parameters, such as coupling constants, mixing angles, and masses in the
model, which have to be measured from experiments and there is no known principle to
fix them. There is an even larger degree of arbitrariness in the choice of the Gauge group,
namely SU(3) x SU(2) x U(1), which corresponds to the strong, weak, and hypercharge
interactions, respectively. This is only one single choice of field theory out of the infinite
class of possible local quantum field theories. Another issue that arises, studying the Standard
Model of particle physics, regards naturalness, or in other words, the problem of fine tuning.
Indeed, some parameters (Higgs mass and 0 term) necessitate fine-tuning at tree level in
order to obtain the correct experimental results, in light of the great quantum corrections
these quantities receive. The list of problems is not yet finished, huge complications arise
when trying to couple the Standard Model with gravity. Indeed, approaching the quantisation
of gravity around a flat background results in infinities in the related Feynman diagrams.
The latter cannot be tamed by the usual renormalisation techniques [1]. This feature is in
common with all the other theories in the framework of local quantum field theories, it is
not possible to quantise General Relativity with the usual well-known method of QFT. Fine

tuning is related also to this last issue, indeed without new interactions beyond the Standard
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Model, there would not be any fine tuning problem. One last, pending puzzle is the one
regarding the Cosmological Constant. The Standard Model predicts its values to be various
(order 70) orders of magnitude higher than the observed value [2]. Other small problems also
arise when considering the lack of particles to serve as dark-matter candidates or the lack of
a first-order phase transition needed for baryogenesys.

On the other hand, a truly fundamental theory should be able to include gravity at a quantum
level and possibly solve the previous puzzles. There have been many attempts to address
some of these problems over the years.

Supersymmetric extensions of the Standard Model have been considered to solve the fine
tuning issue regarding the SM parameters, but they do not solve any of the fundamental
problems related to the shortcomings of quantum field theories, in particular supersymmetric
extensions of gravity, supergravity theories, do not appear to be perturbatively renormalizable
either (even though there have been extensive studies that show divergences in N = 8
supergravity do not show up before five loops, and current consensus is that the first counter-
term appears at seven loops, though it is still possible that its coefficient is vanishing [3]).
This may be due to the fact that space-time itself should lose its continuous nature at Planck
length scale and its geometry be no more smooth. For example, an option could be changing
the smoothness of the spacetime itself at small Planckian distance scales and discretising in
some manner. Another possibility is non-commutative geometry, which assumes that the
spacetime coordinates do not commute and instead obey an uncertainty principle, leads to a
description of quantum gravity, these formulations have been ruled out by experiments at
Fermilab [4], where possible variations of photon speed with energy have been tested up
to energy scales beyond the Planck scale. Similarly, the approach of loop quantum gravity
leads to quantisation of space-time at very small distances. Still, this approach lacks a
unifying framework between gravity and the other sectors (matters), it fails to reproduce
General Relativity in some limit and its perturbative expansion, and it also fails to describe
how divergences [1] are cured by the quantisation procedure and all the elementary tests
about black holes. In addition, their formulation is not yet at a level where it is possible to
perform tests on the theory. An interesting approach is the one proposed by Weinberg on the
asymptotic safety of gravity [5], which prescribes the existence of a safe UV fixed point for
General Relativity. At the time of writing this thesis, there were no clues about the existence
of such a fixed point.

String theory, on the other hand, starts from a different perspective. Particles are not anymore
fundamental objects and not even space-time is; instead 1-dimensional objects called strings
become the new fundamental constituent of the theory. These objects have an intrinsic length

s, so they cannot be used to prove physics at scales smaller than this length. Basically, there



1.1 Is the Standard Model truly a good model? 3

is no meaning to the geometry of space-time below this scale. In addition, fields, particles,
and space-time are emergent phenomena coming out of strings excitations. This provides a
unifying framework for gravity and the other forces.

The theory possesses many useful and relevant features. In order to be unitary, preserve
local Lorentz invariance and be anomaly-free, the bosonic string theory must live in 26
space-time dimensions, if we add supersymmetric partners and write down a supersymmetric
theory the number of dimensions falls down to 10. The perturbative expansion of superstring
theory is finite [6, 7], and explicit computations have been performed up to 2 loops order
[8-16]. Implying that individual loops are free of UV divergences. On the other hand,
the convergence of the perturbation series and the completeness of the theory is still under
debate. Obviously, the theory contains both open and closed strings, the latter give rise
to the degrees of freedom of gravity, while the former provide the degrees of freedom of
gauge theories. In addition, it was soon shown that the various string theories were all linked
and that are different realisations of an eleven-dimensional theory, called M-Theory (or the
theory of everything). The number of dimensions is related to the fact that 11 is the maximal
space-time dimension where it is possible to have a supergravity theory without higher spin
fields (with linear realisation of supersymmetry and with a single time-like direction).

Fig. 1.1 Relations among various String Theories and M-Theory

From the first years, after it was discovered that String Theory encapsulated both gauge
theories and gravity, people soon realised that there were too many space-time dimensions
with respect to the ones we can sense in our universe. This brought back to the stage
the old concept of dimensional reduction and compactification. The idea first came to
Theodor Kaluza in 1919 and then was perfected by Klein in 1926. They started with a
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pure gravitational theory in five dimensions, namely the Hilbert—Einstein term, with a 15-
components metric, and assuming 1 space-like dimension is curled upon itself, forming a
circle, they deduced, using the so-called cylinder conditions (fields do not depend on this
fifth coordinate) a four-dimensional theory which contained the usual General Relativity
term plus Maxwell theory and a scalar. However, this reduction presented many problems
when applied to string theory. Most of the problems arose because, by using Kaluza—Klein
reduction (KK reduction) on a torus in supergravity, it was not possible to have theories with
broken supersymmetry in lower dimensions. This was a great issue, because in our world we
do not observe supersymmetry at the energy scales we have tested so far, so supersymmetry
should be a broken symmetry in the current phase of our universe. Another problem was
the presence of a huge amount of massless scalar fields, parameterizing the geometry of
the internal space-time (the compactification manifold). Being massless, they may be the
mediator of long-range forces not observed in nature; therefore, they need to be stabilised
(gain mass). In order to solve these problems, in 1979 Scherk and Schwarz identified a new
method of dimensional reduction called generalised reduction. In Appendix A there is a
detailed description of the KK and Scherk and Schwarz reductions. The latter used internal
and spacetime simmetries to give the fields a particular dependence on the compactified
coordinates, this would result in mass terms for the various field, and therefore solving
the problem of moduli stabilisation (at least partly). In addition, if we make explicit the
dependence on the compactified coordinates for the gravitino(s) and not for the graviton, we
would also be able to break supersymmetry in lower dimensions.

In the late 90ies, people realised that string theory wasn’t only a theory of strings, but it
encompassed higher-dimensional objects where the ends of open strings could move, namely
D-branes. These objects can be charged under some gauge groups. Other higher-dimensional
objects were also introduced later, such as O-planes. These concepts made possible the
development of other ways to solve the moduli stabilisation problems and create a potential

for those scalar fields. Soon, people realised that internal manifolds could support *fluxes’

/J—:p:CZ‘J
x

where F7 is the field strength of a q-form (which are present in type IIA, IIB, and 11
dimensional supergravity) and Cy, are constants. Fluxes with all indices in the internal
manifold do not break Lorentz invariance and so are allowed, in addition, fluxes along the
external directions that are proportional to the Lorentz-invariant tensor are also allowed. They
give rise to a potential as well, just as the electric and magnetic fields stored in a volume give

rise to a non-vanishing Hamiltonian and, therefore, to a non-vanishing potential.
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In this thesis, we will be interested in compactifications that preserve supersymmetry. It is
also possible to obtain perfectly reasonable models with supersymmetry broken at the string
scale, but usually these constructions suffer from instabilities. From the point of view of
the low-energy theory in lower dimensions (except N = 1), all these possible reductions are
encapsulated in a unique tensor, the Embedding Tensor. Namely, it contains all the possible
deformations of the theory, Fluxes, Twists of the internal Geometries, non-Geometrical

fluxes, etc.

1.2 One tensor to rule them all: the Embedding Tensor

Studying the string theory low-energy effective theory in 10-dimensions or the low-energy
effective theory of M-Theory, one always ends up with a supergravity theory. Either type
ITA or IIB supergravity or 11-dimensional supergravity, which is unique and corresponds to
the highest-dimensional supergravity theory. Indeed, it is not possible to build supergrav-
ities in more than 11 dimensions (with linear realisation of supersymmetry, a single time
direction, and without particles with spin greater than 2). By compactifying these theories on
some internal manifold, it is possible to obtain supergravity theories in lower dimensions,
usually with extended supersymmetry. All the possible deformations that one can imagine
to apply to the compactification manifold, when analysed from the point of view of the
lower-dimensional supergravity, are encapsulated in one single supersymmetric deformation,
the gauging.

Gauging is the only known deformation of extended supergravities so far !, it comprises
possible p-form fluxes as well as geometric fluxes that act by twisting the internal com-
pactification manifold. It also includes some parameters with no clear higher-dimensional
origin. The gauging procedure, among its effects, also has the creation of a scalar potential, is
completely encoded in a single tensor, called the embedding tensor. The general idea is best
illustrated in Fig.1.2. N-dimensional ungauged (maximal) supergravities are obtained from
11D/IIA/IIB supergrivities compactified on an n-torus. Among their peculiarities, there are
large global symmetry groups and abelian gauge group, e.g. the maximal four-dimensional
theory [17] has a global E7(7) and a local U (1)?® group. Matter fields are uncharged under the
local symmetry group, which gives them the name. They only have a maximally symmetric
Minkowski ground state due to the absence of a scalar potential, therefore, all fields are
massless. On the other hand, as shown in Fig. 1.2, there are other less trivial ways to reduce

the number of dimensions, for example, with an internal manifold with more structures

IThis is strictly speaking incorrect, as there exist also massive deformations in some cases (see e.g. the
Romans’ mass in D=10, N=2A).
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than the torus. Following the diagonal arrow in the image, thus turning on possible p-form
fluxes, torsion, or non-geometric fluxes, one ends up with more complicated effective field
theories. Now, non-Abelian gauge symmetries are present in the theory, and matter fields

reduction in presence of

- torsion (geometric flux) de® = T3.ebaec

reduction

- (J- Fa=
ontorus T " g-form fluxes [= C:

- non-geometric fluxes

11/10-n gaued
Supergravity

Fig. 1.2 General behaviour of gauged supergravities under compactification’

gauging

are charged under those. Consequently, these theories are called gauged supergravities in
contrast to the ungauged ones. They also come with a scalar potential, resulting from a
more complicated internal geometry, making them more interesting. As already explained
before, a scalar potential can give rise to masses for the scalar particles (and other fields in
the model), thus stabilising the moduli or providing mechanisms for spontaneous supersym-
metry breaking. These are highly desired phenomenological properties. The scalar potential
can also provide a non-vanishing cosmological constant. This has triggered the attention
towards gauged supergravity, in addition, the supergravity regime of the bulk theory in the
AdS/CFT conjecture is described by a gauged supergravity [18], [19], [20]. Indeed, the scalar
potential can support a negative cosmological constant and thus an AdS ground state. The
corresponding gauge groups of these models are usually compact and contain, in general,
the R-symmetry groups of the boundary theories. The most prominent example [18], [19] is
given by the five-dimensional maximal SO(6) gauged supergravity, which describes type 11B
supergravity truncated on AdSs x S°. The scalar potential encodes non-trivial information
about the four-dimensional SYM boundary theory, such as holographic RG flows and the
anomalous conformal dimensions of operators.

From a pure low-dimensional point of view, one first obtains the ungauged theory by com-

ZNote that known compactifications only cover a small part of the set of all possible gauged supergravities
in lower dimension
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pactifing on an n-torus and then, following the horizonatal line in Fig. 1.2, gauges the
theory. Gauging proceeds by choosing a subgroup Gy of the global symmetry group G
of the ungauged theory and make it a local gauge group coupling it to the vector fields of
the theory, recall that previously the vector fields supported an abelian gauge group. The
first case where this happened was the SO(8) gauge theory in four space-time dimensions
[21], which describes the compactification on an S7 internal manifold of eleven-dimensional
supergravity. SO(8) is therefore embedded in the global symmetry group of 4 dimensional
N = 8 supergravity, which is E7(7). The embeddings of the possible gauge groups are all
described by one single tensor, which, unsurprisingly, takes the name of embedding tensor.
Its features can be completely described group theoretically and the Lagrangian of gauged
supergravities is completely parametrised by it. Indeed, the scalar potential, the mass terms
for the various fields, and the new terms in the supersymmetry transformations are all given
in terms of the embedding tensor. In addition, if we look at the higher-dimensional origin
of the theory, the embedding tensor represents a compact way of encoding the presence of
fluxes (p-form, geometrical and non-geometrical, etc.) in the lower-dimensional effective
theory. In fact, while, for example, it was “easy” to construct geometrically N=8, SO(8)
gauged supergravity, the power of the embedding tensor allowed Dall’ Agata, Inverso and
Triggiante to prove that this theory is only a point in an infinite family of theories [22].

In this thesis, we studied the vacua of maximal supergravity theories in 5 and 7 spacetime
dimensions, both with analytical and numerical techniques. We have been able to discover
new vacua and develop new tools that can be used for the research of vacua in other theories,

with different space-time dimensions or different amounts of supersymmetry.






Chapter 2

Gauged Supergravities

2.1 Ungauged Supergravities

Before dealing with gauged supergravity theories, it is a wise idea to review what ungauged
supergravities are and how to deal with them. In order to discuss vacua of gauged supergravi-
ties, we do not need to deep down in the vast topic of ungauged theories, we will only need
to discuss the bosonic sector. The discussion is based on [23]

These theories contain always the metric gy, vector fields AM each of them with an abelian
redundancy and scalar fields ¢'. In addition, there can also be anti-symmetric g-forms Bv1 vy
these are generalisations of vector fields, each of them carry a gauge redundancy as well.
The Lagrangian is given by

1 1

FR=5Gy; (0)Iu ¢’ 8“¢f——/\/lMNFM YN (2.1)

e_l»cbos - _2

where e = \/m and the abelian field strengths are given in terms of the vector
potentials by F, M — 8MAM 8VAM We omitted the kinetic terms for the g-forms and also
the topological terms. In this thesis we are gonna deal only with maximal supergravities, the
reason is that the field content is completely fixed by supersymmetry and there is no freedom
of choice, in addition Lagrangian and couplings are also restricted for the same reason.

The global symmetry group determines the Lagrangian, q-forms transform linearly under the
global symmetry group G, while scalar fields transform non-linearly. The metric is invariant

under G-transformations.



10 Gauged Supergravities

D Giax K,ax

9 GL(2) SO2)

8 | SL(2)x SL(3) SO(2)x SO@3)
7 SL(5) SO(5)

6| SOGS)  SOG)x SOG5)
5 Eg USp(8)

4 Ey7) SU(8)

3 Eys) S0(16)

Table 2.1 Global symmetry groups G with their maximal compact subgroup K in maximal
supergravity in all dimensions

2.1.1 Scalar Fields

Scalar fields in extended supergravity theories (at least for all N> 3 theories) are coordinates
of a coset space G/K sigma-model [24]. G is the global symmetry group, in table 2.1 the
groups for maximal supergravities in various dimensions are shown with their maximal
compact subgroups which appear in the coset space G/K. In Appendix A it is shown how
these coset spaces arise. It is possible to describe the scalar fields as a G-valued matrix V,
but considering equivalent two group elements whenever they are multiplied on the right by
an element in K. So the effective number of scalars is equal to the number of parameters
in the coset space. The Lagrangian, therefore, has to remain invariant under any gauge
transformation of the form

V(x) — V(x)(k(x))_]. (2.2)

Obviously, it also has to stay invariant for any global transformation given by
V(x) — gV (), 2.3)

with k(x) € K and g € G. To write a Lagrangian that is invariant under gauge transformations,
we also need a gauge field Q;, which lies in the Lie algebra of K and that transforms under

gauge transformations 2.2 as

Oy — kQuk ™ — dykk". (2.4)

Thanks to it, it is possible to construct the covariant derivative
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This transforms just like the vielbein V(x), so that
VD,V = kv D, Vi

On the other hand, V_lDﬂV is invariant under global transformations 2.3. A Lagrangian

invariant under both symmetries is given by
ro 1 _1 2
= —5eTr (V'DuV)". (2.6)

In this Lagrangian, O, appears without derivatives, and varying it keeping V fixed gives its
equations of motions:

8L =eTr8Q* (V) '9uV —0p).

Since 6 Oy, analogously to Qy, is in the Lie algebra of K, then P, = V_lauV —Qy liesin

the orthogonal complement. Equivalently, we can define the left-invariant current as
Ju =V 19V € g=LieG, (2.7)
lying in the Lie algebra of G, and J; can be decomposed as
Ju=0u+PF, Ouet, Pyep, (2.8)

where t = Lie K and p is its complement within g and they are orthogonal with respect to the

Cartan—Killing form. Thus, it is obvious that P, can be rewritten as
-1
and, consequently, the Lagrangian takes the form
! u
L= —ETrPﬂP . (2.9)

Since Q,, behaves as a gauge field under K, it will act as a connection in the covariant
derivatives for the fermionic fields, which transform in some linear representation under the
local K symmetry:

. . 1 . .
DiuVy) = 0¥y — 700 Yab W) — (Quu)i' Wiy (2.10)
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Another important feature of P, is that it can be used to construct K-invariant interactions
terms for fermions. Usually, global g transformations can be expanded as A = A%f, into
a basis of generators 7. Note also that Q) is not a truly propagating gauge field, it is a
composite field, whose presence is due to only taking care of any redundancy that arises
in the parametrisation of the coset space. The vielbein V can be used instead to describe
the couplings between bosons and fermions. Explicitly computing the transformation of the
scalar matrix, one gets

SViS = AP (15) RN VS — VS, (2.11)

where the underlined indices S, N refer to transformations under K, while the generators for
the group G are represented by (tg) z". An example of interaction term, built from the scalar
matrix, is FSVs®(@y)g, where Fﬁv is the field strength for some vector. In the next section,
the transformation of the gauge fields under G is given, providing a demonstration that this

term is also invariant under global symmetries.

2.1.2 Vectors and Anti-symmetric q-forms

Vectors and g-forms in ungauged supergravity transform linearly under the global symmetry
group G. Taking into consideration only the vectors, their transformation under the global
symmetry group is

SAR = —AP(15)5RA3, (2.12)

where, as usual, (tB)SR are the generators for g. This transformation is valid only for
D > 4, indeed, in D = 4 space-time dimensions one needs to take into consideration that
vector fields are dual to vector fields. Similar transformations exist for higher-rank g-
forms. Supersymmetry defines the field content in the various dimensions, therefore, it
also gives which g-forms are present and in what representation of the global symmetry
group G they transform. In table 2.2 the gq-forms and their representations in each dimension
are sketched. Physical scalars are determined by eliminating (dim K) scalars from the
Adjoint representation of G. Underlined representations are subject to the self-duality relation
concerning the (D/2 — 1)-forms in D-dimensions. Only half of these (D/2 — 1)-forms are
propagating d.o.f. and appear in the Lagrangian.

To write down a kinetic term for the vectors, we need to introduce a manifestly K-invariant
object. Indeed, the scalar fields can also be well described by a symmetric positive-definite
scalar matrix, M given by

M =VAVT, (2.13)
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D G 0 1 2 3

9 GL(2) 194301 1744213 271 1+?
8 | SL)x SL(3) | 3—-1,1,8-3) (2,3) (1,3) (2,1)
7 SL(5) 25— 15 10/ 5

6 SO(5,5) 4530 16, 10

5 Eg(6) 78 — 36 27

4 E77) 133—63 56

3 Egs) 248 — 120

Table 2.2 g-form field content in ungauged maximal supergravity and their G-representations

where A is a constant K-invariant positive definite matrix. On the other hand, M transforms
under G as:

SM =AM+ MAT, (2.14)

where we suppressed the indices. In terms of M the scalar kinetic term becomes
1
Licatars = ng’(a“Ma“M_l), (2.15)

Now, thanks to this K-invariant object, it is possible to write down an invariant action for the

vector fields as well, namely
1
Lyectors = _ZMRSF;va“vsa (2.16)

where Ff, = dyAf — dyAj is the abelian field strength tensor. The action is manifestly G-
invariant, but it is only valid in any spacetime dimension D > 4. In 4 space-time dimensions,
vectors are dual to vectors and therefore there are complications arising due to that. In this
thesis we will not deal with 4-spacetime dimensions explicitly, therefore these complications
will not bother us anymore. Kinetic terms for higher-rank g-forms with ¢ < (D —1) /2, follow

analogously
1

2(g+1)!

Dualities are very important in string theory and their low-energy effective theories,

Lg—forms = — MyFy, .y, F e (2.17)

supergravities. There are some on-shell duality relations concerning g-forms that are very
relevant in the construction of supergravities. Indeed, in D spacetime dimensions, on-shell

g-forms and (D — g — 2)-forms are dual, due to the fact that they transform in the same
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representation under the little group SO(D — 2). To lowest order, from eq. 2.17 the equations

of motions for a g-form B! are
M (MuFyy,..v,) =0, (2.18)
while the Bianchi identity for the field strength is given by
I, Fy,. v, =O- (2.19)

It is possible to write them in terms of dual field strength, defined by

__ ¢ BRVERY
G,ulm.uD—q—ll = m8“1-~~“D7q71vlqu+lM[JFVI Vg+1 . (220)

Consequently, equations of motions and the Bianchi Identity take, respectively, the new form
8[“1 G“Zu-.uvaq]I - 0 a“<MIJG[JV]...VD_q_2]) - 0 (2.21)

Thus, equations of motions and Bianchi identities exchange among each other, and therefore
it is possible to define the dual (D — g — 2)-forms Cj, given by

Gttty 10 = (D=4 = 1) Coy iy, 1 (2.22)

The duality extends to higher order in the fields in the E.O.M and Bianchi identities, thus
providing a mechanism for exchange of q forms into (D — g —2) forms. It follows trivially
then, that there are many off-shell versions of an ungauged supergravity Lagrangian, which
become on-shell equivalent using the duality relations just derived. Not always is it possible
to dualise all the g-forms, given that some topological terms will force the presence of
some gauge fields in the action. In any case, a Lagrangian with all the g-forms dualised to
the lowest possible degree always exists, and gauged supergravities arise as deformations
of this version of the theory. The latter is also the only theory where the G-action is a
manifest symmetry. Now we have all the ingredients needed to deal with gauged extended

supergravities.

2.2 The Gauging Procedure

The idea behind the gauging mechanism for supergravity theories is quite simple, it only
consists in choosing a subgroup Gy of G and making it local. This will consist in deforming

the ungauged supergravity and will introduce new couplings and terms in the Lagrangian. In
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this chapter, the embedding tensor will be extensively explained. We will mostly deal with

maximal supergravities in various dimensions.

2.2.1 The One Tensor

The global symmetry group G defines and organises the field content of ungauged supergrav-
ities. Bosonic fields transform as

SV =~APyV,
5Ai = —Aﬁ (tB)RSAﬁ,

where AP are constant parameters and 8 = 1,...,dimG. We already noted that ungauged
supergravities possess a U (1) gauge symmetry, where n, is the number of vectors in the
theory and none of the matter fields is charged under it.

Sy(yAp = oA (x). (2.23)

The U(1)-symmetry also acts on the higher-rank g-forms as an abelian tensor gauge symmetry.
To select a subgroup Gy C G, we pick a subset of generators of the Lie algebra of G, g. These
new generators are denoted by Xj; throughout this thesis, and they enter in the covariant
derivatives as

Oy — Dy = Iy — gAY X, (2.24)

where g is a new coupling constant representing the gauge coupling. The question arises
naturally, how one selects the generators of this new gauge group? The answer is the
embedding tensor. Indeed, given the generators of g, one gets

Xy = @Mﬁtﬁ €g. (2.25)

The embedding tensor, ®;%, provides the linear combinations of generators of g that become
the new local gauge symmetry generators. It is a (n, x dim G) matrix, and consequently the
rank of ® provides the dimension of the gauge group. If ® is treated as a spurionic object
that transforms under G according to its indices structure, then it preserves the G covariancy
of the theory. Claiming that the theory is invariant under gauge symmetries implies the



16 Gauged Supergravities

following transformations for the bosonic fields:

SV = gARXzV, (2.26)
SAG, = IuA’ + gAL X AC = DyA®, (2.27)

where A depends on the coordinates and we have defined Xgo® = @Rﬁ(tB)QS . What it
has been just written is not consistent in all the cases, indeed the ®@-tensor must satisfy
some consistency constraints. The constraints are of two types: a linear and a quadratic
constraint. Once these constraints are solved one would obtain a consistent gauge symmetry
and consequently a consistent gauged Lagrangian. The quadratic constraint arises from the
demand that the ®-tensor stays invariant under the action of the local symmetry generators.
From the form of its indices (one in the fundamental and one in the adjoint representation of
the group G), one can immediately see that, in general, ® is not invariant under G. In D = 3,
the vectors transform in the adjoint representation, and therefore it is an exception. In any
case, requiring, on the other hand, invariance under the action of G leads to the quadratic

constraint:

0 = 5R®Sa = @Rﬁ 5[3@5& = @Rﬁ (IB)SQ("DQ(X + @RﬁfBYO‘@SY, (2.28)

where we first noted that the action of Gy is defined by the projection under ® and then
we used the fact that generators in the adjoint representation are given in terms of the
structure constants (fq)g? = —fop”. It is possible to contract this equation with a generator
tq achieving

Xz, Xs] = —Xzrs%Xo, Xgs? = OP(15)59. (2.29)

So basically, this equation tells us that the gauge invariance of the embedding tensor implies
the closure of the algebra for the generators 2.25. On the other hand, we can see that eq. 2.28
implies more than just the closure of an algebra. By symmetrising eq. 2.29 one obtains that
what at first sight may seem as structure constants for the gauge algebra gy behave like those
only when contracted with Xy (in general X RS)Q does not vanish).

The linear constraint, instead, arises as a supersymmetry consistency condition. Sometimes,
however, it is possible to obtain the linear constraint from the (deformed) tensor gauge algebra.
The embedding tensor, considering its index structure, lives in the tensor product of ‘R, and

Raaj» and this tensor product can be expanded as a direct sum of several representations

Ry ®@Radj = Row ® o) (2.30)
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D G Radj Ry Ou”

9 GL(2) 10430 144243 23+3%

8 | SL(2)x SL(3) || (3,1)+(1,8) (2,3) (2,3) + (2,6)
7 SL(5) 24 10/ 15 +40/

6 SO(5,5) 45 16, 144,

5 Eg() 78 27’ 351

4 E7(7) 133 56 912

3 Egs) 248 248 1+ 3875

Table 2.3 Representations of the Embedding Tensor

then the linear constraint acts to remove some of the representations on the right-hand side of
eq. 2.30. For what concerns maximal supergravities, the explicit representations where the
embedding tensor lies are given in table 2.3. In this thesis, we will work only with maximal
supergravities in 5 and 7 dimensions. Therefore, the relevant representations are 351’ for
what concerns the five dimensions and 15 + 40’ for what concerns the seven dimensions.
By solving these consistency constraints, it is possible to classify all possible gaugings.
The quadratic constraint, unlike the linear representation one, is very difficult to solve, and
it is not know any closed form for it in any dimension. Therefore, counting in-equivalent

gaugings is still an unsolved problem.

2.2.2 The new tensor gauge algebra

Minimal couplings, introduced in the previous section are not the only deformation that has
to be done in order to describe the new non-abelian nature of the gauge group we introduced.
Field strengths for the vector fields have to be modified accordingly. Once this is done,
consistency of gauge interactions will require a modification of the gauge algebra for the
higher-rank g-forms and thus lead to an intertwining between g-forms and (q+1)-forms. One
is naturally led to guess the following form for the vector field strength:

Fay = 0uAS — A + gXipo*ARAY, 2.31)

but eventually this will fail. Indeed, as we already pointed out, the gauge algebra does not

behave properly as it should.
[Xg, Xs] = —Xrs%Xo, (2.32)
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with the "structure constants" given by
Xrs? = Op%(te)s? = X[RS]Q +Z%s, (2.33)

where the tensor Z is symmetric in its lower indices, and therefore there is a non-vanishing
symmetric contribute for the structure constants. In particular, it is possible to show that
maximal theories with irreducible theta tensor have no gauging with vanishing Z. On the
other hand, the commutator is completely anti-symmetric in its indices, therefore it is clear
that

Z%sXo = 0. (2.34)

This follows directly from the quadratic constraint. One can think that this issue can be
solved simply by claiming that the true structure constants are simply given by X[RS]Q, but a
little more thought shows that this is also wrong. Indeed, the latter fail to satisfy the Jacobi
identity:

X Xior +Xiom Xvr)" +Xivo) " Xup) = =2 poXums (235

but it will be satisfied when contracted with Xz due to the quadratic constraint. The lack
of closure of the Jacobi identity implies a non-covariance of the vector field strength 2.31.
Indeed, under the new gauge transformations, it behaves as

6.F§v = —gAQXQSR./—'ﬁV -+ 2gZRQ5(AQfI§V —AQ 5AQ

2549). (2.36)

The second term is not what one would expect for the transformation of the field strength
under gauge transformations. In any case, it immediately appears at first sight that due to the
presence of the Z-tensor in the second term, the latter will vanish when contracted with Xg.
Therefore, the product F; ﬁ”\,XM, which is what compare, for example, in the commutator of
covariant derivatives, is a covariant object:

[DM’DV] = _g]:;]vaR-

However, it is not possible to use F; ﬁ”vXM in the Lagrangian, because a possible kinetic term
of the form Tr[F, ZLQ\,XR]: HVSXs] is not a smooth deformation of the ungauged kinetic term.
Similar troubles arise when one tries to deform the kinetic terms of higher-rank q-forms.
The true problem, that is hidden behind this, is that we are trying to build a G-covariant
formalism, thus we are writing everything in terms of n, generators, while only a subset of
them will gauge the group Gy. The Theta-tensor has not maximal rank on a general basis

and, therefore, some of the Xj; will depend on others. In general, the vector fields split into
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two different types

A" —  transforming in the adjoint of G
AN K 8 ! 0 (2.37)

AL —  transforming in some other reps. of Gy

In the case where the AL transform in some non-trivial representation of Gy it is im-
possible to construct a consistent gauge theory. Z"gg will vanish while Z'gs will not. One
may try to dualise these fields to solve this problem. This is what was done in the maximal
SO(6) gauging, which involves only 15 of the 27 vector fields present in the theory [25]. The
remaining has been dualised to 2-forms which during the gauging procedure become massive
self-dual two forms. However, this procedure, while avoiding the non-covariance of the
field-strength tensor, did not preserve explicit G-covariance. Thus, with this method, one first
chooses the gauge group and consequently how the degrees of freedom are organised, and
then one can construct the gauged Lagrangian. In addition, this procedure has been tried only
in 5 and 7 space-time dimensions [25], [26] and with the highest rank gauge groups, thus
it is not clear how to export the method to smaller groups and other spacetime dimensions.
One, on the other hand, would like to have a general G-covariant Lagrangian without the
need of first specifying the gauge group. This is what has been achieved with the covariant
construction carried out by using the embedding tensor.

Indeed, recalling that the non covariant terms in the vector field strength gauge transforma-
tions, eq. 2.36, contain the tensor ZRQS, one can define ([27], [28]) a full covariant field
strength as

My = FRy+8Z8osBEy. (2.38)

Where, ng = Bfgf]) are a two-form tensor fields, which will absorb the non-covariant terms

in 2.36. The covariance of Hﬁv is ensured by the following gauge transformations

SAR = DA — g7 5sE 3", (2.39)
RS _ =RS R/S) (R ,5)
8By = 2Dy, =5 — 2ARY), + 247,84, (2.40)
where Eﬁs are the tensor gauge transformation parameters for the 2-forms. Therefore, it is

possible to spot here a Stiickelberg coupling between the vectors and the 2-forms, which
arise specifically due to the presence of a non-vanishing Z-tensor. Here, it may seem that
some totally new 2-forms have been added to the theory, but this is not the case, they
cannot be added because the number of degrees of freedom is regulated and balanced by

supersymmetry. Therefore, these 2-forms are provided by the ones already present in the
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ungauged theory. Taking into account their index structure, one can see that 2-forms transform
into some representation contained in the symmetric product of two vector representations
(Ry®@Ry)sym- This very simple fact, constraints the ZRSQ-tensor which should project, by
means of its lower indices, only on those representations filled by the 2-forms of the theory.
Being Z expressed in terms of the embedding tensor ©, this projection will lead to the linear
constraints. Here we can see how supersymmetry, which dictates the field content of the
theory and their representation, implies the linear constraint.

For instance, it is possible to show how this works in maximal supergravity in four dimensions

[29], where the Z-tensor can be expressed as:

1 1
Z%s = X(RS)Q = §®RB (fﬁ)SQ + §®SB (tﬁ)RQ

1
— _—_Q9 Qer
2 7

3
(tg)rs + EX(RST)
where the indices are raised and lowered using the symplectic matrix Qpg = QF Q with
the north-west south-east conventions. Note that for D=4 dimensions, G-generators are
embedded into the symplectic group (this is related to the vector-vector duality in 4 spacetime
dimensions), therefore (fg)gs) = 0. Once this form of the Z-tensor is inserted into the
definition of the new vector field-strength tensor 2.38, it implies that the embedding tensor
must satisfy the linear constraint X ggry = 0. Indeed, the 2-forms in the definition of the field

strength appear always under the projection

1 .
Z9sBRS, = —§®Q53Wﬁ, with  Byyp = BRs (15)ks. (2.41)

Consequently, two-forms in D=4 dimensions carry indices in the adjoint representation of G.
This is indeed what one would expect from 2-forms in D=4, because 2-forms are on-shell
dual to scalar field isometries which transform in the adjoint representation of G. Thus, we
derived the linear constraint from bosonic considerations. If X(ygs) 7 0 would imply to
include more 2-forms in the gauging procedure against supersymmetry, which fixes the field
content of the theory.

It is important to know that the gauge variation of the 2-forms, given in 2.40 is exact only
after a projection with the Z-tensor.

The previous mechanism, which induces Stiickelberg types interactions between vector fields

and 2-forms, is extended to include higher-rank g-forms if they are present. In this case, the
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gauge transformations take the form

8V = g®AV,
5Ay = DyA—gOF,,
8Buy = 2D By + ... — OBy, (2.42)
8Cuvp = 3D Pyp) + ... — 808y,
erc.

Therefore, the intertwining also extends between the (q-1) forms and the q forms, with the
same Stiickelberg mechanism. This also gives us a way to analyse the representations under
which the field content of the theory transforms, which, for maximal supergravities, agree

with what is expected once the embedding tensor is taken to lie in the representations given
in Table 2.3.

2.2.3 Summary

In this chapter we reviewed the constructions of the ungauged supergravity theories, above
all their bosonic sector, made by scalars, vectors, and higher-rank g-forms and organised
by the global symmetry group G. The group G is obtained through torus-compactification
from higher-dimensional supergravities. We also discussed the gauging procedure and
how it is possible to have a completely G-covariant mechanism to accomplish it. The
mechanism necessitates the use of a fundamental object, the embedding tensor, in terms of
which it is possible to entirely construct the deformations of the ungauged Lagrangian. The
embedding tensor can be defined group-theoretically and has to satisfy two constraints. The
linear constraint determines the representation content of the embedding tensor and follows
from supersymmetry. We also showed how one can deduce the linear constraint by simple
considerations regarding the consistency of the tensor algebra on the lowest-rank tensor
fields with the field content of the theory. The quadratic constraint instead arises by the
requirement that the embedding tensor itself is invariant under a gauge transformation and it
implies the existence of a gauge algebra for the new generators. Once these two constraints
are solved, we obtain the most general, consistent, completely G-covariant formulation of
gauged supergravity.

We also showed how, to have a covariant theory, one has to introduce a new field strength for
the vectors (as well as for higher-rank g-forms) which will cause a Stiickelberg intertwining

between (g-1)-forms and g-forms. We are now ready to apply this method to specific cases.






Chapter 3

The Fifth and Seventh Dimension

3.1 The interesting S and 7

Five and seven are interesting numbers for physicists; apart from being the number of human
senses and a happy number, respectively, they possess some peculiar characteristics once
studied as the number of space-time dimensions. Indeed, this thesis will focus exactly on
these dimensions for their properties. Conformal Field Theory (CFT) will be crucial in the
following discussion. Indeed, the five dimensions have been the testbed for the AdS/CFT
conjecture since its very beginning [18], [19], [20]. This conjecture relates a gravity theory
(in particular, it has been formulated and extensively used within the framework of String
Theory) living on an anti-de Sitter (AdS) background in D-dimensions to a Conformal Field
Theory, living at the boundary of this spacetime, therefore on a (D-1) dimensional manifold.
Conformal Field Theories are fundamental in High-Energy Physics because every Quantum
Field Theory (QFT) can be thought of as a deformation starting from a related CFT, where
to reach a QFT we add marginal and relevant couplings to the theory. So, by studying
theory with an AdS background in 5-dimensions and using the AdS/CFT conjecture, it will
be possible to obtain useful information about the Conformal Field Theories living on a 4-
dimensional background and therefore about the possible QFT deformations. The AdS/CFT
conjecture has been extensively analysed in five dimensions, and several examples exist here,
so it is possible to compare our results with previous ones in the literature. Similar reasons
led to the study of the seven dimensions. It has been proven that 6 is the maximum number
of spacetime dimensions supporting the existence of a Conformal Field Theory (Super-
Conformal actually) [30], so always by means of the AdS/CFT conjecture it is possible to
study the possible CFTs in 6 dimensions by scrutinising the possible AdS backgrounds in
7 dimensions. In addition, being supergravity type IIA/IIB living in 10 dimensions and the

low-energy limit of M-Theory living in 11 dimensions, 7 is not far from these numbers to
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be a good testbed for some of the recent Swampland conjectures such as the de Sitter(dS)
conjecture [31], which claims that it is very difficult (impossible) to have de Sitter Vacua
in String Theory. In the following sections, we will first review the 5-dimensional gauged
maximal supergravities [32], and then we will proceed to the analysis of the 7-dimensional
case [33].

3.2 The Maximal D=5 Supergravities

Let us start by analysing the embedding tensor group theoretically. In the ungauged version,
the vector fields transform in the 27 representation of E¢(6), which is the global symmetry
group of the Lagrangian. We will label the 78 generators by (t4)/¥ and therefore the
variation of A,,” is given by 84,8 = —AP (15)oRA, 2. Then, as usual, the gauge generators
are given by Xz = @Rﬁtﬁ, where 8 and R run, respectively, from 1 to 78 and from 1 to
27, therefore the theta-tensor lives in the 27 x 78 representation of Eg). Now we need to
identify what are the constraints the embedding tensor has to satisfy. The new generators
must define a Lie algebra

[Xp,Xg] = fpo™ X, (3.1)

where the structure constants are not yet known. The previous relation can also be written as
Op*®0P fu5" = fro"O&" 3.2
P Og" fap” = fro OR’, (3.2)

where f, 7 are the Eg(6) structure constants: [ta,tﬁ] = fap'ty- As already shown, the new
structure constants prR must satisfy the Jacobi identity projected by the Theta tensor:

fird" fsr"O7F =0. (3.3)

The gauge fields involved in the gauging (which are a subset of the 27 vector fields) must
transform in the adjoint representation of the gauge group, as expected from gauge connec-
tions, but the gauge field charges coincide with X in the 27 representation. Consequently,
the new generators (Xp)QR have a decomposition consisting of the adjoint representation of

the gauge group plus other terms that vanish once contracted with the embedding tensor:
(XP)QR®Ra = ®PﬁtﬁQR®Ra = —fPQR®Ra. (3.4)

This is the same as 3.2 in the 27 representation, and together they state the gauge invariance
of the embedding tensor. Indeed, by putting them together, we can obtain the quadratic
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constraint
Cpo® = f3y"OpP O + 150" O O = 0. (3.5)

This is equivalent to 2.28. Instead, the linear constraint states that the theta tensor is limited

to the 351 representation of Egg):
27 x 78 =27 +351+1728. (3.6)

This implies that
2

167900 =0, (151%)p%00° = — 1 Op° (37
where the Greek indices are raised with the inverse of the Egg)-invariant metric 1,5 =
tr(tatﬁ). From these relations, it is possible to project the quadratic constraint as

2
1pp°Cro” =0, (t5t*)p2CroP = _§CPROC> tgpPCorP = 15%CorP. (3.8
The previous projections simply imply that the quadratic constraint belongs to the representa-
tions in 27 x 351. But, obviously, the product of two embedding tensors lies in the symmetric
product of two 351 representations. Explicitly illustrating both these representation products,

one gets

(351 x 351) = 27 + 1728 + 351" + 7722 + 17550 + 34398,

_ _ (3.9)
27 x 351 =27+ 1728 +351 + 7371,

Consequently, Cpp? lies in the 27 + 1728 representation. XPQR belongs to the same Egg)
representation of the theta tensor, because the Eq ) generators are invariant tensors under
Eg(6) transformations.

In general, it is also true that the product of three 27 representations has a singlet, labelled by
dpgr that is completely symmetric in all three indices. This is also valid for the product of
three 27 representations, so there exists also an invariant "2 tensor. These facts imply that

Xpl =0=Xop?  Xp(g"dsrir =0 =Xpo"a*"?, (3.10)

The first equation kills the 27 representation inside Xpp® and is equivalent to the first of
3.7, the second instead, just states the invariance of the d-tensor. It is possible, in principle,
to decompose the new generators XpQR into their symmetric and anti-symmetric parts,
XPQR = X(pQ)R —I-X[PQ]R, but they cannot transform into two irreducible representations
because X lies in a unique representation, namely 351. This can be checked by analysing
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the product of a 27 representation with the symmetric and antisymmetric product of two 27

representations,

27 x (27 +351') = 351 +2(27) + 351’ +-1728 7722,
2

27 x (27 x27)s =

_ (3.11)
27 x (27 x27)a

7 x 351 = 351 +27 + 1728+ 7371.

We can see from the last relation that it is possible to build two contractions of the XPQR
tensor with the d-tensor, these will produce some tensor of the form 7ZP2 which from the
index structure belongs to the 27 x 27 representation and must be antisymmetric in its indices
in order to contain the 351 representation. In addition, obviously, the two contractions must
produce the same tensor.

XPQR d5PQ — ZRS.

(3.12)
2XPQR dPST g g o = 71V

This is in accordance with the second equation of 3.10, which guarantees that Z (as given
by the first relation) is antisymmetric because the symmetric part vanishes. The coefficients

agree perfectly as long as
dpord®® = §7. (3.13)

In addition, another useful relation can be identified once one recalls that the product of four

27 representations gives one 27 representation:
STR _ 2 <R
dS(MNdPQ)Td - 155(MdNPQ) (314)

Due to the latter, the inverse of 3.12 can be deduced:
X(PQ)R = dposZ™, X[PQ}R = 10dpsrdoyyd®Vz"V . (3.15)

Some other formulations of the quadratic constraint can be deduced. Indeed, among them,
there is the form of the quadratic constraint that we are going to use. Taking into account the
tensor ZP QG)QO‘, this transforms into 27 x 78 = 27 + 351 + 1728, which is equivalent to the
square of the theta tensor and therefore must also be contained in the representations in the
first line of 3.9. But the only representations they have in common are 27 and 1728, which

vanish because of the Quadratic Constraint, so

7M0p% =0 = 72X, =0. (3.16)



3.2 The Maximal D=5 Supergravities 27

Similarly, considering the second relation in 3.11 and the tensor Xpg [RZS]Q, one sees that the
latter transforms into the 351427 + 1728 ++ 7371 representation. By comparing always with
the square of the embedding tensor (symmetric), one ends up with the same representations
put to 0 by the quadratic constraint, thus

XpoRZ512 = 0. (3.17)
What we just obtained are equivalent versions of the quadratic constraint:

Xnp® X2 — Xnp®Xpr? + Xun®Xrp? = 0,
zMX, =0, (3.18)
XpoRZ%10 — 0.

3.2.1 The Scalar Sector

In order to discuss the vacua of the theory, which is of uttermost interest to us, we need
to introduce the T-tensor. The scalars live on a coset manifold, which for the case of D=5
dimensions is given by Eg(5)/USp(8), so it is possible to parameterize them as V(x) € Egg)
in the fundamental 27 representation. The coset representative transforms from the right
under a global E¢ ) transformation and from the left under local USp(8). The T-tensor is
nothing more than a dressed embedding tensor, namely, a theta tensor contracted with the

scalar coset representative:
TeoR(©,9] = V5PV, OVEXpo". (3.19)

Here, the underlined indices transform under USp(8). The theta tensor is treated as a spurionic
object that transforms under G as @pﬁtﬁ — gpQ®QB (stp g~ '), where g is a global Eg(6)
transformation. Once one picks the gauging and fixes the ®@-tensor, the duality invariance
is broken. The constraints on the ®-tensor transfer to a set of equivalent constraints on
the T-tensor. Indeed, it is possible to express every variation of V as a (field dependent
when needed) Eg ) transformation acting from the right, e.g. considering a global Egg)

transformation

VoV =gV=VE! with &' =V gV € Eg). (3.20)
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Thus, every possible transformation, even supersymmetry, can be parametrised in this form

and consequently have an effect on the T-tensor, described by

Tpo® — Tpo™ = &p°60™ (& Tsr . (3.21)

Therefore, the T-tensor varies under any transformation with a (possibly field-dependent)
E¢(6) transformation. The maximal compact subgroup of Eg(g), namely USp(8), corresponds
to the R-symmetry, and therefore the fermionic fields must transform under it. The gravitinos
lie in the 8 representation, whereas fermions are in the 48 representation. The product of
two 8 representations contains a singlet of the symplettic group, namely the skew-symmetric
Q7B = (Qup)* with A, B, .. = 1,...,8, which satisfies the relation Q*Qcp = —&4. Therefore,
once the fermionic content is introduced, it is more natural to switch to a notation in which
the vector indices P, Q, R are replaced by a couple of indices [AB], A,B = 1,...,8, which are
antisymmetric and symplectically traceless. For example, the 27 representation is written in

terms of a pseudo-real tensor x4p.
xF =8 = (xpp)" = QCQEPxcp, QBCxpe = 0. (3.22)

Therefore, raising and lowering indices are obtained through complex conjugation. An

infinitesimal Egq ) transformation is written as

8xap = —2A “xpgc + Zancpx,

2
§yAB — oA M BIC _ABCDy (3.23)

By doing so, we ensure that xszy*? is Eg () invariant. Under USp(8) the adjoint repre-
sentation of E¢g) decomposes as 78 — 36 + 42, which is equivalent to the split in 3.23,
where A4® represents an USp(8) transformation and XA5P the remaining transformations
(non-compact) within Eg ). This implies some properties concerning the parameters of the
E¢(6) transformations:

AP = (M) =—Ag", Ap“Qpc=0, As*=0, Zagcp=Zuscp

(3.24)
Yapep = (8P = QupQprQcecQpuZEf o, QA8¥pcp = 0.

Furthermore, since TABCP [ies in the irreducible 42 representation of USp(8), it must also be
true that QY cpgr) = 0 (this should, in principle, lie in the 28 representation). Thanks to
the latter equation, one obtains that Q4 gy QcpyPE Qrry™ remains unchanged under any
E6(6) transformation, therefore, it is the equivalent of the dpgg tensor. The notation that we
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use will mix the vectorial E¢ ) notation with the symplectic one just presented. Indeed, local
USp(8) indices P, Q, efc. will be denoted by symplectic traceless, antisymmetric pairs [ij].
The latter are also the indices labelling the fermionic fields. The coset representative then
becomes Vp'/, with Vp/Q;; = 0. In addition, coset representatives are pseudoreal, meaning
Vpij = (Vpij )= Qi ijkl. The inverse of the coset representative Vpi is given by V; jP

and the following relations are valid:

Vpiv 2 =g,
1 (3.25)
ViV pH =8 — gQiijl~
As has already been pointed out, any variation of the coset representative is given in terms
of a right multiplication by a possibly field-dependent Eg 4 transformation. With the new

notation, this is given by
AVR =V (281 Q1 4 PiIPIQ 0 ) (3.26)

where, again, Q lies in the 36 representation of USp(8) and P in the 42 and satisfies the
previous conditions 3.24. It is possible to invert 3.26 and obtain an expression for Q;/ and
731' jkl:

1 .
Qi = §Vl-/’AVpﬂ, 327
plikl — quPAVP[iijIPIQl]q_ .

These expressions are valid for any A, even for space-time derivatives and gauge transforma-
tions. When A is given by the gauge-covariant derivative D, = dy, — gA MP Xp, the previous
relations define the USp(8) composite connection Quij for USp(8), while Puijkl represents
the USp(8)-covariant tensor, which will enter the scalar kinetic term as it has been extensively

explained in the second chapter:

1 : '
Quil = 3V 9uVp" — A" 0, (3.28)
Pliijkl = anpamuVP[iij‘m‘Ql]n - gAHPpPijkl'

Having defined:

1 .
o 3V Xro Ve, (3.29)
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Thanks to these relations, we see that the T-tensor can be decomposed under USp(8), as

T' = Qpj'Vii', 1.30
ikl _ o ijkly P (3.30)
T mn — 7DP an .
It is also obvious that Q77 = Q;T* ., = 0. In fact, by reversing the relation 3.19,

one obtains the form of the generators in terms of the T-tensor:
Xpo® = VMV o™V R8T oy + TP, Q). (3.31)

Now, let us discuss the formulation of the consistency constraints in terms of the T-tensor.
The linear constraint forced the embedding tensor to live in the 351 representation of Eg ).
Once the branchings of this representation under USp(8) are computed, we will obtain
36 + 315. The T-tensor must, consequently, lie in these representations of USp(8). Indeed:

T' i : 36 x 27 = 36+ 315+ 27 + 594,

ijkl . _ (3.32)
T o - 42 x 27 =315+ 27 +792.

We can give a description of these 2 representations, 36 and 315 of USp(8),by means of
two pseudoreal, symplectic traceless, tensors A’lj and A,"/¥ with the properties A[IZJ] =0,
Aplik = A, 1K) and A, 7K = (. Thus, the previous branching decomposition of the T-tensor

representations explicitly gives:

THmn = 4p0kme Qo 4 34k QmI G O s
gkl _ . A mDK . mlk 411J Jlk g lm 1 ki gmj (3.33)
T/" = —QinA> Qi (Q"A} + QA +4Q AV,

Consider now a variation of the coset representative, which, as usual, can be described as
an Egg) transformation from the right, this implies that once the transformation acts on
the T-tensor, it gives back something proportional to the T-tensor again. Being the USp(8)
transformations straightforward (and the Lagrangian invariant under those), we concentrate

only on the remaining variations, namely variations of the type

SVpil = —vpkQy,, QT (3.34)
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This kind of variation determines the variations of the composite connection Q, the USp(8)

covariant tensor P, and the T-tensor, just by using their definitions:

: 1 : 1 .
6Qui’ = _§Pﬂiklmzj Kim 4 gziklmp,uj kim,
Spuijkl — _Duzijkl7

1

(3.35)
. . 1 . .
6lemn = gszqulpqrmn - gQWijvaququrmn + Z‘4mnpq£2pr£2qslersa

6Tijklmn _ _4T[ipmn2jkl]p +ZmnquprQquijklrs-

Now, applying these variations to 3.33 and making use of €(;;¥;,,,) = 0 for any X in the 42
representation of USp(8), one obtains the variations for the tensors A| and Aj.

.. 4 ;
SA,Y =§Q”(’Ek)"””Azp,klma

3 . -
6A21,jkl :E <thzjkln+Qm[12kl]zn>Almn

- L 1 . . (3.36)
_ (sz Qg guigniigitie _ Lgmolitg i
+ éQmUQk”Z’”W) Admnpg-

The previous relations are useful for obtaining the equation of motion for the scalars on a

fixed Lorentz-invariant background. From these variations, we can also show that
Zijkl — Q[i[kAll]J’] —i—Az[i’jW, (3.37)

which is an antisymmetric and symplectic traceless tensor in the indices couples [ij] and [kl],
transforms as
SZK — _yiimngy  Q ZPK kim0 71071 (3.38)

implying that this is nothing more than the dressed version of the ZF'? tensor that we have

already introduced before.

.. 1 .
ZUK = —Vpliv M zPe, (3.39)
V5
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Here, we used the definition of Z&S in terms of XPQR and d%79, with X expressed in terms of

the T-tensor and the following definitions for the invariant three-rank tensor

2

dpor = %VPU Vo ' V™ Q 5 Qi

3.40
POR _ 2 v Py Ov Rejkolmoni (.40
dPOR =~y Py,0v,, RikQimgn,

V5

These latter tensors have the expected form for an invariant USp(8) tensor, as we have already
shown. Now, having defined all the useful quantities, we can express the quadratic constraint
in an USp(8) covariant form, namely, choosing the second relation in 3.18 as the form of the

quadratic constraint to use, we get
Ti ) Zkl7mn —0= Tijkl Zmn.pq 3.41
Jkl — V= mn . ( . )

This is the formulation of the quadratic constraint we will be using to study the vacua of the
theory, once the linear constraint has been imposed, so working with the tensor A; and A; in

the 36 and 315 representation, respectively.

3.2.2 The D=5 Lagrangian

For completeness, we add some information about the fermionic field content and the other
bosonic fields present in the theory before writing down the Lagrangian.
The gravitinos ¥, lie in the 8 representation of USp(8), and the spinors x/¥, on the other
hand, transform in the 48 representation. The covariant field strength tensor, instead, is given
by

Huv'? = M Vol = (Fur” + 82" Buvg) Vi, (3.42)

where By are the two forms that ensure the gauge covariance of the transformations.

This is the classic St"uckelberg interaction that we expect from gauged supergravities. The
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supersymmetry transformations are given by
a 1 i
Osey ZESi}’aWu :
8sVp/ =iVt |:4Qp[k71mn] &+ 3Q Xy p€” } QoM
SSA’uP =2 [i.Qikgk l//'uj + Ek’}/uxijk} Vl'jP7

4T _
OsByvp :ﬁVPU {ZW[WYv]eijk_l%ijkYuvgk] +2dporA 2 85A

(3.43)
: . 1 AN
Osyu' = <au51l' —Quj' — ZwuabYab5jl') e’
+1i {E ('}’uvavPU - 4'}’vHuvU) - g'}’uAIU} ijgka
ik _ 1. ijkl m_ 3 uv ik Lol Km n
Isx :EZY”PM Qg™ = 11 | Huy €7 = 2 QN H ™ Q€
+gA217ijk-le8ma
The Lagrangian is then:
flﬁ_ 1 1_ Uvp i 1 ij /,kalQ Q 2_ M ijk 1 ijkl2
e L==SR=sy, v "D — s Huv H w€2jt = 3 XipPX " — 15| Pu

2.5 ijkiz m il 1
+ glpu jkllijk?’vyﬂ W Qpy +HP Y [glll/ui?’[“chrYV} W Q- Z%ijkY#YPG w©

1 V5.
_ Elxlkl,}/paxmklgm]] + @ZSHVPGT{gZMNB”vM |:DpBO'TN+

1 8

3 1 3w — .
+ ZgX[QR]MAMNAgApR (aGArP + ggX[ST]PAGSArT>] } = ElgAllekjl/’ui}"uv‘I/vJ

4 k= - ij i odil |+
— 28 AT P W+ 281, Qg {— 475" 7P 1 Ayl [qum] Zijmx ™"

3
T

AR T
+g2 [3 All] —Azl’]kl

(3.44)
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where the covariant derivatives of the fermionic fields are given by

. ; | ;
Dy, 7% :all Yy — Qujll//vj - Z(D/Jab'}/abl/’v )
y y — y (3.45)
D#%l]k :auxuk N 3Q'ul[1xjk]l _ Zw,uab'}/abxl]k-
This is all we need to know about the D=5 gauged supergravity theories; further information
about the scalar potential and the mass matrices will be provided in the following chapters,

when dealing with the vacua.

3.3 The Maximal D=7 Supergravities

The global symmetry group in seven spacetime dimensions is E44) = SL(5), therefore, there
are 24 generators ¢ o labelled with indices P,Q = 1, ..., 5 satisfying tPp = 0. The generators
obey an algebra

100, 1Rs] = 851" s — 8§t%p. (3.46)

The ungauged formulation of the theory possesses vector fields with abelian redundancies in

10 : PQ _ 4[PQ]
the 10 representation of SL(5), namely A;~ = A,

, S0 a G-transformation can be written
3AﬁQ = 2AxPA n QIR The theory also possesses two forms By, p that lie in the S representa-
tion of SL(5). The new generators for the gauge group Gy are identified by Xyn = Xjps1,
and, of course, there may be as many gauge generators as vector fields in the theory. The
generators are given by

XPQ = @PQ7RSIR5. (3.47)

Therefore, the gauge-covariant derivatives act as
P
Dy =V, — gA;20@pp g51Fs, (3.48)

To find the consistency constraints, we first identify the representations contained in the most

general embedding tensor:
10224 =10+ 15+40+175. (3.49)

Consistency with supersymmetry implies that only the 15 and 40 representations are present.
This means that the embedding tensor can be decomposed into a symmetric matrix Ypp =
Y(p) and a tensor ZFOR = ZIPOLR quch that ZIPER = 0:

®PQ,RS = 5f§aY QR — 28PQRTUZTU’S- (3.50)
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The gauge group generators in the S representation take the form
(XPQ>RS = ®PQ7RS = 5[§>YQ]R - 2€PQRTUZTU’S~ (3.51)

Where, the generators that satisfy 3.46 are chosen such that (tP Q)IJ = SIP Sé — %51155,
these indeed satisfy t'p = 0. The gauge generators in the 10 representation are given
by (Xpo)rs™¥ = 2(Xpg) gl 5;]] J, in addition note that

(Xpo)rs™ " + (Xrs)po" ' = 22"V dy ipgj gs. (3.52)

The d-tensor just defined is the invariant tensor of SL(5), explicitly defined as dy [pg)(rs] =
Ewpors- As usual, by demanding the closure of the gauge algebra or the invariance of the

embedding tensor under gauge transformations, one attains the quadratic constraint:
(Xun)po" Y Oru 8° + (Xun)r  ®po1° — (Xun)1°@po.r” = 0. (3.53)

Using the previous relations, it is possible to express this constraint in terms of the Y and Z
tensors:
YMQZQN’P + ZSMRSTUzRS’NZTU’P =0. (3.54)

The quadratic constraint has some irreducible projections on the 5, 45 and 70 representations
of SL(5), giving rise to
ZPORyps =0, ZPoRXpo =0, (3.55)

with Xpg that can lie in any representation. Another particular form of the quadratic con-
straints, equivalent to the invariance of the ®-tensor and showing the closure of the algebra,
is given by

[Xpo, Xrs] = —(Xpo)rs' " Xru. (3.56)

The seven-dimensional theory possesses some g-forms in its field content, in particular there
are the vector fields AﬁQ, the 2-forms By,yp transforming in the § representation of SL(5)
and the 3-forms Sﬁ‘,p
components of these fields that are involved in the gaugings. The vector field strength, given

by

belonging to the 5 of SL(5). The © tensor will project only on the

Fro— 28[uAC]Q +8(Xes)ru CARSATY, (3.57)

does not behave as expected under gauge transformations, as was explained in the general

description of the gauging procedure. Therefore, we introduce the covariant field strength
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tensor
Hyo = Fud + 8250k By, (3.58)

creating the usual Stiickelberg type coupling between 1 and 2-forms. In an analogous manner,

one introduces the covariant field strength for the 2-forms

2
Huvpom = 3Dy By + 68MNPQRA1[\ZLP (aVAS]R + ggXST,UQAI\EUAg}T) + 8YuNSyp- (3.59)

3.3.1 The Scalar Sector

The scalars, in seven dimensions, live on the coset manifold SL(5)/SO(5), where SO(5) ~
USp(4) is the R symmetry of the theory. Therefore, the scalars are described by a matrix
V € SL(5), which transforms from the left under rigid SL(5) transformations and from the
right under local SO(5) transformations. We will be using indices a,b,... = 1,...,4 for the 4
representation of USp(4). As usual, we introduce the antisymmetric, invariant, symplectic
tensor Q. satisfying (Q)* = Q% and Q,,Q = §¢. Some useful USp(4) representations
are given by:

1 . Vl
5. e =yl QuVs" =0,
10: V=l (3.60)
14 yab  — ylal vab = QuVE .y = 0= Qedyab
. 14 cd — V14 [cd]> 14chb — Y, abV14 cd — 14 cd >
b
35: Va=Villw,  VEs=0  QuVil,=0.

In addition, objects that transform in these representations are pseudoreal, which means that

V) =V, Ve = (VE0)" = Que%aVE?,  Viaw®™ = (V% ea)* = QueQppQEQMVET o1

(3.61)
so that we can raise and lower indices with complex conjugation or with the Q tensor. SL(5)
branches under its USp(4) subgroup as 24 — 10 + 14, representing the compact and non-
compact part of the group. SL(5) vector indices P,Q,R,... are substituted by the index pairs
[ab] of USp(4). Then an element in the algebra of SL(5): L = Lp2:tP o decomposes as

Lo =24, [05:]] d. . (3.62)
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where A and X have the following properties:
ApQye=0, %4, =0, %09 =0=0Q,%"y, (3.63)

in order to transform in the 10 and 14 representations, respectively. Consequently, the coset
representative has the following index structure Vp® =Vp [ab] , such that Vp® Q. =0. Its
inverse is given by the matrix V" such that:

VPV, 20 = 82, Vo Vped = 54 — Zgabszcd (3.64)

Just as before, any variation of V can be equivalently described by a right multiplication with
an element of the algebra of SL(5) (possibly dependent on the coordinates):

5VPab _ VPchCdab ()C) _ VPchabcd (X) o 2VPC[aACb] ()C) (3.65)

The last piece is just an USp(4) transformation, which leaves the Lagrangian invariant.
Therefore, we will only be concerned with variations of the type 8gVp® = Vp4X® ;(x),
which correspond to variations along the coset space SL(5)/SO(5). The USp(4) composite
gauge field O, and the P, tensor that enters the kinetic term for the scalars in the Lagrangian

are given by

d]

Vo (9u Vi — gALXpo i "N) = Puap™ +20,148,) (3.66)

The T-tensor is defined as the dressed version of the embedding tensor, explicitly

Tiep)ian) " =V2VY VN Q5" V 1y@uy p2V o
:\/EQh[cS(de]VM P W VY Yy — 2\/EEMNPQRZPQ’SVMegVthVRabVS cdysh
(3.67)

Given that Yy, and ZMN-F of ® belong to the 15 and 40 of SL(5), respectively, once they are
decomposed under USp(4) one gets

15+40 — (1+14) + (5+35). (3.68)
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Therefore, the T-tensor can be expressed in terms of these USp(4) representations, which we

will label B, B! (ed)> Clap) and C [ab] (cd)- Tespectively:

1 1

cd _ [c <d] [c ¢d] ¢ d

Tefyav _EBQa(eS)S 2BQb(66f)6 +8,Q),B ls .
1 lc od] 1 d 1

2C (eéf)é 89 Ca(eQ 1)1 +8Q Cb( Q.

lQabccdef.

1 e od]
20(5)5

1 a1 1

+ 1 QasCo(e 82 le 4~ Qe[aC brt s ~Q 4,0 bet g

(3.69)

An explicit USp(4) parameterisation can also be achieved for the tensor Ypp and ZPOR

Ypo = Vr™Vo Yy ca. ZPOR = V2V PV OV RQPIZT(3.70)

where
Yot = [ (QueOpg — 0y Q) B+ Qe Bl
ab.cd 5 (Qac bd_Z abScd)B + QaeQpy [cd] | » 371
| .
Z(ab)[cd] :_Qa[ccd]b Qb[ccd]a QaeQbecd
16 +16 8 of

To compute the equation of motion for the scalars in a Lorentz-invariant background, we
also need the variations of the scalar fields, now represented by the tensors B, B? 4, C% and

C? ;. These are given by

2
SZB - gzabchCdalh

SEBabcd ZBZabcd Eab thh cd _Egh dBabgh +Z (5 QabQ d) Zef thheﬁ

1
5-C% — 2Zab ced ZQe[aZb}fcdccdef,
}Zkh d)g Ckh—l—Qgh(S[ Zb] Ckh +X¢ gthhcd

:C g = 4QSEP  Cppy + Q1S
- 6([jgd)kgb]"z’<m,gcglmn.

+ Zk[ ghS(C}Céhd)k +4X ml(ch)k-Qn[aCb]lmn

(3.72)
The quadratic constraint, in the formulation 3.55, can also be expressed in terms of irreducible
representations of USp(4), obtaining the following:

2PN Qo QB+ Qe QB | =0, ZPNAT 4" = 0. (3.73)
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We can now write down, for completeness, the supersymmetry transformation and the

Lagrangian.

3.3.2 TheD =7 Lagrangian

The fermionic field content of the Igrangian is given by the gravitinos y,“, transforming
in the 4 (the fundamental) representation of the R-symmetry group USp(4) and the spinors
2%’¢ belonging to the 16 representation of Usp(4). This means that the spinors satisfy the

following relations
Xabc _ X[ab}c’ Qabxabc =0, x[abc} —0. (3.74)
The fermions of this theory are symplectic Majorana, namely, they behave as
X = QuaQeQerCx ™, Vo = QaC¥y,, (3.75)

where C is the charge conjugation matrix with the property C = CT = —C~! = —C". The

local supersymmetry transformations are

1_
55€up :Eearpll/ﬁ,
1 _ 1_
ASAﬁQ — Vab[PVch]_de (Egaegewﬁ + deruch) :
1
AsBuvp =Vp™ ( Qac€pl Wy + g QachdgeFquCde>
3
ASSﬁVp :VabP ( - gQaC ,U.V‘l,b geruvp%abe)
55l,l/ﬁ :Du8a %E,p)ch (FVP —|—8Fv5p)

5V2

1 a 9 C a C
Hypap <FW ut EFVP 5‘%) e — gl AP Qe

15
1
6S%abc ZZ.Q.CdP”deabF‘uSe . \/5 (Hu[vruv b] 5 (Qabéc Qc[aab])gdengd MV )

1 1
— 5 (QadeeHuvp[derPeC - s(@re +4QeleQPl )Huvp[fe]rwpsf>

d,abc

+gA 'Q'degey

4

5SVPab :_Vpcd (Qe[cgd]xabe + 1

1 _ _ 1 _
— Qg€ + chQdegXef[aQb}g + ZchQdeabegxefg) :
(3.76)
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The variation for the g-forms is given in terms of the so-called covariant variations, which

are defined by
AAﬁQ ESAﬁQ,
AByyp =6Byvp — 28PQRSTA[Q“R6A€]T7

(3.77)

N N PN NP 4OR ¢ 4 ST
YMNAS,uvp =Yun (55“vp - 3B[MVP5AP] + 28PQRSTA[IJ' Ag 6Ap] ) .
The latter are valid for any transformation, and in particular are useful for showing how the
covariant field strengths transform covariantly. In addition, we have introduced the fermion
shifts in the fermionic supersymmetry transformations. Those are defined by

1 /1 1
A =_ (Zmab + gc‘”’) : (3.78)

d,abc _ 1 -0 Jfd (ab ab 1 ab ~ycd 1 ab ~cd 4 cla~bld

AP =— 1 QeQfd(c®, — B ~(cebQed  —Qbced 1 ZQclac?] 3.79
] e e I R SRR oo R B ER )
It will be useful when we determine the masses of the fermionic fields and the residual
supersymmetry on the vacuum. We are now in a position to describe the full Lagrangian, it is
divided into two pieces

Lap = Lo+ Lyr, (3.80)

where Ly is the topological vector tensor Lagrangian that is needed to have a gauge-invariant
Lagrangian. When the coupling constant g — 0, the topological Lagrangian Ly 7 reduces to
the SL(5) invariant Chern-Simons term of the ungauged theory.
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_ 1 ) 1 ac 1 , .
L= ER - Qacgdeva%Cduv - EQ‘ C‘de/HuVpab?'[gdvp - EP,UadePgi b
1_ 1 1 B
_ E lllyaruvaV ll/;)l _ gxabcﬁxabc o Ep,uadech w\}drﬂl—*vxabe

V2

V2 - _ 1

3 M (— AT Ty Qg + wpcr“vrpxcdmadszbe+Exacdruvxedc*geb)
1 1 1

+ 12Habuvp (_Qacwgrmr‘ﬂvprd} ch + Ewlcruvprlxabc + ZQ&EYCder,uvpxcdb>

5 _ 1 d.ab _
— S AP W, TV W + gAY Qu T TH W,

2 4
8 (3 shsemy Loba .cfeyphe, —che, 7, yade
+4\/§ 3_26d5eB+§6d‘Q€fC +B" e —C" e XabeX
2
+ fg_zg (15132 +2C%Cap = 2B 4B 4y — 2C 1) Clapy M)

(3.81)
The topological Lagrangian is given by:

_ 1
e IEVT :—58

3
X [gYMNSﬁdvp (D/lslt\)'/rx + EgZNP’QB/lcPBrKQ + 3fiV§B’CK‘P

,uvplo'mx

R R
+4eporsTAY"AGR0:AY + geporwx Xstov ¥ AN AG AT AY V)

9
+3gZMN’P(D/.LBVpM)BAGNBTKP_ Efﬁl\vap/’LMDo'B»pKN

2
+ 18eynpor Ty ANC (9AAgR + §gXST,UQAI,{UA§;T) Bryy

2
+9gennporZM Y A" (8VA§R + §gXST,UQAI§UA,S)T) By oy Briw

36
+ ? EMPOTU SNRsva%NACQAISS ( 8,1A oTU ) (8TA‘,£W )

P
+3g SMPQRSSNTUZAXVW.,XYZAA%NAVQAgUAXWA)éY 0 ARS
4
- 7gzSMPQBCSNVWDEXRS,TUBCXXY,ZADEA%NA{/)QA,I;SAgUAgWAi-(YA%A} -
(3.82)

The topological Lagrangian provides a linear (in the derivatives) kinetic term for the three-

form fields S¥

uvp» they appear contracted by the Y-tensor, and this will also be relevant
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when computing the mass spectrum for those. After this brief introduction to the five- and

seven-dimensional gauged supergravities, we can start looking for the vacua of these theories.

3.4 Summary

In this section, we provided the relevant features for the D = 5, 7-dimensional maximal
gauged supergravities, comprising the ® and T tensor representations, the fermion shifts and
the Lagrangian, in some detail. We also provided explicit forms of the quadratic constraints
we use in the following computations; more information about these theories can be found in

[32] and [33] for 5 and 7 dimensions, respectively.



Chapter 4

Residual Gauge Symmetry and Analytical
Results

4.1 Old and new vacua of 5D maximal supergravity

Charting and analysing vacua of supergravity theories is a fundamental task to find which
models can be related to string theory as well as to understand supersymmetry breaking, the
possible mechanisms to generate critical points with a positive value of the cosmological
constant and which supergravities lead to Anti-de Sitter (AdS) vacua with an interesting
holographic dual. Among all possible theories, the maximally supersymmetric ones stand
out for their fixed matter content and the limited number of possible deformations. For these
reasons there has been an active interest in their gaugings and in the analysis of the resulting
scalar potentials to understand their critical points, with a special emphasis on the theories
obtained by reducing string or M-theory on spheres, which give models with vacua dual to
maximally supersymmetric Conformal Field Theories (CFT).

The main challenges one faces when dealing with this problem are associated with the
very complicated structure of the scalar potential, a function of 70 or 42 scalars in the
maximal theory in 4 and 5 dimensions, respectively, which also depends on a large number
of parameters (912 and 351, respectively) that fix the structure of the gaugings and therefore
of the full Lagrangian, according to the rules specified in [32, 17]. Clearly such a large space
of parameters makes the search for critical points complicated and attempts at a general
classification extremely difficult. However, there has been some interesting progress in
the last few years that expanded a lot our knowledge of this particular aspect of maximal

supergravity theories.
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There are mainly three techniques that have been used so far to find and analyse critical
points of (maximal) supergravity theories. The first one relies on using symmetries to
consistently truncate a particular theory to a subset of fields containing a limited number of
scalars and then extremising the resulting simplified potential. Pioneered in [34, 35], this
technique allowed for the first and only analytical results for the maximal theories from the
1980s until recent years. For what concerns maximal supergravity in 5 dimensions, this
technique allowed the discovery of 5 vacua [25, 36-38] of the SO(6) and SO(3,3) gauged
models in addition to the maximally symmetric one in [39], although often only partial results
were available on the spectrum about these vacua. More recently, a new numerical approach,
based on Machine Learning software libraries was developed and employed in a series of
papers [40-47] where many new vacua of the maximal supergravities in 4 and 5 dimensions
had been found. This also allowed to find precise information about the spectrum of scalar
fluctuations, residual gauge groups, and residual supersymmetry. In particular, 27 new AdS
vacua were found in the SO(6) maximal supergravity in 5 dimensions, with a detailed analysis
in [45, 46]. While these approaches are very interesting and gave promising results, so far they
have only been used to produce critical points for a fixed scalar potential, which results from
a single specific gauging within the large infinite family of possible deformations. This leaves
open the possibility that other vacua with the same residual symmetries appear in different
gaugings. The approach we are going to show instead uses the power of the embedding
tensor formalism in a way that allows for the search of critical points independently of the
choice of gauging. This approach was pioneered in a very different context in [48]and was
used in the context of maximal 4-dimensional supergravity in [49, 22, 50-54], as well as in
half-maximal supergravity in four and three dimensions [55, 56]. In addition to the power of
investigating in a single sweep all deformations of maximal supergravity, this approach has
so far produced analytic results for the critical points and their full spectrum, also providing
information on the gauging, the residual gauge symmetry and supersymmetry of the vacua.
Moreover, for Minkowski vacua this led to understanding the moduli space of these theories
[53] as well as their uplift to string theory [57]. Finally, since the vacua are obtained without
specifying the gauging first, this means that we can exhaustively classify vacua with a given
residual symmetry for all possible consistent gaugings.

In this thesis, we show this last technique by investigating critical points of maximal
gauged supergravities in 5 and 7 dimensions with residual U(2) and U(1) symmetry, respec-
tively. We recover all previously known vacua and find four new ones in five dimensions,
with different gauge groups and cosmological constants. We also provide analytical results
for their full mass spectra, thus completing partial results for old vacua as well as fully

analysing new ones. We did not find new AdS vacua, so that the only such vacua with U(2)
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symmetry are those appearing in the maximal supergravity with SO(6) gauge group, but
we have new Minkowski and de Sitter vacua. A particularly interesting result is that two of
the vacua appear in the same theory with SO*(6) =SU(3,1) gauge group, providing the first
example in 5 dimensions where a single gauging of a maximal supergravity theory produces
vacua in different classes of the cosmological constant, one having a positive cosmological
constant and the other a vanishing cosmological constant and residual supersymmetry!.

In what follows, we will discuss in some detail our technique in section 4.1.2 and then
proceed with a detailed analysis of the U(2) invariant sector in section 4.1.3. We tried to

summarise all our results in tables that could be easily consulted and used for future reference.

4.1.1 Some Useful Notation for D=5

We have already established in the previous chapter the Lagrangian and supersymmetry
transformations for the maximal supergravity theories in five space-time dimensions, we also
briefly reviewed the bosonic sector, paying particular attention to the scalar field content. In
order to facilitate reading, we collected in this section the main formulas and properties of
the tensors relevant for our work. The centre of our analysis will be the scalar potential and
the mass matrices. While everything can be defined in terms of the fermion shifts, for the
scalar masses we preferred to use a convenient expression, which is valid only at the selected
point of the scalar manifold we use as a basis for our analysis. As we shall see, we are not
going to lose generality by this assumption.

Following a well-known general rule of gauged supergravity theories, the scalar potential

18 the square of the fermion shifts:
ij 1 i,jkl
V =3A Aij——A’ Ai,jkl- (41)

We are looking for maximally-symmetric vacua, where all fields are vanishing except for the
scalar fields, which could have a constant vacuum expectation value and for the metric, which
either describes a de Sitter, Minkowski or anti-de Sitter spacetime. The scalar equations of

motion are solved by the critical point condition

3 1
Uijui — EQ[,._,- U] pg QP+ 3 (Unnpg Q™ QPT) Q131 Qy =0, (4.2)
where the tensor Uj jy; is
4
Uijii = §Alqu2m,[ijk Qg +2A2"" P A i ik g - (4.3)

IThere is a similar instance in maximal supergravity in 3 dimensions [58]
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Once we find a critical point, we derive the masses of the various fields by computing the
eigenvalues of the respective mass matrices. For what concerns the gravitini l//L, the mass
matrix is directly proportional to the shift matrix A;;.

M3, 44
G =S Ay (4.4)
The masses of the other fermions /¥ are then fixed by the eigenvalues of (indices i jk and

pqr are fully anti-symmetrised).

MU = 84 Q@ + 24712 — 13—OA17 AT (A A" T Ay e (45)
This mass matrix is the result of subtracting from the Lagrangian mass the appropriate term to
remove the goldstinos from the spectrum for susy-breaking vacua. It is understood that in the
case of a degenerate matrix A, ,A™*"", we only compute the inverse for its non-degenerate
part, as this is the part related to the goldstino directions, which in the original Lagrangian
mix the gravitinos and the spin-1/2 fields. The proof that such an additional term correctly
3}/}{2717 g ADPAT =0 follows once one takes into account the equations of motion
(4.2) and uses repeatedly the quadratic constraints (3.41). In particular, the matrix we are

produces M

inverting is related to the shift of the gravitinos by means of the quadratic identity known as
supersymmetric Ward identity

1 . 1 .. ,

gAj,smA”S’“ =3 8;V+3A"A,;, (4.6)
which also tells us that the expression is explicitly dependent on the value of the cosmological
constant at the vacuum. This expression generalises previous similar formulae for maximal
theories in 4 dimensions, which were obtained in particular instances where the cosmological
constant was vanishing [59] or when the squared shifts had already been diagonalized [54].
A simple way to understand this expression can also be obtained by comparing it with the
analogous expression for N = 1 supergravity presented in [60].

In addition, the masses of the bosonic degrees of freedom can be expressed in terms of

the same tensors. The vector mass matrix is

1 .
M = 3 Vir TP Tonpg Vi, (“.7)

while the squared masses of the tensor fields follow from the eigenvalues of the matrix

Mo = Vi ZijunZ™ VY. (4.8)
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These mass matrices are clearly redundant because the sum of vector and tensor fields present
in the theory is fixed, given that the tensor fields appear by dualization of the vector fields.
This means that both M(,) and M, are degenerate and contain zeros in the directions where
the fields have been dualised.

All the above expressions have general validity and should be evaluated at the critical
points that satisfy (4.2). For the scalar fields, on the other hand, following [49] we provide
an expression that is valid only when the critical point is the base point of the manifold,
i.e. when all scalars are vanishing. While this could seem a restriction, as we will explain
in the next section, it allows us to obtain the full spectrum for any critical point in any
arbitrary gauging. This is given in terms of the embedding tensor, the ¢q) generators, the
¢6(6) Structure constants f g’ and the ¢6(6) Cartan—Killing metric 1yg:

M :15—6 (@1 (tatP )" ON (8 + 5T17) + Ou (1) ONT 1 4°
4.9)

—l—@MG(Z‘B )MN®NYfayG -+ @MGG)MYfayéfﬁBG) .

The matrix is non-zero only in the non-compact directions, i.e. along the generators 7y €

¢6(6) \ usp(8). Moreover, all goldstone fields appear with a zero eigenvalue.

4.1.2 Extrema of the scalar potential

The procedure used to find and analyse the scalar potential has been developed in the case of
maximal supergravities in [49], developing an old idea presented in a very different context
[48]. The main point is that the scalar potential is a function of the scalar fields through the

coset representatives V;& and the embedding tensor @y“

V(9) =V (V(9),0). (4.10)

As explained above, the vacua of the theory follow as solutions of the minimisation condition
(4.2). This is generally a rather complicated expression of the scalar fields (at best ratios of
polynomials and exponentials of the scalar fields). This is the reason why the task of finding
solutions to such complicated systems of equations has always been very challenging, and
researchers usually focus on restricted sets of scalar fields in order to simplify the task, which
in any case is often performed only numerically.

The alternative proposed in [49] maps the problem to a coupled set of second- and
first-order algebraic conditions on the gauging parameters. This is possible because the scalar

manifold is homogeneous, and therefore each point on the manifold can be mapped to any
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other by an Eg¢) transformation and at the same time the scalar potential is invariant under
the simultaneous action of these transformations on both the coset representatives and on
the embedding tensor. This implies that we can always map any critical point of the scalar
potential to the “origin” at ¢ = 0. At such a point, the scalar potential is a simple quadratic

function of the embedding tensor

2
V= E®MO‘®M/5' (8ap +5Map) (4.11)

and the minimisation conditions become quadratic conditions on the embedding tensor,
which should be solved together with the quadratic constraints (3.41). The result is that rather
than fixing the gauge group and then performing a scan of all possible critical points of the
scalar potential and then scanning among all possible gaugings, one can simply solve a set of
quadratic conditions on the embedding tensor and then read the resulting values of ® that fix
at the same time the gauge group, the value of the cosmological constant and the masses at the
critical point. Clearly any choice of point on the scalar manifold is equivalent, but choosing
¢ = 0 has the advantage that it is a fixed point under the action of the maximal compact
subgroup of the isometries, namely USp(8), and therefore we can consider modifications
of the embedding tensor related only to the non-compact transformations, so that there is a
one-to-one correspondence between the parameters in ® related to the scalar fields and the
independent directions on the scalar manifold, as shown in fig. 4.1. We advise the reader
to consult [49] for more details. As we mentioned in the introduction, all of our results are
fully analytic. The reason we are able to produce such results is related to the procedure
we used to solve the quadratic conditions that come from the minimisation of the scalar
potential and from the quadratic constraints. Although, in fact, we reduced our problem to a
set of quadratic equations, we still generically have a very large number of parameters and
quadratic equations. This implies that one does not always see a straightforward analytic
solution, because the equations are coupled, and they could become very high in order in
terms of a single variable.

We used mainly two techniques. The first one is based on a simplification of the set
of quadratic equations by employing a choice of a more convenient Grébner basis for the
polynomial generating the same solutions. This has been done with the aid of the computer
algebra system for polynomial computations SINGULAR [61]. Unfortunately, when the
number of variables is very large, this can be extremely costly in time and therefore one
has to resort to a different way of reducing the set of equations. We found a very effective
procedure by borrowing an algorithm developed in the context of cryptography, where the

solution of quadratic equations on finite fields is a common problem. In particular, we
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n(n)/H

Fig. 4.1 E, ) transformations (U) mapping any point to the origin of homogenous space

used the so-called XL algorithm [62], or extended linearisation. The idea is rather simple.
Rather than solving directly the given set of quadratric equations, one produces sets of linear
equations in the monomials appearing in the equations and in all equations obtained by
multiplying the original set of equations by the variables and by their products up to a fixed
order. This produces sets of linear equations that can be solved rapidly, and, once interpreted
in terms of the original variables, they may reduce to equations in a single variable or in
simpler sets of polynomial equations (like equality between different monomials). This
allows to fix and eliminate some of the variables from the problem and then face a simpler
set of equations, which could be solved directly or further simplified by another iteration of
the same procedure, or by a more convenient choice of Grébner basis. More information can
be found in Appendix D.
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4.1.3 Vacua with residual U(2) symmetry

In this work we decided to scan gauged maximal supergravity in 5 dimensions for vacua
with a residual U(2) symmetry. Asking for a residual U(2) invariance of the vacuum (with
respect to a gauged or global symmetry) imposes restrictions on the allowed coefficients of
the embedding tensor and consequently of the fermion shift tensors, which should be singlets
with respect to this residual symmetry. To perform a full analysis, we therefore looked at all
the inequivalent embeddings of SU(2) in USp(8) and then singled out all possible inequivalent
charge assignments for the remaining U(1)s, if any. We then performed the branching of
the 36 and 315 representations of USp(8) specifying the fermion shifts with respect to the
chosen embedding and classified all inequivalent cases. When the commutant of the residual
symmetry group in USp(8) was non-trivial we used the commuting symmetries to further
reduce the number of inequivalent variables by removing those that could be generated by the
action of the commutant. Once the non-vanishing components of the fermion shifts had been
identified, we then proceeded to solve the set of quadratic algebraic conditions coming from
the scalar equations of motion (4.2) and the quadratic constraints (3.41) and then collected
all solutions, which may still be related by duality transformations. Finally, we analysed
their properties and computed their mass spectrum, as we shall discuss momentarily. In the
summary tables, we collected all inequivalent vacua and reported the most general mass
spectra for each of them. Unfortunately, two of the branchings still present a very large
number of singlets (> 48) and even combining all the techniques mentioned above we have
not been able to fully scan and solve their equations for all the allowed parameters, though
for all solutions we recovered the same vacua we found in other branchings.

As a first step, we list the branchings we analysed by the inequivalent decompositions of
the 8-dimensional representation of USp(8) under SU(2) and then give one of the branching
routes leading to this decomposition. For each case, we also give a table with the subcases
based on possible different choices of the U(1) factor, when present. We also list the number
of singlets in the fermion shifts, which are going to be the variables to be fixed by the

quadratic conditions in order to find vacua.

Branchings

We find 13 different branchings of the fundamental representation of USp(8) under SU(2),
which we therefore analyse separately. The labels on the various factors are self-explanatory:
we use letters from the beginning of the alphabet to keep track of the various factors in the
decompositions and we use S and diag to specify the symmetric and diagonal embedding of
the group.
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Case 1: 8 — 8.
The branching path is
USp(8) — SU(2)s. (4.12)

This case leaves no singlets to discuss, so no vacua are possible for this choice.

Case2: 8 — 6+2.
The branching path is

USp(8) — SU(2)4 x USp(6) — SU(2)4 x SU(2)s — SU(2) giag (4.13)

There is only one singlet in A; ji;. Clearly, this is never going to give any vacuum because
the critical point condition (4.2) would fix this parameter to zero.

Case3:8—6+1+1.
The branching path is

USp(8) — SU(2)4 x USp(6) — 14 x SU(2)s (4.14)
There are 3 singlets in A;; and no singlets in A; jx;.

Case4: 8 —4+4.
The branching path is

USp(8) — USp(4)> — USP(4) giag — SU(2)s (4.15)
We have one singlet in A;; and three singlets in A; jx;.

CaseS5: 8 - 4+242.
The branching path is

USp(8) — USp(4)4 x USp(4)p — [SU(2) x U(1)]4 x SU(2)s — SU(2)gig (4.16)
We find just one singlet in A;; and 8 in A; j;.

Case6: 8 —4+2+1+1.
The branching path is

USp(8) — USp(4) x USp(4) — [SU(2)4 x SU(2)5] x SU(2)s — SU(2)pss  (4.17)
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There are 3 singlets in A;; and 5 singlets in A; jx;.

Case7: 8 —4+4-1.
The branching path is
USp(8) — USp(4)4 x USp(4)p — [SU(2)s]a x [SU(2) x U(1)]s
— SU(Z)S X U(l)A X U(I)B

(4.18)

In this case, we have two inequivalent choices of U(1) C U(1)4x U(1)p, which we list in

the following table.

# 8 charges 36 315

decomposition choice singlets singlets

7 8 = 4dpo+ 11141 (94,98)
Ta| 8—>40+2-14 qa 4 7

7o | 8 —dg+1y+2-1) A3 4 5

Table 4.1 Branchings for case 7.

Case8:8 —2-3+2.
The branching path is

USp(8) — SU(2)4 x USp(6) — SU(2)4 x [SU(3) x U(1)]
— SU(Z)A X SO(3)B — SU(2)diag

(4.19)

The decomposition contains 3 singlets for A;; and 6 singlets for A; ji;.

Case9: 8 —2-3+2-1.
The branching path is

USp(8) = SU(4) x U(1)5 — SU(3) x U(1)4 x U(1)5 — SU(2); x U(1)4 x U(1)5. (4.20)

This case already has 21 SU(2) singlets overall, therefore, we distinguish various subcases

according to the choices of a U(1) factor, which we report in Table 4.2.
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# 8 charges 36 315
decomposition choice  singlets singlets

9 | 8—-31+3_ 1 1+131+13-1  (q4,98) 2 1

Oa 8>3 +143 qa 2 3

9b 8311 +14 T ) 5

9c 8—>2-3p+14 L 4 3

9d 8—3.1+2-1 9atian 4 1

Table 4.2 Branchings for case 9.

Case 10: 8 — 4-2.
The branching path is

USp(8) — SU(2)4 x SU(2) x SU(2)¢ — SU(2)¢ x U(1)4 x U(1)g 4.21)

This case has 51 singlets of SU(2) and therefore we classify various subcases according to a
remaining U(2) symmetry. We collect all different branchings in Table 4.3.

# 8 charges 36 315
decomposition choice  singlets singlets
10 8 = 24141 (94,9B) 2 3
10a 8 —2-[24] qa 4 15
10b | 8 —2-[2] +24,  afer 2 11
10c | 8 = [243] 4+ [2+1] 29a+9gB 2 7

Table 4.3 Branchings for case 10.
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# 8 charges 36 315
decomposition choice singlets singlets
11 | 8211 +200+2-1-1+1-1+1-21 (qa,98) 2 5
11a 8 —>2 1 +20+ 112 qa 2 5
11b 8211 4+20+ 14 qB 2 7
11c 8 —>217+20+ 144 ga+qs 2 7
11d 8 —+3-20+ 14 4448 4 23
1le 8241 +20+2 1 utkds 4 7

Table 4.4 Branchings for case 11.

Case11: 8 —+3-2+2-1.
The branching path is

USp(8) — SU(2) x USp(6) — SU(2) x [SU(3) x U(1)]
(4.22)
— SU(2) % [SU(2) x U(1) x U(1)] = SU(2)giag x U(1)4 x U(1)p

This case has 39 singlets of SU(2) and therefore we classify various subcases according to a

remaining U(2) symmetry. The results are collected in Table 4.4.

Case12: 8 —+2-2+4+4-1.
The branching path is

USp(8) — USp(4)4 x USp(4)p — [SU(2) x U(1)]4 x [SU(2) x SU(2)]p
(4.23)
— SU(2)A X U(I)A X U(l)B X U(l)c

This case has 64 singlets of SU(2) and therefore we classify various subcases according to a

remaining U(2) symmetry, which we list in Table 4.5.
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# 8 charges 36 315
decomposition choice singlets singlets

12 | 8 = 24500+ Lo+£10+Loo+1  (g4,98,9c) 3 5
12a 8—=211+4-1 qa 11 21
12b | 8—=2-20+141+2-1p qB 5 19
12¢ 8§ =211 +2-14 qa+4qs+qc 5 19
12d 82 1+11+2:1 qa+qs 5 9
12e 8 — 220+ 144] g+ qc 5 27
12f 822 1+1+2-1 qa+2qp 5 15

Table 4.5 Branchings for case 12.

Case13: 8 —+2+6-1.
The branching path is

USp(8) — SU(2) x USp(6) — SU(2) x [SU(2)4 x USp(4)]

— SU(Z) X [SU(2)A X SU(Z)B X SU(Z)C] — SU(Z) X U(l)A X U(l)B X U(l)c
(4.24)

This case has 124 singlets of SU(2) and therefore we classify various subcases according to a
remaining U(2) symmetry. Here, we list only the cases that are inequivalent and produce
different sets of singlets. Note that cases 13e and 13f have only a subset of the singlets present
in the other cases, so it is enough to solve cases 13a—13d. Case 13c has only Minkowski
vacua: (M3), (MO) with m4 = 0 and (M2). The results are presented in Table 4.6.

The branchings 13a and 13d present more than 48 singlets, and this hampered the
simplification of the problem with any of the techniques used in this work in a reasonable
amount of time. Anyway, all solutions we have been able to find for these branchings were
already present in one of the other branchings.
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# 8 charges 36 315
decomposition choice singlets singlets

13| 8= 2000 +L1x100 + Lo£10+Loot1  (94,9B,9c) 3 9
13a* 8=>20+141+4-1 qa 11 37
13b 8 —>20+2-[1p+14] ga+qs 7 27
13c 8 =20 +140+141+2-1p 2g4 +qB 5 17
13d* 8 —20+3-14 ga+4B+4qc 9 47
13e 8 —>20+2-111+14 qa +qB+2qc 3 9
13f 8—>20+141+2-14 qa+2q8+2qc 3 19

Table 4.6 Branchings for case 13.

Vacua

The search for vacua has been carried out by solving the sets of quadratic equations for the
singlets in the tables above. Once we found solutions, we checked for each candidate vacuum
the rank of the embedding tensor, the signature of the resulting Cartan—Killing matrix and the
full mass spectrum. In general, we found 5 different Anti-de Sitter vacua, S Minkowski vacua,
and 2 de Sitter vacua. The vacua with negative cosmological constant are all pertaining to
the same gauging, namely the maximal SO(6) theory of [39], and were all already known
[36-38]. Among the Minkowski vacua there are the Cremmer—Scherk—Schwarz gaugings
[63, 64] with various mass parameters and a supersymmetric vacuum for the SO*(6) theory
discovered in [65], but we also find three new vacua with a non-abelian gauge group (like
those in [53] for the analogous analysis of maximal supergravity in 4 dimensions). Finally,
we also find 2 de Sitter vacua, resulting from gauging of the semisimple groups SO(3,3)
[25] and SO*(6), the latter being new. All vacua are reported in table 4.7, together with the
number of supersymmetry they preserve, the original gauging, the residual gauge group, and
the reference where they were first discovered. In Appendix B we provide for each vacuum
one instance of fermion shift values reproducing the critical point mentioned in the table.
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vacuum | susy Geauge Gies ref. branching
Al 8 SO(6) SO(6) [39, 38] 4,9.10,12
A2 0 SO(6) SO(5) [36-38] 4,10, 12,y
A3 0 SO(6) SU@3) [36-38] 9as 125
Ad 2 SO(6) SUQ2) x U(1) [38] 12,01
A5 0 SO(6) SU2) x U(1) x U(1)  [38] 1Py
5,6,7,10
M1 0,2,4,6 U(1)xR® U(1) [64]
11,12,13
89,11
M2 2 SO*(6)=SU(3,1) SU@3) x U(1) [65]
12abcefa 13b
12
M3 4 SO*(4) xR8 UQR) [66] abcef
11, 13,
M4 0 [SO(3,1) x SO(2,1)] xR3 UQ2) [66] 10,
M5 4 SO*(4) xR8 SO@3) [66] 12p,
D1 0 SO(3,3) SO(3)? [25] 95,10,
D2 0 SO*(6)=SU(3,1) SU(2) [66] 9,

Table 4.7 Summary of vacua found in this work.

Given the nature of the gaugings generating such vacua, we can also see how some of
these could be obtained from string theory reductions. All AdS vacua appear in the SO(6)
theory, which is a consistent truncation of type IIB supergravity compactified on $° [67]. A
subset of CSS gaugings and their vacua M1 are known to be the result of a twisted torus
reduction [63], while the most general gauging and vacuum in this class may admit an
uplift through a generalised Scherk—Schwarz Ansatz analogous to the ones described for
four-dimensional CSS gaugings in [57].

It is interesting to notice that for the first time in a maximal 5 dimensional theory we find
a gauging that produces at the same time vacua with different types of cosmological constants.
This is the SO*(6) = SU(3,1) gauging, which contains at the same time a Minkowski and a de
Sitter vacuum. Our claim that they reside in the same model follows both from the analysis of
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the embedding tensors that generate them, and the direct identification of a truncated scalar
potential for the SU(3,1) theory where both vacua are easily found. From the embedding
tensors we find which generators of ¢ are involved in their corresponding model, and
analysing the commutants we find in both cases that the representation 27 decomposes into
the representations 154 6 + 6 of the gauge group. This corresponds to the correct branching
under SU(3,1) and since the adjoint is unique in the branching, we argue that the gaugings
are the same. Moreover, if we directly decompose the 351 representation of ¢g () from the
branching above for the 27 we see that there is a unique singlet with respect to SU(3,1) and
therefore there is a unique possible form of embedding tensor leading to this gauging up to
duality transformations.

Fig. 4.2 scalar potential for the two common scalars invariant under the residual symmetries
of the vacua (M2) and (D2). We see a Minkowski vacuum at the centre of the picture,
surrounded by a family of de Sitter vacua with a massless modulus.

Actually, for this specific model, we can provide a truncated scalar potential, where we
make explicit the dependence on the two scalar fields that are singlets of both symmetry

groups. Furthermore, both vacua arise as different solutions of the 9;, case and the commutator
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of the residual U(2) group with the non-compact generators of ¢g leaves only two generators
g1 and g;, for which we can provide a truncated scalar potential where both vacua can be
found. We construct the coset representative

L(x,y) =exp(g1x+ g2), (4.25)

which induces the scalar potential

2
V= —1—2 (12 — 16cosh(2x) cosh(2y) +4cosh?(2x) cosh?(2y)) , (4.26)

where x and y are canonically normalised scalar fields. The scalar potential has two vacua, a
Minkowski one at x =y = 0 and a line of unstable de Sitter vacua at cosh(2x) cosh(2y) = 2.
At any point in the family of de Sitter vacua, we see that the masses of the two fluctuations
are, in fact, zero and m? /A = —24. These coincide with one of the moduli and one of the
unstable directions of the full scalar spectrum about the de Sitter vacuum (see table 4.14).

A similar discussion could apply to the vacua (M3) and (M5). They both have the same
gauge group, though in this case they do not belong to the same model. In fact, there are four
U(2) invariant scalar fields in both models, but the scalar potentials show only a single vacua
in each of the potentials constructed from (M3) and (M5) by introducing the appropriate
coset representatives. For example, using canonically normalised fields, the potential of (M3)
is

4

Vi 3V2 )
05 (2 3 2 V2 4
§192;2x4 (?-1) {_8’”1””‘”{”( 1) (332424 +3> (x3—1)

—|—m1x%‘[ ((3x2\[+2x\[ ) (xﬁ + 1) (1 —|—x%) +4 (x%ﬁ — 1>2x4x2)
(<3x3\[—|—2x§[ ) (xi—f—l) (1 —l—x%) —4<x§ﬂ+6x§ﬁ+l)x41x2)
+m% (<3x3f+2x‘[ ) (xi—l— 1) (1 +x%) —4 (xg/i— 1)2x4xz>

<<3x3\f~|— Zx{ + 3) (x4 +1) (1 +x2) +4 (x%ﬁ +6x§ﬁ+ 1) x4x2>} .
4.27)
This shows a single critical point at x; = 1, where the scalars x; > 4 are moduli, while the

scalar x3 1s massive with mass mj;. In fact, x; is a modulus that simply rescales the mass

parameters. While the gauge group is the same, the two vacua indeed pertain to two different
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gaugings. This is possible because the decomposition of the 351 of E¢ () under SO*(4) shows

6 singlets and therefore one could find inequivalent embeddings of the same gauge group.

Mass spectra

In this final section, we present the mass spectra of all of the vacua listed in the previous table.
The masses for backgrounds with a non-vanishing cosmological constant are normalised
in terms of the (A)dS radius squared L> = |6/V| , so that supersymmetric gravitinos have a
normalised squared mass of 9/4.

For the AdS vacua, which are not new, most of these spectra were already known from
previous work, though the spectrum of the non-supersymmetric ones (A2), (A3) and (AS)
was lacking some states that we provide.

L2m3/2 [421]8 L2m§/2 [%]8

LPm3,, [0]15 L*m3,. [0]10. [3]5
LPmgy, (112 L*ml,,q 3] 10 [6]2
L2m1/2 [3‘1}40’ [421]8 L2mf/2 [0]32, [%]8 [%]8

L*m ;| [=4]20, [~3]20, [0]2 L*ml | %] 4 [=2]20. [0]7, [8]:

Table 4.8 Masses for the AdS vacuum A1 Table 4.9 Masses for the AdS vacuum A2

L2m3/2 H_g}@ [g}z
L2 %ec [0]8’ [%]6’ [8]1
L2117y [5]e [5]s

L2m1/z [0]s, [%] 16° [%_5]18’ [%]6

L2 ?cal [_%] 12° [_§} 12° [0]17’ [8]1

Table 4.10 Masses for the AdS vacuum A3
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The spectrum of the vacuum (A4) is particularly interesting in the context of the AdS/CFT
correspondence, as it fixes the anomalous dimensions of the operators of the corresponding
N=1 deformation of super-Yang—Mills in 4 dimensions [68].

L2m§/2 [?]4’ 42, [%]xz
Lzmlz’ec [0]4’ [%] x4’ [%} x2° [?_5} x4’ [6]><]
Lzmtzens [%} x2° [%] x4’ [%_5] x4 [24_5] x2°

2,2
Lm1/2

Lzm?cal [O]XB’ [_4]3’ [_14_5]><12’ [_%] w4’ [_3]><2, [_%} «4? [3]><2, [4i2\/7]x1

Table 4.11 Masses for the AdS vacuum A4

L*m3 (5] e [5)

L*m2,. [0] 4 [25_4}><1’ [%}xgv [%}xz

L*m?, (%], By 32

Lk | O [B4yE] Bl Bl (b (95 VE
Coiey | [Elor Bl £l 8 Fa0 F8L 8 B

Table 4.12 Masses for the AdS vacuum AS.

The supersymmetric AdS vacua, (A1) and (A4), are perturbatively stable, respecting the
Breitenlohner—Freedman bound [69, 70]

(4.28)

for scalar degrees of freedom in AdS,. On the other hand, (A2), (A3), and (A5) are all pertuba-
tively unstable, thus corroborating the hypotesis about the instability of non-supersymmetric

AdS spacetimes formulated in the contest of the Swampland programme [71]. The full
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spectra of the de Sitter vacua (D1) and (D2) are new and show that such vacua are unstable

with very large instabilities, of the order of the cosmological constant, or larger.

202, 2. [,
L2m§/2 [0]xs L*m2,, [0]x3, [24]x1, [96]x11
2m2,, [0] 6. [8]x9 2, [32] <6, [56] <6
LE e, 2lx2 - 08, [Z] 6> [F] <10
Zod, | [Oe Bl T ey sy g

2 Ixe 2 Ixg 172 Jx10
L*m,, ook [—24)x1, [0] <14,
[0]x11, [10] <185 [16]x 10 L*m? [4(29 4 1/433)] s,
Table 4.13 Masses for the dS vacuum D1. 400, (122, {12010

Table 4.14 Masses for the dS vacuum D2.

For what concerns the Minkowski vacua, since there is no intrinsic scale associated with
the vacuum, we parametrised all masses in terms of the ones of the gravitini. We easily
reproduced the expected spectrum for the CSS vacua, whereas the results for all the other
vacua are new.

By also looking at the fermion shifts collected in Appendix B, is interesting to notice
that all the vacua we found show spectra that do not depend on additional parameters except
for a few masses (or the cosmological constant, if different from zero). This means that for
all the gaugings considered the vacua appear in a unique theory with that gauge group and
there are no continuous families of models with the same gauge group containing such vacua.
This differs from what was discovered in the 4-dimensional case [22, 72], where it was found
that one can have infinite families of gaugings with the same gauge group and vacua whose
existence and value of the cosmological constant may depend on the parameter specifying

the family of gaugings.
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mg/z (5] as [m3] 00 [m3] o (3] s
Myee | [0]x1, [(m1£m3)?]xa, [(m1£ma)?]x2, [(m2£m3)?] 52, [(m2£ma)?]so
Mg (012, [(m1£m2)*]x2, [(m3 £ ma)?]xa
m%/z [0]xs, [m#]x2, [(m3£my£m)?] 2, [(mstm £mr)?] 2,
[(m1 £m3 £ma)?] 2, [(ma£ms £ma)?]xa
Wy | Ohers, [l ] g [ el [l s s i),
Table 4.15 Masses for the CSS vacuum M1.
m3 ), [0]2, [mi]2, [m3)a, [m3)
My [0]3, [(m1 £m2)?]2, [(m1 £m3)?]2, [(ma£m3)?]a,
Mg [mila, [m3la, [m3)a,
r (0110, [m7]2, [m3]2, [m3la, [(m1£m2)?la, [(m1£m3)]a,
v (s £ 13, [(m s
M [0]14, [mF]a, [m3]a, [m3la, [(m1£ma£ms3)*]a,

Table 4.16 Masses for the Minkowski vacuum M?2.

The other interesting fact that emerges from the spectra is that also in 5 dimensions, like

in 4, Minkowski vacua have moduli. In fact, once we remove the scalars that are eaten by

the massive vectors in the usual Higgs mechanism, we see that the vacuum (M2) has two

additional massless fields, the vacuum (M3) has 6 additional moduli, the vacuum (M4) 7 and

the vacuum (M5) again 6. Like in the 4-dimensional case [53], it may be worth investigating

if these gaugings can be connnected to each other by infinite distance limits along their

moduli spaces. Quite possibly, the most general such limits may also generate novel gaugings

with new Minkowski vacua and residual symmetries other than U(2).
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ms )
vec

mt ens

My

scal

[O]X4’ [m%]x% [m%]xz
[0] x4, [m3]x4, [M3]xas [(m1E£m2)?]2
[0]x3, [m%]x4, [m%]x4

0512, [m3] %10, [M3] 10, [(m1 £m2)?]xs

[0)x18, [mi]xas [m3]xa, [(m1£ma)*s

Table 4.17 Masses for the Minkowski vacuum M3.

ms,
vec
mtens
My

scal

] x4, [3m?] xa
[0]xa, [4m]x10, [8m*]x3
[0]x2, [4m*]xs
[0)xs, [m]xs, [Bm?]x12, [Tm?]xs, [9m?]x12

[0] 20, [4m2]x107 [sz]x6a [12m2]><6

Table 4.18 Masses for the Minkowski vacuum M4.

ms
vec
mtens
My

scal

[O]X47 [m%]XZ, [m%]xz
[O]X37 [m%]X47 [m%]x4a [m%—{—m%:l:m%]xz
[O]x47 [m%]x47 [m%]x4
[0]x12, [mf]x10, [M3]x10, [m}+m3 £m3]«s

0] 18, [mﬂx% [m%]x47 [m%—l—m%:l:m%]xg

Table 4.19 Masses for the Minkowski vacuum MS5.
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4.2 Vacua of 7D maximal supergravity

In the case of maximal 7-dimensional supergravities, the number of scalar degrees of freedom
is small with respect to the companion theories in 4 or 5 dimensions. In fact, the scalar
potential becomes a function of 14 scalars, which depends on 55 parameters. Still, the large
space of parameters makes the analysis of vacua very difficult. Employing numerical methods
described in the following chapters, we have discovered some new vacua, in addition, by
means of the same analytical methods as for the 5 dimensional case, we have been able to
restrict the analysis to vacua with at least U(1) residual gauge symmetries and confirm our
numerical results. Thus, an analytical scan of these vacua has been possible; in the following,
we show a detailed analysis of the U(1) invariant sector and summarise the results in tables

that could be easily consulted for future reference.

4.2.1 Some Useful Notation for D=7

In the previous chapter, we made clear some facts about the 7-dimensional maximal super-
gravity theories, we gave the Lagrangian and the supersymmetry transforations, and reviewed
briefly the scalar content of the theory. Just as it has already been shown for the 5 dimensional

theories, the scalar potential can be expressed as the square of the fermion shifts:

1 1
V=g A2 —15|A, > = — ﬁ( 15B2+2CCap— 2B 4B oy —2C1) (g Cly V). (4.29)

Where, B, B*.;, C% and C?_; are the 1, 14, 5 and 35 representations of SO(5)= Usp(4),
respectively, which make up the T-tensor of the theory. The equations of motion needed to
discover the minima of the scalar potential are obtained by varying the latter under a scalar
transformation of the form Sy Vy* = X%, Vy,4:

1 ab cd e 1 ab cd 1 ab cd
85V == 16BN ca B e M) + 35 BB e 2 ) — 7€ Crea T
) ; (4.30)
ab e cd ce d ab
+ ﬁC[ }(ef)c[cd]( Nyl ][ab] _ gc[ ](af)c[ f](be)z[ ][cd]'

Once the minima of the scalar potential are found, we proceed to identify the masses of some
of the fields by computing the eigenvalues of the squared mass matrices.

For what concerns the gravitini y;, the mass matrix is proportional to the fermion shift
A12

3
M3y = > Arap. 4.31)
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The vector mass matrices are contained in the scalar kinetic term %P“adePc’ﬁl“b , where

P“abc‘l is defined by the gauge covariant space-time derivative of the scalar fields

Voo (9u Vi — gAh2Xpo V) = Puap™ +20,, 8 (4.32)

b *
The P“ade lies in the 14 representation of usp(4), while Q¢ in the 10, (these must be
imposed before computing the masses). Analogously, the mass term for the 2-forms arises
from the kinetic term of the vectors, namely QachdHuV“b’H“’“v, where ’H”v“b is given
in 3.58. Similarly, the mass term for the 3-forms, Sf{vp,

2-forms, Q¥ Qb4 uvpab”;‘-[él va . The covariant field strength for the 2-forms is given by:

arises from the kinetic term of the

2
HquM = 3D[,qup}M + 68MNPQRAI[\LP <8vAgR + ggXSTJ]QAISUAg{) + gYMNSﬁvp-

Note that the kinetic term for the 3-forms in 3.82 is linear in the derivative, so what
one really obtains from this procedure is the mass matrix and not the square mass matrix.
Furthermore, this kinetic term is not canonically normalised; indeed, it is in the schematic
form Yy nSMDSY, so the true masses are obtained once one multiplies the mass matrix that
arises from the kinetic term of the 2-forms by YAJI{,. For the scalar masses, we note that
it is possible to parameterise the scalar fields in terms of the USp(4)-invariant, symmetric
unimodular matrix My defined by

Mun = VeV Q0 Qpa. (4.33)
The scalar potential, written in terms of My, is

1 2
Vo (2MMN Yup MPY s — (MYNYy0) )

+ ZMNPZORS ( Miyro Mg Mps — MasoMyp Mgs) .

(4.34)

Therefore, by means of 5ZVM"I’ = yab CdVMCd , it is possible to calculate the second variation
of the potential and, therefore, the scalar mass matrix, always recalling that yab 4 belongs
to the 14 representation of USp(4). Eq. 3.64 has been extensively used to calculate the
masses. To check for the residual supersymmetries of the vacua, one has to verify how many

non-vanishing €4 spinors exist that satisfy:

Aog pea€” = 0. (4.35)
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We have already explained the procedure for finding the extrema of the scalar potential in
the 5 dimensional case, including the XL-Algorithm or extended linearisation (Appendix D)
and the use of Grobner Basis, so in the following we will directly deal with the vacua with
residual U(1) gauge symmetry.

4.2.2 Vacua with residual U(1) symmetry

Requesting a residual U (1) invariance of the vacuum restricts the allowed coefficients of the
embedding tensor. To perform this analysis, we looked at all the in-equivalent embeddings of
U(1) in SO(5)~ Usp(4) and singled out all the different charge assignments. The branchings
of the 1, 14, 5 and 35 of Usp(4) under this decomposition have been obtained, therefore
classifying all in-equivalent cases. When the commutant of the residual symmetry group in
USp(4) was non-trivial we used the commuting symmetries to further reduce the number
of in-equivalent variables by removing those that could be generated by the action of the
commutant. We then proceeded to solve the set of quadratic constraints 3.55, 3.73, and the
equations of motion 4.30, and then collected the solutions that could be related by duality
transformations. Then we continued by analysing the residual supersymmetry and some of
their masses. We first list the possible U(1) branchings, listing also the number of singlets in
the T-tensor irreducible USp(4) representations, which are going to be the variables to be

fixed by the quadratic constraints and equations of motion.

Branchings

We find 3 different branchings of the fundamental representation of USp(4)~ SO(5) under
U(1), which has been studied separately. The labels on the various factors are self-explanatory:
we use letters from the beginning of the alphabet to keep track of the various factors in the

decompositions and we use S to specify the symmetric embedding of the group.

Case 1: 4 — (£+1,0) + (0,+1).
The branching path is

USp(4) — SU(2)4 x SU(2)g — U(1)a x U(1)g (4.36)

we classify the branchings by how we choose the embedding of U(1) inside U(1)4 x U(1)p
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# 4 charges 5 14 35
decomposition choice  singlets singlets singlets
1 | 4—(£1,0)+(0,£1) (qa,98) 1 2 3
la| 4—(£1)+2-(0) qa/qs 1 4 7
1b 4—2-(£1) qs+9qB 3 6 11
Ic 4— (£1)+(£3) qa +39gB 1 2 5

Table 4.20 Branchings for case 1.

Case 2: 4 — (+1,41).
The branching path is

USp(4) = SU(2)4 x SU(2)g — U(1)4 x U(1)5 (4.37)

we classify the branchings by how we choose the embedding of U(1) inside U(1)4 x U(1)p

# 4 charges 5 14 35
decomposition choice  singlets singlets singlets
2 4— (£1,£1) (qa,9B) 1 2 3
2a 4—2-(£1) qa/qs 3 6 11
2b [4—2-(0)+(£2) qga+tgs 1 4 7
2c | 4— (£1)+(£3) qa+2gs 1 2 5

Table 4.21 Branchings for case 2.
All these cases were already contained in the first case.

Case 3: 4 — (+3) + (£1).
The branching path is
USp(4) = SU(2)s — U(1) (4.38)
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There is 1 singlet in Cpy), 2 in Blat] cd) @nd 5 in Clab] (cd)» Tespectively the S, 14 and 35
representations of USp(4). Also, this case was contained in the first case. Therefore, we have

only three branchings to analyse.

Vacua

The search for vacua has been carried out by solving the sets of quadratic equations for the
singlets in the tables above. Once we found solutions, we checked for each candidate vacuum
the rank of the embedding tensor, which gives us the dimensions of the gauge group, the
signature of the resulting Cartan—Killing matrix, which provides us with the compact and
non-compact directions of the gauge group, and some of the masses. Overall, we found 2
different Anti-de Sitter vacua and 5 Minkowski vacua. The vacua with negative cosmological
constant are all pertaining to the same gauging, namely the maximal SO(5) theory, and
were already known [73]. All vacua are reported in table 4.22, together with the number
of supersymmetry they preserve, the original gauging, the residual gauge group, and the
reference where they were first discovered. In Appendix C we provide for each vacuum one
instance of fermion shift values reproducing the critical point mentioned in the table.

vacuum | sus Gouauce G,.s ref. branchin
y gaug

Al 4 SO(5)  SO() [73] la,l1b,lc
A2 0 SO(5) SO4) [74] 1la,1b, lc
M1 0 UMXR® U1) [33] Ila,lb,lc
M2 0 UMxR* U() here la

M3 0 UMXR® U@) here 1b

Table 4.22 Summary of vacua with at least U(1) residual gauge symmetry in 7 dimensions.

All AdS vacua appear in the SO(5) theory, which is a consistent truncation of M-theory

compactified on S*.
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Mass spectra

In this section we present some of the masses for all the vacua listed in table 4.22. The masses
for the AdS backgrounds are normalised in terms of the AdS radius squared L? = [15/V|, so

that supersymmetric gravitinos have a normalised squared mass of 25/16.

Lzmg/z 18] Lz”"%/z [16] s
L>m?2,. [0] x10 L*m?,. (3] w4 1016
L5 fprms | [0l L2103 forims [0]xs
Lzmg—forms [1)xs Lzm%—forms 3] x4 Ix1
Lzm%/2 (%] 16 Lzm%/z (014 [16] 12
Lmiy | [8]x1a LPmig | [=12]x10 [12]x9, [0]x4

Table 4.23 Masses for the AdS vacuum A1  Table 4.24 Masses for the AdS vacuum A2

(A1) results stable according to the Breithenloner—Freedman bound [69, 70] while (A2) is
perturbatively unstable, as already shown in [74]. For what concerns the Minkowski vacua,
since there is no intrinsic scale associated with the vacuum, we parametrised all masses in

terms of the ones of the gravitini. More information about these vacua and their spectra can
be found in [75].

m3 [mi]x2, [m3]x2
Mige [(m1 +m2)?] 2, [4m3] <2, [4m3] 2, [0] x4
M3 forms (013, [(m1 —m2)?] 2
M3 forms [(m1 +m2)?] <2, [0]x3
Moy | [0)xss [E16(m1 +m2)?], [£16(m1 —m2)?], [£4(m1 —m2)?]

Table 4.25 Masses for the Minkowski vacuum M1
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2
ms,

2

mvec

2
ny_ forms

2
3 forms

2

Meal

[mz]xz’ [0]x2
[(2m)*]x2, [(m)*]x2, [0]x6
[0] 3, [mz]xz

[m2]><2’ [0]x3

[—(4m)* x4, [-(2m)? 12, [0] xs

Table 4.26 Masses for the Minkowski vacuum M2

2
ms

2

mVéC

2
mZ—forms

2
m3—f0rms

30t =m3)]

[(m1)%] %25 [(m1 £m2)*] 2, [0] x4
[O] x35 [m%] x2

[m%]x% [0]x3

Moy | [0]xs, [=(4m1)?]xa, [=(4m2)*] 2, [—(2m2)?] 2

Table 4.27 Masses for the Minkowski vacuum M3






Chapter 5

Exceptionality in Supergravity

5.1 Introduction

Various techniques have been adopted during the course of this thesis to tackle the problem
of finding and analysing the vacua of supergravity theories. Some of them, which either
have been reported previously or will be described in the next chapter, are designed to solve
directly the system of quadratic equations. In this chapter, on the other hand, we will focus
on certain constraints that may be imposed on the embedding tensor of gauged supergravities
in order to reduce the number of parameters in the equations and ease the computational
effort to solve the systems. The constraints that we are going to impose are dictated by the
principle of upliftability. This concept has gained much attention in recent years, due to the
extensive adoption of effective field theory analysis [76—79] and of the Swampland criterion
[80-82] by the scientific community. Nowadays, effective field theories which, by the time at
which their energy scale reaches the Planck scale, cannot be embedded in String Theory (or
more generally in a theory of Quantum Gravity) are considered to be part of the swampland
and therefore are ruled out from the set of "good effective field theories".

Driven by this principle, we are going to impose that the possible gaugings of a supergravity
theory arise from configurations in String Theory or M-Theory. As we shall see, this will
imply further constraints on the embedding tensor.

In order to understand the origin of these constraints, it is necessary to introduce a powerful
tool, namely Exceptional Field Theory. These can be seen as natural generalisations of
supergravity theories, which relate a specific ungauged theory with M/IIA/IIB theory, by

casting 11-dimensional supergravity in an E,,,) covariant form.
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5.2 Exceptional Field Theory at Work

This paragraph is devoted to the explanation of Exceptional Field Theories (EFT) and how
they work, in order to achieve this result, we are going to use extensively the example of E¢)-
EFT, which relates 5-dimensional ungauged supergravity to M-theory and type IIB string
theory, following [83]. EFT is an approach that takes the steps from Double Field Theory
(DFT), the latter was created to make the O(d,d) T-duality group of string theory manifest
[84, 85]. DFT consists in doubling the number of space-time coordinates, imposing a ’section
constraint’ or ’strong constraint’ and organising the fields into O(d,d) tensors [84-93]. DFT
has been used for bosonic string theory, heterotic string [94], and their supersymmetric
extensions [95-97]. The fields of M-theory (or better 11-dimensional supergravity) do not
organise into tensors of any of E,,) groups, unlikely the fields of DFT which naturally
combine in tensors under O(10, 10). This problem has been overtaken by extending the
‘internal” derivatives to transform in the vector representation of E,;,), by imposing the
analogue of the DFT’s ’strong constraint’, by gauge fixing some of the Lorentz symmetry in
the 11-D theory, and decomposing the fields as in a Kaluza-Klein complexification (if needed,
one also has to dualise some of the fields). In this way, fields can finally be organised as E,; ;)
tensors. So we achieve a full E,,,,) covariance at the cost of sacrificing some of the Lorentz
gauge symmetry [77]. For instance, the Eq(g) EFT, while maintaining the same fields and the
same multiplet structure of the 5-dimensional supergravity, enlarges the coordinate space to
a 5 + 27 dimensional space, with coordinates (x*,Y™), where Y™ has dual derivatives dy,
which lie in the fundamental representation 27 of Eg(6)- The number of "effective’ coordinates

is restricted by the analogue of the section constraint, though, which can be stated by
YMNPQ8M®8N:0. (5.1

Where, YMN ) is an E,(») Invariant tensor. In the case of Egs) EFT, this translates into

YMN py = dMNRdpp, and the section constraint becomes

dPPRIpoRrA = 0, dPPRIpARB = 0. (5.2)

Where A and B are fields or gauge parameters. This section constraints, unlikely from DFT
where it descends from a strong version of the level-matching condition, is a consequence of
the closure of the Jacobi identity of the generalised Lie derivative. Indeed, in EFT, the local
gauge transformations (diffeomorphisms and g-forms gauge transformations) are all encoded

in the ’generalised diffeomorphisms’, an infinite set of transformations parametrised through
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the parameter A”, whose action is given by the generalised Lie derivative:

LAVP EAQaQVP — VQaQAP + YPQRS8QARVS + ()b — (D)aQAQVP

(5.3)
:AQaQVP + OtPPQRSaRASVQ + A&QAQVP.

Where, A is a weight in order to take into consideration also fields that transform as densities,
and PP R g = (1) of (t%)s® is the projector onto the adjoint representation and is related to
YPRQS by

YP%s = 8582 + w82 8L — aPrY%s. (5.4)

In the case of E¢g), the fundamental representation is 27, and it contains 2 cubic invariant
tensors (fully symmetric), dPor and dpQR, normalised as dpQRdSQR 5S so that Y7Cps =
10dgsrd®@Y , in addition @ = =) D 7=
ungauged supergravity, and o = —6.

3, with D the number of spacetime dimensions of the

So that the generalised Lie derivative for the E¢g) case is
SV = LpVF = A29pVT — 6P pRsORASV L + A 0pA2VE. (5.5)

Some useful properties of the cubic invariants are

dp(ordsrpd™" = 5( drst)
2 (5.6)
dSTRdS(MNdPQ) =5 5( JNPQ)
d-symbols are obviously invariant tensors of weight A =0,
Ladpor = 0. (5.7)

Another very useful property is that if Vp is a covariant vector of weight (V) =2m = %, then
WP = dPOR9,Vy is a controvariant vector of weight A(W) = @ = 1. To better understand
the EFT, specifically in the case of E¢g), we note that there are some gauge parameters with

trivial gauge transformations §,V? = 0:
AP = aPR 9o xr. (5.8)

In order to show this, one has to use the section constraint and eq. 5.6. This relation can be

generalised to other E,,,y EFT, just by inserting the right yMN po tensor. Thanks to all these
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properties, it is now possible to study the gauge algebra:
[La Ls] VP =Lip g, V. (5.9)
Where we have introduced the ’E-bracket’:
(A, Z]E = A2dpxl —229pAF — %YPQRS(ARQQZS —2RIpA5) (5.10)

Requiring 5.9 implies, as already stated, the section constraint to hold, as well as other

constraints:

Y7Csdp @09 =0, (5.11a)
(YPCrs8) =YY T Rs)dip @ 07) =0, (5.11b)

(YMPTNYTQ[SR} + 2YMP[R‘TYTQS‘N — YMP[RS] 618 — 2YMP[S|N61?])8(P & 8Q) =0 (S.11¢)

(PPN Y€ sy +2YMP (g Y Ty — YMP () 8 — 2YMD(SII\’SRQ))‘-’)[P ®dg =0. (5.11d)

In all the cases, which encompass all the EFT built so far, in which Y? QRS can be
expressed as in 5.4 and the section constraint 5.11a is solved, the previous constraints
simplify. Terms with multiplicative coefficients 1 and 2 in eq. 5.11c and 5.11d combine into
symmetrisations in three indices, which is also what is needed for eq. 5.11b to hold:

Y PCpey TRy —y (P, 810 — 0 (5.12)

Then the indices can be cycled so that the indices of the derivatives correspond to the indices
on the Y"2xg and thus all the other constraints become equivalent to the section constraint,
once this is solved. Therefore, the section constraints guarantee that the generalised Lie
derivatives satisfy the Lie Algebra 5.9. On the other hand, the E-bracket does not respect the
Jacobi Identity, it has a non-vanishing ’Jacobiator’:

J(T1, T2, 13) = [T, 126, 3] + T2, T3], Ti e + [T3,T1 e, T2k (5.13)

However, it can be shown that the jacobiator is in the form of a trivial gauge parameter 5.8.

In fact, let us define the Dorfman product among vectors of weight @

(T oTy)P = (Lp,Tp) = T990% — 1291 + ¥PCredpIRS (5.14)
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in the specific case of Eg ), this is given by
(T 0T) = (L, T2) = T29pT% — 90T} + 104797 gsr dpIRTS. (5.15)

The difference between the Dorfman product and 5.10 is given by a term symmetric in

the two arguments, which we call I':
(T oTo)F = [T}, o)k + YPCsdp (TVFTY)). (5.16)

We can see that the last factor of the previous relation has the form of a trivial gauge
parameter 5.8, so that the Dorfman product and the E-bracket generate the same generalised
Lie derivative. Now, we need to prove that the Dorfman product obeys the Jacobi identity:

F]O(onrg,)—rzo(rlOF3)—(F10F2)OF3ZO. (517)

Indeed:

F] o (Fz OF3) —Fz o (Fl OF3) - Fl ¢ (Lr2F3) —Fz o (Lrlrg)
=Lr,Lr,5—LpLr, T3

= Lry ry)ers (5.18)
= L(Florz)r3
= (Fl Orz) OF3.
then we can compute [[I'},I2]g,[3]E:
([T}, Ta) e, Tslh = ([0, Talg o T3)F — Y20y ([T, T2) K1) (5.19)
= (T} oTy) oT3)F = ¥Phsa, ([T, T5) R, (5.20)

Then using the just proven fact that the Dorfman product satisfies the Jacobi identity, one

gets for the Jacobiator of the E-bracket:

1
I (T4, T2,T3) = 372 (0, L)+ (05, DTS 4+ 0, )T 520

Which in the case of Eg(g) becomes:

5
JP(I1, T, T5) = 3d™7 9 (dms([rl,rz]’ér§ + I3, Ty fTS + [Fz,rz]EFS>) . (522
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Proving that the E-bracket Jacobator is indeed a trivial gauge parameter.

5.2.1 Tensor Hierarchy

The gauge parameters used in the EFT depend on both the internal coordinates Y* (note that
the physical internal coordinates Y” are a subset of these, chosen by the section constraint)
and the external coordinates x*. Therefore, there is the need to covariantize the external
derivatives and their curvatures, introduce gauge connections and, as we will see, introduce
higher-form intertwinings, just as it happens for gauged supergravities. The field content of
each E,,,) EFT is fixed by the underlying ungauged supergravity in 11 —n dimensions, but
they all contain vector fields, in particular, for the case of Eg(g) we can introduce the gauge
field Aﬁ, in order to define the covariant derivative:

Consequently, the covariant derivative of a vector of weight A becomes

DV’ =3 V" — A%9pV" + 6P oRsIrASVE — 2.9pASVT. (5.24)
=Dy VP —A9pAZVY. (5.25)

As usual, gauge transformations for gauge fields Aﬁ can be obtained by demanding the gauge
covariance of covariant derivatives:

SAD = 9uA” — ARIpAP + A20pAL — 10a" R dsrr AT 9pA;,
1
= DyAP g(aQAﬁQL)AP (5.26)
=DuA".
This also shows that the gauge parameters A have weight A = © = % We introduce a first

version of the field strength tensor for gauge fields, we will see that we need to modify it
later to introduce higher g-form intertwinings.

Fuy = 20y = [Ap, AVl

oAy +10d"PRdsrrA7 oA

(5.27)
— P Q
We showed before that the E-bracket does not satisfy the Jacobi identity, so this field strength

does not transform covariantly. Computing its variation under an arbitrary SAL, that is a
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controvariant vector with weight A = % one gets
8Fypy = 2D, 8AY, + 104" dsrrdp (A7, 8AY, ). (5.28)

It is possible to see, from this expression, that the last term is not covariant and has the form
of a trivial gauge parameter 5.8. Therefore, we modify the expression for the gauge field

strength in

Ty = Fipy +10d"%R 0By v0 (5.29)
in such a way that
8 Fjy = Fy + 10d"R 0gABy g, (5.30)
with
AByvo = 8Byvo + dorsAf, 5A;. (5.31)

Where 0B,,vo comprises the gauge-symmetry transformations of the 2-forms, parametrised

by Z,0. Summarising the gauge transformations are given by

1 -
SAL = DyAP — 5(8QA8)AP —10d"RRE 0, (5.32)
ABuvp = 2D Eyp — (AL )E i+ dporAlTFR, 4+ O 5.33
uve = 2Dy Eyp 3( A )Evip +dporA F iy + Opve, (5.33)

with O unspecified but satisfying:
d" ROy = 0. (5.34)

Under this gauge transformation, the field strength F, ﬁv transform as a controvariant vector

with weight A = 0 = % From an explicit, tedious computation, one can show that the

covariant field strength satisfies the Bianchi identity:
2D[#F5p] = IOdPQRaRHuva; (5.35)

where, the 3-form field strenght H v, defined from this equation, up to terms that vanish

once contracted with d”9R  is given by

Huvpo = 3DuBypio — 3dorsAy OvAy + 2dorsALAY Ir Ay,

- 1OdQRSdSTUdUVPAﬁlA¥aTA5} + ...

(5.36)
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5.2.2 The Eq) Exceptional Field Theory

The field content of the E¢ ) EFT is dictated by its underlying ungauged supergravity content,
which, for what concern the bosonic field sector has already been extensively described before
and contains the graviton ej;, the scalar fields parametrised by a matrix Mpo, the gauge
bosons Aﬁ and the two forms B yp. The Lagrangian is written in such a way as to be invariant
under the internal generalised diffeomorphisms as well as the (covariantized) 5-dimensional
external diffeomorphisms. The latter relate the various terms of the Lagrangian and fix the
relative coefficients, a job usually done by supersymmetry, in this case, supersymmetry has

the only job of fixing the field content. The final Lagrangian is given by

L1
Sprr = / dxd*’Ye (R + ﬂg“VDH/\4”QDV/\/1PQ

! (5.37)
— ZMPQF“VPFL?V + eilﬁtop - V(MPQvg,uV)) :
Where, the scalar potential is given by
1 1 1
V=- —MPQ8PMR58QMRS + —MPQapMRSasMQR - —g_] apgaQMPQ
24 2 2 (5.38)

1 ) ) 1
— M (Opg)g ™ dgg — 3 M CpgH dpgyy.

And the topological Lagrangian can be written as an integral of an exact 6-form over a

6-dimensional manifold

Stop = / d°xd*"Y L)

5.39
—_ \/E / d*y / (dporF? NFC A FR —40dPRHp A dgHg). o

32 Me
We will not show that each of these terms separately is invariant under generalised internal
diffeomorphisms, but in order to get a sense for how it works, we will illustrate some
examples. For what concerns the kinetic term of the graviton, we note that there is an hat
on the Ricci scalar, this is due in order to have appropriate generalised diffeomorphisms
transformations. The fiinf-bein is a scalar density under generalised diffeomorphisms and

has weight L = o = % its gauge covariant derivative is given by

1
Dyey = duey — Al dpely — §8pAﬁe§’,. (5.40)
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The latter enters in the spin connection a),ﬂb , which is a scalar under generalised diffeo-
morphisms (namely A = 0), and consequently the Riemann tensor Ruv“b is also a scalar
under generalised diffeomorphisms. One problem arises, the covariant derivatives D,; do not
commute among themselves, therefore the Riemann tensor does not transform covariantly
under local Lorentz transformations 6 @, ab — —Dy A0 This is the reason why, in the gravity
Lagrangian, the Ricci tensor is modified, indeed, we can write an improved Riemann tensor

as
Iéﬂvab = Rﬂv“b + fﬁve“papepb, (5.41)

which again is a scalar under generalised diffeomorphisms and transforms covariantly under

local Lorentz transformations, so the Hilbert—Einstein term
Sgg = /ded27Yeea“ebvﬁuv“b, (5.42)
is a scalar with weight one, thus transforming as
SL=APOpL+ LIpAF = dp(LAT), (5.43)

namely, as a total derivative. The weight of the Lagrangian is composed of the sum of the
weights of each term, the determinant of the funfbein contributes as A = %, while each inverse
funf-bein contributes with A = —% giving A (Len) = 1.

For the scalar kinetic term, we have that the matrix M*? is a symmetric 2-tensor with weight

A = 0. Then the scalar kinetic term

1
Lscal = ﬂeg'uv,DIJMPvaMPQ (5.44)
has total weight 1, indeed, the inverse metric has weight A = —%, the fiinf-bein determinant

has always weight A = % giving the expected result for the Lagrangian. Analogously,

recalling that F, 5‘, has weight A = %, then the kinetic Lagrangian for gauge bosons

1
Liee = —7eM poF iy FisgtPg"® (5.45)

is also generalised diffeomorphic invariant. The proof of the invariance under generalised
diffeomorphism for the topological Lagrangian and the potential are more involved and so
we will not report these here, in particular the coefficients for each term in the potential are
fixed by this invariance.

The relative coefficients of the various terms in the Lagrangian are fixed by the external

diffeomorphism invariance, this is due to the Y-dependence of the gauge parameter & (x,Y).
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These transformations are given by

dej, =& Dyey +Dy&" ey,
8A,Y = EVF L F + MP9gy,0pEY,

AB,uvP— 2\/—§ guvpor}— MPQ

They may seem odd, but indeed are equivalent to the conventional covariantized (with respect

(5.46)

to the internal diffeomorphism) external diffeomorphisms. This Exceptional Field Theory
has 2 inequivalent solutions to the section constraints (besides the trivial one which sets all
the internal coordinates to 0 obtaining 5-D ungauged supergravity), corresponding to 11-D
and type 1I-B string theory. In order to show this equivalence, there is the need to decompose
the fields of these theories in a Kaluza-Klein-like way(Appendix A), but unlikely from K-K
compactifications we retain all the dependance on all the 11/10 coordinates. Let us sketch

how this works for 11-dimensional supergravity.

5.2.3 Decomposition of 11-D supergravity

The bosonic sector of 11-dimensional supergravity is formed by the elf-bein Eﬂd and a

3-form Cpp, with all the hatted indices going from O to 10. The action is given by

1 —1 . 0...0
12-2166 et MlFﬂl-~~ﬂ4Fﬂ1~-~ﬁ8Cﬂ9ﬂ10ﬂ11
(5.47)

where the abelian field strength is Fj 56 = 48mC0 ps]- In addition to being invariant under

1
/d”xE( - F PO 56+

local Lorentz transformations and 11-dimensional diffeomorphisms, the theory is also invari-
ant under gauge transformations of the 3-form 6Cpyp = 3(9[ vp]- As we already anticipated,
we need a K—K decomposition in order to show the equivalence between 11-D supergravity
and Eg () EFT, so we will split the hatted indices as

a=(wm),  a=(aa), (5.48)

withpu=1,...,5andm=1,...,6 etc. where D =d +n = 6+35. Then one partially fixes the
local Lorentz invariance SO(1, 10) to SO(1,4)x SO(6), by picking a specific form of the
elf-bein:

¢yeua A,um(Pma
0 ¢ma

Eyt = (5.49)
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With ¢ = det(9,,*) and the inverse given by

(P_yea'u _(P_yeavAvm

0 0"

Ef = (5.50)

The parameter v is fixed by demanding that the 5-dimensional theory is in the Einstein frame,

obtaining y = —ﬁ = —%. Inserting this form of the elf-bein into the Hilbert—Einstein term,

we end up with the desired form.
Sen = / dPxEEE; Ry
5.,.76 5 | -2y uvm n 1 mn v a

— }/Z(n — 2)(])_2g/’wDu¢Dv¢ — %g“v(qjamDu‘Pmy)(‘PYan‘Pna) —V(9.e)|.

(5.51)
With n=5, ¢y = @@ and
Dﬂeva — aueva _A”m&meva + ’}/anAuneva, (5.52)
Dy ¢n® = 0udn® —Au"000m® — A" 9%, (5.53)
F'uvm - a'uAvm - avA’um _A'unanAvm +AvnanAum, (5.54)

that are covariant under "internal" diffeomorphism. Indeed, the 11-dimensional Lagrangian

is invariant under 11-D diffeomorphisms, which act on the elf-bein as
(SEﬂﬁ = 5089Eﬁa+8ﬂ‘g’°Eod. (5.55)

Splitting the gauge parameter into E4 = (EH,A™) one obtains for the internal diffeomor-

phisms acting on the fields describing the elf-bein:

Snen® = N'dney” — youN'ey”,
SaPm” = N' 0™ + O N" 9%,
7O = A0, + 9, A",
SAAL" = OuAN" — A", A" + A", A L™

(5.56)
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In addition, we define the improved Riemann tensor, just as we did before for the EFT
R\'uvab - R“vab+Fuvmeapamepb. (5.57)

This again ensures that R;W“b preserves local SO(1,4) Lorentz invariance. The scalar

potential in 5.51 is given by

1 _ _
Ven(9.6) = ~077 (R(0) + 30" (D" Do+ ¢ Do 1D,g) ). (559
with

1 1 2
R(9) =599 6"k mgOp Ot — 1 0™ 9" 0710y OicOg s — S0m9™" 0™ On9
21

=5 0" (97 10n0)(9719u0) + Ong™"e ™ Due +20™" (e Ine) (97 0u).

(5.59)

Analogously, one proceeds for the other terms of the 11-dimensional Lagrangian. In general,
the procedure is first to flatten all hatted indices and then to *un-flatten’ with the fiinf-bein
E,“, for instance, for the 3-forms and its field strength, one gets

Apmn = Ep“Ed" o (5.60)

Expanding each component, one arrives at

Apnk = Ciunks
Amn = Cumn — A" Clonn,
umn umn u :nn o (561)
A,LLVm = C[.Lvm - 2ALu Vimn +A[.L Av" G
Auvp = Cuvp —3A1""Cypim + 3A1" AV Cpln — A" AV Ap* Crai.
Similarly, for the field strengths
Fonk1 = 4a[mAnkl]7
Funti = DyAnks — 39,4 4,
F/Jan = ZD[yAv}mn + F,lekAkmn + 2a[mA[.LVn]> (5.62)

Fuvpm = 3D[yAvp]m + 3F[uvnAp]mn - amA,qua
F”Vpg = 4D[,uAvp0'] +6F[/,LvapG]m'

Then the next steps are inserting these in the kinetic and topological 11-D Lagrangian for

the 3-forms and carrying out all the computation to have the explicit terms of the Lagrangian
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necessary for the comparison, just as we did before for the Einstein—Hilbert term. Having
sketched how to K-K decompose 11-dimensional supergravity, we can move to solve the

section constraint of the EFT, in order to obtain this subcase.

5.2.4 GL(6) invariant reduction of EFT

In order to obtain the equivalence of EFT with 11-D supergravity in the formulation described
above, one has to solve the section constraint in a specific manner. In particular, for 11-
dimensional supergravity, we need to break Eqg) to GL(6). GL(6) is embedded in Egg)
as

GL(6) = SL(6) x GL(1) C SL(6) x SL(2) C Eg ), (5.63)

such that the fundamental Eq ) representation breaks as
27 = 641+ 150+ 6_1, (5.64)
while the adjoint decomposes as
78 51 _5+20_1+(14+35)9+2041 + 142, (5.65)

and the subscripts refer to the GL(1) charges. We can solve the section constraint by asking
the internal coordinate to lie only in the 6 representation of GL(6). Indeed, we have:

{YP} = P vpe )"} (5.66)

where the indices p,q = 1,...,6. Then, using the summation convention Ff Ihp = Ff I, +
I ,,qr';‘f + Ff I'>5, one learns the non-vanishing components of the d-symbol (the YFPCx

components in the general case)

= 1 1
dPQR : dpqrs = ﬁ5[l:5§’ dpqrstu = mgpqrstm
(5.67)
L] TS 1 roSs pqrstu __ 1 pqrstu

45 ’

as usual, the other non-vanishing components are related by the symmetries of the d-symbol
dPOR — g(POR) GL(1) charges imply that all the other components vanish, then the section

constraint can be solved by choosing the coordinates in such a way that

{351 =0, 97T =0} <= Ty, YF) - T (xH,yP). (5.68)
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The vector fields in the EFT, transforming in the 27, now decompose as in 5.64, while the
2-forms enter the theory, only under the projection with the d-symbol d”¢R doByvr, therefore
it immediately follows that only B y5 and By, P? enter the Lagrangian, in addition, they enter
with the specific combinations

9pBuvg — 94Buvp and By, (5.69)
so that there is an additional local shift symmetry in the theory, given by
SBuvp = 3Ly, 8By = 9,y P, (5.70)
for arbitrary I';y, r#v[pqr}‘ Once decomposed, the g-forms content is
{Au? Aupg, Au"Y, {Buvp, Buv™}, (5.71)

modulo the additional local gauge shifts for the 2-forms. The q-form field content can be
linked to the field content of 11-D supergravity in the K-K decomposition we obtained above.
We can identify A, ” with the K-K vector lying in the 11-D metric, while {Ay g, Buvp}
with the corresponding components sitting in the 11-dimensional 3-form 5.61. For what
concerns, instead, {B,WP‘I,A uﬁ}, one can relate them to the components of the 11-D 6-form,
namely, describing the degrees of freedom dual to {A 4, Buvp}. Let us give an explicit
example of these identifications. The six vector fields A,? transform under a generalised

gauge transformation 5.26, as

and they remain invariant under higher tensor gauge transformations 5.32, due to the solu-
tion of the section constraints that kills the derivative djy, dp. The algebra for this gauge

transformation is
[5/\],5,\2] = 0p,,, With AP = Aganf —A‘f&cIAg, (5.73)

which is the algebra for the six-dimensional diffeomorphisms, embedded in the E-bracket.
This guarantees that the theory is invariant under 6-dimensional internal diffeomorphisms
with parameter A”. The covariant derivative for the internal diffeomorphisms is defined, just
as before, as

Dy =0dy—La,. (5.74)
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The covariant field strength, evaluated from the Egg) field strength ]:“VP coincides with the
field strength in 5.54, corroborating our identification with the K—K vector field that sits in
the 11-D metric,

For the other components of }"HVP , one gets

Fuvpg = 2D1uAy)pg + pBuvg — gBuvyp, (5.76)

_ _ — 1 - —
]:uvp = ZD[uAv}p — 2((9qA[uq)Av]P — Ee”q s’“AMrsaq‘Av]m +2an”vqp7

with,

Buvp = V3Buvp + A Ay gy, 5.77
B, "1 —\/5B,.,P1 lA PA T _ A, AP ©-77)
uv w5 (A AT = AR A,

The scalar fields contained in MP2 decompose according to the section constraint, namely,
by choosing a parametrisation M = VY7, with

YT = exp|[Pt ()| Vsexp [cpqrtf)f;)} exp [(pt(Jrz)} : (5.78)

Where, 7(g) 1s the Egg) generator associated with GL(1), Vs is a general SL(6) matrix
and 7, ) represents the Eg(6) generators of positive grading in 5.65. Defining the matrix
Mpg = (V6V6T ) pg» built with the SL(6) vielbein, we can identify the combination

Bpg = ¢~ Pmy,, (5.79)

that corresponds to the internal part ¢,, = d)lf‘ ¢g0 of the 11-D metric. This combination
can be proved to transform as a tensor of vanishing weight under 6-dimensional internal

diffeomorphisms. Therefore, the set of scalar fields contained in the theory is given by

{®pgsCpgr @} (5.80)

In order to compare this field content to the 11-D supergravity one in the K—K decomposition
we performed, we need to dualise the field ¢ into a 3-form and eliminate the fields A,” and
Byv"4. In doing so, one also introduces a kinetic term for the 2-form By, as expected for

the comparison. The dualization procedure is quite long, and can be found in [83], and in
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the end one finds that the 2 theories are effectively equivalent. There is another solution to
the section constraint that reduces E6(6) to SL(6)xSL(2), which, on the other hand, shows
the equivalence of the EFT with the full 10-D type IIB string theory. So what we showed is
that by means of an EFT, subject to a section constraint, we can always relate d-dimensional
maximal supergravity to 11-D supergravity and type II (massless) string theory. This result is
depicted in fig. 5.1 for the Eg ) case.

Esiy EFT in D= 5+27

with section constraint

D = 11 supergravity

o =0

[IB supergravity

TO

A J

maximal D = 5 supergravity
coset Es) / USp(8)

Fig. 5.1 Relation between the E () EFT, 11-D/IIB supergravity and 5-D maximal supergravity.
1

We are now in a good position to discuss the massive deformations, indeed, we have just
shown that it is possible to obtain 11-D and type IIB supergravity, but we could not obtain
massive ITA supergravity as a solution of the section constraint. We will now see how to
obtain it by adding a deformation to the generalised Lie derivative.

Tmage taken from [83]
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5.2.5 Exceptional ITA supergravity

We will start with an excursus on massless type IIA supergravity [98, 99], which, on the
other hand, could be obtained as a solution of the section constraint (it is a subcase of the
11-D supergravity solution). First of all, let us note that the generalised gauge variation for

the vectors is usually written as
SpAL" =DuA” = 9uA” —La, A7, (5.81)

can also be written
Sady” = A" +1L5A," (5.82)

Indeed, this follows from the fact that {A” ,A”Q} £ 1s a trivial gauge parameter (by explicit
computation), and the difference between the two transformations for the vectors is eaten up
by the higher g-forms gauge transformations. To be more concrete, in this case we will use
the example of 7 + 3 EFT. The g-form fields of the theory are Ay, Ay and Ay With gauge

transformations given by

Just as we did before, for 11-D supergravity, we decompose the fields following a K-K
like decomposition in 7+3 dimensions, with coordinates x* and y%*, with o = 1,2,3 and
u =0,...,6, but retaining the dependence on all the 10 dimensional coordinates, for instance,

the vectors that arise from the q-form fields are
KK KK KK

Where Ay, Ayq and Ayqp are the respective scalars and B " is the K-K vector field contained

in the 10-dimensional vielbein, analogously to 5.61. By performing the redefinition

KK KK KK KK
Cu=aAu™  Cup=Auss  Cupy =Aupy T 4w Apy: (5.85)
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one obtains the following gauge and internal diffeomorphisms (&%) transformations:

8By =(du — Bu"dy)E" +&79yB, 7,
8Cy =E70,Cy + (dy — Bu1d)A.,
6Cua =E70yCra + Cuyda&” + (dy — By 0y)Eq + Bu? e Ey, (5.86)
6Chap =67 Crap +2Cuy390 Y + (O — Bu?dy) 6o + 2By 7 916 01y )
20,9 Ep) — 2Cy 1 .

We can compare this with the E44) = SL(5) EFT, where generalised vectors I'? live in the
10’ representation, respecting ['’? = —I'%?, with p,q = 1,...,5 living in the fundamental
representation of SL(5). The Y2 tensor is then given by

Y = €M €y, (5.87)
in such a way that the section constraint can be written as
el 9,4 ® dys = 0. (5.88)
Two solutions for this constraint arise, up to SL(5) transformations

M-theory: dos 70, d4s #0  dgs = dgp =0,

(5.89)
type IIB: dop #0, doa = dgs = dys = 0.

Massless type ITA is achieved by imposing in the first case dys = 0, thus going from 11 to 10
physical coordinates. The EFT contains 10’ vectors A MP = Ay, P4, by means of the solution of
the section constraint for type IIA, namely dg4 # 0, we can compare the vector field content
of the EFT with the one of 10-D IIA supergravity:

1
APl = (A, AL, AP, A5 = (faﬁycuﬁw By*, €*1Cyy, Cy), (5.90)
: ) .
qu:(AocS, A% Aaﬁ’ A45) :(Egaﬁygﬁ% £ gaBVL% 1),

Thus, we can see that the EFT generalised Lie derivative comprises internal diffeomorphisms
as well as g-form gauge transformations, as we also showed before for the E¢ ) case. Taking

now into consideration the massive case for type IIA [100-102], so adding the Romans mass
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parameter mp, (the field strength "dual’ to the 9-form), the gauge transformations 5.86 become

6Bu" =(du —Bu"9y)E% +E79yB, %,
8Cy =E79,Cyy + (9 — By Ydy)A —mpBy 'y,
6Cua =870yCua + Cuydal” + (du — Bu"9y)Eq + Bu?day, (5.91)
8Cyuap =8"9/Cpuap +2Cuyp9a)E" + (9u — Bu"y)Oup + 2B 90 b g
+2Cu0laZp) — 2Cu(adp A — 2mrCyjap).

The first observation that should come up to the reader’s mind while looking at these new
gauge transformations is that the new factors do not contain any partial derivatives. This is a
problem, because we cannot obtain these transformations from the generalised Lie derivative
ST = LI'?, given that the latter contain only terms with partial derivatives. On the other
hand, it is well known that massive type IIA supergravity is a geometrically well-defined
theory, so there should be an EFT describing it. The problem that we just discovered is
also pointing to the solution, indeed a modification to the generalised Lie derivative with a
non-derivative term will solve it [103], and defining a new L such that lim,;,, 0 L =L. The

new generalised Lie derivative is given by
LAY = LAT? — FprP AT, (5.92)

with a constant object FQRP , which, as we will see, must satisfy the same constraints of the
embedding tensor, this formula is completely general for every E, () EFT. First of all, we
note that, taking into account E, () global transformations, consistency requirements imply
that FppR = ®p%(t4)oR, with @ a constant object selecting the linear combinations of the
generators of E, ), in addition the linear constraint arises from the consistency conditions
when taking into considerations the tensor hierarchy.

A number of constraints, instead, arise by demanding the closure of the algebra of the new

generalised Lie derivatives:
[Erl ) I:FZ] = E[F] ,rz]x? (5.93)

where we introduced the X-bracket (it is called X because in [103] the deformation took the
name XPQR)

[T}, ]§ = [T1, )R — Fipg "I TS. (5.94)

Being I'; and I'; arbitrary parameters, the closure of the algebra gives rise to a system of
equations, one for each set of terms with different number of derivatives, for instance, terms
containing 2 derivatives must vanish by themselves and cannot be used to reduce equations

with a different number of derivatives. Indeed, the terms containing 2 derivatives do not
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contain FpQR , so they reduce to the section constraint as before. Computing it explicitly, we

arrive at the following expression

[Cry, Lo ]05 — Dy ryp, TS = AIQ)RSF?Fgrg + Figg) STrfosrt

(5.95)
+ Bpgy (TfapI3TS — 9pI§I5TY),
with
P Pp T P T
Aors =2Fjor) Fris — Frs Fior) >
P
Brsr :F(RS)P5TQ — Frr®8§ + Yoy Frr” (5.96)
1
- YUQSTFRUP + YPQUTF[Rs}U - EYUQSRFUTP.
Therefore, the new constraints read
Agrs=0,  Fipg*or =0,  Bygrdp=0. (5.97)

One immediately notices that the A-constraint is the antisymmetric part of the quadratic
constraint:
Fpo®Fsg” — Fso"Fpr' — Fps"Fro' = 0. (5.98)

However, there is another condition we need to impose, indeed, just as it happened for
the E-bracket, also the X-bracket does not respect Jacobi identity.

1
[[T1,T2)x, T3)x +cyel. = §{ 1, To]x, T3 bx +ceycl (5.99)

with
1, i
T,k = S(Cr T2+ l) = {T1,12}5 — FiopTETS. (5.100)

Therefore, we need to impose that the Jacobiator is a trivial gauge parameter, |~—{1“1 ) =0.

- P
Ciry roly = CRSQT(rlTaQrgr’; + 9ol TITE) — F(ST)Qrfrg dpl% + F(ST)QFQRPrfrg %,

(5.101)
where we used 5.100 and
1
CII;S,QT = F(ST)P5RQ - YPQURF(ST)U - §YUQSTFURP- (5.102)

Therefore, in order for the Jacobiator to be a trivial gauge parameter, we need the following
to hold
Fipg*Frs" =0,  Fppfor=0,  Crendg=0. (5.103)
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The first equation is the symmetrization of the quadratic constraint, so together with the
A-constraint they produce exactly the quadratic constraint. The second equations of 5.103
and 5.97 combine to form the X-constraint FppRdg = 0. It is also possible to prove that in
this case the B and C-constraints are competely equivalent to the X-constraint. In conclusion,

the new generalised lie derivative has two sets of constraints that can be summarised as

YPCrsdp 09 =0 Section Constraint,
rorE e (5.104)

FPQR dr=0 X-constraint,

Furthermore, FPQR must satisfy the quadratic constraint of the embedding tensor. The X-
constraint reduces further the variable dependance, only to those coordinates that remain
invariant under the E, () transformations generated by FPQR . Let us now apply this to an

example that is of interest to us.

SL(5) X-exceptional

We have already given before in 5.87, 5.88 and 5.89 the Y P QRS tensor, the related section
constraints and its solutions, respectively, we will report here the solutions for the comfort of

the reader:

M-theory: a4 #0, Oss # 0, Oas = 8043 =0,

(5.105)
type 1IB: 8aﬁ #£0, OJoa = 05 = das = 0.

The Roman mass, which was the reason behind our modification of the generalised Lie

derivative, is obtained by choosing the following X-deformation

Fpgrs™ = 2y 18" (5.106)

with the only non-vanishing entries provided by

Fupy = —2mgpeqpy, (5.107)

then, the X-constraint reads
mR8a5 = mR845 =0. (5108)

Inserting this solution into the section constraint 5.88 reduces to

€944 ® g, = 0. (5.109)
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The two most obvious solutions to the section constraints are now given by
1)das #0,dep =0  Type IIA, 4)dyp # 0,004 =0  Type IIB. (5.110)
However, there are other solutions with o # B # 7:

2)8a4, 3ﬁ4, aal; 7é 0, 87/4 = 8[;7, = 87@ =0 Type HB,

(5.111)
3)3(14, 8a,3, aya 75 0, 8/34 = 87/4 = 8,3,, =0 Typer ITA.

In each of the different solutions, the X deformation has a different higher energy interpreta-
tion: in solution 1) it corresponds to the Romans mass, in solution 2) it is identified with the
flux of the RR type IIB 1-form F{;) along the coordinate y?B in solution 3) it corresponds to
the background flux of the RR type IIA 2-form F{,) along the two coordinates {y®B yro}
and in solution 4) it is identified with the type IIB background flux for the RR 3-form F{3). It

is known that these solutions are related by T-dualities:
T T
1) massive ITA — 2) IIB with Fy) SN 3) IIA with Fiy, Ta, 4) IIB with Fz), (5.112)

with T, changing y** <> yﬁy, such that o # B # 7, as T-duality exchanges coordinates
in the extended space (this also happens in Double Field Theory). Obviously, modifying
the generalised Lie derivative and consequently the diffeomorphisms algebra has some
consequences on the Lagrangian. One needs to modify the field strengths for vectors of
the EFT by adding terms with 2-form potentials in order to make contact with the related
gauged supergravity, in addition, there is also the necessity to modify the scalar potential and
introduce terms proportional to XPQR (both linear and quadratic) in order for it to be again
invariant under the new gauge transformations. An example of this can be found at [103].

Now we are in a good position to introduce the Uplifting constraints.
5.2.6 The Uplifting Constraints
The section constraint of every EFT
Y"sdp @ dp =0, (5.113)

can be solved in terms of a constant rectangular matrix of maximal rank that selects the

physical coordinates from the sets of d-coordinates, with d equal to the dimension of the



5.2 Exceptional Field Theory at Work 95

vector representation for E,; (), namely
dp = EpPdy, (5.114)

with small letters labelling the physical coordinates after the section constraint has been
solved. Just as we did before, for the Romans mass, we could include more general fluxes
inside the deformations of the generalised Lie derivative, therefore by defining the generalised
flux FPQR , which also lies in the same representation of the embedding tensor (in each EFT),

we can now write the deformed generalised Lie derivative as
LA = A99,TF —T99,A" 4+ Y50, ARTS — APTRFyr". (5.115)

Where, contraction with £p? is intended whenever small letters appear. Unlike before,
now we will not assume that FpQR is constant and that FPQQ = 0 (which will exclude the
Trombone symmetry, a scaling symmetry of the equations of motion of Supergravity and
General Relativity [104]), in this case, the constraints that arises from the closure of the
algebra and of the Jacobi identity are no more all equivalent to the X-constraint. Indeed, the

new constraints are

FpoRER" =0, (5.116)

I
ClFlksr€o" = (Fisn)"8% — ¥ urFisn) = 5¥CsrFur”)€" =0, (5.117)

FPQTFRTS — FRQTFPTS + FPRTFTQS

(5.118)
—EPPpFro” — 2S[RrarF|P|QS YT yo&r' o Fpr? = 0.

The first constraint guarantees that FPQR does not affect the algebra of internal diffeomor-
phisms generated by A?, the last one instead is the extension of the quadratic constraint to
a non-constant generalised flux (when forcing the derivatives to vanish we go back to the
usual quadratic constraint). Consequently, the generalised flux induces deformations of the
internal gauge symmetry due to mass parameters, background g-form fluxes, twists of the
field content by coordinate-dependent E,(n) x Rg transformations (Rar being the Trombone
scaling) analogous to the Scherk and Schwarz procedure and gaugings presented in Appendix
A.

Some components of the generalised flux FPQR , can be reabsorbed into a twist of the covariant

tensors (contracted with the generalised flux) by some matrix C(y)p? with the property

Cp2Ep7 = Ep. (5.119)
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Now, let us suppose that we have a gauged supergravity, with an embedding tensor XPQR ,

satisfying the linear and quadratic constraint. To allow the theory to be upliftable, we need to

find a frame £,”, analogous to the matrix Ug in A.21 in Appendix A introduced to obtain

the Scherk and Schwarz dimensional reduction:
WF(x,y) = WA Es" (). (5.120)
Torsion TyzC induced by a frame E4” in E(n) X R™ is defined by
Lg, Eg” = —TupCEC”, (5.121)

and is in general y-dependent. We can explicitly state this in terms of the Weitzenbock

connection coefficients Wy z¢:

Wap" =EAPEp?d,Ep© (5.122)
Tap” =2Wiap  +YPesWpa®. (5.123)

A generalised flux ﬁIQQR is also needed together with the frame E4* for upliftability, and they

have to satisfy the “generalised” Scherk-Schwarz condition:
Lp Es” —ExCEs"Fr” = —Xa EC". (5.124)

Some part of £4” can be absorbed in the generalised flux, which must still satisfy all
the consistency constraints, through a twisting matrix C(y?)p? satisfying CPQEQ” = EpP.
Consequently, we can study the equivalent condition:

EEAEBP = —XABCECP, with EAP = EAQCQP. (5.125)

Now, we will assume that, after a solution to the section constraint £p” has been found, a
frame E4€ that satisfies 5.124 exists. Then, the vectors K4” = ExF EpP have the standard Lie
bracket (LEAEBP = —X3EcP):

[Ka,Kg] = —Xas“Kc. (5.126)

Defining a Lie algebra for a gauge group G. The non-vanishing vector components of £4”
are the vectors K, (this is true in the absence of central charge extension of the algebra, the

generalisation including them is straightforward and can be found in [105]), then, given an
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algebra with generator 7;:
T4, Ts] = —Xap“Te, (5.127)

its vector representation is by definition given by Ry (T4 ) = ®4“,, so that EsPEPP = O4°K,P,
being the K, respecting the same algebra 5.127. Because E4” is in E,(»), and therefore
its columns are linearly independent, it is everywhere non-vanishing, and there are always
d linearly independent vectors among the K, with d being the dimension of the internal
manifold. This evidence shows the presence of a homogeneous space H\G, with K, generating
the transitive action of G on the manifold. The coset representative L(y) of H\G has the

following transformation property
L(y)g=h(/)L(y'),  with  g€G, h(y)€H. (5.128)

Infinitesimally, it is possible to write

g =1+¢€%,, t.€G (5.129)
h=1—¢e"W,t;, t€H (5.130)
Y™ =y"+ €K, (y), (5.131)

where W,/ is the H-compensator, and K, are the components of our Killing vector fields:
K,(y) =K, 0. (5.132)
Expanding 5.128 in terms of the infinitesimal parameter, we have

K. 9,L = Lty + W, 't;L (5.133)

then, multiplying this last equation by L~

on the right, one achieves
K, (9,L)L™" = Lt, L' +W,'t; (5.134)
The Maurer-Cartan form is defined by

Q,=(d,L) L' =V, ™, +Q,'t;, (5.135)

using it and projecting 5.134 onto the generators of the Coset space, labelled by underlined
indices m, p, etc.
KV, = (L, L )2 =L, """, (5.136)
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where, in the last line, L™! is in the adjoint representation and we used the definition of
adjoint representation: Ad,(t,) = gt.g~'. Multiplying everything on the left by ®,¢ and
using its gauge invariance, we arrive at

@KL V" =L, ' Beg™ (5.137)
which can also be written as:
EAPEPPV,L = L1802 (5.138)

Note that, because £4” is an E,(») matrix, it ‘passes through’ ¥ PQp. thus the left-hand side
satisfies the section constraint, consequently also the right-hand side must satisfy it, again, L
is also in E,(,,) leaving YPCrg invariant. This implies that ®,2 can only differ from Ep” by
an E,(,) x R* transformation, which can be reabsorbed in E4*, EpP = 51‘;‘ 5£ ®,2 , and that it
has to satisfy the section constraint:

YPPrs@®pLOpL = 0. (5.139)

Note that this equation is only valid when the indices of the embedding tensor running on
the adjoint representation are projected along the directions of the coset generators t,,, so
one first has to pick the group H, project the embedding tensor along it and then check that
the latter projection fulfils the section constraint. The latter equation tells us whether given
a frame and a group H we can uplift it to higher-dimensional theories. Further discussions
about it can be found in [105]. From now on we will treat as equivalent £42 and ©42.

Let us now note that the matrix V,2 and its inverse are elements of GL (d) and therefore

have a natural embedding in E,,,,y ¥ RT:
Vo' € GL(d) C E,(,y xR™. (5.140)

It is also possible to observe that any two frames E4”, equal to the vector components K, can
differ only by terms that can be absorbed by the generalised flux FPQR through the matrix
Cp2, therefore we can solve 5.125 with E4” instead of 5.124. The generalised flux that solves
5.1251s

Fpo® = Ep E® (Xa5© — Tup") ECF, (5.141)
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however, there is also the need to check that this flux satisfies the consistency conditions
5.118, which generate another linear constraint on the embedding tensor:

C[X]I};S%@QB+ (Y578 =YV urYMY ) (XVUQ + 2®(V1IQU)Q)®QB =0 (5.142)

1
4
with C[X ]ggT defined in 5.117. Note that this constraint is also valid only after a projection
on the generators of the group H. We are going now to ask ourselves a different question,
namely, given a solution of the section constraint £42 (it can correspond to IIB, IIA or 11-D
supergravity) we demand whether an embedding tensor @4 exists such that the generators
X4 = 047, can be decomposed into a set of generators for a coset group H\G and a set of
generators for H [106, 107]:

Xa = Ealt, + 04t (5.143)

Where we have used the fact that a necessary condition for uplifting is that ®@4™ satisfies
the section constraint and therefore we can always write £4™ instead of ®. The embedding
tensor must satisfy the quadratic constraint and, therefore, must obey

[©4%4,08°1)) = —Xap“ Ot (5.144)
Now, we define a projector IT4® on the space orthogonal to £42 by
B =0 I 5TC =T1,4€, (5.145)

There may be obviously many projectors solving the previous conditions, for instance 0 is
one of them, but we are looking for the maximal projector that comprehends all of the other.
If a group H exists, then

(@41, 0p7t;] = —@,'@p’ f; /1, (5.146)

is a necessary condition for an uplifting to exist. Therefore, projecting 5.144 we get
[@Ail‘i, @lej] = ﬁA/AﬁB/B[®Aala, @Bblb] = —ﬁA/AﬁB/BXABC((SCBIB—{— @Cili). (5.147)
Defining f; jk by the relation

iy ek T AT By Ca k
04'0p’ fij* = 14" I1p” Xyp~ Oc",
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we see that a necessary condition for H to be a group, and to an uplift to exist is [107].
Ly Tl "X EcPt, = 0, (5.148)

which is a linear relation for the embedding tensor. There is actually another linear constraint
that the embedding tensor has to solve in order for an uplifting to exist:

CIXIpsra?+ 5 (Y sr 88 — Y™ eV sr) (Xyu? + 26910 %) Eg2 = 0. (5.149)

1
4
Solving the two previous constraints, for a given solution of the section constraint £4™
guarantees that the embedding tensor contains only parameters that give rise to upliftable
gaugings. For example, in the 11-D case for SL(5) EFT, we know that the section constraint
ePORST 9p ® drs = 0 is solved by

e (5.150)

oS o o O
o o o O

0 0
0 0
Eo=1 0 0
0 0

1

-1 -1 -1 -1 0

note that we suppressed the index that runs over the physical coordinates in Epp? because it
is a spectator index in 5.148 and 5.149. It may seem that we need Eyy?7 in 5.149, but that
term is given by

Eovtg =T 507V Xy, (5.151)

where T / /UVU/V/ is the projector on the space generated by £yy< that can always be built
once & is known. Using the solution 5.150 of the section constraint in 5.148 and 5.149, with
a generic, unconstrained embedding tensor, leads to

2Similar results, in a more mathematical formulation are present in [108, 109]
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)

Y11 0 0 0 Y175
0 Y 0 0 Vs
Yuww=0 0 1r; 0 Yis|:

0 0 0 Yis Yis (5.152)

Yis o5 Y35 Y45 Yss
MN.5
Z7" eyngrs =0,

ZMN-P e vabe =0 with P=1,....5 and a,b,c=1,....4.

Here, we used SO(4) € GL(4) to diagonalize the 4 x 4 block in Yysy. For type IIA supergrav-

_ gMN.P

ity, defining BF ORS EMNQRS» We have

Yip 0 0 0 Y5
0 Yo 0 0 VYis
Yuw=0 0 1vi; 0 Yis|-
0 0 0 0 Y5
(5.153)

Yis o5 Y35 Y45 Y55
B™,,5 — geometric flux,

B",45 — locally geometric flux,
B4mnp — Romans mass,

B*,ns — Vector flux,

with m,n,p = 1,...,3, and we used SO(3) to diagonalize the 3 x 3 block in Y.
Analogously, one can solve the uplifting constraint for type IIB supergravity in the SL(5)
EFT, now the splitting of the variables must respect GL(3)x SL(2) € SL(5), thus we label

them with indices m, p,q =1,...,3 and &, 8 = 1,2. The results in this case are given by

Yun = Enpgfm’? all the other components vanishing,
o o

B mnp — F ’

B" 1pg = Enpa Sy

Baﬁmn - 8mnq<jq)aﬁ7

(5.154)
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where f,,,P4 are the traceless geometric fluxes, whose trace is f;,”"¢ and represents the flux
of the Trombone, F3% is the SL(2)-doublet of 3-fluxes (Hj3, F3) for the 3-forms and (;j9)%g
is the SL(2) axio-dilaton current. Furthermore, these components satisfy B* g, = —B? pyun
and 0),B" npa = 0.



Chapter 6

Supergravity Wars, A New Hope:
Artificial Intelligence

6.1 Introduction

This chapter will be devoted to the development of tools and methods useful to tackle the
problem of finding vacua of supergravity theories directly. We have already seen how the
problem of looking for Lorentz invariant vacua can be stated, from the mathematical point
of view, as searching for the physically in-equivalent solutions of a system of quadratic
equations. If we had to consider the full theory in 5 and 7 dimensions, we would need to
solve 1756 equations in 351 variables and 121 equations in 55 variables, respectively (the
number of equations is obtained by the representations the quadratic constraints belong
to plus 1 corresponding to the minimisation condition for the scalar potential, the number
of variables represents just the free parameters of the embedding tensor). Both cases are
out of the capabilities to find analytical solutions of any computers (with an appropriate
suite that allows such analytical computations, like Wolfram Mathematica). This was
the main reason that led us to introduce residual gauge symmetries in the vacua, or to
demand for upliftability constraints in the previous chapters. Requiring this sort of further
linear constraints on the embedding tensor reduced the number of independent variables
and equations down to a feasible system, allowing us to perform analytical computations,
even with the use of cryptographic techniques (Appendix D). Sometimes, as in 5 and 4
dimensions, even after having imposed the upliftability constraints, the number of equations
and variables is big enough to forbid any advance in the computations. This has led us
to dig into the realm of Artificial Intelligence to search for a possible numerical solution
to the problem. In recent years, there has been a great deal of interest in the Theoretical
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Physics community for applications of Machine Learning techniques and related Artificial
Intelligence tools to problems in String Theory and Supergravity [40, 42, 43, 46, 47, 110-
119]. Indeed, Artificial Intelligence is a subject that goes back to 1958, when the first
perceptron algorithm was invented by Frank Rosenblatt [120], many years before the first
papers in String Theory appeared [121-123], but only recently Al developments rendered it
appealing to the Theoretical Physics community. The reason behind it lies in the extreme
complexity of performing computations in String Theory. Before deepening into it, let us
introduce a very well-known problem in the IT community, one of the Millennium problems,
P vs NP. The computational complexity is usually estimated by the number of “steps” and
the amount of memory used to perform an algorithm. Intermediate steps can be stored in
memory and speed up the computations, so let us concentrate only on the number of steps
involved in carrying out the algorithms. Problems can be divided mainly into two class of
complexity (there are many sublcasses, but they are irrilevant for our discussion), Polynomial
running time (P) and Non-deterministic Polynomial running time (NP), we will clarify these
with some examples. Imagine one wants to compute the multiplications among two nxn
matrices, then we will need to perform n? scalar products, each of the latter consisting of n
addition and products of 2 scalar numbers, therefore, the complexity for this computation is
O?). Actually, there are better algorithms to perform this with O(n?>37%) steps, but this will
not change the membership of this problem to the class of problems solvable in a polynomial
running time. On the other hand, imagine now that you are a salesman that has to visit n
houses and you want to know the lowest amount of road you need to travel to visit them all.
What one can do is computing the length of every possible trajectory and compare them,
this would take at least O(n!) steps. The running time consequently grows faster than any
possible polynomials in n; we thus say that this problem belongs to the NP class. If we
put some numbers in these formulas, we will note the huge difference among these kinds
of computations. Let us suppose we have a computer that performs 1000 operations per
second, then the multiplication of two 10x 10 matrices takes % of second, multiplying two
100x 100 matrices takes 10 seconds, two 10000 x 10000 matrices takes 28 hours and two
10° x 10° matrices takes 115 days, and if we want to speed up our computations we can
always use a faster computer or parallelise on more computers. On the other hand, if we
want to solve the travel salesman problem (TSP) for 10 houses with our computer, it takes 1
hour, if instead we have a 100 houses it takes 3 x 10137 times the age of the Universe, and
already for 27 houses would take 2 human lives on the fastest supercomputer in the world
(nowadays running at 2 quintillion operations per second). We immediately see that for NP
problems there is nothing we can do, neither using faster computers nor parallelising that

can help us in tackling the computations, at a certain point in scaling with the number of
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houses, we will always be overwhelmed by the number of resources needed to perform the
algorithm. At the moment of writing of this thesis it is still debated whether each problem in
the NP class can be solved in polynomial time, therefore proving that NP=P, this is actually
one of the Millennium Problems and if one would be able to show that TSP can be solved
in polynomial time, then any NP problem is in P, because each NP problem can be mapped
to TSP. It is interesting, at this point, to note that there is yet another category, which is the
class of undecidable problems. The halting problem is one of the most famous puzzles in
this category, we can state it as: “Design an algorithm that takes any computer programme
as input and decide whether the programme will run forever or will halt at some point”.
There is no algorithm that can be designed to perform such task, so it is impossible to
decide between the two options, and the puzzle therefore lies in the category of undecidable
problems. Finding a solution to a system of coupled non-linear Diophantine equations is
also an undecidable problem, which has also more relevance for String Theorists. Indeed,
finding a physically consistent string vacuum is made up of different tasks which are either
NP or undecidable. For instance, finding configurations of fields, branes, planes and fluxes
and imposing the tadpole and anomaly cancellation conditions lead to a system of coupled,
non-linear Diophantine equations, which is undecidable, or finding the critical points of the
scalar potential and controlling if they are minima is in NP. This has led physicists to look
for different methods to solve those tasks; obviously Optimisation and Machine Learning
algorithms do not change the membership of a problem to one of the previous class, as any
other algorithm they are subject to the same complexity rules, but they can be useful when
looking at the problems from a different perspective. Indeed, these algorithms are designed
to solve different problems which are no more undecidable or in NP, for instance, they can be
used to find approximate solutions instead of exact ones (P), some techniques for switching
from approximate to exact solutions will be explained later in the chapter, or they may look
for patterns which are difficult to be identified by humans. In particular, we can transform our
problem of finding solutions to a system of quadratic coupled equations into a minimisation
(optimisation) condition. We first need to define the function to be minimised, which is
called the fitness or loss function in the Artificial Intelligence jargon. All our equations are
homogeneous, so of the form

fixli]) =0 withi=1,...,n (6.1)

with x[i] labelling the parameters of the embedding tensor, n is the number of them, which

may depend on the uplifting conditions and/or the residual gauge symmetries and j labelling
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the equation in the system. Therefore, we define our fitness function by
frie=Y.f; (6.2)
J

Thanks to this definition, we can look for minima of this function and there will be no
problem in checking whether a candidate minimum is a global or a local one, because the
global minima verify f7; = 0, and correspond to solutions of the system of equations. In
the following, we are going to expose some of the optimisation algorithms, borrowed from
the Artificial Intelligence community, that have been used to look for minima of the fitness
function, such as Gradient Descent and Stochastic Gradient Descent, Genetic Algorithms
and Covariance Matrix Adaptation, then we will describe how, from the numerical solutions

it is possible to pass, in some cases to the exact solutions.

6.2 Optimization Algorithms

Many optimization algorithms have been tested and /or used in order to find solutions to the
quadratic constraints and the equations of motion. In this section we will present only the
most relevant.

6.2.1 Stocastic Gradient Descent

Stocastic Gradient Descent (SGD) [124—-126] is a variation of the Gradient Descent algorithm
(GD) invented by Cauchy in 1847 [127]. Given a differentiable function F(X) and an initial
point Xg = {x1,...,x, } in his domain, the algorithm (GD) consists in updating the position of

the point X in the following way
Xiy1 =X — YVF(Xp), (6.3)

with y a small positive real parameter ¥ € R, named the learning rate. We can see that at
each step, the algorithm tells us to compute the gradient and to update the position by moving
in the opposite direction, exactly in the steepest descent direction. The learning rate can be
chosen to change in time in such a way that at each successive step it decreases in order not

to overshoot when we are near a minimum.
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Fig. 6.1 Gradient Descent visual representation

SGD, on the other hand, is designed for functions of the form
F(X) =Y fi(X), (6.4)
i

which is our case, or for instance, in supervised learning, each f; could be the i-th entry of
a dataset. The algorithm’s prescription is then to update X at each step by moving in the
opposite direction of the gradient of just one of the functions f;, the latter is changed at each
step. If the algorithm did not converge in one sweep of the whole set of f;, we repeat it
changing the order of them, in formula:

Xir1 =Xk — YV fi(Xk), Repeat for each i until a minimum is found. (6.5)

The condition for stopping the algorithm is that no major improvement is done in successive
steps for an entire sweep. This method will introduce larger fluctuations in the position
of the point with respect to GD. A compromise between GD and SGD is to compute the
gradient for a batch of functions f; and this is called mini-batch gradient descent, reducing
the fluctuations in the position. Different techniques to adapt the learning rate have been
developed in the years, such as RMSProp or AdaGrad [128], another interesting feature is

presented in the “momentum” adaptation [129]. The latter dictates to keep in memeory the
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variation AX at each step:

AX =aAX — yV f;(X), (6.6)
X =X+ AX. (6.7)

with o a decay factor between O and 1, which takes into account how much information
coming from the previous step we keep for the next one. It is called “momentum” adaptation
because this remembers the physical momentum of a particle that at each step feels the action
of a driving force V f;. This is also a method to avoid large fluctuation in the position.

It has been found, in our tests, that these algorithms are not very fast to converge for our

problem.

6.2.2 Genetic Algorithms

As many other algorithm techniques in the IT world, Genetic Algorithms (GA) [130] are
based on ideas borrowed from nature, indeed, the basic idea behind it is the principle stated
by Charles Darwin of the survival of the fittest individual [131]. Therefore, we have an
initial population, evaluate the fittest individuals in it by means of the fitness function, make
them reproduce, and conclude with a mutation step. This procedure is repeated generation
after generation, and in order to avoid reaching a point with a huge population, we remove
some individual from time to time based on the fitness function or on their age (measured in
number of generations). The reasons why all this procedure works are not certain and are still
debated. GAs are most often justified by means of the “Fundamental Theorem of Genetic
Algorithms”, known also by the name of Holland’s Schema Theorem. We will illustrate it
after having discussed in detail how GA works.

Let us introduce some vocabulary before, a phenotype e (also called individual) is a set of
properties (in our case a set of real numbers) that approximate a solution to the problem
(the parameters of the embedding tensor in the vacuum), e= {ay,...,a,}. The set of all
phenotypes is called population, P = {e¢;}, and we have a population for each generation
G;, with t labelling the evolutionary step. Each a; present in e is called an allele, where i is
named locus and the set of alleles in a specific phenotype is called chromosome or genotype
or genome. The domain of the alleles is named gene pool and is usually represented by ¥ (not
to be confused with the learning rate). Therefore, in each evolutionary step, the population
evolves by means of reproduction and mutation. The initial population is selected randomly,
by instantiating random alleles from the gene pool, then for each phenotype, we evaluate
its fitness function, and based on it, we select the individuals which will reproduce. One of

the most common breeding selection criteria is roulette wheel selection, which is owing its
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name to the fact that the choice for reproduction is similar to a bet on the ball ending in one
of the sectors of a roulette wheel. Indeed, declaring that the total number of phenotypes is
N and that the fitness function of each individual is f; and positive (we can always make it
positive by adding a positive constant to it), we can define

i
Si=)Y /i (6.8)
i=1

The distance between two successive S;’s, dj = §; —§;_1 is just f;, the fitness of the
phenotype e;. A random number r € [0,Sy] is generated, which corresponds to the ball
falling in one of the drawers of the roulette wheel, since the fitness functions are all positive,
there is a unique label j such that §; | < r < §;, consequently the phenotype e; is picked.
Another similar selection algorithm is stochastic universal sampling, which, to select k
parents, consists of drawing a random number r just once (for the roulette wheel selection,
it was chosen k times), then we define k evenly spaced intervals s; = (r+ j/Sy) mod Sy,
with j =0,1,...,k — 1 giving rise to k phenotypes ¢; such that §; | <s; < §;. With this
procedure, we increase both the probabilities of the fittest to be chosen at least once, but
also of other, less fit individuals to get reproduced. These two selection processes have some
drawbacks, mainly they are affected too much by the fitness function. Indeed, imagine there
is a phenotype that performs much better than the other, and this happens at the initial stages
usually, then it will be selected many more times than other individuals, forcing the algorithm
to converge fast and with high chances to end up in a local minimum/maximum, on the other
hand at later evolutionary stages, all the phenotypes will have more or less the same fitness
and therefore, the ones that are nearer to the minimum/maximum do not have any advantages
over the others with these algorithms, basically at the end there is no more evolutionary
pressure. One way to avoid this problem is to perform a tournament or a rank selection. In
tournament selection, k phenotypes are randomly selected from the population to compete
against each other, the individuals that win most often are chosen for the reproduction stage.
This method has the additional advantage of being applicable both to positive and negative
fitness functions. Being a random selection process, it does not present the same problems as
the previous algorithms based on fitness functions. Another useful advantage of tournament
selection is that it can also be used in cases where the fitness function is not defined, and the
best phenotype is chosen from the performance of each individual against others (like in the
game of chess, where there is no explicit fitness function). The parameter k is in charge to
fix the evolutionary pressure, as it grows, the probabilities of less fit individuals getting to
reproduce diminish. In addition, it is also possible to decide if each winner competes just

once or several times, in the latter case, the evolutionary pressure is high. We can also choose
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whether the winners are picked deterministically or that they win with a probability p, in the
former case the evolutionary pressure is again high.

Rank selection, instead, assigns a rank r; to the phenotypes present in the population, based
on their fitness f;, which does not have to be positive definite, in such a way that the fittest

has rank 1 and the least fit rank N. Then we define a normalised function:

, ri N—+1

fi :_N—i_T' (6.9)

The new fitness function is always positive and can be used in a roulette wheel selection,
with the fittest element picked N times more often than the least one. Obviously, there are

many choices for the newly defined fitness function, we could generalise it to:
fl= —a]% +b  with a,b>0, (6.10)

in such a way that the ratio between the fittest and the least fit is

fi _1Nb—a

fy Nb—a’

(6.11)

By doing so, we can decide the amount of evolutionary pressure that we would like to
assign to the system. Indeed, the parameter a allows to modify it, when a — O there is no
evolutionary pressure at all, fl’ = f/\,, when a — o, we end up with the previous case in which
the fittest is selected N times more frequently than the least one. Another choice for the new

fitness function is given by exponential rank selection, where the new function is given by

r—N
,  l—e

fi=—F (6.12)

with C a normalisation constant. In the end, elitist selection, can be implemented on top
of all the previously listed methods. It consists of carrying to the next generation Gy, |
the k fittest phenotypes present in the population. This guarantees that the best individuals
survive generation after generation, but at the cost of reducing the variance, which can cause
troubles when the size of the population is small, causing the algorithm to end prematurely
in a local minimum/maximum. The choice of the selection mechanism depends strongly on
the problem of interest, for the Travel Salesman Problem has been shown that tournament
selection behaves better than any other [132].

Once the selection of the parents has been carried out, we need to decide if any of them
survive to the next generation and how we generate the off-springs. For survival criteria

we can chose either between age-based survival or fitness-based survival. In the former,
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Fig. 6.2 Reproduction mechanisms in Genetic Algorithms

individuals can live for a fixed number of generations, and if we want to keep the size of the
population fixed we need to take this into consideration when generating the new offsprings.
In the latter case, the k fittest individual of a generation replace the least fit phenotypes from

the next one, which can be chosen by tournament, roulette wheel selection, etc...

Reproduction

There are various methods for reproduction, based on two main classes: cloning or elitist
selection and crossover where the genotype of the parents can be transmitted to their children
in different ways. Let us analyse the case of 2 parents and 2 children, each with a phenotype

consisting of N alleles a; ,i =1,...,N:

* Single Point Crossover (SPX): a random locus s € [1,N) is picked, the same for both
parents; the first child ¢ takes alleles from 1 to s from the first parent p; and alleles
from s+ 1 to N from the second parent p,. The other child ¢, behaves in the opposite
way. In fig. 6.2(a) is depicted the case N =5, s = 3.

* K-point Crossover (KPX): now the genotypes are split at K locations labelled by
various loci s;, i = 1,..., K, the alleles are picked alternatingly from p; and p; for c;
and in the opposite way for ¢;. SPX corresponds to the special case K = 1. See fig.
6.2(b) for K =3 and s; = (2,3,4).
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* Uniform Crossover (UX): ¢ inherits each allele from p; or p, with a random choice

among the two, the second child ¢, inherits each allele from the parent who did not

donate it to c;. In fig. 6.2(c) you can find the case (pz, p1,p1, P2, p1) for cy.

Whole Arithmetic Recombination (WAX): the alleles of the child ¢ are formed
from a linear combination of the alleles of the parents. First, we choose a number
P2

r €[0,1] and then we compute ;' = ra?" + (1 —r)d!

;> analogously for the child c; we

have afz = raf +(1- r)af7 '. Obviously, if the alleles are integers, we need to round
the result at the nearest integer. r = 0 or r = 1 coincide with cloning. In fig. 6.2(d)

there is the case with » = 0.6.

Heuristic Crossover (HX): as it is the case for WAX we pick a number r € [0, 1],

P2

P2 and a7 =

the alleles for the children are then formed by a;' = (14 r)al' —ra
(14 r)al® — ra?". Just as before, if the alleles are integers we need to round the result,
in addition, in this case the linear combination can produce alleles not in the gene pool,
if this happens, either we clip them or we repeat the process with a different number r.

Fig. 6.2(e) shows the case with r = 0.6.

Other types of crossover have been invented to deal specifically with problems such as the

travel salesman problem, where the alleles are integers, that can appear only once in the

phenotype. Then, the only allowed operation we can do on alleles is permute them, therefore,

these types of crossover are usually called permutation encodings, examples of these are

* Order-based Crossover (OBC): we pick a number k, which will fix the length of the

set of alleles that will be carried from the first parent p; to the child. We also pick
a locus i for py, such that alleles from a; to a;; are transmitted to the child, at the
same loci i to i + k of the first parent’s phenotype, then fill the remaining positions with
alleles from p; in such a way to avoid repetition of alleles. Fig. 6.2(f) illustrates the

case withi=1 and k = 3.

Position-based Crossover (PBX): Randomly pick a number of loci from p; and carry
alleles at the same loci to ¢y, then fill the missing ones with alleles from p, keeping

the order of appearance in p,. This case is presented in fig. 6.2(g).

Once the reproduction stage has been carried out, we conclude with the mutation stage.

Mutation

Just as was the case for reproduction, even for mutation, there are many possible mechanisms,

and we list here only the most relevant ones:
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Fig. 6.3 Mutation mechanisms in Genetic Algorithms

* Random Mutation (RM): a subset of alleles chosen in a random manner are substi-

tuted by others picked randomly from the gene pool, this is depicted in fig. 6.3(a).

* Swap Mutation (SWM): exchanges two alleles among them, used especially in
permutation encodings, because it preserves the distinctiveness of the alleles. Fig.
6.3(b) shows the case with alleles at locii =1 and i = 4.

* Scramble Mutation (SCM): pick an interval in the phenotype and randomly permute
the elements in it. Again, this can be used for permutation encodings. Fig. 6.3(c)

illustrates the case for the interval [2,4].

* Inversion Mutation (INVM): select an interval as in SCM and invert the position of
the alleles inside it. It is a special case of SCM and it is depicted in fig. 6.3(d) for the
interval [2,4].

* Insertion Mutation (INSM): pick an allele and move it to another locus of the
phenotype, then move all other alleles to the left or to the right. In fig. 6.3(e), the case

with allele at locus i = 4 moved to locus i = 2 is presented.

* Displacement Mutation (DM): this is similar to INSM, but now we pick and move a
whole interval, as depicted in fig. 6.3(f).
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Having reviewed the basics, we can now illustrate the Fundamental Theorem of Genetic
Algorithms [133].

Holland’s Schema Theorem

First of all, schemas are a set of individuals with the same properties, namely, the same alleles
at the same loci, the number of “fixed” alleles in the schemas is called order. For instance,
suppose that we have a set of phenotypes named H (schema), all with the same structure
{1,0,%,%,0, 1,*}, the order then is 4 and represented by o(H). We need also to introduce
the defining length 6 (H) of schemas as the distance between the first and last fixed locus.
In our example 6(H) = 5. The statement of the theorem is that short (with small defining
length), low-order schemas with above-average fitness become exponentially dominant in

the following generations:

n(H,G)f(H)

E(n(H,Gi1)) > 7

[1—p]. (6.13)
E is the expectation values, n(H,G;) is the number of individuals with schema H in the
population at generation G, f(H) is the average fitness for the schema H, while f; is the
average fitness of the population at generation G;. p is the total probability that crossover or
mutation breaks the pattern of the schema:

p=2 4 o(t)pn (6.14)
with p, the probability of crossover and p,, the probability of mutation, [ is the length of
the phenotype. Thus, schemas with shorter defining length or small order are less likely to
be disrupted. The inequality in the statement of the theorem is there in order to take care
of the non-vanishing possibility that a phenotype with schema H is produced by scratch
from mutation of an element not in the schema H in the previous generation. The theorem
works in the case of infinite population’s size but it fails to describe the reasons why genetic
algorithms work (when they indeed work) for finite sizes. Indeed, the theorem does not make
any distinction between cases in which GA performs well or poorly [134].
We present an example where GA is capable of finding the global minimum of a fitness

function with many local minima. The fitness function is given by
frie(x,y) = 30x% + 12y% + 90sin(3x) + 80sin(3y) +xy?, (6.15)

whose level curves are shown in fig. 6.4.
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Fig. 6.4 Level curves for the fitness function in eq. 6.15

We immediately see from fig. 6.4 that the fitness function can also become negative,
therefore, we use a 2-tournament selection process twice to choose the parents that get to
breed and produce 2 children with WAX crossover, where r is picked each time randomly,
and a 6-tournament selection mechanism for the survival selection, only among the children.
Then mutation is carried out by means of a Random Mutation mechanism, adding a random
number r < 0.2 to either the first or the second allele (x or y). We used a population of 1000
individuals. The results are shown in fig. 6.5, we can see that already after 4 generations
the algorithm converged (within an error €) to the global minimum. Applying the GA to
our problem, for maximal supergravity in 7 dimensions with 45 variables (alleles) in each
phenotype, due to the presence of a multitude of sharp local minima, it did not converge to
global minima. This led us to search for new algorithms, such as CMA-ES.
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Fig. 6.5 Example of convergence after 4 generations for a Genetic Algorithm

6.2.3 Covariance Matrix Adaptation - Evolutionary Strategy (CMA -
ES)

CMA-ES, in short, CMA, is an evolution strategy (ES) algorithm that, as is the case for GA,
only needs the fitness function as accessible information [135-143]. Therefore, differently
from SGD, we do not require the function to be differentiable, it can also be not continuous.
CMA, as the name suggests, is based on the “adaption” of a normal distribution to the fitness
function under consideration (with its level curves). Let us analyse the algorithm in depth
and consider a multivariate normal distribution, N'(m,C), which is determined by the mean
m € R” (in our case n is the number of free parameters in the embedding tensor) and by the
symmetric, positive definite covariance matrix C € R"*". Covariance matrices are associated
with the ellipsoid {x € R*|x” C~!x = 1}, where the latter’s principal axis are the eigenvectors
of C, and squared axis length are the eigenvalues of the covariance matrix. We can always
diagonalize the covariance matrix by means of an orthogonal matrix B whose columns are
the eigenvectors of C with unit length, C = B(D)?B”. Then, it is also possible to write the

normal distribution as
N(m,C) ~m+N(0,C) ~m+C2A/(0,1) ~ m+BDB’ N (0,1), (6.16)

with I the n X n identity matrix. At each step of the process, we generate a new population
of points (what we call off-springs in GA) by drawing them from a multivariate normal

distribution:
X N (m (0%)2C)  with j=1,...,A (6.17)

The superscripts g, g + 1, etc. label the generation, A is the population size and 68 € R™ is

the “overall” standard deviation (step size) at generation g. Now we need to explain how the
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mean, the covariance matrix and standard deviation are computed for the next generation
g+ 1

The mean

The new mean m8*! is simply selected with a weighted average of the u best points of the
population:
u
mét! = Zw, x50 with Y w;=1 and w;>0. (6.18)
j=1
wj € R*™ with j = 1,..., u are positive ordered weights, that is, w; > wp > ... > wy > 0. If
wj = 1/u for each j, we obtain the mean value for the best u points. ngl represents the j-th
best individual of the population, meaning, f(x gH) < f(x g+1) <..<f <XA /l) An essential
quantity is the variance effective selection mass

terr = ( (6.19)

M
=
~. N
SN—"

it is possible to show, from the definition of w; that 1 < t.rr < u and that g, s = u only
in the case in which all the weights are the same and equal to 1/u. Usually, 4 ~ A /2 and
wijoc U —i+ 1.

The covariance matrix

Let us first define the empirical covariance matrix Cemp, which is nothing more than an

estimate of the covariance matrix C8:

1

g+1 X g+1 1 X g+l 1 A g+l 4
Cemp:m; X} _IZ’ XZXJ- : (6.20)

We are now going to modify this estimator, in order to obtain a maximum likelihood estimator
of Cé, by defining

A
T
g+1 Z g+1 g+1 . mg) _ 6.21)
The difference between C§,;5 ; and C;"L’L 1s what is used as a mean value. The former utilises

the mean obtained from the entire population, thus estimating the variance of the sampled

points, the latter instead uses the mean obtained by 6.18 therefore estimating the sampled
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g+l

steps, X i

—mé. We are going to modify again this estimator, and define
g+1 = g+1 g g+1 g r
i = Z'IWj (Xj:)L —m ) (Xj.:/l —m ) : (6.22)
J:

C‘ff“l is an estimator for the variance of selected steps (the best/successful u steps). We
have some conditions on U, ¢ in order for Cfﬁl to be a reliable estimator. Indeed, U, r
has to be large enough to prevent the condition numbers (that given a matrix A and a
linear system Ax=b, with x unknown, measure how sensitive the solution of the system
to a change in b is, high condition numbers imply that small changes in b generate huge
modifications in the solution) of Cﬁ“ to be smaller than 10 for the fitness function of the
sphere: fipnere (x) = Z?:Ixiz; empirically, it is seen that u.sr ~ 10n is a good choice. To
avoid this problem for a small population we are going to modify the update of the covariance
matrix again.

In order to obtain an algorithm that converges faster, we need a small population, on the other
hand, to obtain a more global search the population has to increase. For small population,
also Uerr = A /4 (which is the choice to take to have reasonable w ;) has to be small, then
Cﬁ+1 is not a reliable estimator, in order to circumvent this, we define a new covariance
matrix that takes into consideration the information we have from previous generations. We

define C° =T and a learning rate 0 < c.o, < 1, then

1 2
Cg+1 :<1 _CCOV)Cg+CCOV (g) Cﬁ—i_l
T
1 x:, —mé xg.jtl —md (6.23)
:(1_Cc0v)cg+ccov ZWj / =
=

o8 o8

The step-sizes 04 have been integrated to ensure that Cﬁ from different generations are
comparable. If c.,, = 1 the covariance matrix collapses to Cffl and no information from
previous generations is retained, on the other hand, if ¢.,, =0, Cst! = CY and there is no
learning. This kind of update, represented in 6.23 update, is called rank-u update, because

the sum goes from 1 to u. Eq. 6.23 is iterative and can be expanded as

g /1\?% .
cstl — (1— CCOV)nglCO T Coor Z (1= Copy)¥ ™ <a> C’{LH, (6.24)
j=0

Picking high values for c.,, leads to degenerate covariance matrices, while small values

imply slow learning, a good choice is ccov = Hefr/ n?. Small population sizes A lead to a
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large number of generations and therefore to a faster adaptation for the covariance matrix.
A final step is necessary in the update of the covariance matrix: cumulation. Indeed, we
did not use the information on the “signs” of the steps the strategy took generation after
generation. In order to do so, we introduce the evolution path. An evolution path is any
sequence of successive steps taken by the strategy, taking the sum of these steps is referred

as cumulation; for instance, for three steps we have

1 -2

mg+1 _mg mg _mg_l mg_ _mg
o8 o081 082

(6.25)

Defining the 0-th-order evolution path p(c) = 0, we use exponential smoothing and define

iteratively

mét! —mé

p§+1 = (1 _Cc)p§+ Cc(z_cc)“effc—

—, (6.26)

with 0 > ¢, < 1 a new learning rate for the evolution path, the normalisation factor

ce(2—cc)Uesy is dictated by the demand that p§+1 is extracted from a normal distribution
N(0,C). When c. = 0 there is no learning and p¢ = 0. Putting everything toghether, we
obtain the update of the covariance matrix:

Cg—H :(1 _CCOV)Cg+ @pg—klpg—HT
T
Xf_‘ﬂ—tl —mé Xf':_‘ﬂ—tl —mé (6.27)

cov
u
+ ccov (1_ )]Z]Wj o3 o8 ’

with Ue,y > 1 and it should be Ueo, = Uerr. Eq. 6.27 reduces to eq. 6.23 in the case Ueoy — oo,

1
.LLCOV

so information from the last generation is taken into consideration by the rank-u update and
information from previous generations, instead, is exploited by the evolution path update,
which is relevant above all for small population’s sizes.

The step size

An evolution path is used also to update the step size ¢ with a method called cumulative
step size adaptation:

* Whenever the evolution path is long, the steps are going in the same direction (approx-
imatively), so they are correlated. Consequently, we can cover the same distance with

longer but fewer steps, and the step size must be increased.

* When the evolution path is short, the steps cancel among each other, and the step size

should be decreased.
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* The optimal situation is that the steps are totally uncorrelated and orthogonal with

respect to the previous and following ones.

We need to define what long- and short-evolution paths mean. In this respect, we compare
the latter with the expected length under random selection, which means that the steps are
uncorrelated with each other. If our strategy finds that the evolution paths are longer than the
uncorrelated ones, ¢ has to be increased, and vice versa.

The evolution path p§+1 depends on its direction, therefore we define the conjugate path

_lmg-H —mé
PS5 = (1 —co)ps + /o (2 — co)tefr(C8) 2 ————, (6.28)

o8
with 0 < ¢s < 1 alearning rate and (Cg)_% = B¢(D?)"'B¢”. Whenever (Cg)_% # I it aligns
the step mé™! —m¢ to the coordinate system produced by B¢. In particular B87 rotates the
system in such a way that the columns of B¢ become the axis. (D8)~! rescales the length of
the axis so that they measure distances in the same way. B¢ rotates everything back, allowing
one to compare the directions of the various steps. By adding the matrix (C8 )_% in eq.6.28
we ensure the independence of p‘f’;rl from the direction of the steps. Then we compare the

length of p‘f;rl with the expected length of the evolution path obtained from random selection
E[||N(0,1)||] and define the step size

o8t = gfexp [ 2 M—1 : (6.29)
ds \ E[|IN(0,1)[]]

where dg & 1 is a damping parameter and E [||N(0,I)[|] = V2T (%51) /T (%) = i+
O(1/n) is the expectation value of the Euclidean norm for a multivariate normal distribution
with identity matrix as covariance matrix. From eq. 6.29 we can see that, whenever
PS> E[||NV(0,1)||], 0% increases and viceversa when ||p%™ || < E [||NV(0,1)]]].
It has been proved, in a survey about Black-Box optimizations [144], that CMA-ES outranked
other 31 optimization algorithms, and that its performance is outstanding for rugged, ill-

conditioned functions with large search dimensional spaces.

6.3 Results and Analysis

Various numerical analyses have been performed using the different algorithms described
above, as well as other not mentioned in this thesis. Upliftability constraints have been used
as well, in order to look only for vacua with a direct link to type IIA/IIB or 11-D supergravity.
CMA-ES has been able to find some Minkowski and Anti de Sitter vacua in 7-D, whose
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presence has been confirmed by analytical computations with U(1) residual gauge symmetry
and the results have been presented in Chapter 4. Parallelization resulted to be fundamental in
making the process faster and allowing a more global search scan. Indeed, with CMA-ES we
need to choose a starting mean m" and step size 6, toghether with some hyper-parameters
such as the time allowed to carry the computations (‘timeout’ parameter), the minimum value
accepted for the fitness function in order to declare that a minimum was achieved (‘ftarget’
parameter), the precision of this result (‘tolfun’), the population size A and whether or not to
activate elitist research. Parallelizing gave us the opportunity to choose more initial means
m? at a time, thus scanning a broader area of the parameter space. Some useful “tricks” have
been used in order to adapt the algorithms to our specific problem and to render the analysis
of the numerical results faster.

First of all, we are dealing with systems of homogenous quadratic equations, therefore their
solutions pass always from the origin, this helps us in restricting the area of research, when
setting the initial mean for the multivariate normal distribution. On the other hand, we
must pay attention, because the origin of the reference system is a trivial solution for any
homogenous system of equations, therefore starting near to it can lead us always there. This
could be avoided by modifying the fitness function. Given a system of equation d; = 0, where
ilabels the equations of the system, the base fitness function is defined by fr;; = Zﬁ (a’,-)2 with 1
2

1°

being the length of the system, then we can modify it in the following sense Fyi; = fri/ L; X
where x; represent the embedding tensor parameters and i runs over them. However, we

found that the following definition is more efficient:

; for " x2 > threshold,
Fr =7 Li%i (6.30)

10000 for Y7x? < threshold.

Basically, we create a step function, to avoid the algorithm to converge always in 0. The
threshold must be chosen in such a way as to leave enough parameter space near the origin to
complete a full scan without hitting the barrier too often. A technique to avoid the algorithm
to return to minima already found before has also been implemented. It consisted in adding
a multivariate normal distribution function centered on the minima on top of the fitness
function, as illustrated in fig. 6.6 and fig. 6.7b through the level curves. Basically what one
does is to add a series of umbrellas on top of the fitness function to stop the algorithm from

going in those directions already analised.
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Fig. 6.6 Modification of the fitness function after a minimum has been found by the algorithm.

In our case though, the solutions to the systems are manifold in the parameter space, so
an infinte amount of umbrellas would be needed to prevent the algorithm to find again the
vacuum structure under consideration. Just imagine to have a straight line in 2-dimensions

and start covering it with 2-dimensional multivariate normal distributions.
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of N

(a) level curves for a fitness function Fj; (b) level curves for a fitness function with a Gaus-
without modification sian modification

Fig. 6.7 Modification of the fitness function after a minimum has been found by the algorithm,
illustrated trough level curves.

In 5 and 7 spacetime dimensions, we were interested, above all, in (Anti)-de-Sitter vacua,
this information can be used to simplify further the numerical search. Indeed, taking into
consideration the potentials in 3.44, 4.1 and 4.29 written in terms of the fermion shifts 3.33
and 3.79 for 5 and 7 space-time dimensions respectively, we can see that potentials are always
written as the difference between 2 squared terms. For AdS we want to impose V = —k, with

k constant, we can always normalize k to be 1, so we need to add another equation (quadratic)
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to our system, analogously for dS we need to solve V = 1. We can always make a change of
variables to solve completely this new constraint, for instance, considering the case of AdS

vacua in 7D, calling z; the variables contained in A‘zl’abc and x; the ones in A‘]‘h:

27— sinh[y]w; ’
VE? 6.31)
cosh[y]u;

X; — rj u%

This change of variables introduce one more variable, y, but it solves the constraint V = —1,

thus removing a bunch of solutions from the system. By doing so we will be certain that
the algorithm looks only for vacua with negative cosmological constant and the other vacua
disappeared from its landscape. Analogously, we can solve the constraint V = 1 for dS vacua
by exchanging sinh with cosh in eq. 6.31. For Minkowski vacua we just add one more
homogeneous quadratic equation (V = 0) to the system. The initial points have been chosen
in the following way, for what concerns the variables w; and &; in 6.31, we draw them from
normal distribution with mean 0 and a standard deviation ¢ = 4, instead, the starting points
for psi have been displaced evenly in an interval from 0.1 to 0.5 (note that the initial variables
scale exponentially with y so there is no need to reach high value of the latter). For the more
complicated cases, with huge systems and a lot of unkowns, we first evaluated the fitness
function on these starting points and already selected the best ones, setting an acceptance
threshold (this has been done after a careful analysis of the fitness function at hand and noting
that points who started with huge fitness function never reached an acceptable vacuum).
After GA or CMA has been implemented with all these modification, we proceeded to the
analysis of the results.
First of all, we removed the solution points which are near to each other, up to a certain
threshold which we set to be equal to 30, thus 3 times the step size, removing all the candidate
solutions corresponding to vacua already present in the set of solutions. Then, we studied the
residual amount of supersymmetry, the gravitini masses, the signature of the Cartan matrix
(providing the information about the number of compact and non compact generators of the
gauge group of the theory) and the rank of XPQR giving us the dimension of the gauge group.
With all these information, it is possible to group the solution points and extract some very
useful relations among them. Indeed, by plotting a variable, x; or z;, against all the other has
been possible to find some analytical relations, as it is shown in fig. 6.8.

Exploiting this relations, even by mean of linear fitting, it is possible to reduce the number
of variables, and in cases where the starting number of unknown is small enough we can find

an analytical solution. Indeed, the results found trough CMA, which showed at least an U(1)
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gaugings, have been confirmed by the analytical methods described previously and the result

are presented in Chapter 4 and Appendix C.

6.4 Summary

In this chapter we presented a number of numerical optimization algoritms, extensively used
in the Artificial Intelligence community, especially applied to Machine Learning techniques
such as backpropagation. Stochastic Gradient Descent computes the gradient for each
equation in the system and update the candidate solution point in the opposite directions,
Genetic Algorithms evolve a population based on the principle of the survival of the fittest to
find global minima for the fit function and CMA-ES adapt the covariance matrix to the level
curves of the fitness function. For our problem CMA-ES resulted to be the most promising
optimization algorithm and has been developed further. We provided also some techniques to
ease the numerical computations and to adapt these to our problme,in addition we described

some methods to analize the results and obtain analytical results from them.






Chapter 7
Conclusion

Since the discovery of supergravity [145], and its extended versions, it has always been
interesting to investigate and analyse the structure of the scalar potential and its minima.
There are several reasons for this study, spanning from phenomenology to cosmology, and
more came out after the formulation of the AdS/CFT conjecture. Due to the great interest
around this subject, many techniques have been developed along the years to compute
and examine the vacua of those theories. Particular attention has been given from the
scientific community to minima of maximally supersimmetric supergravities, the rationale
behind it being the fact that the field content and the Lagrangian are completely specified by
supersymmetry in these cases.

This work moves in this frame and further develops the community’s endeavour aimed
at better understanding the structures of supergravities and string theories and relating
the latter to cosmological and phenomenological observations. In particular, maximally
supersymmetric supergravities have been scrutinised in 5 and 7 spacetime dimensions, led by
the idea of relating our results to conformal field theories in 4 and 6 dimensions, respectively.
In order to accomplish this highly complicated task, involving NP problems, several methods
have been adopted throughout the work, in particular analytic techniques, first adopted in [49],
allowed for the scan of all the gaugings and of the whole space of theories in a simple way.
We have deepened this analysis, employing algorithms used in the realm of post-quantum
cryptography (Appendix D), therefore succeeding in pushing the analytical methods used
for scrutinising the vacua of supergravity theories further than what was previously possible.
We went even further and adopted a different perspective: instead of solving the system of
quadratic equations, we tried a direct minimisation of certain fitness functions related to
the system of quadratic constraints. Implementing and developing numerical optimisation
algorithms used nowadays, especially in the Artificial Intelligence universe, we have been

able to analyse deeply the parameter space for maximal gauged supergravity theories. In
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certain special cases, we also reconstructed or obtained the analytical solutions from the
numerical results.

Many aspects and ideas remain to be further developed; in particular, it would be interesting
to study the possible existence of “terminal theories”, namely theories that represent terminal
points for the RG flow such that any relevant deformation cannot be added to the CFT. They
are argued not to exist, thus, exploring this hypothesis from the gravity side in the case of
supersymmetric theories results of uttermost relevance. In addition, analysing the behaviour
of the cosmological constant for different space-time dimensions and different amounts of
supersymmetry is of interest to understand the behaviour of the cosmological constant and
to provide a better grasp on the cosmological constant problem [2]. Besides, very much
attention has been given in the last few years to de Sitter solutions of string theories and
supergravity theories thanks to the de Sitter conjecture [31], consequently, understending the
behaviour of dS spacetimes in various dimensions in supergravity is a priority. In the end,
knowing the structure of supergravities and string theory’s compactifications and truncations
is an inherently interesting aspect of the theory that needs further clarifications. Many
techniques and mathematical tools have been developed along the decades to tackle this
problem and hopefully many more will come in the future. There is plenty of work around

supergravity vacua at the horizon, and the way is not always paved.
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Appendix A

Dimensional Reduction

Kaluza-Klein reduction

First of all, we observe that all fields in (D+1)-dimensional space, with 1 dimension curled

on itself, satisfy the cylinder condition
O(xH,y+27R)) = DM y),

where, Ry, is the radius of the compactifying circle. Therefore we can Fourier-expand them in

terms of eigenfunctions on the circle, namely

St y) = Y @, ()™ /Ry,

Once we insert this ansatz into the (D+1)-dimensional Klein—Gordon equation, we get

Ob(H,u) =0 = [0+ 0,0°]d = [m_ (%)} @, (x*) = 0.

Therefore, an infinite tower of massive states appears in D-dimensions, called Kaluza—Klein
modes. In the limit of very small compactification radius, the massive modes decouple from
the theory, and only the massless mode contributes to the effective field theory. Keeping this
in mind, it is possible to see what fields and simmetries arise when we include the vielbein
and p-form fields in the higher-dimensional theory. Let us first start with the reduction
of pure gravity from (D+N)-dimensions down to D-dimensions. The coordinates split as
M (xH,y™), u=0,...,D—1,m=1,...,N, analogously for flat indices A — (&, a). On
the N-torus the vielbein takes the form:
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N
EMA _ €Y¢€Ha e¢/ VmaB’Z: (Al)
0 e?/N Vin?
_1
2-D
is chosen such that the lower dimensional action is in Eisntein frame. The field content of the

All components depend only on x*. The matrix V,, is normalised by det V=1 and y =

D-dimensional theory is therefore: a vielbein, N vector fields, and N? scalar fields. The ansatz
A.1 breaks the SO(1, D+N-1) Lorentz symmetry to SO(1,D — 1) x SO(N). The second factor
can be used to remove part of the scalar fields in V,,,4, leaving %N (N + 1) physical scalars
in the reduced theory. Let us now see how the (D+N)-dimensional diffeomorphisms act on
these fields.

SEy” = ENONEN" + OuEVENA. (A.2)

Diffeomorphism with indices along the D-directions £*(x) induce D-dimensional diffeo-
morphisms. While, diffeomorphisms with indices along the internal directions £™(x) induce
abelian gauge transformations for the Kaluza—Klein vector fields:

SB) = AuE.

There are some other diffeomorphisms that have to be considered. Such as linear diffeo-
morphisms in the N compactified coordinates, E™ = —A™,y", with A™,, traceless. These do
not introduce any y-dependance on the fields of the D-dimensional theory, so are perfectly

reasonable. They induce a global SL(N) symmetry acting as
oAV = A"V, 4, OAB) = —N",B);.

However, diffeomorphisms corresponding to constant rescaling of the N-Torus £ = Ay™ are
peculiar. Because they induce an action on the D-dimensional vielbein, they do not constitute
an off-shell symmetry in D dimensions. However, combined with a proper rescaling of the

(D+N)-dimensional vielbein (the trombone symmetry), they result in an off-shell symmetry:
0,0 =AN(D—-2)¢, 0B =—A(D—2+N)Bj,

which leaves eu“ invariant. Thus, we can see that the scalars live on a coset manifold
GL(N)/SO(N).

Reductions of supergravity theories do not end here. Indeed, extended supergravities have
larger symmetry groups where GL(N) is embedded as a subgroup. These larger groups are
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due to the presence of p-forms present in the higher-dimensional theory.

AMl...Mp — (A/Jl...,up7Am1[.12...,up7Am1m2/J3.../.Lp7 '-'7Am1‘..mp)

Giving rise to D-dimensional p-forms, (p-1)-forms, (p-2)-forms, etc. Their transformations
under SL(N) follow from the index structure of their internal indices. For what concerns the

GL(1) scaling transformations, it is possible to show [146] that:

Aml»--mkﬂkJrlmlJp =2 ((D B 2)k+ <k _p)N)Am1~-mkuk+1~-#p'

Whenever N > p the reduction introduces (11\)] ) scalar fields A, ., in the D-dimensional
theory. So the question arises naturally, what happens to the (D+N)-dimensional gauge
transformations 6AM1~-~Mp = p&[M1 En,... M) ? When we consider the transformations that are
linear in the compactified coordinates Emz...mp = émlmmpyml , new global shift symmetries

arise

5§Am1 my = éml LMt

These are not the only possible scalar fields that arise in a dimensional reduction of a p-
form. Indeed, it is well known that (D-2)-forms can be dualised into scalar fields. These
scalar fields also have a global shift symmetry 6y ¢, = x,. All these symmetries form a
non-semisimple group of the type GL(N) x N with nilpotent N corresponding to the shifts.
In addition, the D-dimensional theory has dim/" additional hidden symmetries, with no
obvious higher-dimensional origin. These symmetries, together with GL(N) x N/, form the
semi-simple group G. The fact that the number of additional hidden symmetries is precisely
enough in order to form a semi-simple global symmetry group in D dimensions of course
heavily hinges on the field content of the higher-dimensional supergravity theory. Here, the
underlying supersymmetric structure that is preserved throughout the reduction plays its role.
It is also possible to show that the components of the flux parameters also transform under
the GL(1) scaling symmetry as

Slfml...mp =1 ((D_z)p+N>Fm1...mp7

for the p-form field strengths with all indices along the compactified directions. Another
possible deformation of a compactification is the torsion of the internal torus, namely, a
vielbein ansatz made by E* = E,,*(x)n™(y), with the one-form 1™ (y) satisfying dn* =
TX.n™ An", where TX, is known as geometric flux. Also, the geometric flux transforms
under GL(1) as:
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8Tk, = A(D+N—-2)TF,.

Scherk—-Schwarz reduction

Scherk—Schwarz is basically different from Kaluza-Klein reduction in the dependence of
the fields on the compactification coordinates. This dependence is not arbitrary but takes a
particular form that depends on the symmetry of the higher-dimensional theory. Consider,
for example, expanding a (D+1)-dimensional complex scalar field S with the Fourier basis

on the circle -
S(x,y) _ eimyZeZﬂ:iny/L’

—o0

with L the length of the circle. The field, as it is, is not single valued in (D+1)-dimensions,
since S(x,y+ L) = ¢™ES(x,y). However, this is acceptable whenever S is part of a theory
possessing the phase transformation S — ¢/*S as a global symmetry. Free theory has this
property. Thus, the multivalued field represents a non-trivial fibre bundle, which is effectively
continuous around the circle. In the limit as L — 0, in the effective theory we can ignore
all the fields S, and keep only Sy which is a D-dimensional field of mass m (just insert
this in the (D+1)-dimensional Klein-Gordon equation). So, we see immediately that we
generate mass terms with this method of dimensional reduction. If this method is applied to
some, but not all the fields in a supermultiplet, supersymmetry gets broken. Now consider
a supergravity theory in D + E dimensions. If one can exploit symmetries of the theory
along the lines described above so as to generate masses for the gravitinos but not for the
graviton, supersymmetry in D dimensions will be broken. The breaking is guaranteed to be
spontaneous, because the local supersymmetry transformations in D + E dimensions can be
transcribed in D dimensions as part of the dimensional reduction. As an example, we can

compactify pure N = 1 supergravity from 4 to 3 dimensions. The Lagrangian is given by

1 1
L=—7FER- Esl/’“v\{anuz)vlyp.

The symmetries of this theory are: local supersymmetry, local Lorentz invariance, and general

coordinate transformations. Infinitesimally, they are:

SEy" = —ikeT"Wy + A BENE + OuEVEN + ENONEN", (A.3)

1 1
oYy = EDMS + EAABZAB\PM + 8M§N‘PN =+ éNaN\PM (A.4)
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In addition, there is also the global chiral symmetry: ¥y, — €“IsW¥y;. Now, x# = x0 x!, x?

and y = x>. Choosing the following y dependencies

Wy (x,y) = ™) (x), (A.5)
Ey*(x,y) = En" (%), (A.6)

the theory in 3 dimensions will contain mass terms for the gravitions while leaving the vielbein
massless. It is appropriate to decompose the 4-component spinors of four dimensions into
2-component spinors of three dimensions. Thus,

' =yon, n=0,1,2,
3 =1R®in,
o =1®1,

where y* are 2x2 Dirac matrices for D = 3 (for example, Y’ = 63, ' = ic!, and y* = ic?).
1

A Majorana spinor W in four dimensions takes the form (;’q’fz), where y! and y? are 2-

components Majorana spinors in D=3. Using local Lorentz transformations, it is possible to

put the vielbein in the following gauge:

Eyf — ep® 2KAL¢

0 ¢

This implies §E3* = 0 for A = 0, 1,2, which using A.3 requires A43 = ix¢ ~'€lM¥3, with

A =0,1,2. Supersymmetry transformation for the dreibein then becomes:
Sey® = —ikeT*W) + A%32KA ¢ = —iKET YY),

where we introduced ‘PL =Y, - 2KkA, v and ¥ = W3. Now, to keep e, * independent of y,
it is necessary to take €(x,y) = e Ve(x).

Substituting the y-dependence of A.5 and A.6 into a general coordinate transformation with
parameter £3 = & yields

1

66”(1 - 6¢ - 0,
8P, = imI'sEW),,
5w:iml“5§‘1’.
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We can see that A is the gauge potential of an U (1) symmetry in D=3, and the charge is
proportional to the mass parameter. Indeed, putting everything together in the 4-dimensional

Lagrangian and dropping primes for W, one gets the N=2, D=3 Lagrangian:
1 1 3 pA 1 UVp~ri i T AP A}
ﬁz—m(PeR—Z(}) erlF —E(PS ll/'u(Dvllfp> +mel//u6 v,
o | . . . 1 . .
+ 2/ 0" (Dyyp)) — ik eI P Y7 Yy Fro — o5 ik Fuy W Y
|y i
+ e§l¢wﬂyuwp8pln¢ + Ly,
where L4 represents terms quartic in fermions and
i 1 0 rs i ija)
(Dyy,) = oy + 200" | Wy +2KkmAy ey,

Inserting the same substitution in the supersymmetry transformation laws gives:

Sey” = —ike'y vy, (A7)
¥, = 1(Due) — ieop el Oy ), a9
SAy = ¢ Ve Y] —ip 2y y (A.9)
sy' = -"evel 4 o2 0te s Loy a0el yolyte).  (A0)

0¢ = keVey!. (A.11)

The variation of the gravitinos contains a constant in the coefficient of € which means that
v are two Goldston spinors. Therefore, it is possible to use supersymmetry invariance to
set W = 0. Doing this, and letting l//L — ¢’1/2lyﬁ, en® — ¢ ley®, and ¢ = €, one finds
(putting back the quartic terms)

1

1 1 —i '
L=— m@R—f—Eea”O—auG_ Ee'uvpll/‘lu<DVlllp)l

I 4 , S , ,
(o v —2KO 77 1% . Vp 2KO 7 J
- e FyvF*Y +eme wLG“ v, — Zme”s“ Pe q/;ly"prvp.

It should be noted that a shift of the o field and scaling of A, correspond to a rescaling of
the mass m, thus only the combination m(e~2¥%) where oy is the vacuum expectation value
of 0, has physical significance.
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Scherk and Schwarz Reduction with Difeomorphisms

The Scherk and Schwarz criterion for dimensional reduction can also be applied to general
coordinate transformations. We will show its application to Einstein’s theory. The algebra
for the general coordinate transformations, parametrised in the case of Einstein theory by
ER(x,y), is given by

[O¢,,0¢,] = O, (A.12)

with
ER(x,y) = 8 (x,9) 96 E" (x,y) — EF (0,1) 06 €L (x,). (A.13)

The reduction works by imposing

(A.14)

in the limit in which U — 1 one goes back to the usual Kaluza-Klein reduction. The algebra
of external diffeomorphisms is then the usual algebra for general coordinate transformations.
While, the commutator of an external diffeomorphisms with an internal one produces a new

internal transformation with parameter

&' = —&7 (x)958' (x), (A.15)

from this relation one observes that the parameters for internal transformations are space-time
scalars. The algebra of two internal transformations, on the other hand, gives an internal

transformation with parameter

E (%) = fup EX(0)EP (x), (A.16)

with

fap? = (U)a* (U™ P (9pUa” — e Up'Y). (A.17)
Of course, we want fa[ﬂ’ to be constant, so that A.16 identifies a new internal parameter
that depends only on x. Choosing the y-coordinates to be a system of coordinates on the
manifold of a Lie group G, we can describe the generators of the group in terms of differential
operators

Lo(y) = (U™")aP 0. (A.18)
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Then, the second theorem by Lie guarantees that if

[LasLg] = fap"Ly, (A.19)

the structure constants f, 137 are constant and given by A.17. Therefore, what happened here
is that from the internal diffeomorphisms we have been able to extract a Lie-algebra with the
same dimensions of the internal space. Obviously, we need to apply the same factorisation
technique we applied to the gauge parameters to the other fields in the theory. The general
rule is that each lower internal Greek index gets a factor of U (y), while upper internal Greek
indices are accompanied by a U~!(y) factor. Thus, the field content of Einstein’s theory,

contained in the D + n vielbein in a triangular parametrisation

N SVE S 2KkA%P4
Ep® = z nFa ) (A.20)
0 P

where & = Det(P% (x)), can be written as

AZ(xy) = [U~ ()]gAR (), (A21)
@4, (x,y) = Ug () D ().

By doing so, the degrees of freedom do not change, and whenever 2 internal indices are
contracted among them, without derivatives, their y-dependance cancels. Recalling the

vielbein’s behaviour under general coordinate transformations
SE® :5"85E3+E§‘8ﬂ§", (A.22)

one obtains the gauge transformations for the various fields:

5P (x) faﬁyg'g() (), (A.23)
DL (x) =15, EP (x) @] (x), (A.24)
AL (x) Raué (%) + £, &P (0)AL (%), (A.25)
SE,* =0, (A.26)

It is immediately possible to see that A, * plays the role of a gauge potential for the Lie group

G that has f,7 as structure constants. The Hilbert-Einstein action is invariant under internal
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diffeomorphisms only if
BUNHEUI=0,  with  U®)=Det(UsP (). (A.27)

This equation, trnaslate into fa[;ﬁ = 0, which is satisfied by all semi-simple Lie Algebras
(as well as other cases), but it must not be imposed if we want to include the Trombone
symmetry in our gaugings. Indeed, the Trombone is only a symmetry of the equations of
motion in any space-time dimension different from 2, and so does not obey this condition on
the trace of the structure constants.

It is possible to compute the D+n spin connections, obtaining

Dp.qr =0 [0 gr + Y(NpgEY — MprEF ) Isln(5)),

A 2y pa
Dpga =K6 Fy®Poa,

. 1o 1o

. |
D pp =5 TOIDPE, " Dyhyp,
1

D pe zifaﬁy(cpg‘cbfcbm + O DI Dy — DIDL DY),
with, hyp = P4 8,,PY, and

F, =0uA% — 0yA% — 2k f,*AbAL,
Dy, =9y @Y, — 2k fop AR DS, (A.29)
Dy®% =9, ®% — 2k fp,*Ab Y,

such that F;?v is the gauge covariant field strength and D,, is the gauge covariant derivative.
We can see that the y-dependence vanished from the spin connections in A.28, so that the
D+n Ricci scalar R is y-indpendent. Inserting everything in the Hilbert-Einstein action and

integrating on the internal manifold, one gets

4x2 6K2
1
4x2(D —2)

11 1
S = / deE{ — k-8 (D=2 puvaph g — 638" DuhapDyh™
(A.30)

N ¢4 3y In(8)dyln(3) —v<haﬁ,faﬁ7>}.
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The scalar potential, which depends on the choice of the gauge group, is given by

1

WS*Z/ (D=2) 67 12f2. % 1PY + £, hysh® HPP]. (A.31)

Imposing that the potential is bounded from below, without the addition of a cosmological
constant (in 11 and 10 dimensional supergravities there is no such a term), one restricts the
choice of the gauge group from semi-simple Lie group to*“flat-group”, more information

about this and about the reduction procedure in presence of matter fields can be found at
[63, 64].



Appendix B

Fermion Shifts at the Vacuum in the 5
dimensional Theory

In this appendix we provide an instance of the value of the fermion shifts generating the

vacua of table 4.7. For all examples, we have chosen a basis where either
Q=1®io0, (B.1)

or
Q=ior® 1. (B.2)

Al. In the basis with Q as in (B.1), the maximal AdS supersymmetric vacuum is easily
obtained by setting

Al =A3s=—Axs=—Ay1=¢, A;ju=0. (B.3)
A2. In the basis with Q as in (B.1), the non-supersymmetric SO(5) AdS vacuum follows

from choosing
Alg =Azg = —Axs = —Ay7 = g, (B.4)
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and

8
Av162 = A2as51 = A3384 = Ays73 = Asser = Ages1 = A7784 = Aggr3 = 7k (B.5)
A1238 = A1274 = A2183 = A2147 = Az164 = A3245 = As136 = A4325

3
= As368 = Asea7 = As3ss5 = Aeas7 = A7g61 = A7258 = Agle7 = Ago7s = 6% (B.6)

g
A1364 = A23as = Az180 = A4127 = Asa78 = Ag718 = A7456 = Ag365 = 16’ (B.7)

5
Al678 = A2758 = Azs63 = Aus76 = As5043 = Ag134 = A7214 = Ag123 = 68 (B.8)

A3. In the basis with Q as in (B.2), the SU(3) invariant AdS vacuum follows from
7. :
A5 =Axe =Az7 = g im, Agg = —imy, (B.9)
and

Als6 = A1357 = A2165 = A2367 = A3s517 = A3276

i

= As162 = As317 = Ae125 = A6273 = A7135 = A7236 = 9% (B.10)
2,

Aqs4g = Aogsg = A3748 = As14g = Agoag = A7348 = 58 (B.11)
A =A =A =A =A =A = ! (B.12)
1234 = A2314 = A3124 = Ase78 = Aess7 = A7568 = N 8 .

V3
A4123 = Agse7 = 5 & (B.13)

A4. In the basis with Q as in (B.1), the N = 2 AdS vacuum with U(2) residual symmetry

follows from . 5
.8 .
Ap = —Axyy = — Asg = —i=, Ag=1i— B.14
14 B=178 Ase 5, Ar=izg ( )
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and

Anoa =Ani3 = Az = Az =~ ¢

(B.15)

i
A1275 = Al26g = A2157 = An186 = A3457 = Azage = Asz75 = Aszes = 5 &, (B.16)

Ala75 = A1age = A23s7 = Adzes = A3n75 = A3086 = Asa157 = Asl68 = <,

8
Alys6 = Axze5 = A3265 = A4156 = 5

2 b
o o _ 8
A1478 = A3g7 = Azpg7 = As178 = 6’
.8
A7s68 = Agse7 = —i 6

A7150 = A7345 = Agloe = Agaze = I

)

)

8
A7154 = A7235 = Aga16 = Agaze = 7

. 8
A7128 = A7348 = Ag127 = Ag3a7 = i

symmetry follows from

and

Apy= A=) Zg Ass=—i5, Ap——Ag—iS
23 = — 14—5 58; 56—_157 77 =~ 88—157

A 8
A — —A —A =,
1124 2213 3324 4413 3\/m

1 2
Alas6 = Anzes = A3p87 = A4178 = 12 11— 5\/8&

1 2
Atag7 = A2378 = A3256 = Astes = 15\ 1+ 5\/5&

8

o0 |0

_&

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)

AS5. In the basis with Q as in (B.1), the N = 0 AdS vacuum with SU(2) x U(1)? residual

(B.24)

(B.25)

(B.26)

(B.27)

Asi4 = Asazs = Agias = Agarss = A714s = A7ags = Agi7a = Agosr = (B.28
5164 5236 6145 6253 7148 7283 8174 8237 = 7 it ( )



152

Fermion Shifts at the Vacuum in the 5 dimensional Theory

and

1
Aser1 = Agsa1 = A7734 = Aggaz = i <2 + \/5> 8 (B.29)
1
Ase3s = Aes3a = A7721 = Aggln = i <—2 + \/6> g (B.30)
Ase78 = Ags78 = A7765 = Aggse = i%- (B.31)

M1. The general CSS Minkowski vacuum in the basis with Q as in (B.1), follows from

m my ms N
Anl=Apn =1 Ay =Ag = =2, Ass = Ags = —, A17 = Agg = —, (B.32)
3 3 3 3
mi
Al134 = Ax34 = 3 (B.33)
mi
Al156 = A1178 = Adase = A2o7g = T (B.34)
my
A3312 = As412 = 3 (B.35)
my
A3z3se = A3378 = Agas6 = Asa1s = T (B.36)
m;3
Ass78 = Age78 = 3 (B.37)
m3
Ass1o = Asszg = Age12 = Ase3zs = 3 (B.38)
my
A7756 = Aggse = 3 (B.39)
My
A7712 = A7734 = Agg12 = Agg3a = r (B.40)

Obviously the vacua that appear in the context of our analysis have some of the masses

either set to zero or proportional to each other, in order to respect the correct U(2) residual

symmetry, but they are always subcases of the one presented here.

(B.1) by choosing

Mz2. The Minkowski vacuum from the SU(3,1) gauging appears in the basis with £ as in

.y .my ms
34 =17, Ase =i, An 88 = 3 ( )
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and

.y

A3124 = A4123 = —i 3 (B.42)
.y
A3zyse = Aza78 = Ayzse = Asz78 = i (B.43)
N
As126 = Ag125 = i (B.44)
.my
As346 = Asgrs = Ag345 = Ags578 = i (B.45)
m3
A7712 = Agg12 = 3 (B.46)
ms3
A7734 = A7756 = Agg3s = Aggse = r (B.47)

Ma3. The first new Minkowski vacuum we found appears in the basis with Q as in (B.1)

by choosing
RUZ) mi
Asg = —i—-, A;7 = Agg = — (B.48)
3 3
and
.my
Asz46 = Ap3as = i3 (B.49)
.my
As126 = Asgr8 = Agl25 = Ags78 = —I T (B.50)
mp
A7734 = Agg3s = — 3 (B.51)
mi
A7712 = A7756 = Agg12 = Aggse = T (B.52)

M4. The new non-supersymmetric Minkowski vacuum appears in the basis with € as in

(B.1) by choosing
m m
Ay =—Al= ?1, Asy = —Agr = —= (B.53)

™

and

mq
Al142 = Aa78 = A31 = A3g7 = A3340 = A3087 = Assaz1 = As178 = R (B.54)

mi

Alsss = A1a67 = Anzss = Arzr6 = Azass = Azr6 = Aqrss = Adlg7 = ——, (B.55)
1485 1467 2358 2376 3258 3276 4185 4167 3\/§
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mi
As1g0 = Aszgq = Ag127 = Ae347 = A7126 = A7346 = Ag215 = Aga3zs = m, (B.56)

mi
As1a6 = Asa36 = Ap145 = Ag235 = A7148 = A7238 = Agla7 = Agaz7 = R (B.57)

nmj
5568 6657 7768 8357 = 5 /3 ( )
mj
Assg = Age31 = A7742 = Agg3l = > (B.59)
MS. The new N = 4 Minkowski vacuum appears in the basis with Q as in (B.1) by
choosing
.myp mj
Asg = —i—, A77 = Agg = — (B.60)
3 3
and
.y
As126 = Aglas = i3 (B.61)
.my
As346 = Asers = Ag345 = Ags78 = —i <’ (B.62)
Ariy = Aggy — — ™ _ 3 (B.63)
72 =Agsi2 = — T T g )
Arras = Aggag — " 4 113 (B.64)
734 = Assa =~ F g .
1 2 m§
A7714 = A7732 = Agg1a = Aggzr = — 5 ([ 4m] — —, (B.65)
8 m;
mj
A7756 = Aggse = T (B.66)

D1. The de Sitter vacuum associated to the SO(3,3) gauging appears in the basis with Q
as in (B.2) by choosing
Aij=0 (B.67)

and

A1278 = A1386 = Al1a76 = A2187 = A2358 = Aoas7 = A3168 = Azngs = m, (B.68)
Azses = Ag167 = As275 = A4zse = Asngs = Asp74 = Aszue = Agr3g = m, (B.69)

Ag147 = Ag354 = A7180 = A7164 = A7045 = Ag127 = Ag163 = Ag2zs = m. (B.70)
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D2. The new de Sitter vacuum associated with the SU(3,1) gauging appears in the basis

with Q as in (B.2) by choosing

and

Als =Axe =A37 =3ig, Ass=—ig, (B.71)

At265 = A1375 = A2156 = A2376 = A3157 = A3267
= As126 = As5137 = A6152 = A6237 = A7153 = A7263 = i g, (B.72)
Al4sg = Aoses = Aza7s = Asi1g4 = Agags = A7384 = 2i g, (B.73)

A1287 = A1368 = A2178 = A23gs = A3186 = A3258 = As167 = Asa75 = Aszse

V3
= Aspa7 = Aszes = Ag174 = Ae3as = A7146 = A7254 = Ag127 = Ag163 = Ag235 = 5%
33
Av4e7 = Ada75 = Azsse = Asazg = Ag183 = A7128 = ——— & (B.74)

2






Appendix C

T-tensor at the Vacuum in the 7
dimensional Theory

In this appendix we provide an instance of the value of the irreducible USp(4) representations

composing the T-tensor generating the vacua of table 4.22. For all the examples, we have
chosen a basis where

Q=1R®io,. (C.1)
A1l. The maximal supersymmetric Anti de Sitter vacuum was obtained by setting
Bs = K, B% ., =c® ., =Cc*=0. (C.2)
A2. The SO(4) non-supersymmetric AdS vacuum follows instead by the choice
Bs =K, c?,,=Cc" =0, (C.3)
K
B =B =By = BY3 = 3
13 14 23 24 K €4
B731=B 41=B"3=B"pn=—

[a—

5
There are other non-vanishing entries in the 14 representation, which are related by symme-
tries in the indices and therefore have not been reported here.
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M1.
Bs = ki, cC?=c* =1, (C.5)
K
By =B =B, =B = Zl, (C.6)
31(1
B3 =By = = (C.7)
K]
B =B%3 = > (C.3)
K2
CBi=Cy=CPp=cty= 5 (C.9)

Again, the other entries are related by symmetries of the representation.
M2.

5
Bs =k, c?=c¥ = 75 (C.10)
1
B'% =By =B =By = 1 (C.11)
1
BB 3 =B"4=B"y=B"y= 3 (C.12)
5i
BB, =B"3=B%y =B = ks (C.13)
5i
C3=C"y=C"y =Py = ks (C.14)

Here, one needs always to keep in mind that there are other, non-reported entries of these
tensors which are related to the ones above by symmetries of representations.
M3.

Bs = ki, C' = = i, (C.15)
1
B'% =By =B =B = 7% (C.16)
3
B3 =By = 1K (C.17)

K1

By =B®3 = 5 (C.18)
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CH=Cly =Cy=CP; =C 1 =CH ) =C¥y =y =i, (C.19)

CB 1 =P =% = Py = 2ik,. (C.20)

Again, symmetries must be imposed on these tensors.






Appendix D

Relinearization and X-Linearisation
Algorithms

The Relinearization and X-Linearisation algorithms have been discovered with the purpose to
provide an attack to the Hidden Field Equations (HFE), a public-key cryptosystem introduced
in 1996. HFE is used nowadays for digital signature schemes. It is based on the difficulty to
find solutions to systems of multivariate quadratic (MQ) equations over a finite field (NP-
Hard). Due to this difficulty, the MQ problem is thought to be an example of Post-Quantum
Crittography. Now, we start with a quadratic system of equations:

Y. ainix; = by, with k=1,...,m (D.1)

1<i<j<n

with a; . coefficients and k running over the equations of the system. The first step is to
linearise the system, namely, we define a set of new variables y;; = x;x;, then we can solve the
new system of m linear equations in n(n + 1) /2 variables. This linear system is underdefined,
therefore there is the need to introduce new equations. The second step, in fact, consists in
creating additional equations that impose the commutativity of the x; inside the y;;. Let us
define (i, j,k,l,m,n) ~ (', j/,k',I',;m’,n"), which means that the two tuples are a permutation
of each other, then

(xixj) (XX ) - (XmXn ) = (xi’xj’) (g xpr ). (X X ) (D.2)

These can be written in terms of the y;; variables and added to the set of equations. The set
of all the permutations can be solved by recurrent relinearization. The problem with this
algorithm is that when the degree of linearisation is high, many of these equations become

dependent. Indeed, it can be proved that “special” equations, linearly span all the other
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equations at fixed relinearisation degree, where special equations are of the form

YiriaYisia-Yir_1iy = Yj1jaYjzja-Yir 1jr (D.3)

such that the y’s in this equation are the same except for two of them, whose indices have
been permuted.

To introduce XL-algorithm (eXtended Linearizations), on the other hand, we need some
further notation. First, given a system of multivariate quadratic equations /;, equations of
the form Hlex j,1j are said to be of type x/l and we denote the set of terms of degree k,
Hf-‘zlx ji» by x*. We will consider the set of all polynomials [];x j:1; with total degree < D.
They span Zp, that is, the space generated by X1 with0 < k< D—2. Ipy C T, where T is the
ideal spanned by /;. XL algorithm contains as a special case Relinearization Algoritm. The

algorithm proceeds as follows:

Multiply: Create the equations [T, x;/; € Zp, with k < D-2. (we are fixing the
degree of the equations at D).

* Linearize: Linearise the system as described before

Solve: When the linearisation technique produces an equation with only one variable,
solve it with Berlekamp’s algorithm

* Repeat: Insert the root in the system, simplify, and repeat until every root is found.

It has been noted that, when the starting equations are homogeneous, we can use only
monomials of either even or odd degrees.
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