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CHAPTER

1
SUMMARY OF THE THESIS

A Résumé en Francgais

ES Théories des Cordes sont nos meilleurs candidats dans la persepective d’unification de
toutes les interactions de la Nature : électromagnétisme, interaction faible, interaction forte et
gravité. Cette derniére est naturellement encodée dans toutes les Théories des Cordes, qui sont ex-
emptes de divergences dans 'ultraviolet. C’est cette derniére caractéristique qui font des Théories
des Cordes de potentiels candidats pour une théorie de gravitation quantique, et constitue une
des raisons pour laquelle les Théories des Cordes sont largement étudiées.

Une caractéristique générale des Théories des Cordes est le nombre de dimensions de I'espace-
temps recquis. Ce nombre est soit 26, soit 10. Cela nécessite un approfondissement de I'étude des
Théories des Cordes, puisque 1'Univers dans lequel nous vivons est a priori un espace-temps a 4
dimensions. L'une des fagons d’aborder ce probleme est de recourir a ce que 'on appelle les com-
pactifications de Kaluza-Klein. Il s’agit d"un processus par lequel certaines dimensions de 1’espace
total sont rendues compactes et petites. L’objectif de ce procédé est qu'a notre échelle macro-
scopique et aux niveaux d’énergie accessibles au quotidien, les effets de ces dimensions "sup-
plémentaires” soient suffisamment faibles pour que nous puissions les ignorer. Les Théories des
Cordes étant des théories tres complexes, avec de nombreux degrés de liberté, une fagon d’étudier
les procédures de compactification consiste a se restreindre a I'analyse des Supergravités. Ces
derniéres sont obtenues, entre autre, comme une limite a basse énergie des Théories des Cordes et
constitutent ’objet principal d’étude de cette these. Dans ces théories, des symétries supplémen-
taires apparaissent lors des compactifications, appelées dualités, ce qui nous permet de reformuler
les Supergravités en des "Théories des Champs Exceptionnelles”, rendant ces dualités manifestes.

Les Supergravités sont d’autant plus intéressantes qu’elles jouent un role clef dans le contexte




CHAPTER 1. SUMMARY OF THE THESIS

de la correspondance AdS/CFT, qui est un autre type de dualité établissant 1’équivalence entre
une théorie de la gravité, ici une Supergravité définie sur un espace d’Anti-de-Sitter (AdS), et une
Théorie Quantique des Champs, ici une Théorie Conforme des Champs vivant a la frontiere de
I'espace-temps AdS.

Dans la premiére partie de la these, nous ferons des commentaires généraux et les utiliserons
pour introduire divers concepts nécessaires tout au long du manuscrit. Cela va d’une bréve intro-
duction aux Théories des Cordes et aux Supergravités a des éléments plus spécifiques tels qu'une
introduction aux concepts de supersymeétrie et aux réductions de Kaluza-Klein. Nous profiterons
également de l'introduction pour faire un rappel sur les Théories des Champs Exceptionnelles.
Enfin, nous introduirons la notion d'Holographie, trouvant une réalisation concréete dans la corre-
spondance AdS/CFT.

Dans la deuxiéme partie de la thése, nous montrerons comment utiliser les techniques de la
Théorie des Champs Exceptionnelle pour calculer les spectres des solutions de la Supergravité a
11 dimensions sur AdS; x ¥, avec 7 un espace interne compact a 7 dimensions dont la topolo-
gie est celle de la sept-sphere. Nous commencerons par introduire les techniques pour la spec-
troscopie de Kaluza-Klein par un calcul direct, qui utilisent la théorie des groupes pour la diag-
onalisation des opérateurs internes. Dans un second temps nous introduiront les techniques de
la Théorie des Champs Exceptionnelle pour les espaces dit parallélisables de Leibniz. Nous mon-
trerons par la suite comment ces derniéres techniques peuvent étre étendues aux espaces avec la
condition moins contraignante dite de parallélisabilité Généralisée. Nous illustrerons cette nou-
velle approche dans le cas de la solution AdS, x quu asheq de 1a Supergravité a 11 dimension, pour
laquelle nous donnons le spectre de masse dans sa totalité. Nous montrerons ensuite une réalisa-
tion concrete de la correspondance AdS,/CFT3, en calculant la solution solitonique des équations
de Supergravité interpolant entre la sphére ronde et la sphere déformée. Cette solution est duale
a un flux de renormalisation du c6té de la Théorie des Champs Conformes de la correspondance.

Enfin, dans la derniere partie de la thése, nous nous intéresserons aux couplages a n-points
dans les Supergravités. Dans une premiére partie, nous montrerons comment calculer les cou-
plages cubiques pour des champs spécifiques sur un espace AdSs x S° de la Supergravité IIB a 10
dimensions via un calcul direct. Apres avoir discuté des résultats obtenus grace a ces techniques,
nous montrerons comment nous pouvons utiliser les techniques de la Théorie des Champs Excep-
tionnelle pour calculer efficacement ces couplages. Ces calculs nous permettrons aussi de révéler
des structures de la Théorie des Champs Exceptionnels dans les couplages a n-points en Super-
gravité.

B English Summary

TRING Theories are our most promising candidates in the goal of unifying all interactions in
S nature: electromagnetism, weak interaction, strong interaction, and gravity. The latter is nat-
urally encapsulated in all String Theories, which are ultraviolet-free from divergences. A general
feature of String Theories is the number of spacetime dimensions required. This number is either
26 or 10. In any case, this requires some further modifications of the theories since the world we
are living in is a priori a 4-dimensional spacetime space. One way to tackle this problem is via
so-called Kaluza-Klein compactifications. The latter is a process in which some of the dimensions
of the total space are made compact and small. The idea is that at our macroscopic scale and daily
energy level, the effects of those "extra" dimensions are sufficiently small so we can ignore them.




B. ENGLISH SUMMARY

Because String Theories are very complex theories, with a lot of degrees of freedom, one way to
study compactification procedures is by restricting the analysis to Supergravities, which can be
obtained in a certain regime of String Theories.

Supergravities are the main focus of this thesis. In those theories, additional symmetries show
up in dimensional compactifications, either called T- or U-duality, which allow us to reformulate
Supergravities into so-called Exceptional Field Theories, making those dualities explicit. Let us
finally remark that Supergravities are particularly important in the context of the AdS/CFT corre-
spondence, which is another type of duality stating the equivalence between a theory of gravity,
here a Supergravity defined on an Anti-de-Sitter (AdS) background, and a Quantum Field Theory,
here a Conformal Field Theory living on the boundary of the AdS previous spacetime.

In the first part of the thesis, we will make general comments and use it to introduce various
concepts needed throughout the thesis. This goes from a brief introduction of String Theories and
Supergravities to more specific features such as an introduction to the concepts of supersymmetry
and Kaluza-Klein reductions. We will also use the introduction to make a reminder about Ex-
ceptional Field Theories. Finally, we will introduce the notion of Holography with its concrete
realization via the AdS/CFT correspondence.

In the second part of the thesis, we will show how to use Exceptional Field Theory tech-
niques to compute spectra of solutions of 11-dimensional Supergravity on AdS, x 7, with £7
a 7-dimensional compact internal space whose topology is that of the seven-sphere. After re-
viewing the state-of-the-art techniques for Kaluza-Klein spectroscopy, including direct calcula-
tions supplemented by diagonalization of internal operators via group theory techniques, as well
as Exceptional Field Theory techniques for Leibniz parallelizable spaces, we will show how the
latter can be extended to spaces with the less constraining condition of Generalized parallelizabil-
ity. We will illustrate how this technology works in the case of AdS, x Sun asheq SOlution of 11-
dimensional Supergravity, for which we give a complete answer for the spectrum. We will then
show a concrete realization of the AdS,/CFT3 correspondence, by computing the domain-wall
solution of the Supergravity equations interpolating between the round and the squashed seven-
sphere, which is dual to a Renormalization Group flow on the Conformal Field Theory side. This
demonstrates that not only Exceptional Field Theory techniques can be used to compute spectra
around Supergravities with AdS background, but it also allows us to compute quadratic couplings
of Kaluza-Klein fluctuations around a domain-wall solution of Supergravity.

Finally, in the last section of the thesis, we will be interested in n-point couplings in Super-
gravities. In a first part, we will show how to compute cubic couplings for specific fields on AdSs
background of IIB 10-dimensional Supergravity via a brute force calculation. After discussing the
achievements made using these techniques, we will show how we can use Exceptional Field The-
ory techniques to efficiently compute these couplings. Not only will this prove more efficient, but
it will also allow us to write the same couplings in a more compact form, to derive formulas that
apply to any vacua that are Leibniz parallelizable, and also to reveal Exceptional Field Theory
structures that prove long-standing conjectures. We will illustrate the power of these techniques
on the example of AdSs background of 1IB 10-dimensional Supergravity.
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Foreword

This thesis represents the final accomplishment of my doctoral research, completed under the
supervision of Henning Samtleben at the Laboratoire de physique at ENS de Lyon. It is based
on the articles that I co-authored with Henning and our colleagues Emanuel Malek (Humboldt
University Berlin), and Michele Galli (Humboldt University Berlin) which are detailed below.

[DB1] B. Duboeuf, E. Malek, and H. Samtleben, “Kaluza-Klein spectrometry beyond consistent
truncations: The squashed S7,” JHEP, vol. 04, p-062,2023. DOI:10.1007/JHEP04 (2023)
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CHAPTER 2. INTRODUCTION

A General Introduction

ENERAL Relativity is currently the best theory of gravity we possess. It was formulated in
1915 by Albert Einstein [1]. In contrast to Isaac Newton’s theory of gravity [2]], which de-
scribes the gravitational force, General Relativity is a relativistic theory of space and time, effec-
tively amalgamating both into what is known as spacetime. General Relativity provides a frame-
work in which spacetime becomes a dynamic entity that can bend, curve, and oscillate, interacting
with the matter it contains. This implies, for example, that Earth does not revolve around the Sun
due to a force binding them together, but rather because the spacetime in which Earth evolves is
curved due to the presence of the Sun. Consequently, Earth follows a straight path, albeit within
curved geometry as illustrated in Figure[2.]. Since its inception, General Relativity has led to sev-
eral observations that Newton’s theory of gravity could not predict: the bending of light around
massive objects, first observed by Arthur Eddington in 1919 [3]; the advance in the perihelion
of Mercury [4} 5]]; the prediction of gravitational waves [6], small perturbations of spacetime it-
self that were successfully observed for the first time in 2016 [7]]; and its extensive application
in cosmology, where it predicts the expansion of the Universe [_8, 9], as first observed by Edwin
Hubble [10] and nowadays in [11]. Among all the predictions of General Relativity, one of pecu-
liar importance for theoretical physicists is the existence of Black Holes (BH) [12]. These objects,
predicted by General Relativity, are very dense objects, that bend so much spacetime that even
light cannot escape their gravitational field, hence the name black hole. This region of spacetime
is delimited by a so-called event horizon, behind which is hidden a "singularity", where General
Relativity breaks down. BH are typically very massive objects, ranging in mass from the order of
solar masses to billions of solar masses for supermassive BHs in our Universe. Note however that
the mass of BHs can a priori be abitrarly small, and some theoretical models proposes primordial
"light" BHs [13]] as a candidate for dark matter. These objects fascinate physicists because they are
predicted by General Relativity, yet the theory fails to properly explain them: physical quantities
tend to infinity when approaching the inner core of the BHs, the singularity. Therefore, BH serve
as a laboratory for fundamental physicists who test how new theories behave around BHs. De-
spite the difficulty in observing these objects due to their nature, many observations support their
existence: the detection of gravitational waves [7] illustrated in Figure and thought to be pro-
duced by the merger of two BH, observations of stars at the center of our galaxy orbiting a small
but very massive object thought to be a supermassive BH [14], and more recently, the imaging of
the accretion disk of the same BH at the center of our galaxy [15], as well as another supermassive
BH called M87* [16], see Figure[2.2].

Unlike gravity, which is important at large scales, Quantum Mechanics (QM) plays a crucial
role at the microscopic scale. It was developed in the 1920s by several physicists, including Erwin
Schrodinger, Wolfgang Pauli, Werner Heisenberg, Paul Dirac, Louis de Broglie, Niels Bohr, Max
Planck, Marie Curie, Albert Einstein, Paul Langevin, and many others. Quantum mechanics of-
fers a peculiar paradigm. Firstly, the results of experiments are inherently probabilistic: repeating
the same procedure with the same initial conditions in the same environment will yield differ-
ent outcomes. Quantum mechanics is intrinsically probabilistic. Measurements conducted by an
observer cannot yield determined outcomes; instead, the realization of the measurement follows
probabilistic laws. QM also asserts the equivalence between wave and particle behavior, known as
the wave-particle duality [17]. This is illustrated in Figure[2.4). Moreover, QM measurements have
intrinsic uncertainity, stemming from the probabilistic nature of QM, which states, for example,

10




A. GENERAL INTRODUCTION

Figure 2.1: Schematics representation of General Relativity, with massive objects deforming space-
time.

that both the speed and the position of a particle cannot be simultaneously measured with arbi-
trary precision. In other words, attempting to measure the position of a particle governed by QM
with very high precision will introduce significant indetermination in its velocity. This principle
is encapsulated in the Heisenberg Indeterminacy Principle [18]:

Ox0p > g (2.1)

with oy representing the uncertainty in position and ¢, denoting the uncertainty in momentum.
Another peculiar aspect of quantum mechanics is its intimate relationship with "observers." In
quantum mechanics, an observer can be a person, a machine, or a measurement instrument cou-
pled to the quantum system. It looks like laws of Nature kind of became subjective to this observer.
Finally, QM leads to the quantization of physical quantities, hence its name. For instance, it pre-
dicts the quantization of the energy levels of hydrogen atoms, which matches the observations
to a high degree 20]. Despite its strange nature, quantum mechanics has led to numerous
achievements and predictions, verified to a very high degree of accuracy.

In a sense, quantum physics is not merely a theory; it is more akin to a set of principles that
one must apply to extend a given theory to the microscopic world. Using this "recipe," Quantum
Field Theory (QFT) has been developed. QFT describes the behavior of relativistic particles: their
motion, how they interact with one another, how they can be created or annihilated, and so forth.
Its development led to the construction of the Standard Model (SM), which unifies three out of
the four fundamental interactions of nature: electromagnetism, the weak force, and the strong
force [21H27]. The success of the Standard Model relies heavily on the successful quantization of
classical field theory.

Can we then apply the same methods to quantize General Relativity? First of all, let us clarify
why we want to do so. We could have two different theories, General Relativity and the Standard
Model (SM), both operating at vastly different scales, and live with it. It would be perfectly fine.
However, there are at least two scenarios where a so-called theory of Quantum Gravity theory

11
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Figure 2.2: Pictures of M87* and Sagittarius A* taken by the Event Horizon Telescope collaboration
[15][16].

is needed. Firstly, to describe BH. They are characterized by the so-called singularity in General
Relativity, which is hidden behind the event horizon. Therefore, we have an object operating at
a microscopic scale involving strong gravitational interactions, hence the necessity of Quantum
Gravity. The second scenario is in cosmology. The Universe is currently expanding, and if we
rewind the expansion, it turns into contraction. According to the best-admitted model for the
Universe, known as the Friedmann-Lemaitre-Robertson-Walker (FLRW) model [8) (9, 28, [29], the
Universe at its origin was small and compact, thus again highlighting the need for Quantum
Gravity.

The quest for a quantum theory of gravity has spanned almost a century. Attempting to apply
conventional quantum mechanics methods to General Relativity, such as canonical quantization,
leads to unphysical results: physical quantities become infinite as they run with energy scale. This
indicates that General Relativity is not renormalizable, or in other words that it diverges in the
ultraviolet (high-energy) regime. Despite extensive efforts, the question of finding candidates for
a theory of quantum gravity remains an open problem. Consequently, there are several promising
candidates, with String Theory being one of the most prominent, and the focus of this thesis.
Originally developed to explain strong interactions [30], String Theory postulates the existence
of extended objects, strings. These strings can vibrate, oscillate, and interact, and String Theory
provides a framework for studying their dynamics [31-34]. It is worth noting that when we refer
to String Theory, it is more accurate to say String Theories, as there are five inequivalent theories.
It was later realized that String Theorie could potentially serve as viable theories of quantum
gravity and as theories to describe elementary particles and their interactions. This is known as
the first String Theory revolution [35]. The second string revolution occurred latter when it has
been realized that all String Theories could be realized as different limits of a single 11d theory,
known as M-theory. We will come back to this last point later.

General Relativity naturally emerges from String Theories [36]], whose ultraviolet behavior is
free from divergences [31}32], which is one of the reasons why String Theories are widely studied.

12
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Figure 2.3: LIGO measurement of the gravitational waves of GW150914 at the Livingston (right)
and Hanford (left) detectors [7], compared with the theoretical predicted values.

The focus of this thesis is on the low-energy limit of String Theories, called Supergravities.
These theories of gravity incorporate an additional ingredient compared to General Relativity: su-
persymmetry. Supersymmetry relates bosonic degrees of freedom (such as photons) with fermionic
degrees of freedom (such as electrons). While Supergravities may not directly serve as candi-
dates for unifying all fundamental interactions [37], they play a crucial role in the advancement
of fundamental physics. They can be utilized to study String Theories within certain regimes and
are particularly significant in compactification procedures. Since String Theories operates in 10-
dimensional spaces, it is necessary to eliminate the extra dimensions. This is achieved through
a process known as compactification, firstly proposed by Kaluza and Klein . El Super-

10ther possibilities such as brane world scenario, where the Universe is a brane inside a larger space, are possible to
explain the existence of extra dimensions [40]. Brane are extended objects, which for example appear naturally in the

Young slits

Electrons
TOTAS. - | 1 B ) l

Interference pattern

Figure 2.4: Experiment emphasizing the duality wave/particle of electrons, where an interference
pattern is obtained in a two slits experiments with repeated electrons going through the setup
(source : Wikipedia).
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gravities are instrumental in the study of String Theories compactifications because much can be
inferred about the compactifications by examining the Supergravity regime.

The final point we wish to discuss is a remarkably peculiar observation that has emerged in the
quest for Quantum Gravity: the holographic principle. It appears that Quantum Gravity theories
possess a holographic nature, wherein there exists a correspondence between a Quantum Gravity
theory and a Quantum Field Theory (QFT) with no gravity. A concrete realization of this holo-
graphic correspondence was first conjectured in [41], taking the form of the so-called AdS/CFT
correspondence: a theory of gravity defined on an Anti-de-Sitter (AdS) spacetime is equivalent
to a Conformal Field Theory (CFT) existing on the boundary of the gravitational theory. Anti-
de-Sitter spacetimes are spaces with negative constant curvature, while a CFT is a scale-invariant
Quantum Field Theory. These conjectures have been extensively studied in the literature to date,
leading to significant advancements in the development of fundamental physics.

The main focus of this thesis are Kaluza-Klein compactifications and the possible low-dimensional
theories that can be obtained, not from the full String Theories, but from reductions of their low-
energy limit, Supergravities. In the remainder of the introduction, we will review some of the
main concepts that we will need throughout the text, such as the basics of String Theories, Super-
gravities, Kaluza-Klein reduction, and also the main tool of this work, Exceptional Field Theory.

B String theories and Supergravities

B.1 String Theories

HE aim of this section is to provide an overview of String Theories (ST) and to derive their
massless sector. This gives a formulation of the so-called Supergravities, viewed as low en-
ergy limits of String Theories. String Theories are currently our most promising candidates for a
consistent theory of quantum gravity. They postulate the existence of extended elementary con-
stituents for matter, strings, which replace the point particles of Quantum Field Theory (QFT). The
free action of a point particle in flat spacetime is simply described by the line element.

Tf .
S=—m / dry/ = X*XY, 2.2
c . Nuv (2.2)

where ¢ denotes the speed of light, X/ the position of the particle in the targe-space, i.e. in space-
time, and d represents the number of dimensions. Henceforth, we set ¢ = 1. 17,y is the Minkowski
metric with mostly plus sign. Therefore, in the absence of any interaction, a point particle that
minimizes this action will trace a straight line while propagating, as this path is the shortest dis-
tance between two points. This principle can be generalized to extended objects, leading to what
is called the Nambu-Goto action.

SnG = —T) / oL, /= det(7ap) 2.3)

Zpt1
where Yap = qwaax%faﬁxn witha,=0,1,...,pand y,v = 0,...,d — 1, represents the induced
metric of what is called the world-volume, into the target space. What is called the world-volume
here, is the volume that is swept by the extended object in the target space, i.e. spacetime. See
Figure for an illustration in the case of a string. For the case p = 0, the Nambu-Gotto action

context of String Theory or Supergravity.
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reduces to the action of a point-like particle. For p = 1, this action describes the world-sheet swept
by the extended object in an d dimensional space: a line for a point-like particle, a surface for a
string, and so forth. In the case of a string, T, in (2.3) serves as the analogue of mass for the point-
like particle and is called the string tension. It is related to the string length /s by T, = ﬁ and to

the quantity known as the Regge slope &’ by T, = ﬁ The latter parameter plays the role of the
string energy scale. It encodes the energy level at which "stringy" effects begin to manifest. In the
Nambu-Gotto action, X* are the embedding coordinates of the extended object in the target space
which is d dimensional. The Nambu-Goto action is not entirely satisfactory due to its inclusion of

Figure 2.5: World sheet swipped by a string.

a square root, which complicates quantization. It can be replaced by another action, known as the
Polyakov action

T
Spot = — / do? 1 /=B, XP ()3 XY () + Ap / do? V", (2.4)

where the auxiliary field &,p has been introduced and is symmetric. It has the interpretation of
a metric on the brane world-sheet, and on-shell, it is equal to the induced metric. The factor A,
is choosen such that the equations of motion from the the Nambu-Goto and the Polyakov actions
are equivalent on-shell. The Polyakov action is therefore more commonly used for quantizing the
theory.

We now specialize to the case of p = 1, i.e., for a string. Objects with p larger than one, known
as p-branes, enter String Theories as non-perturbative objects. We will denote the two remaining
coordinates of the string world-sheet as ¢ and 7. The Polyakov action describes a bosonic string,
and we will restrict our analysis to the so-called bosonic String Theory as most of the important
features arise from it. We will briefly mention fermionic string theories, which we will refer to as
Superstring Theories.

The symmetries of the bosonic string action are:
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e "Global" Poincaré invariance:

!

XH*o)=AF X' +c#, AeO(1,d—1), c*eR?

(2.5)
ot =",
¢ Local diffeomorphism on the string world-sheet:
ot — o™
o0’ 9
X" = XH(0).
¢ Weyl invariance:
hz/xﬁ = e(P(a)haﬁ 7
ot =", (2.7)

X' (o) = XM (0r) .

By making use of those symmetries, and noting that / has three independent components, we
can fix the gauge to be, at least locally h1,5 = #,5. The equations of motion for the embedding
coordinates X* in this gauge are

OX! =0,0_X" =0, (2.8)

where we introduced light-cone coordinates 0. = ¢+ 7 and ¢~ = ¢ — 7, in which the induced

metric i = 5 takes the form
0 -}
= ) 2.9
U (_ % 0 ) (2.9)

Those equations of motion are supplemented with two Virasoro constraints

T++ = 8+X”8+X,, = 0,
(2.10)
T-_-=9-X'9 X, =0,

with T the energy-momentum tensor, which can be obtained by varying the action with respect to
h. Those equations of motions are easily solved by what are called left and right movers

X (o) = X[ (04) + Xg(0-). (2.11)

If we now ask to have a closed string (but this can be straightforwardly generalized to an opened
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string), i.e. a string with periodical boundary conditions X* (o + 27r) = X (o) we can write

1 1 i 1 oy oigo
Xp(o-) = xb + Eégpﬁa_ + Eés Y Eaﬁe Hno

2
1 1 i ”#01 - (2.12)
le(0'+) = Exlz + E@p’icu + EES Z 7&%6—217&7 .
n#0 h

In these formulas, o), and &/, are the Fourier modes of the left and right movers, and will act as
ladder operators in the quantum theory, similar to those used in the quantum harmonic oscillator.
In (2.12), xz /g designated the position of the string center of mass in the d-dimensional space,
p? /& the momentum of the string, and the rests describes the oscillations that propagate along the
string, similarly to the fundamental and harmonic modes on a string musical instrument.

Canonical quatization can be used here, and a physical string state |¢) will be described in the
quantum theory by a set of creation operators for right and left movers, a zero mode, as well as a
momentum k characterizing the motion and velocity in the world volume

) = (ay, )M (ay, )N (@), )" (@), )'9]0,k) (2.13)
such that
P2lg) = K[g) (2.14)

with P the momentum operator, N the number of right movers, N the number of left movers, and
((ab)¥, (an)*) = (ﬁtxﬁ, ﬁtx’i ,) for n € IN* (similarly for a};). One could follow a similar reason-
ing for open strings, where fixing the boundary conditions becomes necessary, such as Neumann
(fixed derivative at the endpoints) or Dirichlet (fixed string endpoints). However, we will not
delve into the details of these calculations here. We will now highlight the main features that arise

from the quantization procedure.

The first and perhaps most important constraint is that, to preserve Weyl invariance at the
quantum level, the quantized bosonic string must exist in d = 26 dimensions. If one extends the
string to be fermionic, additional constraints come into play, and the quantized string must live
in d = 10. This feature prompted physicists to seek ways to eliminate the extra dimensions. One
of the main ideas is to compactify six out of ten dimensions: factorize the total manifold into a 4d
external space that describes the Universe and a compact 64 manifold with a characteristic length
much smaller than that of the external space. This approach effectively eliminates six dimensions.
6d compact spaces that fulfill the appropriate constraints are called Calabi-Yau manifolds [42], see

Figure[2.6]

Another constraint that comes into play is what is called the level-matching formula, imposed
at the quantum level by the Virasoro constraints (2.10), which states that the number N of right-
moving modes and left-moving modes N must be equal. This condition essentially ensures the
existence of stationary waves propagating along the string. The on-shell mass formula is then
given for a physical state |¢) by

Mg) = Z(N-1)lg). @.15)

We can have a look a the first few levels of the spectrum and look for massless modes. We intro-
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)/

Figure 2.6: Example of a 2d slice of a Calabi-Yau manifold (source: Wikipedia).

duce light-cone coordinates in the target space

Xt = L(x04xY), X=X, ic[i,...d—2]. (2.16)

V2

By utilizing the Virasoro constraint (2.10), one can show that the physical oscillations of the string
are the transverse oscillations, i.e. the oscillations that are excited by the (!, &,). The spectrum
takes the following form for the first few levels:

* N = 0: this leads to a negative mass. This is a tachyonic mode, which seems to imply that
String Theories are not good physical theories. However, when delving into calculations of
Superstring Theories, tachyonic modes disappear from the spectum.

* N = 1: this will constitute part of the "massless" sector of String Theories and we have
xij(a®) (@0, k). 2.17)

Fields described by x;; decompose into irreducible representations of SO(d — 2). Therefore
the x;; tensor can be decomposed into the irreducible representations

= Xii — ¢ asinglet, called the dilaton scalar.
= Xjijj — Bij which is a two-form, called Kalb-Ramond form.
= X(ij) — &ij which is a symmetric traceless tensor. This will play the role of the graviton

field.

These fields, even though derived in the context of the bosonic String Theories, persist in the
case of Superstring Theories. Our aim with this analysis is to demonstrate that, as these are the
massless modes of String Theories, these fields are part of the field content of all low-energy limits
of String Theories, which are Supergravities.
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Before including fermionic strings, let us do a few general remarks on String Theories. Strings
can interact with one another. Those processes are similar to what happens in a quantum field
theory, and the strength of the coupling in the case of String Theories is governed by a coupling
constant gs. If the strings are weakly coupled, i.e. when gs is small, then we can use similar
techniques as the one used in QFT to compute scattering amplitudes. The main difference here, is
that the "lines" within Feynman diagram will be replaced by tubes as in Figure[2.7] Within a String

AY
Y

Figure 2.7: Lines in Feynman diagrams (left) are replaced by tubes on the String Theories scattering
amplitude diagrams.

Theory diagram, holes may be present in the surface swipped by the string as shown in Figure
2.8). For example a sphere does not have any hole, but the donut, the torus, has one hole. This is
what controls the pertubative expansion. Therefore, the loop expansion is replaced by a genus (the
number of hole in the surface) expansion, introducing g factors for each hole. Note that knowing
the number of holes is enough to characterize the surface, because of the 2d conformal invariance
of the string world-sheet. So the equivalent of the tree level is the diagram of the sphere in String

S3- B

Figure 2.8: Examples of String Theory diagrams, each has a different genus |

Theories, the 1-loop level is the diagram of the torus and so on. Note also that in String Theories,
one diagram usually encodes a number of Feynman diagrams, because there is only on surface
with a hole, but several loop diagrams, see Figure

To proceed in our exploration of the massless bosonic modes of String Theories, we would need
to delve into Superstring Theory. However, we will not perform any calculations and proceed
directly to the results. In Superstring Theories, there exists two different sectors that can combine
to constitute fields: the Ramond (R) and the Neveu-Schwarz (NS) sector. The field content of the
NS-NS sector aligns precisely with what we just described, featuring a dilaton, a Kalb-Ramond
two-form, and a graviton. It is worth noting that because the graviton is present in every String
Theory, each of them serves as a candidate for a theory of quantum gravity. Furthermore, the field
equations for this graviton at low energy correspond exactly to the Einstein field equations. Hence,
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k1 kea

Figure 2.9: One String Theories diagram encodes the three channels (s,t,u) of the Feynman dia-
grams, at tree level

String Theories encapsulate General Relativity and therefore represent promising candidates to
extend it, as claimed before.

The R-NS sector provides us with fermionic fields, which we will not discuss in details. Finally,
the last sector is the R-R sector, which is a sector of bispinors : one from the left sector and the other
from the right sector. In this case, we have several options, primarily whether we desire a chiral
theory or not. By introducing a chirality projector I';; =TIy .. .I'g, where I'’s are the 10-dimensional
gamma matrices. The chirality projection for a bispinor H, constituted from a Ramond left spinor
and a Ramond right spinor takes the form

I H=+H. (2.18)

The chiral theory is denoted as IIB String Theory for which one would take the minus sign in @,
while the non-chiral version is known as IIA String Theory for which one would take the plus sign
in (2.18). The "II" designation signifies that for these theories, there are two supersymmetries. We
will delve deeper into supersymmetries in the next section. There are other String Theories that
exist with only one supersymmetry. The two so-called Heterotic String Theories, and Type I String
Theory. The latter corresponds in fact to truncation to either IIA or IIB theory.

Depending on whether we are within IIA or IIB Superstring Theory, the R-R field content
changes. For IIA Superstring Theory, there are additional potential one-form and potential three-
form fields. For IIB Superstring Theory, there are additional 0-form potential, 2-form potential,
and 4 potential fields which field strength is self-dual. Note that all those p-forms come with their
dual partners. The massless bosonic sector of type II Superstring Theory is summarized in Table

21l

Before closing this section, note that all String Theories are nowadays thought to be connected
via dimensional reduction or duality to a theory that unifies all String Theories: M-Theory. The
latter is a theory living in 11d, for which we do not yet have an explicit formulation, but its low-
energy limit is 11d Supergravity. The connections between String Theories and M-theory are sum-
marized in Figure 2.10]
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T-Duality on T-Duality on
Sl y R10 \ I R10 1 1d
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Heterotic Heterotic
Type | Type lIA Type IIB
o i YP SO@32) Eg¢ X Eg 1 Od
T-Duality on T-Duality on
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9d

S-Duality

Figure 2.10: Duality transformations relating string theories all toghether and M-Theory . T-
duality transforms the radius R — ¢2/R with R the radius of the compactified circle the length
of the compactified interval I'. S-duality, on the other hand, inverts the dimensionless string
coupling constant gs — 1/g;s (analog to electric-magnetic duality, or strong-weak coupling duality
in four-dimensional gauge theories).

Bosonic sectors

Sector | Typell A | TypellB

NSNS | ¢,Be),8ij | ¢.Bw) 8
RR | Cu),Cpa) | C),C),Caay

Table 2.1: Sum up of the bosonic field content of Type II A and B Supersting Theories, B;; is the
Kalb-Ramond 2-form, g;; the graviton, et C(,,) are n-forms.

B.2 Supersymmetry

We continue this introduction by providing a brief overview of a very important concept in theo-
retical physics: Supersymmetry. When the Standard Model of particle physics was established in
its final form, theoretical physicists began exploring ways to extend it. In particular, Coleman and
Mandula investigated the extent to which the Poincaré group could be enlarged before the
scattering amplitudes became trivial. Their result takes the form of a theorem that is summarized
in the Table below.
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Coleman and Mandula therorem (1967)

Let G be a connected symmetry group of the S-matrix, that encodes the scat-
tering amplitudes, such that

* § contains a subgroup that is locally isomorphic to P(3, 1), the Poincaré
group.

* For given m > 0 there exists only a finite number of one-particle states
with mass less than m.

¢ Elastic scattering amplitudes are analytic functions of the Mandelstam
variables in some neighbourhood of the physical region.

* The S-matrix is non-trivial, i.e. generically two one-particle momentum
eigenstates scatter (except at isolated values of the Mandelstam vari-
ables).

e The generators of G in momentum space have distributions for their
kernels.

Then G is locally isomorphic to the direct product of a compact Lie group Int
and the Poincaré group
G ~P(3,1)®Int (2.19)

Similarly, the Lie algebra g of G is the direct sum of the compact Lie algera int
of Int and the Poincaré algebra

g=~p(3,1) @int (2.20)

Stated in this manner, the key-content of the theorem is that from a Poincaré algebra point of
view, all “internal” generators are forced to be scalars. There are however a number of loopholes,
which we note in passing that String Theories realize all of them.

Loopholes in Coleman-Mandula theorem

1. We could work in d = 1 + 1 where the theorem does not hold.

2. Non local theories with extended objects do not enter the scope of the
theorem.

3. Conformal Symmetry can be added in the case of a massless theory.

4. The generators are assumed to obey a Lie bracket, i.e. form a bosonic
algebra. If one considers fermionic generators, then the Coleman-
Mandula theorem does not hold.

This latter point is our focus in this section. It supposes the existence of generators of a symmetry,
which are not commuting but anti-commuting. This is characteristic of fermionic symmetry, that
exchanges bosonic and femionic degrees of freedom. If we call them Q, then we schematically
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have in the theory
|F) = Q[B) (2.21)

where |F) is a fermionic degree of freedom and |B) is a bosonic degree of freedom. Therefore, in
a supersymmetric theory, couplings among fermions and bosons are not independent anymore,
and the generators Q increase or decrease the helicity by 1/2. As a consequence, the matter will
be organized into so-called supermultiplets of fields with different helicities.

Depending on the number of supersymmetric generators and the dimension of the theory,
the content of supermultiplets will vary. For a comprehensive review of supersymmetry and the
structure of multiplets in various dimensions, see [46}47].

Let us give a very simple example of a supersymmetric theory. Consider the Lagrangian

1 1 R -
& =53 = o i — S (Y — ¢§), (2.22)
which describes the Supersymmetric Harmonic Oscillator, where x describes the usual bosonic
harmonic oscillator and ¢ is a fermionic oscillators, i.e. with anti-commutation relations. Let

€ and € be two fermionic variation parameters. Then this Lagrangian is invariant up to a total
derivative according to

dex =€, Jex = €Y,
b =iex+e€x, bep =0, (2.23)
6P =0, dep = —i€X + Ex.

Using Noether’s theorem, we can now compute the conserved charges which will be the super-
symmetric generators, and we obtain

Qe = (x—ix)p,
{ o= (=)0, (2.24)

Using this supersymmetry, we can now describe the full spectrum in term only of the bosonic
degrees of freedom. Let us define the momentum associated to x

0L
p= S =x (2.25)

We can now introduce ladder operators for bosons and fermions

_x+ip +_ x—ip - o
a= \/E ’ a = \ﬁ ’ f—l/J, f —lP (226)

which verify the (anti)-commutation relations

oa] =1, {ff}=1 Affy=A{ff}=0 (2.27)
Using those variables we can show that the Hamiltonian of the system can be written as

H =ata+fTf. (2.28)
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We can also re-express the supercharges as

QexQ=a"f, QexQ'=af". (2.29)

The algebra satisfied by the Qs is

{QQ"y =2, {QQ}={Q"Q"}=0. (2.30)

The Hilbert space is now described by the product of two Fock spaces H = Hp ® Hr whose
states are |ng, np) = \/11173! (at)ms(f1)"|0,0), with here nr = 0 or 1 because of the anticommutation
relations of f1 (2.27). In this description |np,0) is a boson and |15, 1) is a fermion. By acting with

Qand Q' onan arbitrary state |np, np) we can relate bosonic and fermionic states

Qlng, np) = a' flng,np) = \/ng + 18, 1|np +1,np — 1), (2.31)
Qtnp,np) = aftng, np) = V1Bduolng —1,np+1). (2.32)

Hence we have the relation between fermionic and bosonic states
Q
|7’ZB,O> <:+) |7lB - 1/1> : (233)
Q

We can summarise the most important points of this model in a few comments. Firstly, the system
has a non-degenerate (bosonic) ground state |0,0). Secondly, all the excited states come in pairs,
one of which is a boson and the other is a fermion. We can see this from by applying the
Hamiltonian operator on both state

L%ﬂ|n3,1’lp> = (TlB +np)|n3,np> (2.34)

H|ng —1,np+1) = (np+ng)np—1,np+1) (2.35)

which therefore have the same energy. Finally, the supercharges Q and Qt map into each other
bosonic and fermionic degrees of freedom which have the same energy. They form a supermulti-
plet

{|nB,np),|nB—1,nF—|—1)}( - (2.36)
ngp—rng

chacterized by a single quantum number : the energy. From the Lagrangian perspective, those su-
percharges stem supersymmetry (2.21), which also mixes fermionic on bosonic degrees of freedom
and vice versa.

In the case of a QFT, the story is similar. Supercharges will come in pairs QL and Ql, I =1,..., N,
with N the number of supersymmetries, and «a being indices of the spinor representation of the
Poincaré group. One supercharge increasing helicity by 1/2 and the other lowering it by 1/2. N is
the number of supersymmetry. The Poincaré algebra is going to be supplemented by a graduated
algebra similar to (2.30), i.e. with commuting and anticommuting relations, and the fields are be
organized into supermultiplets.

The number of supersymmetries in a theory cannot be an arbitrary large number. If we re-
strict ourselves to theory with helicity lesser or equal to 2 in 4d, then the maximum number of
supersymmetries is A/ = 8 (it takes 8 iterations to go from 2 to —2 by steps of 1/2). Then we
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have 8 x 2 x 2 = 32 maximum number of components of supercharges. The first 2 is coming from
a = 1,2 and the second because there are Q and Q. If one starts from a theory in d dimensions and
count the number of supercharges, one finds that 11d is the maximal dimension with N' = 1 in
order to have at most 32 supercharges, and with the minimal number of supersymmetry N = 1.
After dimensional reduction to 4d this would give A/ = 8. This explains why Supergravities have
been constructed up to 11d.

Note that in 4d with N/ = 8 supersymmetries, we are forced to introduce a spin 3/2 field.
We can wonder what is the appropriate theory to describe this new field. The story is similar to
what happens with spin 1 fields, which can be consistently described by gauge theories. The latter
amounts to promote a rigid symmetry to a local symmetry, and the spin 1 field plays the role of
the connection, and make sure that the different quantities in the theory transform convariantly
under the local symmetry. For example, the derivative is promoted to a covariant derivative

Iy — Dy =y — gAy (2.37)

with A, the spin 1 field and g will play the role of the coupling constant in the gauge theory. A
simlilar process happens for the spin 3/2 field. The appropriate theories to describe it are Super-
gravities, in which global supersymmetries are promoted to local supersymmetries, and the spin
3/2 fields, also called gravitini fields will play the role of the connection for this local symmetry.
The study of Supergravities in the subject of the next section.

B.3 Supergravities

As explained in the previous paragraph, Supergravities are the appropriate theories to study spin
3/2 fields, by promoting the rigid supersymmtry into a local one. It turns out that when doing so,
we are forced to introduce a spin 2 field, which corresponds to introducing gravity in the theory.
We will not delve into the construction of Supergravities, for which the reader can refer to [48}[49].
We will rather highlight the main features of Supergravities that we will need through the thesis.

In the section on String Theories2.B.1], we claimed that the low-energy limits of String Theories
give rise to Supergravities. It can indeed be shown that in 4 = 10, one can construct two inequiv-
alent Supergravities with A/ = 2, which correspond to the massless sectors of IIA and IIB String
Theories. Moreover, it can be demonstrated that there is a unique way to construct a Supergravity
ind =11 with N = 1 [50].

Supergravities can be constructed in dimensions with 2 > d > 11, but all ungauged max-
imal Supergravities, can be obtained from 114 and 104 IIB Supergravities, except for some 6-
dimensional Supergravities. Note that 104 IIA Supergravity can be obtained from 11d Supergrav-
ity by compactifying on S! . However IIB Supergravity is peculiar in that sense : it cannot
be obtained from dimensional reduction of 11d Supergravity.

We will use the remainder of this section to recap the field content and dynamics of 114 and
type IIB Supergravities. We will not provide a detailed construction of Supergravities, for which
we refer to [48}[49]. We give further details on basics of Supergravity compactification and gauging

procedure in section2.C.2].
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a 11d N' = 1 Supergravity

11d Supergravity is an N’ = 1 theory, in which all fields are regrouped in a single supermultiplet
55]]. This theory is thought to be the low energy limit of M-theory [56]]. The 11d Supergravity
theory consists of

{ Gun, Y™, Cunp } p (2.38)
with Gy the 11d metric, ¥M the gravitino field and Cyyp a three-form potential. Its Lagrangian

is

1_ - E
Z11q = ER - §E¢KFKMND(W)MTN — — PMMMsMap o v,

48
+ 2z M Coty Mo My Fvty Ms MMy Fig Mo Mig My (2.39)
+ 1372 E (q;PI-vKLMNPqu o+ 12\?KFLM\PN) FeL i,
withM, N, ... =1, ...,11, E the determinant of the vielbein, R the 11d Ricci scalar, Fxpmyn = 49xCrpng,

I' with multiple indices products of antisymmetric I' matrices of s0(1,10), D(w) the covariant
derivative involving the spin connection w, and € the Levi-Civita symbol. The symmetries of this
Lagrangian can be found in [55].

This theory can be compactified to maximal Supergravities in lower dimensions via a so-called
Freund-Rubin compactification procedure on AdS; x S* ans AdS; x S7. This process gives
an ansatz to find a solution of 11 dimensional equations of motion descending from (2.39), which
describes a background around which one can study the compactification of 11d to 4d or 7d. For
the 44 case, this process leads to a theory whose massless gravity supermultiplet aligns with max-
imal A/ = 8 4d Supergravity [57], on top of which Kaluza-Klein towers are added up. The whole
spectrum is organised into representations of the Osp(4/|8) group. We will further develop this
compactification scenario in section[3.B.2 where we give the full spectrum. This extension of d = 4
Einstein gravity stands out notably for its exceptional degree of symmetry and the finiteness ex-
hibited by its higher loop amplitudes [58162].

b 10d N' = 2 IIB Supergravity

IIB Supergravity is a 10d theory with N =2, first constructed in [63H65] and whose field content
is

{Gmn, 9%, Cun *, Cunpg ) (2.40)

with Gy the 104 metric, ¢* a doublet of SL(2, R) of scalar fields with « = 1,2, Cj;y * a doublet
of 2-forms and Cynpq a self-dual 4-form potential. The SL(2,R) symmetry under which scalars
and 2-forms are doublets is the same. There are several formulations of type IIB Supergravity. In
this formulation, the self-duality equation of the 5-form field strength must be imposed separetely

_ N1 Ny N3Ny N;
PM]...M5 - §€M1M2M3M4M5N1N2N3N4N5F 1723 TS (241)
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1 1
s = ER+ ;LEaMmaﬁaMmﬂﬁ — 5 «pMIMEMs By

(2.42)
1

- 7€txﬁeM1lio CM]M2M3M4 FM5M6M7 “PMgMgM]O ﬁ

+ fermions,

with E the square root of the determinant of the metric; R the 104 Ricci scalar, m1,, p is a2 x 2 matrix
inSL(2,R)/SO(2) that is parametrized by the two scalars, and the F are the various field strengths
of the gauge potentials. Again we refer to for further details on the symmetries.

This IIB Supergravity can be reduced to maximal Supergravity in 5d via a compactification
on AdSs x S°. The massless graviton supermultiplet aligns with maximal 54 Supergravity with
gauge group SO(6). On top of this supermultiplet, there is an infinite number of massive 1/2 BPS
multiplets. The spectrum of the full compactified theory is given in Table[2.5].

C Kaluza-Klein reductions

OON after Einstein formulated his theory of gravity, it was proposed by the mathematician
Theodor Kaluza and later the physicist Oscar Klein to add extra dimensions in an
attempt to unify gravity with the electromagnetism force. After all, unifying theories is a funda-
mental principle for physicists : from Maxwell that unified electric and magnetic effects [66], to
Einstein that unified space and time [I], unification has always been a guiding principle in theo-
retical physics. Latter with the emergence of String Theories in 104 and Supergravities in up to
11d as candidate for a theory of Quantum Gravity, it became a necessity to find a way to reduce
this number of dimensions. There has been since a novel interest in ideas of Kaluza and Klein.

The basic idea is quite straightforward : take the total manifold M on which the higher-
dimensional theory is defined and factorize it into an external and internal compact part. Then
make the radius or characteristic length of the internal part much smaller than the one of the exter-
nal part. The extra dimensions will effectively disappear from the theory, but with still effects on
the lower dimensional theory. Let us illustrate this with the toy model of a scalar field ¢ living in
d + 1 dimensions. We will call {x'} the d first dimensions, time included, and y the last coordinate.
This scalar field obey the free Klein-Gordon equation, and if it is massless we have

O¢(%,y) = 0. (2.43)

We now want to compactify one dimension, and therefore we are not left with many choices for
the internal manifold and will compactify on S!. Therefore the y coordinate becomes periodic, and
we can Fourier expand the y dependance of the field ¢

P(Zy) = ) ¢n(¥)exp(2imny/L), (2.44)
nelN

with L the radius of the circle. The d’Alembertian operator will split into two parts [0 — Oy + 85

27




CHAPTER 2. INTRODUCTION

N
| v, : \‘\\ kr\v—
-t V/ // /' |
A\ / “
Y /A )
A/ ;
{ // / /’ J»
< Vi yz \
( // / /"’ 1‘/'/
7 /// [ s
> / // ,// \,
K/, /4
U/ /// ’} > N\
\
/y// ///
b /4 Il
/ RS
7 /

/
¥

/
I/

Figure 2.11: Schematics representation of the Kaluza-Klein reduction of a scalar field on S! with
different modes which trajectories wrap the cylinder. The blue curve would represent the path of
the 0 mode ; the orange and green curve would represent the path of two non zero modes of the
Kaluza-Klein tower with increasing wrapping number. The higher in the tower the mode is, the
mode it wraps around the cylinder.

and the Klein-Gordon equation (2.43) reduces to

Yy (Dx%(a‘c’) — (27;1 )2%(3?)) e2my/L — (2.45)

nelN

There are already a number of things we can say from this very simple model, that will be resur-
gent of all compactifications. First of all, we see the emergence of a infinite amount of modes
from what used to be a single field. All those modes constitute what we will call a Kaluza-Klein
tower and is a distinguished feature that arises in all Kaluza-Klein reductions. In this example,
they describe to what extent the trajectories of free massless fields wrap around the circle while
propagating in the d + 1 spacetime, as illustrated in Figure[2.11]. If a mode with a large n is excited,
this means from the d + 1-dimensional theory that the trajectory of scalar fields winds a lot around
the circle. What we also see is that those modes, from the d-dimensional point of view, acquire
a non zero mass, and this mass becomes bigger as the circle gets smaller. Therefore, if the circle
shrinks sufficiently enough compared to a characteristic size of the external space, than we have
an effective theory in d dimensions that is just again a free scalar field, corresponding to the zero
mode in the expansion (2.44). All the masses of the other modes are too big and the corresponding
fields cannot be excited at low energy.

C.1 Pure higher dimensional gravity

We already saw quite interesting features in the toy model of the d 4 1 dimensional scalar field.
Let us now study another theory in d 4 1 dimensions and compactify it : Einstein gravity.

The only field we have is the d + 1-dimensional metric Gy, which depends on ¥, the external
coordinates, and y, the only internal coordinate. As before, we represent the total manifold as
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the product of an external manifold and a circle S!. However, this time we have a field with spin
s > 0, and therefore we have to consider its index structure. How do we handle it? The answer is
as follow: we will decompose the metric into different components, which will give rise to fields
with different spins in the lower-dimensional theory

ds® = Gpdxtdx” + 2G,ydxtdy + Gyydy? = gy daidx’ + PP (dy + A,dx)?. (2.46)

with « and f a priori free parameters. However, we will fix § = —(d — 2)a in order to have a stan-
dard Einstein-Hilbert term in the d-dimensional theory, and a=2 = 2(d — 1)(d — 2) so the kinetic
term we will obtain for ¢ is canonically normalized. Here y, v indices are the d-dimensional space-
time indices. We observe that the (d + 1)-dimensional metric appears to give rise to a scalar field,
a vector, and a d-dimensional metric. We use the term "appears" because we do not yet know how
these objects transform under diffeomorphisms, nor if they satisfy the appropriate equations of
motion. So, we substitute (2.46) into the (d + 1)-dimensional Einstein-Hilbert Lagrangian. Then,
we conduct an analysis similar to the one we conducted for the scalar fields in the previous section:
we expand fields into harmonics of the internal space and split internal and external coordinates.
Here, we take a step further: in the previous example, we observed that non-zero modes, i.e.,
modes that retained a dependence on the internal coordinate, would acquire a mass. In this exam-
ple, since we are interested in the low-energy limit, we discard all massive modes and only retain
the zero modes of the Kaluza-Klein towers. This is equivalent to retaining only the ¥ dependence
of the fields in (2:46), i.e.

d9y® =0, (2.47)

for any field ® in the theory. By doing this, we can integrate out the y part of the Lagrangian and
determine the d-dimensional effective theory we obtain. The result is as follows

Spiq = / dxf / dyRgy — Sa= / dx (Rd—iez"‘(d’l)‘i’FWFW— %aycpa#cp). (2.48)

where we have set L = 1. The effective theory we obtain consists of d-dimensional Einstein grav-
ity, a Maxwell theory with field strength F,,;,, and a scalar field. This is a remarkable result: starting
from a (d + 1)-dimensional theory, we can (almost) unify gravitational and electromagnetic inter-
actions in such a simple manner. From a d-dimensional perspective, the Maxwell theory describes
a photon. However, from the (d + 1)-dimensional viewpoint, the vector field represents the ge-
ometry of the internal circle. Therefore, a photon can be seen as a sort of gravitational waves
propagating along the internal space. Additionally, the scalar field, known as a dilaton, describes
the overall volume of the internal circle

vol(S') = ef?. (2.49)
The larger ¢ is, the larger the radius of the circle becomes.

From this simple example, we can make several comments. Firstly, we can implement gauge
interactions in the lower-dimensional theory from a geometrical standpoint. Depending on the
internal space, if we start with more internal coordinates, providing more room, we could im-
plement different gauge theories in the lower-dimensional theory. The isometries of the internal
space correspond to the gauge group of the lower-dimensional theory. In our example, the isome-
tries of the circle are given by U(1), leading to U(1) gauge theory, which corresponds to Maxwell’s
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theory of electromagnetism.

Secondly, we can see that ¢ controls the volume of the internal space. It can be seen from (2.46).
Because the coordinate iy on S! is periodical, y + L = y, then the prefactor of dy? is the radius of the
circle, i.e. ¢P?. As ¢ is a dynamical field, then we cannot simply make the internal space as small
as we desire by hand, as we would like to achieve for a satisfactory compactification. Is there a
dynamical way to make the internal space small and realize what is called scale separation? This is
actually a non-trivial question, one of the many addressed by the so-called "Swampland program"
[67-69].

Despite the simplicity and the elegance of the previous result, this model is unsatisfactory for a
number of reasons. First of all, we see the emergence of a scalar field. This is a little unsatisfactory
in the sense that in the SM there exists only one massive scalar field : the Higgs boson. Here there
is also a single scalar fields, but when if instead of compactifying on a circle S!, we compactified
on an n torus T", we would have obtained more scalars fields describing internal geometry. The
emergence of a number of scalar fields in dimensional compactifications is a feature that shows
up all the time, and one has to deal with it. We cannot just throw away them and set them to zero,
because this leads to inconsistencies as we will see later. A second point is the fact that here, none
of the massless fields, i.e. the fields that consitute the d-dimensioncal Lagrangian in (2.48), are
charged under the U(1) gauge theory. This again is a common feature of toroidal compactifica-
tions. This can however be overcome using a gauging procedure. Note that if we decided to keep
extra massive modes, then the latter would have been charged under the U(1) gauge symmetry.
However, as we saw before, ¢ not only controls the internal volume, but is also the coupling con-
stant of Electromagnetism as we can see from the Lagrangian. Therefore in that case, we would
need to find a way to stabilize it. One way to do it would be to add a potential for the scalar fields
so they are stuck in a minimum of the potential. This can be done using only classical ingredients,
such as fluxes, as we will see in the example of the Freund-Rubin compactification in section2.C.4].

The last thing we want to emphasise in this model is about symmetry. From the (d + 1)-
dimensional perspective, the symmetries are the diffeomorphisms with parameter & (%, y). These
diffeomorphisms will split in the low dimensional theory to &M (%,y) — {¢" (% y),&(%,y)}. By
dropping the y-dependence here as we did for all the fields, we end up with d-dimensional diffeo-
morphisms generated by ¢* (%) and U(1) gauge symmetry as expected generated by &(¥). Note
however that there is an additional global symmetry, because in order to preserve the Kaluza-Klein
ansatz (2.47), we can still keep a y linear dependence in & such that

E(Fy)=2(X) +cy, (2.50)

with ¢ a constant parameter. One can show that this symmetry leaves the equations of motion in-
variant. Therefore, there is an additional R = GL(1) global symmetry. If instead of compactifying
from d + 1 to d dimensions, we would have gone from d + n to d with a compactification on a
torus T", the previous equation becomes

gt y™) = ¢ () + ATy, (2.51)

whose last part induces an apparent GL(#) symmetry. Note however that the trace A™ , induces
a non-trivial transformation on the graviton field, which is not a symmetry of the Lagrangian.
Therefore only induces an SL(n) symmetry, for n > 2. Note that there the story is slightly
different in 3d and 2d where this SL(#) symmetry is enhanced [70} 71]. We will come back on this
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point in the next paragraph. Finally, that there is an additional symmetry entering the analysis:
the trombone symmetry. This symmetry for a theory in D dimensions rescales the Lagrangian as

5.4 =(D-2)8.2, (2.52)

with ¢ the parameter inducing the trombone symmetry. Combining the trombone symmetry of
the higher-dimensional gravity theory and the trace part of (2.51), we can construct an additional
GL(1) symmetry, and with the previous SL(#), this makes a GL(#) symmetry.

C.2 Supergravity toroidal compactifications

In this section, we highlight the results of toroidal compactifications of type IIB 104 and 11d Su-
pergravities, respectively to 5d and 4d. When compactifying Supergravities on tori, the resulting
theory contains a number of scalar fields and gauge fields, as illustrated in the previous section
with the compactification of pure gravity. Here, we will encounter a richer structure and more
fields due to the presence of extra form fields in both theories.

Starting from 10 or 11-dimensional Supergravities, we proceed similarly to what we did in
the case of Einstein gravity, and compactify on a torus T". We then use the Kaluza-Klein ansatz
and discard all internal dependance. The resulting low-dimensional theories will be called
ungauged Supergravities because, similar to the case of Einstein gravity compactification, none
of the fields will be charged under the gauge fields. Moreover, the gauge fields we obtain in the
low-dimensional theories will all be gauge fields of a U(1)" theory. This setup closely resembles
the case of pure gravity compactification. The difference lies mainly in the global symmetry and
matter content. In the case of the pure gravity, the compactification on T" led to a global GL(n)
symmetry. However, in the case Supergravities, this symmetry is enhanced. If we are dealing
with maximal Supergravities, this gives a group of the exceptional family. Let us illustrate how
this goes.

Because of the presence of matter fields, extra symmetries, known has hidden symmetries,
enter the lower-dimensional theory 73]]. For example, we saw the presence of p-forms in
10d and 11d Supergravities. The gauge symmetries of those p-form will add global symmetries
to the lower-dimensional symmetry in a similar fashion than (2.51). For example, if the theory of
interest comprises a 2-form potential By, the latter transform under diffeomorphisms generated
the vector ¢#, plus gauge transformation generated by the vector A*

8By = EP0pByuy + 948 Bpy + 0,3 Byyp + 20, A, - (2.53)

Then one truncates the y dependance of A which at the end enlarges the total symmetry group.
One can show that the GL(n) group is enhanced, in general, to an O(n, n) group upon duallizing
low dimensional fields. The latter is the universal symmetry arising from compactifications of
Supergravities on tori. In some cases, this symmetry can be enhanced. For example, half-maximal
Supergravities coupled to m vector multiplets, gives rise to O(n,n + m). In the case of maximal
Supergravity, this O(n,n) group is further enhanced to an E,,) group for 11d Supergravity and
E,11(n41) for Type IIB Supergravity (2:2). Double Field Theory and Exceptional Field
Theory are the framework that make those duality manifest in the higher dimensional
theories, before compactification.

As seen in the previous section, the GL(n) global symmetry arises from higher-dimensional
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Figure 2.12: Decomposition of sl(d — 1) under s[(d — 2) x gl(1). The subscripts denote the R™
charges which establish the vertical grading. At level 0 one finds the algebra of sl(d — 2) x gl(1)
while level 1 and -1 contain an sl(d — 2) vector and a dual vector, respectively [70].

diffeomorphisms. Therefore, only a part of the exceptional symmetry is explained by those dif-
feomorphisms. In particular, part of the "extra" symmetries that enhance the GL(n) family to E,
become manifest only after dualization of some of the lower-dimensional fields. Hence, these ad-
ditional symmetries are often referred to as "hidden" symmetries. We illustrate this mechanism
with the example of Einstein gravity compactified from 4 + 1 dimensions to 3 dimensions on a
torus. From the previous discussion, we expect to have an GL(d +1 — 3) = GL(d — 2) global
symmetry group. However, in 3d on can dualize the vector fields to scalars by

P&+ E=D)opg,, FHY — ehP), g, (2.54)

with m,n, ... = 1,...,d — 2, M an unimodular matrix which encodes the scalars of the lower-
dimensional theory, which parametrizes the coset R x SL(d — 2)/SO(d — 2), p the dilaton field,
e the determinant of the vielbein, Fjj, = 28[#Aﬁ and e the Levi-Civita tensor. The equations of
motions for the vector fields dual to the scalars ¢, are

3, (01 =2 M, PV = 0. (2.55)

We see from (2.54) that the scalars ¢" are defined up to a global shifts ¢, — ¢, + 0, . Therefore
we see that when formulating the theory with scalars and metric only, upon dualizing the vectors,
that there are additional symmetries entering the theory and the global symmetry group we obtain
is GL(d — 2) x R?~2. However, this symmetry is actually enhanced and the total symmetry group
is SL(d — 1). The branching of SL(d — 1) into SL(d — 2) x GL(1) is represented in Figure 2.12].
The generators denoted as (d — 2)_; are the "hidden" generators enhancing the symmetry, often
referred as generating "hidden" symmetries. They act on the dilaton scalar ¢, the ¢, scalars and
the scalars parametrizing the coset SL(d —2)/SO(d — 2) non-linearly. At the end, all the scalars
can be arranged into the coset SL(d — 1) /SO(d — 1). The reader can refer to for further
details.

In the case of Supergravities, a similar mechanism is at work, with additional matter fields,
higher rank forms, to dualize. These enhanced symmetries, the exceptional symmetries, organize
the field content. In the case of type IIB and 11d Supergravities compactified to 54, the 42 scalar
fields of the theory are organized into a scalar manifold given by the coset E¢ )/ USp(8). Similarly,
for compactification to 4d, where the 70 scalar fields reside on the scalar manifold E;(;) /SU(8)
[57]. The vector fields reside in the fundamental representation of the exceptional group. The
decompostion of the exceptional algebra according to the appropriate sl algebra (before symmetry
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Exceptional group serie

d | G | K

9| GL2) | SO

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

6| SO(55 | SO(5) xSO(5)
5 ‘ Eq(6) ‘ USP( )
4] B | SU®)

3 | Eg(s) | sO(16)
2] By | K(Es)

Table 2.2: Exceptional family showing up as global symmetry of the equations of motion in
toroidal compactifications of Supergravities [90].

enhancement) is shown in Figure [55].

C.3 Gauging procedure

The resulting theories obtained via toroidal compactificaitons in the previous sections, are un-
gauged low-dimensional theories, which can be gauged. This procedure is akin to what is done
in usual gauge theories: select some of the vectors available and couple the matter fields to the
gauge fields. However, the number of possibilities for gauging is not infinite; the maximal num-
ber of gauge fields is fixed, and the gauge group Gy must be a subgroup of the global symmetry
group. Furthermore, the consistency of the procedure imposes several constraints.

We briefly summarize the important features of the gauging procedure via the embedding
tensor formalism. For more details on the embedding tensor formalism in Supergravity, we refer
to [90]. This formalism is used to construct gauged Supergravities starting from ungauged ones,
where the gauge couplings are controlled by an object called the embedding tensor. In a standard
gauge theory, we introduce the covariant derivatives

91 — 2,1 =0,1—gA,'T}, (2.56)

where TR are the generators of the gauge group in the appropriate representation. In the case of
Supergravities, the vector fields are organized by some representations of the global symmetry
group. Hence the number of vector fields is fixed. When gauging the theory, the total number of
vector fields available may be higher than the number of gauge fields required to couple to a given
gauge group Go. To determine which fields among the available ones are needed for the coupling,
one can introduce the embedding tensor, which selects the vector fields as needed

ol — 2,1 = 0,1 — gA, MXp, (2.57)
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Figure 2.13: On the left, the branching of ¢ into s[(6). On the right, the branching of ¢; into s((7).
The subscript again denote the charge under gl(1). The 1, and 7., generators are shift symme-
tries coming from dualization of higher rank forms. The 1,, and 7., are the shift symmetries
of the scalars as explained in the text. The generators with negative charges are the "accidental”
symmetries responsible for the enhancement to the exceptional group, which are dual to the shift

symmetries [70].

with
Xpm=0)0"T,. (2.58)

with g the coupling constant, T, € G, where G is the total rigid symmetry group of the Super-
gravity, and X1 € Gy the generators of the gauge group Gy C G. Strictly speaking the embedding
tensor is the ® tensor, but by abuse of language we will also denote XN L )Y TN P as the
embedding tensor. The @y *T, n  in the previous formula are the generators of the generators
of the group G expressed in the fundamental representation. This embedding tensor is subject to
two constraints : one quadratic constraint that ensures the closure of the algebra

[Xum, Xn] = —Xun P Xp, (2.59)

which can be derived by demanding that the embedding tensor itself is invariant under the action
of the gauge group. Explicitely, this leads to a quadratic constraints in @

0=46pOy*=0p ‘BT[;M N@]\]a + Op ﬁf‘gfy“@M’Y, (2.60)

where fg, * are structure constants of the global symmetry group. By contracting the previous
condition with generators T one recovers (2.59). There is an additional constraint, linear in ©, that
is recquired by supersymmetry. The embedding tensor © lives in the product of a fundamental
representation of G and its adjoint. In general, this leads to a reducible representation, and the lin-
ear constraint project the latter to a particular representation in the decomposition of the product,
which schematically gives

Fundamental ® Adjoint =R, & ... Ry, (2.61)

The linear constraints select a subset of {R;} on which the embedding tensor lives.
Let us now come back to the compactification of IIB and 11d Supergravities. We can compactify
type IIB Supergravity on a torus to five dimensions. The resulting theory has total geometry
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M = RY x T°, and it contains 42 scalar fields described by the coset space Eg()/USp(8) and
27 vector fields describing U(1) gauge theories. This is a maximal theory, in the sense that there
are N = 8 supersymmetries. For 11d Supergravity, a similar procedure but compactifying on 77,
leads to a theory living on R x T” with 70 scalar fields living on Ey(7)/SU(8) and 56 vector fields
describing again an abelian gauge theory. Here again the theory is maximal with A' = 8. Via the
gauging procedure, we can enhance Gy C E, ;) to gauge group of the theory. By doing so, we can
obtain the maximal N' = 8 d = 5 Supergravity with gauge group SO(6) from IIB Supergravity, and
the maximal V' = 8 d = 4 Supergravity with gauge group SO(8) from 11d Supergravity [91} 92].
The results for ungauged compactification and gauging procedures are schematically represented
in Figure 2.14). From the higher dimensional theory, this corresponds to deforming the geometry
of the internal space. However, we cannot deform freely the internal space. As soon as we deform
it, or as soon as we gauge the theory, a potential appears for the scalar fields. So can we wonder
what are the allowed internal spaces, or at least can we find some compactifications which internal
space are not tori? If so, are there other dimensional reductions leading to maximally symmetric
theories? This is the object of the next section.

C.4 Spontaneous compactifications and Freud-Rubin ansatz

Suppose we have a (d + n)-dimensional theory living on M, that we would like to compactify
to a d-dimensional one. We split the set of full coordinates into two sets: internal coordinates y"*
withm € {1,...,n}, and external coordinates x* with u € {1,...,d}. We are interested in finding
a solution of our theory where M, factors as a direct product of an internal M, and an external
My

Miiy = Mg x M. (2.62)

We will also require that M is a maximally symmetric space with Lorentz signature (— + - - - +).
This means that this space should be invariant under SO(1,d — 1) if it is flat Minkowski, or
SO(1,d) if it has constant positive curvature (de Sitter), or SO(2,d — 1) if it has negative con-
stant curvate (Anti de Sitter), see Figure 2.15. We will further assume that our theory contains a
"magnetic” (n — 1)-form potential C (n—1) whose field strength we will denote F(;,). This procedure
we are about to demonstrate, naturally shows up in the context of Supergravity compactifications
where numerous p-form are presents. Suppose that the Lagrangian takes the form, where we
ignore the fermionic fields:

11
[ VG (Raen = 3 Fan Y0 ) 263

where here M, N, ... are indices running from 1 to d + n. The Einstein equations of motion read

n—1 1

RMN= = —
MN = "2(d+n+2) n!

1
F? — T Fy M1-Ma-1 2.64
SMN + 20— 1)1 MMM BN (2.64)
Now because of our assumptions, the total metric factorizes as

dsfi = ds§ +ds? = guvdxtdx” + pgpndx™dx", (2.65)

where gy, is a metric on My and g, @ metric on M. The p factor is a scalar field that controls
the volume on M, such that [ M, V8 = 1. In 1980, Freund and Rubin proposed an ansatz for
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5d ungauged Supergravity 5d gauged Supergravity
- abelian U(1)?’ - gauge group Gy C Eg
- global Egg - scalar potential
- scalar manifold E6(6) - scalar manifold 6(6)
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4d ungauged Supergravity 4d gauged Supergravity
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Figure 2.14: Schematics illustration of compactifications of Supergravities and gauging procedure.
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Figure 2.15: Example of 2d Anti de Sitter space, embbeded in R® (left). Its topology is RxS!. 2d
AdS spaces can also be represented by Poincaré disks (right).

the form F;,), that leads to a solution of the equations of motion, around which we can study the
compactification of the theory. This is the following

Fy = Qe (2.66)

with Q an a priori free parameter and € the volume form of the external space. The Q parameter
represents the amount of flux that is filling the internal manifold and one can show that it is in fact
quantized. Injecting this ansatz in the Einstein equations leads to the following result for the Ricci
tensor

B n—1 Q2
R = = 3@ —2) pr &
d—1 Q?
_ K 2.67
R 2(d+n72)pngmn/ ( )
Rmy:()/

F2, =0, (2.68)
Fru =0,
with PI%,IN = Fuwm,... MnflP]]\\]/I 1-Mi-1 - Geveral comments should be made at this point. Using the

Freund-Rubin (FR) ansatz, we observe that there is no flux pointing toward the external dimen-
sions, but only internal fluxes. These internal fluxes counteract the gravitational force, which
tends to shrink the internal space due to gravitational collapse. The internal fluxes resist contrac-
tion, akin to how one experiences a repulsive force when attempting to bring magnetic field lines
closer together. It is this competition between these two forces that leads to equilibrium.

From (2.67) we see that both the internal and external spaces are Einstein spaces. For the
external space, due to the negative sign, we observe negative curvature. Since we have already
required this space to be maximally symmetric, we can conclude that the external space is AdS.
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Finally, the internal space has positive curvature. Therefore, the total space is
My, = AdS; x &y, (2.69)

where ¥, is a positively curved space, for example a sphere. With the example of 11d Supergrav-
ity, this leads to the background solution AdS; x S if we require the internal space to also be
maximally symmetric.

Finally here again, similarly to what we observed for the compactification of pure gravity, we
see the emergence of characteristic features that are resurgents of dimensional reductions. Param-
eters of the low dimensional theory are not free, but rather fixed by equations of motion or are
linked to other parameters. This is the case for example for internal and external curvatures which
must have opposite signs, but also the volume of the internal space p. If we take a step back,
and promote p to a scalar field, we can build an effective Lagrangian for p in d dimensions. The
Lagrangian takes the form

2= [ vga(Ra+ 30000 - V(). 2.70)

with R; the scalar curvature of the d dimensional space. The potential V(p) controls the dynamics
of the field p. To find a solution, one must minimize it such that 9V = 0 at p = p*. Then V (p*) acts
as an effective cosmological constant. The higher dimensional origin of this potential is two fold:
one part is coming from the higher dimensional scalar curvature

Ritn=Ry+po 'Ry+..., (2.71)

with ellipses containing derivatives of p. The second part of the potential is coming from the F?
term. The total potential is

QZ
V(p) = —p"Ru+p"-, 2.72)
with dy + dy +
_ Y+n _ Y+n
a=—-1+ 5 b n+ >
and v = —n/(d — 2). The different coefficients are fixed when going from the higher dimensional

Lagrangian to the lower-dimensional Lagragian, by doing a Weyl rescaling to get the Einstein
frame for the effective action, as well as canonical normalization for the kinetic term of the p field.
Around the vacuum, the effective theory we get is

Sq = / dx? /=84 (Rd—p”(gn”V(p*O : (2.73)

This means that the volume of the internal space, which also controls the couplings of the scalar
fields to the geometry, is not free, but rather fixed by the equations of motion. This raises questions
like, what are the effective theories we can build from such a process? This again is related to the
Swampland program.

Before closing this section, we note that it is possible to redo the same analysis, in the case of
an "electric” flux. In that case, the form is taken to be F;) = Qe (4). This leads to a solution on an
AdS; x S" vacuum, with this time an "electric" flux pointing in the non-compact directions. One
can go from one picture to another by taking F(,) = xF(g).
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Finally we note that in the case of Type IIB Supergravity compactified to 5d, that one needs to
include both a magnetic flux filling the internal space and an external electric flux pointing in the
non-compact directions. This is because the five-form is self dual

F(5) = *F(5) . (2.74)

In particular this leads to the AdSs x S° compactification of type IIB Supergravity.

D Exceptional Field Theory : a Review

N the preceding sections, we have reviewed Supergravities in d = 11 and d = 10, as well as
their compactifications to maximal Supergravities in d = 4 and d = 5. We highlighted there
was a global symmetry arising from compactification. Based on this observation, we can rephrase
the 114 and type IIB Supergravities into what is called Exceptional Field Theories. The latter
renders manifest the E, ;) global symmetry group before compactification. This reformulation of
higher-dimensional Supergravities in terms of low dimensional objects will prove very useful in
compactifications.

In this section, we will not review how to construct EXFT for which we refer to 93H96].
Those are based on the idea of a generalized geometry that was first developped in [97,(98]. In this
section, we will rather recap what are the main features of Eq ) and E;(7)-ExFT which are suited
for 5d and 4d reductions respectively [99].

Eg(6)-EXFT and E;7)-ExFT are the duality covariant formulations of the 11d Supergravity and
1IB Supergravity. The bosonic field content of Eg()-ExFT is

{8ur tan, M, By pv=0,...,4, M=1,..27, (2.75)

whereas the bosonic field content of E;(7)-ExFT is

{8uvr v, FM, B, Bum} . pv=0,...,3, M=1,..56, (2.76)

with g,y the 5d (Eg(6)) or 4d (E7(7)) external metric, .#jn the so-called generalized metric parametriz-
ing the By (¢)/USp(8) or Ey(7) /SU(8) coset spaces for scalar fields, <, M are vectors labelleb by a
fundamental index of the appropriate exceptional group. In both cases, %, » are 2-forms which
are labeled by the index M living in the anti-fundamental representation of E, ;). Note the pres-
ence of the extra %, . in the case of Ey(7) living in the adjoint representation of E7(7). The Eq )
and for E77) bosonic Lagragian looks like

1ol (R o L MN 1 Mg N [lo-1
Ly = g <R+ mg’“’.@y//l Dy MmN — 1 MNT P T 11817 Lrop — V(g,.///)) .
(2.77)
with &, depending on the theory. The E;7) Lagrangian is actually a pseudo-Lagrangian and has
to be supplemented by the twisted self-duality equation

1
FuM = =3 \/I8] eppe QN g 77K, (2.78)
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for the non-abelian vector field strengths, which are defined by
1
M =2 Ay Ko A M - 3 (24 (To)ME(T%) Ny — QMKQNL) AN gty

. (2.79)
—12(T)MNoN By o — 5 OMNZL N

where T, are the Ey(7) generators and QMK denotes the symplectic invariant tensor. It statisfies
O ONK = 61V (2.80)

For Eg () the Lagragian leads to the full set of equations of motion and the non-abelian field-
strengths in (2.77) are defined
ﬁw/N =2 a[y%]N -2 Q%[MKHK%]N + 10 dNKdeLR JZf[yp BK%]L + 10 dNKE aKﬁva , (2.81)
In both theories, extra coordinates are added in order to make the theory covariant under the
E, (n) group, and the full set of coordinates is now

{xt, YM}. (2.82)

The x# coordinates are the coordinates on the external space, while VM are the internal coor-
diantes. In the case of E¢ ) the total number of coordinates is 5 + 27 whereas for E7(7) it is 4 4 56.
The internal ™ coordinates are embedded into the larger set of coordinates ™. The derivatives
with respect to this enlarge set of coordinates is denoted by dj;. Not that not all those internal
coordinates have a good physical interpretation, and one needs to project out the non-physical
ones. To do so, one uses the so-called section constraints. For the case of Eq¢), it takes the form

dKMN g 19Ny Dy =0, (2.83)

in term of the two fully symmetric invariant d-symbols of Eg) and for any couple of fields
{®1, @2} For Ey(7), the section constraints take the form

OME(T )N 0108 Py = 0 = OMNY D9y Dy, a=1,...133, (2.84)

where (T )Y are the 133 generators of E7(7). Note that in the remaining of the thesis, we will use
the same notation for the generators of Eg(g). On top of this constraint, the two-forms %,,, 1 are
further constraints in the case of E; )

0= OMS(To)kN By mon® = QM (TN By mPBoon,  a=1,...133. (2.85)

Gauge invariance of the ExFT actions is ensured by (2.83), 2.84) and (2.85).

Those Lagrangians are invariants under internal generalized diffeomorphisms whose action
takes the form for a vector VM

VM = 2, VM = ARG VM — 0, PM y K 9gk ALVN + A9pATVM (2.86)

with A a density weight depending on the field and PM y K | the projector on the adjoint repre-
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sentations, &g = 6 and a7 = 12. The projectors can be expressed for E¢ ) in term of the two fully
symmetric invariant d-symbols

; 1 1 5
PM KL =T MT? K = Eé{‘f(sf + g(sﬁ(sff - ngLRdMKR, (2.87)

with again T,y M the generators of Eg(6) in the fundamental 27 representation and & = 1,...,78
an adjoint index. For Ey77) this projector can be expressed as
K L Voo 1o ok NI KL
PpN = 77 00N + =5 Opon + (To) un (T*) — = Oun Q" . (2.88)
24 12 24
For the scalar matrix, the action of generalized diffeomorphisms becomes to
Lntyn = N My + 20,0, ASPX P (MAN)p s (2.89)

The covariant derivative is accordingly defined as

We note in passing that all the factors of the lagrangians are fixed by those internal generalized
diffeomorphims. There is no room left for anything else.

The Einstein-Hilbert term is constructed from the modified Ricci scalar ﬁ, constructed from the
external metric g, in the standard way upon covariantising derivatives under internal diffeomor-
phisms

9u8vp — Ou&vp — dMMBMng — SuvpOM Ay M. (2.91)
with a Stiickelberg-type coupling to the two-form tensors %,,, n. Finally the topological term Zqp,
is defined via its derivative for Eq )

dLrop « dyng FMAFN N FK — 20a"NK o5, Moy, (2.92)

in terms of the field strengths %, and Hyom = 3D, Byp M + - -, with the ellipses denoting
Chern-Simons type couplings whose explicit form will not be relevant here. Similarly for E7 7

dLiop < 24 (T*) N FM N ON e + FMA Ay, (2.93)

with similar definition for .7%;. Finally, the potential term V (g, .# ) in (2.77) is built from bilinears
in internal derivatives. It takes the universal form for both theories

V(g,///) = — L'///MNBM%KL ONAxL + 1//\/H\]aM.///KLa[,///NK
dan 2 (2.94)

1 1 _ _ 1
_Eg 1aMgaN%MN_Z%MNg laMgg laNg_ZL%MNaMgHVaNgMV'
Gauge invariance of the action requires the so-called section constraint, expressed as a con-

dition bilinear in internal derivatives

Let us further discuss the section constraints (2.83) and (2.84). Both can be solved in two differ-
ent ways, allowing to recover 11d Supergravity and IIB Supergravity. In order to find the former,
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one has to break

Bg(6) O SL(6) x SL(2) D SL(6) x GL(1)11, (2.95)
27 — (6,2) + (15,1) — 6,1 + 155+ 6_1,

E;7) D SL(7) xR, (2.96)
56 — 743+21+21 1+7 5,

and restrict the coordinate dependence of all fields to 6. coordinates in the case of Eg) and
to 7.3 in the case of Ey(7). Upon this choice, the Lagrangians of ExFT become equivalent to full
eleven-dimensional Supergravity. In a similar way, type IIB Supergravity is recovered by breaking

Eg6) O SL(5) x SL(2) x GL(1)us, (2.97)
27 — (5/1)—1—4 + (5//2)+1 + (101 1)72 + (112)75/

Ey; O SL(6) x SL(2) x R, (2.98)
56 — (6,1)42 4 (6",2) 41+ (20,1)0 + (6,2)_1 + (6',1) 2,

and restrict internal coordinate dependence to (5,1) 4 for Eg(g) and to (6,1) 45 for Ey(7).

The explicit map of the ExFT fields into the fields of ten- and eleven-dimensional Su-
pergravity has been worked out in . Here, we just note that the internal part g, of the
higher-dimensional metric can be straightforwardly identified within the components of the ma-
trix .#/MN according to

(detg) /3¢ 9y ® Iy, Es(6) /

(detg)_l/z gmn O @0y, E7(7) , (2.99)

///MN8M®8N={

where indices m, n label the derivatives along the physical coordinates embedded into the dj

according to (2.95) (2.96) 2.97) and (2.98).

E Holography and AdS/CFT correspondence

s we have seen through various examples throughout the introduction, unifying interactions
A or concepts has proven to be a powerful tool in theoretical physics. We observed how
Kaluza-Klein reductions unified geometry and gauge theories, and how dualities related seem-
ingly distinct theories, such as String Theories in 104 and their low-dimensional reductions. Now,
we introduce another powerful unification concept that has emerged in the last 30 years: holog-
raphy. Holography asserts the equivalence between a gravitational theory and a Quantum Field
Theory without gravity. This duality is best understood in the context of what is now known as
the AdS/CFT correspondence: a String Theory living on an AdS background is entirely equivalent
to a Conformal Field Theory (CFT) residing on the flat Minkowski boundary of the AdS space, see
Figure 2.16). This is profoundly intriguing and counterintuitive at first glance, as String Theories
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CFT,

AdSs;

Figure 2.16: Schematic representation of the AdS;/CFT, correspondence [101]. A gravity theory
on the AdS (blue) background described by a cylinder and a Poincaré disk, is equivalent to a
Conformal Field Theory defined on the boundary (orange) of the AdS spacetime.

are promising candidates for Quantum Gravity, yet this correspondence links them to a theory
devoid of gravity altogether. This in particular means that the number of degrees of freedom for
those gravity theories do not scale with the dimension of the bulk space M, but rather with the
dimension of its boundary oM.

A CFT is a QFT which Lorentz invariance is supplemented with conformal invariance. It can
be formulated with the metric, for which we have

ds® = gpdxtdx” — ds” = A(x)gudxtdx’ (2.100)

with A conformal factor. For A(x) = 1, the group generated by the transformation is
nothing but the Poincaré group. Geometrically, conformal symmetries are the symmetries that
preserve not the norm of a vector x* but the angles between two vectors, see Figure[2.17]

The first appearance of the AdS/CFT correspondence was in the context of type IIB String
Theory. It states the equivalence of the latter with N' = 4 Super-Yang Mills (SYM) theory in
(3 4 1)-dimensions, and gauge group SU(N) and is formulated in Table 2.3. In this strongest
form, the AdS/CFT correspondence states the complete equivalence between IIB String Theory
on AdSs x S° background with ' = 4 SYM theory with gauge group SU(N), which is indeed
conformaly invariant.

This conjecture is very interesting and brings some new insights on Quantum Gravity; how-
ever, this version is usually very difficult to study in practice. It can indeed be very dauting and
difficult to conduct explicit calculations in String Theories or Supersymmetric Yang-Mills theories
with arbitrary parameters. With this noted, we can refine the conjecture and specialize it. If we
introduce the ‘t Hooft coupling A = ¢%,,N, we can explore various limits of the AdS/CFT corre-
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_>

Figure 2.17: Example of a conformal dimensions in 24 Euclidian space.

AdSs5/CFT4 correspondence

I B Superstring Theory with string length £5 = v/a’ on AdSs x S® with radius L and
N units of F(5) on s°

-

N = 4 Super Yang-Mills theory with gauge group SU(N) and Yang-Mills coupling
8YM

where we have the following map between the different free parameters

L4
$vm =2mgs, 28ymuN = —5 (2.101)

Table 2.3: Statement of the AdS/CFT correspondence [102], and how the different parameters of
the two theories are related to one another.

spondence. If we consider the limit in which the String Theory is weakly coupled, i.e., gs < 1,
then we recover the classical limit of String Theory. Additionally, if we keep L/+/&’ constant, or
equivalently keep the 't Hooft coupling constant, this implies taking a large N limit. This limit is
known as the 't Hooft limit and corresponds to the planar limit of the gauge theory, where we can
realize a 1/ N expansion. Therefore, we conclude that the 1/ N expansion on the gauge theory side
corresponds to a genus expansion in gs on the String Theory side, with 1/N « g5 and fixed A.

If we further take the limit where A — 4-00 on the field theory side, this corresponds on the
String Theory side to va’/L — 0. In this regime, stringy effects disappear, and one recovers
the rigid limit of String Theories: Supergravities. In that sense, the AdS/CFT correspondence
is sometimes referred to as a strong/weak duality: the gauge theory is strongly coupled with
A — +o0, whereas the Supergravity is weakly coupled on an AdSs x S° background. The different
regimes of the duality are summarized in Table 2.4].
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The different forms of the AdSs/CFT4 correspondence

| N =4SYM Theory | IIB ST on AdSs x S

Strongest form any N, A Quantum ST with g # 0,4’ /L2 # 0
Intermediate form | N — co,any fixed A | Classical ST with gs — 0, o' /12 #0
Weak form N — 00, A — o0 Classical SUGRA with g5 — 0,a’/L? — 0

Table 2.4: The different regimes of the AdS/CFT conjecture with the different limits for the various

parameters [102].

Despite being originally a conjecture formulated between a 54 gravity theory and a 4d confor-
mal theory, it is thought to hold for any dimensions 1 > d > 6, and takes the form AdS;,/CFTy.
There are examples in the litterature of realization of this conjecture, or at least tests of the conjec-
ture in other dimensions , and also in 54 with another internal space than g° ||

The first step to check the AdS/CFT correspondence, is to make sure the symmetries agree on
both sides. The symmetry of ' = 4 SYM with SU(N) gauge group is made of several parts. First
the field theory is conformal which in 44 gives an SO(4,2) group. Furthermore the theory pre-
serves A/ = 4 supersymmetries, which means that there are 4 supercharges Q! with I = 1,...,4
and « = 1,...,4 the spinorial index in 4d. Those supercharges are supplemented by supercon-
formal generators S. due to the presence of the conformal symmetry. Altogether this form an
SU(2,2[4) symmetry group. On the AdS side, type IIB Superstring Theory on AdSs x S° is made
of the following symmetries. First the theory is invariant under SO(4, 2), the isometries of AdSs,
and SO(6), the isometries of S°. The theory preserves N = 8 supersymmetries. Combining this
with the isometries, it can be shown that the total theory in invariant under SU(2,2|4)

Let us further check the ideas of the AdS/CFT correspondence for the weakest form of the
conjecture. On the AdS side, we have IIB Supergravity on AdSs x S°. The field content consist of
supermutiplets organized by a N’ = 8 supersymmetry. The fields sit in representation SU(2,2|4),
and in particular are organized according to the isometry group of S°, SO(6). The full field content
of the theory is summarized in Table[2.5]. On the CFT side, the elementary bosonic fields are a vec-
tor field A;, and scalars ¢', withi = 1,..., 6 labeling the representation of the SU(4)g R-symmetry.
The latter corresponds to the rotation of the supercharges QI ,1=1,...,4. For the AdS/CFT cor-
respondence, the operators which are involved in the dictionary are composite operators. In the
case of the weakest form of the conjecture, those are the so-called 1/2-BPS or chiral primary oper-
ators Op(x). For SU(N) N = 4 SYM in 4d, those operators belong to the representation [0, A, 0] of
SU(4). They can be expressed in terms of the elementary fields

Oa(x) = Cpt ; Tr(¢" (x)...¢"(x)) (2.102)
with Cf
are the fluctuations s’ on the Supergravity side that sit in the [¢,0,0], as they belong to the same
representation of SO(6) upon identification of SO(6) ~ SU(4).

i, @ totally symmetric tensor. Upon identifying A = ¢, the fields dual to those operators

Let us now have a look at the dynamics of those fields. It can be shown that the low dimen-
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A

¢+2 | [£+2,00](00)

e+ | +1,1010) +[¢+1,01](3 0)

(+3 | [6,02)(00) + [¢,20/(00) + [£+100](01) [¢+1,00](10) + [611](%%)

£+ 2| 1610)03) + € ~1,12)(0) + [£,01)(5 0) + [£ ~ 1,21](5.0) + [, 01] (3 1) + [£,10](1 5)

014 | 2:16,00)(00) + [¢ —2,22](00) + [¢ —1,02](01)+[5—1,201(10)+2~[e—1,11](%%) +[£,00](11)
042 | -1,10105) +[~2,12)(02) + [~ 1,00)(5 0) + [ ~2,21)(5 0) + [~ 1,01)(3 1) + [~ 1,20](1 5)
£+5 | [0-2,021(00) +[¢ ~2,20](00) + [¢ 1,000 1) + [ 1,00](10) + [¢ ~2,11)(5 5)

43 | 16-2,10)05) +[¢~2,01](; 0)

046 | [£—2,000(00)

Table 2.5: 1-BPS supermultiplets Big0,0 of SU(2,2[4) in SO(6) x SO(4) notation [ky, k2, k3] (j1, j2)
with Dynkm labels k;, and (j1, j») denoting the spins of SO(4) ~ SU(2) x SU(2). A is the conformal
dimension associated to the field on the CFT side of the correspondence.

sional Lagrangian for the s fields is [107109)]

S(s) /d5x\/§2 s20(¢ / +>1(€ +2) ( — %vysfwsf — %e(e —4) (51)2) (2.103)

from which we can read off the mass by reintroducing the radius of AdS
212 =00 —4)=A(A—4). (2.104)

The sum on the I harmonic index labelling the [/, 0, 0] representation here means
Y slsl = Yy (i), (2.105)
i i1eeesdg

This gives a one-to-one correspondence between the conformal dimension A of the composite
operator O and the mass of scalar fields s’. In general, this relation, and the identification A = ¢
we have made above, follows from a boudary analysis on AdS [110]. Here the boundary analysis
matches the results from IIB Supergravity and ' = 4 SYM.

This kind of relation between the conformal dimension on the CFT side and the masses on
the AdS side, can be extended to fields with any spin, and to any dimension. For example, the
massless graviton field is mapped to energy-momentum tensor, and massless vectors to currents
of the R-symmetry. The relations between conformal dimensions and masses is summed up in
Table 2.6

The correspondence between the operators and the fields can be made more precise. The cor-
respondence states that the asymptotic value of the bulk field plays the role of a source for the
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Masses to conformal dimensions relations

Type of fields \ Relation between m and A
scalars and massive spin 2 m?L? = A(A — d)
massless spin 2 m?l2=0,A=d
p-form m?L? = (A —p)(A+p—d)
spin1/2 and 3/2 |m|IL=A—d/2
rankssymmetric traceless tensor | m?L2 = (A +s—2)(A —s+2 —d)

Table 2.6: Dictionary between conformal dimensions and masses for various fields in the context
of AdS;1/CFT; correspondence [102].

operator on the boundary CFT. This can be phrased in term of the generating functionals of both
side. Let ¢ be the boundary value of an AdS field ¢ and S the action on the CFT. Then, the mod-
ified action with a source term for the dual operator O of ¢ can be used to compute the connected
Green'’s functions of the operator O through

A <exp( / dxd¢(0)<x>0<x>)> : (2.106)

CFT

with x the coordinates on the CFT. On the AdS side, the action for ¢(z, x), Ssugra[¢], can be derived
via Kaluza-Klein procedure. For example, for s’ on AdSs x S° for IIB Supergravity, at the quadratic
order it take the form (2.103).

The AdS/CFT conjecture states that the Ssugra[@] is precisly the generating functional for con-
nected Green’s functions of the composite operator O

) (2.107)

W[‘P(O)] = Ssugra [4’]

lim P(z,0) 28 4=¢g) (¥)

with z denoting the extra AdS coordinate and where we took the metric for the AdS space
2 L2 s
ds® = = (dz” + 1dxtdx”), (2.108)

hence the boundary limit is indeed z — 0. The zA~4 in (2.107) takes care of the asymptotical be-
havior of the field ¢. Using (2.106) and 2.107), we can compute the n-point functions of composite
operators O; by taking functional derivatives of the generating functional W with respect to the

sources quO)

- oW
CFT (54)%0) (x1) .. LA (xn)

(O1(x1)... Oula) ) (2.109)
Vo) =

In principle, this allows us to compute any n-point functions on the CFT side of operators, if we can
identify the dual field. However, there are divergences due to the asymptotic behavior. In order

to take care of them, we need to regularize the theory through a procedure called holographic

renormalization [111H113].
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In the example of the AdS/CFT correspondence between IIB Supergravity on AdSs x S° and
N = 4 SYM, the number of symmetries on both side is high. We can ask if the correspondence
holds in less symmetrical setups. For example, N' = 4 SYM can be deformed by relevant or
marginal operators, that trigger an Renormalisation Group (RG) flow. In general those deforma-
tions break part of the symmetry, and the relevant deformations break the conformal symmetry.
These RG flows interpolate between an ultraviolet (UV) fixed point, and an infrared (IR) fixed
point. A question that the AdS/CFT correspondence tries to address, is what is the equivalent of
these RG flows on the gravity side. In general, the RG flow is dual to a domain-wall solution of
the gravity equations, and the RG flow is said to be holographic. The domain-wall interpolates
between two stationary points of the gravity potential. In that case, the correspondence between
n-point functions and couplings is thought to hold at every step along the flow. In we
compute the domain wall dual to an RG flow in the case of AdS,/CFT3.

Let us for the moment forget about Superstring Theory on AdSs x S® and A/ = 4 SYM, to focus
on the simpler example of a scalar field ¢ living in d + 1 dimensions. We will use it to show how
the asymptotic analysis works. We assume that the asymptotic value of the field ¢ sources an
operator O on the CFT living on the boundary of the AdS space. Consider the action

1
S = 5 /dzddx\/—g(g’"”amcpancp—l— m>¢?), (2.110)
with m,n,... = 0,...,d. The equation of motion for the action (2.110) are reduced to the Klein-
Gordon equation
(Oags —m2)¢ =0. (2.111)

We enforce the metric to be AdS and express it in the so-called Poincaré coordinates

2
ds? = guudx"dx" = 12;2 (d22 + Wvdx%de) ) (2.112)
with u,v, ... =0,...,d — 1, for which the AdS boundary is located at z — 0. Within this set of
coordinates, the Klein-Gordon equation explicitely becomes
1 o - =
2 (ZZDMmkq)(z,x) + 2202¢(2,X) + (1 — d)29.¢(z, x)) =0. (2.113)

We can look for solutions of this equations which are plane-waves in the x# coordinates such that
¢(z, %) = &P ¢p(z). By looking at the asymptotic value of the field around z — 0, we see that
there are two inequivalent solutions to (2.113)

Pp(z) =20, p(z) =2 (2.114)

with J. the two roots of 6(6 — d) = m?L2. It remains to identify § with the conformal dimension
A of the operator O. To do so, one could compute the two-points function of the latter. From the
conformal symmetry, we know that the two-points function should be proportional to

(O(x)O(y)) o [x —y| 2. (2.115)

After some computations, for which we refer to [110], it can be shown that the two point functions
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for O comes with the form (2.115), with A = 4. This explicitely demonstrates that

AN —d) = m?L%. (2.116)
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F Content of the Thesis

E are now done with the general introduction. The rest of this thesis is organized as fol-
lows. In the next Chapter, we will study how masses emerge in a compactification process.
The first section will serve as a warm-up where we will explore more ideas of Kaluza-Klein com-
pactifications and in particular how we can obtain spectra in the low-dimensional theory through
brute force calculation and making use of the power of group theory. In the second section, we
will introduce recently developed techniques that make use of Exceptional Field Theories. Those
techniques allow to access entire Kaluza-Klein mass spectra around backgrounds with low sym-
metry remaining. We will then extend these techniques to a broader range of vacua, which we will
refer to as beyond consistent truncation. The two following sections of the third Chapter will be
used to illustrate these techniques: we will compute the spectra of the squashed seven-sphere S’
for 11-dimensional Supergravity and then find a domain-wall solution interpolating between the
round and squashed S’ of 11-dimensional Supergravity.

Chapter 4 will extend the study to n-point functions. Once again, the first section of this chapter
will review how cubic and quartic couplings have been obtained in the literature so far through
brute force calculations. Despite their considerable success, these techniques suffer from severe
limitations. In the subsequent section, we will explore how ExFT techniques can be employed to
access these couplings, similar to our approach in Chapter 3 for spectra. We will demonstrate the
capabilities of ExFT technology in revealing underlying structures and how it provides a natural
framework for computing couplings. Subsequently, we will focus on E¢)-ExFT, which is special-
ized for reductions to 5 dimensions. We will compute 3-point couplings in this theory and utilize
the following section to apply these results to the AdSs x S background of IIB 10-dimensional
Supergravity.
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CHAPTER 3. KALUZA-KLEIN SPECTROMETRY USING EXFT

A Introduction

OMPACTIFICATIONS are ubiquitous in String Theories and their low-energy limit, 10-dimensional

Supergravities, as well as in 11-dimensional Supergravity. Compactification is a process
wherein the total manifold is factored into an external and an internal manifold, the latter of which
is required to be compact. The original motivation is, by sufficiently shrinking the characteristic
radius of the internal manifold, to make the internal space unobservable in daily observations.
One of the hallmarks of the compactification is the appearance of infinitely many massive fields in
the lower-dimensional theory. These fields are organised into so-called Kaluza-Klein (KK) towers:
zero modes sit at the bottom of a tower and other fields are organized on top of them. From the
lower-dimensional perspective, these KK towers encode the information about the geometry and
fluxes of the compactification. The Kaluza-Klein modes, i.e. the fields constituting the towers,
also play an important role in applications. For example, for non-supersymmetric backgrounds,
their masses, denoted Kaluza-Klein masses, determine their perturbative stability. Moreover, in
AdS vacua, the Kaluza-Klein masses encode the anomalous conformal dimensions of single-trace
operators in the holographically dual CFTs, as in Table[2.6]

Despite their importance, computing the Kaluza-Klein masses is a formidable challenge for
most String/Supergravity compactifications. Until recently, the full tower of Kaluza-Klein masses
could only be computed in few examples, for coset spaces with large isometry group [114]. Beyond
this, there were some techniques to access subsets of the Kaluza-Klein towers. For example, if
the compactification admits a consistent truncation to a lower-dimensional Supergravity theory,
then the Kaluza-Klein masses of the (finitely many) fields kept in the truncation can be computed
in the lower dimensional theory. However, for generic compactifications, a systematic method,
althought not always easy to implement and solve, was accessible only for spin-2 towers. [115].

A new method for computing all the Kaluza-Klein masses for a large class of String compacti-
fications was presented in [116]. This method uses the formalism of Exceptional Field Theory
(ExFT), a reformulation of 10 and 11-dimensional Supergravities that unifies the gravitational and
flux degrees of freedom, and as a result makes manifest an exceptional symmetry group [117]. Us-
ing ExFT, showed how to compute the full Kaluza-Klein spectrum of any vacuum that can
be uplifted from a consistent truncation to maximal gauged Supergravity. Unlike the traditional
Kaluza-Klein technology, which requires solutions of the eigenvalue spectrum of various internal
Laplace operators acting on tensorial harmonics, together with a diagonalisation of the coupled
system of higher-dimensional fluctuations, the ExFT method is exclusively based on the tower
of scalar harmonics on the internal manifold. The relevant internal vector and tensor harmonics
are implicitly taken care of by combining the scalar harmonics with the twist matrix encoding the
underlying consistent truncation. Furthermore, to a large extent, the diagonalisation problem has
already been resolved by the covariant formulation of ExFT. As a result, the lower dimensional
mass spectrum can be computed separately KK level by KK level.

These techniques, for the first time, have given access fo the full Kaluza-Klein spectrum for
compactifications with few or no remaining (super-)symmetries and led to many
interesting insights. For supersymmetric AdS vacua, the protected part of the Kaluza-Klein spec-
trum can be matched with the superconformal index of the CFT, as was done for the Pilch-Warner
AdSs vacuum in and for the SU(3) x U(1)-invariant AdS4 vacuum in NV = 8 SUGRA in
131]. Moreover, the Kaluza-Klein spectrum can be used to determine compactness of the confor-
mal manifold, which may not be visible in the consistent truncation , see also . For
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non-supersymmetric vacua that are perturbatively stable within the consistent truncation,
showed that instabilities can be nonetheless triggered from higher Kaluza-Klein modes. Finally,
the Kaluza-Klein spectroscopy can also be used to prove the existence of perturbatively stable
non-supersymmetric AdS vacua in 10-dimensional Supergravity [126].

Despite these successes, one drawback of the method of is that it only applies to
vacua that can be uplifted from N = 8 Supergravity via a consistent truncation. This means
that these vacua arise by deforming round spheres/hyperboloids by the scalar fields that live in
the lower-dimensional N' = 8 supermultiplet. Yet there are many interesting vacua that arise
from deformations by scalar fields that are not part of the N = 8 truncation, such as AdS vacua
obtained by TsT deformations or the AdS, x S7 qvacua with ' =Tand N =0

squashe

supersymmetry [136|(137]. The difficulties in computing spectra for the latter have been overcome
in [DB1].

In this chapter, we will go throught different techniques to compute KK spetra. After a short
warm up with a toy model, we will compute the entire spectrum in the old fashion on AdS, x SZO und-
This can be done by a brute force calculation within d = 11 Supergravity, using the power of group
theory. We will then introduce the EXFT technology for spectroscopy and give a flavor on how it
works. Then we compute spectra beyond consistent truncation of the maximal theory. To this end,
we will present the original results from [DB1], which will start in @I As a illustration of those
techniques, we will compute the full Kaluza-Klein spectra of 11d Supergravity on AdSy x S quashed"
In the latter theory, only N = 1 supersymmetry is preserved and the isometry group of the inter-
nal manifold is reduced to USp(4) x SU(2) C SO(8). This small amount of symmetry explains
why the answer for the spectrum was incomplete so far. We will also give the spectrum of the
cousin theory with N = 0 related by changing the sign of the flux, a procedure often referred as
skew-whiffing. Following this analysis, we will establish the domain-wall solution interpolating
between the AdS, x S7 . and AdSy x §7_ . . solutions of 114 Supergravity in , firstly pre-
sented in [DB2]. According to the AdS/CFT correpondence, this domain wall solution is dual to
an holographic Renormalization Group (RG) flow between two CFTs. This will allow us to extend
the previous results and compute quadratic couplings around the domain wall solution dual to
information on 2-point correlation functions along the flow. Stated differently, this example illus-
trates that not only can we compute spectra around solutions with few symmetries, but it allows
us to calculate quadratic couplings for spaces which are no longer AdS solutions of the equations

of motion.

B Warm up

B.1 Toy model

s previously mentioned, the exploration of the mass spectrum is an almost unavoidable task
A when including extra dimensions that are compactified. In higher-dimensional theories,
each field is responsible for generating an infinite tower of massive states in the lower-dimensional
theory. We illustrated this with the simple example of a scalar field on R x S!. From this exam-
ple, obtaining the masses seems to be a simple problem. We just had to Fourier expand the field
and obtaining the modes and masses was almost given for free as n?/L2. However, as soon as
the set up becomes more complicated, the calculations get more involved and obtaining the full
Kaluza-Klein spectrum becomes a very tedious task. Consider, for example a more complicated
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scenario where, instead of compactifying only one dimension from 4 + 1 to d dimensions, we be-
gin with a d + n dimensional theory and compactify n dimensions. In such a scenario for a scalar
field ¢ with mass m, the equation of motion reverts to the usual Klein-Gordon equation in d + n
dimensions

O¢p —m?p =0. (3.1)

We now decompose the Laplacian into an internal operator and an external one. This decomposi-
tion is feasible when the total manifold can be expressed as the direct product of an internal part
and an external part, denoted as M, = M, x M,;,. We then have

Ox¢p + Oinep — m?¢p =0, (3.2)

where [, denotes the Laplacian on M, and Uiy the Laplacian on M,,. If we want to find the
d-dimensional mass of the field, we see that we must find eigenvalues and eigenvectors of the
operator Uin;. If we have a basis of functions diagonalising the internal Laplacian, with states that
can be labelled by X, then we can expand the scalar field on such a basis ¢(x,y) = ¥ ¢™(x) V= (y)
and obtain
¥ (00070 — mdg™() - m29™() ) VE() =0, 63
z

where m are nothing but eigenvalues of associated the the eigenstate Y* of Uin. We can now read

off the new masses of the sets of fields in the lower dimensional theory. J* is here playing the role
of the (exp (2imtny/L)) for S!. Here again we see the emergence of an infinite number of states,
as in our simple S! example. What further complicates the analysis is the necessity to be able to
effectively diagonalize the Laplacian operator on the internal manifold. In the case of S!, this was
feasible because we know a basis of functions on the circle : Fourier modes. If, instead of S!, we
consider the round S?, we could employ spherical harmonics for this purpose, just like we do when
analyzing the hydrogen atom energy state. In fact, for any round sphere, it is possible to identify
a set of basis functions and diagonalize the internal Laplacian. This is due to the large isometry
group of the spheres, which can be expressed as the coset space SOUD) Then prescribes a

SO(n)
method to derive the harmonics. However, if the number of isometries is low, obtaining a basis

of functions that diagonalizes the internal Laplacian can prove exceedingly challenging or even
unknown. This example demonstrates the limitations of the brute force calculation when the
symmetry of the theory diminishes. Additional complexity may arise in the presence of coupled
equations of motion. In such cases, identifying the appropriate basis of fields to diagonalize the
set of equations of motion may require field redefinitions. Even with a small number of fields, this
process can be intricate.

B.2 Example of spectrum : the round S’

In the introduction, we presented the idea of a Freund-Rubin compactification that can be used
in the presence of extra form fields. Using an appropriate ansatz, a solution to the equations
of motion can be found, where gravitational and matter effects compete. This led to a solution,
where the total manifold was expressed as the product of an external AdS manifold and an internal
manifold with positive curvature. In this section, we will use this technique on 11d Supergravity
and study it on AdS, x §” background to illustrate the state of the art until recently for computing
KK masses around a given background. This spectrum was first derived in
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We can use the Freund-Rubin ansatz to compactify 11-dimensional Supergravity down to
d = 4, as it incorporates a three-form potential. As it is imposed by (2.67), the internal space must
have positive curvature. We will further demand it is maximally symmetric hence we end up with
the round 7, which possesses the highest number of isometries among all possible 7-dimensional
candidates . We will therefore study 11d Supergravity on AdS; x S’ background. Equations
of motion for 11d Supergravity are

1 1 1
Rmn = 58MNR = S FvporEN rer - ﬂgMNFPQRSFPQRSr (3.4)
1
VMFMNPQ — _%eMl...MgNPQFMlmMALFM‘lmMB . (35)

The solution in this case is similar to and (2.67), except that here we are working in what
we called the "electric" framework in section 2.C.4 where the form fills in the external space. The
4-form is then given by

Fyvptr = Qeyvpa ’ (3.6)
anpq = 0/
where p,v,... = 0,1,2,3 are external indices, m, n, ... = 1, ..., 7 are internal indices, Q is an

integer number controlling the flux, and

., _ 6
Ryv = *?gyv 2 Suv ,
o 5 AdS
R b = 780‘ = 780‘ , (37)
a 6 Smn L§7 mn
Rmy =0,

for the Ricci tensor. Here we defined the AdS radius Lag4g and the sphere radius Lgz. Upon using
the equations of motion, we can show that La4s and Lg7 are the same, and we define a mass scale
m = 1/Lagqs which is related to Q via Q = 3m.

The full compactified theory comprises a massless N' = 8 supermultiplet coupled with an
infinite tower of massive N/ = 8 supermultiplets. This is not obvious from the starting point,
but at the end of the journey to obtain the spectrum, one can notice that fields are organised into
N = 8 supermultiplets. We note in passing that the theory described by only massless N' = 8
supermutiplet corresponds to the maximal d = 4 Supergravity with SO(8) gauge group, described
in [91]. By combining the internal SO(8) gauge symmetry, N = 8 supersymmetry, and the
SO(3,2) isometries of the AdS background, we can conclude that the total symmetry of the theory
is OSp(4/8). Consequently, the massless and massive sectors of the theory will fit into irreducible
representations of OSp(4|8). The algebra and representation theory of OSp(4|8) can be found, for

example, in [141].

We can now start to study the mass spectrum of the theory. To process in the calculations, we
add fluctuations on top of the background solution given by the Freund-Rubin compactification
and (3.7). The latter comprises a background metric Gyy describing AdS; x §7 and a non
vanishing three-form potential Cpnp for which only the external part is non-vanshing. The anal-
ysis we will now present is similar to the S! example. We will be able in our case to extract the full
spectrum thanks to powerful group theorical arguments. The fluctuation Ansatz is
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Spin ‘ SO(8) rep ‘ Dynkin Label
2 1 [0,0,0,0]
3/2 8 [0,0,0,1]
1 28 [0,1,0,0]
1/2 56, [1,0,1,0]
0" 35, [2,0,0,0]
0~ 35; [0,0,2,0]

Table 3.1: Massless gravity supermultiplet of 11-dimensional Supergravity compactifed on
AdSy x S7, which aligns with the field content of N' = 8 4d Supergravity. The scalar fields liv-
ing in the 35, will be denoted 0" and the ones living in 35, will be denoted 0.

GMN(X,y) = éMN(X,y) + hMN(x,y) ,
Cmnp(x,y) = Cunp(x,y) + cmnp(x,Y), (3.8)
Ym(xy) =0+9m(x,y).

where ¥ 1(x,y) is the gravitini of 11d Supergravity, and we splitted the full 11d coordinates into
{x#,y™} with x* external coordinates of the AdS space and y™ internal ones of the compact space
S7. In order to get the lower dimensional fields from the 11d ones, we need to split the fields as we
did for d + 1 Einstein gravity in the introduction. This gives for the metric

ds? = (guv(x,y) + ... )dx!dx’ + (A "y (x) + ... )daFdx" + Py (x, y)da" dx" . (3.9)

for the 11d metric, giving rise to a 4d external metric g;,,, a number of vector fields A, ™ and
scalar fields encoded in @, which is the internal part of the 11d metric. The split recquires
a little bit more explanation. The ellipses denote terms that are non linear, and which would not
contribute the linearized equations of motion. The metric in dx#dx" term comprises the external
AdS background, as well as fluctuations, whereas the internal part of the metric ®,;, (x) in the
dx#dx" term is only the background metric, as fluctuations of the metric would contribute to
quadratic order because of the vector fields. Finally in the dx™dx" term, the metric @, (x,y)
appearing comprises the background and the fluctuations. We can process similarly for the 3-
form that will give rises to vector fields and scalar fields. Note that the lower dimensional forms
can be dualised to vectors or scalars.

Once the split to obtain low dimensional fields is done, we can continue to find the masses for
KK fluctuations in (3.8). We expand the fields in harmonics of the internal space. For the scalar
fields we will denote those harmoics Y1, for vector fields V,, 8, for two-forms Yy, 28 and so forth
... All of the harmonics are eigenfunctions of the appropriate internal operator, which eigenvalues
will give the mass of the fields. Those eigenfunctions are functions of the internal coordinates. As
a example, the harmonic of the scalar fields on the round S” will be polynomials of the embedding
internal coordinates Y?

(Y, Y2, Y3, v Yo Y7 vy = (v R vt R vy 1 - i), (3.10)
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Spin ‘ Dynkin Label

2 | [n,0,0,0]
3/2 | [n,0,0,1]+[n-1,0,1,0]
1 | [n,1,0,0]+[n-1,0,1,1]+[n-2,1,0,0]
1/2 | [n+1,0,1,0]+[n-1,1,1,0]+[n-2,1,0,1]+[n-2,0,0,1]
0 | [n+2,0,0,0]1+[n-2,2,0,0]+[n-2,0,0,0]
0~ | [n,0,2,0]+[n-2,0,0,2]

Table 3.2: Field content of 11-dimensional Supergravity compactified on AdS; x S’. Here the 0"
scalars are the Kaluza-Klein towers on top of the 07 scalars in Table and similarly for 0~.

with y' the coordinates on the sphere. The harmonics transform in irreducible representations of
the isometry group SO(8) of the round S”. More precisely, as the round sphere S can be written as
SO(8)

50(7)
under branching to SO(7). For the scalar fields, this exactly give the [1,0,0,0] representations,

[114] tells us that I; runs over all representation R of SO(8) that decomposesas R — 1+ ...

n € IN. Therefore, scalar harmonics live in the [n,0,0,0] representations of SO(8). In terms of
embedding coordinates Y?, this [1,0, 0, 0] denotes the polynomial Y- = y(i1 | yin) The ((...))
stands for symmetric and traceless. In other words, the order n harmonic functions for the scalar
are polynomials in the embedding coordinates. Similar arguments can be used in order to find
tensorial harmonics on the round sphere. For example, the vector harmonics are representations
R, of SO(8) that decomposes as R, — vector + . ...

Using these harmonics, we can now factor the dependance in the internal coordinates for the
various fields

hy (%,9) = Iy, 1, () V1

By (%, ) = My 1 () Vim I,

B (X, y) = N (X) Vin b,

curp(X,Y) = Cuyp, 1, ()Y, (3.11)
Cuvm (X, Y) = ot (X) Vi 8,

Cymn (xr y) = Cu,Ing (x)ymn b ’

Cmnp (X,y) = C[56(X)ymnp Is6 .

where the sum over harmonics has been made implicit. One then injects those expansions into the
equations of motion @ and (3.5), linearize them, and obtain a number of equations, for which
the internal operators need to be diagonalized. Schematically, the result for a field ® looks like

Dext® + Dip® =0, (3.12)

where D,,; is the appropriate external Laplacian operator for the given field (L1 if it is a scalar field
for example as we had in (3:2)) and D;,; in the operator to diagonalise on the internal space. Let

us illustrate this with the example of h}T“,T , being the traceless and transverse graviton. We define
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the mass matrix M on an AdS background for spin 2 fieds as follow
Aphyy +2V (,VPhy, =V (V) i o + 24mPhyy + MPhyy = 0. (3.13)

The equation of motion for the fluctuations of the external part of the metric is descending from
(B-4) upon splitting internal and external indices. This yields to the equation for the graviton

ALh]u/ + ZV(vahv)p — VVVV]/ZP o + ZV(ythV)m

2 o poTA 28 2 (3.14)
= 3m&ue’™™ foger + 24mguh® o — 24m by,
with fynpg = 49)pcnpg), and Ay the Lichnerowicz operator defined by
Arhyn = —Ohmn + Rynpgh™ + 2Ry Phinyp, (3.15)

with Rynpg the 11d Riemann tensor. The equation (3.14) gives an explicit expression for the mass
operator M. Note that at the linear level in the equations of motion, we can compute this operator
with the background metric G. We now use the following decomposition

1, 1,

with ¢,y the AdS, background metric, V), a transverse vector and ¢ a scalar field. A is the Hodge-
de-Rham operator for a scalar fields, which reduces to the 4d d’Alembartian operator

Ay = 00, (3.17)
After injecting and (311) in (3.4), the field equations for h;,T 1 are
(Baghyy ")V + by (Dgg V") + 24y I YR = 0, (3.18)

with Ay is this time the d”Alembertian operator for scalar fields in k dimensions. In order to obtain

the mass for the h}T,E 1 field, it remains to simplify (A7;™). We follow the prescription of ||

and write for S” = SO(8) /SO(7)
V"1~)}tleknsor X em uTa ytlgnsor ’ (319)

with ))tzensor a tensorial harmonic, V,, the covariant derivative on §7, T, generators of SO(8) which
are not in SO(7) and e,, * the vielbein on S7. We can write the previous expression because S’ is a
symmetric space on which SO(8) acts transitively, and because y{gnsor are in irreducible represen-
tation of SO(8). By squaring the expression and fixing the normalization we obtain

—OY" = m?(Cso(8) — Cso) ) V™, (3.20)

with Cgo(,) the quadratic Casimir operator of SO(n), and the normalisation factor m? can be fixed

through an example. It is now straighforward to extract the mass for the fields h;,T A The Casimir
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operators for SO(8) and SO(7) for the representation [n,0,0, 0] are given by

Cso(s) = Tl(l’l + 6) + 1

Cso(7)

=1.

THEORY

(3.21)
(3.22)

We can now read off the mass for h;,T 1 from (B-18). According to the definition of the mass matrix

for spin 2 field

M(h "Y1 = ((n+3)2 =9).

Very similar calculations would give the masses for vectors and scalars, as well as fermionic

(3.23)

fields, involving Hodge-de Rham operators for higher rank form, but also the Lichnerowicz oper-

ator Ay and fermionic operators [141].

By this direct calculation, it is a priori not clear whether or not the fields will rearrange into
supermultiplets. However, once the derivation of the mass spectrum is done, it can be realized

that fields indeed fit into N' = 8 supermultiplets. The summary of the mass spectrum for the
round §7 is given in[3.3/and one can refer to [138-141] for further details.

A ‘ ‘Mass2
”;2 [n+2,0,0,0](4,0) (n—1) -
"E3 1 11,01,0(A, ) n?

2 2
”;4 [1,0,2,0](A,0) + [1,1,0,0](A, 1) (n+1)2—3|(n+1)2 -1
”;5 [n—l,l,l,O](A,%)+[n,0,0,1](A,;) (n +2)2| n?
";“6 [1,0,0,0](A,2) + [ — 1,0,1,1](A, 1) + [ — 2,2,0,0](A,0) | (n+3)2—9|(n+3)2—1|(n+3)%—3
"7 r-2,1,01)(8,3) + 1 -1,01,00(8,3) (n+6)2 | (n +4)2
”;8 [ —2,2,0,0](A,0) + [n —2,1,0,0] (A, 1) (n+5)2—3|(n+5)%—
”;“9 In 2,0,0,1](A,%) (n+6)2
" 4510 [n —2,0,0,0](A,0) (n+7) —

Table 3.3: }-BPS supermultiplets B 0,00 Of OSp(4[8) in a notation [k, ko, k3, k4] (A, j) where
[k1, k2, k3, k4] denotes the Dinkyn label of SO(8) and (4, j) the representations of isometry group
of AdS, of SO(2,3) for which A is the energy and j the total angular momentum.

C Kaluza-Klein spectroscopy using Exceptional Field Theory

N the previous section, we presented the traditional way to extract spectrum in KK reductions,

with the example of AdS, x Sroun 4 in 11d Supergravity, and how we can extract the whole

spectrum by direct calculation and diagonalization of internal operators. However, this method
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fails at computing spectrum if the lower dimensional theories with lower symmetry. The problem
of finding eigenvalues of internal operators is still well-defined, but extracting eigenvalues and
identifying the origin of low dimensional fields can be more involved. For example, there exist
another solution to Einstein equation in 114 Supergravity Freund-Rubin compactifications to 44
leading to another vacuum, where the internal space is now a squashed sphere. This will be the
object of study of section 3.D]. Despite a number of discoveries, the standard method did not give
a complete answer since the 1980’s at computing the whole spectrum of the theory, because the
number of isometries and supersymmetries is lower on this background.

In order to overcome this problem, one can use Exceptional Field Theory. Before presenting
those techniques, we want to first present a tool that will be very useful in the next sections :
consistent truncations.

C.1 Consistent truncations

Let us consider the following simple Lagrangian of two real scalar fields

1 1 1 1
L= S0u$10" g1 + 50u20" $2 — S1igT — S35 + Anagia. (3.24)

We can easily derive the equations of motion for the fields

Oy + m3 pr = 2A110 1 2,
(3.25)

Oy + m3 ¢ = A112 $7 .

We observe the following. If we put ¢; to zero, then the first equation is trivially satisfied and the
second equation reduces to the free massive Klein-Gordon equation for the field ¢p. Therefore it
is consistent to put ¢; to zero, i.e. we can consistently solve the system of equations when doing
so. Let us now put ¢ = 0. If we do this, then the first equation is the free massive Klein-Gordon
equation for ¢y, but the second equation becomes algebraic in ¢; and implies that ¢; should be
zero. In that sense, it is not consistent to put ¢, to zero and then solve the dynamical system for
¢1. Therefore we say that the conditions ¢, — 0 is not a consistent truncation of the system (3.25),
but ¢; — O is.

Consistent truncations are really a matter of couplings : certains couplings in the theory must
vanish to have a consistent truncation, otherwise, the non truncated fields will excite the truncated
ones. In the previous example, because of the A1, couplings, the field ¢, plays the role of a source
for the field ¢;, and therefore ¢, cannot be set to zero. More precisly, the couplings that make a
truncation failing at being consistent, are couplings which are linear in the truncated fields.

Let us do a final remark. Consistent truncations are deeply related to symmetries. In the above
example, we have a discrete symmetry of the Lagrangian

o= =1, P2 — 2. (3.26)

The presence of this symmetry ensures the consistency of the truncation ¢; — 0, i.e. to the trunca-
tion that keep fields which are invariant under (3.26). This is a general argument: if one keeps only
the fields that are invariant under a given symmetry, then this will give a consistent truncation.
This comes from the fact that singlets under a given symmetry, cannont source non singlets. We
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will encounter a lot of similar arguments in the rest of the thesis, for which symmetry arguments
are formulated in terms of G-structures [142].

A more sophisticated example is d + 1-dimensional Einstein gravity on R"~1xS! that we
already encountered in section (2.C.I). We saw before that the metric gives rise to a vector field
and a scalar field. However, back in 1919 at the time the theory was constructed, the usual way
of proceeding was to simply discard the scalar field from the theory. However the equation of
motion descending from the Lagrangian for the scalar field is

O o Fyy FI. (3.27)

Therefore, discarding the scalar field is not consistent is this example because it leads to an alge-
braic equation for the vector field.

This is the first example we give of a truncation in dimensional reduction, but will encounter
many more, because dimensional reductions and consistent truncations are intimately related.
This is true because when truncating fields, the remaining set of fields effectively describe a lower
dimensional theory. This is why we will often talk about consistent truncations to a lower dimen-
sional theory. For example, in the example of Einstein gravity in d 4+ 1 dimensions, reducing on
S! and keeping only massless modes is consistent. This amounts to discard any dependence on
the internal coordinates, as in (2.47). In that case, the remaining fields after truncation describre a
d-dimensional theory, hence the name consistent truncation to a lower-dimensional theory.

Note that we could remove fields and then ignore some of the equations of motion in dimen-
sional reductions. The main issue is that one loses the higher dimensional interpretation of the
equations if it is done in a non consistent way, as described above with the example of Einstein
gravity. A solution found in a non-consistent truncation, is not a solution anymore of the higher
dimensional equations. This is the key point about consistent truncations and what make them
of tremendous importance when doing Kaluza-Klein reduction. By turning around the argument,
we can use consistent truncations to find solutions of the higher dimensional theory. Directly in
higher dimensional theory, this can be a very hard task because of the number of fields, of the non-
linearities, ... However, by restricting to a subsector of fields, it may be easier to find a solution of
the set of coupled, non-linear equations of motion. Therefore, consistent truncations can be used
as a toolmaker to build solutions of higher dimensional theories. This is very useful in the context
of Supergravities, where we often start from 10d or 11d Supergravities.

We actually already saw a more sophisticated example of a consistent truncation in this the-
sis. The truncation to massless spin 2 multiplet of 11d Supergravity on AdS; x S’ is a consistent
truncation of the full theory, which corresponds to d = 4 ' = 8 Supergravity with SO(8) gauge
symmetry. The consistency of the truncation can be proven using G-structures arguments. This
is a systematic way to construct consistent truncation in a given theory, that I will use later in
this work. For now the reader can refer to [142]. Another way of proving the consistency of the
truncation would be to show that a number of couplings are equal to zero, namely the couplings
involving at least a massless mode and a single massive mode, as we saw in (3.25). We will provide
such a proof latter in section E.E1].

Let us do a final remark on consistent truncations. They are not to be confused with effective
theories. In the latter, we integrate out massive fields, because the energy scale at which we work
is lower than the energy scale at which the mode is excited. But this is very different to consistent
truncation, where we rigorously set fields to zero. The discarded modes may have a mass scale
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comparable to some modes we keep. Consistent truncations are really a tool, at least in this thesis,
in order to build solutions, and compute couplings in the compactified theory.

C.2 Exceptional field theory techniques

The goal of this section is now to present the tools of Exceptional Field Theory for Kaluza-Klein
spectroscopy. This was first developed in [99} 116].

In the introduction, we presented the basics of EXFT, and in the previous section, we introduced
the concept of consistent truncations. We will now combine these two tools to demonstrate how
they can be used for spectroscopy. Schematically, this will proceed as follows: employing ExFT
and what is referred to as Generalized Scherk-Schwarz reduction, we will identify a consistent
truncation of the higher-dimensional Supergravity, which will define the background solution.
This process is akin to what was undertaken to discover the AdS, x S’ solution of 11d Supergrav-
ity, where the consistent truncation coincides with the massless sector of the theory. Subsequently,
we will introduce fluctuations around this background and calculate the linearized equations of
motion. This will yield a set of operators that will need to be diagonalized, from which we can
extract the spectrum of the entire theory. While this may appear similar to previous approaches, it
is now framed within the language of ExFT. What sets this setup apart? What are the advantages
of employing ExFT for this purpose? Instead of providing an immediate answer, we aim to elu-
cidate this throughout this section, with clarity emerging by its conclusion. For the remainder of
this work, the focus will be on E¢(4)-ExFT and E7(7)-ExFT that have been reviewed in 2.D).

The first task is to address how to efficiently implement consistent truncations within the
framework of ExFT. This is accomplished through Generalized Scherk-Schwarz (GSS) reduction.
The ansatz for ExFT fields is as follows:

Suw(x,y) = p2(y) gu(x),
2 M(x,y) =7 (y) (UM (y) AuM(x), (3.28)

AN (x,y) = U™ (y) UnD(y) Myun (x) .

Here U € E;(y) is the twist matrix and p is a scale factor, which factorises the dependance on inter-
nal and external coordinates. This ansatz bears similarity to Scherk-Schwarz (SS) reduction on a
group manifold [143]. One of the main differences is that for standard SS reduction, what is called
the twist matrix U takes its value in GL(n), whereas here it takes its value in E,(n)- Otherwise, the
two ansétze work in a similar way and lead to similar consistency conditions, as we will see. We
also introduce M = p~ Y (U )y M € (E4(4) x R™) and also often refer to it as the twist matrix.

Let us try make a comment on the different indices here. The fields with curly letters on the left
hand side and the M, N, ... indices are fields of the full theory. The fields on the right hand side,
with straigh letters and M, N, ... indices do not carry any y-dependance. Those are the fields of
the lower dimensional theory. For example for My (x), Ay (x), and gy, (x) describe the fields
of the maxinal N/ = 8 theory in 4d. Furthermore, objects with underlined indices designate objects
of the low-dimensional theory. For example, writing Xasn © does not have any meaning, since X
is intrepreted as the embedding tensor of the low dimensional theory, therefor we will only deal
with Xpn 2.

The consistency of the ansatz is now encoded in a set of differential equations on the
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twist matrix % that takes the form
[TMB}R = —mXun®, Tun™=(1-d)p 'onp (3.29)
where I' is the current algebra
TunE= W hHytour 2, ay=p Uy Non. (3.30)

Here, v, and n depend on the theory. If d is the dimension of the resulting lower-dimensional
theory, then n = 11 — d. Hence we have for d = 5 the Eq) group and for d = 4 the Ey7)
group. We also have 74 = % for E¢6) and 7 = % for Ey(7) EXFT. The notation [...]r, denotes the
projection onto the R, irreducible representation within the tensor product of a fundamental and
an adjoint representation (2.61)), as we explained in section

B B

Ege) : Om"; 27978=27®35101728. (331)

Byt Oym"; 56®133 =56 91256480, (3.32)

L |

For Eg (), we have R = 351, and for Ey(7), we have Ry = 912. The X tensor is of tremendous im-
portance in this setup. This corresponds to the intrinsic torsion of the lower-dimensional theory
and therefore will play the role of the embedding tensor of the theory. This means that it con-
trols the gauge couplings of the lower-dimensional theory as we already saw in (2.C.2). The most
crucial aspect, which may seem trivial, is that the embedding tensor is constant with respect to
internal coordinates. Naturally, this is the case because in lower-dimensional Supergravity, there
is no notion of internal coordinates, so it must be constant. However, when we compute the em-
bedding tensor in ExFT via (3.29), it is not guaranteed a priori that the obtained embedding tensor
will be constant with respect to y’s. Being constant ensures the consistency of the truncation and
allows us to identify the X tensor from ExFT as the embedding tensor of the lower-dimensional
Supergravity.

The twist matrix U plays a central role in ExFT spectroscopy. As it defines a generalized viel-
bein for the generalized metric on the background

AN = Ay = Uy MUy Ny (3.33)
U encodes both internal geometry and internal p-form field strengths, as it can be seen from
MMN Yy @ 0N = (detg) V2 ¢ 9, @9, . (3.34)

where we see that the generalized metric, hence U, encodes the internal geometry. Moreover,
the % twist matrix is globally well defined in a consistent truncation, therefore defining an every-
where non vanishing set of vector fields on the lower dimensional theory, and thus the background
is called generalised parallelisable. The condition of generelised parallelisabilty and consistency
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of the truncation (3.29) and can be rephrased as
Lo Un = Xoun " Up (3.35)

where . are generalised diffeomorphims that have been defined previously in 2.86), and Xy 2
now play the role of structure constants of what is now called generalized Leibniz parallelisable
space. The condition of generalized parallelisability, where X is not necessarly constant, but there
still exist globally well defined twist matrix U, is weaker than the condition of generalized Leibniz
parallelisability, where X must define a Leibniz algebra (and therefore must be constant). We will
see later how the algebra must be deformed in the case of generalised parallelisability only.

So far, our discussion has centered on the twist matrix U, M je. on the background geometry
and fluxes around which we define our consistent truncation. However, the consistent truncation
ansatz shows that any internal space contained by the truncation is generalized Leibniz par-
allelizable. To demonstrate this, let us introduce a vielbein for the lower-dimensional Supergravity
scalar matrix My, namely

Mun (x) = P 2(x) " B (%) 35 (3.36)

Now we can define a generalised frame field for every internal space obtained by the consistent
truncation by dressing the twist matrix U with a vielbein ¥ as

Un2(x,y) = Un™(y) " 2(x). (3.37)

Therefore the generalised metric takes the form

A (%, y) = Uy 2(x,y)Un B (x,y)0a8 = Un 2 (y) Uy M (y) Mun (x) - (3.38)

Futhermore, thank to the internal vielbein ¥/, we can now define the embedding tensor at every
point of the space, by dressing the one defined in (3.35). We obtain

Ly, Up = Xpp“Uc, (3.39)

with
X BQ = (”Vil)AM(qf/il)QM’V €x NB. (3.40)

Doing this allows us to deform the maximally symmetric background to any background that
can be described by a consistent truncation. To illustrate this more clearly, let us provide an exam-
ple. Let us consider the compactification of 11-dimensional Supergravity. The maximally symmet-
ric point gives rise to d = 4 N' = 8 Supergravity with SO(8) gauge symmetry. This corresponds
to 11-dimensional Supergravity on AdSy x S7, as encountered before, and the appropriate ExFT
to study this background is E;7)-ExFT. The background solution on AdSy x S7 is described by
a consistent truncation of the full theory. We can however find a "further" consistent truncation
living in the maximally symmetric theory, which would be on its own right a consistent truncation
of the full theory. To do so, we choose a subgroup of Ey(7), determine the singlet scalars of this
subgroup within the N' = 8 theory, and use those singlets to construct a generalized vielbein U.
These singlets will create a consistent truncation because of the singlets argument we have made
before.

Let us illustrate this with an example. Let us consider an SO(7) subgroup of the SO(8) isometry
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of the round sphere on AdS; x S7, which is itself a subgroup of E7(7). Because of the triality
property of SO(8) (there are three inequivalent 8-dimensional representations), there are three
ways to embbed SO(7) within SO(8). If we consider the following branching

8% — 1+7, (3.41)
s0(7)
where 8, is the fundamental representation of SO(8), [1,0,0, 0] in terms of the Dynkin labels, then
there is going to be in total one singlet within A" = 8 Supergravity and therefore keeping this single
field is a consistent truncation of N' = 8. The resulting theory contains N’ = 0 supersymmety. This
is known is the litterature as the SO(7) solution . There is another inequivalent solution
which is known as SO(7) _ in which
8& — 1+7, (3.42)
50(7)
where the ¢ stand for cospinor. In terms of the Dynkin labels this is the [0,0, 1, 0] representation.
Here again there are no residual supersymmetries. In order to describe this solution whitin the
ExFT language, we need to deform the generalized vielbein as

Ulxy)m™ = U Eexp (9(0)Tso(r),, ) 52, (3.43)

with U the twist matrix on the maximally symmetric point and Tgo(7), , the generator which is

/
a singlet either under SO(7)_ or SO(7).+ within SO(8). Using this vielbein, we can now describe

both vacua and study the spectrum of the different fields around those deformed background.

Now we can describe background solutions within consistent truncations, we can add fluctu-
ations on top of these background solutions. The generalized metric for this background is:

A (x,y) = Uy M (y) Uy M (y) Mun (x) = U A(x, ) Un B (x,9)0 a8, (3.44)

and the metric ¢, describes the external geometry. The fluctuations for the latter will simply be
parametrised by

(X, y) = P_z(y)(éo’w(x) + hyuv (%, ) (3.45)

For the vector fields we can parametrize the fluctuations as

d,M(x,y) =p H(U ) A M(y) Ay 2(x,y). (3.46)

In this equation, the background fields are hidden in the U twist matrix, and A A(x, y) desig-
nates the fluctuation of the vector fields. Finally, it remains to parametrize the fluctuations for the
scalar fields. Since the vielbein " parametrizes the coset space E; )/ Ky(4), with Ky(4) the maximal
compact subgroup of E;(,), it can be expressed as

T A(x,y) = exp(@* (4, y)Ta)m? ~ S ? + ¢* (2, ) Tam 2+ ... (3.47)

where ¢* are the fluctuations and T are the generators of ¢;(5) © £;(4), then a is a non-compact
index. This leads for the scalar metric to

Muin (%, y) = Spn + 20" (%, 1) Tapt Zopn + - .- (3.48)
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Notice that since « is a non compact index, we have
|0M*(5p = Ia *5137\/1 (3 49)
N N . .

Let us now explain how to expand fields into harmonics and how to deal with it within the lan-
guage of ExFT. We expand each fluctuation hy, (x,y), Ay (x,y), and ¢*(x,) in terms of a com-
plete basis of functions of the internal manifold. At this stage, we notice a very important feature
of this machinery: we only need a basis of functions for the scalar fields on the internal manifold
because all the tensorial internal structure has already taken care of by the ExFT. Another crucial
feature of this technology, is that the topology of the internal space is the same for any defor-
mation. This is true because we are dealing with continuous deformations of the internal space.
Since the topology of the compactification to the lower-dimensional Supergravity is the same for
any solution we can reach, we can choose a harmonic basis J* of any internal space. In particular,
we can choose this basis of functions to form representations of the largest possible group Gmax,
which corresponds the maximally symmetric lower dimensional Supergravity. For E;(;) ExFT,
this maximally symmetric theory is d = 4 N' = 8 gauged Supergravity with SO(8) gauge group,
leading to Gmax = SO(8) and the compactification on AdS, x S7; for Eg(6) ExFT, this maximally
symmetric pointis d = 5 N/ = 8 with gauge group SO(6), leading to Gmax = SO(6) and the com-
pactification on AdSs x S°. Note however that this basis of functions do not need to be defined
on a point which satisfies the equations of motion. We can choose the internal space on which we
define J* to be any configuration of the scalar fields, even if the latters do not correspond to an
extrema of the scalar potential.

We can then choose V> to be representations of the maximally symmetric group. This is also
around the maximally symmetric point that we typically define the consistent truncation (3.28),
that is constructed using % . Therefore, we have

Lo V' = U MoMY* = —Tu = o V°. (3.50)

Because the twist matrices generate the Lie algebra of Gmax, the 7 matrices are generators of Gmax
in the representation X. It can be shown that

[Tm, In) = Xpuny © % - (3.51)

Those generators of Gmax acting on harmonics V¥, are defined around the maximally symmetric
where the consistent truncation is defined. However we saw before how to deform ExFT objects
to take them from the maximally symmetric point, to a deformation of it. This is done by dressing
the objects with the vielbein #j; 2. In particular, with the set of globally well defined twist matrix
(3.37), we can obtain the generators of the deformed background by the action of a generalized
diffeomorphism on the harmonics of the maximally symmetric point

Ly, V¥ = =T = ad?, (3.52)

where
InFa="aM7*q, (3.53)

are the dressed generators of Gpax. Their commutator is now given by

(T4, T8] = Xjap “Tc- (3.54)
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Using all the ingredients we have introduced so far, we can write the fluctuation ansatz
gu(xy) = 072 W) (G () + Vs hu™ (%)),
T
M y) = o7 (y) U A" () LIely) At (x), (3.55)
z

i (x,y) = Un™(y) UnP(y) (68 +0ac Tos L Ve (v) 9 (x))
by

We now have everything in hand to compute masses. What we remains to be done is to inject this
ansatz into the field equations derived from for Eq(6)-EXFT and E;(7)-ExFT, then to linearize
these equations of motion and finally extract the mass operators.

Before closing this section, let us introduce a piece of notation. Say we have a generalized
metric constructed as described above, which provides us a background solution of the equations
of motion

Myn = Uy MUy X Ay 2 (3.56)

where ¥y 4754 = YAV Béap. This is the convention we will consistently employ from now
on. Whenever two indices are identical and in the same position, this means that a ¢ is contracting
the two indices.

C.3 Mass matrices

We illustrate the previous method by applying it to E¢ ) -EXFT in this section. E¢5)-EXFT can apply
to vacua of 5-dimensional maximal gauged Supergravity as we discussed in section[2.D], however,
the structure for other dimensions is very similar as we already explained in the previous section.
Further details can be found in [99].

By plugging in the Kaluza-Klein fluctuation Ansatz into the linearised equations of mo-
tion of Eg(g) ExFT, we can easily compute the mass matrices for any vacuum of the 5-dimensional
consistent truncation. These mass matrices will be expressed in terms of the embedding tensor
dressed by the scalar coset representative as well as the action of the dressed generalised
frame on the scalar harmonics

XABQ — (7/71) AM (771) BM 7/BQ XMB' 5%3}2 = _gAZQ Yo (3.57)

a Level diagonalisation

Before computing the mass matrices explicitly, we can already observe a dramatic simplification
in this approach compared to the standard one. With the ExFT fluctuation Ansatz (3.55), the mass
matrices will be expressed in terms of the embedding tensor and the matrices 74 »*. Crucially,
the only object acting on harmonics are 75 matrices, which appear in their dressed form as

Tpsf = (”f/ ’1) ATy (3.58)
The Jy £ form representations of the round S° isometries, and therefore do not mix different

levels of scalar harmonics. Similarly, the dressed .74 x* matrices will also not mix different S> KK
levels. This means that the KK levels of the round S° are preserved for any other vacuum of the
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consistent truncation. As a result, it becomes efficient to organise the KK spectrum of any vacuum
of the consistent truncation in terms of the KK levels defined by the round S°, something that is
miraculous from the perspective of the remnant symmetry group of the vacuum. This fact dras-
tically simplifies the computation of the KK spectrum compared to the traditional Supergravity
approach, and is just one of the reasons why the ExFT approach is so powerful when studying
vacua with small remnant symmetry groups. However, even more intriguingly, the same mech-
anism will give rise to a strong identities among cubic and higher couplings, as we will see in
section £.C21

b Spin-2 mass matrix
The equations of motion for the spin-2 fields read
VEO = = by © (11\/151[,111,2)023;2 T (3.59)
The spin-2 mass matrix is simply given by
(Mapin2)2? = =74z Taa?, (3.60)

the repeated downstairs A index convention refers to summation by J, e.g. for two tensors in the
27,
VaWy =V, Wp 4B, (3.61)

The ellipses in denotes couplings between spin-1 and spin-2 fields, and is responsible for
the Higgs mechanism. However those term do not affect the spin-2 masses. They will play a role
when we would like to identify what are the physical modes in the theory, in other words to gauge
fix the unphysical fluctuations. The minimal couplings gives rise to couplings of the form

mad Ay, A= T (3.62)

hence 774 controls the spin-2 Higgs mechanism.

¢ Vector & tensor mass matrix

The fields equations of motion obtained by varying the Lagrangian w.r.t. vector fields are of Yang-
Mills type

Vo lyn FM™N) = (Alm+ (Flhm+ (Fhp)m (3.63)

where the currents on the r.h.s. denote the contributions from the Einstein-Hilbert (EH) term, the
scalar kinetic term, and the topological term, respectively. The contributions from the topological
term are in gereral of higher order in fluctuations and therefore dropped, and the EH contribution
only gives rise to the Higgs mechanism. Therefore it does not contribute to the physical result.
Upon linearizing and using the truncation ansatz (3:28), the equations of motion for the vector
fields reduces to

DXAHAZ = (ﬂvlspinfl)AZEQAMBQ (3.64)
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The vector mass matrix is given by
Ax 1 T e A
(Mspin—l)* o = 7, Haa a1l 0, (3.65)
with
50 = -2 (XA‘" 0% — 6T 48 @ZQ> , (3.66)
and its adjoint
HA“ZQ = H,XAQZ = -2 <XAtx (5(2) + 6T,XAE 952(2) . (367)

Here, we defined the non-compact projection of the embedding tensor in its adjoint indices

Xp"% = XpETCE. (3.68)

On the other hand, the tensor mass matrix is

1
(Mtensor)AZBQ = \/_1—0 (_2@59 +10 dﬂ %ZQ) ’ (3-69)

where we used the antisymmetric combination of the intrinsic torsion given by

7ZAB — pJCPA X B — _7BA (3.70)

These two expressions can be combined to find the following interesting structure arising.

(Mspin—l)ézﬁﬂ + (Mtzensor)éz B0 — Hv[OAﬁég2 + ZN%E‘?QZQ + 5@ (Mspin—2>20
N 0 (3.71)
- 577742 TTBA

where

1 1
Mo a® = - Xp% Xpo + = 24C ZBC,

3 10 ) (3.72)
Nea® = Ne* Tax® = (Xc® +3XpeS T pE) Ty 4,

are the 5-dimensional gauged Supergravity contribution and the tensor Nc* which mixes the
level-0 and higher-level contributions. The T; 42 are the compact generators with & labelling the
36 of USp(8) and raised/lowered with the Cartan-Killing metric «; 4+ Moreover, 74 20 = 70
corresponds to the coupling between vectors and spin-2 and thus 745”7134 only acts on the
spin-1 Goldstones eaten by the massive spin-2 states. We see that the .72 terms act on physical
modes exactly like the spin-2 mass operator (3.60)

Mepin—2 = — T4 T4 - (3.73)
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d Scalar mass matrix

The variation of the potential (2.94) with respect to the scalar fluctuations ¢* = $**) gives us
the scalar equations of motion and obtain

029" = (Mapin0) " + .., (3.74)

The scalar mass matrix is given by

(Mspin70>a2ﬁ0 = [Xa" XprE T pa"
+ (X AeEXpeE + XpaEXpsE + XEAXEB) T2
(XA ExppE— X EQX 2 X QX@Q) TaéﬁTﬁgQ} 5?) (3.75)
(T*ABXap — TpaPXa®) To™0r — 2 [T, Ty] 42 Xen? T

— 0 Ta"aTa o + 12T a2 Ty* A T,
where we introduced the notation for products of generators

Tapa® = Taa® Tpc®. (3.76)

We can simplify this by adding terms which only act on Goldstone modes. We can easily imple-
ment this via the IT tensor of (3.66). The mass for spin-1 boson in KK reduction indeed arise by a
standard Higgs mechanism. If we consider the covariant derivative of the scalar fields, we have

Du( @ tamt NVF) = 0u V> tart N = Loy (9 tam N VF) — tant N 4, A (3.77)

Therefore we see that I1* 4 controls what are the spin-0 that couple to spin-1 fields via the Higgs

mechanism. Therefore, adding a term like IT* AAZHA}%AQ in the scalar mass matrix will only act

on Goldstone modes, which are not physical. We find

1
(Mspin_o)“zﬁg + A ST 0 = My %0 + 2Na T30 + 0% (Mspm_Z)ZQ . (3.78)

Here
1
Mo" g = Xae"XprE Tpp% + 5 Xae Xpe" T2 "

+ X&EX@E(T“)AE (Tﬁ)QQ+ %XAW Xap, (3.79)
NAO“B — NA& T&aﬁ ,

where IN 4% is the object from that controls the mixing between levels 0 and higher levels.

C.4 AdSs x S° spectrum

To conclude this section, we apply the ExFT-techniques to AdSs x S spectrum and give the results
in terms of quadratic Casimir operators of SO(6) and U(1). This can be done straightforwardly
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using (3.60), and (3.79). The field content of IIB Supergravity on AdSs x S° in recalled in

@5).

Let us note the explicit form of the embedding tensor at this vacuum

]
XapC = { i = z*f‘s[i el (3.80)
Xap™ do = _\/_5[a5b]d5

where we decompose Eg(¢) — SL(6) x SL(2), such that the 27 — (15,1) & (6,2), witha,b,... =1,...

and we use u,v = 1,2 for the SL(2) doublet. The action of the .7 matrix on the harmonics is given
by
ub c \/—50[51 b’ (381)

on fundamental harmonics )*, and naturally extended on the higher harmonics, with .7 aus A — (),
We can now immediately compute the spin-2 mass spectrum. From (3.81), we see that
= V21459, (3.82)

where t45 are the canonically normalised SO(6) generators acting on the scalar harmonics.
Thus,
Mspjn_z = _yAgA = ZCSO(()) = f(@ + 4:) , (3.83)

where Cgo ) is the SO(6) Casimir
Csoe) = —tata (3.84)

and we expressed the spectrum in terms of the level, /, of the spin-2 fluctuation. On the other hand,
the level-0 mass operators for vector/tensors, IMy AB, and for the scalars, IMy* p, can be evaluated
explicitly and is, in both cases, given by

IMO = 8 - 2650(6) - SCU(l) 7 (385)
where Cy (1) denotes the Casimir of the compact U(1) C SL(2)s that remains of the IIB S-duality.

Finally, the tensor that controls the mixing between level-0 and higher-levels, N 45 5€ in (3.79),
is given by
N < = —X4p°. (3.86)

In fact, this relation holds for any embedding tensor that lives in the 36 of USp(8), such as for the
AdSs x S° vacuum. From the algebra of the .7-matrices and using (3:86), we see that the
IN-tensor is given in terms of the canonically normalised SO(6) generators by

]NABf \/—tAB* (3.87)

Putting the level-0 result for together with the relation (3.87), this now allows us to eval-
uate the vector-tensor and scalar mass matrices (3.78). For this, we need to disinguish the
action of SO(6) generators on level-0 fields and the scalar harmonics, which we denote by t° and
th, respectively. Thus, we obtain for the mass matrix IM, corresponding to IMyec—tensor OF Mspin—o,
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the following
M =M +2Na T4 — TaTa
=8+219 1) —8Cyq) +41 1t — TuTy
=8+2(t +1h) (t+t4) ~8Cun) ~274%a
=8 _2050(6) _8CU(1) +2£(£+4) ,

(3.88)

where in going to the second line we replaced Cgo(6) in M by (3.84), in going to the third line,

we completed the square, and, in going to the final line, we recognised (t?q + tfi‘) as the SO(6)
generator acting on the tensor product of the level-0 fields and scalar harmonics, corresponding
to our field basis.

Let us thus summarise our results for the AdSs x S spectrum. We have shown that the mass
matrices at S° level £ are given by

Mspin72 - —2 CSO(6) + 2€(£ + 4:) ’

Mvec—tensor =8~ 2650(6) - 8Cu(1) +2 £(€ + 4) , (3.89)
MSpinf(] - 8 - 2CSO(6) - 8CU(1) + 2 é(ﬁ + 4) 12

for a field in a representation [, p, ‘7]50(6) ® U]U(l). The Casimir operators are given by

1
Csoe)[n, p,q) = 3 <4n2 +3p2+3q(4+q) +2p(6+q) +4n(4+p + q)) ,
Comlil = 7.

are the SO(6) and U(1) Casimirs. Note that our expression in terms of the SO(6) and U(1)
Casimirs only appears once we write the fields as a tensor product of the 5-dimensional gauged
Supergravity fields with scalar harmonics. The compact expressions are already a signal
that this new field basis we are using is very efficient in computing KK spectra. As we will see in
this field basis also simplifies the computation and the results of n-point couplings.

(3.90)

D Kaluza-Klein spectroscopy beyond consistent truncation

E presented how we can use ExFT in order to compute efficiently the full spectrum of a
Kaluza-Klein reduction to a lower dimensional theory in the previous section. This proved

very powerful in getting the spectrum of backgrounds with few symmetry. We will now present
how we managed to extent those techniques, to what we claim is beyond standard consistent
truncations. Let us explain this naming. All background described in the previous section are
deformations of the maximally symmetric point, defined in a consistent truncation. What we
mean by consistent truncation in that case, is to select a subset of the field content of the maximally
symmetric point, which is itself a consistent truncation of the full theory with all the fields from
KK towers, and restrict the lower dimensional theory field content to the selected modes. Another
way of saying it, is that the consistent truncations are restricted to truncations of the zero modes
of the KK towers of the full theory. In the case of 11d Supergravity, this means for example that
consistent truncations are living inside N = 8 d = 4 maximal Supergravity. What about consistent
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truncations including modes from higher KK levels? For example, what if I can make a consistent
truncation with a mode from level 1 of a KK tower. Can I describe this in the previous language?
Will this describe a valid lower dimensional theory? A priori, this is hill defined as it leads for
example to a non constant embedding tensor. This can be seen straightforwardly because the
vielbein ¥ will schematically look like

Y (x,y) = exp (¢§<KTKK(x)yi)7}(x). (3.91)

with ¢ a mode coming from a non zero KK level, )’ and T the corresponding harmonics and
generators, and ¥ the vielbein defined by the zero modes. We see that this new internal vielbein
¥ (x,y) is now y dependant, hence does the embedding tensor on the lower dimensional theory
(3.40)

XapS(xy) = (VDM 9) (7 )N, y) 7 S, 9) Xoan () (3.92)

However as we will show in this section, there is a way to make sense of it, and to include
modes from higher level of the KK towers. This is in that sense we mean beyond consistent trun-
cation: this is not a standard consistent truncation of the maximally symmetric theory, but a con-
sistent truncation of the full theory to a lower dimensional one. Extending the techniques of
would lead to interesting insights, because many interesting vacua arise from deformations
by scalar fields that are not part of the A” = 8 truncation, such as the AdS, x squashed S” vacua
with N/ = 1 and N = 0 supersymmetry 137], or AdS vacua obtained by TsT deformations
[1334135].

This section is organized as follow : first we will present what changes compared to the stan-
dard method of ExFT, namely in the fluctuation ansatz. Then we will talk about quadratic con-
straints. We need to make sense of the non constant embedding tensor we found. Finally we will
compute the new mass operators in the ExFT language. From now on in this section, we will focus
only on Ey(7)-ExFT.

D.1 Fluctuation Ansatz

While showed how to obtain the full Kaluza-Klein spectrum around any vacuum of max-
imal gauged Supergravity that arises from a consistent truncation, here we will go further and
treat more general deformations of vacua of N = 8 Supergravity that take us outside the consis-
tent truncation as explained in the previous paragraph. Any background within the consistent
truncation to N’ = 8 gauged Supergravity is generalised Leibniz parallelisable, which consists of
the following two conditions:

 Generalised parallelisable: The generalised tangent bundle is trivial, i.e. there is a globally well-
defined generalised frame. Put differently, we can define the globally well-defined Ey7)
objects

{an® = u™ru?, o}, (3.93)

where U4 is the E;(7)-valued twist matrix, and p is the nowhere-vanishing scalar density
of weight —1/2. Crucially, generalised parallelisability is a topological condition.

* Leibniz: For a generalised parallelisable space to be generalised Leibniz parallelisable re-
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quires U2 and p to additionally satisfy the differential condition
Ly, W™ = Xag“ UM, for M =p7H (U M, (3.94)

where the so-called intrinsic torsion X AJQ must be constant. In this case, there exists a con-
sistent truncation to maximal d = 4 Supergravity, with the reduction ansatz for the higher-
dimensional fields encoded by the twist matrix U and scalar density p [146]. The con-
stant intrinsic torsion defines the embedding tensor of the maximal gauged Supergravity
arising from the consistent truncation.

Let us now consider a general deformation of a background of N' = 8 Supergravity, which is
not triggered by the 70 scalar fields of the N' = 8 Supergravity. Thus, the deformed background
will no longer be part of the consistent truncation. Nonetheless, because we are considering a
continuous deformation and generalised parallelisability is a topological condition, our deformed
background is still generalised parallelisable. That is, our background admits a globally well-
defined twist matrix Uy4 and scalar density p. However, if we compute the analogue of (2.59),
we find

Loy, w™ = Xa(y) %M, (3.95)

where the intrinsic torsion, X 45(y), is no longer constant. Rather, the dependence of the intrinsic
torsion, X43(y), on the internal coordinates is the obstruction to the deformation being part
of the consistent truncation. Nonetheless, we can still employ the same ideas as in to
compute the full KK spectrum. In the previous case with constant intrinsic torsion, the d = 4
mass matrices can be given as algebraic expressions in terms of the intrinsic torsion tensor. In the
more general case the d = 4 mass operators are most conveniently expressed in terms of
differential operators

o4 = YUMo, (3.96)

in the internal space. While the expression of the lower dimensional mass operator in terms of
differential operators on the internal manifold is of course at the heart of any Kaluza-Klein analy-
sis, the Ey(7) covariant formulation together with an appropriate fluctuation ansatz reduces
the analysis to a differential problem involving exclusively the tower of scalar harmonics. As a
result, the computation of the full Kaluza-Klein spectrum can be done in analogy to the spin-2
sector and leads to universal covariant expressions for all d = 4 mass operators, which can be
straightforwardly diagonalized in the concrete examples.

The non-constant intrinsic torsion (3.95) now generically gives rise to level-mixing, i.e. mass
eigenstates of the deformed background will come from mixing states amongst different KK levels
of the undeformed background. By contrast, when the deformation is caused by the 70 scalars of
the consistent truncation, the deformed KK mass eigenstates will be linear combinations of states
of the same KK level of the undeformed background [99, [116].

Just as in previous sections, because our vacuum is generalised parallelisable, we can expand
any tensor fluctuations in terms of the generalised frame Uy4 and p. Thus, we can write any

deformation of a generalised parallelisable space as in (3.45)(3.46)(3.48)
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(X y) = p2(y) (S (x) + (1)) ,
M (x,y) = 7 (y) (U aM(y) Al (xy), (3.97)

AN (%, y) = U2 (y) UNB(y) #ap(x,y),

where ¢, is a given d = 4 background metric and hy, (x,y), Ay2(x,y) and .#4g(x,y) are now
scalars on the internal space, whose y-dependence we can further expand in a complete basis of
scalar functions, Vs, (). Moreover, if we are interested in linearised deformations, we can rewrite

to linear order in fluctuation similarly to
g y) = 072 W) (o () + L Ve ™ (%)),
T
M y) = y) (U aM () LY y) 4 (x), (3.98)
T

Aan (x,y) = Un™(y) UnP(9) (88 + 6ac Ta s L Ve (1) 9 (x) )
2

where the T, 42 are the non-compact generators of ¢7(7), such that 5 ¢ TapE = 0pc Ty u€ as we
previously encountered in (3:47). Finally, we are ignoring the two-forms since these do not con-
tribute to the linearised equations of motion. In the following, we will omit the explicit summation
symbol over the harmonics X.

Since A, B are really SU(8) indices, we have two invariants with which we can contract: the
E;(7) symplectic invariant ()45 and the SU(8) invariant d4p. In order to keep track which tensor
is involved in an index contraction in SU(8) language, we will use the following conventions.
All Ey(7) indices, including the flattened A, B, are raised and lowered using the E;7) symplectic
invariant Q) 45 in the conventions of (2.80). Thus,

VAW, = VAWEQp,. (3.99)

On the other hand, we will suppress the effect of raising/lowering indices with d 45, i.e. they will
simply be written in the same position. For example, repeated flattened A, B indices at the same
position are contracted with 45, as we already encountered in ie.

VAVA = VAVEs,p. (3.100)
In particular, with these conventions, the non-compact generators T, 42 satisfy
Toa® = Top?. (3.101)

The benefit of the Kaluza-Klein Ansatz is that the linearised equations of motion of ExFT
obtained from the pseudo-action (2.77), drastically simplify. As a result, we can read off the
Kaluza-Klein mass operators, which are determined by the intrinsic torsion X5 (y) from (3.95),
and flattened derivative (3.96).

Before we compute the mass operators, let us comment on the applicability of the technique
developed here. Allowing for a y-dependent X-matrix in looks like it may apply to any
background of 10-/11-dimensional Supergravity, since any such background can be described by
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a generalised vielbein, akin to (3.93). However, for a generic background, the generalised vielbein
will not be globally well-defined, but only up to SU(8) transformations. This is a problem, since
the intrinsic torsion defined in is not invariant under such SU(8) transformationsﬂ More-
over, the fluctuations in would not be globally well-defined and instead require not just
scalar harmonics but also tensor harmonics in various Ey(7) representations. As a result, the setup
here does not readily apply for general backgrounds, but only for those which are generalised
parallelisable, i.e. with a globally well-defined twist matrix. Such generalised parallelisable back-
grounds include deformations of backgrounds that can be uplifted from maximal gauged Super-
gravity, even when the deformation does not correspond to one of the 70 scalar fields of the ' = 8
gauged Supergravity. We will discuss concrete examples below.

D.2 Quadratic constraints

By plugging the fluctuation Ansatz into the linearised equations of motion, we will obtain
the mass operators for the full Kaluza-Klein tower. Since the equations of motion are quadratic
and involve the generalised Lie derivative, our fluctuation Ansatz implies that the mass
operators will involve X2, 9X, X9 and 92 terms. This is just like in (where the action of
d on harmonics was explicitly parametrised by a representation matrix .7), with the important
difference that we now also obtain dX terms, since the intrinsic torsion is no longer constant.
However, the quadratic terms in X and 90X are not all independent. Rather, some of them are
linked by quadratic constraints, generalising the quadratic constraints of gauged Supergravity,
governing constant X. Just as in that case, the quadratic constraints are a consequence of the
section condition and thus of closure of the algebra of generalised Lie derivatives, i.e.

["%/A' g%} = i”[[%, U/ (3.102)

where we defined the shorthand
[%a, U] = Loy, Us - (3.103)

Applying to p~2 give the following relation

IcX 4" = 9a8p) + Xap“bc, (3.104)
where .
04 = 0" Lyp % = %X@E, (3.105)

is the analogue of the trombone tensor of ' = 8 gauged Supergravity. Most interesting vacua
have 84 = 0, which will be what we restrict ourselves to in the following. Thus, X4p¢ satisfies
the quadratic constraint

dcXapE =0. (3.106)

On the other hand, applying (3.102) to %™ gives the quadratic constraint

Xack Xpe® — XpcE XapP + Xap® XecP = =204 XpcP + 12PEP 0 X g™ (3.107)

Put differently, the intrinsic torsion (3.95) is defined with respect the generalised identity structure given by the gen-
eralised parallelisation of the well-defined U4 ™. For more general backgrounds, we can define an intrinsic torsion with
respect to the G-structure of the background, but this will have a different algebraic structure than X 45<.
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For constant X, with the r.h.s. vanishing, this reproduces the quadratic constraints of gauged Su-

pergravity (2.59) [147]. By tracing (3.107), we recover (3.106) as well as the relation

Xac2 Xpp© —2Xca2 Xpp© = 0. (3.108)

Finally, the section condition (2.85) also implies a quadratic relation linking the flat derivatives
04 and X MQ. This can be deduced from the closure of the generalised Lie derivative (3.102) when
acting on scalar functions f(y). Then, we have

20(49p) — Xap“dc = 0. (3.109)

We will use these relations throughout the following sections in deriving the mass operators.

D.3 Mass operators

We are now ready to plug the fluctuation Ansatz (3.55) into the linearised equations of motions
resulting from (2.77) and (2.78) to obtain the mass operators. The computation closely follows the
one presented in 116] with additional contributions arising from internal derivatives acting
on the intrinsic torsion which is no longer constant.

a Spin-2

We begin with the linearised equations of motion for the spin-2 fields. The mass terms come from
the final two terms of the potential (2.94), i.e.

1/
Emass,g = Z Igl (///MNaMgWBNgW + ///MNg‘zaMgaNg> . (3.110)

Upon computing the resulting linearised equations of motion and inserting the spin-2 fluctuation
Ansatz (3.55), we obtain (upon gauge fixing in the external space)

VE Oz = s, (Mpin2) Y=+, (3.111)

with [, the 4-dimensional Laplace operator and the mass operator (Mspj_n_2> given by

(Mspm,z) = —0404, (3.112)

acting on scalar harmonics V5. The ellipses ... in refer again to couplings to vector and
scalar modes, which accounts for the spin-2 Higgs mechanism and do not affect the spin-2 masses.
As we explained above in (3.60), the 714 matrix will control the spin-2 Higgs mechanism.
Note that because we came back to operators, and not matrices anymore, we have here

T = E)A . (3113)

b Spin-1

The vector masses arise from the standard Higgs mechanism and thus from the couplings between
vectors and scalar fields in the scalar kinetic of 2.77). Thus, let us consider the linearised covariant
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derivatives of the scalar fields, similarly to what we did in (3.77)

Dylyin = UpA UnE [T,X,AE 0 Y — (Ay 0 ) B~ Ty pB 11 (%2)] ) (3.114)
where we defined

(A 09) B =TaocP o UM U™ 2, (UMQ Un® 3’2) ,

A
I A\ Zo* B -M B
né(% )_21r EUM 2 Un 6115

—2 (X4~ 12T 42 95) 4,4,
X" = Xapc T,

and 7,4 = o/,4* V5. Coset indices a, B are raised and lowered with the non-compact part of the
Cartan-Killing form. From (3.114), (3.115), we obtain the operator

Iy =—2 (XAI - 12T“Aﬁaﬁ) , (3.116)

which will be responsible for the vector masses. To express the mass operator, we will also need
the adjoint operator, IT4/, of (3.116), defined as

/ aY g 1%y (4,4) / AY TIL" (o) A4, (3.117)
where ¢, = j,zV*. Evaluating explicitly, we get

[y, =2 (XAW +12 P“,Aﬁaﬁ) . (3.118)

From the linearised equation of motion following from (2.77), upon usual gauge fixing in the
external space

O.AA = (Mspin_l)éﬁ By, (3.119)
we find the mass operator given by the self-adjoint combination

1
(Mspin—1>éﬁ = Iy, IT%p. (3.120)

Using (3.116) and (3.118), the mass operator takes the explicit form

1
(]Mspm 1)A B = 2 Xa" Xpu + 2Ty 2 C0cXp" +4 T 4 X" dc — 24 To s T3P 0p . (3.121)

The mass operator contains not only the physical spin-1 fields, but also the Goldstone vec-
tors for the massive gravitons, as well as massless magnetic duals to all these. Thus, in evaluating
the mass spectrum from (3.121), care must be taken to remove all these unphysical modes, e.g. by
proper gauge fixing in the internal space.

However, we can further simplify the structure of the mass operator (3.121) by shifting the
masses assigned to these unphysical modes. In particular, consider the magnetic dual of the mass
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operator (3.121) given by

(10 =002 (1)

(3.122)
= % XB, XA% 4 2T, AC 9 XB% 44T, CAXEI - — 24T, ACT*EL 5 55,
which carries the same eigenvalues as (3.121) while satisfying the orthogonality condition
(]Mspm,l)éﬁ (Mspm,l)ﬁg —0. (3.123)

Using (3.122) and (3.113), we can then deduce the relation

(Mspin—1>A§ + (Mspin—l)AQ = (Még)in—l>éﬁ + (INABQ — ]NBAQ) ag + aQ]NAEQ + 554 (Mspin72)
+2 (H AlTg + HAHB) ) (3.124)

with

(3.125)

The second line in acts only on the unphysical Goldstone fields, and can thus be ignored
when computing the masses of the propagating degrees of freedom. Moreover, relations
and imply that the first line of carries as eigenvalues all the masses of the physical
vector fields with an (unphysical) multiplicity of two, which has to be divided out. Equation
(3:124) turns out to be very useful for the concrete computations as in particular the quadratic

action on the scalar harmonics is exactly given by the spin-2 mass operator (]Mspin—z) (3.112).

¢ Spin-0

The scalar masses arise from the scalar potential (2.94) in the action 2.77). Let us first rewrite the
equations of motion coming from the scalar potential (2.94) in terms of the intrinsic torsion. We
find that a vacuum must satisfy the equation

1
0= |2dcXcal — XacPXppE — - (XﬂgxﬁQ + XcaPXcpP - XQAXQB)] Ty a2, (3.126)

When the intrinsic torsion X45C is constant, this precisely matches the variation of the N’ = 8
gauged Supergravity potential.
Similar to the computation presented in 116]], we can plug in the fluctuation Ansatz (3.59)

and compute the variation of the potential (2.94) with respect to the scalar fluctuations ¢* = $p¥* Vs
to obtain the equation of motions

Dx‘P’X — (Mspin—O)[X/S(Pﬁ +..., (3.127)
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where we can obtain the explicit form of the mass operator as

(Mspm_o)“ﬁ = Xae Xpr® (T*Tp) 2"
1
+5 (X AEXpeE + XpAEXpsE + Xﬂéxﬂﬁ) (T*Tp) 4B
2
ts (X&EXQE — XAp“Xpe® — XMQX@Q) (T*) 4% (Tp) P
—2(Tg)cP 0cXp® — [T*, Tp] aP0cXcp?

+2 ((T“)ABXA,g - (Tﬁ)éﬁxdﬂ dp —2 [T%, Tp] 4B Xcp2ac

(3.128)

— 52 848A+24 (T“T‘B)Aﬁaﬁaé.

Note the similarities of this mass operator with (3.75). This is expected: by back setting X to a
y-constant tensor and substituting d4 with 74, one can recover (3.75). It is straightforward to
verify that (3.128) is self-adjoint and thus has real eigenvalues. Once again, this operator yields
mass eigenvalues not just for the physical scalars but also for the Goldstone scalars that are eaten
by the massive spin-1 and spin-2 fields. Since we are not interested in these unphysical fields, and
can gauge fix them away, we are free to shift their mass eigenvalues in a way that simplifies the
structure of (3.128). Thanks to the Higgs mechanism, the operators (3.116), provide us with
projection matrices onto the Goldstone scalars, which we can therefore use to add to terms
of the form I1* 4 Héﬁ which only affect the eigenvalues of the non-physical Goldstone modes.

This allows us to rewrite (3.128) as

(Mspinf())aﬁ — (]Még)in—o)“ﬁ + (leﬁg — ]Nﬁ“Q) dc + dcIN“gE + Jg (Mspinfz) 3199
_ 21_4HIXAHAIS, 1)

which is easily verified to be self-adjoint. The operators in consist of

(M) s = Xar"Xpe® (T*Tp) 4"

1
+ = (Xag™Xpe" + Xea" X" + Xpr® Xer® ) (T'Tp) 4>

2

t5 (Xﬂﬁxwﬁ — Xar“XpeP — XMQX@Q> (T*) 4% (Tp) P

1
tg Xa"Xap,

(3.130)

which is quadratic in the intrinsic torsion X 43¢ and does not act on the scalar harmonics, and the
combination

7
IN®E = —2X4*Tp 2 — 2X T2 — [T*, Tp] a2 (XQA + EXABC) , (3.131)
which multiplies a linear differential operator on the scalar harmonics. Just as in the vector mass
matrix (3.124), the quadratic differential operator on the scalar harmonics in (3.129) is simply given
by the graviton mass operator (3.112). For the case of constant intrinsic torsion, the formula (3.129)
consistently reduces to the expression derived in [120].
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E The squashed S : the spectrum

S an application of the presented methods, we will now apply the mass formulas to compute
A the Kaluza-Klein spectrum of the squashed S” in 11-dimensional Supergravity. The sphere
S7 admits two Einstein metrics: the round metric with SO(8) isometry, and the "squashed metric"
which only preserves USp(4) x SU(2) C SO(8) isometry. These give rise to two supersymmetric
Freund-Rubin AdS, x S vacua of 11-dimensional Supergravity: the N' = 8 vacuum, when the
S$7 is round and an ' = 1 vacuum for the squashed S’ . For the squashed S’, the isometry
group USp(4) x SU(2) is embedded into SO(8) such that

8, — (4,2), 8 —(4,2), 8.— (51)&(1,3), (3.132)

often also referred to as the left-squashed S7H Note that there are two other embeddings of
USp(4) x SU(2) C SO(8), related to (3.132) by triality. The embedding

8s — (5,1) @ (1,3), (3.133)

gives rise to the right-squashed S”, with the same metric as (3.132), but different sign of flux,
yielding a non-supersymmetric AdS, vacuum [137]. Finally, the embedding

8, — (5,1) & (1,3), (3.134)

does not give rise to an Einstein space, and hence no AdS; vacuum. Here we will mostly focus on
the supersymmetric, left-squashed AdSy x S” vacuum (3.132), but the results also allow to fully
determine the non-supersymmetric spectrum on the right-squashed S”.

E.1 The squashed S” in ExFT

The round S7 has already been extensively studied in the ExFT framework. It is a generalised
Leibniz parallelisable background, whose twist matrix U consists of an SL(8) C E;(7) matrix
. As a Freund-Rubin solution, the generalised vielbein of the S” solution lives on the coset
space

SL(8) E7@z)

SO(8) = SU(8)’

which contains precisely the right degrees of freedom to capture a 7-dimensional internal met-

(3.135)

ric and 6-form potential. Explicitly, a general Freund-Rubin solution is described a generalised
vielbein of the form

@3/ 0
Upr = exp[-6a @ "] | ) . 1/, | €SL(B), (3.136)
m

where é,, is the vielbein on the internal seven-dimensional space, w = det én', and (™" is a vector
field with V,¢" = 1. The T, are the generators which extend gl(7) to s[(8), and « is a constant re-
lated to the seven-form flux of the solution. In our conventions, the round S’ solution corresponds
to a sphere of radius 1, and « = 1. Upon embedding SL(8) < E; ), the generalised vielbein is

2Here, we use standard triality conventions, in which the N=8 gravitinos transform in the 8; and the round s7 sphere
harmonics in symmetric tensor products of the 8.
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related to the generalised metric of (2.77) as .# = UUT . The twist matrix describing the consistent
truncation around the S” background is explicitly given by [145] 146]

U (V) = (‘bm <ya_6“5na”yu)> €SL®), m={0m}, a=1{1,...,8}, (3.137)

a=1

(;)71/4 amya

in terms of the fundamental sphere harmonics }*)* = 1. It differs from by an SO(8)
rotation from the right, such that consistently UUT = .# = UUT . The scale factor p is given by
p = @~ 1/2. This twist matrix satisfies with constant intrinsic torsion.

We will now give a similar ExFT description of the squashed S”. First of all, since the topology
is the same as the round S7, the squashed S” is also a generalised parallelisable background, i.e.
it can be described by a globally defined E;(7) twist matrix. Moreover, since the squashed S7isa
Freund-Rubin vacuum, by the argument above, the twist matrix should again be an SL(8) C Eyy)
element. Finally, the twist matrix must be a continuous deformation of the one corresponding to
the round S7, and the deformation must preserve USp(4) x SU(2), see (3.132).

Let us thus consider the decomposition E;(7) — SL(5) x SL(3) x R*, such that the isometry of
the squashed S” is embedded as the compact subgroup USp(4) x SU(2) C SL(5) x SL(3). Under
this decomposition, the E;(7) adjoint representation branches as follows

B |

+3 (5,1) [0,1,0]
+2 (5,3) 0,1,2]
+1 (10,3) 2,0,2]
0 (1,1)@sl(5) ®si(3) [0,0,0][2,0,0] [0,2,0] 6 [0,0,2] 6 [0,0,4] (3.138)
—1 (10,3) 2,0,2]
-2 (5,3) 0,1,2]
-3 (5,1) [0,1,0]

L |

where the vertical axis labels the R™ charge of the representations. The last column col-
lects the USp(4) x SU(2) representation content described by their Dynkin labels. To construct
USp(4) x SU(2)-invariant deformations, we consider linear combinations of the E7(7) generators
which depend on the S” coordinates

c)a T =Y cur V=T, (3.139)
x

with the scalar harmonics J* on the round S’. These harmonics combine into the tower of repre-
sentations

) [1,0,0,0]s0(8) — Y _[1 — 24,4, — 2q]usp(a) xsu(2) - (3.140)

n n,q

under SO(8) and USp(4) x SU(2), respectively. Combining this expansion with the decomposition
(3.138) shows four USp(4) x SU(2) invariant combinations in (3.139): one at KK level n = 0,
coming from the [0, 0, 0] generator, two at KK level n = 2, coming from the noncompact generators
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in the [2,0,2] and [0,1,0], and one at KK level four from the generator in the [0,2,0]. Closer
inspection shows that only the generators in the [2,0,2] and [0, 1, 0] belong to the s[(8) subalgebra
of corresponding to Freund-Rubin configurationsﬁ We can thus construct a two-parameter
family of SL(8) twist matrices, interpolating between the round S” and the squashed S”. We choose
to parametrise them as

U(a, ) = U(a) e Ten ) (3.141)

with U(a) from (B.137), however with free flux parameter «, and 5 an extra parameter associated
with the generator T(5)()), which denotes the USp(4) x SU(2) invariant contraction of non-
compact generators in the [0,1,0] in with the round S harmonics. Apart from the twist
matrix for the round sphere U(1,0), the intrinsic torsion associated to depends on the
S7 coordinates. The field equations of D = 11 Supergravity for this background can be expressed
in terms of the intrinsic torsion as and turn out to be identically satisfied for the values

1

{n=0, a==£1}, {ﬂzzlogS,a:i;} . (3.142)
It is straightforward to verify that the internal seven-dimensional metric obtained from (3.141)
is an Einstein metric precisely for these values of the parameters. The first solution in
describes the round sphere and its skew-whiffed counterpart, obtained by flipping the sign of the
seven-form flux. The second solution in (3.142) describes the left- and right-squashed spheres.
With the Killing vector fields on the round sphere given by Ky, = 2],0" ;) (where the vector
index on the r.h.s. is raised with the round S” metric), the above generalised vielbein induces the
following explicit metric

1 1,
8ty = 5 Kat"Kap" + 5 (e 1) THTE K" K", (3.143)

on the squashed sphere. Here, the I'"? are the SO(8) T matrices, with spinor indices i, j running
over the range {1,2,3}, in accordance with the breaking (3.132).

E.2 The Kaluza-Klein spectrum on the left-squashed sphere

We can now use the methods outlined in section to compute the full Kaluza-Klein spectrum
of the squashed S”. Since the squashed S’ can also be described as the coset space

USp(4) x SU(2)

SU(2) xSU(2) (3-144)

the KK spectrum can also, in principle, be computed using group theory techniques [114]. How-
ever, because the squashed S is not a symmetric space, the resulting procedure is still rather intri-
cate, although many partial results have been collected over the years [148H152]. In particular,
while the set of potential mass eigenvalues of all different bosonic KK towers has been analysed
to some extent (and is complete as we shall show), the traditional Kaluza-Klein computational
scheme struggles to assign the eigenvalues with possible multiplicities to the correct eigenstates.
Here, we will determine the full KK spectrum on both, left- and right-squashed S’ by evaluat-

31t is important to note that this Freund-Rubin s[(8) does not fully contain the sl(5) @ s[(3) subgroup appearing at zero
charge in (3.138).
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ing the ExFT mass formulas. This straightforwardly provides not only the mass eigenvalues but
also the corresponding eigenstates and multiplicities. In order to diagonalise the differential oper-
ators (3.112), (3:121), (3.128), we evaluate them on general polynomials in the fundamental round
harmonics Y*. In contrast to previous ExFT computations based on 116], the y-dependence
of the intrinsic torsion computed from , thus of the coefficients in the mass operators, in-

duces a level mixing for the mass eigenstates. I.e. the action of the mass operators on a given
polynomial of harmonics does not preserve the order of the polynomial. However, the symmetry
group USp(4) x SU(2) is still large enough to keep the problem manageable. In particular, the fact
that the tower of harmonics (3.140) does not carry any non-trivial multiplicities implies that any
given representation appears only a finite number of times in the full KK spectrum. In order to
determine its mass eigenvalues, it is thus sufficient to evaluate the corresponding mass operator
on a sufficiently large polynomial of harmonics after projection onto the relevant representation.
The computation can be further reduced by further projecting the polynomial onto highest weight
states of USp(4) x SU(2). Concretely, we have pushed the computation up to Kaluza-Klein level
n = 8 which together with the underlying supersymmetry is sufficient to extract the generic struc-
ture.

In the following, we summarise our results as well as details allowing us to match the results
of [148-152]]. We start with the left-squashed sphere, for which the states organise into long
N = 1 supermultiplets. A generic long multiplet L[], A] is identified by the (space-time) spin |
and the conformal dimension A of its superconformal primary. The conformal dimension of the
primary is bounded by A > | + 1. The long multiplets with fields of spin no higher than 2 consist
of the following Supergravity fields:

B -

Q Q
L3, Ay — guv & Ay — Wy,
Q Q
LI, A A, % v, @A Ay,
[1,A]: Ay , Py . K7 (3.145)

Loa:¢ = A Ly,

L |

where g, denotes a spin-2 field, ¢, denotes a spin-3/2 field, A, denotes a spin-1 field, A denotes
a spin-1/2 field and ¢ a scalar. In addition, the spectrum contains short multiplets A;[]] with
A =1+ ], which carry the gauge fields. These are

[ ]

Aql2]: £> ,
2] g o 8ir 3 146)
A[3] A = A,

L |

The entire masse spectrum organises into a sum of long multiplets

DLy aselpagr, (3.147)
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in the different USp(4) x SU(2) representations [p,q,r]. Each such multiplet comes with a cer-
tain multiplicity. Remarkably, we find that the conformal dimensions of all these multiplets are
captured by the universal formula

5 1
= Zs4 = 2)2
A],s—1+3s+3\/(3]+25) +50Cs, (3.148)
in terms of the spin | and the combination
C3=Cpy+3Cy, (3.149)

of the USp(4) and the SU(2) Casimir operators
1/, o 1
CM:§<P +2q +4P+6q+2pq), Crzzlr(r—l—Z). (3.150)

The parameter s € 3Z in (3.148) is an additional label that organises the spectrum and counts the
multiplicities. To present the spectrum in compact form, we use the following notation

P
LiJ]®{s1,52,....5p} = LI Ay (3.151)
i=1

with conformal dimensions A s given by (3.148). Remarkably, for all but a handful of small repre-
sentations, s in fact appears like the R* C SL(2) charge of a full SL(2) representation. Accordingly,

we use the notation
L[J]®[S] = L[J]®{-S,-S+1,...,S}. (3.152)

Let us take as an example the states in a [k, g, k] of USp(4) x SU(2) for generic values of k, g (i.e.
k > 1, g > 1). The KK spectrum exhibits one spin-2 state, 9 vectors and 16 scalar fields in this
representation. They turn out to fall into 13 N/ = 1 supermultiplets which in the notation
take the form

kg Ksrer L0l @ Lo} & Llelbe )] @ Liojs[jo1]. (3.153)

Nl—

Similarly, the supermultiplets in the other generic towers of USp(4) x SU(2) representations can
be summarised as

(kg K+ 2]50,051 & [k + 2,0, klig,450 ¢ Llo]e[3] @ L[1]®]
[k, g, k+4],o1 & [k+4,9,k]: L[3]®[0] @ L[0

)
h
o
®
ol
®
N|—

3 I,
: (3.154)
2

8

Translating the conformal dimensions into Supergravity masses, we find that all mass eigenvalues
fit into the list of potential eigenvalues identified in [148152]]. Seemingly missing eigenvalues
on that list are explained by non-trivial multiplicities arising in the expansion of (3.153), (3.154).
For vector fields, and sufficiently large values of k and g, the masses found in (3:153), span
the entire list of [151]]. For scalar fields, the masses realised in the KK spectrum (3.153), (3.154)
fix all potential sign ambiguities in the general analysis. For small values of k and g, the general
structure of the spectrum degenerates, as spelled out in (3.155)), such that only a subset of the
potential mass eigenvalues are realised.
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Before comparing the above method to the traditional one, we summarise the N/ = 1 super-
multiplets in the Kaluza-Klein spectrum on the left-squashed S” which appear in USp(4) x SU(2)
representations with small Dynkin labels, such that some of the generic structures (3.153),
degenerate. In particular, in some of these representation, the values of the label s do no longer
combine into full SL(2) representations, such that in these cases we revert to the notation of (3.151).
The full list of these supermultiplets is given by

L1, LI3I®0] @ L]e[3] @ L{z]l®1] @ L0]=[3],
[0,4,0],-,: L[3]®[0] ® L[0]=[3],
kLK : L312[0] © LAJ®[3] @ L[3]e[z93] ® L0]2[3] @ L[0]@{+3},
[k,0,Kloq = LI3[0] @ LOJ®{—3} @ L[z]®{0,+1} @ L[0]=[3],
[1,1,1]: Li3]e0] @ Li1]e[3] @ L{3]e[1] @ L0]e{-3,+3,+3},
[1,0,1]: L[3el0] @ L{1]e{-3} & Ljle{+1} & L[0]e{-3,+3},
0,1,01: L[3]®[0] @ L[0]&{-3,+3,+3},
[0,0,0]: Ll0Je{-53} @ Ail3],
k1L k+2lg: LJ2[3] @ L[3]®[1] @ L[0]e[3],
k,0,k+2]4u0: L{]®{+3} @ L[}]®{-1,0}, (3.155)
0,42~ : L]®[3] @ L[z,
0,1,2]: L[]2[3] @ L[z]®{-1,+1},
0,0,2]:  LJe{+3} & Ai[3],
k+2,0,kl,-0: L[1]®[3] & L3]®[1] & L0]2{+3}},
2,400,590 LJ®[3] @ L[3]®[1],
2,0,00: L[1]e[3] @ L[zle{+1} ® Ail3],
k,1,k+4]: L[}]e[0] & L[0]®{-1},
[k,0,k+4]: L[0]o{-1}.

Note that for the L[0] ®{—1} ® [0,0,0] multiplet, our formula yields the value A = 1, which
lies below the unitary bound. This arises because KK spectroscopy strictly computes the mass
eigenvalues in the AdS bulk, whereas their translation into conformal dimensions via A(A —3) = m?L2
allows for two solutions. For this multiplet, the other choice of solution of A gives the correct con-
formal dimensionE|

This completes the full Kaluza-Klein spectrum.

It is instructive to compare the above results for the KK spectrum on the squashed spheres
to the results obtained in the traditional computational scheme [148-152]|. In that approach,
the eigenvalue spectra of the different internal Laplacian operators on the squashed sphere are
determined by the coset space techniques based on the representation of the internal space.
These spectra are then combined with the universal formulas for mass operators appearing in
Freund-Rubin compactifications [141]. While extensive knowledge of the Laplacian eigenvalue
spectra has been accumulated in [148-152], the assignment of these eigenvalues and their
multiplicities to specific mass eigenstates appears less straightforward in that approach.

“We thank Joel Karlsson for drawing our attention to this.
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Let us consider as an example the KK states in the [k, g, k] representation (for generic values
k>1,q > 1) for the N = 1 left-squashed sphere. From (3.153), we find the multiplet structure

[qu'k]k>1,q>1 : L3Je0] @ L3l @ L3]ciel] & L0jc[ie1]. (3.156)

Formula (3.148) yields the conformal dimensions of all fields. We may translate them into Super-
gravity masses by the standard D = 4 formulas

spin-0,2: A(A—3) =m?(?,
. ) s (3.157)
spin-1: (A—1)(A—2)=m"¢.
In our conventions, and with the twist matrix from (3.141) the AdS length / for the squashed S is
given by (2 = 2 . Evaluating the field content of the various supermultiplets in (3.156), we obtain
the following masses for the different spin-2 and spin-1 modes

| A m? L[J] #
3 1 3
Suv E T g\/ 81+4+20Cs 8C; L[E] 1
1 144
Ay g+g\/81+20‘33 SC3+T L[g] 1
1 1 208 32 1
6+g\/49+2063 863+T—€\/49+20C3 L[1]®{_7 1
7 1
6+6V49+2063 863+§5—8—§\/49+20C3 L[l]@{—%} 1
11 1 88 8 . (3.158)
Z+6\/49+2003 8C3+€+5 49 4+ 20C5 L[l]@{—i-f} 1
17 1 208 32 1
Z+6\/49+2003 8034—?4'?\/494-2003 L[l]@{—i-j} 1
1 1 2 4 1
—€+€\/49+20C3 8034—%—?0\/494-2003 L[§]®{—1} 1
1 1
g + 2O+ 206 8¢5 Lizle{0) 2
1 1 2 4 1
Zg+g\/49+20C3 8034—%4-?0\/49—1-2063 L[§]®{+1} 1

where we also list their multiplicities and the supermultiplets to which they belong. Comparing
to the previous results, we find that all the mass eigenvalues exhibited in fit into and fully
span the list identified in (up to an overall normalisation factor in the definition of
mass). On the other hand, the seemingly missing eigenvalue (of the operator A; in the notation of
[151]) is precisely taken care of by the non-trivial multiplicity in the penultimate line of (3.158).

Similarly, we may extract the scalar masses from (3.156)) as
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A m? L[]] #
1 1 136 1
¢ | —gtgVT0C 8C+ o —8V/H9+200  L[]e{-1} 1
3 1 144 1
19 1 136 1
- TgV49+20C  8Ci+ - +8/49+20C  Lsle{+1} 1
3 1 648 72
—§+g\/81+20(? 8C3+ & — % V81 +20C; Ljoje{-3} 1
1 1 288 4
—5+ ¢ VB +20C sc3+%—gg 81+20C; L[oj®{-3} 1
. T (3.159)
6+6\/1+20C 8(33—?— 5 1+20C;  L[0]@{—3
7 1 152
8+6*/1+200 8C3—%—§ 1+20C;  L[oje{-3} 2
11 1 152
- tgVIt20C 803—%—1—? 1+20C;  L[oje{+5} 2
17 1 32 32 .
2 TeVI+0C  8C -5+ 5 VI+200C  L0]e{+;} 2
7 1 2 4
5+ ¢ VBLI+20C 863+$+—8 814+20C3 L[0je{+3} 1
1 48 72
g+g\/81+200 863+Q+— 81+20C; L[oje{+3} 1

Again, all these eigenvalues fit into the list of eigenvalues identified in (up to an
overall normalisation factor and shift in the definition of scalar mass). Just as before, the seemingly
missing eigenvalues (of the operators A3, Ay in the notation of [151]]) are precisely taken care of
by the non-trivial multiplicities in the last column of (3.159). In that same notation of [151], the
eigenvalues of Az pick a definite sign, fixing all the potential ambiguities.

Similar, one can extract the masses of all fields in the other representation towers (3.154), as
well as in the lower representations (3:155). In the latter, the general pattern of (3.158), (3.159),
degenerates and only some of the potential eigenvalues are realised, the explicit values follow
from the multiplet structure together with (3.148).

E.3 The Kaluza-Klein spectrum on the right-squashed sphere

The right-squashed sphere is obtained by flipping the sign of the seven-form flux of the solu-
tion. The precise relation between the spectra on the left-squashed sphere and its “skew-whiffed”
right-squashed counterpart can be inferred from the general results of [141]. Combining this
with the explicit form of the left-squashed spectrum (3.153), (3.154), we may describe the pas-
sage from the left-squashed to the right-squashed spectrum multiplet by multiplet (of course the
right-squashed sphere breaks all supersymmetries, such that the resulting structure is no longer a
supermultiplet). In the following, we give the bosonic part of the spectrum for the right-squashed
sphere.

For all multiplets we find the following picture. First of all, the bosonic masses in all spin-2
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multiplets as well as in vector multiplets, i.e. L[3] and L[1] multiplets, remain unchanged. For the
bosonic states of the L[%] multiplets, the transition works as follows

L[l] {1} vector : Agg = Arg,
: ' scalar : Agg = Arg + 2|s| + 1,
(3.160)
vector : Agg = Arg,

LIzl ®{1} : {

scalar : Agg = Arg — 2[s| — 1,

while the bosonic states of L[] ©{0} remain unchanged. This is illustrated in Fig.

L[zle{-1} L[zl e{1}

LS RS LS RS
¢

{Aw ¢} Af — T+3
< l-3 {Aw ¢} Ay

Figure 3.1: Shift patterns of the conformal dimensions of the bosonic states within L[1], as we go
from the left- to the right-squashed S”.

Between the left and right squashing, the scalar is shifted by &3 in the direction of sign(—s) . As
aresult, in the case of the right squashing, the scalar and vector states which used to have the same
conformal dimension are now separated by £3 in the right-squashed sphere, again depending on
the sign of s.

The L[0] multiplets behave similarly. First, there is always a scalar state, whose conformal
dimension is unchanged between the left and the right squashing. The other scalar state gets
shifted by +3 depending on the sign of s. In order to identify which of the states gets shifted,
one notes that for the right squashing, the difference in the conformal dimension between bosonic
states is no longer 1 but changes to 2|s| + 1 as for the L[%] multiplets. This can be summed up as
in Fig.3.2]

Again, the conformal dimensions of half of the states are shifted by 4-3 between the right and
left squashing, such that the conformal dimensions of the bosonic states from the same multiplet
now differ by an s dependent shift.

The shift patterns for all the multiplets and fields are summed up in the Figures
and
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L[0]e{1}

Loj#{3}

LS

RS LS RS

Figure 3.2: Shift patterns of the conformal dimensions of the bosonic states within L[0], as we go

from the left- to the right-squashed S”.

L[3]={0}
LS RS
.\ lp],y
+3
‘PZ,V
{gyw Ay} ? {8111// Ay}
ll’l,y
-3
14 lplﬂ

Figure 3.3: Shift patterns of the conformal dimensions within L[%], as we go from the left- to the
right-squashed S7. Here, guv is a graviton, Ay a vector and ¥, a gravitino.
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L] o{-3} L1} e{3}

LS RS LS RS

o Pu Ay o——— Ay
{$u A}
+4 A A
2
P A A
+2
Ay Ay 4
{Yu A}

.

Ay o———8 Ay ° Yy

Figure 3.4: Shift patterns of the conformal dimensions of the states within L[1], as we go from the

left- to the right-squashed S”. Here, A, are vectors, i, is a gravitino, and A a fermion with spin %

L[3]®{0}
L[zl e{1} Llzle{-1}
LS RS LS RS LS RS
A2 '\ o A\ ® A
{Au ¢} < Ay M +1 +4
M {Aw ¢} {Aw ¢} e ¢
M -1 +3
° /\1 )\2
+2
A2
{Au ¢} Ay
M

Figure 3.5: Shift patterns of the conformal dimensions of the states within L[%], as we go from the

left- to the right-squashed S”. Here, A, is a vector, A are fermions with spin % and ¢ is a scalar
field.

91




CHAPTER 3. KALUZA-KLEIN SPECTROMETRY USING EXFT

L[0] @{-3} L[0]e{—3} L[0]e{3} L[0] {3}
LS RS LS RS LS RS LS RS
° A (%t 2 ¢ @ K2
+5 42 A A
> P2 A 1 P1 #
-1
+1
¢2 ¢ A -4
A -2
+4 P LI0))
¢2 "(Pl
A -5
P o >80 P1 ° A\

Figure 3.6: Shift patterns of the conformal dimensions of the states within L[0], as we go from the
left- to the right-squashed S”. Here, A is a fermion with spin % and ¢ are scalar fields.
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E.4 Rational conformal dimensions and marginal deformations

Since the AdS, vacuum only preserves N = 1 supersymmetry, all multiplets are unprotected, i.e.
they are either long or sit at the unitarity bound where they can recombine into long multiplets.
Still, we observe infinitely many rational conformal dimensions in the KK spectrum. In particular,
these arise from the following towers (in the notation of (3.151))

B -

10+5k
Llo]@{~3, 3} © [k, 1, K]y : { 20+5k
Llle{-1 @ k0k,: A= 825](
Lo o 0K, : A= 20K,
Llje{i}®[k0k+2]: A= 2425’{, (3.161)
L[ o{-1} ® [k, 0,k+2]: A:92—5k,
Loje{} @k +2,0,k: A= 2225",
Loje{-3i}®k1k+4]: A= 2225’(,
Loje{-1} @ k0kr4: A= 20:5",

L |

whose conformal dimensions are manifestly rational. More generally, we can study rational solu-
tions of (3.148). In order for the conformal dimension to be rational, this requires

\/ A+ 70k + 25k2 + 60 + 20kq + 2042 € N, (3.162)

with A € {1,9,49,81}. In other words, we need to solve the following order two diophantine
equatio
A + 70k + 25k* + 60q + 20kg + 204> — N* =0 . (3.163)

In order to get a feeling on general rational solutions of (3.162), we numerically plot integer so-
lutions of in the (k, ) plane. The results are shown in Fig. B.7] We can see for the val-
ues A = 1 and A = 49 lines emerging from the graph, whereas there are no such lines on the
graph A = 9 (and similarly for A = 81). As a consequence, we look for solutions of the form
q = ak+b,(a,b) € Q> Plugging this into we find an order two polynomial in k, whose
discriminant A must vanish. As A is a function of 2 and b, we can solve the equation A = 0 for a.
In order to have a € Q we must find b such that /—(A — 65)(A +20b(3 + b)) € Q. For A = 81,
the number in the square root is always a negative number, which explains why we do not see any
line in the A = 81 plot. For A = 1and A = 49, the first factor (A — 65) gives an exact square num-
ber and we must find b such that /A +20b(3 + b) € Q. The problem finally reduces to finding b

5Similar structures have been revealed by Gubser [153] in the KK spectrum on type IIB Supergravity on AdSs x T,

see also I\
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such that A + 60b + 20b% = 42, y € Q, and substituting x = b — 2, we must solve
¥y g 2
A—454+20x> -2 =0. (3.164)

This is a Pell equation, whose integers solutions can be found using Mathematica. However, we
are not only interested in integer solutions, but also in rational solutions of this equation. We must
solve y?> — 20x2 = A — 45. In order to find solutions, we first solve what we will call the homoge-
neous Pell equation y?> — D x? = 1. It can be shown that rational solutions of the homogeneous Pell
equation can be written as (x,y) = (ﬁ—f}, tzz—_tl), t € Q, t* # D. Solutions to the original Pell equa-
tion can eventually be found using a particular solution, and multiplying it by the homogeneous
solutions. Indeed, let (xg, o) be a particular solution and (x, i) a solution to the homogeneous Pell
equation, then A —45 = (y3 — Dx3)(y? — Dx?) = (xox % yoy)? — D(xoy % yox)?, allowing us to
generate families of solutions of the Pell equation. This method works as long as D is not a square
number. We also want to emphasise that this may not be all solutions of the Pell equation, as a
different particular solution may lead to a different family of solutions. We illustrate our findings
with the orange lines in Fig. [3.7]for the case A = 1and A = 49.

A=1 A=9 A=49
10000

AR . A . . Ty .
8000 10000 2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
A=1 A=49

q
10000 1000

8000

2000

o

A EAR e © ok S R B W K
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

Figure 3.7: In the first row of figures, the blue points give integer solutions to (3.162) for the special
values A = 1,9,49. In the second row, we superpose these plots with orange lines corresponding
to analytical solutions to the Pell equation (3.164) as discussed in the text.

Particularly interesting are the multiplets with marginal deformations. For the N' = 1 left-
squashed sphere these are

L0]®{-3}®[0,3,0], L[0j®{-3}®[21,2]. (3.165)
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These are D-terms and preserve the N' = 1 supersymmetry. We note that one of the mass-
less scalars preserves the USp(4) x SU(2) symmetry, while the second one breaks USp(4) to
SU(2) x SU(2) and preserves SU(2). For the right-squashed sphere, all massless scalars in (3.165)
turn massive. However, massive scalars from the following multiplets of the left-squashed sphere

L}le{1}®[2,1,0], L[}]e{1}®[2,0,2], (3.166)

become massless for the right-squashed sphere by the pattern displayed in Figure 3.5 above.
It would be very interesting to study whether any of these massless scalars for the left-/right-
squashed sphere can be integrated up to finite moduli.

F The squashed S’ : holographic RG flow

XFTspectroscopy techniques have been applied in the previous section in order to get the full

mass spectrum on the left and right squashed spheres. We will now construct and analyze

the domain wall solution in 11d Supergravity connecting the N' = 1, AdS, x quu ashed Vacuum to

the V' = 8, AdSy x SZound vacuum. This domain wall describes the holographic renormalization

group flow from an Sp(2) x Sp(1) symmetric UV fixed point to the SO(8) symmetric IR fixed
point. It breaks all supersymmetries which are (partially) restored at its endpoints.

F1 Squashed sphere, S” and domain wall in D = 11 Supergravity

We first briefly review the round and the squashed S” vacua in d = 11 Supergravity language and
construct the interpolating domain wall solution. Both §7 backgrounds are Freund-Rubin solu-
tions of d = 11 Supergravity, preserving N’ = 8 and N = 1 supersymmetry, respectively [136].
The general ansatz for the d = 11 metric with an internal space S” preserving Sp(2) x Sp(1) isome-
tries can be put into the form

1 1 1
2 _ ,—7u 3.2 - L2u 30 2 1 =i 2 - 4v . 32
ds”=e ds(4)-|-4e (e (dy + g siny Zi wl) +tge Ei (vi + cos pw;) ) ,  (3.167)

with §7 size parameter u and squashing parameter v that are taken as scalar functions over the
four-dimensional space-time, and i = 1,2, 3. The one forms w; = 0; — ¥;, v; = 0; + ¥;, satisfy

1 1
do; = ) €jjk 0j N\ Ok, ax; = 5 si]-k):jAZk. (3.168)

The 4-form flux for these solutions is of the form
F;u/pa =Q e 2 Euvpo , (3.169)

with conserved charge Q. The ansatz (3.167), (3.169) is, in fact, a consistent truncation of d = 11
Supergravity as shown in [155]. More precisely, plugging (3.167), (3.169), into the d = 11 field
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equations leads to field equations that are obtained from the d = 4 Lagrangian

) 63
712 L0y = Regy — 5 0pu " = 219,090 = Vpor, (3.170)

Vpot — _6 e—9u+4v _ 486—911—30 +12 e—9u—1011 ) Q2 e—21u .
The parameter Q may be absorbed into a shift of u together with a rescaling of the d = 4 metric
guv- In the following, we set Q = 3.

Extremisation of the potential Vpor from (3.170) yields two critical points corresponding to
AdS, x S7 solutions of d = 11 Supergravity, with the round and the squashed sphere located
at

[ ]

roundS”: u=0, v=0, lround = 3, Vpot = —24,

squashed §7:  u=uy = %ln5 — %ln?) , V=09 = %lnS, squashed = 25;% s Vpot = —20.0775,

(3.171)

L |

and the respective AdS lengths givenby ¢ = , /— %. With the standard ansatz for an interpolat-

ing domain wall solution
u=u(r), v=o(r), ds%4) = dr? + 2A0) 1ij dxidx’, i,j=1,23, (3.172)

variation of (3.170) yields the equations

u +3A/ I —66_21u _ E e—9u—1()v + @ e—9u—30 + §8—9u+4v
7 7 7 !
o 3 Al — _? p—9u—100 | % o930 _ L_;ef9u+4v, (3.173)

_ 64_3 ()2 — % (/)2 = —9¢ 21 _ go9u-100 | pg,—9u-30 | g, ~Sutdv_

3 ( A/)Z
The existence of a domain wall solution to these equations, interpolating between the two vacua
(B.171), was discussed in [156], and later questioned in [I57]. Its holographic interpretation was
further elaborated in [158]. The domain wall represents a holographic renormalisation group flow
from an N = 1 superconformal UV fix point (dual to the squashed S7, located a r — +o0) to
an V' = 8, SO(8) symmetric IR fix point (dual to the round S, located a r — 0). Note that the
flow equations are invariant under a shift of », which allows us to set the origin at r = 0.
Moreover, the discussion on which point is the UV and which is the IR can be decided by looking
at the values of the potential in (3.171). As the round sphere is below the squashed one, this makes
the former the UV point of the flow. Futhermore, it can be shown it is stable under squashing,
hence the name of UV fix point.

Unlike most explicitly known domain wall solutions, there is no description of the flow equa-
tions connecting (3.171) in terms of first order differential equations and a superpotential. More
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precisely, [157]] noted that the potential (3.170) can be written in terms of a superpotential W as

16 8
Voot = — (0uW)? + o (0, W)? — 12 W2,
6 21 (3.174)
_ 3 oun (20 —50 _ —6u '
= N e (e +2e e ) .

However only the squashed S’ represents a critical point of this superpotential. With hindsight,
this is a manifestation of the fact that the Lagrangian lives within an V' = 1 four-scalar
truncation of d = 11 Supergravity [159], in which the round sphere appears as an N = 0 vacuum,
since all the N = 8 massless gravitinos around this vacuum are truncated out Accordingly, the
round S” does not correspond to a critical point of the associated superpotential (3.174).

Figure 3.8: The domain wall (blue line) in the scalar potential of (3.170). The green and the red
dots represent the round and the squashed sphere (3.171), respectively.

The interpolating domain wall solution can be found numerically, by solving equations
and fine-tuning the initial conditions. To this end, it is instructive to first study the general asymp-
totic behaviour of the scalar fields. As usual, this is correlated with the conformal dimensions of
the associated dual operators, given by

[ ]

O,: Aygy=6=AR,
u uv 0 IR (3.175)
Op: Auyv =3, Ar =4,

L |

for the scalar fields. Introducing the radial coordinate
p — e_Zr/gsquashed , (3176)

and expanding the flow equations (3.173) near the UV boundary p = 0, we find the following

61n the notation of \I , all this is on the k < 0 branch.
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asymptotic expansions of its general regular solution

5/7 8 9 10
T/l(p) = %lnST—Fpt’) Q1/8+p6 Q1/9+p6 QL10+"'+P18/3QL18+... ,
0(p) = 1In5+ % Qg + 8 Qs +po Qog +p6 Qoo+ 00 Dyig+ .., (3.177)
2A(p) = —logp + Ag b + Ao ps + Aggp® + ... .

Equations (3.173) fix all coefficients (); ; in the above expressions, except (4, (5, and QO 15
which source the others. Explicitly, we find that the coefficients of the lowest powers are given by

6 2 20
Ms=—10,, Mo=-5D,1D5,
152 9
Mg =—7D54, oo =—50,5, (3.178)
22 _ 280
Ag=—7054, Ag=—%703 Q5.

In (3.177), we have imposed regularity at p = 0, which sets to zero a potential p_% term in the u
expansion, allowed by equations (3.173). The general solution of (8.173), regular at p = 0, thus
carries three independent constants. It furthermore admits the scaling symmetry o — Ap, which
can be used to set OO, , = —1. For the interpolating solution, the remaining two coefficients are
then fixed by further demanding regularity at the other end of the flow p — co.

0.008
0.006
0.004

0.002

Figure 3.9: Numerical solutions for the two scalar fields, as well as the derivative A". The horizon-
tal green dashed line represent the asymptotic values of the various fields. The UV boundary is
located at r — oo, the IR boundary is at r — —oo.
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Imposing regularity at both ends of the flow, we have solved equations numerically,
and plot the result in Figures[3.8)[.9]. As expected, the solution is of kink type for the scalar fields
u, v, as well as for the derivative d,A . In particular, with O, , = —1, we find for the coefficient
0, 5 the approximate numerical value

Qs —14. (3.179)

In Figure we plot the asymptotics of the scalar fields, which confirms the UV expansion
(.177), and in particular the fact that the leading coefficient O, 4 is non-vanishing. This is the
expected power-law behaviour

v(p) — vy x p° T, (3.180)
consistent with the interpretation that the holographic dual of this domain wall solution is an oper-
ator deformation (rather than a vev) of the UV CFT 1160], by a relevant operator of conformal

dimension Ayy = % .

¥ squashed
2

log(u — ug)

Figure 3.10: Asymptotic behavior of the numerical solution. In the UV (r — c0), the green dashed
line have respectively a slope of % for u and % for v. This matches the asymptotic expansion (3.177).

In the IR (r — —o0), the green dashed line have respectively a slope of 1 for u and % for v. This
matches the asymptotic expansion (3.181).

Similarly, one can work out the asymptotic behaviour in the IR. With the new radial variable
5 — L2r/4
p=ce

given by

round, the expansion of a general solution of (3.173), regular at the IR boundary § = 0, is

u(p) = wipp +wys 153/2 + P13 ﬁ3/2 logp + w14 ﬁz +...,
0(p) = wyy 72+ wap P+ was P+ wpap + Yrapilogp ..., (3.181)

2A(p) =logp+ Ao+ A3 /2 + Ayp* + ...,
in accordance with the IR conformal dimensions (3.175). Here, imposing regularity at § = 0 has

set to zero two of the free coefficients of the general solution of (3.173). All other coefficients in the
expansion (3.181) are then determined in terms of the remaining two free coefficients w; 3, wy 1,
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e.g.
_ 3 2 _ 3 _ 15525 , 4
w12 =5Woq, Pi3=1wy,, wig=—"5ws,
_ 11 , .2 _ 5261 ,.3 _ 3 10583 , 4 _ 33 .4
Wip=—75Wr1, Wy3= g Wy, Wia=—5Wr1Wi3— =55 Wr1, You4=—% Wy,
A 21 , .2 A _ 154 3 A 27081 , 4
A2 - _TQZ,I' A3 = T&z,ll A4 = -5 Wri-
(3.182)

Again, the leading terms are confirmed by the plots of the numerical solution in Figure 3.10] .
Regularity at the UV end of the flow finally fixes w; 3 as a function of w,;. From the above
numerical domain wall solution, we find the approximate value

W13

~ —239, 3.183
(Q2,1)3 ( )

for the combination invariant under the scaling symmetry g — Ap.

FE2 Generalised parallelisation of the domain wall in ExFT
a Background and domain wall in ExFT

In this section, we will identify the AdS, x quuashe 4 background and the domain wall
within ExFT, i.e. within the duality-covariant formulation of 4 = 11 Supergravity. This allows us
to construct consistent truncations around this vacuum, just as we did in section 3.ET} as well as
to compute the quadratic couplings of Kaluza-Klein fluctuations around the domain wall back-
ground in section 3.F3]. All a lot of things that are going to be said in this section are similar to

what is in section B.E.1].

The generalized vielbein is defined here as

kl
U =exp [Aklmnpq t(ﬂgw} exp [Akmn t’(cﬁg)] UcL() (3.184)

i.e. as a coset representative of E;(7) /SU(8) in a particular triangular gauge. Here, Ugy,(7) € GL(7) C Ey(y)
is the internal block of the 11D vielbein (up to some power of its determinant), while Ay,,;,, and
Akimnpgq denote the internal components of the d = 11 three-form and six-form, respectively, with
k,l,m=1,...,7. The t ., refer to the E;) generators of positive grading in the algebra decom-
position

77 — 7435 ,@gl(7)0 B35, ®7 4. (3.185)

All generators in are evaluated in the fundamental 56 representation of Ey(y). For a Freund-
Rubin background (i.e. a solution with Ay,,,, = 0), the parametrization only involves gener-
ators within the s[(8) subalgebra of ¢;(7) and the associated generalized vielbein can be represented
as an 8 x 8 matrix. This twist matrix is the one given in (3.136)

Ugg € SL(8) /SO(8). (3.186)
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For the round §7 with 7-form flux, we can rewrite (3.136) as

°0.3/4 0

Ug = exp —6§TgwghmMmM4 (w ) € SL(8), (3.187)

0 C2’)71/4 é’ml

where é,, is the §7 vielbein, Wiimnpgr 18 the associated volume form, w = det ém', ¥ is a vector
field with VZF = 1 and ¢t (+4) is evaluated in (3.187) in the 8 representation of SL(8).

b The squashed S” family in ExFT

The consistent truncation
U(x,y) = U(y) 7 (x), (3.188)

to the lowest KK multiplet contains the round S” vacuum (corresponding to # (x) = I) but no
other solution of the family of squashed backgrounds (3.167). Rather, these squashings correspond
to excitations of scalars from higher KK levels. Specifically, the squashing preserves an
Sp(2) x Sp(1) subgroup of isometries, which is embedded into the SO(8) isometry group of the
round S7 such that the fundamental representations decompose as

SO(8) — Sp(2) x Sp(1),

(3.189)
[1,0,0,0] — [1,0,1], [0,0,1,0] = [0,1,0] &[0,0,2], [0,0,0,1] — [1,0,1].

A scan of the scalar spectrum in (3.155) shows that the spectrum contains four scalar fields that
are singlet under Sp(2) x Sp(1), sitting at KK levels 0, 2, and 4, respectively, descending from the
SO(8) representations

[ ]

£=0: [0,0,2,0,
¢=2: 10,0,0,0]¢®[0,2,0,0],, (3.190)
(=4: [2,0,0,2.

L |

The squashed background requires a non-vanishing contribution from the [0, 2,0, 0] at level
=2 and, thus, lives beyond the consistent truncation (3.188). This has been referred as the
space invader scenario in [141]], which is a reflexion of the level mixing we already mentionned.
Another manifestation of this effect can be seen within the gravitini sector of the theory. Looking
at singlets gravitini in the spectrum of Sunashe 4 gives only one singlet at level ¢ = 1, responsible
for the N = 1 supersymmetry on the left-squashed sphere, and no singlets at level £ = 0

[ ]

0,001 — 1x[1,0,1],
Sp(2)xSp(1)

0,0,0,1] ®[1,0,0,0] = 1 x [1,0,0,1] +1 x [0,0,1,0] — 1x[0,0,0]+....
Sp(2)xSp(1)
(3.191)

L |
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This is the reason for the non-supersymmetric flow : none of the original supersymmetries are
preserved and all original massless gravitini become massive on the squashed sphere and along
the flow ; one gravitini from a higher level becomes massless. This is illustrated in Figure[3.11}

m
[2,0,2]
= 1 [170,0,1] i b
m B RS : -------- . — ] [2’ l’o]
[0,0,2]
[1,0,1]
0,0,0,1 L
m=0-4 1 1| EEE
7 >
Sr7ound SsquaShed

Figure 3.11: Schematic representation of the space invader scenario for the first two levels of the

gravitini. All massless fields in the [0,0,0, 1] representation onS/ . become massive on quuashe iy

and one massive field in [1,0,0,1] at £ = 1 on s’ becomes massless on S7

round squashed”
The embedding of the scalar KK fluctuations according
U(x,y) = U(y) (L +2T4®" (x,y)) = U(y) (1 +2Ta } 9" () Y*(y)) (3.192)
z

allows us to explicitly construct different alternative truncations to other subsets of fields which in
particular allow to embed the solution (3.167). E.g. the truncation of the full KK spectrum keeping
all singlets under Sp(2) x Sp(1) defines a consistent truncation by the standard symmetry argu-
ment: by simple representation reasoning, singlet fields can never define non-vanishing sources
for non-singlet fields, it is thus consistent to truncate out all the non-singlet fields. This truncation
retains one field from the KK tower of gravitino fields, and thus correspondstoad = 4, N’ =1
theory , further discussed in . In the scalar sector, the truncation to Sp(2) x Sp(1) sin-
glets only keeps the four scalar fields and can be described in closed form by integrating
the corresponding fluctuations (3.192) to

Uxy) =Uy) exp| T ¢'(0)si* Tde(y)] (3.199)

singlets

The index i here labels the four Sp(2) x Sp(1) singlets found in the tensor product of the 70 non-

compact generators of E; ;) and the scalar harmonics, thereby defining the constant tensor s?"Z.
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The group theoretical structure underlying this truncation can be made more transparent by rep-
resenting the seven sphere as a coset space [162]

g _ G Sp(2) x Sp(1)o

_ S ) 3.194
H ™ Sp(D) < Sp(lp o1

where the different Sp(1) factors are embedded as
Sp(2) >Sp(LxSp(Mr,  Sp(1)p = (Sp(1)o X SP(1)R) giag - (3.195)

and for clarity we have added a ‘¢” subscript to the Sp(1) subgroup of (3.189). The seven sphere
can be represented by an (Sp(2) x Sp(1))-valued coset representative S(y), such that the
infinitesimal action of the Sp(2) x Sp(1) isometry group on the coordinates is realized as

oaS(y) = AS(y) —=SW)ha(y),  A€sp2)@sp(l)o, haly) €sp(L)LBsp(l)p. (3.196)

The consistent truncation (3.193) can then be given in more compact form as

U(x,y) =U(y) S(y) W(x) S~ (y), (3.197)

with the (Sp(2) x Sp(1)) coset representative S(y) and an Ey ;) matrix W(x) defined to live in the
commutant of the denominator group H = Sp(1)L x Sp(1)p in Ey(7), i.e.

W(x)h=hW(x) Vhesp(l)L®sp(l)p . (3.198)

Indeed, (3.196) and (3.198) imply that the factor S(y) W(x) S~!(y) in is invariant under
the action of (Sp(2) x Sp(1)) up to a compact gauge transformation acting from the right. The

representation (3.197) of the consistent truncation immediately reveals the geometry of its scalar
target space, given by the commutant of H = Sp(1)L x Sp(1)p in Ey(7) /SU(8) as

SL(2)  SL(2)

Mscalar = SO(Z_) X —SO(Z) ’

(3.199)

a Kdhler manifold parametrized by the four scalar fields from (3.190). Let me show what this
implies for us in this example. |Z|

The d = 4 theory can be obtained by plugging the ansatz into the EXFT Lagrangian of
[84]. For the bosonic sector, parametrizing the matrix W by four scalar fields {u, v, c, x}, this gives

"The same reasoning shows that the analogous construction based on the coset representation S” = Sp(2) /Sp(1)y. of the
seven sphere, yields an N = 4 consistent truncation to the Sp(2) singlets with scalar target space given by the commutant
of the denominator group Sp(1)1. in E7(/SU(8):

SL(2) S0(6,3)

Mscaiar = 553) * 50(6) x SO(3) *

(3.200)

as explicitly found in \I
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rise to the four-scalar Lagrangian

lg|1/2 Ly =Ry — % duu dfu — 219,00y — 3e 29, cotc — %e‘““zz’ 9ux X — Vpot,

Vpot — _66—9u+4v _ 486—911—3'0 + 126—914—1071 —72 6—1514—122) C2

— 1272 (04 x)2 —18e 2 (142 + ZC)()Z .
(3.201)

It is straightforward to verify that the intersection of the scalar target space with the SL(8)
of capturing the Freund-Rubin solutions corresponds to a further consistent truncation to
two scalar fields which precisely reproduces the result of [155]. The N' = 1 consistent
truncation to four scalars has already been found in [159]. What is new in the present
construction is its explicit embedding via a twist matrix in EXFT which allows us to apply
the universal mass formulas such as to any background within this truncation. With the
frame given by

U=UuUswst, (3.202)

a general background will satisfy (3.94), but, in general, with y-dependent intrinsic torsion X 45 (y) ﬂ
Thus, it is no longer generalised Leibniz parallelisable, but still generalised parallelisable. As a
consequence the mass formulae still apply. This has been used in in order to derive
the full Kaluza-Klein spectrum around the ' = 1, AdS; x SunaShe 4 vacuum. In the following, we
will extend this analysis to also derive quadratic couplings around the domain wall background
(3:167), or any other background of the consistent truncation.

E3 Couplings around the domain wall background

We can efficiently describe the linearised fluctuations around the round S” using its generalised
Leibniz parallelisation in ExFT. Similarly, using the generalised parallelisation of the family of
squashed S”’s of section we obtain a simple expression of the linearised fluctuations around
the family of squashed S’ that describe the flow of section. While this was used in section
() to obtain the full Kaluza-Klein spectrum of the squashed S’, here we will further extend
the computation to obtain the quadratic couplings of the higher Kaluza-Klein modes around the
domain wall solution. These couplings encode all the information about the holographic 2-point
functions along the dual RG flow.

In computing the quadratic couplings, we have to choose a field basis for the Kaluza-Klein
fluctuations, or choice of “frame”. Two natural choices are to multiply the generalised viel-
bein of the 2-scalar truncation, U(x,y) of , from the right or left, leading to different ki-
netic terms for the scalars u, v and the Kaluza-Klein fluctuations. The kinetic term of ExFT is
given by D, MMNDF My with M = ##7T, which can be expressed in terms of the current
Ju(# ) = (# 71D ) as

D MMNDF My = =2 (T JF I +Te ], ) - (3.203)

Let us denote the Kaluza-Klein fluctuations by the matrix § = exp[Ty Y5 ¢**(x) Vs (y)]. Then, it

8Because of the scalar fields in W(x), the intrinsic torsion will also depend on x, but this is standard already in gauged
Supergravity. In particular, it does not interfere with the generalised (Leibniz) parallelisability.
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is easy to see that ], becomes

]y(nj/‘s) = 571]]4(7/)5 =+ ]y(é) ’

o (3.204)
Ju(6V) =" Ju(@)V + Ju(V),

depending on whether we multiply the generalised 7 with the Kaluza-Klein fluctuations from
the left or the right. We clearly see that multiplying ¥ from the left leaves the kinetic term for
the background, i.e. the kinetic term of the scalars u, v, invariant, but introduces u, v factors into
the kinetic term of the Kaluza-Klein fluctuations. On the other hand, using 76, we find that the
Kaluza-Klein fluctuations enter the kinetic terms of 1, v and hence introduce corrections to the
kinetic terms of (3.20I). In order to simply retain the normalisation (3.20I), we will choose to
define our Kaluza-Klein fluctuations as multiplying the truncation ¥ from the left. Note that this
differs from the conventions of the Kaluza-Klein spectrometry IDBI], used in (3.192). The
quadratic couplings around the domain wall solutions are then straightforwardly obtained by
evaluating the action of the mass operator in this basis.

Since the consistent truncation (and thus domain wall) preserves Sp(2) x Sp(1), different Sp(2) x Sp(1)
representations will not mix along the flow. Therefore, we can restrict our attention to any fixed
Sp(2) x Sp(1) representation to compute their quadratic couplings. As an illustration of our
method, we will evaluate the mass operator on the scalars fields in the [0, 0, 0], the [0, 1,2]
and [0, 2, 4] representations, which at the squashed S’ sit in the long multiplets as follows

[ ]

LiLala S a0 52,

Loa:¢ % a2 L.

L |

(3.205)

a [0,0,0] sector

As a warm up, let us compute the quadratic couplings in the sector of scalar fields singlet under
Sp(2) x Sp(1), forming the bosonic sector of the N' = 1 truncation of 161]. This sector carries
four scalar field fluctuations whose basis we label as ¢;. The computation is straightforward:
we first compute the intrinsic torsion from (3.202), where W is evaluated on the domain wall
solution. Next we build the associated mass operator and evaluate its action on the scalar
fluctuations in this sector. The final result for the quadratic fluctuations in this sector takes the
form

1 1 e 1
L0 = —5 (04 10" @1 + 0, 920" ) — 5e 61209, 30! o3 — 5¢ utl2 g p,0" g
_ (54 o211 | 16091100 _ 36 ,~9u—30 _ 2679u+4v) g2 — 1267150420 2
+2v6 (9 o2l _ g4 ,~9u=100 _ ef9u+4v> 9192 — 3 <3 g2l 4 9 o= u=100 _ ef9u+4v> 2

_9 (36—21u 4 ge1ou-120 4 6—15u+20) o2 — 46 (3 g2l 4 620—15u> P304, (3.206)

where u and v denote the domain wall solution constructed in section3.Elabove. One verifies that
at the endpoints of the flow, the Lagrangian (3.206) reproduces the masses of the scalar fields for
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the squashed and the round S”. In fact, since all four scalar singlets lie within the A" = 1 truncation
(.199), we could have arrived at this result directly by linearising the potential (3.201). It is a good
consistency check of our method, that the results indeed agree. In contrast, the scalar fluctuations
at higher KK levels do not lie within a consistent truncation and the respective couplings can only
be obtained by the mass operator (3.129), as we shall discuss in the following. We finally note that
in order to study the complete set of fluctuation equations in this singlet sector, one also has to
take into account the fluctuations of the metric around the AdS, background.

b [0,1,2] sector

Let us now extend the computation to scalar modes that do not lie within the consistent truncation.
As an example, we choose the sector in the [0, 1,2] representation of Sp(2) x Sp(1). This is the
representation of the vector fields that become massless on the round S7. As a consequence, the
associated scalar Goldstone modes on the squashed sphere become physical scalars on the round
sphere. There are in total eight scalar fluctuations ¢; transforming in the [0, 1,2] representation.
Repeating the above computation in this sector leads to the Lagrangian

B 1 o | P
Liono) = —5¢ " (9ugr0" P + 0u2d o) — 5 €7 0ppsd's — 2 e 2 0 psdl' ey

- 1 1 _
_ = pbutbv (aﬂ(l)say% 4 ay%a#%) -5 e 12u—4v ay¢7ay¢7 -3 o~ 12u+3v ay(PSay‘PS
10 ¢~ 9u—100 _ 23*9“*3”) ‘P% _ 4o 15u=50 ¢§45 — 42 <8715u750 + 36721u> Pepras

_ (6 e 15u=50 g o~ 15u+20 4 g ,~15u+90 | 6e’21”> (Pg ) (3.207)

NN R N =

with ¢345 = ¢3 + ¢4 + ¢5. The result shows that the potential only depends on three out of the
eight ¢;’s. Therefore, the remaining five fluctuations are Goldstone modes along the flow. It is
interesting to compare this with the squashed sphere endpoint. From equations (3.154) and (3.205)
we see that at the squashed S” vacuum there are only two physical scalars in the [0,1,2] in the
spectrum. Indeed, plugging in the values of u and v for the squashed S” (3.171), we see that ¢;
additionally drops out of the potential at the squashed S” endpoint, thus reproducing the expected
number of Goldstone scalars. Moreover, the potential reproduces the masses of the scalar
fields at the squashed and round S” points.

¢ [0,2,4] sector

As a last example, we study the six scalars ¥; in the [0, 2, 4] representation. Their quadratic cou-
plings are obtained by the analogous computation and read

Loz = — ¢ 7 0undt i — 5 ¢ 2 (@50 s + 2, ps) — 5 (20" Y5 + D)
— %e—6u+50 9 2dM iy — 6o <3 e 100 e—30) Y2 — 8o o100 (\/glle _ \[3%) ¥

g u (e—lov +5¢7% 4 e4v> 1/)% g u (e—lov ey 3e4v> 1/)%

. (68—1514—527 4+ 8o 15ut20 128—2114) 1[75 _ (106—1514—50 4+ 8o 15ut20 _ 126—2114) ﬁ

+4V15e 15475 (aipy, (3.208)
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where 3 = ¢3 — %\/5 P2, Pu = Py — %\/5 Y. The potential only depends on five out of the six
scalars. Therefore, one scalar field will be a Goldstone mode along the entire flow. Finally, as a
consistency check, the potential (3.208) again reproduces the masses at both of the endpoints.

d Comments

We have shown how the mass operator (3.129) allows to determine the quadratic couplings of
scalar fluctuations around the domain wall background constructed in section B.EI]. We have
restricted to spelling out three examples, but the method of course extends to all higher KK levels.
The resulting couplings (3.206), (38.207), (3.208), carry the full information for the computation
of the holographic 2-point functions along the dual RG flow. The corresponding computation
requires a careful setup of the holographic renormalisation procedure along the lines of
164], and will be interesting to take on in the future.

G Conclusion

RHOUGHOUT this chapter, we have reviewed the state-of-the-art techniques for computing
T spectra in a Kaluza-Klein scenario. We began by conducting direct calculations of spectra,
leveraging the power of group theory. This technique have been to a large extend used in the
passed to access vacua with a lot of symmetry. We illustrated this method by computing the
7 nd- Despite the success of this method, it encountered
challenges in computing spectra around vacua with lower symmetry. For instance, the complete
unashed’ both for ' = 1 and N = 0, remained incomplete.

In recent years, new techniques utilizing ExFT have been developed to compute spectra in sce-
narios with lower symmetry. This approach has proven to be highly effective and has successfully
been applied to a wide range of vacua across various dimensions as we showed in section (3.0).

We then used those techniques to give the full spectrum of IIB Supergravity on AdSs x S° back-

Kaluza-Klein spectrum around AdSy x S

spectrum around AdSy X S

ground in the language of ExFT. However, these techniques heavily rely on having a consistent
truncation living in the maximally symmetric theory. This has posed a limiting factor for ExFT
techniques despite significant advancements.

In section (3.D), we showed how to compute the full Kaluza-Klein spectrum of Supergravity
compactifications which are not part of a consistent truncation, but are still generalised parallelis-
able. Examples of such vacua are deformations of compactifications within V' = 8 Supergravity
by scalar fields which are not part of the N/ = 8 truncations. This includes the Supergravity duals
of RG flows of N' = 4 SYM or N = 8 ABJM triggered by single-trace operators. Thus, our formal-
ism can be used to compute the Kaluza-Klein spectrum for the end-point of such flows or even

along such flows.

7
squashed SO~

lution of 11-dimensional Supergravity. This preserves only N' = 1 supersymmetry (or N' = 0
in the case of the right-squashed S”), and thus has no protected operators. This background is a
coset space, so that traditional techniques can in principle be used. However, because the
squashed S is not a symmetric space, this is still rather difficult and had not been completed until
now, despite however many explicit results [148H151]]. Using our technology, we were able
to compute the full Kaluza-Klein spectrum, which is captured by the remarkably simple formula
(B-148), which depends only on the USp(4) x SU(2) representation of the multiplet, the spin of the

As an application of the method, we computed the full spectrum of the AdS, xS

107




CHAPTER 3. KALUZA-KLEIN SPECTROMETRY USING EXFT

superconformal primary and the charge under an additional R™ factor. Intriguingly, for all but
the smallest representations, this Rt charge appears to descend from representations of a bonus
SL(2), whose origin is mysterious.

The method we described here opens up the possibility of computing the Kaluza-Klein spec-
trum of many more interesting string compactifications which do not reside in a N' = 8 consis-
tent truncation. This includes TsT transformations of vacua in N/ = 8 Supergravity, such as the
marginal deformations of AdSs x S°, AdSy x S” or N' = 1 AdSy vacua of IIB string theory .
Our method might also apply to the cubic deformation of AdS;xS°, which has recently been de-
scribed implicitly in generalised geometry [165]. It would be interesting to see if this implicit
description may still be sufficient to apply our method here.

Finally, it would be interesting to better understand our results from a CFT perspective. It is
remarkable that the spectrum of the squashed S”, which only preserves A = 1 supersymmetry
and thus has no protected multiplets, displays such a simple structure. A particularly interesting
questions is the origin of the additional s charge (and its enhancement to a bonus SL(2) group)
which appears to organise the spectrum. Perhaps computing the spectrum along the RG flow from
the round S to the squashed one may shed some light into this.

Then in section (3.F) we revisited the problem of constructing a domain wall solution interpo-
lating between the N’ = 1 AdS; x Sunashe q and N = 8 AdS, x SZound vacua of 11-dimensional
Supergravity. There is no supersymmetric domain wall preserving the Sp(2) x Sp(1) C SO(8)
isometry of the squashed S7, as can, for example, be seen by noting that the V' = 8 gravitini of
the round S” are not Sp(2) x Sp(1) singlets. Instead, we construct an explicit non-supersymmetric
flow by using a consistent truncation to 4-dimensional ' = 1 Supergravity and solv-
ing the second-order flow equations numerically. Interestingly, within this A = 1 truncation, the
N = 8 round S appears non-supersymmetric, since its massless gravitini reside amongst the
higher KK modes.

Using the techniques developed in previous sections and DB1], we were able to com-
pute the quadratic couplings of KK fluctuations around the domain-wall solution (or any other
solution of the 2-dimensional truncation). This relied on the fact that the family of squashed S”
still admits a trivialisation of the generalized tangent bundle [DBI], allowing us to construct a
globally well-defined generalised frame V(x,y). However, the intrinsic torsion XynZ(y) of this
generalised frame is not constant, reflecting the fact that the squashed S” only admits consistent
truncations to N' = 4 or N/ = 1 but not ' = 8. We presented the quadratic couplings of some
low-lying KK scalars, but the same method can be applied to any other KK tower. This encodes
the information needed to extract all the holographic two-point functions along the flow.

This work opens up several natural directions for future investigations. One would be to un-
derstand the analytic structure underlying the quadratic couplings of section [3.F3] similar to the
group-theoretic formula that appear in the KK spectra of vacua with sufficient isometries, e.g.
120]. For this it would be useful to extend our computation of the quadratic couplings to other KK
towers. Another interesting question would be to push the calculations of section to cubic
order, giving access to 3-point functions along the RG flow on the field theory side. These results
yield the relevant input for the holographic renormalisation procedure 164], that would
allow us to precisely obtain the field theory correlators along the flow.

Finally, our results here, together with [DBI], provide the first extension of the ExFT formal-
ism of Kaluza-Klein spectroscopy beyond generalised parallelisable spaces, i.e. vacua of
maximally supersymmetric consistent truncations. While the family of squashed S”’s still admits a
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generalised parallelisation, there is no longer an N = 8 consistent truncation that the solutions be-
long to. Hence our method here provides a first window into how to generalise the Kaluza-Klein
spectroscopy to more general truncations that break some supersymmetry.

All of these questions will allow us to address the ultimate question: how does having a con-
sistent truncation affect the structure of correlation functions in the holographic dual? We leave
these exciting research endeavours for the future.
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A Introduction

O far, our discussions have only focused on Kaluza-Klein spectroscopy. This has strong rel-
S evance in the AdS/CFT correspondence because masses obtained through KK spectroscopy
are related to conformal dimensions of operators in the dual CFT, see Table . However, the
AdS/CFT correspondence states the equivalence between n-point couplings on the Supergrav-
ity side and correlators on the dual CFT not only for n = 2 but for all values of n (2.109). For
example, in the maximally symmetric AdS; x §” and AdSs x S° vacua of M-theory and String
Theory, couplings between Kaluza-Klein modes naturally arise in the compactification procedure.
These couplings are conjectured to encode the information about correlators of the ABJM 34 the-
ory and 4d N' = 4 SYM [104], respectively. Therefore, using the AdS/CFT correspondence, we
can probe the dual CFT by computing objects on the Supergravity side. This guiding principle
hase been used and some cubic and quartic couplings have been computed on the Supergravity
side to access 3-point and 4-point correlators of local operators on the CFT side
167H169]. However, these results are only for specific fields, and no general results are known
for n-point couplings, even for highly symmetric vacua. There are indeed 20-year-old conjectures
about the vanishing of extremal and near-extremal n-point couplings for the maximally
supersymmetric AdSs X S5, AdS, x §7, and AdS; x S* vacua of string and M-theory, whose proof
appears inaccessible from the Supergravity side. Furthermore, as we have already seen in (3.B.2),
computing masses for Kaluza-Klein modes was already a daunting task and often impossible
for backgrounds with few symmetries. Consequently, obtaining higher-order couplings by direct
calculation is even more complex. Even if difficult, this is doable and we will first review the tech-
niques used in calculations that have been done so far to compute the couplings in Supergravity.

The use of different variables has often led to new insights in physics, for example elucidating
new structures or simplifying computations. Similarly here, the reorganisation of fields to make
exceptional symmetries manifest in Supergravity section 2.D, has proven powerful in computing
Kaluza-Klein spectra around any vacuum that belongs to a maximally supersymmetric consistent
truncation of 10-/11-dimensional Supergravity and beyond, as shown in section B.C]and in sec-
tion [3.D] With this progress in computing the Kaluza-Klein mass spectrum, a natural question is
whether the ExFT formalism can help in computing n-point couplings of the Kaluza-Klein modes,
where even less is known.

In this chapter, we show how to extend the ExFT techniques to compute higher-order cou-
plings. This is done follwing [DB3]. We will show that the ExFT field basis (2.77) leads to a
streamlined computation for n-point couplings, simplifying the laborious computations arising
using traditional Supergravity techniques. These traditional approaches typically involve gauge
fixing, and field redefinitions that invoke new higher-derivative terms and generally lack much
structure. By contrast, in EXFT, we expand the two-derivative action using a fluctuation
ansatz which can immediately be used for any vacuum of a consistent truncation of a maximally
supersymmetric consistent truncation. Not only is the computation simplified, EXFT also reveals a
universal structure underlying the n-point couplings, which for any vacuum of a maximally super-
symmetric consistent truncations are controlled by the same n-point invariant of scalar harmonics
of the maximally symmetric point. In particular, this implies that infinitely many couplings vanish
for any vacuum of the consistent truncation, even when allowed by group theory. For the max-
imally supersymmetric AdSs x S°, AdSy x S” and AdS; x S* vacua, this allows us to prove the
conjectured vanishing of extremal and near-extremal n-point bulk couplings 171]. Moreover,
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focusing on 3-point functions in Eg) ExFI, we will obtain universal formulae that can be used
to easily compute the cubic couplings all Kaluza-Klein modes for any vacuum of a 5-dimensional
maximally supersymmetric consistent truncation.

This chapter is organized as follows. We start by first reviewing the old way of computing
cubic and quartic couplings in Supergravity. In section [#.C, we will start presenting the original
results of [DB3]]. We extend the EXFT analysis to n-point couplings, where we show that they are
controlled by certain invariants of n scalar harmonics of the maximally symmetric points of the
truncations. We show how this causes infinitely many n-point couplings to vanish, despite being
allowed by the symmetry group of the vacua. In section we specialise to cubic couplings
and work out the explicit universal formulae which are valid for any vacuum that belongs to a
5-dimensional A/ = 8 consistent truncation for several fields of the E¢(6) EXFT. Finally in section
we apply our results to the N = 8 AdSs x S® vacuum of IIB string theory and prove the con-
jecture that extremal and near-extremal n-point couplings vanish. Moreover, we use our universal
formulae to compute cubic couplings for AdSs x S°, comparing those that were already known
with the literature and presenting some new results.

B Cubic couplings in Supergravity : brute force

HE AdS/CFT correspondence postulates the equivalence between String/M theory on AdS
spacetime multiplied by a compact manifold and a conformal field theory known as the dual
CFT. An example of this conjecture is the proposed equivalence between Type IIB string theory
on AdSs x S° and d = 4 N = 4 supersymmetric Yang-Mills theory, or between M-theory on
AdS, x §7 and the 3d ABJM theory. This correspondence is holographic, meaning the CFT lives
on the boundary of the AdS space in String Theory. The operators of the CFT are mapped to on-
shell bulk fields, whose asymptotic values interact with the CFT’s operators, effectively acting as
sources for the local operators of the CFT. Consequently, the partition function of String Theory
with fixed asymptotic values is identified with the partition function on the CFT side. This equiv-
alence enables us to establish a link between n-point couplings on the gravity side and correlators
on the dual CFT, where the sources are the boundary values of bulk fields. In the context of the
large N limit on the SYM side, where N is the N appearing in the gauge group SU(N) of the
gauge theory, the conjecture is refined: as the "t Hooft coupling A = gYM?N > 1, String Theory is
replaced by its low-energy limit, Supergravity.

In the rest of this chapter, we will mainly focus on Type IIB Supergravity on AdSs x S° for
which the spectrum and field content is given in section B.C.4. We now work out some cubic
couplings for this theory by brute force calculation. This is done following 109].

The approach to obtaining couplings shares similarities with what we have done in the calcu-
lation of mass spectra in section [3.B.2]. Initially, one seeks a solution to the equations of motion,
which establishes the background, here AdSs x S°. Subsequently, fluctuations are introduced on
top of these background fields, and these fluctuations are expanded into harmonics of the internal
space. The computation involves to expand equations of motion to quadratic order. The effective-
ness of this procedure also relies on gauge fixing. The process starts with the equations of motion
which read for type IIB

1
Rmn = aFMM1M2M3M4FN M MMMy | (4.1)
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_ N1Na; N3Ny N:
FMl...Ms - a€M1M2M3M4M5N1N2N3N4N5F 172 5! (42)

with M, N, - - - € [0,9], Ry the 104 Ricci tensor, and F the five-form field strength, defined as
FM1M2M3M4M5 = Sa[Ml CM2M3M4M5]’ (43)

The equation of motion for the 4-form potential is a self-duality equation for the field strength.
The background solution leading to AdSs x S° geometry is
SundxMdxN = xl—z(dx% + HapdxPdx”) + dOZ,

0
Rywpr = mz(_g'upg’w + &uo§up) i Ruv = —4’”250'W ! (4.4)
Rmnpq = m? (gompgonq — gomqgonq); Ry = m24§mn ’

F;u/pa/\ = MEyuypoA anpqr = MEmnpqr

with 7777 the 4d Minkowski metric and d()2 the metric of S°. The convention for the indices in
the same as in sectionwith m,n, ... =1,...,5 for internal indices and y,v, - -- = 1,...5 for
external indices. m is here an overall factor which fixes the mass scale for the compactification,
and its inverse is the radius of both S°> and AdSs. In the following we set m = 1. Note that
this ansatz is the Freund-Rubin ansatz we already described earlier and used to find spontaneous
compactification of 11d Supergravity, and that we announced at the end of section 2.C4]. The
existence of such solution was first discovered in and further developped in [172].

The next step is to add fluctuations on top of this background. This gives

gmN (%, y) = gmn(x,y) + hun (x,y) (4.5)

which we further decompose as

hy " (4.6)

and non trivial mixed factors /. Finally, for the field strength, the fluctuations can be parame-
terized
F=F+6F; 6F =5V ycnpor] - 4.7)

At this stage we could expand the fluctuations in harmonics. Let us first impose the de Donder
gauge conditions

The most general expansions in harmonics is now given by
M (X y) = L W)Y, T (x,y) = 1 Iy (0) Vil
L

I I » I (4.9)
hun(x,y) =Y B3 ()Vi, ha(x,y) = Y 1 (x, )",
I5 I
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for the metric part, and for the 4-form potential

.
Cyvptr X, ]/) Z b]ﬂ/p(f
C;ﬂ/pm(x y) = 2 bgllsvp( ) 15/
C;u/mn X, ]/ Z bIlO I,}fn] ’ (4.10)

I

Cymnp(x, y) = Z b;ﬂs( emnp a Vq ’
Is

Cumnp (X, y) = Z b’ (x)€mnpq 1v,5.
Is

Here, we once again observe the emergence of tensorial harmonics, which are eigenfunctions of
the Hodge-de Rham operators for p-forms. Given that the internal space is S°, which can be rep-

S0(6)

resented by So(35), We can employ similar reasoning as before to identify harmonics. Specifically,
the scalar harmonics 't will be completely traceless representations [k, 0,0] of SO(6), akin to the
representations [k, 0,0,0] of SO(8) for S’. Decomposing the Einstein equations and the self-
duality equations will yield the 5-dimensional equations of motion. Linearizing the latter
equations will result in mass operators that need to be diagonalized, similar to the process de-
scribed in (8.B.2). This methodology was initially undertaken in [107], where the spectrum of IIB
Supergravity on AdSs x S° was derived. We provide the EXFT answer for the spectrum in section
B.C4]. We now extend this techniques to compute the cubic couplings by going one order higher
in the fluctuations. While this procedure can be applied to scalars, vectors, and gravitons, our
focus here will be solely on scalars. This will be enough to sketch the main ideas. The field equa-
tions of interest for us that we obtain from (£.1I) and (#2), by injecting (#.9) and (@.10) and after
linearization are

1 /I 8 I L
(Eh 1 Ehzl)v(mvn)y 1=
h’HVIl v h/ll 8 hll bI 8 vy1y2y3y4bll L _
(Vy oY ( 152 +8 ) 4! I‘lﬂzmm)vmy =0 (4.11)
L
(bmuzusm + eﬂlllzﬂsﬂmsv%bh)vmyh =0.

We now do the following field redefenition

11 Il Il
s s (1 k+4)b
20(k1+ 2)( 10(k +4)b™) 412)
L L I
) (hk + 10kb™).

With the definitions and fields equations (.11), s"* and 1, which we will denote s! and #!
from now on, obey at linear level

VVish = k(k —4)s!
(4.13)
V Vi = (k+4)(k+8)t!
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where V,, V" P! = —k(k + 4)Y! as been used. This allows to identify sl as being the chiral pri-
mary of the gravity multiplet and # to be a descendent, see Table , where s are the scalars in
[k +2,0,0](0,0) representations and t! the scalars in the [k — 2,0,0](0,0) representations. It is now
straighforward to find an action that leads to those equations, which reads

S( 271—)5 /dSX@Z 32k(k k+)1(k+2) <_ 1V‘uslvysl . %k(k . 4)(51)2> ,

k+2)(k+4)(k+5)(
k+3

S(t - évytlvﬂt’— %(k+4)(k+8)(t1)2).

(4.14)
The normalization of this action can be fixed by comparing it with the full action of IIB Supergrav-
ity. We will skip this as it is only a technical details and the reader can refer to [[108} [109].

Jext

To get the 3-point functions of the chiral primary s/ we need to go one step further in the
expansion. In particular, we must find the quadratic corrections of which implies to compute
Ry and FyiporsFn PQRS to next order in s. One can carry out this calculations, and after some
calculations one finds

1 1
Rinn (Y + )gmn +7 Z(mn)

Y =1LV (Slvesz) + UL VaVH (51 Vyi52) + Wi VoV, (VIFVY)5, V),
Zun =BV Vo +5U1U2) (Vis1Vinsa + 251V Vasz),

+ WiWy (Vi VY51V, V (V)50 + 2V V)51V, VY (V) 52) 1)
% 1pors FnP RS =4, [X1 X, (V!V 15, VAV 55 + VFV!5,V,V,52)
— 8V1Xp51V V52 + 10V Vasyso} — 8X1 XV V51V, Vs,
with 5 4
Vi=3Ui=2%, We=i—q, Xe=1, (4.16)

and s; is a shortand for s 1. Note that the i here is not the same anymore than the one in for
example. Here it is just a label for the s field, whereas in it denoted a particular representation
in which the harmonic tensor lies in. This leads for s! to the following corrected equations of
motion

(VuVH —mj, )sh = IZI: {Dhlzlsslzsls + Ep i Vs Vb + F111213V(”VV)512V(VVV)Sk} (4.17)
2,13
with the functions D, E and F that can be found in [108] and are functions of U and V. At this stage,

we observe an important characteristic: through this direct calculation, we find that the couplings
involve derivatives of the fields. They can be eliminated through nonlinear field redefinition

I 11 1y 1 /1. /1.
sl =3g"+ E {]11[2135 2g'3 +L[11213VHS Zvys 3} (4.18)
II3
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with s'! the "old" fields and s’ the new ones, ] and L are given by

1
Llllzlg = EF11[213 7 ]Illzl3 = EE1112[3 + ZFHIZIS(m%l - m%z - m%3 + 8) (419)
With this, now becomes
(VuVF —k(k—4))s" = Y Apppssh, (4.20)
12113

G111, = Normalisation X A, f, [
1285{(15)> — 1}{(}&)? - 4}lezx2¢x3ch b (4.21)
(k1 +1)(ka+1)(ks +1)

where & = ki +ky+ ks, a; = %FT —ki; Chl213 and a(kq, ky, k3) are the unique SO(6) invariant that can
be formed with those three representations and a normalisation, defined in . We introduced
G1,1,1, because this is the quantity appearing in the Lagrangian. The normalisation in is the
normalisation coming from the kinetic term of (.14), so we can write

= a(ky, ko, k3)

2 _
() = 3y | /g [; DL (2 (01— Tk~ 4)(6')?)

(4.22)

1 Lob.l
+ Z 5g1112[3s 1S 233
I,I,13

This provides the final answer for cubic couplings of s’s.
Let us note a number of important elements :

¢ This method has been successfully used to compute a number a cubic couplings in IIB Su-
pergravity on AdSs x S°. On top of cubic couplings for s/, cubic couplings involving other
scalars, descendant of chiral primaries, but also vectors and graviton have been computed.

¢ Those results have been of tremendous importance in the AdS/CFT correspondance. Boot-
strapping methods have been developped and one-loop corrections have been calcu-
lated as well as two-loop [178]. Furthermore, gluon scattering in AdS backgrounds
has become feasible. A comprehensive examination of holographic correlators across a wide
range of SCFTs with non-maximal superconformal symmetry has been presented in [179].

* In a great effort, similar techniques have been used to carry out 4-point functions of scalars
in IIB AdSs x S° [168].

¢ This procedure has been conducted for other theories, such as d = 6, N' = (2,0) Super-
gravity on AdS; x S? [180] but also for 11d Supergravity on AdSy x S7 and AdS; x S* [181
183].

Despite the immense success of these techniques, it is important to note some limitations.
Firstly, the procedures involved are laborious. One must utilize various types of tensorial har-
monics, numerous field redefinitions are performed in order to diagonalize the mass operators
... The final field redefinition performed is nonlinear and aims at eliminating derivatives acting
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on scalar fields. These field redefinitions suggest that from the outset, the setup for studying the
couplings may not be appropriate, necessitating several changes of basis to ultimately arrive at
the correct set of fields. Additionally, aside from the a(ky, kp, k3) numerical factor and the C L1
invariant tensor in (#:21), the factors appear random, and no organizing principle seems to emerge.

In the remainder of this chapter, we aim to demonstrate how EXFT techniques can address
these questions. They provide a framework in which it appears more natural to study couplings
without the need for field redefinitions and offer robust and enriching structures that enable the
identification of important organizing principles.

C Exceptional Field Theory n-point couplings

C.1 Fluctuation Ansatz

UBIC and higher-order, couplings of the lower dimensional Supergravity can be accessed us-
C ing similar techniques as the ones used for Kaluza-Klein spectroscopy, reviewed above. To
obtain these n-point couplings, we need to extend the fluctuation ansatz of by expanding
it to higher order. The key change comes from the scalar fluctuation Ansatz, which around any
vacuum of the consistent truncation, can be written as an exponential

AN (%) = Vi (x, ) UNE(x, 1) daB.,

4.23
with Vi) = Un() (e (§ T LV )9 (0) ) -

since the generalised metric can be written in terms of the coset representative of US;(%) as dis-

cussed above (4.23). For example, in order to identify the cubic couplings from the equations of
motion, we need its expansion to quadratic order in the fluctuations, given by

AN (x,y) = Un™ (v) UnB(y) (64 + Tea® ¥ Vs (y) 9 (x)
x

1 (4.24)
+5Tapa® ¥ Vo) Yaly) 9" 2(x) P2 (x) + ... ),
%0
where we used the notation for products of generators
Tepa® = TaaTpc®, (4.25)

that we will similarly use for higher products in the following. We recall from that we have
chosen a gauge such that the sum over generators in the exponential and the expansion
only runs over the non-compact generators T, & = 1,...,42, of Eq ().

Plugging the Ansatz (3.55), into the equations of motion or the Lagrangian then gives
access to the n-point couplings.

C.2 Structure of n-point couplings

In section[3.C.3.a} we observed that the only action on harmoncis in the mass matrices comes from
the 74 s matrices. Since these do not mix different KK levels, we immediately concluded that
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the mass eigenstates do not mix different KK levels (defined with respect to the round S°) either,
even though the remnant symmetry group of the vacuum might allow mixing.

We can apply the same reasoning to n-point couplings using any ExFT, not just that based on
Eg(6), to find a powerful structure which implies that many couplings vanish, even though they
might be allowed by the symmetry group of the vacuum being studied. This is because also in
the n-point couplings, the fluctuation Ansatz (3.55), implies that the only derivatives of the
scalar harmonics will come from the terms

Ly Ve =—Tas"Va, (4.26)

and thus will simply give rise to the dressed .7 »* matrices. All other derivatives will necessarily
act on a twist matrix and give rise to the (dressed) embedding tensor

X@Q = (V_l)AM (Af/_l)BM VBQ XMB. (4.27)

Therefore, we see that the only action on the scalar harmonics comes from the dressed .7, ZQ
matrices, which do not mix different KK levels, with the level notion defined with respect to the
SO(6) isometries of the round S°.

We can, therefore, see that the n-point couplings will schematically appear in the action as

G(@A=, ., @ArEn) ~ /da; PAEL T2 pAnEn (/\AlAz...An,zlzz...znAlAz"'A”) Yy o Vs

(4.28)
where ®4% i = 1,...,n denotes some generic KK excitation in a representation .A; of USp(8) and
some representation of the 5-dimensional Lorentz group that we supressed and dw represents the
volume form of S°, while the n-point coupling is encoded in A 4, 4,...4, lezmznAlAZ"A". In (428),
the only internal dependence is now carried by the KK harmonics Yz, Va, - - - Va,, whose integral
gives the n-point invariant

CA Ay Ay = /dw Y Vay - Ya, - (4.29)

Since we can use the same scalar harmonics for any vacuum of the consistent truncation, ¢y, . 5, is
the same object for any vacuum. For example, for all vacua within the SO(6) gauged Supergravity
obtained by a consistent truncation on S, the cubic cgar is the unique cubic SO(6)-invariant, up
to normalisation.

Thus, the n-point couplings take the form

GO, @AE) ~ QAT @A pAEncy g, (AAlAz..,An,zlzz...znAIAZ‘“A") - (430)

MbA2--An does not mix different KK levels, i.e. the ¥; are the

Crucially, because A4, 4,...4,,3,%,..5,
same KK levels as A;, i = 1,...,n, this implies that cy s, A, Will vanish when cy, 5, 5, vanishes.
We immediately conclude that if the scalar harmonics of the 7 fields ®AZi {=1,...n,donot yield
anon-vanishing n-point invariant ¢y, 5, . x,, then their n-point couplings will vanish. Importantly,
this vanishing of n-point couplings is controlled by scalar harmonics of the round sphere but holds
for all vacua of the consistent truncation. This, therefore, implies that infinitely many n-point cou-
plings vanish for vacua whose remnant symmetry group would have allowed such couplings. In
fact, as we will show in section even for the round spheres, e.g. the maximally supersym-

metric AdSs x S°, AdSy x S7 and AdS; x S* vacua, our results imply that more couplings vanish
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than would be expected from the isometries of the round sphere. Instead, our results show that
extremal and non-extremal n-point couplings vanish, which was conjectured in [170} [171].

We see that having a consistent truncation not only implies that all the n-point couplings van-
ish between any n — 1 modes of the truncation and a mode that is not part of the truncation. In
addition, the consistent truncation leaves a remnant for all higher KK levels, whose n-point cou-
plings vanish if the KK levels, inherited from the round sphere, do not give a non-vanishing n-fold
invariant. This result hold for all consistent truncations to maximal gauged Supergravity, not just
those in five dimensions.

D Cubic couplings from Eg ) ExFT

D.1 Scalar cubic couplings

WE are now ready to explore the cubic couplings in detail using Eq ) ExFT and focusing on
vacua that can be uplifted from 5-dimensional maximal gauged Supergravity. The cubic
couplings of three scalar fields are obtained from the potential, expanding the scalar matrix .#
(4.23) in the potential. As we discussed in section the couplings will be quadratic in the
dressed embedding tensor X @Q and the dressed ﬂAZQ matrix. Thus, schematically, the cubic
result is given by

G(¢™=, pP2, 9™ o p=pPAP™ (X Xupysar + X Tapysar + T Tupysar) » (4.31)

where XX, X.7 and 7.7 refer to terms that are quadratic in X, linear in X and . and quadratic
in .7, respectively. The XX part of the result is simply the coupling between the scalars from
level 0 of the KK towers, and therefore can be obtained using 5-dimensional gauged Supergravity
without any ExFT analysis. However, for the couplings involving higher KK levels, we need the
X7 and 7 7 terms and thus the ExFT couplings.

While the naive cubic couplings come from plugging the fluctuation Ansatz into the
ExFT potential, our fluctuation Ansatz still includes unphysical Goldstone modes. Since we are
not interested in these unphysical couplings, we can change the couplings involving Goldstone
fields in an effort to simplify the cubic coupling formulae. The Goldstones modes are encoded in
the I'T matrix that was introduced earlier in (3.66)

Du¢ = du¢p +11A, + quadratic. ..., (4.32)

and describes how the Goldstone scalars couple to massive vector fields. Adding corrections
projected with the I'T matrix to the cubic couplings will not change the physical couplings, so that
we can harmlessly simplify the expressions using such terms.

We choose to add terms involving the I'T matrices in such a way as to simplify the .7.7 terms as
much as possible, analogously to what we did when simplifying the mass matrices in[3.C.3|. The
resulting .7.7 term in is then given by

1
T Tpyzar = Tz Taneaar <6T7aﬁBA - ETWBAKMO , (4.33)
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and the X.7 part given by

1
X Typyzar = £ Tpr"cran | Xac® (‘6 Tioy)p-Tps” — 6 TanTﬁwA)

(4.34)
1
_XBA <6T/glwc + ng']rac)

Note that because (£.33) and (4.34) are contracted with three scalars in (@31), the rh.s. of @33)
and (4.34) should be Vlewed as symmetnsed in the exchange of the pairs ocZ, BA, and T

The XX part of the couplings in (4.31), which of the three parts is the longest and corresponds
to the 5-dimensional gauged Supergravity result, reads

XXupysAr = CxAT

1 1
X@Q XKE (6 T,B’MAQ + EK’yaTﬁAD>

3 37
+ X5 Xpef (gszE Toal T e + ﬁ(s@ TopE TS (4.35)
19 97 23
+54 %k TppE Toy a2 + o 5AD TarS Tpy el — 18 = 54D 5BETWCF> ] .

Once again, because this term is multiplied by three scalars in (#31), the rh.s. of should be
symmetrised in the exchange of a%, BA, and 7T

Further simplification for embedding tensors in the 36 of USp(8)

We can significantly simplify the previous results by introducing additional assumptions. Recall
that the embedding tensor of 5-dimensional maximal gauged Supergravity transforms in the 351
representation of Eg(s). When breaking Eq () to its maximal compact subgroup USp(8), the 351
decomposes into 315 @ 36. We are interested in exploring the implications of the embedding tensor
being solely in the 36. This arises, for instance, for the maximally supersymmetric AdSs x S°
vacuum.

Let us start by exammmg the X7 termsin (4.34). As we empha31sed above, the multiplication
of @34) by three scalars in implies that the rhs. of (34) should be symmetrised when
exchangmg the index pairs ocZ, BA, and yT. However, the contraction of .7 with a c-symbol in
imposes a hook symmetry on the harmonic indices, since the c-symbol is invariant under
the action of .7. As a result, the adjoint indices «, B, v must also appear in the hook symmetric
fashion. Therefore, stripping the .7 term from (4.34), the remaining tensor Zg,p, must exhibit a
hook symmetry on the adjoint indices and, since it must be some USp(8)-invariant combination
of the dressed embedding tensor X, it must reside in the 36. Given these requirements, we find
that only one term remains in all of [£.34] By conducting a similar analysis on the XX-like terms in
(4.35), we arrive at a single remaining term. After calculating the relative coefficients, we obtain
the general formula for the cubic couplings of scalars for vacua where the embedding tensor is in
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the 36

1
g((PchI (PISA’ 4)’71") - cpocZ(PﬁA(P’YF _ ECZAFXMQXLCET/S'WAQ
- EZACAArxﬂgT[wy] QQT/SBA (4.36)

1
+ Tz T4 a"canr <6 Toupp? — 2 TvBAerﬁ> ] -

D.2 Couplings involving spin-1

In this section, we will give the cubic couplings involving at least one vector field.

We begin with the cubic couplings between one vector and two scalar fields. These come from
the scalar kinetic term in the Lagrangian, which is given by

1
Ekin, scalar — ﬂ vV _gg#VDV%MNDV'//MN ’ (4-37)
where D, = 9, — L4 . is the 5-dimensional derivative covariantised with respect to the ExFT
generalised diffeomorphisms. Since we are interested in vector-scalar-scalar couplings, we will
take gV = ¢" to be the background metric of AdSs spacetime. By plugging in the fluctuation

Ansatz (3.55), (£.23) into (#.37), we find

Q(A, ¢, a(])) e A%AZ {2 CQAZX@QBF(PD‘Q (PﬁA T’?,Xﬁ Tﬁgﬁ + 2capy, ([)ﬁQ a”gb"‘A %QA Kup ( )
4.38
- 12 CAQA 8”4)”‘A (PﬁA %ZQ T,?ﬁtx T@AE} ,

where T are the generators of Eg, with a, B, . .. labelling the non-compact and &, 3, 4 labelling the
compact indices of Egg), i.e. respectively the 42 and 36 of USp(8) and we suppressed the indices
on A, ¢ and d¢ on the Lh.s. for simplicity.

We now turn to couplings involving a vector field as well as 2-forms. They can be obtained by
inspecting the field equations for the field strength F, which is defined as

]:]/H/M = za[yAv]M — 2A[VK8KAV]M +10dprx dMNK.A[yPaN.AV]L + 10 dMNKaNB;wK . (4.39)
The corresponding field equations are
D x Fayr o< dyng FN A FK, (4.40)

given in differential form notation. Here * is the 5-dimensional Hodge dual, A is the 5-dimensional
wedge operator and D is the ExFT covariantised 5-dimensional derivative operator, which in (#.40)
acts as an exterior derivative on F on the Lh.s.
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Plugging in the fluctuation Ansatz (3.55) in the action, we find

g(A, B, B) [e 8 AVAZ BVPEA Bgrgr GHVP(TT (d@ dﬂ d@%rAygAQ CZQA

d% dGHD er A

1
——d Xoy®eg®
10 ADE AAGH™ Cx.

(4.41)

BFD 4EGH 5 A AT
dBED JEGH g7,

1 c
—Ed@ AXG7H Cy

1
+ 15 3ADE dPQDd%XFQBXGHCcZFA) :

Finally we work out the couplings of three vectors. There are couplings of type AAJA, which
come from the kinetic term

1
Lyin, vec = 3V —8AMmnF" M]:;AVN , (4.42)
and are given by

G(A, A,0A) o« AMAZAVEOY A (CA (2 csan a0 0pc + 10csand appd™L T 0 + cran X, @]Q) .
(4.43)
On the other hand, there are AJAJA couplings that come from the topological term. Because
both derivatives act along the external 5-dimensional space, these couplings have the very simple

structure
G(A,0A,0A) x e'PTAAAZ D, ABA 5, AP d jpcesn - (4.44)

D.3 Couplings between spin-2 and scalars

Here we give the couplings between the fluctuations of the metric, which we will denote by #, and
two scalars. From the structure of the indices, there is only one term that one can write for these
couplings
1
g(l’l, 84), 84)) X gleﬁ ay4)“2 vipﬁA hHVA CYAA - (445)

It can be checked that this is what is indeed obtained by expanding the scalar kinetic term from

the Lagrangian (4.37).

E Example: AdSs5xS°

N this section, we use the previously introduced formalism in order to compute couplings on the
background AdSs x S°. This background preserves maximal supersymmetry, i.e. states fall into
supermultiplets of SU(2,2[4) and transform in representations [#, p, q] of the SO(6) R-symmetry
group. Table 2.5/ recapitulates the structure of the 1-BPS supermultiplets Biy0,0) into which the
Supergravity spectrum decomposes.

As has been discussed above, our fluctuation ansatz introduces a different way of la-
belling the Kaluza-Klein states by a couple of SO(6) indices, ®** , of which the first index refers
to the field content of the N' = 8 Supergravity multiplet while the second index runs over the
scalar harmonics on S°. The latter are defined as polynomials in the fundamental harmonics )*,
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a=1,...,6, (satisfying Y*V"* = 1) as
Yl = ymae — yla yae) =yl ya) _ traces, (4.46)

and transform in the symmetric vector representations [¢, 0, 0].

All fields % with the second index in a given SO(6) representation [¢,0,0] combine into the
%—BPS supermultiplet By ). For example, for the scalar fluctuations, the index « on ¢** counts
the 42 scalars of ' = 8 Supergravity. Under SO(6) these decompose according to

42 51,91 ,®10,1 P 10_1 D 200, (4.47)

where subscripts refer to the different SO(2) charges. Accordingly, the fluctuations ¢** carry
representations

(109 10) ® [¢,0,0] = [¢,0,2] ® [¢,2,0] B2 [(—1,1,1] & [(—2,2,0] ® [(—2,0,2],
(181)®[(0,0]=2-1¢0,0], (4.48)

where SO(2) charges are easily restored. Comparing to Table not all of these representations
correspond to physical scalar fields in the supermultiplet By, ), rather the representations given
in blue and green in appear as Goldstone modes for the massive spin-1 and spin-2 fields,
respectively.

E.1 Near extremal scalar n-point couplings

Let us consider the n-point couplings of scalar fields transforming in fully symmetric traceless
vector representations of type [k, 0, 0]. Explicitly, we label such representations by an index I

[k,0,0]: R'=RU1-k)  and define |I| =k, (4.49)

where iy, . . . iy label the fundamental vector representation of SO(6), and ((...)) denotes traceless
symmetrisation. We denote the corresponding fields in (4.48) asﬂ

sh: [+2,0,0), #:[¢-2,00, ¢L:2-]£00]. (4.50)

In particular, the s! are the chiral primaries of the supermultiplet, while the ¢! carry non-trivial
SO(2) charge.

We have seen in section that the parametrisation of scalar fluctuations as ¢** together
with the structure of the ExFT action allows to deduce strong constraints on the existence of pos-
sible couplings. Let us first illustrate this for the chiral primaries s’. Consider an n-point coupling
between this fields, that we shall denote as

G(sh,s, ..., sh). (4.51)

1For s! and #! this corresponds to the notation introduced in [108} [109]. In contrast, the ¢! of [109] correspond to the

(green) spin-2 Goldstone modes in , whereas the ¢! in (4.50) denote physical scalars.
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SO(6) representation theory immediately poses the condition

Ll < Y15l Vi, (4.52)
j#i
necessary for a non-vanishing coupling (@#5T), more precisely for the appearance of a singlet in the
tensor product ®); R'i. However, due to the fact that the fields s' appear as

she ™=, |1 = [z]+2, (459)

in the ExFT action, the general structure of couplings (4.30) shows that a non-vanishing coupling
(4.51) in fact requires the stronger constraint

=i <Y |5 vi — | +2(n—2) <) |L] Vi. (4.54)
j#i j#i

Put differently, we can conclude that

<Z|Ij|> L < 2m—5 =  G(sh,sh,... sl =0, (4.55)
j#i

thus the vanishing of extremal and near-extremal couplings. This precisely corresponds to the
conjecture first stated in [170], based on the lowest order explicit results 168], and found
necessary to match the factored structure of the near-extremal correlation functions in weakly-
coupled N = 4 SYM via AdS/CFT. On the SYM side the analogous statement for single particle
operators was shown in [175]. The above reasoning gives a proof of this conjecture for arbitrary
n-point couplings.

The conjecture has been reviewed in and been put into the context of consistent
truncations. As discussed above, the truncation of the full Kaluza-Klein spectrum on AdSs x S° to
the N = 8 Supergravity multiplet Bi2,0,0] is consistent. Another way of stating this property is that
the Supergravity fields do not source the (truncated) higher Kaluza-Klein states, or equivalently,
the absence of couplings linear in higher Kaluza-Klein fields, i.e.

I >2and |[;55] =2 = G(sh,s2,... sy =0, (4.56)

given that s!, |I| = 2, is the chiral primary of the Supergravity multiplet. With hindsight, this is
nothing but a very particular case of the general structure (4.55). In turn, the EXFT structure of the
action together with the above construction shows how the existence of a consistent truncation
in fact implies the absence of numerous potential couplings, far beyond the lowest Supergravity
multiplet.

In [171]], the conjecture on vanishing near-extremal couplings has further been generalised
to the compactifications of eleven-dimensional Supergravity on AdS; x S7 and AdS; x S*. In
the ExFT framework, similar to the computations presented here, such couplings can be derived
within Ey(7) and SL(5) ExFT , respectively. While the technical details differ, the structure
of the chiral primaries is still of the form (#.53), now with respect to the R-symmetry SO(8) and
S50(5), respectively. The same general pattern thus applies and the conjecture is proven also
in these cases for arbitrary n-point couplings.

In order to demonstrate the power of the framework, we may straightforwardly generalise the
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argument to other scalar fields, proving the vanishing of several other near extremal couplings.
Let us consider couplings of the form

G(sh,... st th, . t), (4.57)

between scalars of type s! and #/, both appearing in fully symmetric traceless vector representa-
tions. As above, SO(6) group theory requires that

Ll < Y IGI+ Y 1)l Vi,

j#i ¢
el <Y UG1+ ) el VK, (4.58)
j 0k

in order to allow for a non-vanishing coupling (4.58). Again, from the general structure of cou-
plings (4.30), together with the embedding of fields as

shege™, |I|=|2[+2, He¢p®*, |]=|5-2, (4.59)

into the fluctuation ansatz, we may by reasoning similar to the above obtain the far stronger state-
ments

(S5l +Xel) = 1] < 2(m=n=3) = G(sh,...,smth,..,th) =0,

i# o

(Sl + L el) =1kl < 2(m=n+1) = G, shih, ) =0, (460)
j (Fk

which imply the vanishing of many near-extremal couplings whose presence would be compatible
with SO(6) symmetry . It is straightforward to generalise this pattern to n-point couplings
which further include the fields ¢} from . Similarly, one may derive conditions for vanish-
ing couplings involving the fields in other SO(6) representations within the multiplet By, of

Table[2.5

E.2 Harmonics

Let us do an intermediate section to introduce notations that we will need later in the thesis. We
collect our conventions and some formulae for the harmonics. We will explain our conventions
for S°, but it can be generalised to any coset space G/ H [114].

Starting from the fundamental sphere harmonics J?, a = 1,...,6 with Y*)* = 1, we define
the higher scalar harmonics by

V= yu-an = yla yan) — ylar yo) _yraces, |1 =n, (4.61)

with total weight 1 on the r.h.s.. These harmonics transform in the symmetric vector representation
[1,0,0] of SO(6). We denote the integral over products of harmonics as

/S A Y Y Y Y = Ay my 50 g, (4.62)
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where
A s 163
N N EIK (1.63)
and 102 2N (2n)!
n nj.
m"zﬁ<2>”'<z> -2 (4.64)

counts the number of possibilities to distribute the indices over the ¢’s. For the integral over a
product of harmonics Y'Y/ with |I| = |J| = n, we then find

/SS dw V1Y) = Ay (87651 ) nt — traces,
; (4.65)

— T (« ) —
= T )1 2) " o) = z(n) s,

with

31
T° n!
= 4.66
z(n) 21(n 1+ 2)! (4.66)
Similarly, the triple product of harmonics Vi with I; = n;,i = 1,2,3, is found to be
/5 dw Yyl yl — a(ny,ny, n3) chhbl (4.67)
S
with 3
nq!nylng! 7T
a(ny, ny,nz) = ! : —— (4.68)
(%0. + 2)! 2701 aqlaplag!
where ¢ = ny +np +n3, a; = %(T — nj, and Ch225 js the (up to normalisation) unique SO(6)
invariant structure in the tensor product of the three representations, explicitly given by
Cal...iﬂnl,bl...hnz,cl...cn3 — 5a1h1 . 5ua3b,x3 5ﬂa3+1(§1 L 5an1ca2 5ba3+1ca2+1 . 5bnzcn3 , (469)

where the indices in the same colour on the r.h.s. are understood to be projected onto the totally
symmetric traceless part, such that the total weight is one. SO(6) group theory implies that a
non-vanishing C1225 requires the triangle inequality

a; >0, (4.70)
which has been stated in equivalent form in (#52). This is illustrated in Figure[£.1].

We now also define the vector harmonics )},. We never explicitely used them in our calcula-
tions, but this will allow us to introduce t(k1, k2, k3) and Tj,3 that appeared in and (4.106).
Vector harmonics are defined in terms of the embedding coordinates {)”} such that

V= Cly f VY% 4.71)

where C#;al...ak is a completely symmetric and traceless tensor in a4, . . ., a;, and its symmetric part
vanishes. The vector harmonics satisfy the orthogonality condition

gm%=mwwm (4.72)
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[5,0,0] : a;,a,, a5, a4, a5 o—0—0—0—0
3,0.0] : by, by, b; e—e—e }
[4,0,0] : ¢, ¢p5 €35 ¢, 0—0—0—0 /’5

‘)’6

(al’ a29 a33 a43 as)

(al, ay, a3, Gy, As, Ag, A7, dg)

[8,0,0] : a;,a,, a3, a,, as, ag, a;, a; e—e—e—e—e—0—0—0
[3,0,0] : by, b,, b; 0—e—@
o
(6 "
7, ff’
[4,0,0] : ¢}, ¢y, €3, ¢4 0—0—0—@ = w
=y, G

(ay, ay, a3, ay, as, ag)

[6,0,0] : a;,a,, a;, a4, as, a; e—0—0—e—0—@
[3,0,0] : by, by, b; 0—0—0
z &
(V)
[4,0,0] : ¢y, ¢y, 3¢, 0—0—0—0 ” 3 o
S O

Figure 4.1: Illustration of the triangle inequality. A green line means that the two indices are on the
same J. For example the first scheme corresponds to 6,, 4, 64,b, 043¢, 0043 0asc46asc; - In the first line, the
C tensor exist because the &;s are in IN. Note that the ;s count the number of connections between
the different sets of indices. For example, in the first line ay = 1 is the number of connections
between the second and third sets, i.e. between the b;s and the ¢;s, ap = 3 is the number of
connections between the first and third sets, and a3 = 2 is the number of connections between the
first and second sets. In the second line, the C tensor does not exist because at least one of the a;s
is negative (in that case «1). We see here that one leg is too long and there is always going to be at
least one index left alone is that case. In the last line, we see that all a;s are positives, but they are
not integers. In that case, one index is left alone, and the C tensor does not exist.

with z defined in {.66). On top of this orthogonality condition, the vector harmonics satisfy
[, VYRRV =tk ko ko) (473)
S

with
7'[3 1 k1 'k2 'kg

e ) T (o 328~ Diaa— Dl D

(4.74)
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The T3 tensor carries the index structure of the previous integral. Explicitely we have

I I I
T = (CI 2 3
123 mal"'aazfl/Zbl"'basfl/Z hl...has,l/zcl...lxl+1/2 mfcl“'cvt1+l/2a1'“uazfl/Z
(4.75)
L I I3

Cut, .
ul...au2+1/2b1...bu3_l/2 bl...bas_l/zcl...ﬂll_l/zm m,Cl...Cal,l/zal...aa2+1/2

Upon contraction with fields, we will recover the definition on C112s that we will introduce latter

in (4.106).

E.3 Cubic scalar couplings

Having shown that the general structure of our ansatz and the ExFT action impose the vanishing of
numerous couplings, we will now use the explicit formulas obtained for the cubic couplings
in order to compute explicit expressions for some of the non-vanishing cubic couplings. Before
evaluating these equations, let us consider the expansion of the kinetic term for the scalar fields.

53 MEB MU MMNI My — 2 0,00 0P 55 VEVA L O(gh) . (476)

We note that in our basis of fluctuations, the expansion of this term does not give rise to cubic
terms of type ¢d,¢d"¢. This is because in our parametrisation of fluctuations, the kinetic term
respects USp(8) invariance in the first index of the ¢**, and there is no USp(8) invariant cubic
tensor d*#7 that could define such a term.

Let us further note that for the fields s from , the expansion of the kinetic term sim-
ply yields a normalisation constant proportional to z(1) defined in (4.65), (#.66), with ¢ = |I| — 2.
Comparing this to the normalisation used in for the same fields (c.f. equations (3.15),

(3.23) in [108], with k = |I|)

k(k—1)(k +2) K2(k —1)2

Ap o Kl z()awz(ﬁ),

(4.77)
where we are ignoring overall constants that are independent of k and where we have used the
relation

2(0) = 2(k—2) = 4(k) FEDEF2)

Kk—1) (4.78)
From we see that our fields s! are related to the fields of [108 by rescaling
k+1
I sl — I
s —>3§ _k(k—l)s , (4.79)

where for clarity we denote by &' for the fields of . Such rescaling factors will become
relevant when comparing the results for the cubic couplings.

Let us now turn to evaluating the general formula for AdSs x S°. Recall that
is the reduction of the general formulae (@31), (#.33), {.34), (35), to the class of vacua whose
associated embedding tensor lives in the 36 of USp(8), which is the case for the round S°. While

this formula reduces the contributions of general cubic scalar couplings to four terms, it turns
out that depending on the type of scalar fields not even all terms may contribute to the result.
The towers of scalar fields have been listed in (4.48), organised according to the representation of
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the first index & on ¢¥*. In turn, for a given Kaluza-Klein fluctuation the representation of the
associated a the can be inferred from its SO(2) charge. Cubic couplings only exist among states
whose SO(2) charges g; add up to zero, and we find that for the different possible combinations
only the following terms from (4.36) give non-vanishing contributions

({1, 92,43) || XX | X7 | (79)1 | (79),
<ooo> v | v | v | v
O+L-1) | - | v | v | v (4.80)
O+2-2) | - | - | - | ¢
FLELF) | - | - [ v

Here, XX, X7, (7 7)1, and (7 7 ), denote the four terms in (4.36). For example, if the charges
of scalars in a cubic coupling

G (o™ 02" 03") (@81)

are 0, +1, and —1, the associated representations in «, B,y are 20, 10 and 10, respectively. The
existence of a non-vanishing first term in XX in would require the existence of an SO(6) in-
variant tensor in the tensor product of these three representations, which does not exist. Similarly,
one deduces the absence of several terms for other charges.

As a concrete example, let us compute the cubic coupling among three chiral primary fields
G(sh, s, sh), (4.82)

with s! from (4.50). According to (4.80), all terms in (4.36) are present. First of all, the structure of
shows that the final result will be proportional to the structure constants defined in (4.29)

Cx, 5,5, = /55 dw Vs, V5, Vs, = a(l1,02,03) Cx, 35, 4 = || = || =2, (4.83)

with the objects on the rh.s. explicitly defined in (4.68), [#69). Let us develop the explicit calcula-
tions here for (4.36). The XX-like terms are straightforward to compute. They are independent of
the length of the chains n; and we can directly compute them with the explicit form of the X-tensor

c Xaped = 2\/55[[2517] [c5£] ,
XS — 5 (4.84)
AB X, @b = —2\/55[6,1517] 0%,
witha,b,... SO(6) indices and «, B, ... SO(2) indices. The more involved terms in this calculation,
are the terms with at least one .7. They require to compute the action of generators of length /;’s
acting on the [/, 0, 0] representations. Let us explain how we deal with it. First of all, the underlined
capital indices A, B, ... on the 7s are reduced to SO(6) x SO(2)

Q fy[uh]): o ’
yéz — ymzﬂ (4.85)
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The generators .74 in the [1,0, 0] representation of SO(6) can be written

Tas =0Ty a0, = 0T 0y P00, 2 - 80) ") = 0Ty 4B = T 0 04, B, (486)

‘y[ah],c 4= \/Eéc[uéb] d ’

Fada_g. (4.87)

with 7, A b— {
Let us explain the notations in (4.86). The A, B,... are now used for the symmetric traceless
representations of the same lower cases letters, i.e.

A— ((ﬂl...ﬂg»,

(4.88)

hence, A, B, ... havereplaced X, (), ... indices. Those new A, B, ... indices are completely different
to A, B, ... indices. Finally when those indices are dressed with the subscripts 7, j, ... it means that
that lower case index with subscripts i, j, ... has been extracted from the whole set

A — (m...ai1ai41...ap)),

(4.89)
B; — ((bl e biflbi+1 .. bg)) .

Then the § with a capital A, B, ... index represent all the Js with according lower case letters

— b b
5a8 =00, .5, (4.90)
The final point we have to explain is how to express the C-symbol in these notations. This tensor
reduces to a serie of 6 as explained and illustrated in (.I). We will therefore note it
TOA ABC _ gh  ghus g Cug glar 1 sCly _ cAB gBC sCA

C — C =gy .. b, 5bi3+1 ...5%1 Oagy i1 ...5@? = 0770707, (4.91)
with £ = |A|, {, = |B|, (3 = |C|, &1 = %(¢2 + {3 — £1), similarly for a, and a3 and with indices in
the same color are understood to be symmetric and traceless. We are now ready to explain how

we can compute the action of a .7 on the C-symbol. The action of a 7 on the C-symbol with those
notations can be written

yAZ QeOAT 'Zﬂb]A BrBCD _ A ‘y[ab]uj bjéAj BjcBCD won)
= Olala; (0635\17117]-55,-3755@53@ + 0625|b]c,-55355c‘51§]-c‘j) /

with this time ¢; = |A| = |B|, {2 = |C|, {3 = | D|. Note that there is still an antisymmetry in a, b in-
dices in the previous identity. Because we are computing the couplings involving three s! scalars,
we know that the result should be proportional to C'1253. Therefore the result is automatically
projected onto the symmetric and traceless representations [¢; + 2,0, 0], which is the reason why
we do not need to compute any trace term in contracted with the scalar fields. On top of
this, even if the index structure for the two terms in looks different, there is only one index
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structure that one can obtain for the coupling G(s"1,s%2,s3), which schematically looks like

¢ubA ¢ch ¢° fCg,e Spe 5dfCABC _ (4.93)

ab A cd B e f C

This picture is just a way of expressing how the indices are contracted together with the C-symbol.
Explicitely here this means that ¢’s are contracted with 6ac0pd4f as well as properly symmetrized
with the indices of C. is the only way we can contract the indices, up to symmetrization.
We w111 see later examples where this is not the case anymore. We can now reduce the (7.7 )-like
term in ( on the S° and find

Tz TanOanr (6 Tyupn? — § Typras )

l

_ 12*%172 Q%d\ x QAF¢udA(PdeA¢ecl“ . 12:%1,): 2‘1[\ ZCQAF¢u3A¢bCF¢edA
_ 124%172 QZdA ZCQAF¢ueA¢hcA¢edF + 12%}72 sz ZCQAF¢acA¢h6A¢edl’

(4.94)

We can now illustrate how to explicitely calculate this for the couplings of three chiral primaries.
We will show how this works with the first term in (4.94))

_12%11’2 Q%c A % QAF(PadA(PdeA(PeCF - 1211(@1,62, £3)¢ZbD A%CE DcABC(PadB(PdeE(PCeC
= —12a(ty, £, £3) Ty g © Te,p ACABC b8 peeE gieC
(4.95)

with |E| = [D| = |A| = ¢, |B| = ¢, and |C| = {3. By using twice and making the
antisymmetry in a, b and g, c explicit we find

A —
3¢de¢ceE¢d€C (( Ope;GabyOae; Oct; + Ove, Oab Sab;Occ; )3 (3 — 1)55

<5aei‘5hci5uej‘5cb 5be,‘5uc15ue] cb; )0‘30‘25E B; 5 5 ¢ (4.96)

B,;9Dcd8C
( 5be,‘sab Juejfscc] + ‘Sbelfsuh 566 5116 )“2“35E B; 5E G dpc
(511@1‘517(31'5”@]‘56'17]‘ - 5bei5aci5ccj5uej)“2(“2 - 1)5EijCij5EB‘SBC')~

All terms in color are equal to zero, because of the tracelessness property of the [¢; 4 2,0, 0] rep-
resentations. Explicitely, the terms in blue, upon supressing the a index, give either (51,1,;,]. Or ;e

which are traces and therefore projected out by the contractions with ¢p?*BpeE¢9eC. The red term
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is also equal to zero, because of (5cgj. Since it is contracted with (pCEE = sE = 5! this term gives a

trace in a [¢ + 2,0, 0] representation and can be discarded. By collecting all the remaining terms,
and symmetrizing in «;’s, this term gives

_12'%17,]5 D%C,D ACABC(pde(PCEE(PdEC — 30.(0. _ 1)5bd5dc5efCABC(Pth¢CeE(PdfC , (497)

with ¢ = {1 + ¢, + ¢3. By calculating all terms in (4.94) this way as well as (X.7) and (XX)-like
terms in (36), we find the final result for G(s'1,s’2,s5)

G(sh, s, s5) = a(ty, b, £3) (g +2) (g 1) OB 8000 () g (422) gl 22)

=a(l1,0y,03) (g + 2) (g + 1) chhbb ghghgh

(4.98)

with ¢ = #1 + {3 + {3, and the symbols CE1x2Zs chikls defined in for different representa-
tions, [¢,0,0] and [¢ + 2,0, 0], respectively.

In order to compare this rather compact result to the explicit expressions obtained in [10§ ,
we first note the relation

_ 309 7@ (@
a(ly, b, 03) = a(ky, ko, k3) Skt — 1)k — 1) (ks —1) 2 (2 + 1) (2 +2) , (4.99)

for k; = |I;| = ¢; + 2, with moreover & = k1 +ky + k3 = 0+ 6, and a; = %5’ — k;. Further taking
into account the rescaling (4.79), the cubic coupling takes the form

Il 12 13 — 6a1a2a3a(k1’k2’k3) l~ 2_ l~ 2_ 111213 ”11”12'“13
G(s",s2,53) 1606 +1)(ka + 1) (ks + 1) (20) 1 (20> 41cC §'1525', (4.100)

and this indeed is the result obtained in [108,|109]. The non-trivial zeros in this explicit expression
(for any a; = 0) precisely illustrate the theorem (4.55) which in the ExFT formulation follows from
purely structural arguments.

E.4 Couplings involving spin-1 fields

Let us work out a few other examples involving the spin-1 fields. Similar to (#.47), (4.48), the
spin-1 fields are parametrised as A, * with the USp(8) index A decomposing as

27 - 641D150D6_1, (4.101)
under SO(6) x SO(2). Accordingly, the fluctuations A% carry representations

15®[(,0,0] = [(,1,1] & [£,0,0] & [¢(—1,0,2] & [(—1,2,0] & [(—2,1,1],
(656)®[,0,0] =2-[(+1,0,0]®2-[(—1,0,0] ®2-[(—1,1,1], (4.102)

where similarly to we have denoted in blue and green the Goldstone modes for massive ten-
sors and spin-2 modes, respectively. Following [109] we denote the vector fields in the [¢,1,1] and
the [(—2,1,1], as a,,L and ¢, L, respectively. We use the index I to label the ‘hook’ representations
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[k, 1,1] with |I| = k + 1. Explicitly, focusing on the a,,L, this corresponds to an embedding

A, = % (O — g, b)) = g, L, |1 = |2| +1. (4.103)

Here, A% is part of the general vector fluctuations in the basis of (3:55), with the index A de-
composed according to (4.103) and the [¢,1, 1] fluctuation living in the 15 part, as can be seen from
. a,»"M-2+1 denotes the part of the fluctuation in the [¢,1,1], i.e. it is symmetric traceless in
(a1 ...ap)) with al@m-2e1) =0,

We can now evaluate the above results for cubic vector couplings on the AdSs x S° back-
ground. Let us develop the explicit calculations for couplings of the form G(ash,s2,a’3) for s! in

and a' in (103). Reducing to AdSs x S° gives
AVAZ [2 CQA):X@Q 8”47”‘0 4)‘BA T,?IXIB T@QQ + 2CAAx (P‘BQ 8”47”‘A 9401\ Kup

—12cp0n '™ ¢PA T T, Tmﬁ]

l (4.104)

_ 24\/§AH abZay(pcaQ(PbcACZQA + 12AV abx T QAay(Pch(PchCZAA
+ 12AH abz T Zﬂay(Pch(PudACQAA _ 12A’4 abZ Tea Zﬂay¢ch¢bdAcQAA
_ 12Ay abx. T Zﬂay¢duA¢chCQAA + 12Ay ab% Tea Zﬂay¢dhA¢chCQAA
. .
We can now inject (£.103) and use similar techniques that we used for G(s1,s%2,s53) to compute
the action of .7 on C. For the second term in the previous expression, we therefore obtain
12A1/¢ ab% T QAay(Pch(PchCZAA — 12A]4 abD T ACay(Pch¢chCABD _
3a,, “PPgH B pedC (“2(5ac;5bd1 — Ope;0ad; )OD,C;0BDOBC + 3 (ac;Opp, — 5bci5ubi)5CDfsBD5BiC,»)
—351}1 b’aDaP’(PCdB(PCdC (“25bd7-5aci — 5bdi5aci)5C,~Di§BDéBC + a3 (5”51'511}71‘ - 5bci5ubi)5CD53DéBiCi) ,
(4.105)
with the terms in red equal to zero again because of the tracelessness property of the [¢ + 2,0,0]
representation. Note however that this time, the index structures arising from the action of .7 on
C is not unique anymore. The different possibilites are listed in Figure |4.2 where we used same
schemes as in (4.93), but this time we had to make a disctinction between the three fields. Those
are the only three structure we obtain. By carefully working out the calculations, one finds that all
the terms coming with the first structure cancel with one another, and the last two structures come

with exactly the same numerical factor, up to a sign. This is exactly what is needed to reproduce
the strucure of Typ3 in (4.75). The final result we found for this coupling is

G(3sh,s2,a3) < a(ly, €, 03) (o + 4) <(5ea(5fb5gc - 5eb5fa5gc) cTrRaagit g((a8%1)) g (be%a)) Ayer((fze.))

= a(ly, 0y, 03) (0 + 4) Chlls gshgh a,}’r ,

b = |Z,’|, oc=0+b+1, (4.106)
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Figure 4.2: Schematic representation of the different index structure arising in the calculation of
G(9sh,s2,al) = G(3s™=,54C, a%fD). The set of black points represent the indices of the vector
a®f®, with the blue dot the extra index e which is not symmetrized and traceless, the red points
stand for the indices of s*** and the orange points stand for the indices of 9,s"%.

where |Z;| = |I;| — 2, fori = 1,2, and |X3| = |I3| — 1. Here, the tensor C1255 is defined by the
above equation as the (up to normalisation) unique invariant structure in this tensor product. It
corresponds to what has been called T7,3 in (4.75)), and the combination of the last two schemes in

with a minus sign.
In order to compare the full coupling to the results of [109], we need the relation
_ (ks +1)(a3 = 5)(@+3)(F +1)

a(ell 42/ 53) - k1k2k3(k] — 1)(k2 — 1) t(k1/k2/ k3> s

ki=|h|=6+2, kh=|hl=06L+2, k=|L=0L+1,
c=ki+tky+ks=0+5, az=3i0—ks, (4.107)

to the t(ky, ky, k3) defined in {@.73). Furthermore, in order to match the normalisation of vector
fields, we note that our kinetic term

£+2

MMN ]:MVM]:}H/N — ]:]“/AZ]:]M/AA yZyA v T

fwu,((bz)) f;wu,((hA)) YEYA (4.108)
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where the field strengths f;,, are defined in analogy to (4.103). Comparing this to the normalisation
of the kinetic term of || (whose fields we denote by ﬁ,}, fw,l), we find

(+2 ;o k+1 L
vl vl _
71 2 fu 1 = 15 20 ' f k=(+1, (4.109)
with z from (4.66). This yields the relation
- (+3
al= 71 a,l. (4.110)

Putting everything together, we can rewrite the result (4.106) as

(ks +1) (a3 = 3)(F+3)(F +1)(@ —1)
(k1 +1)(k2 +1)(k3 +2)

Indeed, this is the form in which this coupling has been found in [109].

G(ash,s2,al)

t(ky, ko, k3) 2l opghsh g, I - (4.111)

Finally, we can turn to couphngs involving three vectors from (4.43) and restrict our analysis
again to the vector fields (4.103). Reducing to SO(6) x SO(2) gives

AVAZAUBQa[ﬂAV]QA (2 CYAA EAQA5£ +10 CZAAd@d@%QA + CZQAX[@]Q>

l

AHabZ pvedQ) T QABHAV CdA ZAA

(4.112)

_A;thAvch T ZAaH A, ubACQAA
—I—Z\/EAWhZAVhCQay A, acA FOA

We can now inject in this expression and conduct the calculations. Using the same tricks
as before, we can compute those term and the action of .7 on C. However, by a direct calculation,
the index structure for the term with a .7 and the term without .7 are not the same. For the first
we have something that is proportional to

T-liketerms — a, %biAg, ABHgvedCoABD; (4.113)
whereas for the second we have something that is proportional to
X-like terms  —  a,, “P4q, bDyHgraccoADC (4.114)

This is schematically illustrated in Figure [4.3]. In order to match the two structures, we have to
do the following transformations : first use the antisymmetry in the external y <+ v indices, and
then notice that because of the representation the a,’s are sitting in [¢, 1, 1], we have the following
identity
b n n
ay, (B0)aran) — = gl (bo-n) o ghlomtn) _ (4.115)

Using both symmetries, we can show that the two appaerently distinguished structures are actu-
ally the same. This is illustrated in Figure [£.4eii. Collecting the different factors, we find that the
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Figure 4.3: Schemes of the two different index structures arising for couplings G (al1,a’2,9a5).
The first one is for the X-like terms and the second for the .7 -like term. The dotted red line in the
second picture means that a ¢ from C has been cut in two and the indices have been redistributed
elsewhere.

final result is

g(all’ alZI aalﬁi) o9 a(£1/ ZZI 63) (0’ _|._ 6) Jﬂedhcédf CZIZZZS aﬂal((bz‘l ))avc/((dzz))a[yav] er((f2‘3)) ,
giE|2i|:|L‘|—1, oc=0+b+ 1. (4.116)

The index contraction on the r.h.s. of this equation defines an SO(6) invariant tensor C11213, how-
ever unlike there is not a unique invariant structure appearing in this tensor product, i.e. the
particular contraction in the coupling {.116) by itself carries non-trivial information.

E.5 Couplings involving spin-2 fields

As a final example, let us compute the coupling between a spin-2 field and two scalar fields, which
again we take to be the chiral primaries s. It is straightforward to evaluate (4.45) for this case as

g(ash, asIZ, h13) ¢4 a(ﬁl, EZ/ 63) ay(,b((“hle))avcp((“h'ZZ))hWZs 6212223
=a(ly, by, 03) 9ys"1dys™ VI Clills
= (4.117)

where |X;| = |[;| =2 fori = 1,2, and |Z3| = |I3|. In order to compare this result to the literature,
we apply the rescaling as well as the relation

(0+4)(7+2)

a(ly, by, l3) = a(ky —2,ka —2,k3) = a(kl’kZ’kS)k1(k1 —Dka(k2 —1)"

(4.118)
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lMHﬂ

l [a‘u ab... = — aﬂb,a...]

Figure 4.4: Schematic procedure to identify the two apparently disctincts index structures of Fig-
ure [4.3|arising in the calculation of G(al1,a%2,9al3) couplings. The last equality holds because the
small dots represent a single index that symmetric with all the indices represented in the big dots
of the same color.
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fork; = 01 +2,ky = > + 2 and k3 = ¢3. With this, the result (4.117) turns into

(5’+4)(5’+2)(D¢3 — 1)0&3
(k1 +1)(k2 +1)

G(as",as", hb) = a(ky, ky, k3) 9,519,521 chbl,

ki=|Ll, 0=k +k+ks, a3=30—ks, (4.119)

which reproduces the result in the form found in [[109].

Let us make a final remark about the calculations of couplings we showed in this thesis. For
all the couplings, we had at some point to compute the action of a .7 on the C symbol. This
was possible and not too lengthy because all the fields we considered were sitting in traceless
representations. However, as soon as there is a trace part, as for example if we were to compute
couplings with a t! € [n —2,0,0] from [@59), this would imply to compute extra terms involving
at least a trace and the complexity of the calculations increases, because the number of terms
to compute does. Note however that there is a way out, that we did not use in the thesis. All
couplings in the ExFT language are of the form

(XX 4+ X.T + 7.T) x "ExFT — Structure” x ®;®,d3 (4.120)

or
(X 4+ .7) x "EXFT — Structure” x &19,d3 (4.121)

with ®; any fields. The "ExFT-Structure" is common for all couplings in the same class of couplings.
For example all cubic scalars couplings of the form G(¢, ¢, ¢) are of the form [@.33) @34) (£.35).
The difference between the couplings involving diffferent scalar fields is made by the exact form
the (XX + X.7 + .7 .7) takes for each individual couplings. However, this (XX + X7 + .7.7) is
nothing more than a quadratic polynomials in the 7;, the length of the chain in the EXFT side

g

2
(XX+XT+77)— Y. Y amt (4.122)
k=0i=1

i

The maximal order is fixed by the maximum number of .7 involved. Therefore, if one wants
to know all the couplings G(s'1,s%2,t5), on would need to explicitely evaluate on a finite
number of non trivial examples to fix the coefficients in the polynomial. By non trivial, we mean
on examples that are allowed by the SO(6) group (for example this amounts to have a; € IN
for three scalar fields). Using this argument, we can access a much larger set of couplings on
AdSs x S°, as long as we found the ExFT structure.

F Conclusion

Within this chapter, we revisited and extended the main approaches for computing cubic and
higher order couplings within compactified Supergravities. In section (.B), we showed the basic
ideas and first derivations of cubic couplings by brut force calculation conducted in the 2000’s.
This approach has been applied to a few vacua, and we illustrated the calculation with the deriva-
tion of a cubic coupling for IIB Supergravity on AdSs x S°. Despite many successes of those
techniques, they suffer an number of limitations, from which we can cite the lack of structure in
results and the lengthyness of the calculations.
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In sections @.C) and D), we showed how ExFT allows us to efficiently compute n-point
couplings of KK modes around vacua of maximal gauged Supergravities that arise as consistent
truncations of 10/11-dimensional Supergravity. These couplings are particularly interesting for
AdS vacua, where they allow us to holographically compute correlators of single-trace operators
of dual strongly-coupled CFTs. We showed that these n-point couplings inherit an EXFT structure,
being controlled by an invariant ¢y, .y, = f dw Yy, ... Vs, that comes from integrating n scalar
harmonics and which is the same for any vacuum of the consistent truncation. This structure
implies that infinitely many couplings vanish in Supergravity, even though may be allowed by the
symmetry group of the vacuum. This can be seen as a generalisation of the property of consistent
truncation to higher KK levels. As we showed in section[.E.], this structure even provides new
results for the N = 8 AdSs5 x S° vacuum, where it allows us to prove the previously conjectured
vanishing of near-extremal couplings 171]], as well as other vanishing n-point functions. For
vacua that preserve fewer isometries, such as the N' = 2 SU(2) x U(1)-invariant AdSs vacuum
of 5-d maximal SO(6) Supergravity [106], this structure is likely to lead to even more couplings
vanishing.

In addition to investigating the structure of n-point couplings, we used ExFT to derive univer-
sal formulae that can be used to compute the cubic couplings of any vacuum of a consistent trun-
cation to 5-dimensional maximal gauged Supergravity. These couplings are controlled by at most
specific quadratic combinations of the 5-dimensional embedding tensor and the action of Killing
vectors on scalar harmonics, .7, and can be evaluated for any vacuum of the consistent truncation
by appropriately dressing the embedding tensor and .7 -matrices by the coset representative of the
vacuum. We used this to compute cubic scalar, scalar-scalar-vector, scalar-scalar-spin-2 and cubic
vector couplings, the first three of which match against the known literature while the last is a new
coupling. Here another benefit of our approach becomes apparent: not only can the expressions
be evaluated for any vacuum of the consistent truncation, but even for the round S5 our field basis,
consisting of tensor products of the 5-dimensional Supergravity fields with the scalar harmonics,
yields much more compact expressions for the couplings than the known results in the literature.

Our work opens up several avenues for further investigation. Since our method does not
make any assumption about (super-)symmetries, our results can be used for vacua which preserve
no isometries or are even non-supersymmetric. It would thus be interesting to investigate the
consequence of the universal structure of n-point couplings and to explicitly compute the cubic
couplings for less supersymmetric vacua, such as the N' = 2 SU(2) x U(1) AdSs vacuum
dual to the Leigh-Strassler CFT [185]. Together with the recently-computed KK spectrum
[122], this would effectively solve the single-trace sector of the Leigh-Strassler CFT at large N and
coupling.

Another direction would be to compute the universal cubic formulae using ExFT for other di-
mensions. For example, there are consistent truncations to several 4-dimensional gauged Super-
gravities with interesting AdS vacua 1186191]], whose cubic couplings could be explored
using Ey ;) ExFT. Yet another possibilty to extend this work, would be to push the techniques
presented here to work beyond vacua of consistent truncations to maximal Supergravity, for ex-
ample as was achieved for KK spectroscopy in the second chapter and in DB2]. It would be
interesting to see how the vanishing of couplings, as in (#.55), translates into those vacua which
possess level mixing.

More generally, our work has uncovered a lot of structure in the n-point couplings for vacua
that live in consistent truncations to maximal gauged Supergravity. What does this surprising
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structure imply for dual CFTs? One would expect that the vanishing cubic couplings imply special
OPE relations for the dual CFT. Can our results serves as useful input for the conformal bootstrap
program or does the simplified basis and new structure arising from ExFT help with computing 4-
point AdS correlators like in ? And, how much, if any, of this structure survives beyond
the large-"t Hooft coupling and large-N limits?
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