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Résumé de la these

A la fin des années 1990, Juan Maldacena a fait une découverte majeure qui a révolution-
né le domaine de la théorie des cordes. Il s’agit d’une correspondance ou plutét d’une
équivalence entre une théorie de la gravité et une théorie semblable a celle des interac-
tions fortes. Cette correspondance établit un pont entre deux domaines de la physique
des hautes énergies, en apparence tres différents : la gravité quantique d’une part et les
modeles de Yang-Mills de la théorie quantique des champs.

Enfin, elle a émergé de deux éléments pionniers. Le premier concerne le travail de
Gerard ‘t Hooft, en 1973, sur la limite d’'un grand nombre de couleurs des modeles de
Yang-Mills, et leur ressemblance avec les modeles de résonance duale construits par Ga-
briele Veneziano dans son approche de l'interaction forte. Ces modeles préfigurent les
premieres théories des cordes proposées par Yoichiro Nambu, Holger Bech Nielsen et Leo-
nard Susskind au début des années 1970.

Le deuxieme élément clef repose sur la découverte en 1995 par Joseph Polchinski d’ob-
jets dynamiques étendus, appelés branes de Dirichlet ou D-Branes, pouvant étre décrits
par une théorie des super-cordes. En particulier, la donnée de N D3-branes coincidentes,
décrites par la théorie des cordes de type IIB, sert de cadre pour la découverte de Mal-
dacena. Dans ce contexte, en 1998, une équivalence a pu étre établie entre la dynamique
des cordes super-symétriques de type IIB sur un espace-temps anti de Sitter (AdS) et
une théorie de Yang-Mills super-conforme (sCFT) avec groupe de jauge SU(N). Plus
précisément, on peut penser la théorie des cordes contenant I'interaction gravitationnelle,
comme < vivant > a l'intérieur de 'espace-temps anti de Sitter, et la théorie des champs
de Yang-Mills (semblable & la théorie de 'interaction forte) comme < résidant > au bord
de l'espace anti de Sitter. Dans cette configuration, la correspondance apparait comme
holographique, dans le sens ou toute l'information d’un objet se trouvant a l'intérieur
d’un espace peut étre < encodée > dans la surface constituant la bordure de cet espace.

Pour mieux comprendre la facette gravitationnelle ou anti de Sitter de cette corres-
pondance AdS/CFT, il faut pouvoir décrire la théorie des super-cordes de type IIB sur
un état fondamental assez compliqué : un espace-temps produit entre anti de Sitter a cinqg
dimensions et une sphere de dimension cing.

Heureusement, il existe un régime de la correspondance qui est plus faible, mais plus
simple & manipuler. Il s’agit de la limite a basses énergies de la théorie des cordes. Dans
cette limite, la théorie effective décrivant les super-cordes est une théorie de supergra-
vité maximale qui de plus possede comme groupe de jauge SO(6), provenant du groupe
des isométries de la sphere a cinq dimensions. Cette idée, de rechercher la théorie ef-
fective de supergravité maximale pertinente pour ’étude d’une correspondance de type



gravité/théorie de Yang-Mills, constitue le point de départ de ce travail de these.

En effet, dans cette these nous nous sommes intéressés a une version généralisée de
la correspondance AdS/CFT, concernant la théorie des super-cordes de type IIA sur un
espace-temps produit entre anti de Sitter & deux dimensions et la sphere de dimensions
huit. Cette théorie rend compte de la dynamique de N DO-branes coincidentes, et sa théorie
de Yang-Mills duale n’est pas invariante conforme. Cette dualité est intéressante car d’une
part, dans sa version a basse énergie, elle met en jeu, du coté de la gravité, la théorie de
supergravité maximale a deux dimensions avec groupe de jauge SO(9). D’autre part, la
théorie de Yang-Mills duale n’est rien d’autre que le modele de matrice BFSS, proposé
comme une formulation de la théorie M sous-jacente aux cinq théories des super-cordes.

Dans un premier temps, avec mon directeur de thése le professeur Henning Samtleben,
nous avons construit la théorie de supergravité maximale & deux dimensions avec groupe
de jauge SO(9). En effet, cette construction n’avait jamais été réalisée et ce résultat est
venu compléter le tableau des supergravités maximales jaugées décrivant la dynamique
effective de I’ensemble des Dp-branes impliquées dans la correspondance AdS/CFT, ainsi
que sa généralisation aux cas non-conformes. Par ailleurs ce travail est intéressant du point
de vue de la supergravité, car il constitue une premiere déformation non-triviale de la su-
pergravité maximale & deux dimensions, reconnue pour ses propriétés de symétrie étendue,
organisée par une algebre de Kac-Moody exceptionnelle.

Le deuxieme résultat de cette these renoue le lien entre la supergravité maximale jaugée
a deux dimensions et son origine dans la théorie des cordes de type IIA. Dans ce cadre, il
a été montré qu’'un sous-secteur de la supergravité a deux dimensions pouvait étre élevé a
dix dimensions dans la supergravité maximale de type IIA, reconnue comme une version
basse énergie de la super-corde de type ITA. Cette inclusion a dix dimensions est cohérente,
elle permet ainsi de <« plonger > plusieurs solutions des équations du mouvement, de deux
dimensions a dix. Des lors, on peut remonter a onze dimensions, le nombre maximum ou
I’on peut écrire une théorie de supergravité, et ou celle-ci est unique. Ce travail effectué
avec le professeur Henning Samtleben et le professeur Andrés Anabalén Dupuy de 1'Uni-
versité Adolfo Ibanez du Chili, constitue le deuxieme volet de ma these.

Enfin, avec les professeurs Henning Samtleben et Dimitrios Tsimpis de 'TPNL Univer-
sité Lyon 1, nous avons étudié d’un point de vue holographique, des excitations autour de
solutions super-symétriques de la supergravité maximale SO(9) & deux dimensions, et nous
en avons extrait des informations sur des fonctions de corrélation dans les modeles matri-
ciels duaux. Ceci résume le troisieme volet de ma these et conclut I'exposé de I’ensemble
des résultats que nous avons obtenus.



Summary

A complete non trivial supersymmetric deformation of the maximal supergravity in
two dimensions is achieved by the gauging of a SO(9) group. The resulting theory de-
scribes the reduction of type IIA supergravity on an AdSs x S® background and is of first
importance in the Domain-Wall / Quantum Field theory correspondence for the DO-brane
case. To prepare the construction of the SO(9) gauged maximal supergravity, we focus
on the eleven dimensional supergravity and the maximal supergravity in three dimensions
since they give rise to important off-shell inequivalent formulations of the ungauged theory
in two dimensions. The embedding tensor formalism is presented, allowing for a general
description of the gaugings consistent with supersymmetry. The SO(9) supergravity is
explicitly constructed and applications are considered. In particular, an embedding of
the bosonic sector of the two-dimensional theory into type ITA supergravity is obtained.
Hence, the Cartan truncation of the SO(9) supergravity is proved to be consistent. This
motivated holographic applications. Therefore, correlation functions for operators in dual
Matrix models are derived from the study of gravity side excitations around half BPS
backgrounds. These results are fully discussed and outlooks are presented.

Key words: Maximal supergravities, Gauging, Embedding tensor, Consistent Trun-
cations, Kaluza-Klein reduction, AdS/CFT, Holography, Matrix models, Branes, String
Theory, Supergravity, Supersymmetry.
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Chapter 1

Introduction

Supergravity is a wide and fascinating domain of investigation. It stands at the cross-
roads of General Relativity and Particle Physics, and was first designed for unifying all
known fundamental interactions, at the quantum level. It includes a new symmetry, which
was not present in Particle Physics: supersymmetry.

This symmetry acts differently, on a new type of coordinates, but when acting twice it
surprisingly reproduces a spacetime symmetry. Therefore, its algebraic structure triggered
great interest from Mathematics, and an important work was dedicated to Lie super-
algebras and their representations. From the physics perspective, supersymmetry turned
out to be one of the very restricted possibilities to extend the symmetries of the Standard
Model of Particle Physics [1] [2]. If the supersymmetry is promoted to a local one (gauged),
which means that any transformation can act independently on each point of spacetime and
leave the action (or the equations of motion) invariant, then the theory is automatically
invariant under general coordinate transformations (diffecomorphisms). Consequently, a
field theory invariant under local supersymmetry can describe gravity. Reciprocally, if a
theory of gravity contains supersymmetry, it is automatically realized locally. Therefore,
a field theory with local supersymmetry is named: supergravity (see [3] for a detailed
review).

These theories have been intensively studied, because they were candidate for a quan-
tum theory of gravity. However, such a perspective was later abandoned, because most of
them were non-renormalizable (ill-defined) and because the field met another important
one: String theory. Indeed, it was demonstrated that particular supergravity theories
in ten dimensions described the low-energy effective dynamics of supersymmetric strings.
This generated new interests in the maximally supersymmetric theories of gravity and
their possible deformations. In this context, deformations were studied by promoting
global symmetry groups to local ones. Among them, maximal supergravities with local
symmetry (gauge) group SO(n), coming from the isometry groups of spheres, were in-
volved in the revolutionary proposal of Maldacena [4]: the gauge/gravity correspondence
called AdS/CFT and its extensions.

This chapter aims to provide a brief review of the birth of maximal gauged supergrav-
ities, their importance for String theory and our contribution to this field.

Supersymmetry was born in 1971 from the suggestion of Gol’fand and Likhtman
that the Poincaré algebra could be non-trivially extended to a super-algebra containing
fermionic conserved charges [5]. It has the structure of a Zs-graded Lie algebra mixing
with the bosonic spacetime symmetries :

[B,B|=B, |[B,F|=F, {F,F}=B., (1.0.1)

7



8 CHAPTER 1. INTRODUCTION

The fermionic supercharges are constant spinors whose number is denoted by A'. When
N > 1, the supersymmetric theory is called extended. Eventually, the irreducible repre-
sentations of the superalgebra account for the (super) particles.

The most popular quantum field theory including supersymmetry in four dimensions
was constructed three years later by Wess and Zumino [6]. In 1974 again, the N =1, D =4
Wess-Zumino model was extended to include internal symmetries, and the framework of
superfields was developed to construct supersymmetric field theories in four dimensions
[7].

At that time, two elegant features filled the community with enthusiasm. Firstly, the
field theoretical divergences appeared to be softer when global supersymmetry is included
[8]. For instance, the Wess-Zumino model was shown to be renormalizable [9].

Secondly, Haag, Lopuszanski and Sohnius classified all the possible conformal and
Poincaré superalgebras compatible with the Quantum Field Theory assumptions in four
dimensions [2]. This generalized the famous no-go theorem of Coleman and Mandula [1]
and opened the path to the study of the superalgebras and their representations [10] [11]
[12]. A consequence of this work states that any particle has a super-partner of the same
mass, and their spins must differ by 1/2. Furthermore, in any supersymmetric quantum
field theory, there must be an equal number of bosonic and fermionic degrees of freedom.
As an illustration, a supersymmetric extension of the Strandard Model would contain the
following particle content [13]

Particle  Spin Spartner Spin
quark: ¢ % squark: ¢ 0
lepton: [ % slepton: [ 0
photon: ~ 1 photino: 4 %
w 1 wino: W %
Z 1 zino: Z %
Higgs: H 0 higgsino: H %

Table 1.1: Particles in the Standard Model and their supersymmetric partners.

However, no superpartner particle has been discovered at the scales of energy investi-
gated, therefore supersymmetry must be broken. Fortunately, spontaneous supersymme-
try breaking mechanisms have been elaborated, for example in [14].

Later, it was shown that the three gauge coupling constants of the standard model do
not converge to the same value when the energy grows, whereas they do meet each other
at an energy of 100 GeV if supersymmetry is included, see Figure 1.1 and [16], [17], [18]
and [19] for details.

This may be a clue that supersymmetry is the right framework for unifying the fun-
damental interactions.

Supergravity The last known fundamental force: gravity, is maybe the most intrigu-
ing one, but it has been excluded from the previous discussion. Indeed, only globally
supersymmetric quantum field theories were considered. Actually, finding a quantum de-
scription of gravity is one of the most difficult challenge of Theoretical Physics. It would
thereby allow for a complete understanding of the early universe and the black holes.
However, as we saw before, when supersymmetry is gauged, gravity is described. The
idea has soon been put in practice, when in 1976, Freedman, Ferrara, van Nieuwenhuizen



60¢ T T T T T T T I
EU() G-

50k “““x..““‘- /’,"_’—:
40F ST
Fsue) T X

o' 30 .~ E
20F ]
10B50() E
046 & 10 12 14 16 18

Log,,(Q/GeV)

Figure 1.1: Two-loop renormalization group evolution of the inverse gauge couplings o'

in the Standard Model (dashed lines) and in the Minimal Supersymmetric Standard Model
(solid lines). The sparticle masses are treated as a common threshold varied between 500
GeV and 1.5 TeV. [15]

[20], and independently Deser and Zumino [21], constructed the first N' = 1 supergravity
in four dimensions. It is a theory of pure gravity (General relativity) extended by super-
symmetry. It thus describes a spin two graviton and its superpartner: a spin 3/2 fermion
called gravitino [22], [23].

Coupling to matter was then realized [24] as well as increasing the number of super-
symmetries [25]. Actually, Nahm already noticed that the number of charges generating
supersymmetry is bounded from the top if the interacting theory is to be restricted to
spins lower than two. Namely, the total number of real components of the supersymmetry
generators () should not exceed 32

N x dimgQ < 32. (1.0.2)

This is a necessary requirement since no consistent interaction is known for spins s > 5/2
[26] [27] [28] [29]. The bound is lowered to 16 real components for globally supersymmetric
field theories (without gravity) where the maximal spin involved is equal to one. Eventu-
ally, a general Yang-Mills-matter-supergravity system with A/ = 1 local supersymmetry
and arbitrary gauge group G was constructed in [30], paving the way to phenomenological
applications.

Nevertheless, the lack of renormalizability property forbade to establish the supergrav-
ities at the quantum level. Therefore, the investigation was directed towards extended
supergravities, provided that supersymmetry can be further broken [30]. Indeed, the more
supercharges are present, the softer are field theoretical divergences. For instance, maximal
supergravity in four dimensions might be finite [31]. This N' =8, D = 4 supergravity [32]
[33] was built by dimensional reduction of the unique supergravity in eleven dimensions,
discovered in 1978 by Cremmer, Julia and Scherk [34].

Eleven dimensional spacetime is particular for supergravity, since, according to the
Nahm bound on supercharges, supergravities can only be constructed in D < 11. This
is why eleven dimensional supergravity is called “maximal”. Besides, Witten showed
that eleven is the minimum number of dimensions if the Standard Model gauge group
SU(3) x SU(2) x U(1) is to be recovered in four dimensions by dimensional reductions



10 CHAPTER 1. INTRODUCTION

[35]. Therefore, several questions arose whether a unique (higher dimensional) theory had
been found and could lead to the Standard Model in some limit while providing on another
hand a quantum description of gravity. This renewed also the interest for Kaluza-Klein
ideas of compactifying dimensions on such small scales that they are hidden from the
current experiments [36]. The simplest and most widely studied example, is the reduction
of eleven-dimensional supergravity on tori. It leads directly to maximal supergravities in
lower dimensions. The massless sector of the non-chiral N'= 2, D = 10 (named Type ITA)
supergravity was thus constructed [37]. Not all maximal supergravities can be generated
from the eleven-dimensional one, so is the case of the chiral N' =2, D = 10 (Type IIB)
supergravity [38], [39] and [40]. Furthermore, the maximal supergravities obtained from
the eleven dimensional one or the type IIB, by Kaluza-Klein reduction on tori, do not have
a non-abelian gauge group. They are called “ungauged” maximal supergravities. The only
known way to further deform these theories while preserving supersymmetry is done by
gauging global symmetries. A general framework for accomplishing this task has been
developed in [41]. Let us note that the compactification on more complicated manifold
leads to low-dimensional theories whose gauge group contains the isometry group of the
compactifying space and thus may be non-abelian. For example, the reduction of eleven-
dimensional or type IIB supergravities on n-dimensional spheres gives rise to maximal
supergravities with gauge group SO(n + 1) corresponding to the isometry group of the
sphere. Nonetheless, it is hard to perform the reduction explicitly, even if the consistency
has been demonstrated for several cases [42] [43].

Despite the appealing properties of eleven-dimensional supergravity, it was soon re-
alized that it could not stand for a unifying quantum field theory of all fundamental
interactions. Indeed, the supergravity was plagued by severe problems: above all, Kaluza-
Klein reduction of eleven-dimensional supergravity does not lead to a chiral theory in
four dimensions [35], thus the Standard Model of Particle Physics cannot be reproduced.
Moreover it contains gravitational anomalies [44] (where by anomaly we mean a classical
symmetry that does not hold at the quantum level, see [45], [46] and [47] for more de-
tails) and the dimensionally reduced theory might not be renormalizable. The search for
anomaly cancellation in a possibly unique high dimensional chiral theory is what brought
the community to a major result which deeply transformed the motivations for under-
standing supergravities.

This started from the discovery that the chiral type IIB supergravity is anomaly free
[44]. Then, Green and Schwarz showed that in ten dimensions, the A/ = 1 Einstein-Yang-
Mills supergravity is also anomaly free, provided that the Yang-Mills gauge group is chosen
to be SO(32) or Eg x Eg [48]. For the SO(32) group, the anomaly cancellation implied
to add new higher-derivative terms that precisely match the low-energy expansion of a
string theory: the Heterotic type SO(32) supersymmetric string. Following this work, the
Heterotic type Egx Eg superstring theory was built [49], and it was fully recognized that the
type I, ITA, IIB, Heterotic SO(32) and Heterotic Eg x Fg supergravities in ten dimensions
are low-energy limits of supersymmetric string theories. As a consequence, supergravity
can be thought of as an effective description of more fundamental objects: elementary
strings. In addition, the discovery of the heterotic superstrings made conceivable the
connection with the Standard Model [50] and thus triggered great enthusiasm.

String theory and the AdS/CFT correspondence The first theory of relativistic
strings was considered way before the birth of supergravity. It begins in 1968 with the
construction of dual resonance models by Gabriele Veneziano [51], in an attempt to under-
stand the Strong interaction. Later overcome by the more predictive Quantum Chromo
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Dynamics [52] [53], the beauty of the Veneziano model prevented it from disappearing,
and it was soon realized that relativistic strings, whose vibrating modes represent elemen-
tary particles, were actually described [54] [55] [56]. Eventually, Schwarz, Scherk [57] and
Toneya [58] understood that a relativistic theory of strings could contain gravitons, the
mediating particle of the gravitational interaction. Thus, from a model of the strong in-
teraction it became a theory of quantum gravity. Indeed, strings generalize point particles
because they are one-dimensionally extended, and this simple fact remarkably allows for
a quantum description that is prevented from divergences [59].

The coupling to fermions was done in a theory that incorporates, as a key ingredient,
supersymmetry [60] [61]. The supersymmetric string theories are required to live in ten
dimensions by consistency, and an important work including the study of anomalies en-
abled to draw the picture of all possible superstrings. There are only five of them, known
as: Type I, ITA and IIB, Heterotic SO(32) and Heterotic Fg x Eg. Furthermore, Witten
realized that due to the dualities relating each others [62] [63] [64] , they may come from
a unique eleven-dimensional theory: the so-called M-theory [65], whose low-energy limit
is eleven-dimensional supergravity. This revived the idea of a unifying quantum theory
underlying all elementary interactions, and gave to the field new motivations.

Finally, one may wonder whether more (spatially) extended relativistic objects can be
considered, such as membranes or volumes moving through spacetime, and whether they
could be linked with String theory. The idea has first been put in practice by Dirac [66],
still it is very hard in general to formulate a quantum theory for p-dimensional extended
objects with p > 1. Fortunately, such objects, called p-branes arise as particular solutions
(solitons) of supergravities. For example, eleven-dimensional supergravity admits a 2-
brane and a 5-brane solution. Several other branes can be derived from type ITA and 1IB
supergravities. Since, the supergravities are low-energy limit of superstring theories, non-
perturbative p-brane solutions are present in String theory. In Table 1.2 are referenced the
possible supersymmetric branes of M-theory and type ITA and IIB superstrings [67], with
the names they have been given, for 0 < p < 8 . The cases p = 0 and p = 1 correspond
respectively to a point-like and a one dimensional object. In particular, F1 stands for the
type ITA and IIB (Fundamental) strings.

Theory Branes
M-theory M2 M5
ITA DO F1 D2 D4 NS5 D6 D8
1IB F1 + D1 D3 NS5 + D5 D7

Table 1.2: The possible superbranes with p < 8.

Branes are intrinsically non-perturbative objects, however some of them can be viewed
as sub-manifolds of spacetime, parametrized by the end-points of open strings. Said
differently, by imposing particular boundary conditions on open strings, the Dirichlet
condition, their end points can be attached to some hypersurfaces of spacetime. In turn,
the hypersurface is interpreted as a brane, called D-brane. Following this interpretation
[68], [69], Polchinski demonstrated that the complicated dynamics of the D-branes could
be simply described by the interactions of open strings using string perturbation theory
[70]. Thus, the dynamics of the D-branes became manageable . This deep result led to an
extraordinary discovery which motivates many of the investigation in String theory today:
The AdS/CFT correspondence.

The idea came from the observation that a stack of IV coinciding parallel D3-branes
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has a world volume theory that possesses a U(N) Yang-Mills symmetry. On the other
hand, as we saw before, the D-brane admits a string theory description. Consequently, the
same object, a D-brane, could be described by two different theories: a gauge theory on
one side, and a theory of quantum gravity on the other one. In this context, Maldacena
proposed in 1998, a correspondence between a particular Yang-Mills gauge theory and a
string theory. Namely, he conjectured that the N'= 4, D = 4 super-conformal Yang-Mills
theory with gauge group SU(N) is equivalent, in the large N limit, to type IIB string
theory on the spacetime background AdSs x S°. The gauge theory would live on the
boundary of AdS spacetime, providing all the information about string (or supergravity)
excitations propagating in the bulk. As a result, this correspondence is often named
Holography. Maldacena’s conjecture [4], offers a new dimension to 't Hooft first intuition
[71] and had huge consequences because it connects two different domains of High energy
physics: quantum gravity and Yang-Mills theory. Soon, a precise framework has been
developed, allowing for concrete tests, [72] [73] and a generalization to the non-conformal
case was considered [74].

The same idea can be applied to a general stack of N coinciding and parallel Dp-
branes, whose description is provided by either type ITA or IIB superstring theory on an
AdSp+2 x S®7P background [75]. The corresponding SU(N) super-Yang-Mills theory is
not conformal invariant for p # 3. Computations are more easily done in the supergravity
low-energy approximation of superstrings, to which Maldacena’s conjecture extends. All
effective supergravities on AdS) 2 x S8~P have been constructed so far, except for p = 0.
They are the maximal supergravities in (p+2) dimensions, with gauge group SO(8—p-+1)
coming from the reduction over the S®P spheres. Having at hand the supergravity enables
to explore deeply the gauge theory side by applying holographic techniques. Since for
p = 0, the corresponding gauge theory is the BFSS Matrix model proposed as a formulation
of M-theory [76], its full characterization through holography would be of great interest.

The construction of the maximal SO(9) gauged supergravity in two dimensions was
among the objectives of our thesis. It is the first non-trivial supersymmetry preserving de-
formation of the two-dimensional maximal supergravity, and it is not only interesting from
the gravity /gauge correspondence point of view, but also for the mathematical structure
of its symmetries, organized in an exceptional Kac-Moody algebra.

Outline of the thesis To this end, we will begin with the presentation of essential
features about maximal supergravities, in chapter 2. Our interests lie in the eleven, three
and two-dimensional maximal supergravities. As a key ingredient for going from eleven
to two dimensions, the Kaluza-Klein method of dimensional reduction will be described.
Then, we will explain how to gauge a global symmetry in maximal supergravity, using the
embedding tensor formalism. This method is extremely useful to determine the possible
gaugings consistent with supersymmetry and provides a concrete way to do it. In chap-
ter 3, the ungauged N = 16, D = 2 maximal supergravity is derived from dimensional
reduction of three and eleven-dimensional maximal supergravities. Thus, two on-shell
equivalent formulations of the theory are obtained, and each one reveals interesting in-
sights in the maximal two-dimensional supergravity. However, only one frame allows for
the consistent SO(9) gauging. The main result of the chapter is the explicit construc-
tion of the SO(9) gauged maximal supergravity in two dimensions and is presented in
full details. Finally, applications are considered, such as supersymmetric solutions of the
BPS equations. Chapter 4 aims at reconciling the two-dimensional theory with its higher
dimensional origins. Hence, an explicit framework is established to uplift a sub-sector of
the SO(9) gauged maximal supergravity, from two dimensions to the ten-dimensional type
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ITA supergravity and then to eleven dimensions. The sub-sector corresponds to a U(1)*
Cartan truncation of the bosonic theory and the full non-linear Kaluza-Klein ansatz is
constructed. Then, the truncation is demonstrated to be consistent by computing all the
ten-dimensional equations of motion. Eventually, interesting two-dimensional solutions,
such as a half-supersymmetric domain-wall, are embedded in ten and eleven dimensions.
To conclude, an extension of the uplift to the case of non-vanishing axions is envisaged.

In chapter 5, holographic techniques, devised for the non-conformal cases of the gauge-
gravity correspondence [77] will be applied. Thus, after recalling important features about
the AdS/CFT correspondence, we will focus on the BFSS model holography. Hence, cor-
relation functions will be computed from the gravity side, by studying excitations around
(half-BPS) backgrounds of the SO(9) gauged supergravity. To this end, the holographic
renormalization techniques developed in [78] will be presented and put in practice. Previ-
ous results about BFSS holography will be recovered [79] [80] as well as new insights in the
matrix model holography. Finally, the BMN model, arising as a deformation of the BFSS
matrix theory, will be studied. In particular, one and two-points correlation functions will
be computed from the gravity side by examining gravity and scalar excitations around a
SO(3) x SO(6) preserving half-supersymmetric background.

Some of the results presented here were already published in [81], [82]. Other results
are work in progress [83].
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CHAPTER 1. INTRODUCTION



Chapter 2

Maximal Supergravities and its
Gauging

2.1 Introduction

Since its discovery in 1998, The AdS/CFT correspondence conjectured in [4] has led
to a tremendous number of work and applications. It is based on the properties of a stack
of N coinciding parallel D3-branes, in the large N limit, which is described by type 1I1B
superstring theory on an AdSs x S® background. The isometry group of the AdS spacetime
acts as the SO(2,4) conformal group on the four-dimensional AdS boundary. Then, the
type IIB string theory on AdSs is thought to be equivalent to a conformal N'=4, D =4
Super Yang-Mills theory living on the AdS boundary. Eventually, the equivalence extends
to the supergravity regime of string theory.

This conjecture has been generalized to Dp-branes of type ITA or IIB superstrings, for
{p = 0,1,2,4,5,6} in [75] [74]. However, in this (p # 3) cases, the near-horizon limit
of the brane leads to an AdS)y2 X 58P spacetime coupled to a non-trivial dilaton. The
presence of the dilaton breaks the scale invariance of the AdS isometry group and it gets
reduced to the Poincaré group. Thus, the quantum field theory (QFT) living on the
boundary is no longer conformal invariant but still is a maximally supersymmetric Yang-
Mills theory in (p+1) dimensions. Eventually, because AdS spacetimes with linear dilaton
are conformally equivalent to domain-wall (DW) spacetimes [84], the correspondence is
named after DW/QFT in this context.

After compactification on the S8~P spheres, the low-energy effective theories that de-
scribe the relevant superstring theories on the (warped) AdSy42 background, are SO(9—p)
gauged maximal supergravities in (p + 2) dimensions [75], where the gauge group comes
from the isometries of the spheres. This theories have often been studied well before the
AdS/CFT correspondence, in the view of classifying all the possible deformations of max-
imal supergravities, see Table 2.1. For example, in four dimensions, the SO(8) gauged
maximal supergravity was first constructed in [85]. It corresponds to the reduction of
eleven-dimensional supergravity on the seven sphere S7 and from the brane point of view,
it accounts for the M2-brane dynamics. The last remaining supergravity in this picture
was the SO(9) gauged maximal supergravity in two dimensions. Its construction was
indeed difficult because of the very large symmetry structure of the ungauged theory.
Indeed, unlike the higher dimensions, the theory has an infinite dimensional symmetry
group: the exceptional Lie group Eg. Thus, an SO(9) subgroup needed to be selected
inside Fg, and promoted to a local group of symmetry compatible with maximal super-
symmetry. The task was huge and the result came in essentially three steps. Firstly, the
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Brane | D=10 | Background Effective SUGRA Ref
D6 A | AdSsxS? | N=2, D=8, SO(3) 86]
D5 IIB | AdS;xS® | N=4, D=7, SO(4) [87]
D4 A | AdSexS* | N=8, D=6, SO(5) [88]

| D3 | IIB | AdSsxS°> | N=8,D=5,50(6) | [89] |

D2 A | AdSyxS® | N=8, D=4, SO(7) [90]
D1 IIB | AdS3xS”™ | N =16, D=3, SO(8) | [91] [92]
DO A | AdS; xS® | N=16, D=2, SO(9) [81]

Table 2.1: Gauge/Gravity correspondence

maximal ungauged supergravity was constructed and its infinite dimensional symmetries
were identified [93]. Then, all the possible gaugings compatible with supersymmetry were
determined group theoretically [94]. Finally, the SO(9) gauged maximal supergravity in
two dimension has been explicitly constructed in [81] and it constitutes the first result of
this thesis. Preparing this discussion, is the goal of the present chapter. Therefore we will
present the maximal supergravities in eleven and three dimensions, because they will orig-
inate two formulations of the ungauged maximal supergravity in two dimensions, that will
be important for understanding the SO(9) gauging. As a key ingredient for dimensional
reduction, the Kaluza-Klein torus reduction will be presented as well as the enhancement
of symmetries which explains why the target space differs in the two formulations. The
ungauged supergravities being discussed, we will study the embedding tensor formalism
an explain how a maximal supergravity can be gauged while preserving supersymmetry.

2.2 Maximal Ungauged Supergravities

Maximal ungauged supergravites can all be obtained by Kaluza-Klein reduction of
eleven-dimensional or type IIB supergravity, on tori. Here we present the most important
of them for our thesis work.

2.2.1 The N =1, D = 11 Supergravity

As explained in the Introduction, the eleven-dimensional supergravity is a very par-
ticular one. Indeed, eleven dimensions arises as the maximal number of dimensions for
formulating a supergravity theory since if D > 11, there is no possibility of matching
bosonic and fermionic degrees of freedom in a field theory containing spins less than 2
(s < 2). Were it possible to construct such a theory in D > 11, then by dimensional
reduction the resulting four dimensional theory would be a N/ > 8, D = 4 supergravity
violating the upper bound of supersymmetries. This is why N' =1 in D = 11 and the
supergravity is maximal. Moreover, the eleven-dimensional supergravity constructed in
[34] is unique. These are certainly among the reasons why the A= 1, D = 11 supergravity
occupies such an important place in the landscape of maximal supergravities. The next
subsections will be devoted to a detailed presentation of this theory.

Field content of the N’ =1, D = 11 supergravity

As an eleven dimensional gravity theory, the bosonic sector contains the metric g, .
The (quantum) excitations of this gravitational field belong to the traceless symmetric
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tensor representation of the little group SO(9). Thus it represents

11 (11— 3)

5 =44 bosonic on-shell degrees of freedom. (2.2.1)

The supersymmetry partner of the metric is a Majorana spinor gravitino ¥, and trans-
forms as a y-traceless (y* ¥, = 0) vector-spinor under the little group. This amounts

to
(11 -13) ol*2°] = 128 fermionic on-shell degrees of freedom. (2.2.2)

Because of supersymmetry, the theory must contain the same number of on-shell bosonic
and fermionic degrees of freedom. This leads to the introduction of a three-form gauge
fields A, whose excitations transform in the third rank antisymmetric tensor represen-
tation of SO(9) accounting for

(g) =84 =128 -44 bosonic on-shell degrees of freedom. (2.2.3)

This is why E. Cremmer, B. Julia and J. Scherk started from the hypothesis [34] that the
field content of the D = 11 maximal supergravity should be : the metric g,,, the 3-form
gauge field A,,, and the Majorana vector-spinor ¥,,.

The eleven dimensional Lagrangian

In this section, we review the eleven dimensional action constructed in [34] and present
it (see [95] and [96] for reviews).

1 1 - 1 N
S = 25%1 d'zeqq [R(Q(e, v)) — B Fppyopg PPt — ‘I'M’YWPDV(i(Q + Q))‘I’p
~ 1op (WO Wy, + 12U (Fy g+ Fﬂg.,.%)}
T (12 TN aF s s Apopaopns » (2.2.4)

in Minkowskian signature (-1,1,...,1) with field strength and supercovariant field strength

Fuyoops = 40 Apgpgpa) - and - Fuy g = Fpuy g +3 ‘I’[m%zusq’m] (2.2.5)
and
A 1= vA
Q,uab = Q,uab + g \IIV’Y/Mlb \I])\ )
. 1 - _ _
Qpab = Q) (e11) — 1 (T ¥a = 0700y + Ty Vo) (2.2.6)

Here, the [y ... 4] means completely anti-symmetric in those indices with weight one, and

le)b(en) stands for the torsion-less spin connection associated with the eleven dimensional
vielbein ey ,%. Moreover, the covariant derivative D(f2) is defined by

1

1
D (Q)¥, = (9, + ZQJ”%b)\py and [D,,D,] = 1 Ry ™~ap (2.2.7)

were R, is the curvature tensor of the connection D(2) and R(f) is the Ricci scalar.
Finally,

ai...ail

ehtHl = €11 € ellal‘ul . 611a11“11 (2.2.8)
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and €91 = —¢,. ... where the latter Levi-Civita symbol is defined by

+1, if a1 ...a11 is an even permutation of 0. .. 10,
€ay..a;; = & -1, if a1 ...a1; is an odd permutation of 0.. . 10, (2.2.9)

0, otherwise.

Supersymmetry

The Lagrangian (2.2.4) is invariant under the local supersymmetry transformations

1_ 3 _
Oc ellua 9 €V Wy, OeAuipops = D) 67[#1#2\1]#3] )

A 1 o\ A
5e\Ilu = D/L (Q)e + 2(172)2(’)/#”1"'”4 — 85;1’}/}2”‘3 4)Fyl“.y4€. (2.2.10)

The commutator of two supersymmetry transformations closes on local symmetries of the
theory, provided that the field equations are satisfied. The resulting local symmetries are:
a general coordinate transformation (gct), plus a field dependent local Lorentz, supersym-
metry and 3-form gauge transformations.

[6g(€1) s g (€2)] = Gget (€") + 0L (A™) + 6 (e3) + 04 (6,) (2.2.11)

The parameters are given by

gt = %527“61,
A = —gh sz T 2(112)2 €1 (’Yabwpapuvpo’ +24 ')’Wpabw)@ )
€3 = =&MU,
O = =P Apun + %617;“,62 . (2.2.12)

The spinors bilinears on the right hand side of A% deserve some comments. They come
from the global eleven dimensional supersymmetry algebra of the theory. The fermionic
charges are represented by Majorana spinors (), with 32 real components and their com-
mutator is given by

(Qu Qo) = (7€) Bt (7€) Zus t (H O L, (2213)
where C is the charge conjugation matrix defined by
Yol = = CrC7L. (2.2.14)

Using the fact that T® can be related to I'®) in eleven dimensions, notice that the bilinears
e10@ey and €I'®ey come from the central charges terms of the global supersymmetry
algebra where the corresponding central charges are Z,; and Z,p.q.. For a general review
on this issue, one may look at [96] and [67]. The structure of the theory (2.2.4) is highly
constrained by supersymmetry since for example, no free parameter appears inside the
Lagrangian.
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2.2.2 Low-dimensional effective theories

The eleven-dimensional supergravity (SUGRA11) can be used to generate lower dimen-
sional supergravities by dimensional reduction. In particular, toroidal compactification
leads to D < 11 extended supergravity theories with 32 real supersymmetries, and global
symmetry group GL(11 — D) x R? with

1
q= 6(11—D)(10—D)(9—D). (2.2.15)
. : : . GL(11-D)
The scalar sector is thus described by a non-linear o-model with target space SO(T=D) x RY,

Toroidal compactification

Let us recall precisely the Kaluza-Klein reduction of eleven dimensional supergravity on
an arbitrary torus. In the following, we will focus on the bosonic sector. The dimensionally
reduced theory will live on a D-dimensional spacetime according to the splitting

Miyy=MpxTP, 1<D<10, p=11-D. (2.2.16)

The coordinates on Mp are denoted by x*, (u = 0,...,D — 1) and the coordinates on
T'1=P are denoted by y™ (m = 1,...,11— D). This decomposition is allowed by assuming
the existence of a set of p mutually commuting Killing vector fields on Mp [97]. An ansatz
for the eleven-dimensional vielbein is

1 m a
[ T R (2.2.17)
0 P Vi

where the local Lorentz invariance is used to set the e,,* coefficients to zero. Follow-

ing the Kaluza-Klein condition, no dependence on the internal coordinates is assumed.

1
Furthermore, the vielbein pr V,,* on the internal space has been decomposed into

e its determinant part: p(x) which can be interpreted as a scalar field named the
“dilaton”.

e the determinant one matrix V,,* which represents SL(p, R)-valued scalar fields.

Therefore, the eleven-dimensional vielbein gives rise to: a vielbein, plus scalar fields and
vector fields. -
Evt ——— {0, V" A (2.2.18)

The Kaluza-Klein ansatz enables us to give the line element and thus the metric
ds® = (e,% Nags e,”) datda
2
+pp (dy™ + A dzt) (Vin®0apVa?) (dy™ + A,"dz)
= Gy Aoz + pp Moy (dy™ + A, da) (dy™ + A, da") (2.2.19)

with
M=y, (2.2.20)

The Einstein-Hilbert Lgy = e1; R Lagrangian becomes

1 2 1 _ _
‘C](E?{) = €D PR(D) - Z €D PH” Mn F,LZZFIZ/ - 1 €D ptr((M laﬂM)(M 18,“M))
-1

P

epp (™ 8up)(p™10"p)) . (2.2.21)
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When D # 2, by applying a Weyl rescaling

2

g,ul/ — P_m gul/a (2222)

the Einstein-Hilbert term can be rescaled to go to the Einstein frame (see Appendix A
for details about Weyl rescaling). We will not make explicit the reduction of the three-
form kinetic and FF'A term since our main interest lies in the symmetry structure of
the dimensionally reduced theory. Let us mention however the lower-dimensional fields
originating from the three-form. In flat indices, the three-form decomposes into
TP 3 2 1 0

Apcp  ——— {4 A8 Al) ADy. (2.2.23)

The several n-form potentials are independent of the internal coordinates y™ . Notice in

particular that (HgD) = 1(11-D)(10—D)(9— D) scalar fields (axions) Ag.),)c

are generated.
Symmetries

The symmetries of the eleven-dimensional supergravity have implications for the re-
duced theory. They indeed translate into particular symmetries which are detailed now.

Diffeomorphisms The eleven-dimensional general coordinate transformations (diffeo-
morphisms)
oM = —eM(2) (2.2.24)

transforms the fields according to

Seen = P0p enr™ + (0" )ep?,

SeAninp = €200 (Amnp) +3(0€®) Anpo - (2.2.25)

Notice that the three-form is written in world (curved) space indices. After dimensional
reduction, the Kaluza-Klein condition imposes that none of the fields shall depend on
the internal coordinates ¢”*. This is also true for the variation of fields under a general
coordinate transformation. Therefore, the parameterizing functions ¢M are submitted to
the constraints

Ot =0, om0 =0, OmOn&* =0. (2.2.26)

These equations are solved by
=), M=yt G +M(2), (2.2.27)

where C,," are constant M, (R) matrices. Thus in D dimensions the diffeomorphisms
split into

o oxt = —¢H(2¥) : diffeomorphism in D dimensions,
o Jy™m = —£"(2") : local RP invariance,
o Jy"™ = —y" C,™ : global GL(p,R) invariance.

The local R? invariance generates gauge transformations of the Kaluza-Klein vectors de-
scending from the metric
0A,™ = 0,8™ . (2.2.28)
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Moreover, the GL(p,R) invariance can be split into a global R x SL(p,R) invariance as

we identify

A= (O,  Ap" =l — “pc 5" € sl(p,R). (2.2.29)

Then, the R part acts on the dilaton
dp=2Ap, (2.2.30)
and the SL(p,R) part acts on internal world indices on fields according to
Vn® = AnF V2, SA,™ = —AF A™, ete. (2.2.31)

To put it in a nutshell, diffeomorphism invariance of the eleven dimensional theory leads to
a diffeomorphism invariant theory in d-dimensions, together with U(1)P invariant Maxwell
fields and a global R x SL(p,R) symmetry.

Local Lorentz symmetry The use of the vielbein as a fundamental field implies that
the theory is invariant under local Lorentz transformations. Indeed, the vielbein (or frame
field) e,*(z) defines locally non-coordinate bases in which the metric is Minkowski [98]

0 = e, () dzt, 9= g dzt @ dz” = 1,5 0° @ 6°. (2.2.32)

However, there are many non-coordinate bases that can be chosen this way, each of which
is related to the other by local Lorentz transformation

e (x) — % (x) = e, (x) Asg*(2). (2.2.33)
After Kaluza-Klein reduction, this local symmetry splits into
e local Lorentz invariance in D-dimensions.

e local SO(p) invariance acting on the scalar fields V

Vn® — V" =V, K(x),",  K(z) € SO(p). (2.2.34)

Remember that the lower-dimensional fields and parameters only depend on the D-
dimensional coordinates. The latter symmetry is also manifest through the fact that
the metric depends on M = VVT. It enables to reduce the degrees of freedom carried by
the scalar fields V

d.o.f = dim(SL(p,R)) — dim(SO(p)) , (2.2.35)

and by defining the equivalence relation
Vi~y iff V=V.K, K € SO(p), (2.2.36)

the scalars fields are shown to live in the left coset SL(p,R)/SO(p). This local symmetry
can be implemented in the Lagrangian by introducing a covariant derivative. First consider
the sl(p, R) current

Juo=V'oV=P,+Q., Pl=PF, Q.=-Qu, (2.2.37)

¢

an divide it into an so(p)-valued vector @, which belongs to the ”‘compact”’ (with respect
to the Cartan-Killing form) subalgebra of sl(p,R) and a vector P, which belongs to the
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non-compact subspace of sl(p,R). Then, under an infinitesimal so(p) transformation, the
fields transforms as

0Qu =0k +[Qu, K], 6P, =[P, k], k(x) € so(p) . (2.2.38)

Consequently, the @, field transforms as a so(p) connection which enables to define the

SO(p)coset covariant derivative
Dy=0,+Q,. (2.2.39)

Moreover, the kinetic term for the Lagrangian can be written
tr((M 10, M)(M 0" M)) = 4tr(P,P"), (2.2.40)

and it is invariant under the global SL(p,R) and local SO(p) symmetries.

Local gauge symmetries Finally, there is a local gauge symmetry of the three-form
in eleven dimensions
CApuNP = 38[M)\Np] . (2.2.41)

This generates local gauge symmetries for the dimensionally-reduced gauge potentials

{ A,(f;,)p , Afy)l , AS& } . Let us focus on the axionic scalars Agjo.ll
coordinate independence translates into

. The assumption of internal

Om 0 Anpg = 0= 30m0;, A\ (2.2.42)
which is solved by
Amn = Cmnp(2!) Y7, Crnp = Clmnp) - (2.2.43)
Furthermore, given a gauge transformation parametrized by cp,np, the following equality
Om 0A,pg =0=3 ama[“ (cpq]r yr)
= OmOpu(cpar y")
= OuCpgm (2.2.44)

shows that the parameters c,,,;, are constant. Consequently, the eleven-dimensional gauge
transformation yields an R? global shift symmetry on the axions

6Amnp = Cmnp » (2245)
with oD .
q= ( ; ) = ;(11-D)(10 - D)(9 - D). (2.2.46)

The ¢ different R symmetries commute with each other but do not with the GL(p,R)
ones. This is due to the fact that the gauge potentials with one or more internal indices
are charged under GL(p,R), because of the eleven-dimensional diffeomorphisms. The
commutator of two transformations (that can be checked on the axions) is given by [99]

Oc, 6al =0cy  Chunp = 30" Copr - (2.2.47)

Consequently, the theory is now invariant under semi-direct product GL(p,R) x R?. No-
tice for example that the toroidal Kaluza-Klein reduction of eleven-dimensional supergrav-
ity leads to

e a global GL(8,R) x R? symmetry in three-dimensions.

e a global GL(9,R) x R3 symmetry in two dimensions.



2.2. MAXIMAL UNGAUGED SUPERGRAVITIES 23

Dualisation

The previous symmetry structure may extend to a bigger non-compact one. The
underlying mechanism is called enhancement and it relies on the dualisation of the p-forms
of the supergravity. By dualisation we mean an on-shell relation between p-form potentials
A®P) with associated field strength F®t1) = dA®) and additional “dual” D — p — 2-forms
B(P=7=2) with associated field strength G(P—P=1 = dB(P—P=2) The duality equation can
be schematically written

x D) — (scalar prefactor) (G(D ~P=1) 4 Chern-Simons contributions + fermions ) .

(2.2.48)
It is a first order equation that can be derived from the action. When all the forms are
dualized into lowest possible degree, the GL(11 — D) x R? global symmetry enlarges to
an Ei;_p symmetry [99] [100]. It is a non-trivial mechanism, because, for 6 < D < 8 |
GL(11 — D) x R? is a subgroup of F11_p, for D =9 they coincide and for D € {5, 4, 3},
the semi-direct product is not contained in Ey;_p since R? € {R?0 | R3% R} whereas the
maximal abelian subgroups of {Fg, F7, Fg} are isomorphic to {R'6, R?7 R36}. Hence,
the scalar sector of the dualized theory is described by a sigma model on the symmetric
sSpace E(ll—D,ll—D)/K(Ell—D)a where

e the Lie groups E(1;_p 11-p) are the maximally non-compact form of E11_p,
e K(F11_p) is the maximal compact subgroup of F11_p.

In our conventions:

B =R, E» = GL(2,R), B3 = SL(3,R) x SL(2,R),
E,=SL(5,R), Es =0(5,5), Es 73 = exceptional Lie groups. (2.2.49)

For example, after dualisation of all forms to the lowest possible degree, the toroidal dimen-
sional reduction of SUGRA; to four dimensions leads to N’ = 8, D = 4 supergravity with
global symmetry group E7 7) (the real non-compact form of the Lie group E7) , as shown
in [33]. If we go to three dimensions the resulting theory is the N'= 16, D = 3 supergrav-
ity with global symmetry group E(sg) [101] and in two dimensions, the N' = 16, D = 2
supergravity has an infinite number of symmetries realized on-shell and described by the
affine Kac-Moody group E(g g) [93].

Let us mention that the (D — 2)-forms are dual to scalars, since this will be important
for the three-dimensional supergravity. Let us illustrate, how it works in this case. The
duality is realized by imposing the Bianchi identity of the field strengths associated with
the D — 2-forms, at the level of the Lagrangian

dF(D*l) — 0, F(D*l) - dA(D,Q) . (2250)

This is done by introducing the “dual” scalar field ¢ which plays the role of a Lagrange
multiplier. Thus a new term is added to the Lagrangian

LBianchi = ¢ dF(p_1) - (2.2.51)

It can be integrated by part and because there are no more terms in the Lagrangian that
contains derivatives on F(g_1) , the field strength will satisfy an algebraic equation of
motion solved by

Fip_1) ~ (scalars) * (dp+...). (2.2.52)
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Plugging it back to the Lagrangian leads to a kinetic term for the “dual” scalars plus
additional couplings and no more D — 2 forms. In three dimensions, this mechanism
is responsible for the enhancement of the symmetries leading to the scalar target space
Es.8)/S0(16).

In the following, we will focus on the three-dimensional maximal supergravity as a
starting point for building the N' = 16, D = 2 supergravity. The construction of these two
theories will be reviewed, preparing the ground for the SO(9) gauged maximal supergravity
in two dimensions.

2.2.3 The N =16, D = 3 Supergravity

Maximal supergravity in three dimensions is interesting in several aspects. While pure
extended supergravity is topological [102], the coupling to matter leads to a unique target
space E(gg)/SO(16) for N = 16, where SO(16) is also the R-symmetry group of the theory
[101]. The occurrence of the maximal exceptional Lie group E(gg) is a manifestation of the
extremely rich symmetry structure of the theory. Then, deformations can be considered
through the gauging of global symmetries. This is important in the AdS/CFT context
since maximal gauged supergravities can admit AdSs ground states which are dual to CFT's
in two dimensions. A very detailed classification of gauged N' = 16, D = 3 supergravities
can be found in [103], [104] and [92]. This section is devoted to the presentation of the
maximal ungauged theory. The issue of gauging symmetries will be treated afterwards, as
an application of the embedding tensor formalism.

Field content

The N = 16 supergravity multiplet contains
e the “dreibeins” e,“.

e Its superpartners, the 16 gravitino fields @ZJMI . They transform as a vector under
SO(16).

e 128 scalar fields V belonging to the non-compact coset Egg)/SO(16)

e 128 Majorana spinors XA transforming in one of the two inequivalent real spinor
representation of SO(16).

The ungauged maximal supergravity can be derived from eleven dimensions by reduction
on the eight torus 7%, however in this case the scalar target space is GL(8,R) x R%. As
we saw before, the coset Egg)/SO(16) is obtained when all the vector fields have been
dualized into scalars. The propagating degrees of freedom are carried by the 128 scalar
fields and 128 fermions which are the physical fields of the theory. They transform in the
two inequivalent real fundamental spinor representations of SO(16). They will be labeled
by the indices A =1, ..., 128 and A =1, ..., 128 respectively. Let us check the degrees
of freedom carried by the fermions. In odd dimensions, the Majorana spinors account for
2771 real dof on-shell, which means one in our case. However they are charged under
SO(16), and

dim (Rypin(so(16))) = 128. (2.2.53)

Hence the 128 fermionic degrees of freedom. Now let us focus on the bosonic sector and
make the coset space construction explicit. If we decompose Egg) under S O(16): the 248
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generators of Esz8) split into 120 compact generators X'/ = —X“! and 128 non-compact
generators Y4

248 2219, 190 4 198, (2.2.54)
where the indices I,J =1, ..., 16 label the vector representation of SO(16). Then, the

commutation relations of the Egg) generators are given by

[XIJ XKL] —_ 5ILXJK +5JKX]L _ 6IKXJL _5JLXIK

1

(X!, v4] = —%P%YB, (4, v P = Jripx!. (2.2.55)

where I'l{; is the anti-symmetric product of two SO(16) I'-matrices defined by

Il T, =0k + T4 (2.2.56)

The scalar fields V' are described by elements of the non-compact coset space Eggy/SO(16)
with linearly realized global symmetry acting (for example) on the left and local SO(16)
invariance acting on the right

V— AVK(x), A€ Egg, K(z) € SO(16). (2.2.57)

As seen before, the local coset symmetry is insured by a “composite” SO(16) gauge field
(), obtained from the egg) Lie algebra decomposition

1
V9OV =Q,+P, = 3 QX! + pivA. (2.2.58)

The scalar fields parametrizing V account for the bosonic degrees of freedom of the theory.
The corresponding number is given by: dim(FEs) — dim(SO(16)) = 248 — 120 = 128. Let
us mention that the local SO(16) symmetry can be fixed so that V is generated by the
non compact generators Y transforming in the spinor representation of SO(16),

V=exp (b?V4) (2.2.59)

with some parameterizing fields b4. This choice would correspond to the so called “uni-
tary gauge”. Maybe one of the first discussion of the higher-dimensional origin of coset-
space formulations of the scalar sector was done in [105] while the Egg)/SO(16) three-
dimensional case is treated in [106].

To conclude, let us summarize the field content

{e,*. @', V, X, (2.2.60)

and write down a Lagrangian for the theory.

The Lagrangian

The Lagrangian of N'= 16 , D = 3 Supergravity will be given up to quadratic order
in fermions, but the quartic terms can be found in [101].

1 1 = 1
Lsp =—JeR+ " U DV, + e PiPA

LA A_Ll _d [Pl pA
—5ex YD, x —5ex U TS SV Sl S (2.2.61)
The dots indicate higher order fermionic terms. We recognize in the Lagrangian: the
Einstein-Hilbert term, plus the kinetic terms for the gravitino, the scalar fields and the
matter fermions. Finally, the last term represents a Fermion coupling where P;f‘ has been
defined in (2.2.58). The spacetime gamma matrices conventions are the following:
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e The metric signature is (+ — —).
e The spacetime gamma matrices are represented in terms of the Pauli matrices
W=0y, At=io3 and ~A?=ioy,
so that — y"P = —ieM? with 2 =1. (2.2.62)
e The spinor adjoint is defined by
x=x'i?". (2.2.63)
Then, the covariant derivatives are given by

1
DVl = (9, + Zwﬂamaf”)w,{ +Q ),

R 1 : 1 :
Dyx* = (9 + Jwnapy™)x* + Q@ Tipx” (22.64)

Supersymmetry

The Lagrangian (2.2.61) is invariant under the linearized supersymmetry transforma-
tions

566#04 — Zgl,ya\pli \ V—I(SEV — XAEIFAAYA ’
0eW), = Dye’, st = STl P (2.2.65)

up to higher order fermionic terms that have been checked in [101] and [107]. The commu-
tator of two local supersymmetry transformations leads to local symmetry transformations
composed of: a general coordinate, local Lorentz, local SO(16) and local supersymmetry
transformations

[6g(e1), dg(€e2)] = bget (€) + 0L (X) + g (e3) + dsoqe) (K) (2.2.66)
with parameters
H= igélyue{ ) Eé = 75“ %IL )
1
AP = gt gy, 08 K17 = —5¢" Q. (2.2.67)

Now that the ungauged maximal supergravity in three dimensions has been presented, the
path is open to its dimensional reduction. This is the way we will get the N =16 , D = 2
supergravity and it is discussed in the next section.

2.2.4 The N =16 , D = 2 Supergravity

The two-dimensional theory shares a lot of interesting properties. Maybe the most
important one is the fact that the non-compact Fgg) group of global symmetries enlarges
to its infinite dimensional affine extension Eg ), realized on-shell on the scalar sector. This
is a consequence of the presence of an infinite set of independent on-shell duality equations
that can be generated recursively [94]. This symmetry structure has been analyzed in [93]
and [108] and in particular, it leads to the integrability of the classical theory [109].

Our starting point will be the derivation of the theory from dimensional reduction of
maximal supergravity in three dimensions.
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Dimensional reduction

In the following, we will compactify the spacetime of N'= 16 , D = 3 supergravity on
a circle

Mz =My x St (2.2.68)

This will be done according to the Kaluza-Klein procedure discussed above. The world
and tangent space indices are split into

Wb =(0.2), (3.2), . (2.2.69)

where v, o € {0,1}. Since we are interested only in the massless modes, no dependence
on the third coordinate x? will be assumed. Consequently, the three-dimensional vielbein
reduces as in (2.2.17) with p = 1, the gravitino splits into

Ul = (yl,¥)) in flat indices, (2.2.70)

and {V, XA} remain the same. Even if the irreducible spinors in two dimensions are
Majorana-Weyl, we will write them as two-components Majorana spinors. Moreover, the
two-dimensional gamma matrices are built from the three-dimensional ones

V=09, ' =ios (2.2.71)
with a v3 = —iy? = 0 defined so that
VaV8 = Nap +€apy’, €1 =1. (2.2.72)

Now we are in position to reduce the three-dimensional Lagrangian to two dimensions.
Let us recall the Lagrangian,

1 1 _ 1
Lsp =— JesR+ €™ vl D, vl + 16 pApmA
i L . 1 L
56 A" Dy x? — e XA'ypfym\I/{) FJIL;AP;;L{ : (2.2.73)

The easiest part comes from the scalar fields. Indeed, 9,V =0, s0 P; =0 = Q5 . Then,

1 ApmA 1 A A
Les PAP™ A = LeapPAPHA. (2.2.74)

Let us focus on the last term. Its reduction is straightforward

1 1 A
_5 e3 XA,yp,ym\IlI FI ’PA _ _° erXA,YS,}/,U,wg FI ’PA

P AAT M 9 AAT
1 L

— e pXA’yp’yuwlI) FQAP:‘ (2.2.75)

where we have used the fact that v2 = i~3. After that, the computations are more

technical because the spin connection is involved. Let us begin with the kinetic term for
the fermion y:

X" Dix® = X Dyx* + x4 Dux? (2.2.76)
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with
X2 Dyx A = iXAVQ waary ™ X
= i)‘(‘"f waagy™ X - %)ZAwm 7 xA,
= i waag € x4 XA, (2.2.77)

because 0;x = 0 = Q5 and we used the Majorana flip relations [95]

5"7#1...WX =t XVpaoopir N 5
t,=—-1 for re{l,2},
tr=1 for re{0, 3},
tT‘ = tT‘+4, (2278)

to eliminate the )ZA ~P XA term. Thus, one needs to compute the coefficients of the spin
connection. There are two equivalent ways to do it. First, one can compute them directly
from the vielbein by using the torsionless condition

W™ =2 ep[aa[mepﬁ — epPlaghlse, Opes” . (2.2.79)
Or one can start from the anholonomic coefficients
Qape = Qeamebna[nem}c = Qat)c (2.2.80)

and then compute the torsionless spin connection

1
Walbe] = _5( = Qpeq + Qeap + Qabc) . (2281)

We will choose the second option since the two-dimensional Ricci scalar can be obtained
straightforwardly from the anholonomic coefficients. Consequently, we find

1
WZaﬁ = ip ea”eﬁy F/U/ s Wlth Fl“’ = 28[#141,] . (2282)

Thus, »
L S L
X2 Dyx? = g pe F, x4 x4 (2.2.83)

Now the kinetic term for the gravitino can be reduced. After integrating by part, this
term decomposes into

emny \I’ann\I’jlo = 25#1’2"E§Du‘/’z{ - EWQ@MD?%
_ 1 - 1 -
= M2 <21/}5Du¢£ 1 ¢£ WQaB’Vaﬂ Q;Z)z{ T 9 T;Z)[L W22a727a ?/)z{) . (2'2‘84)

Knowing the spin connection
waze = —€'a p Opup, (2.2.85)

we get

§ - 1 i _
eyl Dl = 2 (wgDuwi — SO P Fo+ 5 B 180p> . (2.2.86)
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Eventually, the expression can be simplified by considerations on the Levi-Civita symbol

e = ege ole” €72 = —egeyt e = —pet, (%P2 = —e*®  with our conventions)
and also eepy = —2 6([,“5? , Yy, = e2 e’ . (2.2.87)
This leads to
_ _ 1 - o
€My, Dy Wy, = =20 3 Dytby — 7 p U Uy B +ieafyn vy 0", (2.2.88)

so finally
1 _ _ 1 - 7 -
€U DV = —p e YLD, — C pUi Uy FY = S ey 0. (2.2.89)

Let us conclude this analysis by computing the Ricci scalar in two dimensions. It is given
in terms of the anholonomic coefficients of (2.2.80) by

RO = (0 — 20,50 — 40,°02) (2.2.90)

see [37] for example. Thus,
1
R® = R® 4 Zp? F,, F" (2.2.91)

Consequently, the two-dimensional Lagrangian is given by

1 1 _
Lop=—~espRP — — e p® F, F* — pe™ 9L D)

4 16
1 /) -
— 5PV WYy P — o eahiy Y, 0"p
1 1 g
+eap PP — 262px A DA + 6 2t Fuw X
7 i 1 _
—5e o X3y Hapd F,IL‘A i T 52PX fypfy“wg FQAP:‘- (2.2.92)

This is the result obtained by Kaluza-Klein reduction of the N’ = 16, D = 3 supergravity
on a circle, when only massless terms have been kept. This Lagrangian deserves some
comments that are collected in the next section.

The Lagrangian

In two dimensions the vector field A, is auxiliary, so its equation of motion can be used
to integrate it at the level of the Lagrangian. By doing so, quartic terms in fermions are
generated together with a scalar term proportional to the constant of integration. Since
in the following, we will only work up to quadratic order in fermions and we will stick
to the undeformed Lagrangian, we can just drop out the vector fields by setting A, = 0.
Therefore, the two dimensional Lagrangian is given by

1 - i
Lop = 1 pR® —|— €2 pPAP“A pe YDl — - 5 €2 %{7”%{ p (2.2.93)

4
i L R i L 1 L
— 5 e2p X V' Dux” = S e2pX U Tl Bl — S ea p XA U T P
The field content is composed of

e the zweibein e,
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e its superpartner the gravitino @ZJlﬂ: a two-dimensional Majorana vector-spinor, trans-
forming in the 16 vector representation of SO(16) .

e There is also the dilaton field p

e and its superpartner: the dilatino ¢5 which is a Majorana spinor also transforming
in the 16 of SO(16) .

e the 128 bosonic degrees of freedom are again mediated by group valued matrices V
Es,s)

which belong to the coset space SO(16)

e The corresponding 128 superpartner are Majorana fermions XA that transform in
the 128, conjugate spinor representation of SO(16) .

Now it remains to check that maximal supersymmetry is preserved.

Supersymmetry

Indeed, by examining the reduction of (2.2.65), one can show that the Lagrangian
is invariant (up to total derivatives and quartic terms in fermions) under the following
supersymmetry transformations

5ee,ua = i€17aw£7 6ew£, = D,uel )
i _
5ep = —pe ¥ iy, dcthy = =5 V" p up,
_ _ i Pt
V7Y = Th A, dex =S T el Pt (2.2.94)
The commutator of two supersymmetry transformations closes again on
[5@(61) , 5Q(62)] = 5gct (5) + 47, ()\) + 5Q (63) + 550(16) (K) (2.2.95)
with parameters
g =ien’e, € = —€"
1
AP = gk, 0P K = —5¢&" Q. (2.2.96)

Now that we have the N' = 16 , D = 2 supergravity action, let us review the basics of
gauging a subgroup of the global symmetry group with the embedding tensor formalism.

2.3 Gauging Maximal Supergravities

As we saw in Section 2.2.2; the scalar fields of maximal supergravities parametrize a
symmetric space G/H, where G is a non-compact group, and H (or K(G)) denotes its
maximal compact subgroup. The different groups for 2 < D < 10 are collected in Ta-
ble 2.2. So far, all gauge symmetries considered were abelian. However, for previously
mentioned reasons, we may want to introduce a non abelian gauge group while preserv-
ing supersymmetry. This is precisely the point of the embedding tensor formalism. In
this scheme, a subgroup Gy of G is selected and promoted to a local symmetry of the
supergravity. More precisely, this formalism aims at encoding all the possible deforma-
tions of the ungauged supergravity into a so-called “embedding” tensor. After that, the
classification is done group-theoretically. In the following, we will present the general
framework developed in [103], [107], [41], [110], [111] and [94] for maximal supergravities,
and reviewed in [112] and [113]. Finally, we will describe the main ingredients that will
be employed to get the SO(9) gauged maximal supergravity in two dimensions.
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D G H

10 | O(1,1) (TA) [ SL(2) (IIB) | — (ITA) | SO(2) (1IB)
9 GL(2) 50(2)

8 SL(2) x SL(3) 50(2) x SO(3)

7 SL(5) S0(5)

6 50(5,5) S0(5) x SO(5)

5 E ) USp(8)

3 Egs) SO(16)

2 E9.9) K(Ey)

Table 2.2: Maximal supergravities symmetric spaces

2.3.1 The Embedding Tensor formalism
Covariantization

Let us focus on the ungauged maximal supergravity in 2 < D < 9 dimensions. Given
a subgroup Gg of the global symmetry group G, our goal is to promote it to a gauge
group of the theory. The theory is by construction Gg globally invariant, but giving local
dependence on the group parameters will break the invariance because the derivatives
no longer transform covariantly. Thus, the first step in the gauging process consist in
introducing covariant derivatives with respect to the group Gy. This is done formally
according to
O —Dy=0,—gAMXu. (2.3.1)

Here
e g is the gauge coupling,
° AHM represents the set of n, vector fields available in the supergravity,
e t, is a given set of generators of the Lie algebra g of G,
e O)® is the embedding tensor which selects a family of n, elements Xjs of g
Xy =01 € g, (2.3.2)

that will generate the gauge group Gg. In this sense, the embedding tensor can be
seen as a constant (n, X dimG) matrix whose rank is equal to the dimension of the
gauge group GGo. As a consequence, the dimension of the gauge group must satisfy
dimGy < n,. In particular the family {X,} may be a spanning set of go but not a
linearly independent one.

Because, the vector fields transform in some representation of G
AN = —A*(t)NM AT, M, N=1,....n, (2.3.3)

imposed by supersymmetry and listed in Table 2.3, we get a manifestly G-covariant formal-
ism which is broken only when the embedding tensor takes a particular value. Moreover,
the embedding tensor transforms as the tensor product of two representations: the dual of
the representation R, in which the vector fields transform, from the left, and the adjoint
representation of GG, from the right

On® : Rox ® Radj . (2.3.4)
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D G Scalars Vectors
8 || SL(2) x SL(3) | (3—1,1)+(1,8—-3) (2,3

7 SL(5) 24 — 10 10°

6 S0(5,5) 45 — 20 16,

5 E.6) 78 — 36 27

4 E 7 133 - 63 56

3 Essg) 248 — 120 248

2 E9.9) Radj(Eo) Rpasic(Fo)

Table 2.3: Vectors and Scalars in maximal supergravities in 2 < D < 8

In general, this tensor product decomposes into several irreducible representations of G to
which © may belong. Nonetheless, consistency relations constrain the possible represen-
tations of the embedding tensor. These constraints do not depend on the selected gauge
group Gy at this stage. They come from the general requirement of the theory to

e be covariant under the yet arbitrary gauge group G,
e remain supersymmetric after covariantization of the action.

In the following sections we will explain the origin of the constraints and then apply
this formalism to the maximal supergravity in three dimensions. This will open the path to
the SO(9) gauging of the maximal supergravity in two dimensions which will be discussed
in details in the next chapter.

Constraints

The Quadratic constraint Now that covariant derivatives have been introduced, an
ansatz for local gauge transformations under Gg can be formulated from the global G
invariance

SAV = A%, -V,
SAAM = A% (t,) M AN (2.3.5)

other fields charged under G,
with A% = constant , and @ = 1,...,dimG. Then, by substituting
A%ty — AM () Xy (2.3.6)

with a local parameter AM () and M =1,...,n,, and introducing covariant derivatives
in the action, local gauge invariance under GGy can be imposed by

WV =gAMX, -V,
SAAY = MM + g AN XypM AT = DAY (2.3.7)

other fields.
with XypM =© N (ta) pM . However we see that the covariance of quantities such as

oa (DY) = gAM Xy - (DY) (2.3.8)
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requires that © is invariant under the gauge group Gy
0= 6pOn°. (2.3.9)

More generally, the consistency of the gauged theory demands the invariance of © under
the action of the gauge group. This translates into a quadratic constraint on the embedding
tensor

0=6pOy® = OpP650,,°

N (2.3.10)
= 0p(ts) " ON® + Op” f5,7O "
where f,g7 are the structure constants associated to the generators of G,
[ta, tg] = fas"ty- (2.3.11)

When contracted with a generator t,, the quadratic constraint implies the closure of the
generators X, into a subalgebra of g

[Xar, Xn] = —Xun"Xp. (2.3.12)

The deformed tensor gauge algebra Furthermore, the proper covariantization of
the field strengths and the higher p-forms set another problem that can be fixed in the
embedding tensor formalism. It deals with the deformation of the tensor gauge algebra
that is needed to account for the fact that the standard non abelian field strength

Tt = 0,A) — 0,A) + g XnpM AV AL (2.3.13)
is not in general a covariant object. Indeed,

OaFp = —gA XpoM F2, + 29 X(po)™ (A" FE, — AL AT)) (2.3.14)
where the last term is anomalous. As a result, the field strengths need to be deformed in O,
by the addition of a 2-form. For a detailed account of the deformed tensor gauge algebra,
see [112] and [111]. However, in three dimensions, we will not focus on this issue since in
the gauging process, the vector fields will enter the action via a Chern-Simons term [103]
[107]. There, the gauge invariance of the CS term translates into a quadratic constraint
on the embedding tensor. For a complete discussion on this topic, see [92]. Finally in two
dimensions, the tensor hierarchy is rather trivial because there are no p-forms for p > 2.
Moreover, the field strength that will enter the two-dimensional gauged action will be
contracted with the embedding tensor, thus, the resulting term will be covariant provided
that the quadratic constraint is satisfied.

Supersymmetry and the Linear constraint The supersymmetry variation of the
vector fields generates terms coupled to fermionic currents that have not been taken into
account yet. These contributions violate supersymmetry, but they can be canceled by
following a Noether procedure [85]. It consist in

e adding fermionic mass terms

Lierm-mass ~ ¢ f (scalars) f (2.3.15)

to the Lagrangian which are linear in the deformation parameter O, in order to
compensate the previous contributions.
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e Introducing additional linear in © terms, the so-called fermion-shift, in the fermionic
supersymmetry transformations in order to compensate the new contributions from
the variation of the fermion mass terms

def ~be+g(...)e. (2.3.16)

e Adding a scalar potential to the Lagrangian which is quadratic in © and aims at
canceling all the contributions of order g2.

Lpot ~ g° bb . (2.3.17)

No further contributions of order g™ with n > 3 can appear, so the procedure stops
here.

Let us focus on the fermion mass terms. They take the schematic form
['ferm—mass =g (&l Aij W + )ZA BAi W + )ZA C'AB XB> + h.c. (2318)

where 1" and x? denote the gravitini and spin-1/2 fermions which live in some representa-
tion of H labeled by i and A. Remember that H stands for the maximal compact subgroup
of G in the coset space construction G/H, and it is also the R-symmetry group of the
supersymmetric theory, because we are dealing with maximal supergravities. Thus, A;;,
B4; and Cyp are tensors, depending on the scalar fields, which transform in the tensor
product of some representations of H. However, they are proportional to the embedding
tensor © since it is the deformation parameter of the gauge theory. To take into account
this dependence, let us define the T-tensor:

TNE = 0>V V.2, (2.3.19)

as the embedding tensor multiplied from the left and right by the scalar group matrix V
evaluated in the fundamental and adjoint representation of G respectively. Now this tensor
lives in the same G-representation than ©, and it can be decomposed into irreducible part
under H. These H-irreducible representations

Ty® 5 (Aij, Bai, Can) (2.3.20)

precisely correspond to the fermionic mass tensors and to the fermion shifts

0 = (60")|,mg —9A7¢;,  dext = (6x?)],—y —9BYer (2.3.21)

g=0
They must match the tensor product of the H-representation of 1" and xy“ in the mass
terms

o i A B

(R S e e (2.3.22)
This results in a linear constraint on the embedding tensor ©, imposed by supersym-
metry requirements. Furthermore, the commutator of two covariant derivatives is now
proportional to the embedding tensor

[Dy, D] =—gFjl Xur. (2.3.23)

Hence, for instance, by varying the kinetic term for the gravitino, supersymmetry violating
terms of the form!

FO(e) (2.3.24)

!The spacetime and internal indices have been dropped for simplicity.
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are generated. Fortunately, these contributions can be canceled by introducing a covariant
topological term into the Lagrangian Loy, as we will see for the N' = 16, D = 3 supergrav-
ity, but it imposes also a linear constraint on the embedding tensor. This linear constraint
projects out irreducible G-representations in ©, that are not allowed by supersymmetry

PO =0. (2.3.25)

Finally, the consistent cancellation of all supersymmetry variations in order ¢g? implies
quadratic algebraic identities. Nevertheless, all these identities can be viewed as a conse-
quence of the quadratic constraint (2.3.10) on the embedding tensor. At this stage, the
possibility to consistently gauge the theory relies only on the resolution of the linear and
quadratic constraints on the embedding tensor.

Strategy The consistent gauging is constructed as follows:

e First, supersymmetry imposes a linear constraint on the embedding tensor (2.3.25).
It enables to select allowed and forbidden irreducible G-representations in the tensor
product R+ ®Raqj to which the embedding tensor belongs. A classification has been
done in [113] for maximal supergravities? in 2 < D < 8. Tt is reproduced in Table 2.4.

e Secondly, solve the quadratic constraint, coming from consistency of the covariance
under the gauge group Gy, to fully determine the embedding tensor and solve all the
algebraic identities imposed by supersymmetry.

e Finally, select a gauging group among all the possible consistent gaugings provided
by the embedding tensor.

D G Radj ® Ry~ = Allowed P Forbidden
8 || SL(2) x SLB3) | ((3,1) & (1,8)) ®(2,3") = (2,3)5(2,6) @ (2,3)®(2,15)a (4,3)
7 SL(5) 24 ® 10’ = 15 @ 40° ® 10 ® 175
6 S50(5,5) 45 ® 16, = 144, ® 16. @ 560,
5 Es.6) 78 ® 27 = 351° ® 27 ® 1728
4 Eq) 133 ® 56 = 912 @ 56 & 6480
3 Ess) 248 ® 248 = 1 3875 © 248 © 27000 © 30380
’ 2 H E.9) ‘ Radj @ R+ = Ry S rest

Table 2.4: Tensor product representations for 2 < D < 8

In the following section, the embedding tensor formalism is illustrated on the gauging
of N = 16, D = 3 maximal supergravities, with particular emphasis on the linear and
quadratic constraints.

2.3.2 Gauging the N' =16, D = 3 supergravity

Gauging maximal supergravity in three dimensions is somewhat different than in higher
dimensions, because no vector field enters the Lagrangian when the scalar coset space is
described by E(ggy/SO(16). Indeed, if the theory was to be obtained by Kaluza-Klein
reduction from D = 11 supergravity on an 8-torus, all the vector fields would need to
be dualized into scalars in order to make the global Fgg) symmetry manifest. This

2The last line of Table 2.4 has been conjectured from the higher dimensional cases, since very few is
known about gaugings in this infinite dimensional context. It turns out that the decomposition allows for
the SO(9) gauging, which stands for a non-trivial test of the group-theoretical framework.
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feature will be also encountered in two dimensions where no vector fields can propagate.
Actually, gauging the N’ = 16, D = 3 maximal supergravity exemplifies the last step before
understanding the gauging of maximal supergravity in two dimensions. This is why it will
be described in this section, as an illustration of the embedding tensor formalism.

Nevertheless, if there are no vector fields, one may wonder how to use the embedding
tensor formalism. Fortunately there is a way to introduce vector fields in the three-
dimensional theory so that they do not carry additional physical degrees of freedom. This
is done by means of a Chern-Simons term [92].

The embedding tensor

The embedding tensor transforms in the tensor product of the dual representation of
the vector fields, labeled by indices M = 1,...,n, , and the adjoint representation of E(g g
whose generators are denoted by t* .

0 — Oy~. (2.3.26)

However, since the number of vector fields involved in the gauging is for the moment
arbitrary but less than the dimension of the global symmetry group

ny < dimEg g, (2.3.27)

we can label them with the adjoint representation indices, keeping in mind that the em-
bedding tensor will act as a projector on the gauge subalgebra

A Ou5t" = AMX (2.3.28)

Then, following [103], and as we saw before, we define the Gio C E(gg) covariant derivative
by

D,=0,+gAMXu. (2.3.29)
The gauge invariant Lagrangian result from (2.2.61) after introducing covariant derivatives
r0) — _1 R+1 we gl p gl _|_1 pApurA (2.3.30)
=7 5€ wDv¥, + 1 ePy 3.
i _j i1
~3 e XA'y“DMXA ~3 e XAfyp’y“\If£ FIIMP;?

where the covariant scalar current is given by
VID,y=v19,V+ 94,V Xy
1
Ay A 1J~x1J
=PpHAY +§Q“ X (2.3.31)
Nonetheless, the supersymmetry variation of terms involving the commutator of two
covariant derivatives leads to supersymmetry violating terms proportional to the field

strength
FMVM - aMAVM - aVA;,LM + gX[NP]MAMNAVP ) (2332)

where XypM are the “structure constants” of the gauge group defined in (2.3.7). These
contributions are precisely canceled by a Chern-Simons term for the vector fields
1 1
) = —5 974, Orq (0,40 + 59 XpPA,NAT)., (2.3.33)

provided that
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e the embedding tensor ©,4 is symmetric [104] ,

e under local supersymmetry the vector fields transform as [114]
5 AM = —oVM el 4T VM aE vt (2.3.34)

The Chern-Simons term also enables to introduce vector fields without changing the num-
ber of propagating degrees of freedom. The fact that the embedding tensor is symmetric
restricts its possible content. Indeed, as an Fgg) tensor it decomposes into

O : 248 @gym 248 = 1 © 3875 @ 27000 . (2.3.35)

Among these irreducible parts, some are allowed and other are forbidden by supersym-
metry. In order to derive them, let us analyze the Noether procedure applied to the
three-dimensional Lagrangian.

Additional terms and identities

As we saw before, from the supersymmetry variation of the covariant Lagrangian £(0),
contributions linear in g (or ©) appear from the variation of the vector fields. Apart
from the supersymmetry violating terms canceled by the variation of the Chern-Simons
Lagrangian, other contributions occurs which are coupled to Noether terms. These super-
symmetry violating terms are canceled by the following fermionic mass terms

ferm-mass

1 - L 1 L
Liehmass = 9¢ (5 AT T 0] + AP 7400 + - 43P X NP) (2.3.36)
together with the fermion shift
5E\I/l€ = Duel +ig A{J’yue‘] ,

SoxA = %’y“el TP+ g A (2.3.37)
For example, notice that A{J in the fermion shift enables to cancel the order g spinorial
variation of the first fermion mass term, by varying the kinetic Rarita-Schwinger term in
£0), Eventually, the addition of a scalar potential of quadratic order in g, will end the
Noether procedure and provide the framework to get a gauge invariant maximal super-
symmetric theory

Lo = goe (AT AT — S AtALY). (2.3.38)
Local supersymmetry of the resulting Lagrangian
Logea = LO +£8 + £+ L, (2.3.39)

imposes linear and quadratic identities on the tensors {A]/ AéA , A?B }, like for example
I 4J]A I 4D)A
F[AAA; =V O+5 VJA ) DMA{J = PfF;AAQ) )

1J g4JA 1A yAB 1 J JK \KB JC ABC
see [103] for a more general account. These identities translate into identities on the
T tensor?

Tog = V7V 50,5 (2.3.41)

3where the adjoint indices can be further split into [[.J] and A which respectively accounts for the
compact X!’ generators of E 3,8y and the non-compact Y4 ones.
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which imply a linear and quadratic constraint on ©. In the following, the constraints will be
discussed and a non trivial solution for © and the fermionic mass tensor { A{/ | AéA , A?B }
will be presented.

The linear and quadratic constraints
Owing to the SO(16) index structure of the fermions, and their commutation properties
_A E _B A —I —J —J
X7 =XPxA, A = Uy = Ty (2.3.42)

the fermionic mass tensors that enter the Lagrangian can be decomposed into the following
irreducible representations of SO(16)

Al 16,16 =1@ 135,
AlA . 16 © 128 = 128 @ 1920, (2.3.43)
A4B . 128 ®, 128 = 1 & 1820 & 6435 .

Since the fermion mass tensor are proportional to the embedding tensor, we can discard
the Eg g irrep of © whose decomposition under SO(16) does not fit in the { A1 23} tensors
SO(16) irreps. Under SO(16), the 3875 of (2.3.35) decomposes into

3875 = 135 © 1820 © 1920 (2.3.44)

which belong to the irreps of {A123}. So is the case of the Eg g) singlet 1 of (2.3.35), but
it is not the case for the 27000. Consequently, the linear constraint can be written

P (248 ®gym 248) =1 ® 3875 . (2.3.45)
Then, the embedding tensor is parametrized by
Oap = Onas + O35 (2.3.46)

where 7,4 is the Cartan-Killing form of eg. It can be shown [103],[104] that © given in
(2.3.46) automatically solves the quadratic constraint (2.3.10) imposed by the covariance
of the theory. The fermion mass tensors are thus given by

1
AT =067y — - VeV 0337,

i 1
AlA —- FiAVQIJV’BA @3%75 ’ (2.3.47)

1
Aé‘] =—06;5 — ?VQIKV'BKJ @z%75.

As a result, the linear constraint (2.3.45) fully determines the possible gaugings of the
N = 16, D = 3 maximal supergravity. Every gauge group embodied in the embedding
tensor (2.3.46) defines a consistent gauged maximal supergravity in three dimensions.
They are all detailed in [103] and [104].

Summary

Maximal supergravities, dimensional reduction and gauging were at the core of this
chapter. Starting from the eleven dimensional supergravity, we studied the structure of
the three and two-dimensional ungauged maximal supergravities. The embedding tensor
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of the general gaugings of maximal supergravity were presented and illustrated in three
dimensions.

The next chapter focuses on the explicit SO(9) gauging of N'= 16, D = 2 maximal
supergravity. As explained before, it is of first importance for the DW/QFT correspon-
dence.
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Chapter 3

SO(9) supergravity in two
dimensions

3.1 Introduction

This chapter is devoted to the construction of maximal supergravity in two dimensions,
with gauge group SO(9). By this, we intend to fill the gap in the effective supergravities
available for the DW/QFT correspondence in various dimensions, see Table 2.1. The non-
trivial deformation is performed from the ungauged theory in two dimensions, thus it will
be our starting point.

Two-dimensional ungauged maximal supergravity has many interesting features. One
of them is the symmetry structure underlying the theory. Indeed, if we look at the bosonic
sector of the theory, all the degrees of freedom reside within the scalar sector (since in
two dimensions the vector fields do not propagate), and their dynamics is described by a
dilaton-coupled non-linear sigma model with target space E g g)/SO(16), directly inherited
from maximal supergravity in three dimensions. The bosonic Lagrangian can be found by
reducing the bosonic sector of N'= 16, D = 3 Supergravity on a circle:

Lo= *Z p (R® — tx(P,P")). (3.1.1)
The theory admits F(gg) as a global symmetry group of isometries of the target space. In
addition, the integrability structure of the reduction of four-dimensional Einstein gravity
to two dimensions extends to maximal supergravity [108]. As a result, the theory admits an
infinite number of conserved charges that generates an infinite dimensional global group
of symmetry realized on-shell: FEgg), the centrally extended affine extension of Egg).
The group acts on an infinite tower of scalar fields, related by first order on-shell duality
equations. Integrating step by step the duality equations, all the scalar fields can be
determined in terms of the “physical” fields parametrizing the bosonic Lagrangian [94].

This symmetry structure enables to formulate the theory in different off-shell inequiv-
alent frames. More specifically, in two dimensions, the different off-shell formulations of
maximal supergravity are described by o-models with different target-space geometry and
Wess-Zumino term, related by T-duality. Within the F(g g picture, different formulations
correspond to choose particular sets of physical scalar fields from the infinite tower of
available scalars. The first formulation of the theory we will use, is the one obtained
from the Kaluza-Klein reduction of the N'= 16, D = 3 supergravity on a circle. In this
“frame”, the scalar target space is E(gg)/SO(16), hence it will be called: the “FEg” frame.
Moreover, the theory can also be derived from the torus reduction of eleven-dimensional

41
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supergravity. The resulting ungauged maximal supergravity in two dimensions has a scalar

sector described by the coset space R x gé((g)) x R34, Therefore, this formulation will be

named: the “SL(9)” frame. There are two inequivalent embeddings of SO(9) into Eg g)

N=1,D=11

T8

N =16, D=3| Dualities N=16, D=3
GL(8) x R Es)/50(16)

\

Y

N=16, D=2 Dualities | N =16, D =2
GL(9) x R8 E9.) E(s8)/50(16)

A

Figure 3.1: Maximal supergravities and Torus reduction.

50(9) C E(S,S) C E(979) s

but only one leads to a consistent supergravity [94]: it corresponds to the SL(9) frame. In
the following section we first recall the formulation of the N'= 16, D = 2 supergravity in
the F(gg) frame. The field content, the Lagrangian and the supersymmetry transforma-
tions will be given. Then we will describe the theory in the SL(9) frame. Its bosonic sector
coming from dimensional reduction of eleven-dimensional supergravity will be presented.
Moreover the fermion coupling and the supersymmetry transformations will be given and
finally, the symmetry structure will be discussed.

3.2 N =16, D = 2 supergravity

3.2.1 Reduction from 3D: The Eg) frame

The most compact formulation of maximal supergravity in two dimensions is obtained
by dimensional reduction of the maximal three-dimensional theory [101] on a circle. Since
it has been presented in the previous chapter, we will just recall the main features.
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The Lagrangian of N'= 16, D = 2 supergravity in the E(3g) frame is given by
- 1 1 - i .
¢! Lo == 3pR® + Jp PMPT — peT ey Dty — 5 (9"0) U770,
T 1 7
) P XDt - 5 Px OIS S 5 Px LSyrpdT! PAL (3.2.0)

Eg(g) acts by left multiplication on the matrices V and gives rise to the algebra-valued
(conserved) Noether current

=p Pl (VYY) € ey (3.2.2)

In general dimensions, we saw that p-forms are dual to (D — p — 2)-forms. Therefore,
in two dimensions, the duality relates scalars. In particular, the current (3.2.2) can be
employed to define a dual scalar field Y by

oY =eepJ” . (3.2.3)
Then, Schwarz integrability condition holds provided the current is conserved.

0=¢"0,0,Y =e"0u(ec,sJ?) =" e 0u(e]?)
= 0L 0u(eJ?) = Oyu(ed")
= eV, J" (3.2.4)

More generally, one can prove the existence of an infinite tower of dual scalar fields Y,,,
due to the integrability structure of the two-dimensional equations of motion [94],

1
0+Ys = (£pp + p)VPiV +5 [YaiY]

1 9 . _ 1
0+Y3 = (:Fip T pp° = pPp)VPLV T +[Y, 0.5 — E[Y’ [Y,0.Y]],

LYy = ... (3.2.5)

where % = (20 & 2')/4/2 and the fermionic contribution have been neglected. Although
a finite set of scalar fields enters the action, it is just a subset of an infinite tower of scalars
defined on-shell. The off-shell fields transform under Eggy, but the full tower organizes
into a representation of the infinite dimensional F(g gy, which is the actual symmetry group
of the theory, and is realized only on-shell [108]. This symmetry structure is characteristic
of two dimensions and will play an important role in the general gauging.

3.2.2 Reduction from 11D: The SL(9) frame

The formulation of ' = 16, D = 2 supergravity which will turn out to be relevant for
the gauging of SO(9) is obtained by direct dimensional reduction of the eleven-dimensional
theory [34], on a nine-dimensional torus 7°. As we saw in Section 2.2.2, the theory exhibits

a GL(9) x R¥ global symmetry group, and the scalar target space is SOE g x R84, Let us
present the Kaluza-Klein ansatz that will be relevant for our construction.

Kaluza-Klein reduction

First, we split the eleven-dimensional coordinates according to ™ — (z#,y,,) with

{p = 1,2} and {m = 1,...,9}. Then, we start with the compactification ansatz of
(2.2.17) for the vielbein, and the three-form is written in curved indices

Anvie = (0,0, 4,77 + A, ¢, gmE) (3.2.6)
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Here, we have chosen to define the lower-dimensional components of Ay with internal
indices upstairs. It is a a pure convention. Thus, the Kaluza-Klein vector has its internal
indice below and the internal vielbein involves the matrix V™. Then, as discussed previ-
ously, V € SL(9) and p is a dilaton field. They both come from the torus vielbein. A,
is the Kaluza-Klein vector and it transforms in the 9 of SL(9). For what concerns the
three-form, it splits into: a vector field in the 36 of SL(9), 4,™" = Au[m"]. Plus axions
Pk = @lFm] in the 84 of SL(9). In the reduction ansatz, fields of the form Bk = Bk
would have not contributed to the lower-dimensional action and a parameter of the form
Cuvp = Clup) would have been identically zero in two dimensions.

A Weyl rescaling is performed on the bosonic lower-dimensional Lagrangian, see Ap-
pendix A,

e — pe,” . (3.2.7)

This leaves the possibility to eliminate the kinetic term for the dilaton by a clever choice
of s.

1 1 1 s 2
6_1£2d — ZPR(Q) + pruabpgb + Ep1/3 (Puabc(pzbc _ (2 + 9) p—la“paup

1 4 . 1 _ _ y
_‘_@ e 1€M Eklmnpqrst ¢k:lm augbnpq 0y¢7‘8t o E p11/9 28M 1kl FpukFu ;
1 _
_ §P5/9 2s (Fw/kl + ¢klpFuup) Mklin (F,men + ¢mn¢]Fuuq) (3.2.8)
where, M = VVT. Moreover, we have introduced the currents!

@O = Vi) ™ 0™ . (3.2.9)

Here, and in the following we use the notation Vg, abe — V[kavlbvmf, for the group-valued
SL(9) matrix evaluated on tensor products. We chose to eliminate the kinetic term for the
dilaton in (3.2.8), for simplicity. This selects s = —4/9. Then, since the vector fields in
two dimensions do not carry any propagating degrees of freedom, we can eliminate them
from the Lagrangian by using their equation of motion. These equations can always be
integrated in two dimensions since

DME,, =0 implies F,,, = constant . (3.2.10)

In our case, the first-order equations are

Mflkl F,uz/l + 2p72/3¢kmanpan (Fuypq + (bquFMVT) = e p719/9 01{ 7

MM, (Fp™ 4 ™ P Eyy ) = e p %0, (3.2.11)
with integration constants 6 and 0,,, = é[mn]. Keeping non-zero values for this constants
will lead to massive deformation of the two-dimensional supergravity. These deformations
are treated on the same footing as gaugings in the embedding tensor formalism, therefore
at the level of the ungauged theory, they will not be relevant for us. This is why we will

set #!' = 0 = 6,,,,. Consequently, the field strengths vanish and we can set the vector fields
to zero. As a result, the bosonic Lagrangian is given by

_ 1 1 1
e 1£2d e ZpR@) + ZpP““bPﬁb + — p1/3 c)OuaLchDZbc

12
1 —1_pv klm npq rst
+@ € €7 Eklmnpgrst ¢ 8ﬂ¢ 8,,¢ . (3212)
In our conventions for this chapter, we reserve letters a,b,c,... from the beginning of the alphabet
for ‘flat’ SO(9) indices which are raised and lowered with d45. In contrast, the letters k,l,m, ... indicate

SL(9) vector indices which transform under the global SL(9) of the ungauged theory. Both indices run
from 1 to 9.
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It is a dilaton-gravity coupled non-linear o-model with target space go(( )) x R3 and
topological term.

Full Lagrangian

The fermions come from the reduction of the eleven-dimensional gravitino ¥,;. When
going from eleven to two dimensions, the vector and spinor representations of the Lorentz
group SO(1,10) split into vector and spinor representations of SO(1,1) and SO(9)

11232 — (269)®(2®16). (3.2.13)
—— ——
vector spinor

Thus, ¥, gives rise to: a two-dimensional gravitino 1/1!{ transforming in the 16 (spinor
representation) of SO(9), and a vector spinor of SO(9), named x®!. Because the tensor
product of the vector and spinor representations of SO(9) splits into

9% 16 =16 ® 128, (3.2.14)

a traceless condition with respect to the SO(9) I'-matrices is assumed. This enables to
select the irreducible 128:

7x=0. (3.2.15)

The remaining trace part contributes to the last two-dimensional spinor: the dilatino 1
which transforms in the 16 of SO(9). The fermionic content may be summarized as follows

T° a

Accordingly, the covariant derivatives on fermions are defined by

1
Dl”/}z{_ Mbu"‘ Wu 7a6¢y+ Qabr 1#3,

Y 1
19 P ras X+ QX + QT XY (3.2.17)

DMXaI _ aMXa +
with the SO(9) connection fo’ from (2.2.37). Eventually, the full Lagrangian is obtained
by imposing supersymmetry, rather than performing the dimensional reduction of the
fermionic sector. We have then completely determined the supersymmetry transformations
by imposing the on-shell closure of the supersymmetry algebra.

abc

L 1 _ 1
56(3“0‘:26[70‘1/1!6, 561/}[1,:D 61——/) Ugfabc( Yy + ’Yu>’)’€ P

24 3

Sep=—pePvh,  daby = 7 Sytel poup, (3.2.18)

5.V = Elrgé‘lij)JVib’ 5€Xal _ %FU ,Y,uGJP!Eab) o %pf1/3 (5abF§?lI o Fabcd) 73,Y,LGJSDch7
5.k — 1/3 V—l[wleab I 3 cJ 1/3 )~ [Zﬂk]rabc el

abe ,YX +6p
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Thus, the full Lagrangian with the kinetic terms for the fermions and the Noether couplings
were found by hand, after lengthy calculations

1/3  wabc, abe

1 1 1
e 1Ly =— ZpR@) +—p P““bejb + ="y

4 12
1

+@ € 15#V€klmnpqrst ¢klm 0 (bnpq 8V¢T8t

— pe D, L — LG 0 — L p XA D!

2
1
2 PR AT P = 5 o R R T
_ v i _

4102/3 al,y?),y ,Y,u,wJFIJ szbc_ 12 p2/3 al quFbc Sozbc

) _
L Iy T e 4 g2 (v = S ) v T e

54 24 3

1

+ - 5 p2/3 Xal,y?),y XbJFIJ sDzbc o 24 p2/3 XaI,YB,y XaJFb?]d SDch ) (3219)

The Lagrangian is invariant with respect to (3.2.18). Notice also that supersymmetry does
not require a scalar potential, as was expected from dimensional reduction on the torus.

Supersymmetry algebra

The supersymmetry algebra closes on diffeomorphisms, local Lorentz transformations
and local SO(9) transformations coming from the coset space structure.

[0e1,0e5] = Oget(§) + OL(A) + ds0(9) (K)
with ¢* =ieqtel, NP =—¢hw, P K= _¢'qQ,»". (3.2.20)
The commutator of two supersymmetries are more easily checked on the bosonic fields,
[0, 0cy €5 = € Dyelt + € 0u” + (—&"w,*P) el
[0c1 5 0e] p = & Opup + quartic fermions
[0y, 025] Vin® = € 0V + Vi (€4 Q%) + af.

[681 ) 582] ¢ijk = 6“ aﬂ¢ijk + Q‘f'
et = ighyrel (3.2.21)

We take the occasion to determine the supersymmetry variation of the vector fields A,
and Aukl of (3.2.6), by closure of their supersymmetry algebra. Up to a global factor that
can be absorbed by rescaling of the vector fields, they are given by

_ - 51 - o
e A == 2072 (G €T + Sde Ty — Xy e ) Vit
_ 21 - o b B
5. Aukl 2/9 (?,/)I JFab -5 %73%6@% 9 Xl[a,YHGJFI}J>V l[ab}kl
- V_l[abc}klm QOabc (66 A,um) . (3222)

The supersymmetry algebra closes on-shell provided that their field strength vanish:

Fur=0=F,". (3.2.23)
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This is the case owing to the choice, 8! = 0 = 6,,,,,. Then, the algebra closes into abelian
gauge transformations

[551 ) 582]Auk’ = auAk: )

[0cy, 02, ] AR = 0, AR (3.2.24)
with gauge parameters
Ay = 5/9 €17 GJF?JVIJI’
AM = _2/9 ATV ™ +2p 0 P eTe, VT gt o™ (3.2.25)

In the following, the global internal bosonic symmetries of the action are analyzed and
the associated Noether currents are given.

Noether current

The global SL(9) off-shell symmetry of the Lagrangian (3.2.19) acts by left multipli-
cation on the matrices V,,% and by matrix multipication on the scalar fields ¢

All other fields are invariant under SL(9). The associated slyg-valued conserved Noether
current can be computed from (3.2.19) and is given by

1
(Ju)kl _ ka,aPﬁb V—lbl _ p1/3 (Vkav_ldl QOdeSDZbC _ 95 wabcwzbc)

1 . . . .
+5—465 gabedefghiyy ayy =1l sbej pdef v ghi L fermions, (3.2.27)
where in analogy to (3.2.9) we have defined the dressed scalar fields ¢ = V[klm]abcgbklm )
As we saw before, a dual scalar Y;!' field can be associated to the slg-valued conserved

Noether current
6,uykl = —€&uv (Jy)kl . (3.2.28)

Fermionic contributions are already included in the current .J,. For later use, we need to
determine the supersymmetry variation of ¥3!. This could have been done from (3.2.28),
but a more straightforward method consist in requiring the closure of the supersymme-
try algebra. As a remarkable feature, the supersymmetry variation of the dual field Y3
depends only on the physical fields

1
5. Y _ Xa[ 3 JV bV lcl ( P1/3 ((pagh(’pefc(sdb _ 5b[a(pgh]c(pdef) F?ifgh _ péa(b F;)J)

6

1 _
+ 2 5 p2/3 XaI JV lglV la bc]g Fl}?] + §p2/3 ¢£’73€J V_lgleGQOng F%)}c

- 1
+w5€J <2pvlalvkb P(;Z + pl/3 V*lglvkd Soabcgoefg FCILZCdef) ) (3229>

54

Then, two supersymmetries closes into diffeomorphisms upon using the duality equation
(3.2.28)
[0cy 0] Vil = —ee, €4 (JV) = €0,V (3.2.30)

From the symmetry point of view, the equation (3.2.28), defining the dual potential implies
a global symmetry acting by a constant shift

oYl = Ayt (3.2.31)
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It can be shown that Y;! is just one element of an infinite tower of dual scalar fields, that
we discussed in the Fg frame. The dual fields can be generated recursively by applying
on-shell duality equations which have schematically the following form,
YN =eep J(Y1,...,YN_1,off-shell fields)’ . (3.2.32)
Thus, the on-shell symmetry algebra will be infinite dimensional and will contain in par-
ticular the infinite number of shift symmetries acting on the dual scalar fields. In addition
to the global SL(9) symmetry, there are other global off-shell symmetries of the action.
They correspond to the 84 translations R® and act on the 84 scalars ¢®*¢ as shifts
Spktm = AR (3.2.33)
The associated conserved Noether current define new scalar fields
0uYkmn = —€€w 3" kmn » (3.2.34)
on which the translations also act as shifts

§Yimn = M - (3.2.35)

Finally, the last off-shell global symmetry is the two-dimensional Weyl rescaling

K
deep = re,™, 5n¢,€ =35 %Iu
K KR
6ux = -3 x4, Sptph = -3 Wi, (3.2.36)

and the scalar fields are left invariant. The corresponding Noether current is given by

jxveyl = J,p + fermions. (3.2.37)

Again, it enables to define a dual scalar field according to
Oup=—eew j” . (3.2.38)

In the next section, the general structure of the symmetries will be described in the view
of the consistent gauging of an SO(9) subgroup.

3.2.3 General symmetry structure
The ¢g symmetry algebra

As discussed in [94], the SL(9) frame is better suited than the Eg one, in order to
consistently gauge a SO(9) subgroup. In this frame, the Lagrangian of two-dimensional
maximal supergravity has been given (3.2.19), and the Noether currents associated to the
different off-shell symmetries have been presented. Nonetheless, we know that the on-
shell symmetries of the two-dimensional theory extend to the infinite dimensional algebra
¢g = ¢g. Thus, it is interesting to identify the different symmetries, manifest off-shell or
on-shell in the SL(9) frame, within the full ¢g algebra. This is done by analyzing the
decomposition of the adjoint representation of eg under slg.
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The 5/[\9 subalgebra

There are several parts in this decomposition. First, the infinite sum
. D801 ® (Ky®80)) @ 8041 @ ... (3.2.39)

corresponds to the centrally extended affine subalgebra 5/[\9 defined by

[Ta’m , Tﬁm] = foé/g7 Tfy,m+n +m 5m+n NaB Ky,
T s Ko] =0, (3.2.40)
(d,Tom]=-—-mTam,
[d, Ko] =0, (3.2.41)

where the T,, ¢ are the generators of sly, the f,37 stand for the structure constants and 7,z
is the Cartan-Killing form. Moreover, Ky is the central element and d is the derivation
of slg. All the generators are realized on the fields as we shall explain. For example 80
corresponds to the global SL(9) off shell symmetry (3.2.26),

Furthermore, 80, is realized as the shift symmetry on the dual field Y;!, see (3.2.31).
More generally, a shift symmetry Y;,, — Y;,, + A, is associated to each dual fields (3.2.32)
and it corresponds to the action of T, ,, (with m > 0) which generates the 80,,. In
addition, 80_1 corresponds to the action of T,, 1 on the physical fields. It is a non-
linear realization which involves the dual fields and are thus non-local. Let us write them
schematically

Aaéa,—lv = F(A7Y7p7 P ¢)V (3243)

It is the first example of an infinite family of on-shell symmetries generated by the T, ,,,
(m < 0) and corresponding to the 80,, , (m < 0) in the eg picture. They are called
“hidden” symmetries and a compact way to encode them requires the use of a linear
system [115, 116, 109]. Consequently, the symmetries may be summed up like this

shift symmetries 8047 : oY1l = A(l)kl,
off-shell SL(9) symmetries 80¢ : 6V,,* = A0y ggkim — _3A0) [k qblm]”,
hidden symmetries 80_;: 0V = F(A,p,Y,p,0) V.

(3.2.44)
Finally the central extension K is realized by the Weyl rescaling (3.2.36) and the deriva-

tion d by an on-shell scaling symmetry that acts on the bosonic fields, and scales the
Lagrangian,

P, §Lo= ALy,

Sp=Xp, 8 Yiim = 5 Yiim , sl =Y. (3.2.45)
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The whole picture: hidden, off-shell and shift symmetries

In the sly picture of ¢(gg), the ;[\9 subalgebra (3.2.41) is completed by an infinite set
of generators transforming in the 84 and 84’ (its dual with respect to slg), to get the
full Lie algebra e(gg). The 84 generators are organized into a grading, under the action
of the derivation of 5/[\9. For example, the fields ¢**™ transform under the off-shell R84
translations, according to (3.2.33). Let us write the generators of this symmetry: Tm,
It belongs to the 84 of SL(9). From (3.2.45), we can deduce the adjoint action of the
derivation d on this generator

1

[d, Tk = -3 rlkml (3.2.46)
Thus, following the notation of (3.2.41), the generators of the off-shell R®* translations
have a weight of (+1/3) with respect to d. Therefore, in the sly grading of eg, we will
identify them as 84,,,3. The same argument can be made for the generators of the
shift symmetries acting on the dual fields Yy, in (3.2.35). According to (3.2.45), the
generators are identified with the 84’ /3- Eventually, by taking successive commutators,
the generators 84,3 generate a positive half of the Kac-Moody algebra ¢(g g). Finally, it
can be shown [94], that in the 5/[\9 grading, the charges with respect to d belong to %Z. In
the light of this analysis, a picture of ¢(g g) can be schematically drawn

e09) — > - D843 @ 84" |3 @ (Ko®800) @ 84,13 D 84,3 © 8041 @ ...
slg

hidden symmetries off-shell symmetries shift symmetries

(3.2.47)

3.3 Vector fields and gauging

The gauging of a SO(9) subgroup is achieved by the embedding tensor formalism.
As explained above, this scheme enables to gauge a subgroup of the global symmetries
in a way compatible with supersymmetry. The first step deals with the vector fields.
Indeed, the embedding tensor realizes the minimal coupling between vector fields and the
generators of an SO(9) subgroup of the global symmetries. Then consistency requirement
emanating from gauge invariance and supersymmetry must be satisfied. In this section we
will first discuss the representation content of the vector fields. Then we will describe the
different components of the embedding tensor, and finally we will show which coupling
allows the gauging of SO(9).

3.3.1 Vector fields and the embedding tensor in two dimensions
Vector fields

The vector fields of two-dimensional maximal supergravity transform in the basic rep-
resentation of (g g, i.e. the unique level 1 representation of this affine algebra [94]. Thus,
under slg, the representation of the vector fields decomposes as follows

Rvectors = 9579 @
3659 @
126_ /9@
(9@ 315')_4/9®
(36’ © 45" ®720)_7/9 @® ... . (3.3.1)
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The subscripts come from the action of the derivation d of sly, see (3.2.45). For example the
vector field A, in the 9 carries a charge of 5/9 which can be read from its corresponding
kinetic term in the two-dimensional Lagrangian (3.2.8)

1

T p11/9—25 M—lkl Fm/kF'LWl- (332)

Because the Lagrangian carries a charge of +1, and the F' F term is multiplied by p!9/9,
each F' should carry a charge of % (1@9 —-1)= 8. Moreover, the vector fields A,"™" in the 36
carry a charge of % because they have the same charge than A, #*™" Tt can be seen in
the ansatz that we have made for the three-form in the toroidal compactification of eleven
dimensional supergravity (3.2.6),

Anrvi = (0,0, 4,7 Ay gFm g (3.3.3)
A,k and dF™" carry respectively the charges 8 and %, so the vector fields A,™" should
carry the charge g — % = %. The other assignments follow by decreasing the charge in

steps of %

The embedding tensor

In general, for maximal supergravities, after imposing the linear constraint the follow-
ing statement holds:

the embedding tensor transforms in the representation dual to the (D-1)-forms.  (})

In two dimensions, this statement is not straightforward because of the infinite dimen-
sional context. This implies an important constraint on © y* since the embedding tensor
transforms in R, X Raqj, whereas the dual representation of the (2 — 1)-forms (the vec-
tor fields) is Ry+. It turns out that in two dimensions, this conjecture motivated by the
higher-dimensional cases, is the expression of the linear constraint [94]. According to this
constraint, the embedding tensor is no longer parametrized by ©(“ but by a tensor © x4
in the Ry» of egg):

Om =1 (ts)m™N O . (3.3.4)

As a hint for (), let us consider the first components of the representation of the vector
fields. The corresponding fields are A, and Au[mn}7 belonging respectively to the 9
and 36’ of SL(9). Then, the equations of motion for the vector fields, once integrated
(3.2.11), show that the lowest components of the embedding tensor, 0% and ékl, transform
respectively in the representations dual to the ones of the vector fields. It was shown in
[94], that a © transforming in R,«, solves the linear constraint. With respect to slg it
splits according to

Re — 9_149®
36_11/9®
126" 4,0 @
(9" ®315)_5,®
(36045 ®T720") 5,9 @ ... . (3.3.5)

To derive the charges of the component of Rg under the derivation d, we use the fact
that when the subscripts of Ryectors and Reg corresponding to the same row are added, the
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result is —1. The minus sign is a matter of convention, so let us focus on the absolute value
of 1. It originates from the fact that the charge of the Lagrangian under the derivation
equals one. As an illustration, consider the vector field A, ;. Its kinetic term (3.2.8)
schematically written M F'F' | scales like the Lagrangian under (3.2.45). However, we saw
that the equation of motion for the vector (once integrated), relates the field strength with
a component of the embedding tensor (3.2.11), M F = ©. Therefore, OF has a charge of
1 under (3.2.45), as expected above.

The couplings between the vector fields and the generators of the internal symmetries
are induced by the different components of the embedding tensor. They have been clas-
si dding

off-shell
SL(9) x Tsa

eeoe 80, 84,3 8413800 84:13 8423801 eee

«——— hidden symm. shift symm. ——

K Ly
959
3 36’2 @
[}
=
5 126.1/9 %
8 9,
> 324 49 7
\‘/)9
J 801.79
y
[ ]
L]
[ ]

Figure 3.2: Minimal couplings induced by different components of the embedding tensor © .

tensor of the general form ©a%, all the cells would have been filled by an independent
component of the embedding tensor. However, when the linear constraint (3.3.4) is sat-
isfied, the different couplings are ensured by an embedding tensor of the form © x4 with
components given by (3.3.5). Consequently, the allowed couplings are very restricted and
the same component of the embedding tensor is involved for the couplings of the diago-
nals. The matching is made by ensuring that the sum of the charge of the vector field
under the derivation (written in the subscripts), the component of the embedding tensor
and the corresponding generator of symmetry, is equal to zero. Thus, in the light of rep-
resentation theory, the picture shows how the minimal couplings must be done in order
to gauge the desired symmetry. For example, the component 36_1;/9 of the embedding
tensor is involved in the gauging of the 80,7 and Lj on-shell symmetries through the
minimal coupling with the vector fields in the 36’, /9- The same component of the embed-
ding tensor is also involved in the gauging of the 84’ /3 on-shell symmetry through the
minimal coupling with the vector fields in the 95 9.

As an example, let us try to gauge the on-shell Ly symmetry, acting on the dual dilaton
p of (3.2.38) as a shift. We learn from Figure 3.2 that the vector fields in the 95/ can
be used to achieve a minimal coupling with Ly, induced by the component 9", , /9 of the
embedding tensor. The vectors fields corresponds to the A, of (3.2.8) and the embedding
tensor in the 9" ,, /9 is parametrized by constants 6*. Thus, covariant derivatives can be
introduced and the shift symmetry on p is knitted with the gauge transformation of the
vector field

6p =g A0~
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D,=0,—gAuk t9kTL1 ,
6Auk = 8uAk . (3.3.6)

The first step in the gauging, namely the covariantization, has been achieved. By construc-
tion, we known that the gauging is consistent with supersymmetry at the linear order, since
the embedding tensor solves the linear constraint. Therefore, the quadratic constraint re-
mains to be solved in order to get a consistent Lj-gauged maximal supergravity in two
dimensions.

Now let us focus on the SO(9) gauging. The component of the embedding ten-
sor that will interest us to construct the SO(9) supergravity is 6 = 0 transform-
ing in the 45_y/9 from the fifth level of the decomposition (3.3.5). It belongs to the
801_y9/9 = (36 © 45 © 720")_5/9 described in the Figure 3.2. Thus it induces several cou-
plings including generators of the 80y which describes the off-shell SL(9) symmetry. More
precisely, we read off that the 45_5/9 component induces a coupling between the vec-
tor fields A,* of (3.3.3) in the 36'5/9 and the SL(9) generators of 80g. Therefore, the
representation theory fixes the coupling

Here the traceless T;' denote the generators of sly. This coupling is interesting because:

e the Xj; generate a cso0, 4, subalgebra of sly where the integers p + ¢+ r = 9 charac-
terize the signature of 6y [41]. Consequently, by choosing 0x; = dy, a s0(9) € sl(9)
is gauged.

e It has been shown in [94] that the embedding tensor in the 45_, /9 automatically
satisfies its quadratic constraint (2.3.10).

e The couplings induced by an embedding tensor in the 45_5/,9 does not involve the
generators of the 84’_1/3, neither the 84 /3 nor the Ko, because no 45_5 /9 appears
respectively in the tensor product of 95,9 ©84’_; /3, 126_; 9®84 /3 and 36’9,y ®1.

As a result, we have at hand a tool that enables to gauge a SO(9) subgroup of the off-shell
symmetries of maximal supergravity in two dimensions, formulated in the “SL(9) frame”,
such that it is consistent and in particular compatible with supersymmetry. If we were
working in the Eg frame, the consistent SO(9) gauging would have involved couplings with
hidden symmetries generators. Thus at the level of the action, a complicated non-local
topological term would have been needed to restore supersymmetry [94]. The fact that
in the SL(9) frame, the SO(9) group (which according to the embedding tensor, can be
gauged in a way consistent with supersymmetry) belongs to the off-shell symmetries of the
theory, is the reason why the SL(9) frame is better suited than the Eg frame to perform
the gauging. Eventually, there remains to concretely construct the gauged theory. This
will be done through the Noether procedure presented in page 33, but it looks like a hard
task, since the bosonic field content now involves the 84 fields ¢*"™ which renders the
structure of the Lagrangian (3.2.19) more complicated than in the “Eg frame” (3.2.1).

To conclude, a group theoretical analysis enables us to identify the right couplings
for gauging SO(9) among the off-shell symmetries of the maximal two-dimensional super-
gravity. Knowing the right embedding tensor, one can introduce minimal coupling via
covariant derivatives

Dy =0, — g A 0TI (3.3.8)

We may recall here that the SO(9)gauge that we will gauge, shall not be confused with
the local SO(9)coset Symmetry coming with the SL(9)/SO(9) coset structure. Indeed,
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in the coset space formulation, the SL(9) group acts globally on the scalar fields V €
SL(9)/SO(9) by left multiplication
Ve = AV, A esl(9). (3.3.9)
We will gauge a SO(9) inside these global symmetries,
Ve = A ' Vi, A(z) € 50(9)gauge - (3.3.10)
On the contrary, the local SO(9)coset acts on the scalar fields V by right multiplication
Ve = Vb K(2),", K(x) € s0(9). (3.3.11)

The latter ensures that the o-model describes the right number of physical degrees of
freedom: d.o.f. = 80 — 36 = 44. The full construction of the SO(9) gauged Lagrangian
and its A/ = 16 supersymmetry invariance will be detailed in the next section.

3.4 SO(9) supergravity: Lagrangian

This section describes the first result of the thesis and maybe the main one. Indeed,
the SO(9) gauged maximal supergravity is constructed in full details.
3.4.1 General ansatz

To begin, the first step deals with the covariantization of the two-dimensional La-
grangian (3.2.19), by turning the derivatives into covariant ones

Qb 4 pled) Qlabl 4 plab) = Lok (@W—AJ”HM Vzb) ,

8M¢klm 5 D ¢klm = au(ﬁk:lm o 3A/Lp[k9pq ¢lm]q ’
szbc (pzbc — Vk:lm[abc] Duqbklm ’

1 1
Dy = Dby = Oty + 3wu™vap ¥y + 7 AT 07

1
wu 'Yaﬁ Xa[ + Qab XbI 4= ch FIJX J‘ (3‘4'1)

D#Xal—> Duxal = 3,0( —1-4

By doing so, the Lagrangian (3.2.19) becomes

1/3 ~p abe ~abe

_ 1 1 1
€ lﬁo ,cov — _ZPR(Q) + prﬂabpﬁb TP Pu

12
1
+@ € 15#V€klmnpqrst ¢klm Du¢npq DV¢T8t
o i i
pe e s Dy — w,fv”wl 0"p = 5 PR Dux™

1
e i Wfbﬂ’“b LRyt rf,pi

2 2
~ { _ ~
4 p2/3 Xa[,y?),_)/u,yuw]rwl}?] @Zbc o 12 p2/3 al quI\bc Zbc
? - ~ 1 ~
+ a p2/3 wé,y?),yuwélr?gc s0le7¢ + — o p2/3 wl (’Y A 3’711’7#) 77[)1{ Fib]c Sozbc
1 ~
5 PRI NG B — o R T e (3.4.2)
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As a result, up to total derivative, the Lagrangian is invariant under the local gauge
symmetry

Vm® = M2)™ O Vi,
5¢klm _ —3A(1’)m[k Orm (blm]n ’ 5Aﬁl = DMA(l’)kl , (343)

with the gauge parameter A(z)F = A(z)F.

Auxiliary fields

However, the construction should not stop here, or else the vector fields would behave
as Lagrange multipliers and would reduce the number of degrees of freedom by generating
an additional on-shell constraint on the physical fields. Indeed, taking the variation of
the Lagrangian with respect to the gauge field yields, up to total derivative, the following
term

5£0 Kelo)d
0= kl
JA,

In passing, the r.h.s is just the covariantized sly Noether current (3.2.27) projected with
Okt

= _g T (3.4.4)

Tkt = —Omp I - (3.4.5)

A solution to the problem of degrees of freedom would be to add a kinetic term for the
vector fields, of the form: Lrp o« FF with

Fu™ =200, A" + 20,4 A PEAM (3.4.6)

The equation of motion for the gauge field would give,

oL

O =D, Fy — Th,. 3.4.7
54, ki — Tk ( )

However, the Yang-Mills kinetic term is not natural for the gauging since when the em-
bedding tensor is put to zero, the ungauged theory (3.2.19) is not recovered. Another
term that we can imagine to cancel the on-sell current has the following form,

1
Lpy = - M Fo ™01 Vi (3.4.8)

where the Y™ € s[(9) are auxiliary scalar fields. Then, the equation of motion for the
vector fields gives,

oL
5AHkl
This is nothing but the covariantization of the sl(9) duality equation (3.2.28) projected
on the gauge subgroup part. If we choose 0y o 0y, it will relate the so0(9) part of the
Noether current with its dual potential. Nevertheless, a scalar potential of order g? that
depends on Y has to be added, so that the variation of the Lagrangian with respect to
the scalar field Y3, does not lead to the cancellation of the gauge field on-shell:

5£0 ,COV
oY,

=0=¢e! g“”@m[k])',/l}/’”m — T . (3.4.9)

=0=c"F, "0, . (3.4.10)

Consequently, both the Aﬂkl and Y};! appear as auxiliary fields in the Lagrangian. It
happens that the parametrization involving Y is more natural to restore supersymmetry
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than a Lagrangian without the V3! fields but with a kinetic term (Fuw FH) for the gauge
fields. These two possible parametrizations will be related to each other and discussed
at the end of this chapter. Eventually, the supersymmetry of the Lagrangian will not
survive the covariantization. In particular because the supersymmetry variation of the
vector fields is not canceled. To provide the most complete candidate for supersymmetry
invariance, we are led to follow the Noether procedure described in Section 2.3.1. Thus,
new Yukawa-type couplings Ly, the so-called fermionic mass terms, are added to the
Lagrangian which now reads

1
L= £0,cov — Z E“Vfuyklglm Ykm + Lyvuk - (3411)

Supersymmetry

Our starting point is the Lagrangian (3.4.22), where the Yukawa couplings need to be
determined. Let us assume that the bosonic supersymmetry transformation rules (3.2.18)
and (3.2.22) remain unchanged. They are summarized below

dee,® = iEIV“i/}fL, dep=—p EIV‘WJL 5V, = Tt \DIVb,
5.k — o 1/3 Vab}:[zgk]lﬂab 3yl 4 = . p1/3V 1[wk]pabc % , (3.4.12)
_ - . b .
b A = p2? (%GJF?Z %7 w — 20X e T )V

+2p7° (lﬁﬁvg’e"F?J S e T — i e )V g e
Then, let us look for the most general ansatz for the Yukawa-type couplings,

} 1 . . S . .
e Lvac = —5 7 pe (D Br + bl Br - 200l Ars) +ip iyl Ars
+ipX“yplCEy — ip XY Pl CEy + pibybd Dy +p15§73¢‘2] Dy
+ X" I EYy 4+ px ) EYy 4 p XX FE + px AP FRS, (3.4.13)

Here the A, B, C, D, E, F tensors depend on the scalar fields p, V, ¢, Y, are proportional
to the deformation parameter 6, and have to be determined. We shall call them the
“Yukawa tensors” or the “fermionic mass tensors” in accordance with the presentation of
page 33. Notice that the spinorial structure implies some symmetry properties and some
constraints on these tensors:

By = D(IJ) =0= B[IJ] = D1y, FfY=FY Ffh = —F3, (3.4.14)

and )

The introduction of such couplings induces modifications proportional to the fermionic
supersymmetry transformations: the so-called fermion shifts.

~ 1 i
Sef, = Dye’ ﬂ p~ /31 <v Yo+ 3 )'y e’ P+ (Au + A1ﬂ3) Yue’
Octpy = —= P 1 (Oup) P + (BIJ + By 73) e’ (3.4.16)

. 1 )
S = 5 F[J ’Y“G‘Ipﬁb _ ép—1/3 <5ad1—wl} . Fabcd) ~F3ted @ch (C?J i C’}lﬂ‘g) e’
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This shifts involve the same undetermined tensors in a very constrained way. As a re-
markable fact, the tensors B and B which couple to the 1/;”1/11, Yukawa terms, are present
in the supersymmetry variation of ¢y instead of ¢,,. This is due to the fact that in two
dimensions, the Rarita-Schwinger term

pe 34 Dt (3417

of (3.4.2) mixes v and ),,.
At the linear order in 6, when we take the supersymmetry variation of the Lagrangian
(3.4.22), we first get terms linear in § coming from Lo cov:

1 1 —m
55£0,cov = _5(55Aukl)jp, kl+ Zg'uyf,uuklelm =k
+ O(0) shifts 4 q.f. (3.4.18)

The supersymmetry violating terms proportional to the field strength come from the fact
that the covariant derivatives containing the gauge field, no longer commute

[D,, D] ¢"™ = —36,, ]:Wp[k‘ e
D, Py] = 9kl Vi V)" Fu™. (3.4.19)
It is canceled by imposing the following variation of the auxiliary field
5 Y3l =5,

1
_ XaI,YSGJ kavflcl (6 P1/3 ((pagh(pefc(gdb o 5b[agpgh]c(pdef> F?;fgh . p(sa(b F?J)

+ gp2/3 sal JV 1glV la bc]g Fbc + = 2 P2/3 1/}1,)/ V_lglea(prg F(ib]C

- 1
+¢§e’< pV VLT + —

= PPV gttt Ty ) : (3.4.20)

This is exactly the variation (3.2.29) that we have found for the ungauged theory. More-
over, the terms coming from the variation of the vector field and coupled to the Noether
current (3.4.5) is to be canceled by the O(6) variation of Lyyx together with the O(6)
contributions introduced in 0:Lgcov by the fermion shifts. The same occurs with the
variation 1
-3 e 5o (Fu™) O Vi (3.4.21)
All this leads to linear constraints on the Yukawa tensors. Then supersymmetry is restored
at the linear level in 0, if and only if there is a solution to these Yukawa linear constraints.
As was expected, there appear new supersymmetry contributions of quadratic order
in 6. More precisely, they come from the fermion shifts in the supersymmetry variation of
Lyuk. As we will see, part of them are canceled by the variation of a scalar potential Ly,
quadratic in #, but the majority give rise to quadratic constraints. Here, these constraints
are pure consistency checks and will be detailed below. Thus, the full Lagrangian may
now be written

1
Ltan = Locov — 1 " Fru 0 Vi™ + Lyvux + Lopot - (3.4.22)

According to the previous analysis, at this point, the supersymmetry only rely on the
resolution of linear and quadratic identities among the Yukawa tensors. They will be
detailed in the following.
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3.4.2 Yukawa tensors
Linear constraints
A close examination of supersymmetry at linear order in 6 reveals that all the contri-

butions are proportional to first derivative terms of this kind: 9,p, @Zbc, Pﬁb and Dqul.
The 8 linearly independent terms that we can form with 9,0 are collected here

@Z_Jli T, 1]),5736‘]8‘% , zzliv"”e‘]&,p , @ﬁv““v?’e‘]&,p , (3.4.23)
-1 -1 _ _
O, b, X O, X Oup.

From this sequence, the other linearly independent terms that we can form with @ff’c, Pﬁb
and DHYkl can be deduced easily. Associated to these terms are linear combinations of
the Yukawa tensors. By requiring the linearly independent fermionic terms to vanish, all
the sets of linear equations on the Yukawa tensors are generated. For example, the term
proportional to @Z;ﬁ'y“”ej Jdyp comes, on one side, from the fermion shift part

B[J’)/P)EJ S 5€wé, (3.4.24)

in the term

—pe e P DL € Lo oy (3.4.25)
see (3.4.2). From the other side, it comes from the first order derivative part
Due! € sl and - %p_l (Bup) Voytel € Sp) (3.4.26)

in the term

1y - S -
—3€ Lo et iyt Bry 4 ipdsy il Ay € Ly, (3.4.27)

see (3.4.13). Thus, the contribution reads

_ - OB
Sc(Locov + L) 3 (79" 0up) (A1g = Bry = p%5 1) 20, (3:428)
and we obtain one linear equation on the Yukawa tensors
- 0B
Ary—Bry—p a;J:o. (3.4.29)

The full set of linear equations on the Yukawa tensors is summarized in Appendix B.1.
To find an explicit solution, the tensors are decomposed into their SO(9)coset irreducible
parts. After some lengthy calculation, it turns out that the set of linear equations provides
a unique solution for the Yukawa tensors, in terms of the scalar fields p, V¢, ¢*™ and
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the auxiliary fields Y;,'. The final result is?

7 5
Apg = § Sgb—= ba Fabcd babcd
~ 2
A= _2 F bab Fabc babc
1J 9 9
B = _1—\?3 bab_l—\?jb]c babc7

B]J =617b+ F?J ba_Fabcd babcd

C?J —_ S(SIJ b — %F bb 9 I—\bcd babcd+;l I—\abcde bbcde + cab FIJ7
14 2 2 1
I;J bab_, F(Izbjc bbc_, Fl}?] babc—i-* Fc]zgcd bbcd + ca,bc FI}C 7
9 9 3 9
70 8
DIJ _ - 5IJ h— — a ba Fabcd babcd
81 81

20
Dy =—-—= r b pab
=73 81

26 b ab be pabe 1 abe b
jf ba—{—gfcbac—gca’cff],

~ )
E}zJ — 6IJ b — 9 Fbcd babcd 9 ab FIJ ,

Fb = _E 58 b +35 L gab I5 045 L sobpp cef pedel _ 12144 pabed _ 9 b g5

Ffy=—5 L gabred bcd+5 50T dee+2 01y b +2TG ;6% — 2790 TG, (3.4.30)

C[J*‘f’

Fabc babc

a
Ef;=-—

and the SO(9) irreducible tensors are given by

1
b=-p 20T
4p )

1 g

| 714/9Tcd abcybd - —14/9 bcdefghijkl kef lgh, aij bcd
p Y7~ 5gg P € N 22
1

bab:_, 711/9Td[a bld , -
2" Y

_ }p—5/9 ela beld

4 J

711/9€abcdefghiTjk jed, kef ghz

P e e

babc

babcd —8/9 Tef elab cd]f

1
8
Cab _ 1 —2/9 (Tab _ *5abT>
2 9 ’
c 2P

-5/9 (Tdaspbcd _ Td[bspc}ad> 7 (3.4.31)
where we have defined

Teb = -1 g, T = 7%,

Qe = V[klm}abcd)klm 7 yab = p-lakybyl (3.4.32)

As a non-trivial fact, there are more linear equations in (B.1.1)—(B.1.4), than unknowns.
However there is a non-zero solution.

2For “simplicity” of the expressions we have chosen to give the tensors E¢; and F{? (and their tilded
analogues) in a form which is not yet explicitly projected onto the gamma-traceless part in the correspond-
ing indices, e.g. I'Y;E5x # 0, etc. Nevertheless, in the Lagrangian (3.4.13) all these tensors appear only
under projection with the (gamma-traceless) fermions x®', i.e. eventually only their gamma-traceless parts
contribute to the couplings.
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Quadratic constraints

The variation of Ly at order §2 and proportional to Q,E[ﬂ”e‘] cannot vanish identically.
This motivates the introduction of the new term: L. Indeed, the trace part QIZ;‘{L’)/MGI can
be canceled by the variation of the determinant of the metric (d.e = —ie %Iﬂ“e] ) times a
scalar potential quadratic in the Yukawa tensors, and of the following form

1 _ . o
Loor = —€Vpot = —1¢ 0 (2AUBU —2A1,B1y + C3,C85 + C;‘JC?J) . (3.4.33)

Thus, the scalar potential is entirely determined by supersymmetry. The other quadratic
constraints come from the terms proportional to the traceless part of w{ﬂ“e‘] , and the 5
remaining, linearly independent bilinear terms in fermions

G el, i, dgtel, x e, xR (3.4.34)

Each of them is associated to a quadratic combination of Yukawa tensors that must van-
ish identically. This leads to 6 sets of quadratic equations that we have collected in Ap-
pendix B.2. They are consistency checks on the solution (3.4.30)-(3.4.31). For example,
let us examine the terms proportional to 1/;/6 v#~3 €/, The fermion shifts in the variation
of

1 : : _ . . -
— 3¢ 'pet (%{%{BU + 1y Bry — 2Z¢£’YV¢/{AIJ> +ipsy vl ALy

+ipxX U —ipxX VUL € Lyu (3.4.35)
(3.4.36)

yields the quadratic term

!

— ’Lp(’lzﬁ 7“73 GJ) (2AK(IBJ)K + 2AK(IBJ)K + C?{IC’?(J + C?{Jé?{[) =0. (3437)
This implies the quadratic relation
QAK(IBJ)K + 2AK(IBJ)K + C}I(Ié?(J + C?(Jé?{[ == 0 . (3438)

Eventually, this equation is identically satisfied by the solution (3.4.30) — (3.4.31). Indeed,
employing the linear constraints (B.1.1), this relation reduces to

(4 4 2p0p) (BK(IBJ)K) = Cf;Cly+ Che;Clr (3.4.39)
where in terms of SO(9), the L.h.s. and r.h.s. of this equation become respectively
(4 + 200p) (Br(rByyx) = T, <830 e yeft _ % babab> N gF?ng (st — goueso)
_ 4730 P%efg pabepcefg ’
o, 0% +C%,0%, =TY, <8?? ped pdefb _ % babab) n %r;ﬁf}f g (8 pevpbers babefg)
4 rebefs < g pabepeela _ g cc,abbcefg> '

Thus, the quadratic equation reduces to

Cf,[abbcde]f -9 bf[abdee}f , (3.4.40)
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which is satisfied by the explicit form (3.4.31). Further computations show that all the
quadratic equations collected in Appendix B.2 are identically satisfied!® This non-trivial
fact shows that the 6,, gauging is consistent with supersymmetry. As a remarkable fact,
the scalar potential of (3.4.33) now takes a simple quadratic form in terms of the SO(9)coset
irreducible tensors

14
Vpot — p(2 bebe 44 babbab+48 babcdbabcd+cabcab+2 Ca,bc Ca,bc _ E bb—4 babcbabc) . (3441)
It is an eighth order polynomial in the scalars ¢*'™ and when expanded to quadratic order
it is given by
1
4
+p 10 (M‘lkmM‘”n +2p7% 3¢’“PMpq¢qm") YiYin +0(¢%) . (3.4.42)

1
Vpot = gp5/9 (ztr[Mflel] _ (tI‘[Mfl])2> + Pil/ngpanMilkl ¢mnk¢pql

The first term corresponds to the standard potential of a sphere reduction [43], but with
a dilaton pre-factor which comes from the warped geometry of the reduction. This al-
lows for a domain wall background that will be derived. To conclude, we have shown
that the Lagrangian (3.4.22) with the Yukawa tensors given in (3.4.30) and (3.4.31) is
maximally supersymmetric (up to higher fermion terms and total derivatives), under the
transformations (3.4.12), (3.4.16) and (3.4.20). This complements the group theoretical
analysis of [94]. Notice however that j; never needed to be made explicit in the previous
computations. Thus, in principle, 0y; allows for any CSO(p, ¢, r) consistent gauging, de-
pending on its signature. As we are interested in a SO(9) gauged maximal supergravity,
the embedding tensor will be set to 8 = g dg; in the following.

3.4.3 Supersymmetry algebra

To end the discussion of the SO(9) gauged maximal supergravity, let us present the
closure of the supersymmetry algebra. The analysis is more easily done on the bosonic
fields where the commutator of two supersymmetry transformations closes on: general
coordinate transformation, local Lorentz transformation, local SO(9)coset and SO(9)gauge
transformations

ey, 0cy) = €9 0, + oLoremts 4 §50ecoser y 5H8OO)sauee (3.4.43)
The parameters are given by
g =iene,
W = g, — 2% <€£736‘1]A1J - €£€{A1J> ;
A = —gt A, — gy (el Te 4 26k T o) |
Q% = —¢r Qb 4 g AR 5, VTl (3.4.44)

In the following we will compute for every bosonic field, and up to quartic order fermionic
terms, the commutator of two supersymmetry transformations, and we will show the
closure on the bosonic transformations mentioned above. Sometimes the cancellation
of linear combinations of Yukawa tensors are needed. These linear constraints precisely
belong to the set of linear equations that were determined by maximal supersymmetry of
the Lagrangian and are collected in Appendix B.1.

3Part of these calculations have been facilitated by use of the computer algebra system Cadabra [117]
[118].
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SuSy algebra on the bosonic fields
Let us begin with the dilaton :
0e1s 0] p = E40up — 20 €7 el By — 2p€e] Byyy  + af (3.4.45)
= §“8Hp + qf., (3.4.46)

pr0v1ded that B([J) =0= [IJ]

The vielbein Concerning the vielbein,
6y, 8ea) €4 = Dy — K _1/31“?}’3) (2 é’Ya73€JSOZbC _ eguyeﬂaeJ@uabc) 2556‘1114[1]] e,
— 2el73¢] A(IJ)EO‘B eﬂﬁ + 2€£73€1JA(1J) e, + 2€£E{A[1J]Eaﬁ eﬂﬁ + q.f.
=& 0pey, + ey 0uE” + W 56 + qf., (3.4.47)
because: F?}’f,) = 0 as a SO(9) gamma matrix, and Ay =0 = fl(u) according to Ap-
pendix B.1.
Let us focus now on the scalar fields V%,
[Oers 0ey] Vi = €4 PV + A Y, 0 4 g f. (3.4.48)
where according to (3.4.1),
¢n Pﬁb Vb = €h PZ@ Vb
— (- Qza LVl e gyt bkAszékala) Vb
= Vmb ( _ quZa) + 5”3uVma +g ( _ guA“lp 5pm)vla ) (3.4.49)
We have introduced A(®) which can be further simpliﬁed according to Appendix B.1

ab) — J (a b) (a b)

— 2,0_5/9 €£7361JF Td(a b)ed + p—2/9 €J FC(aTb) (3450)
We then find that up to quartic order in the fermions, two supersymmetry transforma-

tions close on a diffeomorphism, a local SO(9)coset and a SO(9)gauge transformation with
parameters given in (3.4.44)

Ot Oe] Vi = €1 0,V + Vi? Q¥ + g AL, VO (3.4.51)
Vector fields Let us mention also the closure of the supersymmetry algebra on the
vector fields. When computing the commutator of two supersymmetry transformations,

one gets the expected gauge transformation plus additional contributions from fermion
shifts

[ Aukl = DuAkl + QiP_Q/g V_lkl[ab} (%%ﬁi] Z(Ilg - gé’YS’Yufi] Z?S) : (3.4.52)
Upon using (B.1.1), the tensors Z}‘f} and Z?f} become
Z}lg = 20}?(1 bJ)K (AK(I - %BK(I> F%K - 2P71/3‘Pabc [O(CIJ) + (AK(I + gBK(I)FS)K]
[20%(1 ? (g + Pap) Bi(r F%K} —2p™ 1 /3pebe [ 2y — (% + pa,,) BK(IFCJ)K:|

=0, (3.4.53)
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and

?)K N <AK(I + gBK(I)F%K — 207 Pt {CEIJ) - (AK(I - gBKU)Ff})K}

= {2é£?([er])K - (g + pap) BK(IF?IZ;K} — 2p~ /3 prbe {C(CIJ) - (g + pa,,) BK(IFCJ)K}
=4615p 2 (bab —p /3 gpabcbc> . (3.4.54)

Z{Ilf} = 20;?(11—‘

As a result, the commutator on the vector fields (3.4.52) closes into the standard form
[Ocrs 0cy) AWt = DA™ + € F M (3.4.55)
provided their field strengths satisfy the relation
Vklab fw,kl =8ecuw ,0_2/9 (bab — p_1/3 go“bcbc) + fermions . (3.4.56)

This is precisely the equations of motion obtained by varying the Lagrangian (3.4.22) with
respect to the auxiliary field Y},!. Thus, the algebra closes on-shell.

Scalar fields ¢/* After a lengthy computation involving the SO(9) gamma matrix
algebra and the equations (B.1.2), the supersymmetry algebra acting on the 84 scalar
fields ¢"* reduces to

) A
[5617 562] ¢ 7k = E“ DN¢ ik + P1/3V 1[abc}kl [ - €£€{(3C£([IFZ]]K + gBK[IFJl});()

_ a be 1 5 abe
+ eév?’e{(BCE((IFJ)]K + g BK([FJE))K)]

— €1 9,¢F 4 3g Alligikl (3.4.57)

Finally, let us study the auxiliary fields.

Scalars Y;; These scalar fields are defined by the projected subset of the auxiliary fields
Yk = 0y Yiy?. Closure of the supersymmetry algebra on these fields requires the first-order
field equation

9D Yy = —e€u T k- (3.4.58)

obtained from the Lagrangian (3.4.22) by varying with respect to the vector fields. The
commutator of two supersymmetry variations on Y gives

[0y + 0es] Vi = €"0uYi + 29 A" Y - (3.4.59)

This yields another check for the supersymmetry transformations of these fields proposed
in (3.4.20).
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The entire picture

The supersymmetry algebra acting on the bosonic fields is summarized below. Up to
quartic order in fermions the relations are

[661 ) 662} p= Suaup7
[0er; 0e,) €™ = €7 3u€ﬁ + ey Ol +wp 65 )
[561 ) 562] Vma = 5” auvma + Vmb Qba +g Alm Vla )
[561 ) 562] A,Lbkl = DuAkl + fu ]:l/,ukl 9
[0e1, 0] Yir = §H0uYht + 29 A" Vi
S,y 0ey] 919F = €1 0,097F 4 3g AlligTHIL 3.4.60
17 % 1t

This puts an end to the construction of the SO(9) gauged maximal supergravity in two
dimensions. Let us summarize the main features: Vector fields have been introduced in
the Lagrangian to impose the SO(9) local symmetry. The degrees of freedom have been
balanced by the addition of a FY term which couples the field strengths to auxiliary
fields. Then, supersymmetry has been restored, following the Noether procedure. Thus,
new Yukawa couplings Lyyk appeared in the Lagrangian, together with a scalar potential
Lpot- Finally, the supersymmetry algebra has been checked to complete the picture of
the theory. Now, the following section will be devoted to applications. First of all, the
equations of motion will be computed and their consistency checked. This will open
the path to the study of particular solutions such as a half-supersymmetric domain wall
solution, and it will lead to the distinction of different on-shell equivalent formulations of
the theory.

3.5 SO(9) supergravity: properties

Having at hand the two-dimensional SO(9) gauged maximal supergravity, let us present
some properties and applications.
3.5.1 The bosonic field equations

In this section, the bosonic field equations will be discussed and their structure com-
mented.
Gravity sector

We give here the equations of motion for the dilaton and the trace and traceless parts
of Einstein’ equations.

1 1 1 Voot
R="- pwabpab |~ —2/3 ~pabe zabe po
gR= g PP g e g

Vzp = 4Vpot )

1 1
0=V,0,p+ pP,‘ij‘V’“b + 3 p1/3¢zbc¢ﬁb° ~ 5 9w (trace) . (3.5.1)

The last equation corresponds to a constraint imposed by the two unimodular degrees of
freedom of the two-dimensional metric that can be viewed as Lagrange multipliers.
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Scalar sector

The equation of motion for the scalar fields V,,® is written covariantly so that P/‘jb
appears directly. It is obtained by varying the Lagrangian with respect to a covariant
scalar variation

OsVm® =Vt X%, (3.5.2)
where % is symmetric and traceless:

WVipot
gxab ’

( Pab) (V ab 15akal) M My DPGF™PD, 5177 — 9 (3.5.3)

where My, = V,%V,%. Besides, the equation on the ¢¥™ fields is given by

1 _
D,uD'u (Nklm,pqr ¢pqr) = % € lfuyfklmnpqrst (Du(bnpq Duqsmt - fuy uT ¢npq¢stu)

anot
a(bklm ’

(3.5.4)
with Nklm,pqr = P1/3 V(klm)abcv(qu)abc

Vector and auxiliary fields

Eventually, the vector fields and auxiliary fields satisfy the first-order equations

Vi Fu = 8ee,, p2/0 (bab —p 13 (pabcb0> , (3.5.5)

P W™ <Pgb 93 (pbcdgoacd> — e, (DVYW] B 5%1 gabedefghi ), ai sbej el G ghi) ,
with the scalar tensor Wy = 5m[kV”“V*1bm. Let us discuss the consistency of these
first-order equations: as we are in two dimensions, the Bianchi identity associated with
the first equation is trivial. However, the second equation leads to a non-trivial second
order equation when contracted with a covariant derivative D,. In particular, it involves
the scalar equations of motion. Using (3.5.4) and the first duality equation (3.5.5), we
find

a 8V ot BV ot, mn _ v m 5V ot m
—2Wi Gy — 6 FgmlE A = € T Y = —4 5l Yy (3.5.6)
Le. oV, oV, ,
ab pot pot mn pot m _
Whi oY ab +3 ¢mn[k gbl o 5Ym[k Yh =0. (357)

This is nothing but the gauge invariance of the potential, satisfied by construction. Thus,
the set of first order and second order bosonic field equations are consistent.

3.5.2 Domain wall solution

The scalar potential exhibits a part (3.4.42) that corresponds to the S® sphere re-
duction of the pure gravity sector, in type IIA supergravity. Nevertheless, the dilaton
factor suggests that the ten dimensions ground state corresponds to an AdSs x S® ge-
ometry coupled to a dilaton. This implies that the two-dimensional theory supports a
half-supersymmetric domain wall solution instead of a pure AdS geometry [75, 119, 120].
In order to find such a solution, we study the Killing spinor equations of the theory ob-
tained by imposing the fermionic supersymmetry transformations (3.4.16) to vanish. As
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we are looking for a ground state, the Killing spinor equations will be evaluated at the
origin of the scalar target space:

V=06, #MMm=0=Y. (3.5.8)

m

In this truncation, the fermionic supersymmetry transformations reduce to

| T
0= 64/;& = Duel + ng 2/9%6[,
)

! ) 9
0=0c)3 = —5p " (o) V" + L gp~? 7

026X =0. (3.5.9)
Given the domain wall ansatz for the metric
ds? = A g — dr? (3.5.10)

and assuming a Killing spinor of the form e/ = f(r) €}, the equations (5.3.10) are solved
by

7
fo)=for™ A = Aot g I, p(r) = ()2 (3.5.11)
Moreover, the constant spinor ¢y must satisfy the projection condition
Yl = —iel. (3.5.12)

This implies that the solution is half-supersymmetric and it is straightforward to verify
that (3.5.11) is a solution of the equations of motion (3.5.1). Setting the constant Ag = 0,
the metric and associated Ricci scalar are

ds® = r7dt* — dr?,
35 1
= — —. 3.5.13
2 r2 ( )
This is a two-dimensional domain wall solution corresponding to the DO-brane near-horizon

geometry [75, 119].

3.5.3 Auxiliary fields

Considering the Lagrangian (3.4.22), one may consider the possibility to rewrite it
using the equations of motion of the auxiliary fields. In particular, integrating out the
Y;.! fields will lead to a kinetic term for the vector fields. This reminds us the expression
of the ungauged Lagrangian obtained by dimensional reduction of the eleven-dimensional
maximal supergravity on a 7 torus. More explicitly, let us start with the duality equation
(3.5.5),

}—Wk:l = dgee, p—13/9 (M—lkpM—llq n 2p—2/3 ¢klman¢npq Yoo

ge _ _ _ _
+ TS € P 13/9 (M lkpM 1lq +p 2/3 ¢klman¢npq> Epqratuvay ¢zrs¢ztu¢vxy

+ fermions . (3.5.14)

Invert it in order to express the Y in terms of the field strength

Y = —% e PO oL M F L (3.5.15)
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where the inversion matrix is given by
OFbPa = MR = 4 9 =23 gRlmpg P (3.5.16)

When (3.5.15) is injected into the Lagrangian (3.4.22), a two-dimensional Yang-Mills term
of the form
Ly o ept® F RO Frrmn (3.5.17)

kl,mn

is generated. This expression should be obtained by dimensional reduction of type IIA on
a 9% sphere. As the field strengths are defined by

Fu™ =200, A" + 296, A, PEAM (3.5.18)

the limit ¢ — 0 can be considered and leads to the ungauged theory (3.2.8) involving
Maxwell vector fields. Indeed, this result can be seen up to quadratic order in the ¢*™
fields when the operator O~! is approximately given by

-1
Okl,pq

~ MipMig — 2 p~ 23 ¢ My Mg My My M g 8% + . .. (3.5.19)

Then, taking the kinetic terms for the vector fields from the Lagrangian (3.2.8),

_ 1 _
e l»C]-']-' _ _TGPIQ/QM 1kl ]:;wk]:lwl

1
— S (M 6 F ) Mg Mg (FF 4 G709 FR) - (35.20)

and inserting equation (3.2.11) with % = 0 leads to

Lrr= —ée Pt Fu M Ol FH 4+ O(8°) (3.5.21)
Actually the formulation of the theory which involves Yang-Mills kinetic terms for the vec-
tor fields, will be of primary interest to study consistent embeddings in higher dimensions.
Indeed, the Kaluza-Klein reduction gives rise to FF terms in the Lagrangian, as we saw
in (3.2.8). This will be the starting point of the construction of consistent truncations of
type IIA supergravity that will be discussed in the next chapter.

3.6 Summary

The construction of the SO(9) gauged maximal supergravity in two dimensions was
the central point of this chapter. After recalling the main features of the ungauged theory,
the vector field content transforming in the basic representation of ¢(g gy was examined. A
new difficulty but also a richness arose with the infinite dimensional structure of symme-
tries. Then, all consistent gaugings were classified by an embedding tensor which allowed
to find the minimal coupling for gauging SO(9). Explicit computations established the
supersymmetry of the theory and showed for example the generation of a scalar potential,
accounting for the gauging which was performed for the entire class of SO(p,9 — p) and
CSO(p,q,9 — p — q) groups. Let us stress that it constitutes a first non-trivial gauging
of maximal supergravity in two dimensions. A closer study of the potential shows the
existence of a domain wall background. This was confirmed by solving the Killing spinor
equations. Then, one may wonder what is the higher dimensional origin of this solution.
The next chapter answers this question and provides an explicit embedding in ten and
eleven dimensions. Besides, equipped with the domain wall ground state of (3.5.11), one
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can study fluctuations propagating around it. According to the DW/QFT correspondence,
informations about matrix models, such as the BFSS model, can be extracted from the
study of the gravity side excitations. Thus, the holography of domain wall solutions al-
lows for a test of the DW/QFT correspondence and may shed a new light on the quantum
matrix models. A detailed discussion of this subject will be at the core of the last chapter.



Chapter 4

Consistent truncations of
supergravity

4.1 Introduction

The properties of the D3-brane solution of type IIB superstring theory is at the core
of the AdS/CFT correspondence [4]. As discussed earlier, this correspondence actually
extends to all the Dp-branes of ITA and IIB superstrings, whose near horizon geometry
yields an AdS,2 x S®7P spacetime, with a non-vanishing dilaton for p # 3. The low-
energy excitations on the gravity side are expected to be described by effective theories
resulting from Kaluza-Klein reduction on the sphere. When restricted to the massless
sector, they correspond to maximal SO(9 — p) gauged supergravity in (p + 2) dimensions.
These gauged supergravities admit an AdS vacuum solution for p = 3 and domain-walls in
the other cases. From this statement comes the generalization of AdS/CFT to the Domain-
Wall/QFT correspondence. Accordingly, gravity side excitations are dual to operators on
the gauge theory side, and as a remarkable fact, the computation of correlation functions
of operators in the dual theory is facilitated when the lower-dimensional supergravity
arises as a “consistent truncation”. Indeed, then the massless modes of the effective lower-
dimensional supergravity are dual to a subset of operators in the gauge theory side which
is closed under operator product expansion (OPE). Thus, holography computations can
be applied to the lower-dimensional SO(9 — p) gauged supergravity, without taking into
account contributions originating from massive Kaluza-Klein modes.

Here, by a consistent truncation we mean that in the full non-linear lower-dimensional
theory, non-vanishing solutions for the massless modes can be found, when all the massive
Kaluza-Klein modes are put to zero. Then, a non-linear Kaluza-Klein ansatz can be
constructed to uplift the massless sector of the lower-dimensional theory into the higher-
dimensional one. For instance, the Kaluza-Klein reduction on the n-tori 7", are always
consistent, since the massless fields are singlet under the U(1)" isometry group of the
lower-dimensional theory, whereas the massive fields are not. Thus, massless fields cannot
appear as sources in the equations of motion of the massive fields, and the latter can
be consistently put to zero. Any attempts to generalize the result to spheres, proves very
difficult for an arbitrary field theory, and affordable only for some supergravities [121] [43].
In this sense, maybe the most impressive result is the demonstration that the reduction
of eleven-dimensional supergravity on S7, once restricted to its massless sector, leads to
N =8, D =4 maximal supergravity with gauge group SO(8) and is consistent [42]. In
general, the reduction is shown to be consistent, only for some truncations of the massless
bosonic sector of the lower-dimensional supergravity. For example, the reduction of type

69
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IIB supergravity on S° gives rise to the N' =8, D = 5 supergravity with gauge group
SO(6). However, the consistency of the reduction has been proved only for the truncation
to the U(1)? Cartan subgroup of SO(6), where the bosonic sector of the theory contains:
three Maxwell vector fields, the metric and scalar singlets under U (1) [122].

Motivated by the DW/QFT correspondence, we aim to show the consistency of a trun-
cation of the SO(9) gauged maximal supergravity in two dimensions. Indeed, it accounts
for the low energy dynamics of type IIA supergravity excitations around an AdSs x S®
background (coupled to a dilaton) which stands for the gravity side of the conjecture, in
the DO-brane case. To this end, we will first truncate the bosonic sector of the SO(9) su-
pergravity to singlets under the U(1)* Cartan subgroup. Then, particular solutions of the
truncated theory will be derived. This will help us to establish the non-linear Kaluza-Klein
ansatz for embedding the bosonic truncated sector into type ITA supergravity. Hence, all
the ten-dimensional bosonic equations of motion (including Einstein’ equations) will be
solved explicitly, showing that the U(1)* truncation is consistent. Finally, applications
will be presented such as the uplift to ten and eleven dimensions of particular solutions of
the U(1)* theory.

4.2 U(1)* truncation of SO(9) supergravity

4.2.1 Bosonic sector of SO(9) supergravity

Let us start with the bosonic part of Lagrangian (3.4.22). It describes a dilaton-gravity
coupled non-linear sigma model with 128-dimensional target space (SL(9) x R®*) /SO(9)
and Wess-Zumino term

1 1 1
L= 4P R+ 1P Pﬁﬁpu Pt 12 €p1/3 1l Vnpg [ Du¢klmDu¢npq

1 v m n TS 9
+ @FJ“ Eklmnpqrst ¢kl D;ﬂf’ quV¢ t— Zé“ fllle/ Ykl —€ Vpot(va ¢7 Y) . (421)

Here only 36 auxiliary fields Y* = YI* are present, and remember that the 36 vector
fields enter the covariant derivatives defined by

TP VR (9,08 4 g A7) = Qe+ P,
DM = 9,¢M™ — 3 g APIEGIMIP . (4.2.2)

The scalar potential is given up to quadratic order in the ¢*™ by

2
Vot = % o/ (2 tr[MM] — (trM)2) + g2 BOMP MV Yo + O(¢%),  (4.2.3)

where the matrix M is defined by M = (VVT)~!. This Lagrangian is left invariant, up to
total derivative, by the following local SO(9) gauge transformation

VA € 50(9) ’ SAVin = Akl(slm Vi® , 5A¢klm — 3Ap[k¢lm]p ,
SAAM = D AR SAY R = opmlkytim (4.2.4)

4.2.2 Selecting the Cartan subgroup

A Cartan subgroup of SO(9) is given by the maximal torus (50(2))4 (or equivalently
named U(1)%). Tt is the group of simultaneous rotations in four pairwise orhtogonal planes
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of RY, the ninth direction being fixed. Let us present a basis of generators of the associated
. 4
Lie algebra (s0(2))" C s0(9):

TR =oslsl) mM = ol Tk = astks) Tkt = skl (4.2.5)
Then any gauge transformation will be parametrized by four real parameters
AM = AcTH A e R (4.2.6)
Thus, the gauge fields become Maxwell fields
AN = AT GpAS = 0,0 (4.2.7)

Following the work of [122] we will restrict to a subsector of the scalar fields where none
of them are charged under U(1)%.
Explicitly, the auxiliary scalars transforming in the adjoint of SO(9) will reduce to

Yklzgy“Takl, a=1,....4 (4.2.8)

where the factor § has been chosen for later computational convenience. Thus, U (1)4
being abelian, the Y* are invariant under an U(1)* transformation

S YH =0. (4.2.9)

Now let us focus on the coset-space scalar fields. The local SO(9)coset Symmetry is fixed
so that the scalar matrix V is represented by

V = exp (vah") |

h' = diag(1,1,0,0,0,0,0,0,—2),  h%=diag(0,0,1,1,0,0,0,0,—2),
K3 = diag (0,0,0,0,1,1,0,0,—2),  h*=diag(0,0,0,0,0,0,1,1,-2) .  (4.2.10)

It is parametrized by four scalar fields v,. Owing to the fixation of the coset space
symmetry, the scalars transform trivially under U(1)4

AV =I[AV]=0. (4.2.11)
Finally, from the 84 scalars ¢*'™, only four are chosen to survive
¢1 = ¢129 ¢2 ¢349 ¢3 = ¢569 ¢)4 = ¢789 (4212)

where all other components vanish. These four fields correspond to the axions of dimen-
sional reduction. According to (4.2.4) they also transform trivially under U (1)*

Sa oMM =0. (4.2.13)
Consequently, the bosonic sector of the theory reduces to
e the two-dimensional metric g,
e five dilatons {p, v, } and four axions ¢?,
e four auxiliary fields y* and four Maxwell vector fields Ay, .

The additional dilaton p indicates the fact that the theory supports a domain wall solution.
We are now prepared to formulate the Lagrangian of the truncated theory.



72 CHAPTER 4. CONSISTENT TRUNCATIONS OF SUPERGRAVITY

4.2.3 Truncated Lagrangians

Plugging the U(1)* truncation ansatz into the SO(9) bosonic Lagrangian (4.2.1) yields
the simpler Lagrangian

_ 1 1/3 1 a a
/J——Ze,oR—i- epzauaaua iep/X ;X (0u0®) (0" ¢%)

_P
8

where we have defined

g Fy, y* — e Vot (4.2.14)

Xo=e e =e24am X = (X1 X5X3X,)7 2, (4.2.15)

with the matrix

1/6 —1/v/2 —1/v/6 —1/(2V/3)
1/6 0 0 V3/2

1/6 0 2/3  —1/(2v3) |’
/6 1/v2 —1/v/6 —1/(2V3)
and the abelian field strengths Fjj, = 2 8[#143] . The potential can be evaluated from its

expression (3.4.41). Indeed, the SO(9) irreducible tensors (3.4.31) simplify, and after some
computation one finds

A= (4.2.16)

Voor = 9207 [ (%07 - 83 XuX — 4%y ZXQ) g DX (Ko —4X,) ()

20703 3 XX (A +;p PIE? (py +8 H¢”)

a<b b#a
@) 1
a<b b#a
+z p*8/3X (Z PyYe® + 8 H (;5“) } (4.2.17)
This is an eighth order polynomial expression in the ¢*. Under the field redefinition
1
X, = H, Xy, ¢a;§p1/3naXaX3/2, a=1...4, (4.2.18)

it takes the simpler form

Voot = §p5/9H 4/9 {1_8;171{ oHy — 421{ +Z (1—4H,) nﬁ%‘)nam

2
+ 302 Hama + m0)? + (m0+ Dy Hata) | - (4.2.19)
a a
Here Hy = H1H2H3zHy and 1o = mim2n3na -

Integrating out the auxiliary fields

Another interesting formulation of the truncated theory is obtained when the auxiliary
fields have been integrated out. The equations of motion for the auxiliary scalars y* lead

to
Zo ab( e B, 480y [ ), (4.2.20)
c#b
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with the matrix Oy = X0 Xp (dap + Namp) = XaXp mep. It follows exactly from the
truncation of (3.5.5). Thus, by replacing y* in the Lagrangian (4.2.14), a two-dimensional
Maxwell term is generated together with a linear coupling in the field strengths.

_ 1 1 1 1/3 172/3 —2 a a
L=~ epR+gep Z (Dutta) (9"ua) + ep'* Hy ZH (00%) (99")

€ 13/9 r74/9 —1gy-1,.-1 b
S
a,
+ gpno N et B Hy (L4 nd) m e — Vo s (4.2.21)

a,b

where the modified scalar potential is given by

5 9 579 17-4/9 915
Voot = L p°/°H, (1—8ZHaHb—4ZHa+

2
: a<b a 1+ Za "la
+3 Q-4 )2+ Y 172772) . (4.2.22)
a a<b

In this formulation, the H* will be called dilatons and the ¢* scalars will be named axions.

4.2.4 Dilaton sector

Owing to the complicated structure of the potential when the axions are present, our
work will be restricted to the subsector of vanishing axions: ¢® = 0. This so-called dilaton
sector is parametrized by the two-dimensional fields {g,., Xq, p, AZ} Hence, our goal is
to embed the dilaton sector into ten dimensions, with a suitable non-linear Kaluza-Klein
ansatz.

Lagrangian

For ¢* = 0, the Lagrangian (4.2.21) takes the form

1 1 1
L= —EGPR + 5 6P Z Opttq Mg — 1—66;)13/9 Hg/g Z H2F,,“FHe
a a

1 _
— 5 eg®"l Hs 4/9 (1 ~8Y H.H,~4) Ha) . (4.2.23)
a<b a

It is in accordance with the truncations of the maximal AdS supergravities in (D = 4,5,7)
described in [122]. Again, the particular behaviour of the fifth dilaton p comes from the
fact that the theory supports a domain wall solution.

Equations of motion

The equations of motion are more easily solved from the Lagrangian containing the
auxiliary fields. For the dilaton sector, the Lagrangian is computed by inserting ¢* = 0 in
(4.2.14), which leads to

1 1 P v
L= —ZepR +5ep Ea Opttq OM'ug — g9 Ea e FL, Yt
2
eg —4/9
-y (1 8y H.H, -4 Ho+) (y“Ha)Q) . (4.2.24)
a<b a a
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As a result, the equations of motion for the vector field simply state that
py® = constant , (4.2.25)
while the equations for the auxiliary fields yield
P, =gecuw p_4/9H64/9H3 ye. (4.2.26)
Besides, the scalar field equations are given by

0= Z (pilvlu (p auub) Ailba)
b

. 1
+ g2 OO (1 +2H, S Hy+ Hy— 2> Hy - §(y“Ha)2) (4.2.27)
b#a b

The traceless part of the Einstein equations writes
1
PV +2 Y Otta Dytta = 5 Gy (p719,0%p 42" Oyua 0 (4.2.28)
a a

and a combination of the dilaton and the trace part of the Einstein equations leads to

R=2) (0"uq) (Oytta)

) _ - 13
_Eg2p 4/9 H; 4/9(1 B 8ZHaHb B 4ZH“_E Z(y“Ha)z) ’

a<b a a

pIVHOp = (P VH (p D) Aha) + 292 p YO HSHO (1 = Ha) . (4.2.29)
a,b a

Particular solutions
Assuming that the scalars H, are constant is a natural hypothesis to compute partic-
ular solutions. Then, the scalar fields equations can be solved for y%:

y)? =2H 21+ H,) —4+4 Hy(Ha 1) (4.2.30
a H2
b a

For definiteness of the previous expression, we recall that the H® being exponential of the
real valued fields v,, they cannot equal zero. The other field equations reduce to

— —4/9
Fo, = geew pOH O H2

_ 1 _
0=p lvuaup —59wp lvaaap

2
R= %gQ p=4/9 Hg4/9(11 ~18Y H, 416 HaHb)
a a<b
pIVH,p = 292 pYOHHO (1 —2>° Ha> (4.2.31)

Now two simple cases can be identified :
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e the case of vanishing field strengths, i.e. y* = 0. Equations (4.2.30) then imply that
all scalar fields are equal H; = Hy = H3 = Hy = H, (recall that H, > 0), with two
distinct solutions

H=1, or H=-. (4.2.32)
The first choice (H = 1) together with a domain wall ansatz for the metric
ds? = 240 qt? — dr? (4.2.33)

describes the half-supersymmetric domain-wall solution

p=(gr)*,  Alr) = glnr, R ="+, (4.2.34)

corresponding to the ten-dimensional D0-brane near-horizon geometry. The second
choice (H = 1/6) does not lead to a supersymmetric solution.

e the AdS case: imposing a constant dilaton field p, equation (4.2.31) implies
1
Y H, = 5 (4.2.35)
a

and the remaining equations of motion are solved by a two-dimensional AdS metric

1
ds? = f(r)dt® — dr?,
50
f(?") — —C+92 (1 +8 Za<b HaHb) 2
2 pi/9 A9 ’
0

Fa_2 —4/9 HgVHa_l_l

1222 gp H4/9 €/Jl/’

0

ﬁp2/9H§/9 —1/2 2
TAdS = , (1 +8 ZHaHb) = ”E’ (4.2.36)

a<b

where C' is an integration constant. We thus obtain a three-parameter family of
pure AdSs solutions. The Killing spinor equations (5.3.10) show that these solutions
break all supersymmetries. While the metric is locally AdS, it resembles the (r-t)
section of non-rotating BTZ black hole [123, 124] with C' being the mass of the
spacetime.

4.3 Embedding into type IIA supergravity

Type IIA supergravity comes from dimensional reduction of eleven-dimensional super-
gravity on a circle. The massless bosonic sector contains: a ten-dimensional vielbein, a
vector field and a dilaton descending from the eleven-dimensional vielbein, plus a three-
form and a two-form coming from the eleven-dimensional three-form.

A
D=11 EM AMNP

! ! (4.3.1)
D =10 {Ev?, By, ¢} {Aunp, Aun}
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The theory described by the Lagrangian (4.2.23) will be embedded in the subsector of
type IIA where the three-form and two-form are set to zero

AMNPZOZAMN. (4.3.2)

This truncation originates from pure gravity in eleven dimensions. Given the Kaluza-Klein
ansatz for the eleven-dimensional vielbein

. _9 A 14
B A= (6 S Eut e BM) (4.3.3)

the eleven-dimensional action reduces to

1
S11a = /duiﬂ (—~e1 Ru)

4
1 1 e3?
= /d10$ ( — Z e10 R0 + 5 €10 (6 ¢)2 — E €10 F2> (4.3.4)
where

Hence, the Lagrangian of type ITA relevant for our study is given by

1 1 1
L= — 7610 Ryo + 5 €10 g OM g — 1610 e Fyy FMY (4.3.6)

where the signature of the tangent space metric is
nap = diag (1, —1,...,—1). (4.3.7)

The associated ten-dimensional equations of motion come from Einstein equations in eleven
dimensions (R, ;5 = 0) and are given by

0= Riomn — %QMNRlo — 2 (OmpOND — %gMN (09)%) (4.3.8)

+i€3¢ (2Fu” Fynp - %QMN FF), (4.3.9)
0=Vdo+ %63¢FF, (4.3.10)
0= 0um(er0e® FMY), (4.3.11)

plus the Bianchi identity satisfied by the field strength
8[MFNP] =0. (4.3.12)

By an embedding of the two-dimensional theory in type IIA we mean that to any solution
of the two-dimensional equations of motion derived from the Lagrangian (4.2.23) or equiv-
alently (4.2.24), we can associate a solution of the ten-dimensional field equations (4.3.8)
and (4.3.12). If it is possible, the dilaton sector of the U(1)* truncated supergravity in
two dimensions, will be a consistent truncation of type IIA supergravity.

embedding

{90y Xas p, AS} {9un, ¢, Bu} (4.3.13)
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4.3.1 Non-linear Kaluza-Klein ansatz

To perform the embedding of the dilaton sector in type IIA supergravity, we construct
a non-linear Kaluza-Klein ansatz. It is given by generalizing the AdS reduction ansaetze
of [122] to a non-constant dilaton p. To make the ansatz explicit, the ten-dimensional
coordinates are split into {z™} — {z#, 1, , 0.} with the labels 4 = 0,1,and a = 1,..., 4.
Therefore, the line element on the eight-dimensional round sphere is given by

4
dsg = dpo® + Y _ (dpa® + i dog?) (4.3.14)
a=1
with pa=1— Zug and 0<pu2<1. (4.3.15)
a

Then following [122], we perform a diagonal distortion of the sphere by introducing the
four scalar fields {X,, a=1...4}:

4
dsf = X dpo® + > X, (dpa® + 12 dog?) (4.3.16)
a=1
with  Xo= (X1 XoX3X4)™2  and X, = X,(z"). (4.3.17)

Thus, the metric part of the non-linear Kaluza-Klein ansatz as well as the ten-dimensional
dilaton and two-form field strength can be formulated in analogy with the consistent sphere
reductions [43], [125] and [122]

ds?y = A8 ds — g2 A7Y/8 (Xald,u% + Z X! (duz + 42 (do, + g A%)? >) , (4.3.18)
with
4
A= "Xopl. (4.3.19)
a=0

If not mentioned, the sums over a will always run from 1 to 4. Notice that on the contrary,
the sum over o runs over 0 to 4. The ten-dimensional dilaton and two-form field strength
are given by

¢ = %log (A’g/ 8) : (4.3.20)
4
F= (Qg Z (Xilui — AXQ) —I—gAX0> €9
a=0

4
1 -2 302 a a 1 1 9
o ;Xa dpta) N (doa +gA) (2 F) + o > Xt kg dXo Ad(pd)

a=0

These formulae are by themselves a great achievement, and the answer would have been
found if we were to neglect the dilaton. Indeed, the ansatz realizes “only” an embedding
of the p = 1 subsector of the dilaton sector. We have shown that all the ten-dimensional
equations of motion are satisfied, provided that the two-dimensional fields {g,., Xa, Aj}
satisfy their own equation of motion, with p = 1. However, we are interested in the
embedding of the whole dilaton sector, where p is non-constant. The generalization of
(4.3.18) is a difficult challenge since p can enter the ansatz almost everywhere. We have
thus proceeded in several steps that we present below.
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First: find the embedding for constant p # 1

Now we would like to generalize the ansatz (4.3.18) to the case of an arbitrary constant
p. The ten-dimensional equations of motion must be solved after we have introduced
constant p factors in (4.3.18). A possible way to achieve this, consist in adding p factors
in the Kaluza-Klein ansatz, such that the ten-dimensional equations of motion do not
change. This is possible by exploiting the symmetries of the equations of motion (4.3.8)
and (4.3.12). Indeed, the scaling symmetries

2
gun — N gun, Fun = ApFun, QZ)*)Qb*glOgMa (4.3.21)

leave the ten-dimensional equations of motion invariant. Thus, the ansatz (4.3.18) can
be modified according to (4.3.21), and will be still an embedding of the p = 1 dilaton
sub-sector. It is also the case if we rescale the coupling constant g by a constant fac-
tor. However, this will break the structure of the S® line element in the Kaluza-Klein
ansatz. Therefore, a better way to implement the rescaling is to accompany it with a field
redefinition of the two-dimensional vector potential

g—Kg, AY — k1 A (4.3.22)

These symmetries modify the ansatz (4.3.18) according to

ds2y = N2AT/8ds2 — \25~2 g2 AT1/8 (Xo‘ldu% +Y X! (dug + 2 (dog + g A)? ))
_1 —o/8) _ 2
¢ = 3 log (A ) 3 log 1, (4.3.23)

4
F =M [/@ <29 Z (Xc%,uifAXa) +gAX0>62
a=0

2 a a
za:X d(p2) A (dog + gA)(*2F)+E ;)X %9 dXo Nd(p2)],

but it is still an embedding of the p = 1 dilaton subsector. Now the idea is to substitute
{k, A, u} by arbitrary functions of p. The simplest ansatz we can imagine is

k= pt, =P, w=p°, (4.3.24)
where p is by assumption a constant. Thus, the Kaluza-Klein ansatz is generalized to

ds?, — p?BAT/8 g2 _pZ(B—A)g72A71/8[ ~1g2 +ZX duaJrua (dou + g A)? )}

1
6= log (p—2C A—9/8) , (4.3.25)
4
F = pB+C [pA (gg 3 (X2~ AXa) + gAXO) £
a=0
,A 4

e ZX 2d(p2) A (dog + gA®) (%2 F@) + 2

D> X wdXo Ad(pd)
a=0

where the coefficients {A, B, C'} remain to be determined so that (4.3.25) represents an
embedding of the p = constant dilaton sector.
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Second step: use particular solutions

At this point, we use the particular solutions that were derived before, to deter-
mine completely the Kaluza-Klein ansatz (4.3.25). In particular, with the AdS solutions
(4.2.36), a family of constant dilaton solutions is at hand. They enable to determine two
of the three dilaton powers

B=-7/72, C=7/8. (4.3.26)

To get the last power A, we try to embed the domain-wall solution (4.2.34). Being a
very simple solution, it also provides a consistency check on the possibility to extend the
Kaluza-Klein ansatz to the embedding of non-constant dilaton solutions. Notice that with
solution (4.2.34) the fields X, = 1 and A* = 0. Thus, the reduction ansatz is given by

dsty = p~ /% ( ds3 —g2p 24 dQ§> :
7
Qb = _E C IOgPa
F=—7pM"ge,, (4.3.27)

where dQ% denotes the line element of the unit 8-sphere. Notice in particular that the
Bianchi identity dF' = 0 is trivially satisfied since p is a function of the two-dimensional
coordinates. The embedding of the domain-wall fixes the last dilaton power

A=-2/9. (4.3.28)

In the light of the previous results, we are led to the following general claim: The Kaluza-
Klein ansatz for the ten dimensional metric

ds%o = ,0_7/36A7/8 ds%

g 2pA AR <X51du8 +y X, <du2 + 112 (dog + g A)? )) (4.3.29)
the dilaton and two-form field strength

1 —7/4 A —9/8
6= 3log (,0 A ) : (4.3.30)

4
F= <2p5/ggOZO(X§u3—AXa) +p5/9gAXo>€2

p13/9

242

4
—92 2 a a P -1 2
+ D X 2d(pd) A (dog + gA®) (x2 F )+ 5, aZOXa %0 dXo Ad(p2),

a

realize an embedding of the whole dilaton sector introduced in page 73.

Last step: perform the complete embedding computation

To prove the previous claim is a hard task, since it implies to solve all the ten-
dimensional equations of motion (4.3.8)—(4.3.12) (including Einstein’ equations) with
ansatz (4.3.29)-(4.3.30), using the two-dimensional field equations derived from (4.2.23).
This is what we have done after lengthy calculations using the software: Mathematica.
Thus, the claim is true and we have an explicit embedding of the dilaton sector. Con-
sequently, the Cartan truncation of the SO(9) maximal supergravity in two dimensions,
once restricted to the dilaton sector, is consistent.
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4.4 Applications

4.4.1 Embedding the domain-wall

As an application, we would like to embed the bosonic two-dimensional domain-wall
solution (4.2.34) into eleven dimensions. First the “ansatz;o”: (4.3.29)—(4.3.30) is used to
go from 2d to 10d

ds? = rTdt2 — dr? ds?y = (gr)”7/® (r7dt2 — (dr? + 72 dQ%))
ansatz 21
p=(gr)°" - 6= -7 In(gr) (44.1)
X*=1

F=d (g7/2 r7dt)
The ten-dimensional metric given by

_ dr?
ds?y = (gr)” /%2 (rPdt? — g dQ%) (4.4.2)
describes a warped AdSs x S® geometry. Furthermore, if we go to the string frame by

rescaling the metric (see Appendix A) and redefining the dilaton and the field strength

~ 1
gsuuze¢guuv p=209, F=—

9s

F, gs = string coupling constant, (4.4.3)

the type IIA action associated to the Lagrangian (4.3.6) reads

1 10 —2¢ 72 gg 2
Sua = —7 /d ZE€10<6 (R+4(09)%) + 7 F ) (4.4.4)

Following this parametrization, we introduce the DO-brane charge ) and radius rg:
Q=1Tg;N=r}, (4.4.5)

where [ is the string length and NV is a positive integer. After performing the redefinition

1
— t—= ——= 4.4.
the solution (4.4.1) becomes
2 _ (INT/25.2 PN=T/203.2 2 102
dSlO = (%) dt — (%) (dr +7r dQB)
~ 21 T
— Sl
¢ 4 . )
- 1T N\T
F=d (gs (L) /\dt) . (4.4.7)
To
This corresponds to the limit (r << rg) of
1 1
dsty = (14 ()7) "ae? = (1+ (21)7) (@ + 12 d03),
~ 3 ToN7
o= (1+ (7)),
- -1
B=g'[(1+(®)7) -1 148
g9 |1+ () , (4.4.8)
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with } 3
F=dB. (4.4.9)

It describes a probe DO0-brane feeling the influence of a stack of N source D0O-branes at
radial distance r, see [79], [126] and [127]. Having discussed the ten-dimensional solution
(4.4.1), we are now prepared to embed it in eleven dimensions. According to (4.3.3), the
eleven dimensional metric is given by

dst, = e*%‘z’dsfo - e§¢(B + dz)2 . (4.4.10)
So the embedding follows
ds?y = (gr)”7/® (r7dt2 — (dr? + 72 dQ%))

21
6= In(gr)

ansatzii, { dS%l =- 2977/2dtdz — (,97”)_7dz2
F=d(g"*r"ndt)

— (dr® + r?dQ3)

(4.4.11)
with,
1
dtdz = i(dt ®dz+dz®dt). (4.4.12)
After making successively (and from left to right) the change of variables,
t+z
t— g%t z——z, = , 4.4.13
g 7 ( )
r—gtr z—=t—z x_:t_z (4.4.14)
) ) \/§ )
the eleven dimensional solution takes the simple form
1
ds?) = 2dxT dz™ +2(1 — r~ ") (dz™)% — ?(alr2 +r2d032). (4.4.15)

This is a pp-wave in eleven dimensions, see [128] and [129], and [130].

4.4.2 Application to the Rotating DO0O-brane
The DO-brane solution

The large brane charge limit of the rotating O-brane [122] yields a ten-dimensional
solution of the equations of motion (4.3.8) that falls into the parametrization (4.3.29)—
(4.3.30) where the two-dimensional fields are given by

ds3 = (gr) h(r) " f (r) dt® — n(r)* f(r) " dr®,
A%(r) = l—lHa(r) vV 2mg® dt,

p(r) = (gr)*? n(r)'/2,
Xa(r) = h(r)™° Hy(r), (4.4.16)

with free constants g, m,l,, and the functions

2\ —1
h(r) = HHQ(T), H,(r) = <1 + fg) ; firy=1
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The ansatz (4.4.16) is a solution of the two-dimensional equations of motion, but according
to the Killing spinor equations obtained from the SO(9) supersymmetry variations (3.4.16)
in the U(1)* truncation, it breaks all supersymmetries. From a two-dimensional point of
view, the full metric given in (4.4.16) describes a “domain-wall black hole” whose structure
will be understood below through particular cases. The associated curvature approaches
(4.2.34) for (r — 400):

_ 35 —23/9
R=_5+0 (r ) , (4.4.18)

whereas at r = 0, it behaves like

R= —g r 30 T[)? + 0 (r‘%/ 9) : (4.4.19)

Case where m =0 =1, Notice that in the limit (m,l,) — 0, the half-supersymmetric
domain-wall solution (4.2.34) is recovered.

Massless case Moreover, it follows that in the massless limit m — 0, with arbitrary
angular momenta [,:

A%r)=0,
p(r) = (gr)** h(r)™'/2,
Xo(r) = h(r)™%° Hy(r). (4.4.20)

This ansatz is also a solution of the two-dimensional BPS equations and preserves half of
the supersymmetries.

Non-rotating case Let us study now the case of vanishing momenta [, = 0. The ansatz
(4.4.16) reduces to

ds3 = p"7f (r) dt® — f(r)""dr?,

A%r)=0
p(r) = (gr)°"?,
Xa(r) =1, (4421)
with 5
fr)=1- TZL , (4.4.22)

which also breaks all supersymmetry. Once plugged into the ten-dimensional metric of
the non-linear Kaluza-Klein ansatz (4.3.29),

ds2y = p(r)~7/% (p(r)14/9f(7“) dt® — f(r)y~tdr? — 2 dQ§> : (4.4.23)

The solution corresponds to a ten-dimensional Schwarzschild black hole [131] coupled to a
non-constant dilaton. Thus, in the general case where the physical parameters comprising
the mass m and four angular momenta [, are non-vanishing, the solution (4.4.16) is called
a domain-wall black hole. In the following, the occurrence of singularities will be studied
and when it is needed horizons will be characterized.
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Singularity and Horizon in the rotating case

Singularity In this section the possibility for the metric (4.4.16) to be singular is exam-
ined. Non-zero angular momenta [, will be considered for simplicity, even if the analysis
may be performed in the case where some momenta (but not all) are put to zero. The
only contribution in the metric that can lead to a singularity is the function f(r). In-
deed, h(r) =[], Hq(r) where the behavior of the H,(r) is depicted in Figure 4.1. This is

r 0 +00
H!/(r) | 0 + 0

1

Hir) |

0

Figure 4.1: Behavior of H,

motivated by the following computations
Byt a2 22
Hor)=(1+-5) , Hi)="5(1+5) >0 ¥reo+o,

Hy(r) ~ l;QrQTjOO, Hy,(r) ~ 1

r—0 r—-+00

212
/ -2 / “Ya
Ha(T) r—0 2r la rjO O’ Ha (T) r—-+oo 7“3 r—+oo

0. (4.4.24)

So, the behavior of h is deduced from the following computations

T 0 400
R (r) +
1
My |
0

Figure 4.2: Behavior of h

h(r) >0,  K(r)= th) (4 - ZHa(r)) >0, Vrelo, 4o
h(r) ~ (]:[ 1Y) r® 2,00 ()~ 1 (4.4.25)

On the contrary,

L) = 4™ (> Halr) - 1) . (4.4.26)

Since <Za H,(r) — %) is strictly increasing in ]0, +oo[ and starts from a negative value

and ends at a positive one, there is exactly one root of f’(r) = 0 called 7. The behavior
of f(r) can then be derived and is summarized in Figure 4.3.
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r 0 G +00

f(r) - 0 + 0

1 1

Figure 4.3: Behavior of f

! | I —2
f (0) m (— 2m : la ) <0 (4427)
and the sign of f(7) depends on the sign of
h(r)
1—2m =l (4.4.28)

Since h(7) and 7 depend only on the angular momenta [,, and because the mass m is an
independent positive constant, it is possible to choose the mass and the angular momenta
so that f(7) =0 (or f(7) < 0). In this case, f(r) = 0 has exactly one (two) root(s) which
can play the role of a singularity. On the contrary, if the physical parameters are chosen
so that f(7) > 0, no singularity occurs. In the following, m and the [, are chosen in such
a way that a singularity of the metric is present. The larger root will be named rg.

Horizon Unless otherwise mentioned, the discussion will be held in two-dimensional
space-time. The Ricci scalar is well defined on ]0, +o00[ but diverge at = 0. In particular,
it is well defined at » = ry , as well as the volume form

ead = (gr)"h(r)~>° dtrdr. (4.4.29)

Nonetheless, in this system of coordinates, the light cones close up at r = rq since

dt /27 (N1/2 ppn—1
e + (gr)""“h(r) < f(r) ra@ﬁ +o0. (4.4.30)

This is why in analogy to higher dimensions, the point r = rg will be considered as the
“horizon” of the singularity. As a natural question one may wonder what is the behavior
of the two-dimensional fields near the horizon. An answer is provided in the next section.

The near-horizon limit

In this section the behavior of the two-dimensional fields near the horizon will be de-
scribed. To this end, the horizon will be explored by expanding the coordinates according
to

70 _1/0 t
roroter,  topg Phgt? 2 (4.4.31)
€
where
4
9/2, —1/2 2\-1
po = (g70)2hg*, ho =[] Haos Hao= (14 T—Q) . (4.4.32)
a=1 0
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Then € will be sent to zero. In this way, the two-dimensional volume form remains well-
defined while we are taking the limit ¢ — 0. The resulting fields describe a near-horizon
AdS, configuration

2 —1
1 3 H  \/H ;7 —1
ds? = fodt? — 7 dr?,  Fi=2gp5"° “04—/‘;0 , (4.4.33)
0 hO

with
2 (1+8% s HaoHio) A
ash 000 2, (4.4.34)
2p0 " hy

Jo=g

provided the constants H,g satisfy the following further condition

4
> Huy = 1/2. (4.4.35)
a=1

This is exactly the C' = 0 case of the solution (4.2.36) found above. According to the em-
bedding (4.3.29)—(4.3.30), this solution corresponds to a ten-dimensional warped product
geometry AdSs x Mg .

4.5 AdS; x Mg solutions with non-vanishing axions

Looking for particular solutions of the field equations derived from (4.2.14) we re-
stricted our study to the dilaton sector where the axions were put to zero. This led to the
construction of a Kaluza-Klein ansatz for the embedding of the two-dimensional theory
into type ITA supergravity. In addition, the generalization of the construction to non-
vanishing axions would be of primary interest. As seen before, particular solutions of the
two-dimensional equations provide important insights for finding the embedding. Thus one
may wonder whether it is possible to find two-dimensional solutions with non-vanishing
axions.

Owing to the form of the potential (4.2.19), finding a general solution seems difficult.
As a natural idea we propose to generalize the AdSy solution (4.2.36) to the case of non-
vanishing axions. Let us start with an AdS ansatz

1
f(r)

and constant non-zero dilatons and axions parametrized by

ds2 = f(r)dt? — dr? (4.5.1)

{p,H.} and {n.}. (4.5.2)

In this truncation, the two-dimensional equations of motion are listed below: the vector
fields equations imply that the auxiliary fields are constant

Oy =0. (4.5.3)
Moreover, the auxiliary field equation determines the field strengths

OMWVpot

_ -1 1
F,=—8p g e By

(4.5.4)
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Then, the dilaton p equation determines the AdS radius

oV
R=f"(r)=4p ! (ﬁ;’t - g pot> = constant . (4.5.5)

Besides, the traceless part of Einstein equations is identically satisfied and the trace part
leads to

Voot = 0. (4.5.6)

Finally, the scalar fields equations generate other constraints on the potential, since they
are supposed to be constant
8&%0t4__0<_ 8V@0t
OH, —  Ona

(4.5.7)

In summary, the unknown of the problem are {p, H,, y4,7q} and they may be determined
by the equations
Voot 0 OVpot

Vo —0 —
pot = oH, M

=0. (4.5.8)
Actually, the dilaton p is not constrained by these equations, so it will be considered as
a free parameter and we are left with twelve unknown parameters {H,, 34,74} and nine

equations (4.5.8). Assuming that none of the parameters are zero, the structure of the
potential

Vpot_Q;p5/9H(;4/9[ ~ 8 H,H, - 4ZH +Z (1—4Ho)n2 + > mang

a<b a<b
> 2y Hana +10)? + (0 + Y 5" Hama) (4.5.9)
a a

can be simplified by making the following change of variables
yi — (Y'=1)H ' 'np (4.5.10)

Then, the potential is given by

v — H_4/9{1—82HH1; 42[{ +Z (1-4H,) 77@4-2%771;

a<b a<b

(Zn—QY‘ﬂ (Zya—g)Z)], (4.5.11)
a
and the equation agp‘“ = 0 can be integrated for H,
oV, _ _
ap"t =0=2n(1 —4H,) + QnQan + 27, 1773(2771) 2yb 4 Y“(Zyb - 3))

Ml b#a b#a b

AH, =143 02 41,2 (Z 2Vt 4y Z vt ) (4.5.12)

b#a b#a

This leaves us with five equations for eight unknowns. The counting suggest that there are
several families of solutions, however the algebraic equations (4.5.8) are too complicated
to allow for finding the general explicit solution.
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4.5.1 An Explicit solution

As an example we give an explicit solution found by further truncating the system
Hy=Hs, Hy=Hy, 1=Y3, Y2=vYs, M=73, =M. (4.5.13)

In this truncation, the equations reduce to quadratic equations and allow for the explicit
solution

H1:%(43—5\/§), HQ:é(25+9x/ﬁ),
(y1)> =12 (6 + v/33), (y2)> =2(—1+V33),
(m)* = é(9 +/33), (m2)? = %6(1 +/33). (4.5.14)

with Ricci scalar given by

22/3 3 (3815 + 759v/33) 2 2
R= ( . ) & ygor O (4.5.15)
/9 p4/9 ,04/9
( — 205+ 131\/33)

This is a solution describing an AdS geometry with non vanishing axions. It constitutes a
first step towards more general solutions which may help to find the Kaluza-Klein ansatz
with non-vanishing axions for the embedding in type IIA supergravity.

4.6 Summary

This chapter was dedicated to the study of the bosonic Cartan truncation of the
SO(9) gauged maximal supergravity in two dimensions. It has been shown that the
dilaton sub-sector can be consistently embedded in type ITA supergravity. Consequently,
an explicit uplift to ten and eleven dimensions is at hand, and it may be used to identify the
higher-dimensional origin of particular solutions of the two-dimensional supergravity. As
examples we applied the uplift to the near-horizon of the DO-brane, and also to particular
AdS, solutions. They could be interpreted as limits of the rotating DO-brane solution of
type IIA supergravity.

We have already mentioned that the domain-wall solution is important in the DW/QFT
correspondence. Indeed, it is the background on the gravity side around which the exci-
tations are encoded into a dual one dimensional quantum field theory. The next chapter
deals with the holography of this solution and the computation of correlation functions on
the gravity side.
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Chapter 5

Holography

5.1 Introduction

5.1.1 The AdS/CFT correspondence

The properties of the D3-brane solution in supergravity and superstring theory led Mal-
dacena to postulate a correspondence between type IIB superstring theory on an AdSs x S°
background and N' =4, D = 4 super Yang-Mills theory, see [132] and [133] for a review.
More precisely, the conjecture states the equivalence between

e Type IIB superstring theory on AdS5 x S°, with string coupling constant g,, where:
AdSs5 and S° have the same radius L and the self-dual 5-form Fj has an integer flux
over the five-sphere

N=|[ Fs. (5.1.1)
S5

e N =4, D = 4 super Yang-Mills theory with gauge group SU(N) and Yang-Mills

coupling constant gyu.

Then the following identification is done
gs = (gym)?, L* = 4mgyN(a')?, (5.1.2)

where o is the square of the String length: I, = v/o. This conjecture has three forms that
differ in strength. Concerning the gravity side: the strongest one relates the full quantum
string theory on AdS5 xS to the full quantum N = 4, D = 4 super Yang-Mills theory with
gauge group SU(N). The second and weaker one deals with the classical string theory
approximation (gs << 1) and is dual to the super Yang-Mills theory in the 't Hooft
limit, which corresponds to a topological expansion of planar Feynman diagrams [71].
Finally, on the gravity side, the last and weakest form concerns the classical supergravity
approximation (o/ << 1) and corresponds to the super Yang-Mills theory after taking
successively the 't Hooft limit and the large 't Hooft coupling constant limit. In this regime,
the Quantum field theory is considered at strong coupling, and perturbation theory is not
applicable. The three levels of the conjecture are summarized in Table 5.1.

Symmetries

As a hint for such a correspondence, one may consider that the symmetries of the type
IIB theory on AdSs x S° and the N' =4, D = 4 super Yang-Mills do match. Indeed, let
us consider the bosonic global symmetries.

89
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Quantum type IIB Superstring Quantum N =4, D =4 SYM
on AdSs x S° & with gauge group SU(N)
L* = 47g,N(o)? gYM = /s
Classical type IIB Superstring 't Hooft limit of SU(N) SYM
gs << 1 & N — 00, A = (gym)? N fixed.
Weak coupling regime Topological expansion
Classical type I1B Supergravity 't Hooft and Large A limit of SYM
o <<1 & A — 00
Supergravity approximation Strong coupling regime

Table 5.1: The three levels of the AdS/CFT correspondence.

e On one hand, the isometry group of AdSs x S° spacetime is SO(2,4) x SO(6), and
one can show that SO(2,4) acts on the boundary of AdSs as the conformal group
on a four dimensional Minkowski spacetime [132].

e On another hand, N =4, D =4 super Yang-Mills has a global superconformal
SU(2,2|4) symmetry group, whose maximal bosonic subgroup is isomorphic to

SO(2,4) x SO(6)r ~ SO(2,4) x SU(4)p. (5.1.3)

Here, the subscript R stands for the R-symmetry group of the supersymmetric the-
ory.

Correlation Functions

Finally, let us mention that according to the correspondence, correlation functions of
CF'T operators on the gauge side can be generated from the gravity side. More precisely,
to every single trace operators O on the SYM side, a boundary field ¢ ) can be associated
in order to form a generating functional for correlation functions I'[¢ )],

exp (— T¢)]) = (exp (/ d'z b(0) (’))) . (5.1.4)
OH
Here, 0H stands for the boundary of Euclidean AdSs, that can be viewed as
H=/{(r,Z),r>0,%cR}, (5.1.5)

with Poincaré metric given by
1 S
ds® = = (dr® + (dZ)?) . (5.1.6)

This generating functional can be computed from an action for type IIB superstring on
AdSs x S® by the following prescription. Let us consider the correspondence in the super-
gravity approximation for instance. The action is the type IIB supergravity compactified
on the five sphere, where all the field are classified with respect to S° spherical harmon-
ics. The excitations around the AdSs vacuum are described by an effective theory, the
maximal SO(6) gauge supergravity in five dimensions [89]. Fluctuations around the AdS
background are encoded by fields ¢ satisfying a particular boundary condition. For ex-
ample, massive scalar fields are shown to couple to CFT operators Oa with conformal
dimension A given by the largest root of

A(A—4) =m>. (5.1.7)
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Then, the solution of the equations of motion which is not divergent in the interior region
(the “bulk”) corresponds to a boundary condition

o(r, ) ~ 1274 ) (T) . (5.1.8)
r—0
The associated boundary field is precisely the one that enters the generating functional in
(5.1.4). Moreover, and this is a general fact valid for every field of the gravity theory, the
generating functional I' is given by the supergravity action evaluated on-shell

L[é(0)] = Son-shenl9(0)] » (5.1.9)

where the bulk fields are expressed in terms of the boundary data ¢(g) (%) by means of a
boundary-to-bulk propagator. Then, n-points correlation functions are derived formally
by functional derivative with respect to the boundary fields,

5(n) Son-shell

(O(#1)...0(z3,)) = 300y (@1) - - - () (%)

(5.1.10)
$(0)=0

However, the on-shell action is in general divergent near r = 0 . Consequently, a renor-
malization scheme is needed. It is achieved by introducing a lower cut-off for r

0<e<r, (5.1.11)

then the divergences are canceled by adding covariant counter-terms to the on-shell action.
The determination of the boundary-to-bulk propagator and the renormalization of the
gravity action are two important difficulties that have been dealt with Witten diagrams
[72] and Holographic renormalization [78].

5.1.2 Domain-wall / QFT correspondence

The AdS/CFT correspondence has soon been extended to the non-conformal case [74],
[75] and [134]. Hence Dp-brane (p # 3) solutions of type IIA and IIB superstrings are
considered. In the near-horizon limit, they lead to domain-wall backgrounds instead of
AdS ones. Thus, a non-trivial dilaton survives which breaks the conformal invariance
of the boundary. Nonetheless, a gravity/gauge theory correspondence can be formulated
and Holographic renormalization methods have been developed to compute correlation
functions. The following work is dedicated to the holography of the DO-brane solution
of type IIA superstring, in the classical supergravity approximation where the effective
theory is given by the SO(9) gauged maximal supergravity in two dimensions. It accounts
for the spherical Kaluza-Klein modes of type IIA supergravity on the warped AdS, x S®
spacetime, arising as the near-horizon geometry of the DO-brane. The corresponding two

Brane | Vacuum configuration | Gauged SUGRA
DO AdS, x S8 D=2 S0(9)

Table 5.2: DO Brane and SO(9) gauged supergravity

dimensional vacuum is a domain-wall solution which preserves sixteen supercharges [84].

D =10 D=2 S0(9)

DO-brane S8 reduction (5 1. 12)

Half supersymmetric Domain Wall
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Supergravity Super Yang-Mills
D=11 | typelIA | D=2, N =16, SO09) || D=1, N =16, U(N)
pp-wave | DO-brane | domain wall (1 BPS) BFSS model

Table 5.3: DW/QFT correspondence and the BFSS model

The gravity theory is conjectured to be dual to a one dimensional quantum field theory:
the BFSS Matrix model proposed in [76], as was discussed in [126] and [130].

Computations of two-points functions on both sides have already been done. We re-
cover these results using Holographic renormalization methods. The second part of the
chapter concerns the holography of gravity side excitations that live on a half-
supersymmetric domain-wall background which breaks the SO(9) invariance down to
SO(3) x SO(6). The dual theory is a quantum Matrix model which shares similarity
with the BMN Matrix model [135]. Two-points functions are computed for a large class
of scalar excitations. After recalling some useful features about the DW/QFT correspon-
dence, we will turn into Matrix model Holography.

Precision holography for non-conformal branes

There exists a general method based on the non-conformal gravity/gauge correspon-
dence, that enables to compute correlation functions of operators in the BF'SS model from
the gravity side. It is called “holographic renormalization” and has been developed in [78]
and applied in [77] for non-conformal branes. We will follow this procedure to compute
the two-points correlation functions.

The key ingredient is the supergravity action Sgg evaluated on an asymptotically
AdS background with a dilaton. The fluctuations of a “bulk” field ® around the gravity
background take some value on the AdS boundary: ®(). This value acts as a source for
correlation functions of an associated “boundary” Operator Og in the dual QFT. The link
between these correlation functions is provided by the postulated equality

/ Do exXp ( — SS(;[CI)]) = <eXp < — / (I)(O) O¢’>>QFT s (5.1.13)
q)lboundary:q)(o) 0AAdS

where the expectation value is over the QFT path integral. Thus, in the saddle point
approximation, the equality becomes

S5G onshe[P(0)] = —T'qrr[®(0)] 5 (5.1.14)

where I'qp is the generating function of QFT connected graphs. The on-shell supergravity
action shares two characteristics:

e It depends on prescribed boundary conditions of the on-shell fields. This implies to
solve a Dirichlet problem associated to the field equations.

e Once evaluated on-shell, the action is in general divergent. To cure this problem,
a renormalization process based on the addition of covariant counter-terms will be
employed.

Indeed, another key feature of Holographic renormalization is the possibility to expand
the bulk field near the boundary with respect to the radial coordinate r. For example,
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the fact to consider an asymptotically AdS spacetime allows to use a Fefferman-Graham
parametrization for the fluctuations around the metric and dilaton background

dr®  gii(r, ) datdz?
2_ 20 Ju\Lr) By B
ds® = 4’["2 + r )
o(r,Z) = a lnr + k(r, 7), (5.1.15)

where « is the dilaton power, and the functions g;;(r, Z) and x(r, Z) can be expanded near
the boundary r» = 0 as follows

gl](r x)_gu ( ) ng](l( )—|-
K(r, &) = ko) (F) + 7 5(1) (F) + .. (5.1.16)

From the renormalized action, then, correlation functions are computed by functional
derivation. For instance, given a classical supergravity action that depends on a scalar, a
vector field and a metric (<I>, Ay ), the associated one-point functions are given by

1 5SSG ren

(O(x)) = ,
190 (@) 720 (@)

<JZ($)> _ 1 5SSG ren

190 (@) 40 @)

2 5SSG ren
\/190) (@) 395 ()

where the {z°, i =1,..,D — 1} are coordinates of the boundary and {O, J;, T;;} are
operators of the QFT. Then, the n-points functions follow by further derivation

(Tj(x) = (5.1.17)

1 5(n71)SSG ren
O(x1)...0(xy,)) = )
@(0)=0,4;(0)=0, gi;(0)=0

(5.1.18)
In the following, after presenting the gauge theory side of the DW/QFT correspondence we
are interested in, Holographic renormalization will be applied to the gravity action. We will
start from the two-dimensional supergravity action that supports a domain-wall solution.
Then we will derive the action in a frame where the domain-wall solution translates into
an AdS metric coupled to a dilaton. In this frame we will perform, the bulk to boundary
analysis, going from the renormalization of the on-shell action to the computation of two-
points correlation functions.

5.2 BFSS model holography

Gauge theory side: BFSS model

The BFSS model arises from the description of DO-branes. Indeed, it has been proposed
in [76], that the (N — +o00) limit of a N/ = 16 supersymmetric matrix quantum mechanics
coming from the dimensional reduction of the (N =1, D = 1+9) supersymmetric U(N)
Yang-Mills to (D = 14 0) is equivalent to M-theory. The resulting supersymmetric
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quantum mechanics is a low energy effective theory that aims at describing the dynamics
of DO-branes. The action first obtained in [136] is given by

) ) 1 . ) )
S = /dt tr (DtXZ D X'+ 20T D,w — X X% - 2\1/%[\1/,)(1]) (5.2.1)

and is parametrized by
e 9 (N x N) matrices X'

e 16 (N x N) fermionic super-partners W¥,; which transform as spinors under the
SO(9) group of transverse rotations

e Vector fields A; that enter the covariant derivative (Dt = 0 + iA).

Now let us focus on the dual gravity theory.

Gravity side: Two-dimensional effective action

The two-dimensional effective action that describes the dynamics of the DO-brane
compactified on the eight sphere S8, restricted to the metric and dilaton, has been found
in [75], [126]. However, if we take into account all the lowest mass fluctuations around the
DO-brane geometry, they are encoded in the full SO(9) gauged supergravity constructed
in [81]. These fluctuations will enable us to extract information about BFSS correlation
functions through the holographic procedure described above.

To begin, we derive the effective action for the DO-brane dynamics. This action will
allow us to describe fluctuations around the gravity sector, so let us start from the SO(9)
action (3.4.22) evaluated at the origin of the target space

V=068, MM =0=Yy, (5.2.2)
S = i /dee (pR — %92/)5/9) . (5.2.3)

Let us make a change of variables so that the background metric is pure AdS
t— ggm t, r=g Y g =g 20 g, p=eT (5.2.4)

The action yields the expression of [126]
, 63

1 1
S = 1 d?z \/|detg| e 7% (R+ £(8¢) 5

where the minus sign in front of the cosmological constant comes from the fact that our
signature is (+, —). Since the computation of the two-points function are more easily done
in Euclidean signature (+,+), we will work in this signature until the end of the chapter.
After a Wick rotation, the action reads

s=1 [ Vig et (re 002 +5). (5.2.6)

), (5.2.5)

5.2.1 On-shell action and Renormalization of the gravity sector

In the following, the formalism of Holographic renormalization developed in [77] and
[78], will be applied to compute correlation functions associated with the gravity sector.
First, the action (5.2.6) will be evaluated on-shell, on a background solution. Then,
fluctuations around the background will be considered and the on-shell action will be
renormalized to define a generating functional for correlation functions. Hence, one-point
and two-points correlation functions will be computed and discussed.



5.2. BFSS MODEL HOLOGRAPHY 95

On-shell action

Let us focus on the effective action that describes the pure gravity sector. In order to
stick to the literature we will perform a further rescaling of the metric

4
Guv — % Guv (5.2.7)

so that the two-dimensional effective action is of the form considered in [77]
1
S= d*z /|detg| e (R + B(09)* + C).. (5.2.8)

The domain-wall vacuum solution has been found in (3.5.2) and the coefficients are given
by

2 2 6 126
dsQ:dt +dr y=—=, C="2,
r ! 4r2 7 25 (5.2.9)
o N 21 16
(& =TT o= — y B = —.
20 49

In this frame, the background is an AdS spacetime coupled to a dilaton. With these
coordinates, the boundary of AdS is located at r = 0. In the next step, fluctuations around
the background will be considered such that the geometry remains the one described by
an asymptotically AdS metric [78]. That is to say, a metric that can be put into the form

f(t’ T) 2 dT‘2

ds? = =22 dt? + — . 5.2.10
s - + 12 ( )
As before, r is the radial coordinate from the boundary » = 0 of AdS spacetime and the
function f(t,r) has a well defined limit when » — 0 . The equations of motion associated

to the two-dimensional effective action are given by

0= (V,0,0) - %900 (2 =) (@) 0u0) - % 06)*).
0=~Vdp++2(d9)* - C,
0= R—zfva¢—ﬁ(a¢)2+0. (5.2.11)

They respectively stand for: the traceless and trace part of Einstein equations, and the
dilaton field equation. Owing to the fact that a global dilaton factor enters the action,
the dilaton field equation can be used to straightforwardly evaluate the action on-shell

e (R+B(0¢)* +C) = ?V(ewaqb) : (5.2.12)

Eventually, the full on-shell action is obtained by introducing a Gibbons-Hawking term
which takes into account the boundary of the spacetime background

/de\/|detg|67¢R — /d%«/]detglew’R—F/ dsVhe'®2K . (5.2.13)
M M oM

Here h is the induced metric on the boundary and K is the trace of the extrinsic curvature
of the boundary that can be computed from a unit length vector n* normal to the boundary

K =V,n". (5.2.14)
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So the on shell action is given by

S 1
Son shell = ﬁ/ d2$ |detg| V(ew’aqb) + / dS\/H G’W) 2K
2y Jm 4 Jom

1

= / ds Vhe? (ﬁn”am + K) (5.2.15)
2 Jom ¥

where the boundary is located at » = 0. In general, because the integral diverges when

r — 0, an infinitesimal parameter € will be introduced in order to control the divergences

1

Son shell = 2/ dt \/Ee'yqﬁ (én#au(b + K) . (5216)
O0AAdS, r=e¢ v

This action has to be evaluated on functions that parametrize the fluctuations around the
background and that satisfy the equations of motion. This is the point of the next section.
Fluctuations

By fixing the diffeomorphism invariance, the most general fluctuations can be encoded
in two functions depending on space-time coordinates :

t 1
a2 =10 g 1 g2
r 4r2
t
¢=alnr+ H(f;r) . (5.2.17)

Moreover, we will consider fluctuations which goes asymptotically to an AdS spacetime
(coupled to a dilaton), thus the following near-boundary conditions should hold:
= 1
Ft,) = fo(®)+ o (1),
k(t,r) = Ky (t) + o (1), (5.2.18)
r—0

and the fields admit a power expansion in r near r = 0. Then, according to the equations
of motion (5.2.11), the functions f(¢,r) and (¢, r) are subject to

1 —1 g7 1 —1 ¢ " B /
0= ) 5 R (= ) (),
0= (1—£)'n’+k'—;f'f%, (5.2.19)
0:2oryf’+r(2f”—fl(f')2)+i<’;—;f1f/<a+(1—52)(f'@)2—2f(1—rf1f’)m’,

0=4r(k" + (K)%) + Bay + 2+ 2rf L f)K + [ (i — %f‘lfk + (7)) + 2 fla,

where every dot means J; and every prime means 0,. These are non linear second order
partial differential equations. Instead of finding a general solution of these equations, we
will focus on the behavior of the parameterizing functions near the boundary r = 0. A
first attempt to get an idea of the behavior consists in the study of the linearized equations
around the background

f(t,?“) =1 +77(t77‘)7
K(tr) = 0+ k(t,r), (5.2.20)
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where n(t,r), x(t,r) and their derivatives are infinitesimal. The equations of motion
become

1 " 1
0= )

277 + K
0=1#,
0:204777l+2r77”+i<b—2/<a/,

0=4rs 4 (24 8a7) K + i+ 2av7 (5.2.21)

and a general solution is provided by

n(t,r) =1y (t) + n)(t) r — 24775
K(t,r) = Ky (t) + ArT/5

i (0)(t) = %77(5) 1), (5.2.22)

where A is a constant of integration. The solution admits a polynomial part and a non-
integer power in r. This will guide us to formulate an asymptotic ansatz when (r — 0)
for the solutions of the full non-linear equations

ft,r) = foyt) +7fe @)+ +77 (foy (&) +...),
K(t, 1) = Koy (t) + 7RGy (t) + -+ 17 (ko) (B) + ..., (5.2.23)

where o stands for the first non-integer power in the r power series expansion. The first
coefficient functions {f()(t), #(o)(t)} will be interpreted as sources for the fluctuations on
the boundary and the other ones as responses of the fields in the bulk. The equations of
motion (5.2.19) impose several constraints that can be solved iteratively. Two relevant
constraints are brought by the cancellation of:

e Terms in o1

B : . 1,
0= (1= Z)ofoke  fofe) = 5Fofe;

0= (4&’}/ + 20 — 1)f(0)/i(0') —+ a’)/f(o_) ,
0=—fo)ki) + (@7 +0 = 1) f(o)- (5.2.24)

The last two equations imply o = % —ay = % Then,

= flo) + 2f(0)k (o) »

. 14 .
0= R+ gl’i(g)/ﬁ(g) , (5.2.25)

e Terms in ¥

o1, .

0= (8ay +2) foyss) + Foyiéc) = 5 0) + foyfio) + 207 f0) fis)
} 1,y . By,

0= 2a’yf(5) + K@) — if(o)lf(o)ﬁ(o) + (1 - ?)H%O) - 2f(0)"£(5) ’

p : . 1, .
0=(01=Z)okore +foke - 5360 (5.2.26)
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thus,
5 1.2
F3) = 36/ (0) 0y
5. 1, 1. . 5
fe) = 5 (ko) = 550 k0 + 1550) - (5.2.27)
To begin, notice that o = % is the first non-integral power which appears in the expan-

sion of the fluctuations. This was expected from the linear analysis. Moreover, all the
coefficients including the order 77 are determined in terms of the functions {f(), (o)}
In this sense one can interpret them as sources for the fluctuations. As will be explained
in the next section, it turns out that the renormalized action only involves terms in these
expansion up to the order r7/5. Higher order terms will disappear in the limit: € — 0 .
Thus, we are left with the asymptotic ansatz

f(t,7) = fo)#) +rf) (1) + 17 fy () + ..
K(t, 1) = Koy (t) + 1R (t) + r7/5/<a(7) (t)+... (5.2.28)

for the fluctuations. Now let us renormalize the on-shell action.

Renormalization and Correlation functions

Knowing the asymptotic behaviour of the fields near the boundary, the on-shell action
(5.2.6) may be evaluated. Let us recall that n* is a unit vector normal to the boundary

0, =n0,, nkn,=1 imply n=2r, (5.2.29)
and
b= f(t’r)dt2,
r
K=V,n=-1+r0.Inf. (5.2.30)

Inserting the expansion (5.2.28) in the action (5.2.6) leads to the different contributions

L 1 1.
VRhe™ = [fo)| 2" € (14 (5 £ fis) + K € + (5551 ) + K €+ o(/9)]
-1 7 7/5 7/5
Kl = =1+ Iy [fore+ 5h0 7+ o ()],
2
nt9,0|,_. = 2a + > K5y + g/ime?/“r’] +o(e"?). (5.2.31)

Notice that the first contribution coming from the determinant of the induced metric times
the dilaton involves a global factor of ¢~7/>. This factor is due to the background, not to
the fluctuations

(\/H€7¢) |T:6 — (Toc’y—% |f(t, T)|1/2€n(t,r)) |T:6
= (1£(t )2 ) e €7T/5 (5.2.32)

and this is precisely the reason why the power series expansions for the fluctuations need
only to be determined up to order 77/5. The on-shell action is now expressed as a perturbed
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expansion in r = € up to vanishing orders when € goes to zero

1 2
Son-shell = 3 /dt \f(O)ll/QeH(o) [( -1+ f) /5

208.1 2a3 _ 28 -

+ [(—1+T)§f(o)1f(5> +(- 1*7)”(5) +fopfi + 72 %)] 0
20,1, 2a8 71 725

H(- 1+ ) o e+ (-1 ERAUR O R v

+o(1) (5.2.33)

The next step deals with adding covariant counter-terms such that the divergent terms
vanish.

Renormalization The first counter-term that one can imagine is a cosmological con-
stant 1 5
Ser = 5 /dt\/ﬁew’@ - iﬂ) : (5.2.34)
Y
This kills the first divergent term in (5.2.33) and adds also higher order contributions that
further simplify the expression

1 . _ 203 _
Son-shell + Sct1 = 3 /dt \f(o)\l/Qe © [(f(o)lf(S) + ?5(5)) e/

7. 28
5V o+ 53

Moreover, f5) and k) are related to the sources by (5.2.27). This corresponds to the
expansion of

k) + 0(1)} . (5.2.35)

fo . 1.4 .
(Vtat(b) (7“ = e) = (T) (/{(0) — §f(0)1f(0)li(0)) €+ 0(6) ,
f_ll"ﬂ',2
(99)(r =€) = (0)72 D et o(e), (5.2.36)
and leads to a guess for a second counter-term
1 10 10 2
Sz = 5 / dtvh €7¢(ﬁ(vtat¢) ~ 45(09) ) . (5.2.37)

The resulting action is now given by

1 e 1T/, 28
Son-shell + Sctl + Sct2 = 2/dt‘f(0)‘1/2€ (0) |:5 (f(o)lf(7) + ?Fé(ﬂ) + 0(1>:| (5238)

and contains only finite terms. Eventually, a relation between f(7) and r(7) is provided by
(5.2.25), so the renormalized action takes the form:

Sren = lim (Son-shetl + Set1 + Set2)
7 K
= —g/dtyf(o)yl/% © k(7). (5.2.39)

As a remarkable fact, the renormalized action can either be expressed in terms of the
coeflicient f(7) or x(7) depending on which substitution is made from (5.2.25),

7

Sren = Ig / dt| fo)| 72" fiz . (5.2.40)
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One-point functions From the renormalized action, one can extract one-point func-
tions by functional derivation.

1 0 Sren 7
0.(t) = = ——e"0 gy,
O] | oy (812 050 (2) 9 @
2 ren
(05(t)) = Oen _ T v g (5.2.41)

-1
o))/ 6f gy (1) 18
In particular, when evaluated on the background
Joy=1, £ =0, (5.2.42)
using again (5.2.25), which states that

fery + 2fo)ker) =0, (5.2.43)

we find the following relation

(Ox(t)) = (Of(1)) - (5.2.44)

Two-points function Due to the relations between f and k, only the two-points func-
tion associated to k will be given. It is obtained by specifying a relation between the
response and the source. Here, such a relation is given by the second equation of (5.2.25)

Ky = Ae” 90O (5.2.45)

where A is a real constant. However, as pointed out in [78], if no exact solution can be
found from the non-linear equations of motion, the two-points correlation functions can
be computed from exact solutions of the linearized equations of motion. Then, asymptotic
conditions in the bulk need to be specified in order to select the physical solution. Here, we
know exact solutions at the linearized level (5.2.22) but the physical solution is associated
with a non-divergent behavior in the bulk. Therefore, A = 0 in (5.2.22). Consequently,
the coefficient r(7) vanishes and the two-points function reads

1 5(2) SSG ren
Ty (®)] 5@ 1)) (F2)

(O0k(t1)Ok(t2)) = 0. (5.2.46)

foy=1,r@)=0

This is a rather trivial expression and suggests that the gravity sector in two dimensions
is somewhat degenerated. Nonetheless, as a toy example it allowed us to develop the tools
of holographic renormalization, and we are now prepared to study more physical example
by exciting scalars in the SO(9) theory.

5.2.2 Correlation functions associated to scalar fields
Fluctuations around the scalar sector

Two kinds of physical scalar fields are present in the SO(9) supergravity: the 44
coset space scalars encoded in V € SL(9)/SO(9), and the remaining 84 scalars ¢, By
expanding around the origin of the target space and up to quadratic terms, the Euclidean
effective action takes the general form

1

S = 1 /dzx g e7? (R + 8(8¢)* + C — e ((8y)2 —m? y2>> . (5.2.47)
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The equations of motion follow

0= (V,0,0) ~ w00 — (7~ ) ((0.0) 0,0) - % (00)° )
agp 1
+ 67 (auyauy - iguu(ay)Q) ’

0=~VIp+~2 (8(]5)2 — C — m2ey?,

0=R- 2§V8¢ —B(09)*+C — (1+ %)ew (09 = m?y?) |
0=V* (e(“+7)¢ Ouy) + m2elatoy (5.2.48)

We will consider two types of scalar fluctuations. Firstly the case of fluctuations in the
SL(9)/SO(9) coset sector, around the identity matrix Vy = Ig. This background value
preserves SO(9). Since in the effective action for the fluctuations we are only interested in
quadratic order terms (kinetic and mass terms), and because the 44 of SO(9) is irreducible,
we can choose a simple representative of the fluctuations. Here, it will be encoded by a

matrix:
@]
vz<e 0 _0830) (5.2.49)

e

where z = z(t,r) is a real valued scalar field. By expanding the action up to quadratic
order in x, the effective action follows from (5.2.47) with parameters given by

a=0, m*’==, y=6V2z. (5.2.50)

Secondly, we will consider fluctuations around the ¢®° fields in the 84 of SO(9). It is
sufficient to excite for example $[123] in order to get the mass and the global dilaton factor
of these fields. Again, the effective action is described by (5.2.47) with

4 , 12
- - = = /2412 2.51
o=z, mi=oo, vy V2¢ (5.2.51)

Asymptotic expansion

In order to renormalize the two-dimensional effective action we need to know the
behavior of the fields near the boundary. Extending the previous parametrization for the
fluctuation with the scalar fields

{ft,r), r, ylt,r)} (5.2.52)

we may wonder what is their asymptotic expansion near (r = 0). From the linear anal-
ysis applied to the Einstein and dilaton equation we get the same answer as in (5.2.22),
because the scalar field y disappears from these linearized equations since it enters only
quadratically. Thus, a first clue for the y asymptotic expansion is provided by the scalar
field equation linearized around the AdS background

B dt?  dr?
oy 492’

e = p21/20 (5.2.53)

ds?
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This gives a linear differential equation that can be simplified by taking the Fourier trans-
form with respect to time:

. 21 2, . 1 -
Py @)+ (5ga—)rd(ar) = (¢ —m?*)jg,r) = 0. (5.2.54)
For the scalar perturbation z one finds (a,m?) = (0, %), and the solution behavior near
r=0Iis
3(ryq) = /(o) (@) + 7 Gy (@) + 7 G2y () + ) - (5.2.55)
However, for the scalar perturbation ¢'?3 with (5.2.51), the solution admits the following
power expansion near r = 0:

3(r,q) = 2 G0y (@) + r° Gy (@) + 7 G2y (@) + ) - (5.2.56)

This suggests an expansion in /> for the ansatz of the fluctuations and power series for
the y field should start from r2/® for the  scalar and from /5 for the ¢'23 scalars. Where
shall we stop the series? The answer follows from the on-shell action.

Correlation functions for the z field.

Let us start from the on-shell action with a scalar, in the case of an z field perturbation

(a7 m2) = <O7 %) )

5= i /d% Vigle™ (R +B(0¢)* + C — ((9y)* - §y2)> : (5.2.57)

In this case, the dilaton enters the Lagrangian as a global factor. Consequently, the
on-shell action takes a simple form when we use the dilaton field equation:

1
Son-shell = 5 / dtvVh e (K + én"@”gb) : (5.2.58)
0AAdS,r=e¢ Y

Again the term v/h e’ involves a global factor of ¢~ 7/%, thus we only need to know the
expansions up to the power 77/5, because higher power contributions will vanish after
taking the limit € — 0 in the renormalization procedure. As a result, we are led to assume
the following asymptotic ansatz for the fluctuations

7
Ftr) = Foy @& + D Pt + ...
k=1
7
k(t,r) = K(0) (t) + Zrk/5/‘i(k) + .
k=1

7
y(r,t) = Z rk/5y(k) +... (5.2.59)
k=2

The equations of motion constrain this ansatz such that,
Ft,r) = foy &) + 1Y fuy () + 7 ) () + 177 fay(8) + ...

/ﬁ:(t, ’I”) = H(O) (t) + 7“4/5 H(4) (t) +7r H(5) (t) + 7“7/5 H(7) (t) + ...
y(r,t) = 2y () + rye) () + . .. (5.2.60)
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where the sources are assumed to be : { f()(t), 5(0)(t),y(2)(t)}. The constraints deduced
from the equations of motion

5 2 1 2
fay = _Ef(o) Y2)» Ky = 1 Y2y
80 5 1.9
foy = =2/ 0k — g3 o Y@ve) k) = 36 F(0)F(0) -
9. 1,4, . 5 .9
fo) = 5 (Fo) = 50 f0k© + 1550) » (5.2.61)
enable to find the covariant counter-terms
Setr = 1/dt¢ﬁew(1 208y
2 Y
1 62 o
SCtQ = 5 dt\/ﬁe’y (gy ) y
1 10 10
Set3 = 3 /dt\/ﬁew(m(vta@) - 4—9((%)2) . (5.2.62)

Therefore, the action on shell is given by

Sren = lg% (Son—shell + Sctl + SctQ + SctS)

2 7
= [ anlgo e (_45?/@).@(5) - 9’%)) | (5:2:69)

This corresponds to the renormalized action (5.2.39) supplemented by a term that accounts
for the scalar field.

One-point functions The one-point functions are given by

1 5Sren 22 7
= — o) — == _ _
(Ox(t)) oy O ry (D e ( 15 Y@ )y (1) 9 H(7)) :
1 0Sren 22
(Oy(1)) Sren__ 22 e yi5(t) (5.2.64)

1 fo @)V Sy () 45

thus the following identity holds
7 K
(O(t)) = y(2) (1) (Oy (1)) — 5 €™ ) (5.2.65)

Two-points functions The equations of motion imply that all the coefficients are com-
pletely determined by the sources except for the following responses: {fi7)(t), r(7)(t),
Y(s) (t)}. The near-boundary analysis is insufficient to link these responses to the sources
and one has to get closer to an exact solution of the equations of motion to find the desired
relation. Actually, it is enough to look for an exact solution of the linearized equations of
motion around the background, to find the relation between the undetermined coefficients
and the sources.

The two-points function associated to the dilaton will not change from the study of the
gravity sector, so let us focus on the scalar field. As described in the linear analysis, the

scalar fluctuation is a solution of the equation (5.2.54) with parameters (a, m?) = (0, §):

[\]
—

Z( 2, _ g) §=0. (5.2.66)

" !

7”23] ——ry

ot
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This equation (5.2.54) can be written in a more canonical form making the following
change of variables and function redefinition

F=qvr, (g7 =Ms(qg7), A= g(l - Za) . (5.2.67)
Thus, the equation becomes
P25 475 — (P 4+ A2 —m?)s=0. (5.2.68)
In the present case (a, m?) = (0, £), so the rescaled function s satisfies
s s — (fQ + (%)2) s=0. (5.2.69)

This corresponds to the modified Bessel’s equation with parameter 3/5. It admits two
linearly independent solutions which may be described by modified Bessel function of the
first kind I or the second kind K. For example if we choose to parametrize the solution
with Bessel I functions, we get the general form:

J(q,r) = ¢"/°r10(Cy Bessel;(3/5, gv/r) + CaBessel;(—3/5, qv/r)) - (5.2.70)

The physical solution must be regular in the bulk which translates into the regularity
condition

lim y(t,r7)=0, Vt. (5.2.71)

r—-+00

So the acceptable solution is determined up to a global constant factor
§(g,r) = q"/°r"/10 Cy (Bessel; (3/5,qv/r) — Bessel (~3/5,qv/r))
= — ¢"/>r 10 ¢ Bessel (3/5, qv/T) , (5.2.72)

where C1 = (4 (% sin(?’%)). Consequently, we have now access to an asymptotic expansion
near r = 0:

. L(2) L(-3) 5L (3)
i(g,r) = =" (22/55 Pt P S 7“7/5+Tgo(7“7/5))

= J2(q) r** + Js(q) 7 + . .. (5.2.73)

Notice that the expansion is in agreement with the perturbative ansatz (5.2.60). Moreover
it enable us to relate the first two coefficients in the power expansion:

i5(q) o< ¢*fa(q) (5.2.74)

So the two-points function in momentum space is

(0,(0)0,(q)) o ¢%/°, (5.2.75)
and the correlation function in time follows to be
_ 1

In [80], correlation functions are also obtained from the gravity side. The exponent of the
two-points functions is defined by

1

(Oy(t1)Oy(t2) ox [t — o

(5.2.77)
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So in our case v = % When compared to the correlation functions obtained in [80], such
an exponent corresponds to a supergravity mode with SO(9) total angular momentum
I = 5 which comes from the eleven-dimensional metric. According to [80], on the gauge
theory side, the corresponding operators are

Tt octr(Xg, .. X)) s (5.2.78)

21...15

where the parenthesis (7; ... i5) means that the product of operators X is totally symmetry
and traceless under contraction of any two indices. This certainly does not correspond
to the gravity side scalar perturbations that we study since they do not transform in the
same irreducible representation of SO(9).

However, if we exchange the role of the source and the response, we find

(04(0)0,(q)) < ¢~/7, (5.2.79)
and the correlation function in time is given by
1, - 1
(Oy(t1)Oy(ta)) o< TF (g 5P)(ts — t2) ox —————7. (5.2.80)
[ty — t2| 7Y/
According to [80], such an exponent (v = —%) corresponds to a supergravity mode with

angular momentum [ = 2 originating from the eleven-dimensional metric. On the Matrix
theory side, the corresponding operators [80] are given by

1
TH N(tr (Xix7) - th (x*x*) ) (5.2.81)

and transform in the 44 of SO(9). The representations agree. Moreover, using Monte
Carlo calculations, the authors of [80] showed that the two-points correlation function
associated with (5.2.81) matches exactly (5.2.80). The fact that an ambiguity in the
source and response was present, is related to the value of the mass square m? that we
found in (5.2.50) which allows for two admissible scaling dimensions (A_ < A}), in the
sense of [137].

Correlation functions for the ¢'?? field.

In the case of the ¢?¢ perturbation, here we take the example of ¢'23, the action is

1 12
S = 1 /dQCC V0gle® (R + B(0¢)* + C — eé(b((é?y) ~ o5 y2)> (5.2.82)
Once evaluated on-shell we get
Son-shell = = dtvhe' | K + —n'0up + —e?ynfouy | . (5.2.83)
2 JoAaAds r=c Y 7y

Again, if we assume that (f, k) admit a power expansion in r with first non zero terms:
(f(0) K(0)), then Vhe'® gives a power 7~ 7/5, and \/Ee(wr%)d’ gives a power r~%5. Thus
we only need to know the expansions of (f, k) up to the 77/° terms and the expansion of
y up to r*°. Eventually, the linear analysis, followed by the study of the full non-linear

equations of motion lead to the perturbative ansatz:

FE7) = foy () + 7 f5)(8) + 775 fery (8) +
H(t, 7“) = H(O) (t) +r H(5) (t) + 7'7/5 H(7) (t) + ...
y(r,t) =12 yay () + 135y () + . .. (5.2.84)
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Owing to the constraints

d /.. 1.y, . 5 .9 1 _2%0 9
T = 5 (o) = 3/ foko) + 1570) + 5¢ ° forly
5 , 1.9 1 _*>o ,
k) = 36 /0 F0) 1€ ° T
8 20
fy = —2fo)k@) — 21¢ ¢ Jo)z)z) (5.2.85)

satisfied by the different coefficients in the expansions, we are led to introduce the counter
terms:

Ser1 = ;/dt\/ﬁew’(l - 2‘%,

1 10 10
Sua = [ AVREO(S(V'00) - 15 (06P)

1 (rra)p (Y
Sets = 5 dtvh el (5)- (5.2.86)

Thus, the renormalized action is given by,

Sren = lg% (Son—shell + Sctl + Sct2 + Sct?))
1 g 7
= /dt|f(0)|1/26 (0) (—36 3 Y)Yi) — 9%(7)> . (5.2.87)

To compute the correlation functions we study the equation of motion for the scalar
field, linearized around the background. As described in the linear analysis, the scalar

fluctuation is a solution of the equation (5.2.54) with parameters (a, m?) = (3, 32):

2 S| 12
92 ~ ~ 2 ~
- z E—— Yy 2.
™y 57"9 4(q7” 25)3/ 0, (5.2.88)

which owing to the transformations (5.2.67) takes the canonical form
9 I o ! ~9 2 2
s —|—7“s—<r +(5))s:0. (5.2.89)

It is a modified Bessel equation and the general solution satisfying the regularity condition
is given up to a global constant Cs :

§(q,r) = ¢*/°r*10 Cy Bessel g (2/5, qv/7) . (5.2.90)

The series expansion near r = 0 is

() r(-3) 5T(3)
~ _ 2/ 5/ .1/5 5/ 4/5, 3/5 5/ 2. 6/5 6/5
9(g,7) = a7 Cy (23/5 rP = P o Y o )). (5.2.91)

Thus, the first two coefficients are related by

j3(q) o ¢**i1(q) , (5.2.92)
and the two-points function is

1

(Oy(t1) Oy (t2)) o< TE™H (") (t1 — t2) o e

(5.2.93)
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When compared to the correlation functions obtained in [80], such an exponent (v = %)

corresponds to a supergravity mode with angular momentum given by I = 1, which comes
from the eleven-dimensional three-form. Here, there is no ambiguity since if we exchange
the role of the source and the response, no supergravity mode match in [80]. On the
Matrix theory side, the corresponding operators are given by

%tr([xi, XIx*) (5.2.94)

and transform in the 84 of SO(9). Again, Monte Carlo calculations performed in [80] on
the gauge theory side provide two-points correlation functions whose behavior matches
exactly (5.2.93).

5.3 Deformed BFSS model holography

In this section, we will apply the holography techniques to extend our study to a
supersymmetric deformation of the BFSS quantum mechanics. An important model which
comes to mind is the BMN model [135]. It was first constructed to describe M-theory plane
waves and comes from the eleven-dimensional supermembrane action

SZ(0) = [ % [~ V=G(Z) - e WP Bona(2(0))|. (531)

e where Z4 = (XM((),£(¢)) are superspace embedding coordinates,
e Bopa is the antisymmetric tensor gauge superfield,
e and I = 9,Z4E", is the supervielbein pullback, see [138], [139].

It is obtained when this action is evaluated on the maximally supersymmetric pp-wave
background

3 9

9
2 _ + .= HN2 200 1o BNZ 320 1o N2
ds® = 2dx"dx ;1 (3) ' (dx™) iE4<6) " (dz™) —l—igl(da:) ,
FW = pdzt Ada' Ada® A da® . (5.3.2)

and further truncated to a Matrix model action by the procedure described in [140].

5.3.1 A deformation of BFSS: the BMN model

Starting from the hypothesis that the gauge theory side is represented by the BMN
model, let us introduce it. The action for the BMN model is given by the BFSS term

. . 1 ,
Sprss — / dt tr(DtXZ DX’ + 297 Dyt — S [X', X2 — 207 [, XZ]> (5.3.3)

supplemented by mass and Myers terms [141]
S d > 1% 2Xi2 : H 2X’£2 2Zlu’ ] XZX]Xk Z/'L\IJT \I’
oS S e
mM / r ; 3 ; 6 =+ 3 ¢§16Jk 5 ¥ 7123

Thus,
SpMN = Sprss + SmM - (5.3.5)
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The mass and Myers terms of this BMN quantum mechanics break the global SO(9)
symmetry to SO(3) x SO(6) whilst preserving the 16 supercharges of the BFSS model: it
is an operator deformation.

From the gravity side, the search of interesting geometries that are dual to the BMN
model, has already been investigated directly in type IIA supergravity or in M-theory.
Notably, a general class of half BPS, SO(3) x SO(6) preserving solutions has been dis-
cussed, as well as their implication for the BMN model [142] [143]. In the following section
we will investigate SO(3) x SO(6) preserving half supersymmetric backgrounds, but we
will adopt the effective two-dimensional supergravity point of view. We will find a unique
background, however as we will see, it will not correspond to an operator deformation of
the BFSS model. Thus, the dual Matrix model will not be described by the BMN model
but rather by a vev deformation of the BFSS model [78]. Eventually, one-point and two-
points correlation functions will be computed, allowing for a test on the corresponding
dual Matrix model.

5.3.2 SO(3) x SO(6) gravity sector

In the full two-dimensional, maximal, SO(9) gauged supergravity we may try to find
a supersymmetric background preserving SO(3) x SO(6) symmetry. In two dimensions, a
simple ansatz for such a vacuum solution is provided by exciting the SL(9)/SO(9) scalars
in a diagonal way and letting the other scalar fields at the origin of the target space:

y— (¢l 0 oM = Y, =0 (5.3.6)
0 €x/2ﬂ6><6 ’ ' e

In this truncation, the two-dimensional bosonic effective Lagrangian is given by
1 9 3
L= —ZepR + 3¢ (Opx)(0"x) + §€p5/9 e 2% (8 4 12¢37 4 57)
The BPS equations are derived from the supersymmetry variations (3.4.16):

| 1 7. _ _
0= (551,% = el + fwyo‘ﬂ'ya,gel + —ip 2%(e* 4 2e77) Yue'

4 12
] 3
02 6.0h = — (07 0up) el + Sp /(e 270 ol
N
0= 0.x 0= (9ux) e — gzp‘z/ e — e )€l (5.3.7)

Apart from the SO(9) invariant solution (3.5.11) for which x = 0, these equations admit
a unique non-trivial solution. Part of the diffeomorphisms can be fixed to identify x with
the radial coordinate, and we find

ds? = ~(m)2dt2 — g(z)%da?,
Flay = e @ )T Gl = e o)
p(r) = e%g”(e‘gaj —1)74 (5.3.8)

up to coordinate redefinitions and the scaling symmetry
p—=>AD, G — AY/9 G, L—=XNL (5.3.9)
of the Lagrangian (5.3.7). The associated Killing spinors are given by

(z) =a(x)e, with ~lel = —iel | (5.3.10)
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and a function a(x) that is obtained from integrating the first equation of (5.3.7). This
confirms that the background preserves sixteen supercharges, i.e. has the same number of
supersymmetries as the SO(9) domain wall (3.5.11). Since x is non-vanishing in the bulk,
this deformation breaks SO(9) down to SO(3) x SO(6). The Ricci scalar of (5.3.8) takes
the following form

R= —% e 2 (663” —12¢%% — 4) ,

25 5
R="4+ 0 (%), R=->e%+10e"+ o(1) . (5.3.11)

2 =0 6 x—+00

It is well defined on = € [0, +oo[ in contrast to the metric and the dilaton which are
singular at x = 0.

5.3.3 Higher-dimensional interpretation

Although the geometry of this solution may be obscure in this parametrization, its
interpretation becomes clearer in eleven dimensions. As before, in order to uplift the
solution, we go first from two to ten dimensions using the embedding of SO(9) supergravity
in type ITA supergravity [82]. Then we go from ten to eleven by standard techniques.

From two to ten dimensions

Using the Kaluza-Klein ansatz (4.3.29) constructed in [82], the BPS solution (5.3.8)
can be uplifted to ten dimensions. Thus, we obtain a solution of type ITA bosonic equations
of motion derived from the Lagrangian (4.3.6),

ds?y = p~TISOAT/B g2 pl/4 AL/ ( dp? 4+ e 20 (1 — 1) dO2 + ey ng) ’

e’ (1 — p?)
b= %log (p77/4A79/8) 7

F=2p°/9 (f1(z) + p? fa(z)) €2 — ;p (kodz) A d(1?). (5.3.12)
where,

0§M2§1’ AE€2x—|—u2(€_m—€2x),
1

fulz) = _%e%(e?x F6eT), fola) = (e — (e ). (5.3.13)

Uplift to eleven dimensions

The uplift to eleven dimensions is realized by defining
ds3y = e 3%ds?) — 3% (Ay +d2)°, (5.3.14)

with

9x 6x

. e . e )
Al— ((633;_1)7/2 (e3x_1)5/2ﬂ)dt

(5.3.15)



110 CHAPTER 5. HOLOGRAPHY

A is defined such that F' = dA;. As a result we find an eleven-dimensional metric which
solves Einstein’s equations in 11d. An explicit and simpler form is given by

(6393 . 1)7/2
(1 _ M2> 9z + M266x
B 9 csch? (379”) (1 — 2u% + coth (375‘))

ds?, = —(dt ® dz + dz ® dt) — dz?

(1 _ MQ) 6323 + MQ

da? — du?
32 T a e
- H2 2 M2€3x 2
— g A — S O3, (5.3.16)

Eventually, this expression can be considerably simplified by successively performing the
coordinate transformations

2_1—M2 - p2ede
R T T s 1
2= —z, z—=t—z,
t+ 2 t—z
rt = T = : (5.3.17)

V2 V2
after which the metric becomes

dst) = 2dzt dz™ + H(ra,r5)(dz™)* — (drg +r2dQ% + dr? + 2 dQ%) , (5.3.18)

where H is a harmonic function given by

H(rg,r5) = 2(1— F*(ra,73)) . (5.3.19)
Moreover,
1—a)i(c+1—0b)2
F?(rg,r5) = exl-a)ile i )~ (5.3.20)
cla—0b)2
and we have defined
a=r3+r3, b=-r3+r},  c=(a®—20+1)3. (5.3.21)

It turns out that H satisfies the Laplace equation AH = 0 of Euclidean space E°.
Consequently the metric represents a pp-wave solution of the eleven-dimensional super-
gravity [129]. As well as the domain-wall solution (3.5.11), it is a pure gravity solution in
eleven dimensions. According to the previous results, a schematic picture of the DW/QFT
correspondence is drawn in Table 5.4. Now that a gravity side background has been iden-
tified, we are prepared to compute one-point and two-points correlation functions using
holographic renormalization techniques. This is the point of the next two sections. As a
result, we will get some informations about the dual Matrix model.

Supergravity Super Yang-Mills
D=11 D=2, N =16, SO(9) D=1, N =16, UN)
pp-wave | SO(3) x SO(6) background (5 BPS) || SO(3) x SO(6) Matrix model

Table 5.4: DW/QFT correspondence on a SO(3) x SO(6) background
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5.3.4 On-shell action and Renormalization
Effective action

In this section we will compute an effective action from the full SO(9) supergravity, that
describes scalar fluctuations around the background (5.3.8) and preserves SO(3) x SO(6).
The scalar fields should be expressed as the background times a perturbation and the
action will be given up to quadratic order in the perturbations.

1
V= Vbackground (H9><9 + X+ §X2 + .. ) (5.3.22)

where,

(5.3.23)

e Tlgxs 0
Vbackground =

0 635/2 H6><6

is evaluated on the background solution, and X € sl(9) can be parametrized by irreducible
representations of SO(3) x SO(6):

92:;9=(346) R (3®6)
= (L, 1)@ (51)®(1,20) @ (3,6). (5.3.24)

The perturbation in the singlet (1,1) will not be considered in what follows, since its
coupling with the background leads to possibly non-trivial linear terms in the action. For
simplicity reasons, they will be put to zero. Thus, the Euclidean action is given by

1
S = —/dm2 e <— ZpR + %ep (Opx)(0Mx) — %e p°/? €727 (8 4 1263 + €57)

1
+ 5 ep(02(51))° + e p% €% (e¥ — 6) 2y

1 —2z x
+ 5 €p(02(1,20) — € p7 (2672 + 3¢7) 2 o)

1 e—QJ:
+ 5 6[)(815(3,6))2 — € p5/9 T(B + 5€$ + 2€3x) .T%&G)) . (5325)

Nonetheless, as we saw before the renormalization process is more easily done in a frame
where the dilaton enters the action as a global factor. This corresponds to rescaling the
metric by

Guv — p4/99,u1/ . (5.3.26)

It also generates a kinetic term for the dilaton, and the effective action is

1 4
S = 1 /d2m ep (R t3 (p_lﬁp)2 - % (Oux)(0Fx) + 26_%(8 +12€%* 4 €57)
-2 ((333(5’1))2 —4e%(e3* — 6) x%m)
-2 (ax(l,go))z 44 (2e72% + 3¢%) m%1,20)
-2 (8$(376))2 + 272 (3 + be” + 2€37) 1‘%376)) : (5.3.27)
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Setting I = {(5,1), (1,20), (3,6)}, the associated equations of motion are
3 .
0=p'Vop— 5 e 2 (8 4 12e3% 4 %) — ZFZ(x) x?,
el

_ 1 4 _ 1 9 1
0= p ! (vuaup - iguuvap) - § p 2(aupaup - iguu(ap)Q) + 5 (auxaux - 5 guu(ax)z) )

+2 Z (OpwiOyz; — %guv(awi)Q) ’
i€l

4
0=R+ - p %(0p)* - §,071V(9p - g(8$)2 + §6723”(8 + 123" + €87)

9 9 2
Fi(z)
2 i 2
—92 Z ((0;)° — 5 z3),
el
2 1
0= p71V(p8x) —3 e (4 — 3e3 — e57) 4 9 ZE’(z) x7,
el

1

0=p1V(pox;) + 5 Fi(z) x;, (5.3.28)

with

Fisgy=—4€"(e* —6), Fua0) =4(2e 7 +3e"), Fge =2e **(3+5e" +2e%).
(5.3.29)

Background

Let us consider the half-maximal supersymmetric background (5.3.8). After going to
the Euclidean signature and making the Weyl rescaling (5.3.26) and coordinate change
(x = r2/ %), one recovers the metric of an asymptotically AdS spacetime coupled to a
dilaton

3

432 = fA(T)2dt2 + §(7")2d7“2 /g\(r) — gl,—3/2 ea@(e3a: B 1)—1 :
Flr) = e3= (e =)=, plr) = e2"(c™ — 1)/,
w(r):r2/57 x; =0, Viel.

(5.3.30)

Indeed, up to some numerical constants that can be absorbed, the previous metric and
dilaton match the background (5.2.9) in the limit (r — 0) :
> dr?
ds? ~ — 4+ —
5 r—=0 1 + 4r2
p(t,r) ~ 910 (5.3.31)
r—0
According to [78], in this frame, where the metric is asymptotically AdS, the near bound-
ary behavior of the scalar field z(r) allows to identify whether the dual gauge theory
corresponds to an operator deformation or a vev deformation. Here,

a(r) = r2/® (5.3.32)

corresponds to the behavior of y2(¢) in (5.2.60). As we saw in the discussion of page 105,
y2(t) is eventually interpreted as the response and ys5(t) as the source for the coset space
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scalar fluctuations. Because here, the background scalar x(r) behaves like the response
for the coset space scalar fluctuations in the BFSS model holography, the Matrix model
dual to the background (5.3.30) corresponds to a vev deformation of BFSS model [78].
As a consequence, the corresponding Matrix model of the SO(3) x SO(6) preserving, half
supersymmetric background (5.3.30) is not the BMN model but another deformation of
the BFSS model. Still, we can compute correlation functions from the gravity side and
try to interpret them in the light of the gauge/gravity correspondence. This is the point
of the following work.

On-shell action and renormalization

Again, the effective action (5.3.27) can be evaluated on-shell using the dilaton field
equation. This leads to a boundary term located at the horizon of the asymptotically AdS
spacetime background (5.3.30),

1 4
S= 2/ t /TR] (5 0+ p ). (5.3.33)

In the following we will treat the different irreducible representations of the scalar fluctu-
ations separately. Here is an ansatz for the fluctuations of the gravity sector,

f(t,?“) = fb(r) (1 + fp(t’ T)) ,
o(t,7) = o) (1 + pylt, 7)) (5.3.31)

where f, and p;, stand for the background (5.3.30) and {f,(t,r), pp(t,7)} are supposed to
vanish at the horizon. No source is lit on the gravity side, they were studied in the first
section. The metric is assumed to remain diagonal by fixing the diffeomorphisms. Here,
let us underline the fact that the scalar x(¢,r) is now treated as part of the background:
z(t,r) = r*® according to (5.3.30). On the contrary, the dynamical scalar fields are
described by what we call the fluctuations: (5 1), ®(1,20), Z(3,6) Which will be written
schematically x,. Their equation of motion,

0="V(pdx@1) —2pe"(—6+ )z,
—4ZT 3 X
0=V(pdz(00) +4p (e > + € )T(1,20) »
0="V(pOxse) + pe >"(3+5e” + 2™ )36, (5.3.35)

evaluated on the background, indicate that a power series expansion in r of the solu-
tion should begin with 72/% or r. Moreover the on-shell action (5.3.33) evaluated on the
background shows that the dilaton and extrinsic curvature terms diverge as (r~7/® when
r — 0). Thus we only need to know an approximating power series expansion in r of the
fields, up to order r~ 7/, because all the other orders will vanish during the renormalization
process.

i ~ 7/
V|h| n*0,p o~ ,

W pK ~ r77/5, (5.3.36)
r—0
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Under these conditions, we are led to propose the following ansatz for the fluctuations

7
r)=> fum®)r?,
n=1
7
= Z P(n) (t) T,n/5 >

Zx )y /o (5.3.37)

The expansion of x,, starts at n = 1 because we impose that the fluctuations vanish at the
boundary r = 0. The equations of motion constrain the expansions to

Folt,r) = Fay () r® + foy(8) 5% + fay(8) 7/
pp(t,m) = pay(®) T + pey(t) 185 + pay(t) 7/,
p(t, 1) = @p(a) (1) 125 + @y (1) 1Y + 25y (8) 7+ . . (5.3.38)

where the dots represent terms that will not be relevant in the renormalization procedure.
The coefficients are related by

Fay(t) = agmpa)(t)?, fi6)(t) = a6 Ty (1)?
(1) (1) = bz (1), P(6)(t) = b6 Tp2) ()7
p(7)(t) = 7 2p(2) (D) ap(s) (E) + d7 fi7) (2) Tp(4)(t) = T4 Tp(2) (1) - (5.3.39)

In particular some coefficients are left undetermined: x,,2)(t), z(5)(t) and f7)(t) or p7)(t).
In this sense, ,,2)(t) should be interpreted as a source for the fluctuations and the other
coefficients as responses. Eventually, the numerical constants are summarized in the fol-
lowing table:

a4 by T4 ag be o e
Tps1) | — 0 | —35 | —3360 | 847000 | 1524600 | — A0 [ 1
Tp(120) | — 42 | —35 | 4200 | —1001000 | —1801800 | — 40 [ ]
Tpse) | — L2 | —35 | —12180 | 3003000 | 5405400 | — L0 [ 7

(5.3.40)

Now we are able to evaluate the on-shell action and to renormalize the divergences. Let
us recall the on-shell action (5.3.33):

1
=5 dt VIR ( n“@up+pK) (5.3.41)

The divergences that occur when we take the limit ¢ — 0 are canceled by two counter-terms

2 _
Sctlzg/ dt \/1h] (c1p+ c2p”° + 3 M0 4 ey p /3,

2
Secto = g / dt \/1h] (z1 p + 22 p°'°) 2 (t, €)2. (5.3.42)

The first one corresponds to a cosmological constant and the second is a correction to the
scalar potential. The first set of numerical constants do not depend on the fluctuation we
are dealing with, whereas the second set of constants do.

c1 | co| c3 Cy4 X T2
0 —21-21309as+4by) | Z(27as + as(9 — 36 24) + 4(3bg + by — 4x4bs))
(5.3.43)

eJRe
N | =

Tp | —
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Consequently, the renormalized action is given by
Sren = lim (Son—shell + Sctl + Sth)
e—0

o / dt (2p2)(t) Tpes)(t) + ﬁ pry () - (5.3.44)

This expression for the renormalized action is in complete analogy with the previous
results of section 5.2.2 so one could have guessed it. Nonetheless, it is interesting to see
that the renormalization process developped in [78] works in each case. In the last step, the
coefficients z,,(2)(t) and x,)(t) should be related in order to find the two-points functions
by derivation of the action.

5.3.5 Correlation Functions

Let us focus on the scalar two-points functions. They will be generated by the following
action

Sgen = /dt Tp(2) (t) Tp(5) (t)

x /dq Tp(2) (@) Tp(z) (@) , (5.3.45)

where the functions of the momentum ¢ stand for the coefficients of the Fourier transform
of x,. Knowing a relation between these two coefficients

Zp(5)(q) = Cplq) Tp2)(a) (5.3.46)

and identifying Z,,2)(q) as the source, the two-points function will be given by
(0(0)0(q)) x Cp(q) - (5.3.47)

In the following subsection the function C), is determined for each scalar perturbation.

Analytics

The path is well defined: one has to solve the equations of motion for the scalar
perturbation, linearized on the background (5.3.30). After taking the Fourier transform
with respect to time, we are left with an ordinary second order differential equation in the
radial coordinate r. There exists a unique solution that is regular in the bulk (i.e. tends
to zero as r goes to infinity) and we are interested in the power series expansion of this
solution near the horizon » = 0 in order to find the ratio

(5.3.48)

For computational convenience, we will make the change of variable and field redefinition

u=Ve3r*?) — 1, Fy(u) = u?Fp(u). (5.3.49)
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The field equations translate into

N 2 2u®—1, _ Pud
0= xl(ls,l)(u) + E(m) 37/(5,1) (u) — m T(5,)(u),

5 2 2u%—1, _ 2u4—q2u3—2~
0= 'I/(II,QO) (U) + E(T—Fl) I/(I,QO) (’LL) + W ‘/L‘(l,QO) (u> )
5 2 2u -1, _
0= Z{3.6)(u) + - (m) (3.6 (1) (5.3.50)
2u8 — ¢?u® — dut — 11u?® — 5 + 5(u® + 1)1/3u2 + 5u?(u? + 1)1/3 -
+ Z(3,6) (1) -
u? (u2 4+ 1)>3 (36)
Any solution admits the following expansion at u = 0
(g, u) = aq) + Blg)u’ + o (u”), (5.3.51)

and the ratio

x ; (5.3.52)

is what we would like to determine.

Numerics

There is a unique solution of these equations that is regular in the bulk, and we would
like to determine the ratio (up to a global constant factor) each time for this solution. To
begin, let us introduce another function

1 dz
— 5 i 5.3.53
y(aw) =g u) + 5o (a,u), ( )
which power expansion begins with
y(g,u) = ala) + Bl@)u+ o (). (5.3.54)

For each perturbation, the corresponding equation of motion for y, which is now well
defined at u = 0, is solved numerically. In particular, if y; and ys correspond to the
unique solutions with initial conditions

{1100)=1,41(0)=0},  {22(0) =0, 55(0) =1}, (5.3.55)

then, the unique solution gy, regular at © — oo may be written, up to a normalization
factor,

_ _ 3\ B(q) 3
ys =1+ Ry =1+r(@u+ o (u) =1+ o) + o (u%). (5.3.56)
First numerical investigation suggest that
T T
In ((51)‘5)@) ~ 119Ing, In (“20)(5)@) ~ 1.201Ing. (5.3.57)
Z(5,1) (2)(q)/ a0 Z(1,20) (2)(9)/ a0

The exponents may be compared with the ratio of ¢5/5 obtained in the BFSS holography
for the 44 scalar excitations (5.2.79). Accordingly, the sources correspond respectively to
{j(5,1) (5) (q), j(l,QO) (5) (¢)} and the responses to {5(5,1) (2) (q), ‘%(1,20) (2) (q)}. Still, a detailed
account of the asymptotic behavior of (5.3.57) and its implications for the two-points
correlation functions and the dual gauge theory, is part of a work in progress [83].
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5.4 Summary

This chapter was devoted to the holography of the non-conformal DO-brane. Through
this procedure, two-points correlation functions associated with gravity and scalar sector
excitations were computed from the gravity side. They were compared with correlation
functions of operators in the dual BFSS Matrix model obtained in previous works. Al-
though a generalization to the BMN model holography was considered, it was shown that
the later found half-supersymmetric gravity background preserving SO(3) x SO(6), does
not correspond to this Matrix model, but rather to a vev deformation of the BFSS model.
Higher dimensional origin of the background was discussed and Holographic renormal-
ization techniques were applied to compute two-points correlation functions. Finally, a
numerical analysis gave some insights about their asymptotic behavior.
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Chapter 6

Conclusion

To conclude this thesis work, let us summarize our goals and present outlooks. As an
anchor point for the beginning of the thesis we decided to construct the SO(9) gauged max-
imal supergravity in two dimensions. It was motivated by the AdS/CFT correspondence,
since this theory filled the last gap in the list of the effective gravity theories accounting for
the holography of the Dp-branes, see Table 2.1. On another hand, the explicit construc-
tion put an end to a work started several years ago in [108], which led to the discovery
of all possible gaugings of maximal supergravity in three dimensions [103] [107]. Then,
all the consistent gaugings of the two-dimensional maximal supergravity were identified
group theoretically [94]. There “remained” to construct explicitly the SO(9) gauged su-
pergravity, and this constituted the first result of our thesis [81]. To account for it, we
began with a general presentation of maximal supegravities in Chapter 2. A particular
emphasis was put on the ungauged maximal supergravity in three dimensions and the
unique eleven dimensional supergravity since they yield two important formulations of the
ungauged maximal supergravity in two dimensions: the Eg and the SL(9) frames. Then,
the general gaugings of maximal supergravity was presented through the embedding ten-
sor formalism. It was applied to the three-dimensional maximal supergravity, paving the
way to the more complicated structure of the gaugings in two dimensions.

The explicit construction of the SO(9) gauged N' = 16, D = 2 supergravity was
described in Chapter 3. The Fg and the SL(9) frames were obtained by dimensional
reduction. The first one leads to the most compact formulation of the ungauged two-
dimensional maximal supergravity and thus was used to introduce important objects. In
particular, we discussed the scalar auxiliary fields associated with Noether currents, and
the underlying infinite dimensional symmetry structure of the theory, realized on-shell.
The infinite dimensional symmetry group Ey was analyzed in the SL(9) frame, where in
the embedding tensor formalism, the right coupling between vector fields and an SO(9)
subgroup of the off-shell symmetries was identified. Then, the vector fields were intro-
duced in the Lagrangian via a coupling with scalar auxiliary fields and proved useful to
restore the supersymmetry of the covariantized Lagrangian. Supersymmetry was recov-
ered by following a Noether procedure and led to the introduction of Yukawa couplings
and a scalar potential. A unique explicit solution of the linear and quadratic constraints
was given, and this ended the construction of the SO(9) gauged maximal supergravity in
two dimensions. By integrating out the auxiliary fields, another on-shell equivalent for-
mulation of the theory was found, where a two-dimensional Yang-Mills term is generated.
It would correspond to the warped sphere reduction of type ITA supergravity and this
motivated our following work on consistent truncations. Moreover, a particular half BPS,
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domain wall vacuum solution was found in the two-dimensional theory and this opened
the path to holographic applications.

In these perspectives our second and third works may be viewed as applications. To
begin, we dealt with the embedding of the two-dimensional supergravity into ten and
eleven dimensions. This shed light on the higher dimensional origins of the SO(9) gauged
supergravity. Thus we considered a Cartan truncation of the two-dimensional theory and
showed that it is consistent. These results [82] were presented in Chapter 4, where the
embedding of the dilaton sector was constructed explicitly. As an application, we up-
lifted the domain-wall solution to ten dimensions, and we recovered the DO-brane. This
gave further motivations to possible holographic applications. Hence we went to eleven
dimensions and we noticed that the domain-wall corresponded to a well known solution:
a pp-wave. Eventually, a generalization of the embedding to non-vanishing axions was
envisaged. It constitutes an important outlook, since this would be the next step towards
a proof that the full spherical reduction of type ITA is consistent.

The third and last work of our thesis concerns the gravity/gauge correspondence.
As described in Chapter 5, we applied holography renormalization techniques [78] [77] to
study different half supersymmetric backgrounds that are expected to provide informations
about dual one-dimensional Matrix models. Thus, we computed correlations functions for
operators in the BFSS model, from a gravity side analysis around an SO(9) preserving
domain-wall background solution. Then, the procedure was generalized to a half super-
symmetric gravity background which breaks SO(9) to SO(3) x SO(6). This was motivated
by the search for holographic dual of the BMN model. Nevertheless, after a thorough in-
vestigation of the half BPS background, we concluded that the dual Matrix model is not
the BMN model but a SO(3) x SO(6) preserving, supersymmetric vev deformation of the
BFSS model. Still a complete identification of the gauge theory side remains to be done
and will be of great interest. Another important outlook would be the computation of the
gravity background leading to the holography of the BMN model. These different issues
are left to future investigations.



Appendix A

Weyl rescaling

In this chapter, we consider a real differential manifold M of dimension D endowed
with a metric g.
A.1 Local Weyl rescaling

Let us collect some results about the behaviour of the Ricci tensor and scalar with
respect to a local Weyl rescaling of the metric. The work is done at the level of the
vielbein where the local Weyl recaling is performed by

(eu“)/ = e?@) ¢ 0 (A.1.1)

Under this transformation, the spin connection transforms as

(Wuab), = w,* — 2¢"1%, 1 (0v9) (A.1.2)

and the Ricci tensor is given by

(Ru) = Ry + (2 — D)V,.80,¢6 — 6, Vb + (D — 2)((8,:0) (00 d) — 9, (00)?) . (A.1.3)
The Ricci scalar follows directly
R =2 [R —2(D ~1)Vd¢ — (D —1)(D — 2)(a¢)2} . (A.1.4)

This enables to study the Weyl rescaling of the Einstein-Hilbert action,

/d% (ep R) = /d% ep e(P=D% [R — (D —1)Vdp — (D — 1)(D — 2)(a¢)2]

= /dDLL’ ep eP=29 [R + (D —1)(D —2)(0¢)*| + boundary term ,
(A.1.5)

where (dPz ep) stands for the canonical volume form in D dimensions.

D=2 Notice that in two dimensions, the Einstein-Hilbert action is invariant under local
Weyl rescaling. Actually, this two-dimensional action is trivial since, the associated equa-
tions of motion for the metric are identically satisfied. In fact, the action is proportional
to the Euler characteristic of the manifold M , which is a topological invariant.
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A.2 Gravity coupled to a dilaton

Now if we are interested in Einstein gravity coupled to a dilaton, we may wonder how
the Einstein-Hilbert term transforms. Let us consider the local Weyl rescaling

(eua)/ = > () eu” (A.2.1)
where « is a real constant. Then,
/de (ep e? R)/ = /dDa; ep P~ +1)¢ [R —2a(D —1)Vop — (D —1)(D — 2)042(6@)2]

_ / APz ep (P [R 4 a(D ~1)(2+ a(D - 2)) (06

+ boundary term ,
(A.2.2)

D=2 In the two-dimensional case, the action transforms as

/d2x (e2 e? R)/ = /dzx ey € [R + 2« (8¢)2] + boundary term , (A.2.3)

and a kinetic term for the dilaton is generated.



Appendix B

Relations among Yukawa tensors

Supersymmetry of the Lagrangian (3.4.22) requires a number of linear, differential, and
quadratic relations among the Yukawa tensors A, B, C, D, E, F introduced in (3.4.13).
In this appendix we list these relations, ordered by their origin. They have been used
in the main text in order to find the (unique) solution (3.4.30), (3.4.31) for the Yukawa
tensors in terms of the scalar fields.

B.1 Linear relations among the Yukawa tensors

Demanding that all terms linear in space-time derivatives cancel in the supersymmetry
variation of (3.4.22) implies a number of relations linear in the Yukawa tensors. The
cancellation of terms carrying d,p induces

AIJ—leJIZO, Apj+A;=0,
Ary— By — Pagu =0, Arj+ By +p8§IJ 0,
D1J+ﬂa§1J=0, DIJ+P(9§;J=07
C?J+2pagzj +EY =0, O?J+2p8g51 —FE%=0. (B.1.1)
~abc

The cancellation of terms carrying ¢}’ induces

1
0 = 3O T + g Byl — 3 P T TG (B.1.2)

b 1 _
0 = 30[&( C)]K+ 3 BK( Fal;cK +6p 8/9Fd Tef@de[‘l(pbc]f ’

OB 1 1 g »
0 = 1/3 8805[;(1 + = 5 (IF?II;C CE?([ l?]C)]K - —11/9FCIIJ€efghzjabch’l(pdkegolfg(phz] ’
0B 1 - 2 - ;
_ 1/39D1J [a b —8/9ni[defghabe] id h
0 = p' Spate ~ §BK[IF“} + = CK[I Tk~ 57 P (9ildpetghabel pide ,fgh
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The cancellation of terms carrying Pﬁb induces

(a 1b) —2/9pc(amb)e ab (OB1s acd OB1J
0= 20, 1% +p 2T T — po (82ab 3P +C’K[IFJ]K) ,

(a ) —5/91¢ d(a, b)cd _ pab 8BIJ acdaB[J
0 = 2018 T e = 275/°T 0G0 | 0= pio(S28 43 Sl 2 Th)

aJ eb 8Cf}[ cde 80;] Liear b e ab —2/91c blcsale
0= P (6235 +3p dpbed 55 Bril'yx = Ui Eix — p~ 71,17 ) ,

aCy ocs, 1
0= anPeb (8Ei£ 3(pcde aspb(]cgl _ §5eaBKIP?]K + FKIF .+ p 5/95[JTce(pabc> 7

(B.1.3)

where the SO(9)coset covariant variation 9/0%% is defined by dxV,,* = V,, 8% with ¢
traceless. The cancellation of terms carrying Dqul finally induces

A 5 _ B 0Ar; 1 _ _
A1y 8 oy, vt e m0, OA L Lupay et g
k k
OB 1 B 0B _ _
GYI{ 5o T 0 VT = 0, aYLl] + p TG 10 VT 0 = 0
k k
Gles; B B aCe _ _
TYI}] + p 550, VIR 0 = 0 TYLII —p O 0 VTR =0
k k

(B.1.4)

B.2 (Quadratic relations among the Yukawa tensors

The remaining identities that supersymmetry imposes on the Yukawa tensors are bi-
linear in these tensors. They lead to the following set of equations

0 = 24guBnk + 21211((131)1( + Cl Cheg + CeyChy

- - _ oV,
0 = 2BguApk +2BruAnk — CikiCiy — CKICKJ+ 5P Yory aZOt )
0 = _4AK(IAJ)K + 2Dk Bk + 2Dk By + Ef;C% ; — Efe 1 Ce
aVPOt 1 —lalyy byab 1 —2/3yy—1glyy d , ab fg abede f
- aY,J (5V 71T + o p 2Byt gt fa piltel)
oV;
—-2/3 pot b
6 / agoabc F?Jc I
0 = —2A;xAgy+ 241k Aky +2D1xBry + 2D Biy + Ef;Cie; — E% ;Che
S a‘/POt _1 71/3]} 1glv a bchabca‘/POt 7
0 = —20%Agy—2C% Ak + E%Bry + ES By + 2F8.CY ; + 2E8%.CY
-1 OVPOt 3p -1 bc(a 8Vp0t ¢, §p—1/3 V_lgle[GQObc]ngc avat

82&[, IJ 8 d)bc 1J 9 IJ aYkl )

0 = 209 Ak +20¢xAry + B Bry+ Efy By + 2F85C% ; + 2F{2.CY%
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aVPOt byy—1cl (1 —2/3 ( _agh _efcsdb bla, ghlc, def \defgh a(b r¢)
_ BYkl W'V (gp (gp P — 7N >FU -9 FIJ)
3 —2/3 6‘/POt be
-5 / Fpie ree (B.2.1)

where the last two equations should be understood as projected onto their gamma-traceless
part in the indices al. Remarkably, it turns out that all these equations are identically
satisfied for the solution (3.4.30), (3.4.31) of the linear relations given in section B.1.
This is a confirmation of the prediction of [94] discussed in section 3.3.1 above that any
embedding tensor of the type 6; automatically satisfies the relevant quadratic constraints
and thus defines a consistent gauged theory compatible with maximal supersymmetry.
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