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Abstract

In this thesis we study the gaugings of extended supergravity theories in various
space-time dimensions. These theories describe the low-energy limit of non-trivial
string compactifications. For each theory under consideration we work out all possi-
ble gaugings that are compatible with supersymmetry. They are parameterized by
the so-called embedding tensor which is a group theoretical object that has to satisfy
certain representation constraints. This embedding tensor determines all couplings
in the gauged theory that are necessary to preserve gauge invariance and super-
symmetry. The concept of the embedding tensor and the general structure of the
gauged supergravities are explained in detail. The methods are then applied to the
half-maximal (N = 4) supergravities in d = 4 and d = 5 and to the maximal super-
gravities in d = 2 and d = 7. Examples of particular gaugings are given. Whenever
possible, the higher-dimensional origin of these theories is identified and it is shown
how the compactification parameters like fluxes and torsion are contained in the
embedding tensor.

Zusammenfassung

In dieser Arbeit studieren wir die Eichungen von erweiterten maximalen Supergravi-
tationstheorien in verschiedenen Raumzeitdimensionen. Diese Theorien beschreiben
den Niederenergielimes von nichttrivialen Stringkompaktifizierungen. Fiir die je-
weiligen Theorien arbeiten wir alle moglichen Eichungen aus, welche mit Super-
symmetrie kompatibel sind. Die Eichungen werden parametrisiert durch den so
genannten Einbettungstensor, welcher als gruppentheoretisches Objekt verschiedene
Darstellungsbedingungen erfiillen muss. Durch den Einbettungstensor werden alle
Kopplungen in der geeichten Theorie festgelegt, welche fiir den Erhalt von Eichin-
varianz und Supersymmetrie notig sind. Das Konzept des Einbettungstensors und
die allgemeine Struktur der geeichten Supergravitationen werden im Detail erlautert.
Diese Methoden werden dann auf die halbmaximalen (N = 4) Supergravitationen
in d =4 und d = 5 und auf die maximalen Supergravitationen in d =2 und d =7
angewandt. Beispiele fiir spezifische Eichungen werden behandelt. Wann immer
moglich identifizieren wir den hoherdimensionalen Ursprung der geeichten Theorien
und diskutieren die Einbettung der Kompaktifizierungparameter, z.B. der Fluss-
und Torsionsparameter, in den Einbettungstensor.
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Chapter 1

Introduction

1.1 String Theory and Supergravity

One of the great challenges of modern physics is the unification of general relativ-
ity and quantum field theory. On the one hand, the large scale structure of the
universe is governed by gravitational interactions which are accurately described by
Einstein’s general relativity. On the other hand, quantum field theory is used to
explain the fundamental interactions at small distances. In particular the so-called
standard model of particle physics gives a description of the strong and electroweak
interactions of all known elementary particles which has successfully passed many
precision tests in collider experiments. However, this separation into large scale and
small scale domains is not universally applicable. The early universe and black holes
are examples of situations where a quantum theory of gravity is needed. The situ-
ation is also unsatisfactory from a theoretical perspective since the basic concepts
of general relativity (coordinate independence) and quantum theory (uncertainty
relation) seem incompatible. That is why standard approaches to a quantum theory
of gravity are hampered by divergences which prevent the theory from being pre-
dictive. To avoid these problems a new theoretical framework is necessary and one
of the few possible candidates is string theory [1, 2, 3].

In string theory the fundamental object is no longer a point particle but a
one-dimensional string which can move and vibrate in some target space, e.g. in
Minkowski space. Elementary particles are identified as resonance modes of the
string, most of which have excitation energies far above the energy scale one can
presently probe in experiments. There is a fundamental constant of string theory
that governs the scale of these massive string excitations. This constant can be
expressed as a string tension (string energy per unit length), as a string length or
directly as a mass, in which case it is typically of the order of the Planck mass.
String theory has two main appealing features: Firstly, one of the massless string
excitations is a spin 2 particle that can be identified with the graviton, i.e. with
the exchange particle of the gravitational force that is necessary in every quantum
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theory of gravity. Secondly, the theory can be formulated as a conformal field theory
on the two-dimensional world-sheet which is swept out by the string while traversing
the target space. For some examples of target spaces these conformal field theories
are well understood quantum field theories. In this sense string theory provides a
consistent framework of quantum gravity. However, the theory is even more ambi-
tious, because in principle it aims to predict the complete particle spectrum and all
interactions of nature, i.e. to provide a “theory of everything”.

There are different formulations of string theory which are related by duality
transformations. All these formulations need a ten-dimensional target space in order
to be consistent quantum theories'. Since our observed world is four-dimensional
one needs to assume that six of these dimensions are compactified, i.e. are rolled up
to such a small size that they are practically unobservable. The number of consistent
compactification schemes and thus of resulting four-dimensional effective theories is
very large. At present, there is no criterion to single out one of these schemes as the
one that is realized in nature.

String theory on arbitrary curved target spaces is far from being fully understood.
For many applications, however, one can restrict to the low-energy limit of string
theory which is supergravity. As mentioned above string theory is formulated as a
conformal field theory on the two-dimensional world-sheet. In contrast, supergravity
is a field theory on the target space. Each massless string mode corresponds to a field
in the supergravity, in particular the graviton corresponds to the metric. Therefore,
supergravity includes general relativity.

A crucial ingredient for string theory and supergravity is supersymmetry. Purely
bosonic string theory suffers from various inconsistencies that are resolved in super-
symmetric string theories. This symmetry relates bosons and fermions of a theory.
Its presence leads to various cancellations in quantum corrections. Originally, su-
persymmetry was introduced as a global symmetry in field theory [4, 5. When it
is turned into a local symmetry, supergravity is obtained. The gauge field of local
supersymmetry is the gravitino. It carries spin 3/2 and is the super-partner of the
graviton, i.e. of the space-time metric. This approach to supergravity via the gauging
of supersymmetry was found independently of string theory [6, 7, 8, 9] and the rela-
tion between these theories was only realized afterwards [10, 11]. Also independently
of string theory and supergravity the concept of supersymmetry is very important.
One can, for example, cure some problems of the standard model (large radiative
corrections to the Higgs boson mass, hierarchy problem) within a supersymmetric
extension of the standard model, and it is hoped to discover supersymmetry at the
next generation of particle colliders (LHC and ILC). This discovery would be im-
portant from a string theory point of view because it would justify supersymmetry
as one of its basic assumptions.

Supergravity theories exist in all space-time dimensions d < 11 and can have

'We are only considering supersymmetric string theories here and we neglect the subtlety that
heterotic strings partially “live” in 26 space-time dimensions.
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different numbers of supersymmetry generators (for a review see e.g. [12, 13, 14]
and references therein). Having several of these generators means to have more
independent supersymmetry transformations and more gravitini. One then speaks
of extended supergravity. The maximal number of real supercharges is ) = 32,
independent of the dimension d. The present thesis is devoted to the study of
maximal (¢ = 32) and half-maximal (@) = 16) supergravities and of their possible
gaugings, as will be explained in the next section. Our analysis takes place at the
level of classical field theory. The motivation for our considerations is always the
string theory origin of these theories, and it is string theory that should provide the
correct quantum description.

1.2 Gauged supergravity theories

String theory compactifications from D = 10 down to d < 10 dimensions generi-
cally yield at low energies gauged supergravity theories. For example, the isometry
group of the internal (D — d)-dimensional manifold usually shows up within the
gauge group of the effective d-dimensional theory. An ungauged effective theory is
obtained from compactifications of ITA or IIB string theory if the internal manifold
is locally flat, e.g. the ungauged maximal supergravities are obtained from torus
reductions. Since we consider extended supergravities with a large number of su-
percharges, these ungauged supergravities are unique as soon as the field content
is specified®. Gaugings are the only known deformations of these theories that pre-
serve supersymmetry®. Therefore, any more complicated compactification scheme
that preserves a large number of supercharges (@ > 16) must yield a gauging of
the respective ungauged theory. This fact is our motivation to construct all possi-
ble gaugings that are compatible with supersymmetry. As soon as this is achieved
the compactification parameters such as fluxes (i.e. background values for the field
strengths of the D = 10 tensor gauge fields), torsion, number of branes, etc. must be
contained in the parameters of the general gauging. These more general compacti-
fication schemes are of great interest because for example fluxes may give vacuum
expectation values to some of the numerous massless fields (“moduli”) that gener-
ically result from string theory compactifications. In the ground state one may in
particular find supersymmetry breaking, a cosmological constant and masses for the
scalar fields (for a review we refer to [17]). These are requirements for a phenomeno-
logically viable effective theory.

Gauging a theory means to turn a global symmetry into a local one. In other
words, the symmetry parameters which were previously constant are allowed to have
a space-time dependence in the gauged theory. As mentioned above supergravity

2For the maximal supergravities in d < 10 there is only one ungauged theory. The half-maximal
supergravities are specified by the number of vector multiplets.

3The only known exceptions are the massive ITA supergravity [15] and a massive deformation
of the six-dimensional half-maximal supergravity [16], see our comments in section 2.3.
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itself can be obtained by gauging global supersymmetry, but we are now considering
the gauging of ordinary bosonic symmetries. In order to preserve gauge invariance
one needs to minimally couple vector fields A, to the symmetry generators, i.e. to
replace partial derivatives by covariant derivatives, schematically

8, — Dy =0, + A,. (1.1)

In addition to this replacement we will find various other couplings to be necessary
in the gauged theory in order to preserve gauge invariance and supersymmetry. For
extended supergravities the original global symmetry group is rather large and there
are various choices of subgroups that can consistently be gauged. Gauge groups that
result from flux compactifications of string theory are usually non-semi-simple, but
rather have the form of semi-direct products of various Abelian and non-Abelian
factors.

In this work we study N = 4 (half-maximal) supergravities in four dimensions,
whose structure is fixed by the extended supersymmetry as soon as the number of
vector multiplets is specified. String compactifications of phenomenological rele-
vance are mostly those that yield N = 2 supersymmetry in d = 4, which is then
spontaneously broken down to N = 1 and eventually to N = 0. For the N = 4
theories supersymmetry can be spontaneously broken as well and the theories can
also be truncated to theories with less supersymmetry. For example certain inter-
esting N = 1 Kahler potentials can be computed from the N = 4 scalar potential
[18, 19, 20]. In addition to these four-dimensional theories we study gaugings of
extended (maximal and half-maximal) supergravities in various other space-time
dimensions. These theories still have a string theory origin but are obviously less
relevant from a phenomenological point of view.

Nevertheless, there are good reasons to consider these extended supergravities.
Many aspects of string compactifications are not yet fully understood and it is often
useful to consider models that are more simple and more concise due to the rigid
structure of extended supergravity. For example non-geometric string compactifi-
cations can be better understood in such a restricted context [21, 22, 23]. Also
the mathematical structure of these theories is interesting on its own. Maximal
supersymmetry completely determines the global symmetry group of the ungauged
theory and exotic groups like the exceptional Lie groups E,, (and in d = 2 the infinite
dimensional affine Lie group Eg) appear. These global symmetry groups not only
organize the structure of the ungauged supergravity but also govern the possible
gaugings. Lie groups and their representation theory are therefore the most im-
portant mathematical tools in this thesis. In supergravities with less supercharges,
group theory is still important, but much more differential geometry is necessary, for
example in the description of the scalar manifolds. Nevertheless, the general lessons
we learn from the extended supergravity theories (e.g. the form of the topological
couplings, the possibility to derive duality equations from the Lagrangian, etc.) can
also be applied to theories with less supersymmetry, see for example [24] for the
d = 3 case.
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A very different motivation to study maximal extended supergravities comes
from the fact that string theory on particular target spaces is believed to be dual to
particular ordinary quantum field theories. The prime example of this holographic
principle is the AdS/CFT correspondence that relates IIB string theory on an Anti-
de Sitter background with four dimensional N = 4 super-Yang-Mills theory* [25, 26].
From a supergravity perspective the fluctuations around the AdSs x S° background
are described by to the SO(6) gauged maximal supergravity in d = 5, which is
obtained by a sphere reduction from ten dimensions and has a stable AdS ground
state [27]. Although the supergravity limit only accounts for a small subset of string
states, it can be a very fruitful first approach to test the duality conjecture. There
are also more string backgrounds for which a holographic dual is conjectured, all of
which correspond to gaugings of extended supergravities.

1.3 Outline of this thesis

We wish to construct the most general gaugings of extended supergravity theories
such that supersymmetry is preserved. To clarify the starting point of our construc-
tion we first introduce the ungauged maximal and half-maximal supergravities in
the next chapter. These theories are obtained from torus reductions of eleven- and
ten-dimensional supergravity. The general method of gauging these theories is then
presented in chapter 3. The gaugings are parameterized by an embedding tensor,
which is a tensor under the respective global symmetry group and subject to certain
group theoretical constraints. The method of the embedding tensor was first worked
out for the three-dimensional maximal supergravities [28, 29] and subsequently ap-
plied to extended supergravities in different dimensions [24, 30, 31, 32]. We give a
general account of this method and explain the tasks and problems that have to be
solved in its application. In particular, we describe the generic form of the general
gauged Lagrangian.

The remaining chapters then demonstrate the implementation of this method to
particular extended supergravities. The gaugings of four-dimensional half-maximal
(N = 4) supergravities are discussed in chapter 4. Since in d = 4 vector fields can be
dualized to vector fields there are subtleties in the description of the general gauging.
Already in the ungauged theory a symplectic frame needs to be chosen in order to
give a Lagrangian formulation of the theory. The global symmetry group is therefore
only realized onshell. These problems can be resolved. By using group theoretical
methods we give a unified description of all known gaugings, in particular of those
originating from flux compactifications. Also various new gaugings are found and
we give the scalar potential and the Killing spinor equations for all of them, thus
laying the cornerstone for a future analysis of these theories. Closely related to
our elaboration of these d = 4 theories is the presentation of the gauged d = 5

4We always denote by N the number of supersymmetries, which is often referred to as N.
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half-maximal supergravities in chapter 5. We explicitly give the embedding of all
five-dimensional gaugings into the four-dimensional ones, which corresponds to a
torus reduction from d =5 to d = 4.

Chapter 6 is devoted to the study of maximal supergravity in d = 7. In this case
two-forms are dual to three-forms and the gauged theory combines all of them in
a tower of tensor gauge fields that transform under an intricate set of non-Abelian
gauge transformations. In this way we can present the general gauged theory and
its supersymmetry rules. We then discuss particular gaugings, for example we find
the SO(5), CSO(4,1) and SO(4) gaugings that originate from (warped) sphere re-
ductions from D = 11, ITA and IIB supergravity, respectively. In particular, the
SO(4) gauging had not been worked out previously and gives rise to an important
setup for holography.

Finally, in chapter 7 we apply the methods to study gaugings of d = 2 maximal
supergravity. The global symmetry group in d = 2 is the affine Lie group Eg)
which in contrast to higher dimensions is infinite dimensional. This results in various
technical and conceptual difficulties that have to be resolved in the description of
these gaugings. The parameters of the general gauging organize into one single
tensor that transforms in the unique infinite dimensional level one representation
of Fyg). In terms of this tensor the bosonic Lagrangian of the general gauging is
given (except for the scalar potential) and it is shown how the gaugings of the higher
dimensional maximal supergravities are incorporated in this tensor. We also find the
SO(9) gauging that originates from a warped sphere reduction of ITA supergravity.

Some of the results contained in this thesis were already published previously [33,
34].



Chapter 2

Supergravity theories from
dimensional reduction

In this chapter we explain how the maximal and half-maximal supergravities in
dimension d are obtained from the unique D = 11 supergravity and the minimal
D = 10 supergravity via dimensional reduction on a torus 79 ¢ = D — d. For
simplicity we only consider bosonic fields and we focus our attention on how the
respective global symmetry groups G of the lower dimensional theories emerge.
There is a vast literature dealing with the issues that are discussed in this chapter,
and we do not try to give a comprehensive reference list here. Overview articles
for the supergravity theories are for example [35, 13, 14] and for the dimensional
reduction of gravity and supergravity we refer to [36, 37, 38, 39].

2.1 Torus reduction of pure gravity

Let us first consider Einstein gravity on a D dimensional manifold M p with coordi-
nates 2”, i = 0...D — 1. The metric g;o has Lorentzian signature (—,+,+,...,+)
and its dynamic is described by the Einstein-Hilbert action

Sk = /de Leu , Lrn = v —g (R(D) + EM) , (2.1)

where g = det(g;s), R(™) is the curvature scalar of 9o and Ly describes additional
matter, i.e. in the case of pure gravity we have £y; = 0. The equations of motion
are the Einstein equations

- - - - 1 o0(/—9gL

R* — %Rg“” =G =T = (V=gLm) , (2.2)
V=g 59@9

where R, Gy and Tj; are the Ricci, Einstein and energy-momentum tensor, re-

spectively, and as usual indices are raised and lowered using the metric g, and the

inverse metric g*”.
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We want to dimensionally reduce this theory on a torus down to d = D —q space-
time dimensions, i.e. we demand the D-dimensional manifold M p to locally have the
form Mp = My x T?, with M, being a d dimensional space-time manifold and 7
being the ¢-dimensional torus. We introduce coordinates z*# on My, p=0...d—1,
and coordinates y* on T9, a = 1...q, such that the metric on M p can be written

ELS1

ds?® = 9w da” dz”
= Gy A" dz” + p*'7 My, (dy” + Al dz") (dy® + Abdz”) (2.3)
where g, AZ, p and Mg, depend on z* but not on y*. The metric on Mg is g, and
the Aj are the n Kaluza-Klein vector fields. The metric on 7' has been split into the

dilaton p and the unimodular matrix M, (i.e. det M = 1). From a d-dimensional
perspective these are g(q + 1)/2 scalar fields.

Plugging the Ansatz (2.3) into the Einstein-Hilbert action (2.1) yields the effec-
tive d-dimensional action

Seff = /ddx ‘Ceff
Log = epR — Lep™™9 My AY A — Leptr(M ™10, MM 0" M)

ep ' (0up)(0"p) + epLa (2.4)

L4

where e = /—detg,, and A}, = 28[MAZ} are the Abelian field strengths of the
vector fields. In order to find the usual Einstein-Hilbert term in the effective action
one can perform a Weyl-rescaling of the metric, namely g,, — g, = p%g, Wwith
a = —2/(d — 2). Note that with a slight abuse of notation we now denote by g,
the lower dimensional metric. The Weyl-rescaled effective Lagrangian reads

Lo = eRYD — Lepl/mt2/@=2I N, A0 A — ety (M0, MM~ 0" M)

n—1 d-—1 _ _ —d/(d—
+ ( n ﬁ) e(p™'8up)(p~ 10" p) + ep™ I Ly (2.5)

In addition to the Einstein-Hilbert term we thus have kinetic terms for the Abelian
vector fields and for the scalars. We did not immediately incorporate the Weyl-
rescaling into the Ansatz (2.3) since in chapter 7 we will deal with d = 2, in which
case a Weyl-rescaling is not possible. We will then use the form (2.4) of the effective
action.

In more geometric terms we only consider solutions to (2.2) that possess q Killing vector fields
&7 a =1...q, which shall be linearly independent at every point * € M p. In addition we demand
the ¢# to be mutually commuting. As a consequence the manifold Mp is a principal bundle with
structure group U(1)? and base manifold M, and is therefore locally of the form Mp = M4 x T1.
One can then locally introduce coordinates (z*,y®) such that the Killing vector fields are given
by &4 = 9z /Oy?, see e.g. [36]. Note that the Lie derivative in the direction ¢# is then simply the
partial derivative wrt y®.
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Let us now consider the symmetries of the effective actions (2.4) and (2.5). From
the freedom of choosing arbitrary coordinate systems on Mp there remains on
the one hand the freedom to choose arbitrary coordinates on the space-time M.
On the other hand for the internal manifold the only coordinate changes that are
compatible with the torus Ansatz are arbitrary changes of the origin and global
linear transformations of the internal coordinates, i.e.

Yy \2/4 (yb + Lb(:p))/\ba , (2.6)

where A € R is a constant rescaling factor, A is a constant SL(¢) matrix, and L € R"™
are x-dependent coordinate shifts. L%(z) describes the U(1)? gauge symmetries of
the vector fields, i.e. A, — Af +9,L" X and A act on the d-dimensional fields as

Al AZAb“ , M — AMA" pr=Ap. (2.7)

These are global GL(q) = R" x SL(q) transformations. The vector fields transform
in the vector representation of SL(g) while the scalars form an SL(q)/SO(q) coset.
To make this coset structure more transparent it is convenient to introduce group
valued representatives V € SL(q) via

M=V, (2.8)

For given M(x) the last equation only specifies V(x) up to arbitrary local SO(q)
transformations from the right. The global SL(g) transformations act linearly on V
from the left, i.e. V transforms as

V — AVh(zx), A e SL(q), h(x) e SO(q). (2.9)

The relation (2.8) between V and M is completely analogous to the relation between
the vielbein and the space-time metric. This is not merely accidental: considering
the reduction Ansatz (2.3) for the vielbein and not for the metric, one finds V to
be a component of the D-dimensional vielbein and the local SO(g) symmetry then
descends from the local Lorentz symmetry of the flat vielbein indices.

In order to express the kinetic term in the Lagrangian in terms of V one intro-
duces the scalar currents

P,+Q,=V1'9,V, Pr=p,, QF = -7 . (2.10)

Iz Iz 7

Note that @, is so(q) valued, i.e. it takes values in the compact part of si(q), while
P, takes values in the non-compact directions of sl(¢q). Using these currents the
kinetic term for M can be written as

Lin = —Letr(M'9,MM 0" M) = —etr(P,P") . (2.11)

To summarize, we found that dimensional reduction of pure gravity on a torus 7¢
yields a d-dimensional theory which describes gravity coupled to ¢ Kaluza-Klein

9



2.1. TORUS REDUCTION OF PURE GRAVITY

vector A7, one dilaton p and scalars V' that parameterize an SL(q)/SO(q) coset.
The global symmetry group is GL(q) = Rt x SL(q).

We now consider the particular case of d = 3. The Kaluza-Klein vector fields A7
can then be dualized into scalars A, via the duality equation

p*TH M, AP = P ), A, (2.12)

where we use the covariant epsilon tensor, i.e. €"'?2 = e~!. The integrability condition

for (2.12) is given by the vector fields equation of motion
Ouep T M, A) =0 . (2.13)

Note that (2.12) defines the scalars A, up to global shifts A, — A, + k,. When
formulating the theory without vector fields, i.e. entirely in terms of the metric
and scalars, these shift symmetries k, become global symmetries, i.e. one expects
GL(q) x R? as global symmetry group. But a miraculous symmetry enhancement
takes place and the complete global symmetry group turns out to be Gy = SL(g+1).
Figure 2.1 shows the branching of the Lie algebra of SL(q¢ 4+ 1) under GL(q) =
R* x SL(q). For the resulting representations the dimensions are given as bold
numbers and the subscripts denote the charges under R*. The expected symmetry
generators are 1y (the generator of R"), sl(¢)o and q; (the generators of the shift-
symmetries k,). The symmetry enhancement yields the additional generators q_;,
i.e. precisely those generators dual to the shift symmetries (in the supergravity
discussion we will find this to be a universal feature).

d1

10 5[(q)0

a1

Figure 2.1: Decomposition of s[(g+ 1) under R x SL(gq). The subscripts denote the R*
charges which establish the vertical grading. At level 0 one finds the algebra of R x SL(q)
while level 1 and —1 contain an SL(q) vector and a dual vector, respectively.

We now want to make the SL(g+ 1) symmetry explicit. The scalars p, A, and V
form an SL(qg + 1)/SO(q + 1) coset, the appropriate coset representative is defined
as follows

- -1 0
V= (ppl A pl/qv) . (2.14)

Using the scalar current ]-:’u of V, defined analogously to (2.10), the effective action
takes the following compact form

Lo = e R®) — etr(puf’“) +ep L. (2.15)

10



CHAPTER 2. SUPERGRAVITY THEORIES FROM DIMENSIONAL REDUCTION

The resulting equations of motion for A, are the integrability equations needed to
reintroduce the vector fields Af, via the duality equation (2.12), and by virtue of
these duality equations all other equations of motion become equivalent to those
derived from the previous Lagrangian (2.5).

The SL(g+1) acts on V from the left, analogous to (2.9), the according SL(g+1)
matrices read

A(AN) = (Aol/q N A) A = (3 8) A = (8 TO) . (2.16)

The transformations A and A from (2.7) correspond to A(A, \), the shift symmetries
K act via A(/{), and the symmetry enhancement is described by the additional SL(g+
1) elements A(7). Left action with A(7) on the coset representative V destroys the
block-form (2.14), and an appropriate SO(g + 1) action is necessary to restore this
form. Therefore these new symmetry generators act highly nonlinear on the fields
p, A, and V.

The pure gravity case we were just discussing already shows many universal
features that we will re-encounter in the following sections. In particular it is char-
acteristic for maximal and half-maximal supergravities that the scalars arrange in
the coset Go/H, where Gy is the global symmetry group and H is its maximal com-
pact subgroup. The formulation in terms of the coset representative V and the scalar
currents P, and @, is used throughout the whole thesis. Also the emergence of an
enhanced symmetry group of the lower dimensional theory after appropriate dualiza-
tion of gauge fields is a characteristic that will reappear in the following supergravity
discussion. In the pure gravity case only vector gauge fields appear in the lower-
dimensional theory, but for the supergravities also higher rank p-form gauge fields
are present and can be dualized. Symmetry enhancement always takes place when
the higher dimensional p-form fields give rise to scalar fields in the lower-dimensional
theory. We will make this explicit in the following section.

2.2 Maximal supergravities from torus reductions

The unique supergravity theory in D = 11 space-time dimensions contains as bosonic
degrees of freedom the metric and a three-from gauge field C};; with field strength
G;mﬁi = 48[,109/35\] and gauge symmetry 0Cjp; = 30,355 The bosonic part of the
Lagrangian reads [40]

Lp_11 = /_ g ( R— 1_12 Gﬂﬁﬁﬂ GA7PA + % PAGTRTROE G;mﬁi Gsrir Cﬁé) ) (2_17)

We dimensional reduce this theory on a torus 7% down to d = 11 — ¢ dimensions,
i.e. we make the Ansatz (2.3) for the metric and demand C;; to be constant along

11



2.2. MAXIMAL SUPERGRAVITIES FROM TORUS REDUCTIONS

the torus coordinates y¢, i.e

0

a—yacﬂ’”’ =0 (2.18)

In d dimensions the three-form then yields ¢(¢—1)(¢ —2)/6 scalars X(asq, ¢(¢—1)/2

vector gauge fields Bil[zlb], q two-form gauge fields B;(g,)a and one three-form gauge

field B,S?,Z)p. The appropriate reduction Ansatz reads®

Xabe = Cabc s B;(Lla)b = Wuﬂ C;}ab )
B;(fu)a = ﬂ-uﬂ 77-1/1) Cﬂf/a ) B;(g/)p = Wﬂﬂ 7T,,l) 7Tpf) Cﬂ,}ﬁ y (219)
where
oz .
= Guv % g . (2 20)

If we identify z” = (z*,y*) we have 02" /dz” = o7, and thus find

1 c
Bfm)b = Cuab - AMCabc )
b b gpc
B'[(L21j)a = C,uya - QA[“CV}ab + A“Aycabc )
3 a a Ab a Ab Ac
B = Chup — 3A8,Cpla + AL A Cjay — Af AL ASClape - (2.21)

The appearance of the Kaluza-Klein vector field Aj; ensures that the forms B®)
do not transform under the gauge (coordinate) transformations L%(z) that were
introduced in (2.6). The forms B® and the scalars Xabe transform under the torus
SL(q) according to their index structure and are also charged under torus rescalings
A under which also p transform according to (2.7). The field strengths of the forms
B®) are defined by*

2 _ (1)
Fuuab - Qa[ﬂB lab 7
2) (1)
FWpa 30 B +3A[WB b 9
“4) _ 2)

The appropriate gauge transformations of the forms B® that leave these field
strengths invariant descend from those gauge transformations Ay, of the D = 11

2The possibility to demand only the field strength to be constant along the internal coordinates
means to allow for a flux of the gauge field along the internal manifold. These background fluxes
yield gauged effective theories in d dimensions.

3Under the projection 7 : P — M only vectors but not forms can be pushed forward.

4This definition of the field strengths is motivated by dimensional reduction of the field strength

Analogously to (2.21) one has for example F& = Guvpx +4A[,Guprja + - .. However,

G,uup)\ 1222

for F(U)ab this would yield the natural definition 29, ]C)Lb + waabc which we do not use since
otherwise scalar fields would appear in the deﬁmtlon of a field strengths.

12



CHAPTER 2. SUPERGRAVITY THEORIES FROM DIMENSIONAL REDUCTION

three-form that do not depend on the internal coordinates. But also a linear de-
pendence of Ay, on the coordinates y* can be consistent with the Ansatz (2.18), as
long as it does not depend on the space-time coordinates z#. Of these additional
symmetries we are interested in the particular case Ay, = Kape Y€, Where Ky has to
be constant. These three-from gauge transformations yield a global shift symmetry
of the scalars Yape, but also act on the forms B® as follows

5Xabc = Rabe » 5331)() = —HKabe A; ’
53}323,, =AY Alkigpe 0B = — A2 AL Ak, . (2.23)

This is a global symmetry of the effective d-dimensional theory whose Lagrangian
reads

La=eR+ LY + L2 + L0 + L0 1 ep @Dy, (2.24)
where we have kinetic terms for the gauge fields and scalars

El(jr)l = —%ep_l"'G/(d_Q) F;Ei)pAF(4)MVp>\ :

/:1(31)1 _ _%ep71+4/(d72)+2/qMabFlEi)pan(fi)#vﬂ :
/:1(531 _ _i€p18/(d*2)/q (Mab + Qp(%q)/q) MceMdecdaXefb) AZuAbW

—1+2/(d—2)+4/qMachanbeAe @

—ep uv®t ed

. %ep—1+2/(d—2)+4/qMachdFlEi)ach(dQ)Mu ’

L) = —4etr (M9, MM 79" M) — 55e(p™ 0up) (070" )

- %6p71+6/qMadeeMCf<aHXabc)(auxd€f> ) (225)

and Lrpa is a topological term that descends from the topological GGC-term in
D = 11. The form of this term and also the further analysis depends on the
particular dimensions d of the effective theory. In particular, the p-form gauge
fields B®) with field strengths F®*1 can be dualized into (d — p — 2)-form gauge
fields B@ 72 with field strengths F@?~Y. The corresponding duality equation
schematically reads

Fl=r=1) — 5% [ (F(p“) + contributions from ﬁFFA) , (2.26)

where the asterisk denotes Hodge dualization and p® M indicates that some appro-
priate combination of scalars is needed such that F@—?~1 transforms dual to F®+1
under GL(g). The duality equation is always such that the integrability equation
is given by the equation of motion of the p-form. A Lagrange formulation of the
theory can then be given that contains B@?~2 instead of B®. The “standard”
formulation of the d-dimensional supergravity is obtained if those p-forms are dual-
ized for which d — p — 2 < p, i.e. the rank of the gauge fields is minimized. In even
dimensions there are p-form fields with d — p — 2 = p. Thus there is some freedom
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1, 4, 10,
° ° °

10 5[(3)0 10 5[(4)0 10 5[(5)0
° e —

14 4 4 10_4

Figure 2.2: Global sym- Figure 2.3: Global sym- Figure 2.4: Global sym-

metry in d = 8: decompo- metry in d = 7: decompo- metry in d = 6: decom-
sition of s[(2) @ s[(3) under  sition of sl(5) under R* x position of so0(5,5) under
R* x SL(3). SL(4). R* x SL(5).

which of these p-form fields appear in the Lagrangian. For d = 4 this is the freedom
of choosing a symplectic frame for the vector gauge fields (p = 1).

We are particularly interested in the global onshell symmetry group of the effec-
tive theory. From the torus reduction one expects an R x SL(q) symmetry group,
where the R™ factor corresponds to torus rescalings A\. For d < 8 the scalars yqpe
appear together with their shift symmetries (2.23). Since the X, are charged under
torus rescalings A their shift-symmetries k,;. are as well, i.e. the action of k4, does
not commute with the action of A. In figures 2.2 to 2.4 the symmetry generators for
3 < d < 6 are depicted graphically. Again, the subscript at each generator denotes
its charge under torus rescalings and the vertical grading of the generators corre-
sponds to these charges. The generators of the torus transformations are uncharged
under A and denoted by s[(q)o, the generator of the torus rescalings itself is denoted
1y, and charge +1 is assigned to the shift symmetries x4, thus they are denoted
1,1, 4,1 etc. — the number in bold letters indicates their representation under

SL(q).

Similar to the above pure gravity case in d = 3 the symmetry group becomes
miraculously enhanced. For each shift symmetry generator there also exists the dual
generator with negative charge under A and in the dual representation of SL(q). The
global symmetry group Gq of maximal supergravity turns out to be SL(2) x SL(3)
for d = 8, SL(5) for d = 7 and SO(5,5) for d = 6. To prove this one would have to
show that the kinetic term of the scalars in (2.24) describes the sigma model of the
scalar cosets Gg/H and that also the p-form gauge fields arrange in representations
of Gy (after dualization) such that the field equations are Gg-invariant. In even
dimensions there is the subtlety of self-duality, e.g. in d = 8 the three-form B®)
forms an SL(2) doublet together with its dual three-form, thus the whole global
symmetry G is not realized at the level of the Lagrangian but only at the level of
the field equations.

For d < 5 additional scalars appear since according to (2.26) the forms B2

can be dualized into scalars. As in the pure gravity case in d = 3 these dual scalars
also come equipped with a shift symmetry. In figures 2.5 to 2.7 the generators of
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d 843
1 7 -
+2 +2 813
20, 35, 564
[ ] [ ] [ ]
1, sl(6)o 1, sl(7)o 1o sl(8)o
T -_— 56_
20_1 35—1 '
° — 2_872
1_, 7,
8_3

Figure 2.5: Global sym- Figure 2.6: Global sym- Figure 2.7: Global sym-

metry in d = 5: decompo- metry in d = 4: decompo- metry in d = 3: decompo-
sition of ¢(6) under R™ x sition of ¢(7) under R* x sition of ¢(8) under R* x
SL(6). SL(7). SL(8).

these shift symmetries are denoted by 15, 7o and 285. As before we also have the
shift symmetries Kqpe, denoted by 20,;, 30,; and 56, in the figures. For d = 3
also the Kaluza-Klein vector fields can be dualized into scalars according to (2.12).
Again, symmetry enhancement takes place, i.e. for each shift symmetry generator
also the dual symmetry generator appears. This gives rise to the global symmetry
group GO = E6(6) ind= 5, Go = E7(7) ind= 4, and GO = Eg(g) ind=3.

For the case of d = 2 we already mentioned that a Weyl-rescaling is not possible
and thus the Lagrangian (2.24) is not the appropriate starting point for the analysis.
Nevertheless, the above discussion of the field content is still applicable. From
the three-form one only gets the scalars yq,.. The vectors and two-forms can be
consistently set to zero due to their field equations. The shift symmetries of the
scalars are denoted 84, in figure 2.8, and again the corresponding dual symmetries
84 _; arise due to symmetry enhancement. However, in d = 2 scalars can be dualized
to scalars and these new scalars can again be dualized, etc. This yields an infinite
tower of new scalars and thus of new shift symmetries. Accordingly, as depicted
in figure 2.8, an infinite symmetry enhancement takes place. The global symmetry
group is Gy = Eg(gy which is the affine extension of Fgw) [41]. Thus, in contrast
to higher dimensions the on-shell symmetry group is infinite-dimensional in d = 2.
The symmetry algebra is an affine Lie algebra.

To understand why the affine extension of the d = 3 symmetry group appears
here we briefly consider the reduction of the d = 3 maximal supergravity on a
torus T (i.e. on a circle). This reduction yields the Eg()/SL(16) coset of scalars in
d = 2. Onshell the dual scalars can be introduced, which transform in the adjoint
representation 248 of Eg(g); these can be dualized again to find another 248 scalars,
etc. This gives an infinite stack of dual scalars and shift symmetries. Symmetry
enhancement yields also the dual symmetry generators, as shown in figure 2.9. From
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844
805 248,
84,
— 24
84, 81
(] — [ ]
1o 5[(9)0 10 2(8)0
84_, —_—
84, 248
80_3
248_,
84_4
Figure 2.8: d = 2, decomposition of ¢(9) Figure 2.9: d = 2, decomposition of ¢(9)
under SL(9). under R x E(8).

this figure it is quite intuitive that the loop group of Eg(s) appears as symmetry group
in d = 2. The loop group also becomes centrally extended to the affine extension
Eg(9) of Eggy. Note that in figure 2.9 the charges that are indicated as subscripts
correspond to the (d = 3 — d = 2) torus rescalings A. These torus rescalings
correspond to the generator Ly of the Virasoro algebra associated to Egg). In chapter
7 we will come back to the d = 2 theories and also give the Egg) symmetry action
explicitly. We will then also relate figures 2.8 and 2.9 by explaining the appropriate
embedding of the torus GL(9) into Eq ).

In table 2.1 we summarize the symmetry groups Gy, the scalar cosets Go/H
and the representations of the p-form gauge fields for the maximal supergravities
in 2 < d < 8. The global symmetry group in dimensions 2 < d < 8 turns out to
be Eyg), where ¢ = 11 — d is the dimension of the internal torus®. The Dynkin
diagrams of the corresponding Lie algebras are depicted in figure 2.10. Note that
the standard notation for what we call F5, F, and E5 would be A; x Ay, A; and
Ds, but it is obviously very convenient to depart from this in the present context.

All maximal supergravities that are obtained from D = 11 supergravity are non-
chiral, i.e. there is an equal number of left- and right-handed supercharges in their
supersymmetry algebra. However, this distinction between left- and right-handed
spinors only exists in d = 10, d = 6 and d = 2. In all other dimensions there are no
Weyl-spinors and the maximal supergravities are unique, but also in d = 6 and d = 2
only the non-chiral supergravities are of interest here, since for example in d = 6
the chiral theories do not contain the metric in their spectrum [42, 43]. However,

SWe use the common notation in denoting by F, the complex Lie group (with rank ¢) and by
Ey(q) the particular real form. The number in brackets indicates the difference between the number
of compact and the number of non-compact generators of the real Lie algebra. E,, is that real
form with the maximal number of non-compact generators.
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d Gy H p=1 p=2 p=3 p=4 p=>5
8 | SL(2) x SL(3) SO(2) x SO(3) (2,3) (1,3) (2,1) (1,3) (2,3)
7 SL(5) SO(5) 10 5 10 24
6| SO(,5  SO()xSO(B) 16, 10 16, 45  —
5 E6(6) USp(S) 2_7 27 78 - -
4 E7(7) SU(8) 56 133 — — —
3 Egs) SO(16) 248 — — — —
2 Eog(9) K(Ey) — — — — —

Table 2.1: For the maximal supergravities in d dimensions the symmetry group G, its
maximal compact subgroup H and the representations of the p-form gauge fields (p < 5)
are listed. For d = 8 one also has a 6-form that transforms as (3,1) & (1,8). We also
listed those p-forms (in d = 2 scalars) that can be introduced onshell via dualization, i.e.
not all of the above fields carry independent degrees of freedoms.

g g g g
@ @ @ @ @ @ L
4 4 4 4

d<8 .7d<7,.d<6,.d<5 - "d<4,,d<3 - "d<2

Figure 2.10: Dynkin diagram of E1;_4. For d = 8 only the three knots on the left are
present. For every decrease in dimension one additional knot occurs, i.e. the rank increases
by one. Eventually, for d = 2 one has 9 knots and the above Dynkin diagram describes
an affine Lie algebra.

in ten dimensions the chiral IIB supergravity is as important as the non-chiral ITA
supergravity; each describes the low-energy limit of the corresponding string theory.

The bosonic Lagrangian of the ITA theory is given by (2.24) for d = 10, the
global symmetry group is only the R™ that corresponds to the circle rescalings.

Note that in this case ijl)b =0 and xae = 0, thus the bosonic field content consists

of the dilaton p, one Kaluza-Klein vector A%, one two-form B,(fy)a (a = 1) and one

1
three-from BL?,’,),) — of course, the corresponding dual forms can also be introduced
onshell. In contrast, the I[IB supergravity possesses a global SL(2) symmetry and
its bosonic field content consists of two scalars (the dilaton and the axion) that
form an SL(2)/SO(2) coset, two two-form gauge fields that form a doublet under
SL(2) and one self-dual four-form gauge field. We do not need the field equations
of IIB supergravity here, but we want to mention that there is no complete Lorentz
invariant Lagrange formulation of the theory since the self-duality condition of the

four-form gauge fields always needs to be imposed as an extra constraint.
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The existence of IIB supergravity and its SL(2) symmetry help to explain the
symmetry enhancement of the maximal lower dimensional supergravities, because
all these theories can also be obtained from torus reduction of IIB supergravity. For
d = 9 the symmetry group of the maximal supergravity is Go = Rt xSL(2) and there
is no symmetry enhancements, yet. Reduction from D = 11 explains G as the sym-
metry group of the internal torus 72, and reduction from IIB supergravity explains
it as the product of the ten-dimensional SL(2) symmetry and the Rt (rescaling)
symmetry of the internal circle. But for d = 8 one expects an G, = R* x SL(3)
symmetry from 7% reduction of D = 11, and an G; = R x SL(2) x SL(2) symmetry
from T2 reduction of IIB. Neither G, is a subgroup of G} nor vice versa, but they
are both contained in the complete global symmetry group Go = SL(2) x SL(3) and
a careful analysis shows that G, and G, even generate this group. The analysis for
dimensions d < 7 is analogous.

So the miracle of symmetry enhancement is explained by the miracle of having
different higher-dimensional ancestors for the same effective theory. From a string
theory perspective this is the miracle of T-duality (7" refers to torus) which states
that ITA and IIB string theory are identical when compactified on a torus 7Y, i.e.
when the target manifold is of the form M, x TY. Being identical means that they
are just two different formulations of the same theory, and this statements holds
beyond the effective lower-dimensional supergravity, i.e. also for the whole tower of
massive string states. However, when the whole string theory is considered it turns
out that the symmetry group is no longer the real Lie group Ei1_q(11—-q), but only
its discrete subgroup Fii_g11-a) (7)), which is referred to as U-duality groups in a
string theory context®. One should keep in mind the duality origin of these global
symmetry groups, although here we will not pursue the string theory roots further.

2.3 Half-maximal supergravities

We now want to depict the ungauged half-maximal supergravities, i.e. those with
(@ = 16 real supercharges in their supersymmetry algebra. Again we restrict the
discussion to the non-chiral supergravities, thus avoiding subtleties in d = 6 and
d = 2 dimensions. Concerning the field content of half-maximal supergravity one
does not have much freedom since the bosonic and fermionic states have to arrange
in multiplets of the supersymmetry algebra. For the maximal () = 32 theories there
is only one possible multiplet, the () = 32 gravity multiplet. For the half-maximal
theories there are two types of multiplets: the @) = 16 gravity and the () = 16 vector
multiplet. One gravity multiplet is always needed since it contains the metric, but
in addition there is the freedom of adding m € N vector multiplets.

Note that the T-duality group O(10 —d, 10 — d, Z) is a subgroup of E11_g4(11—q)(Z). U-duality
combines T-duality with the S-duality of IIB supergravity. From a low-energy perspective this S-
duality is just the SL(2) symmetry of IIB supergravity, which in string theory again is discretized
to SL(2,Z).
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The supersymmetry structure is still very rigid for () = 16. For the ungauged
theory there is only one way to consistently couple the vector multiplets to the
gravity multiplet, i.e. the ungauged theory is completely determined when one spec-
ifies the dimension d and the number m of vector multiplets. In dimensions d # 6
gaugings are the only known deformations of these half-maximal supergravities that
are compatible with supersymmetry. For d = 6 one has the additional freedom to
couple the vector fields to the two-form gauge field of the gravitational multiplet via
Stiickelberg type couplings [16]. We will introduce these type of couplings also for
the gauged theories in all dimensions d > 4, but the difference in d = 6 is that it can
be switched on in addition to the gauging or without a gauging. This is analogous
to ITA maximal supergravity in d = 10, where also a massive deformation exists
which is not a gauging [15].

The Q = 16 supergravities in d dimensions can be obtained from torus reductions
of @ =16 (i.e. N = 1) supergravity in ten dimensions. The @) = 16, d = 10 gravity
multiplet contains as bosonic fields the metric, a scalar ¢ called the dilaton and
an antisymmetric two-form gauge field B,,. We label the vector multiplets by
t = 1,...,m. Each vector multiplet contains only one vector gauge field AZ as
bosonic degrees of freedom. The bosonic Lagrangian in the Einstein frame reads
[44, 45, 46]

Lp-10=v—=9 (R—2¢7"0,0)(¢"'0"¢) — 26 GupG"" — 2672 F,, F*) , (2.27)

where }"ﬁy = QG[HAfj] and G, = 30,, B, — A@Fﬁp] are the Abelian field strengths
of the vector-and two-form gauge fields. This Lagrangian is invariant under SO(m)
rotations on the vector fields Ai and under rescaling ¢ — ¢ ¢, B, — ¢ B, and
Al @ Al where ¢ € R*. Thus the global symmetry group is Go = R* x SO(m).
On can deform the theory by gauging a subgroup of Gy, using the A, as gauge fields.
A particularly important example is the case m = 496 and a subgroup Eg x Eg or
SO(32) gauged. In these cases the appropriate deformation of the Lagrangian (2.27)
describes the low energy limit of type I and heterotic string theory. But we continue
to consider the ungauged theory further.

When compactifying to d = 10 — ¢ dimensions the two form B, yields one two-
form, g vector fields and ¢(q — 1)/2 scalars in the effective theory, while the vector
fields AZ yield m vector fields and m - ¢ scalars. In total one thus obtains n = m+g¢q
vector fields from the gauge fields of D = 10. For d > 4 this is also the number
of vector multiplets one encounters in d dimensions’. In other words, the Q = 16
gravity multiplet in d + 1 dimensions always decomposes into one gravity and one
vector multiplet in d dimensions. For d = 3 an additional “vector-multiplet” appears
since the dilaton from the metric can be dualized into a vector field and we then
have n =m +q + 1.

7A linear combination of the Kaluza-Klein vector fields from the metric and of the vector fields
from the two-form B,,,, make up the vector fields in the d dimensional () = 16 gravity multiplet.

19



2.3. HALF-MAXIMAL SUPERGRAVITIES

d Gy H p=1 p=2

8| R™ xSO(2,n) SO(2)x SO(n) (24 1n)11/2 1.4

7| RT xS0O(3,n) SO(3) x SO(n) (B3+m)i12 1,

6| R"xSO(4,n) SO(4) x SO(n) (44mn)i1/2 1,61,

5| R*xS0(5,n) SO(5)xSO(n) (54+mn)y12@11 (54+n)_12®14
4 1 SL(2) x SO(6,n) SO(6) x SO(n) (2,6 +n) adjg,

3 SO(8,n) SO(8) x SO(n) adjg, —

Table 2.2: For the d dimensional half-maximal supergravities coupled to n vector multi-
plets the symmetry group G, its maximal compact subgroup H and the representations
of the vector and two-form gauge fields are listed. The subscripts at the representations
denote the R charges. The (d — 2 — p)-forms always transform dual to the p-forms and
the p = d — 2 forms always transform in the adjoint representation of Gg. Note the re-
spective dual forms can only be introduced onshell and only those fields that appear in
the ungauged Lagrangian carry degrees of freedom.

The analysis of the symmetry group G of the effective theory is analogous
to the discussion in the last section, i.e. whenever a new scalar field appears it
comes equipped with a shift symmetry and there is a symmetry enhancement by
the generators dual to these shift symmetries. This yields the global symmetry group
Go = RT x SO(gq,n) for 5 < d < 9. In d = 4 also the two-form can be dualized
to a scalar and the symmetry group becomes enlarged to Gy = SL(2) x SL(gq,n).
Similarly, for d = 3 the vector fields yield scalars via dualization such that the
global symmetry group becomes Gy = SO(8,n), and for d = 2 the affine extension
of the three-dimensional symmetry group is obtained. As in the maximal case it
turns out that the scalars always form a scalar coset Go/H. The respective maximal
subgroups H and the remaining bosonic fields are summarized in table 2.2. Note
that one obtains only n > ¢ (respectively n > ¢+ 1 for d = 3) from torus reduction
of D = 10, but there are d-dimensional theories for all numbers of vector multiplets
n € N.
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Chapter 3

The general structure of gauged
supergravity theories

In this chapter we start with some supersymmetric theory with global symmetry
group G and ask for the possible gaugings of this theory that are compatible with
supersymmetry, i.e. we demand the deformations of the theory not to break super-
symmetry. Although the answer to this question needs a case by case study, there
exists a general technique to parameterize the deformations via an embedding ten-
sor O, which is a tensor under the global symmetry group Gy and has to satisfy
certain group theoretical constraints. Every single gauging breaks the global sym-
metry Gy down to a local gauge group G C G, but the set of all possible gaugings
can be described in a Gy covariant way by using ©. This embedding tensor and the
constraints it has to satisfy are introduced in the following section for an arbitrary
theory, and as far as possible we try to keep this generality in the remainder of this
chapter. However, eventually we always specialize to the maximal and half-maximal
supergravities that were introduced in the last chapter.

3.1 The embedding tensor

We start from an ungauged supersymmetric theory with global symmetry group
Gp. The symmetry generators of the corresponding algebra g, are denotes t,, a =
1,...,dim(go). They obey

[tats] = fap" ty (3.1)

where f,57 are the structure constants of Gy. Gauging the theory means to turn
part of this global symmetry into a local one. In order to preserve gauge invariance
one needs to introduce minimal couplings of vector gauge fields, i.e. one replaces
derivatives 0, by covariant derivatives D,. The theory to start with contains vector
fields Aﬂ” that transform in some representation V' (indicated by the index M)
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3.1. THE EMBEDDING TENSOR

of the global symmetry group G,. These vector fields are U(1) gauge fields, i.e.
they do not only transform under go-transformations L“, but also under local gauge
transformations AM (z):

S AM = — L oM AN SAAM = 9,AM . (3.2)

In the covariant derivative of the gauged theory these vector fields Ai‘[f need to be
coupled to the Gy symmetry generators ¢, i.e. [28]

Dy =0,— gAY Oy t,, (3.3)
where ©,,% is the so-called embedding tensor and g € R is the gauge coupling
constant, which could also be absorbed into ©,,% The embedding tensor ©,,*
has to be real and appears in (3.3) as amap © : V — go. The image of this map
defines the gauge group G and the possible gauge transformations are parameterized
by AM(z). For example, a field By in the dual representation V of the vector gauge
fields transforms under G as

6By = gAY On ton” Bp = gAN Xyn” Bp . (3.4)

Here we introduced the gauge group generators X,; = ©,,%t,, which in the vector
field representation X nvT = 0,,%ton? take the role of generalized structure con-
stants for the gauge group G. Note that X,n* contains the whole information on
O if the vector field representation is faithful. The embedding tensor is not invariant
under the global symmetry group Gy, but to ensure the closure of the gauge group
and the gauge covariance of the following construction we demand © to be invariant
under gauge transformations § = AM§y,, i.e.

SpONY = g0 (tsn” ©p™ — f3,°ON") =0. (3.5)

Equivalently one can demand the generators X,;x* to be gauge invariant, and the
equation S Xnp® =0 can be written as

[(Xar, Xn] = —Xunt Xp . (3.6)

This equation guarantees the closure of the gauge group and is the generalized Jacobi
identity when evaluated in the vector field representation. Note that the generators
Xynt are generically not antisymmetric in the first two indices, and equation (3.6)
only demands this antisymmetry under projection with Xp, that is with ©,,%. The
two equivalent relations (3.5) and (3.6) represent a quadratic constraint on ©. The
embedding tensor has to satisfy this constraint in order to describe a valid gauging.

In addition to this quadratic constraint a linear constraint on © is needed as well.
Eventually, it is supersymmetry which demands this linear constraint, but we will
see in section 3.2 that already the gauge invariance of the vector and tensor gauge
field system yield at least parts of this linear constraint. The embedding tensor
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CHAPTER 3. THE GENERAL STRUCTURE OF GAUGED SUPERGRAVITIES

transforms in the representation V@ go =01 ® 6, @ ... ® 0, where b;,i=1,...,n,
are the irreducible components of the tensor product. The linear constraint needs to
be Gq invariant. Thus, each irreducible component 6; is either completely forbidden
by the linear constraint or not restricted at all', i.e. there is a subset S C {1,...,n}
such that the linear constraint reads

0; =0 forallie S. (3.7)

This equation can be written as a projector equation P10 = 0, where IP; projects
onto those representation in © that are forbidden. Similarly, the quadratic con-
straint can be written as Po(0© ® ©) = 0, where Py projects on the appropriate
representation in the symmetric tensor product of V' ® go. One could also imagine
higher order constraints like P3(0 ® © ® ©) = 0, but it turns out that the linear
and quadratic constraint are sufficient for the construction of the gauged theories.

For the maximal and half-maximal supergravities the global symmetry group G
and the representation V' of the vector fields were given in tables 2.1 and 2.2. For
the known cases we collected the linear constraint in tables 3.1 and 3.2. For the
maximal theories a similar table was given in [47, 48]. For the odd dimensions, i.e.
d=3,d=>5and d =7, the maximal gauged theories were worked out explicitly
[29, 32, 33], but via torus reduction one can infer the linear constraint for the even
dimensions d > 4 as well — in appendix A this is explained in detail. By applying
the methods of [49] one can also describe explicitly the general gaugings of maximal
d = 4 supergravity [31]. The maximal theories for d = 8 and d = 6 were not yet
worked out completely?. The maximal d = 2 theory will be considered in chapter 7.
For the half-maximal theories we refer to [30, 24, 34] and to chapters 4 and 5.

It should be mentioned that table 3.1 and 3.2 reflect our present knowledge of
the methods that can be used to work out the general gauged theories. It is not
impossible that a weaker linear constraints might suffice, if new methods are applied
in the future. In this respect the linear constraint is less robust than the quadratic
one, which can immediately be traced back to gauge invariance and closure of the

gauge group.
We summarize this section. When describing the general gauging of a supersym-
metric theory, the embedding tensor © can be used to parameterize the gauging.

Any © that satisfies the appropriate linear constraint (3.7) and the quadratic con-
straint (3.5) describes a valid gauging and the construction of the gauged theory

If two components 6; and 6; transform in the same Gy representation, a linear constraint of the
form 6; = o, o € R, is possible as well. But one can then form a linear combination 0, = 0, — af;
such that the linear constraint is again of the form 6, = 0. This happens, for example, for the
maximal d = 8 supergravities and for the half-maximal d = 5 supergravities, see table 3.1 and 3.2.

2For the d = 8 theories there is a classification of the gaugings that does not use the embedding
tensor but the Bianchi classification of three-dimensional group manifolds [50]. In this classification
the possible gaugings are parameterized by a 3 and a 8 of SL(3), which are only a subset of the
complete embedding tensor. We would thus expect that there are more general gaugings of d = 8
maximal supergravity.
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d Gy gV = allowed @ forbidden
8| SL(2) xSL(3) go®(2,3) = (2,3)®(2,6) © (2,3)9(2,15) & (4,3)
7 SL(5) 24 ® 10 = 15940 & 108175
6 SO(5,5) 45 ® 16, = 144, © 16, 560,
) Es(6) 78 ® 27 = 351 ¢ 2741728
4 E7(7) 13356 = 912 © 56 @ 6480
3 Egs) 248 ®248 = 16 3875 ¢ 248 ¢ 27000 ¢ 30380
2 Eqg(9) go ® basic = Dbasic @ rest
Table 3.1:  Decomposition of © for the d dimensional maximal supergravities. The

linear constraint only allows some of the irreducible components of ©. For d = 8 we have
go = (3,1) ® (1,8). For d = 2 the algebra is the affine extension of eg(s) and the vector
fields transform in the unique level one representation, called the basic representation —
see chapter 7.

only requires these constraints for consistency. When O is treated as a spurionic
object, i.e. it transforms under the global symmetry group Gy, one does formally
preserve the Gy symmetry in the gauged theory. This reflects the fact that the set
of all possible gaugings is G invariant. But as soon as a particular gauging is con-
sidered, the embedding tensor that describes this gauging breaks the G invariance
down to the gauge group G C Gy,.

3.2 Non-Abelian vector and tensor gauge fields

In this section we mainly present the results of [51] on the general form of vec-
tor/tensor gauge transformations in arbitrary space-time dimensions, but translated
into a more convenient basis, see also the appendix of [33].

3.2.1 Gauge transformations and covariant field strengths

First, we want to introduce the gauge transformations and covariant field strengths
for the p-form gauge fields that appear in gauged supergravity theories. Explicitly
we will give all formulas for rank p < 3, but in principle the construction can be
continued to arbitrary rank. It will turn out that always the (p+1)-forms are needed
to define a gauge invariant field strengths for the p-forms. In the next subsection
we will explain how to truncate this tower of gauge fields to a finite subset without
loosing gauge invariance.

In the ungauged theory we have (at least onshell) vector gauge fields Ai\f , two-

form gauge fields By, ;, three form-gauge fields S;‘Vp, etc., and all these fields come
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d 9o ® V = allowed @ forbidden

5 (10 & E|0> ® (11 S |:|—1/2> =0_12® Hl@ 51/2 © 110 12D EEll/z

1EreaBle 20 =2o0)eed) e@De..

3 H ® H zl@EIZI@E @H@Eﬁ@ﬁj

Table 3.2: Decomposition of © for the d dimensional half-maximal supergravities. The
linear constraint only allows some of the irreducible components of ©. For d = 5 the global
symmetry group Gg is RT x SO(5,n), and the R" charges are given as subscripts. For
d =4 and d = 3 we have Gy = SL(2) x SO(6,n) and Gy = SO(8,n), respectively, where
n is the number of vector multiplets. The Yang-tableaus always refer to the respective
SO-group.

in possibly different representation of the global symmetry group Gy, indicated by
the indices M, I and A. The Abelian field strengths of these tensor gauge fields
take the form

FoM =20, A)f
For = 30 Bugr + 6drun Al 8, A

pvp I
FE:ﬁA =49, Sfp)\] - Cf/jl (12 Bl r apA%[ +8dinp Af\g A,J,V 0, Af]) , (3.8)

where djyn and cj‘j are some appropriate Gg-invariant tensors. To ensure invariance
under the Abelian gauge transformations these tensors have to satisfy

dI[MN] =0 y dI(MN Cé.)[ =0. (39)

The existence of djyn = djyn) means that the two-fold symmetric tensor product
of the representation of the vector-fields AL]‘LJ contains the representation of the two-
form fields B, ;. Similarly, the existence of c4f means that the representation of
S ;‘V , 1s contained in the tensor product of the representations of Afy and By, ;. Using
table 2.1 one can easily check that these conditions are satisfied for the maximal su-
pergravities. The second equation in (3.9) also holds since the three-fold symmetric

tensor product of the vector field-representation never contains the representation

of S&

pvp:

We saw in chapter 2 that in dimensional reduction of D = 11 supergravity
additional terms AJA, etc., appear naturally in the field strength of the higher rank
tensor fields. From a lower dimensional perspective these terms are very important
for anomaly cancellation, and therefore always present. Using the relations (3.9) one
can show that under arbitrary variations 5Afy , 0B, 1 and 5531/0 the field strengths
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vary as

S FOM =20, (AAY),

0 F oot = 30u(ABys 1) + 6 dinn Fpyy' AAY
8 Fpmy = 40(ASh, ) — 6 caf Fot ABoxjs +4chf Fll,, i AAY (3.10)
where we used the “covariant variations”
AAfy = 5Aﬂ4 ,
AByy1 = 0By, 1 — 2dpyn Al 0A]
AS,, =050, —3cn B 0AN —2chf dinp Al A) 5AT (3.11)

These covariant variations are very useful since they allow to express gauge trans-
formations and variations of gauge invariant objects in a manifestly covariant form,
i.e. without explicit appearance of gauge fields.

We now ask for the appropriate generalization of (3.8) in the gauged theory.
The gauge group generators X;n! were already introduced in the last section, and
according to equation (3.6) they take the role of generalized structure constants.
Therefore, it would be natural to define the non-Abelian field strength of the vector
fields A/]y as

M M M AN 4P
f“y — 28[“ Al/] + gXNP A[H Al/] 3 (312)
but under gauge transformations 5A/]y = D,AM one finds this field strength to
transform as

0Fn =2D0AY = 2Dy DA™ = g FY Xyp™ A"

:—gANXNPMF£+29ANX(Np)Mle (313)
where we used the Ricci identity [D,, D,] = —gF %X u, which is valid due to the

quadratic constraint, see also [32]. Here and in the following we use the covariant
derivative as defined in (3.3). In the second line of equation (3.13) the first term
alone would describe the correct covariant transformation of the field strength, but
there is an unwanted second term since the X yp™ are typically not antisymmetric
in the first two indices. Thus the field strengths F % does not transform covariantly
under gauge transformations.

This problem arises because the dimension of the gauge group G can be smaller
than the number of Abelian vector fields Afy , and thus not all vector fields are
really needed as gauge fields. For any particular gauge group one could split the
vector fields into the gauge fields and the remainder and treat them differently in
the gauged theory. Those vector fields that are neither used as gauge fields for G
nor are sterile under G have to be absorbed into massive two-forms. But an explicit
split of the vector fields is not appropriate for our purposes since we search for a
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general formulation valid for all allowed embedding tensors. To solve this problem
one introduces a covariant field strength of the vector fields that contains Stiickelberg
type couplings to the two-form gauge fields, i.e.

M =20, A + gXnp™ A AL+ 9ZM B ;. (3.14)

The tensor ZM! should be such that the unwanted terms in (3.13) can be absorbed
into an appropriate gauge transformation of the two-form gauge fields. Explicitly,
0B, 1 should contain a term (—2d;np AN .7-"5,) and we need

X(MN)P =dunZ"". (3.15)

This equation implicitly defines ZM! as a linear function of the embedding tensor,
but it is also a linear constraint on © itself, since X MN)P not necessarily has the
form (3.15). For example for the maximal supergravity in d = 7 this already yields
the complete linear constraint®. Note that the quadratic constraint (3.6) implies

Xoum" Xp=0, thus ZM Xy =0. (3.16)

Using this equation one can replace the field strength F, % in the Ricci identity by
the covariant derivative, i.e. we have

(D, D] = —gHw X - (3.17)

Continuing the analysis to higher rank gauge fields one finds that, analogous to

equation (3.15), one needs a Stiickelberg type couplings to the three-forms in the

field strength of the two-forms, and so on. Without explaining the details of the

derivation we want to give the result. The tensor Y;4 that describes couplings to

three-form gauge fields in the covariant derivative of the two-from gauge fields is
given by

XM[J+2d[MNZNJ:CAA4JY}A . (318)

Again, this equation not only defines Y74 but also is a linear constraint on ©. Note
that equation (3.18) expresses the embedding tensor in terms of Z7 and Y7, if the
representation of the two-form gauge fields is faithful. From (3.18) and (3.16) we
find the relations?

e Yiea ZM — 2dyepry ZMT ZNT = 0 7MYy, =0. (3.19)

3Probably the same is true for all other dimensions d > 4, but we did not check this explicitly.
However, the inverse statement, i.e. that the linear constraint on © implies equation (3.15), can
easily be checked for 7 > d > 4. The point is that the Gg-tensors X(MN)P and ZPT contain the
allowed representations both only once (or not at all for the 15 in d = 7) and drpn is injective (as
a map from Z*! to Xmn)*), thus equation (3.15) only fixes the factor between these components
Of X(I\/[N)P and ZPI.

4To derive the second of relation in (3.19) one starts from gauge invariance of ZM1 i.e. 5, ZM! =
0, and then applies (3.18) and (3.16).
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The covariant field strengths of respective gauge fields read
H% :28[MAIJ/‘]4+QXNPMA Ay] +gZMIBﬂV[ s
H;,LVVI =3 D[ Bl/p]] + 6dIMN A[p (81/Ap] + %QX[PQ}NAVPA,)] ) +g Yra S

pvp
HA, \ = 4Dy Sy — i (6 Bl M2 — 392 By, 1By g + 8diyp AM AY 9, AL

UUPA T

+2d;np XPQR Af‘g AN Af A%) + four-form term.

(3.20)
The general variations of these field strengths read
SHy, =2Dp, (AA)) + 9 ZM AB,,
6 Hyuwpr = 3 Dyu(AByy 1) + 6 din Hipy, AAY + g YiaAS;,,
SH 0 = 4D (ASS ) — 6y Hi, ABpA} I + A Hywpr DAY
+ four-form term , (3.21)

were we used the covariant variations defined in (3.11). In terms of these covariant
variations the gauge transformations are given by

AAY = DAY — gZMTs,
ABy, 1 =2Dy,X, — 2dIMNAMH - QYIA(I)W ;
AS;‘DP 3Dy, (IJVP] + 3¢y H[]‘jy Y1+ cif AM H,, 1 + four-form gauge param.
(3.22)

where AM(z), 3, /(z) and @ﬁy(x) are the gauge parameters. Plugging these gauge
transformations into (3.21) one finds that the field strengths indeed transform co-
variantly, i.e. that

My, = —g AN Xnp™ H,

JOZ

(57’(“1,,)1 = gAM XMIJ H,uupl . (323)

For the field strength Huu o of the three-forms we did not give the couplings to
the four-form gauge fields, but only with these couplings and with the appropriate
gauge transformations of the four-forms this field strength will transform covariantly.
Similarly, without four-form fields the gauge transformations (3.22) do not close on
S4  but only on A} and By, The corresponding algebra reads

v
[0y, 0n,] = 05 + 0z + 05
[0z, 0=,] = do , (3.24)
with
AM = g Xy AYAY
Z.1=dmn (A DAY — AYD,AY) |
4, = 2cp diyp ML AN AY
o4 = gept ZMI) (21,150, — B0urZig) - (3.25)
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The quadratic constraint on O is crucial when checking these commutators. Finally,
we also give the modified Bianchi identities for the covariant field strengths

D[HH%] = %QZMIHWPI )

Dy Hopnr = % drvN Hf‘fy Hf)\i\} + i gYra Hﬁ,p}\ . (3.26)

It is very convenient to use these identities when checking (3.23) and (3.24).

3.2.2 Truncations of the tower of p-form gauge fields

In the last section we found the couplings to the (p+ 1)-forms necessary in the field
strengths of the p-forms in order to ensure gauge invariance. We now ask how this
infinite tower of p-form gauge fields can be truncated to a finite subsystem without
loosing gauge invariance. The answer to this question comes from the fact that not
all (p+1)-form gauge fields are really needed to make the field strength of the p-form
gauge fields invariant. For example, in the field strengths of the vector fields Aiy
the two-form fields By, ; only enter projected with Z*!. A finite gauge invariant set
of gauge fields is given by {A), Z"'B ,,;}. Indeed, due to (3.19) the three-forms
S4 drop out of the projected two-form field strength Z ! H,wp 1. Using (3.18) one

pp
can write this result without any reference to the three-from representation as

ZMI (XNIJ + 2d;np ZPJ) =0, thus {Af‘f, M1 B, 1} is closed. (3.27)

This is the truncation scheme used for the d = 4 and d = 5 maximal and half-
maximal supergravities, see [32, 31] for the maximal theories and chapter 4 and
5 for the half-maximal ones. For the higher-dimensional supergravities one finds
that the two-forms B, ; appear already unprojected in the ungauged theory, thus
a different truncation scheme is needed.

The three forms only enter projected with Y74 into the field strength of the two-
form gauge fields. We find {Aﬂd, B, YIAS;?VP} to be a set of gauge fields that is
closed under gauge transformations. The consistency condition for this is

Yia (XMBA + cf/[‘] YJB) =0, thus {Afy, B, }/}Asjup} is closed. (3.28)

This condition is satisfied due to the quadratic constraint on ©. To prove (3.28) one

starts with the gauge invariance of Y4, i.e. d);Y74 = 0 and then applies equations
(3.18) and (3.19).

For the d = 3 supergravities the vector fields are introduced as duals to the
scalars, they thus transform in the adjoint representation, i.e. in this case we have
vector fields Aj, an embedding tensor 0,7 and gauge group generators X,57 =
—0,° f55”. In this case it turns out that no higher rank gauge fields are needed since
the ©-projected vector field A*©,° are closed under gauge transformations. The
crucial relation for this is

X050, =0, thus A% 0,” is closed in d = 3. (3.29)
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d | 2 3 4 5 6 7 8
Pmax| O0° 0 1" 1 20 2 3

Table 3.3: The highest rank py.x of the tensor gauge fields that appears necessarily in the
ungauged maximal supergravity in d space-time dimensions. Scalars correspond to p = 0,
vector gauge fields to p = 1, etc. The asterisk indicates self-duality of the pyax-form fields.

This condition is equivalent to the quadratic constraint in d = 3 if the embedding
tensor ©,4 is symmetric in o and 4.°. The symmetry of ©,,4 is always a consequence
of the linear constraint in three-dimensions [29, 30, 24].

It thus depends on the particular theory which of the truncation schemes (3.27),
(3.28) or (3.29) is used. In each case only the corresponding projected gauge trans-
formations are present, i.e. only A®0,” for d = 3 and in the higher dimensions
{AM ZMIs, 1} or {AM, %, 1, Yia®4,}. For the d = 8 maximal supergravity one
also needs four-form fields and thus an even larger set of gauge transformations, but
the corresponding field strengths and gauge transformations were not yet worked
out in detail.

For the maximal supergravities we list in table 3.3 the maximal rank py., of
forms that appear in the ungauged theory, always referring to that formulation of
the theory in which all forms have been dualized to smallest possible rank®. In the
gauged theory only the tensor gauge fields up to rank py.. + 1 appear, and we saw
in the above truncation schemes that these (pmax + 1)-form gauge fields are only
introduced projected with some tensor ©, Z or Y, while all other gauge fields are
introduced unprojected”. Thus for © — 0 these gauge fields decouple and only
the field content of the ungauged theory is left. Note also that the covariant field
strengths (3.20) become the ungauged field strengths (3.8) for © — 0.

3.2.3 Topological terms in odd dimensions

For all dimensions d > 4 the ungauged Lagrangian of maximal and half-maximal
supergravity contains a topological term and in this section we give the appropriate
generalization of this topological term in the gauged theory. For simplicity, we
restrict to odd dimensions. We also include the case d = 3 for which a topological
term is present in the gauged theory but not in the ungauged one. It turns out that

5The Cartan-Killing form was used to lower the index 3.

6Typically different formulations in terms of dual p-forms also exist, and onshell one can always
introduce all forms up to rank d — 2 via dualization, see table 2.1.

"In even dimensions there are subtleties since typically only half of the pyax-form gauge fields
appear in the ungauged Lagrangian. The others can only be introduced onshell in the ungauged
theory. In the gauged theory they also appear in the Lagrangian, but like the (pmax + 1)-forms
only projected with some component of ©.
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gauge invariance already fixes the form of this term up to a factor®.

We gave the general variations of the field strengths in (3.21). These variations
have a much simpler form than the field strengths themselves, but we can infer the
field strengths from their general variations via integration. The same is true for
the topological terms. In the following we therefore start with the presentation of
the general variation of the respective topological terms. We now go through the
different cases.

d=3

For d = 3 we already explained that the vector fields Aj} come in the adjoint repre-
sentation, i.e. we have to replace the indices M, N, etc. everywhere by indices «, (3,
etc. The embedding tensor then reads ©,° and we can use the Cartan-Killing form
to raise- and lower the algebra indices. The general variation of the topological term
reads

0Lsop,d=3 = €7 Oup (0A]) ffp + total derivatives . (3.30)

This is the only possible Ansatz for the variation that yields covariant field equations.
This Ansatz has to pass two consistency checks. Firstly, for gauge transformations
0A; = D,A" this variation must yield a total derivative, which is true due to
the Jacobi identity D[Mfyo‘p} = 0. Secondly, the variation must integrate up to a
Lagrangian Ly, q—3. If the linear constraint O, = 0 and the quadratic constraint
(3.6) are satisfied? the variation indeed integrates up to the topological term

Liop.a=s = € Onp A, (8VA§ + 11X, A] Ag) . (3.31)

This is the standard Chern-Simons term, but normally ©,4 is the Cartan Killing
form and X,z are the structure constants, which need not to be the case here.

d=5

In d = 5 the vector gauge fields are dual to the two-form gauge fields, i.e. they
transform in the dual representations of GGy. We then have the index structure
By, dunp, Z MN “etc. The general variation of the topological term reads [32]

0 Liopa—s = €77 [2 9 ZM"N (ABuyar) Horo v — (AAY) dynp HY, H |
+ total derivatives . (3.32)

The general Ansatz for 0L, a—5 contains the two given terms with an a priori
arbitrary relative factor. This factor is fixed since the variation must yield a total

8In even dimensions the topological terms alone are not gauge invariant, instead there is a subtle
interplay between these terms and the kinetic terms of the gauge fields in the Lagrangian [49].
9The quadratic constraint yields that @agXW;ﬁ is completely antisymmetric in «, 7, §.
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3.2. NON-ABELIAN VECTOR AND TENSOR GAUGE FIELDS

derivative for gauge transformations (3.22). This can easily be checked by using
(3.26). However, the additional constraints dyyp = dunp) and ZWMN) — () are
needed. The complete symmetry of dy;yp is already necessary in the ungauged
theory to write down the appropriate ungauged topological term. The antisymmetry
of ZM¥ is a consequence of the linear constraint on ©. With these two conditions
and the quadratic constraint on © one can show that the above variation can be
integrated up. The topological Lagrangian reads [32]

Liopas = 7| = 4 dunp AN 0, AN 03 AL + 5 9 2 By rr Dy Brg
—2g dynp ZPQBMVQAf)V[ (6A Aév + % q XRSN Af Af)
—2gdynp Xor" AM A2 AR (9, AN + Lg X5V A3 AT) } .
(3.33)

The first two terms already show that the symmetry of d;yp and the antisymmetry
of ZM¥ are needed in order that the variation of the Lagrangian takes the above
form. The first term already appears in the ungauged theory.

d="7

In d = 7 the two-form gauge fields are dual to three-form gauge fields and thus also
transform in dual representations of G,. We therefore have three-forms S{Wp and
tensors ¢t/ Y7, etc. The general variation of the topological term then reads [33]

0 Liopat = — 15 €T V11 (ASL, VH yrw + 6 ] (ABu 1) Hox Hores

+2ch7 (AA;JLJ) Hopr1 Horr J:| + total derivatives .
(3.34)

This variation yields a total derivative under gauge transformations (3.22) and in-

tegrates up to a Lagrangian Lo, 4—7 if Y7 = 0 and cgé‘]) = 0. For the maximal

supergravities we give the complete topological term in chapter 6. Here we restrict
to the leading terms

Etop,dz? = — GMW))\UT'% Cﬁ;} BMVI 8p Ai\\/l (8(, BTHJ + 4dJNP Aév 87— Af)
—teil divpdigr Aj‘f AN Ag (0 AZ) (0. AR
+1gYay SM Dy SN +] (3.35)

nrp OTK

The terms missing are of order g* or g%, i.e. all terms of the ungauged theory are
already given here.
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3.3 Preserving supersymmetry

In this section we assume that the Lagrangian and the supersymmetry rules of the
ungauged theory are known and describe the modifications that have to be made
in order to obtained the gauged theory. Note that minimal substitution alone, i.e.
replacement of all derivatives 0, by covariant derivatives D,, destroys gauge invari-
ance and supersymmetry. In the last section we already introduced the necessary
covariant field strengths and covariant topological terms that have to be introduced
in order to restore gauge invariance. In order to restore supersymmetry one intro-
duces additional fermionic couplings and a scalar potential in the Lagrangian and
also needs to modify the supersymmetry rules of the fermions (the Killing spinor
equations). These changes will be explained in the next subsection.

3.3.1 Additional terms in Lagrangian and supersymmetry
variations

We saw that the bosonic fields of the maximal and half-maximal supergravities
transform in some representation of the global symmetry group Ggo. In particular
the scalars form the coset Go/H that is described by a group element V subject to
global G transformations from the left and local H transformations from the right,
i.e. it transforms as

V— AVh(z), AeGy, h(x)eH. (3.36)

See equation (2.9) for the SL(q)/SO(q) case, and the following chapters for further
examples. This particular description of the scalars is necessary since the fermions
also transform under local H-transformations, but not under Gy. Thus all couplings
between p-form gauge fields and fermions have to be mediated by the scalar coset
representative V.

Let us first focus on the maximal supergravities, for which the group H coincides
with the R-symmetry group Hg. The latter is defined as the largest subgroup of
the automorphism group of the supersymmetry algebra that commutes with Lorentz
transformations, i.e. it acts only on the internal indices of the supersymmetry gener-
ators (not on their spinor indices) and leaves the supersymmetry algebra invariant.
Every component of a super-multiplet thus transforms in some representation of Hp,
in particular the fermions. The gravity multiplet of maximal supergravity contains
the gravitini ¢, and matter fermions x™, where the indices a and m refer to some
representation of H = Hg. In table 3.4 we listed the R-symmetry groups and the
respective fermion representations for dimensions 3 < d < 8. For the even dimen-
sions there always appears a representation W together with its dual representation
W, which means that the corresponding fermions can be described by one complex
Weyl spinor with representation W (its complex conjugate then carries W). In odd
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3.3. PRESERVING SUPERSYMMETRY

spinor representation under Hp little group

d | type Hp Y X Yy X dof

8 || M,W U(2) 292 202446420 4 80 + 48
7 S USp(4) 4 16 16 4 64 + 64
6 | SMW | Usp(4) x Usp(4) (4,1)® (1,4) (4,5) @ (5,4) | 6 4 48 + 80
5 S Usp(8) 8 48 4 2 32 4 96
4 || MW SU(8) 8d8 56 © 56 1 1 16 + 112
3 M SO(16) 16 128 — 1 0+ 128

Table 3.4:  For the maximal supergravities in d dimensions the R-symmetry groups
and the corresponding representations of the gravitini v, and the matter spinors x are
listed. In addition the degrees of freedom for each v, and x are given, which corresponds
to giving the representation of these spinor under the respective little group SO(d — 2).
The product of the dimensions of the Hr and SO(d — 2) representations yields the total
degrees of freedom (dof) of ¢, and x, which always sum up to 128. In the second column
the spinor types in the respective dimension are given (M for Majorana, W for complex
Weyl, S for symplectic Majorana and SMW for symplectic Majorana Weyl). Note that
Hp, coincides with (the complex covering group of) H of table 2.1.

dimensions one can always use (symplectic) Majorana spinors that obey a (pseudo)
reality condition.

The Lagrangian of the gauged theory schematically takes the form
L= Eo[a — D, fo — H] + »Ctop + Eferm.mass. + Epot ) (337)

where L is the ungauged Lagrangian without topological term, but including fermi-
ons. All derivatives in £y have to be replaced by covariant derivatives and all p-form
field strengths have to be replaced by covariant ones. In addition one needs to add
the respective gauge covariant topological term Ly, fermionic mass terms Lierm mass
and a scalar potential L. In the last section we already gave Ly, at least for
the odd dimensions. By fermionic mass terms we mean all bilinear couplings of the
fermions that do not involve p-form gauge fields or derivatives, i.e. schematically

671 Eferm.mass =g Al ab @Eub P“y 'QZ)IC,L + g AQ am Xm 1"# Q/JZ + g A3mn Xn Xm + h-C- )
(3.38)

where A;, Ay and Az are are some tensor that depend on scalar fields and linearly on
the embedding tensor. More precisely A, Ay and As are composed out of irreducible
components of the T-tensor which we will introduce in the next subsection. Note
that no couplings of the form (3.38) are present in the ungauged theory. In the
gauged theory these couplings are needed to cancel terms in the supersymmetry
variations of the Lagrangian that come from the new gauge field couplings. But not
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CHAPTER 3. THE GENERAL STRUCTURE OF GAUGED SUPERGRAVITIES

all these new terms in are canceled in this way. One also needs to change the Killing
spinor equations as follows!®

d: ¥, = ungauged terms + g Ay " et
0. X" = ungauged terms + g A5, e, (3.39)

where £%(x) is the parameter of supersymmetry transformations. Supersymmetry
demands the same tensors A; and A, to appear here as in the Lagrangian.

Plugging the variations (3.39) into (3.38) yields order g terms in the variations
of the Lagrangian. In order to cancel those one needs a scalar potential of the form

6_1 ‘Cpot = _92V = 292 (Alab Alab - A2am AQQm) ) (340)

where the bar denotes complex conjugation. This is a scalar potential since A;
and Ay depend on the scalar fields. Note that we are not very explicit with our
conventions here, but we assumed that complex conjugation lowers or highers the
indices a and m. Of course, we will be much more concrete as soon as particular
theories are discussed in the following chapters. Supersymmetry then demands a
quadratic constraint on A; and Ay of the form!! [52]

_ _ 1
Al ac Albc - AZam A2bm = - ? 52, V ; (341)

where r = §2 is the dimension of the gravitini representation. This constraint needs
to be satisfied as a consequence of the quadratic constraint on ©. Equation (3.41)
is sometimes denoted as generalized Ward identity for extended supergravity.

According to table 3.4 the fermionic degrees of freedom of the maximal super-
gravities add up to 128, and so do the bosonic degrees of freedom in the ungauged
theory. In order to preserve supersymmetry, one is not allowed to alter the degrees
of freedom. Nevertheless, as explained in the last section, additional (pyax+1)-forms
are needed in the gauged theory to get a gauge invariant field strength of the pyax-
forms!'2. According to (3.37) these additional gauge fields do not get a kinetic term,
but only appear via the Stiickelberg type couplings in the covariant field strengths
and in the generalized topological term and therefore do not yield additional degrees
of freedom. Their field equation will turn out to be a duality equation, which in
odd dimensions relates the (ppax + 1)-forms themselves to the pyax-forms. For even

19For example, if we (schematically) write the scalar kinetic terms as £ D (D,¢)(D"¢) and the
supersymmetry variations of the vector fields as d.A,, = €, + €l',x, we find in the variation of
the Lagrangian terms of the form 6.£ D ¢g(D,¢)O(€y, + €', x). Those get canceled by terms from
(3.38) since d¢1p,, O Dye and dex C D,¢I'e, and by terms that follow when plugging (3.39) into
the kinetic terms of the fermions £ D &#F”””Dﬂ/}p + xPx. More details are given in the following
chapters for the concrete theories.

"N This equation is obtained by considering terms of the form g%/?ul"“e in the variation §.L.

12And in even dimensions one also introduces those pmax-forms (i.e. in d = 4 vector fields) in
the Lagrangian that are normally only introduces onshell via dualization.
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spinor under Hg under SO(n) little group
d || type Hp Yy X A Yy X A Yy X A dof
5 S Usp(4) 4 4 4 1 1 n 4 2 2| 16+8+8n
41 MW | U4 404 424 494|1 1 n 1 1 1| 84+8+8n
3 M SO(8) 8 — 8. 1 — n |nodof — 1| 0+0+8n

Table 3.5:  Analogous to table 3.4, but for the half-maximal supergravities in d =
3,4,5 dimensions. The R-symmetry groups and the corresponding representations of the
gravitini ¢, and of the matter spinors x and A are given. While 1, and x belong to
the gravity multiplet, A belongs to the n vector multiplets and thus transforms under the
SO(n) that rotates these vector multiplets into each other.

dimensions the construction is more subtle, for d = 4 we again refer to [49] and to
chapter 4.

The construction of the gauged theory given in equations (3.37) to (3.40) is not
specific for the maximal supergravities. The only thing that changes for supergrav-
ities with less supercharges is that additional fermions from other multiplets are
present. For example, for the half-maximal theories one still has ¢ and x™ from
the gravity multiplet, but in addition one has matter fermions A\* from the n vector
multiplets. The indices a, m and z again indicate that these fields come in some
representation of H, but we now have H = Hg x SO(n), i.e. H is not identical
with the R-symmetry group, but contains it as a subgroup. The additional factor
SO(n) refers to the transformations of the vector multiplets into each other, i.e. \*
transforms as a vector under SO(n), while ¢f and x™ are singlets under SO(n).
In table 3.5 we summarize the representations of the fermions for the half-maximal
theories in d = 3,4,5.13

In the gauged theory the supersymmetry rules for A\ have to be supplemented
by a term g As,” €® and the fermionic mass terms also contain all possible bilinear
fermion coupling that contain A*, in particular a term gAQG”““;\xl"“@/)g. Equation
(3.41) then has to be modified as follows

_ _ _ 1
Al ac Albc - AQam AQbm - AQam Abe - - 5 52 Vv 9 (342)

and this equation again has to be a consequence of the quadratic constraint on ©.

13In section 2.3 we explained that from torus reduction of minimal supergravity in d = 10
without vector multiplets one obtains the half-maximal theories in d = 3,4,5 with n = 8,6,5
vector multiplets. According to table 2.3 these theories all carry 64 fermionic degrees of freedom,
i.e. half as much as the maximal theories.

36



CHAPTER 3. THE GENERAL STRUCTURE OF GAUGED SUPERGRAVITIES

3.3.2 The T-tensor

In the last subsection we introduced tensors A;, As and As to write down gravi-
tational mass terms for the fermions. These tensors transform under the maximal
compact subgroup H of GGy and have to be defined out of the embedding tensor ©
which is a tensor under the global symmetry group Gy itself. The object that relates
representations of Gy and H is the scalar coset representative V which according
to (3.36) transforms under both groups. Since V is a group element of Gy it has a
natural action Ry on every G, representation. For example, if GGy is some matrix
group (i.e. SL(q), SO(g,p) or Sp(q)), then the natural action on a vector v is given
by right multiplication, i.e. Ry[v] = v V.

When acting with }V on the embedding tensor © one obtains the so-called T-
tensor

T = Ry [0)]. (3.43)

The T-tensor contains all the information on ©, but it is scalar dependent and
transforms under H, not under GGy. Every Gy-irreducible component of © branches
into one or more H-irreducible component of 7', schematically

0=0060... 5 T=ln0t®..)0[ltxdln®...)E.... (3.44)

The irreducible components ¢;; of the T-tensor are used to build up the fermionic
mass tensors A;, A, and Asz. This has first been observed for the maximal d = 4
supergravity [53]. When concrete examples are being discussed in the next chapters
we will explicitly give the relations between ©, T and the A’s.

In table 3.6 and 3.7 we list the irreducible components of the T-tensor and of the
fermionic mass matrices for the maximal supergravities in dimensions 3 < d < 7.
Comparing the two tables shows that every component of the T-tensor appears
somewhere in A;, Ay or As, i.e. all components are used in the fermionic couplings.
This however is a special feature of the maximal supergravities. In general, not
all components are used, as we will see for the half-maximal supergravities in the
following chapters.

The description of the T-tensors completes our general discussion of gauged su-
pergravity theories. In this chapter we first introduced the embedding tensor ©.
This tensor parameterizes the minimal couplings of vector fields to symmetry gen-
erators in the covariant derivative. We then showed which additional changes in the
Lagrangian and in the supersymmetry rules are necessary in order to preserve gauge
invariance and supersymmetry. All these couplings are parameterized in terms of
O. We also introduced the linear and quadratic constraints that © has to satisfy in
order to describe a valid gauging. In the following chapters these general methods
are applied to concrete examples.
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d| Gy H 0 T

7| SL(5) Usp(4) 15 & 40 165614335

6 | SO(5,5)  USp(4) x USp(4) 144, (4,4) @ (4,16) @ (16,4)
5 Eg USp(8) 351 36 ¢ 315

4 E, SU(8) 912 36 @ 36 © 420 © 420
3 Es SO(16) 163875 14135® 1820 ¢ 1920

Table 3.6: For the maximal supergravities in d dimensions the H-irreducible components
of the T-tensor are given. For convenience we again list the global symmetry groups
G, its maximal compact subgroups H and the irreducible components of the respective
embedding tensor.

d 1% ® % Al wu ® X AQ

7] (4®4)antiym > 1D5 4®16 O 5014335
6| (4,1)®(1,4) = (4,4) (4,1)® (5,4) = (4,4) @ (16,4)
5 (8®8)sym = 36 8 ® 48 D 315

4 (8®8)ym = 36 8 ® 56 D 420

3/ (16016)ym = 1@®135 16 ®128 D 1920

d X ® X Az

7] (16 ®16)antisym D 165014335

6| ((4,5)®(5,4)ym O (4,4)® (4,16) D (16,4)

5 (48 ® 48)sym ) 36 © 315

4 (56 ® 56)sym ) 420

3] (128®128)ym D 1820

Table 3.7: For the maximal supergravities in d dimensions it is listed which components of
the T-tensor contribute to the fermionic mass tensors A1, As and Az. These tensors have to
be composed out of H-representations that appear in (appropriately (anti-) symmetrized)
fermionic bilinears, as listed in the table. The subset symbol D is used if not all of the
possible representations appear (because they are not present in the T-tensor). In even
dimensions also the respective dual representations are present, e.g. in d = 4 we also have
(8 8)eym = 36 in Aj.
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Chapter 4

The N = 4 supergravities in d =4

In this chapter we present the universal Lagrangian and the Killing spinor equations
of the general gauged N = 4 supergravities in four dimensions. For an even num-
ber of spacetime dimensions there are subtleties that seem to hamper the universal
description of the gauged theory. In particular, in four dimensions the global sym-
metry group Gy of a supergravity theory is generically only realized on-shell since
it involves duality rotations between the electric and magnetic vector fields [54, 55].
Only together the electric vector fields that appear in the ungauged Lagrangian and
the magnetic vector fields that are introduced on-shell form a representation under
Gp. Thus, in a GGy invariant formulation of the gaugings the magnetic vector fields
appear in the covariant derivative and therefore in the Lagrangian. These issues
were resolved in [49], where for a general four-dimensional theory it was explained
how to consistently couple electric and magnetic vector gauge fields together with
two-form tensor gauge fields in order to describe gaugings of a generic subgroup of
Gyo. Here we apply these results to the case of gauged N = 4 supergravities.

Examples of N = 4 supergravities in four dimensions are already known for
more than twenty years [56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66]. From a string
theory perspective these half-maximal supergravities can, for example, result from
orientifold compactifications of IIB supergravity [67, 68]. In this picture parts of
the embedding tensor correspond to fluxes or additional branes on the background
[69, 70, 71, 72, 73], but not all the known gaugings could so far be identified in this
way. Lower N theories can be obtained by truncation of the N = 4 supergravities.
For example certain relevant N = 1 Kahler potentials can be computed from the
N = 4 scalar potential [18; 19, 20]. It would also be interesting to find a gauged
N = 4 supergravity that possesses a de Sitter ground state, since this is not the case
for the theories investigated so far [74, 75].
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4.1 Embedding tensor and gauge fields

4.1.1 Linear and quadratic constraint

The global symmetry group of ungauged d = 4 half-maximal supergravity is Gy =
SL(2) x SO(6,n), where n denotes the number of vector multiplets. We use indices
a=1,2and M =1,...,6+n to label vector representations of SL(2) and SO(6, n).
The generators of Gy are t,3 = t(ag) and tyn = tn). In the respective vector
representation they read

)
(tMN>PQ = 584nN]P ) (taﬂ)’Y = 52165)“/ ) (41)

where 7y is the SO(6,n) metric and €, is the SL(2) invariant Levi-Civita tensor.

The electric and magnetic vector fields together transform as a doublet under
SL(2) and a vector under SO(6,n), i.e. we have vector fields AY*. The covariant
derivative (3.3) takes the form

D# = GM — gAHMa @MO{NP tNP — gAuMa @Maﬁ’\/ tgfy . (42)

It was already said that the gauge coupling constant g could be absorbed into the
embedding tensor and is just used for convenience to keep track of the order of defor-
mation. The two components © 7, and ©,,,”" further decompose into irreducible
representations of Gy. According to table 3.2 the linear constraint only allows for
two of these irreducible components to be non-zero for a consistent gauging. These
two components are described by the tensors o and foynp = famnp). Both are
doublets under SL(2), but &£, is vector under SO(6,n) while foanp transforms as
a thee-fold antisymmetric tensor. These tensors constitute the embedding tensor as
follows

1 1
O™ = fard" T + 551[\]4\[551 ; Oun = §€5M€5(ﬁ5l) - (4.3)

Working out the quadratic constraint (3.5) on © in terms of £,y and foynp yields
the following set of constraints

& =0,
P _
§atpypmn =0,

3faR[MNfﬁPQ}R + 28 fonpg =0,

e’ (&l fapmn + Eanpn) =0,
e’ (faMNRfBPQR - §§fﬁR[M[P77Q}N] — Sam IN)PQIB + fa[PfQHMN}ﬁ) =0. (44)

To summarize, gaugings are parameterized by the tensors &,y and foanyp that
have to obey the constraints (4.4). For any particular gauging these are constant
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tensors (their entries are fixed real numbers), but in the construction of the general
gauged theory they are treated as spurionic objects that transform under Gy. The
Gy invariance is thus formally retained. This is possible because the constraints
(4.4) are G invariant, i.e. for a solution of (4.4) a G transformation yields another
solution. Different solutions that are related in this way describe equivalent gauged
theories.

4.1.2 Choice of symplectic frame

It is convenient to define a composite index for the vector fields by A4,M = A,
On the linear space of vector fields there is a symplectic form 2,y defined by

Qunv = QanNg = NMNEas QMN = QMaNB = pMN b (4.5)
The existence of this symplectic form is a general feature of four-dimensional gauge

theory. Every decomposition A%" = (A}, A, x) such that

OAY A 0 1
N e I (46)

provides a consistent split into an equal number of electric Aﬁ and magnetic A,
vector fields. That means the ungauged theory can be formulated such that the
electric fields Aﬁ appear in the Lagrangian while their dual magnetic fields A, 5 are
only introduced onshell. Such a decomposition is called a symplectic frame. The
symplectic group Sp(12 + 2n) is the group of linear transformations that preserve
Qumn. Every two symplectic frames are related by a symplectic rotation.

The gauge group generators in the vector field representation take the form
Xon” = Xpsang”? = Ouaf (tgr)n” oy + Onra’ (ts)s” 0%

1
=0, faren® + 3 (63 03 EaN — S5 60 Epnr — 65 N &8 + €ap O Esnr €)
(A7)

These generators satisfy
X 2p1o =0, Xon ¥ pyo =0 (4.8)

The first of these equations states that the symplectic form €2,y is invariant under
gauge transformations. In fact, it is even invariant under G, transformations, i.e.
we have the following embedding of groups G C Gy C Sp(12+2n), where G denotes
the gauge group. The second relation in (4.8) was found in [49] to be the universal
way of expressing the linear constraint in four dimensions. This equation was used
to work out the decomposition (4.3) of the embedding tensor into its irreducible
components £,y and fonp.
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In the following section we use a particular symplectic frame to give the La-
grangian of the general gauging. The SL(2) doublet is decomposed as a = (+, —)
such that e, = ¢~ = 1. We then use Aﬁ“ as electric and Aﬂ/[ ~ as magnetic
vector fields. This decomposition obviously satisfies (4.6). If we only consider those
symmetry transformations that do not mix electric and magnetic vector fields the
global symmetry group G is broken down to SO(1,1) x SO(6,n). Only this reduced
group is realized as symmetry group of the ungauged Lagrangian (and of the gauged
Lagrangian when considering &,y and foanp as spurionic objects). Note that the
gauge group G need not be contained in this reduced offshell symmetry group.

In order to illustrate the meaning of the quadratic constraints (4.4) we first
consider the case of purely electric gaugings for the particular symplectic frame
just chosen. Purely electric gaugings are those for which only the electric vector
fields appear in the covariant derivative (4.2). In this case we have £, = 0 and
fomnp = 0. We then find f+MNP = frmno n%" to be the structure constants of
the gauge group and the constraint (4.4) simplifies to the Jacobi identity

f+R[MNf+PQ]R =0. (4.9)

The complete quadratic constraint (4.4) can be viewed a generalization of this Jacobi
for more general gaugings. Note that the SO(6,n) metric nyn is used in (4.9) to
contract the indices in (4.9), while in the ordinary Jacobi identity the Cartan Killing
form occurs. Also the indices M, N, ... run over 6 + n values while the gauge group
might be of smaller dimension. These issues will be discussed in section 4.4.

4.1.3 Vector and tensor gauge fields

The ungauged N = 4 supergravity contains the metric, electric vector fields and
scalars as bosonic fields in the Lagrangian. The dual magnetic vectors and two-form
gauge fields are only introduced on-shell. The latter come in the adjoint repre-

sentation of GGy and since (G has two factors there are also two kinds of two-form
gauge fields, namely BN = BLAV/IN} and By = B,g?,ﬁ ) = (Bi5, Bl B, ). For the
general description of the gauged theory all these fields appear as free fields in the
Lagrangian [49]. For the magnetic vectors this is necessary because they can appear
as gauge fields in the covariant derivative while the two-forms in turn are required
in order to consistently couple the vector fields. Neither of these newly introduced
gauge fields gets equipped with a kinetic term and via their first order equations of
motion they eventually turn out to be dual to the electric vector fields AHM * and to
the scalars, respectively. Thus the number of degrees of freedom remains unchanged

as compared to the ungauged theory.

We want to give the gauge invariant field strengths and the gauge transformations
of the vector and two-form gauge fields by applying the general formulas of section
3.2. In these general formulas we used the tensors d;yn and ZM! that now are given
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as follows
Lo ) e =ee Oy 55
IMN = )
dMprQ(; = €46 5[[1]\;./1 537}]
g = [ AT = O (4.10)
gMaNP ?7MQ €0 @QéNP ’
From equation (3.20) we then find the following covariant field strengths®
H%—i— — 28[“AV}M+ _ ngaNPMA[ﬂNaAy]PJr
9o M NP |  9¢ Mpt+ | 9¢ Mpi—
_'_5@* NPB/J,ZI _'_Eer B,uy +§£* B,uy ;
HY =20, A0M — g fanp™ AN AT
g g — ., 9 _
- 5 @JrMNPB,L]X/P =+ 5 g*MB,uy + §§+MB:IU 3
MN __ MN alM N6
H“yp =3 8[;LBI/p] + 6 €ap A[N GVAP} + O(g) s
af af M(a B)N

Only the electric field strength Hffﬁ enters the Lagrangian, but the magnetic and
the two-form field strengths appear in the equations of motion. For our purposes it
is sufficient to know the two-form field strengths up to terms of order g.

It is useful to define the following combinations of the electric field strengths

M+ _ M+
g;u/ == H;,Ll/ )

G M- _ -1, MN OLxin
oo = U HpX Nt
8HpA

= —5 G Im(T) MM p TN — Re(r)H,," . (4.12)

We give the Lagrangian L,;, only in the next section, but we want to anticipate
that in the ungauged theory (i.e. in the limit ¢ — 0) the equations of motion for
the electric vector fields take the form G[MQW,}M ~ = 0. The magnetic vector fields
can then be introduced via H%f = g}){i Thus g™ = (GM+,GM~) and HM® are
on-shell identical.

The existence of GM* results in the d = 4 subtlety that in the general gauge
transformations (3.22) we have to replace H™ by G™* in order to find a formulation

!Note that the indices + and — on the vector fields and on their field strengths distinguish the
electric ones from the magnetic ones and thus do not indicate complex self-dual combinations of
the field strengths as is common in the literature. We hope note to confuse the reader with that
notation.
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4.2. LAGRANGIAN AND FIELD EQUATIONS

entirely in terms of electric vector fields in the limit ¢ — 0. Thus, the gauge
transformations of the vector and tensor gauge fields read

—

514;]1“ _ DuAM+ _ g@iM =NP _ g§+M:++ _ gfiME%

NP=pu © 9 w0
sAM- — p AM- 4 Ig M =NP T Mz T Mzi-
ABYN = 2D, 20N — 2,5 GNP
AB = 2D Ep + 2pun AM @GN (4.13)

- —IMN - -
where the gauge parameters are AM*, 2N = =M and 2of = =9 and we used

the covariant variations (3.11) of the two-form gauge fields
MN _ spMN a[M ¢ 4 N|3
o o M(cx N

ABY =085 + 2w A, @0 ADN | (4.14)

In the Lagrangian the two-form gauge fields only appear projected with ©,,,%" and
OuaMY, respectively. On the two-forms the gauge transformations (4.13) only close
under this projection. The gauge algebra is a special case of (3.24).

4.2 Lagrangian and field equations

The N = 4 gravity multiplet contains as bosonic degrees of freedom the metric,
six massless vectors and two real massless scalars. The scalar fields constitute an
SL(2)/SO(2) coset®. This coset can equivalently be described by a complex number
7 with Im(7) > 0 or by a symmetric positive definite matrix M,5 € SL(2). The
relation between these two descriptions is given by

oy (£ ) e (o )

where M%7 is the inverse of M,s. The SL(2) symmetry action on M,z

M — gMgT | g= (‘Z Z) € SL(2), (4.16)

acts on 7 as a Mobius transformation 7 — (ar + b)/(cT + d).

We couple the gravity multiplet to n vector multiplets, each containing one
vector and six real scalars. The scalars of the vector multiplets arrange in the
coset SO(6,n)/SO(6) x SO(n) which is described by coset representatives V,;* and

2In the literature the symmetry group is usually denoted by SU(1,1), however, we prefer to
treat it as SL(2) which is of course the same group but with different conventions concerning its
fundamental representation.
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Vy™ where m =1,...,6 and a = 1,...,n denote SO(6) and SO(n) vector indices,
respectively. The matrix V = (Vy™, Vi) is an element of SO(6,n), i.e.

nun = —Vu"VN" + Vu VN, (4.17)
where ny y = diag(—1, -1, —1,—1,—1,—1,+1,...,+1) is the SO(6, n) metric. Global

SO(6,n) transformations act on V from the left while local SO(6) x SO(n) transfor-
mations act from the right

V — gVh(z), g € SO(6,n), h(x) € SO(6) x SO(n) . (4.18)

Analogous to M,z this coset space may be parameterized by a symmetric positive
definite scalar metric M = VVT, explicitly given by

My = Var*Vn® + V™ V™ . (4.19)

Its inverse is denoted by MM~ . Note that each of the matrices My, Vi and
Vy® alone already parameterizes the SO(6,n) part of the scalar coset.

In order to give the scalar potential below we also need to define the scalar
dependent completely antisymmetric tensor

MMNPQRS = €mnopgqr VMmVNnVPOVQpVRqVST . (420)

In addition to ©,,,"" and ©,,,” defined in (4.3) the following combination of
farnp and &,y appears regularly

faMNP = famnp — fa[M neiN — %faNUMP . (4.21)

We can now present the bosonic Lagrangian of the general gauged theory?

‘Cbos = ‘Ckin + 'Ctop + ‘Cpot . (422)
It consists of a kinetic term
1
1 1 1 MN ¥
e Liin = 5 R+ 35 (DuMpyn)(DFM™T) — W(DMT)(DMT )
— i Im(7) ]\4]\41\/71”,,MJF'H’“’NJr + % Re(T) nun EMVP)\HHVM+HpAN+ ,

(4.23)

30ur space-time metric has signature (—, +, +, +) and the Levi-Civita is a proper space-time

: 0123 _ -1 _
tensor, i.e. € =€ 7, €p123 = —€.
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4.2. LAGRANGIAN AND FIELD EQUATIONS

a topological term for the vector and tensor gauge fields [49]

-1 g
e Liop=—7= M

{€+MTINPA,]Y—AJVV+5/)AI;+ - (f—MNP +2 f—NUMP) AT ATT9,AYT

— % Jarivrl e AN AT ATP AL+ F 0 p0 Mo BT B

— 1 (O mneBL +E uBlL + & uBLY) (20,43 - gfaQRMASQAf—)} :
(4.24)

and a scalar potential

e_1‘Cpot = _92V

2
= _%{faMNPfﬁQRSMaB % MMEMNEMPS 4 (% UMQ - MMQ)nNRnPS}

— 3 farinp faqrse®? MMNFQRS 3 Ml M“BMMN} . (4.25)

The action of the covariant derivative (4.2) explicitly reads for the scalar fields

D, M,s = 0,M,p + gAﬂMf(aMMgn + gAy5£6M55(a567M6)7 :
D,uMMN = 8,U,MMN -+ QQAﬂPa@ap(MQMN)Q . (426)
Note that Im(7)2(D,7)(D*7*) = —3(D,Mag)(D*M®?), i.e. the kinetic term for 7
can equivalently be expressed in terms of M,z.

Under general variations of the vector and two-form gauge fields the Lagrangian
varies as

e 0 Lpos = ég (@—MNPAB,J);P + f—MAB;L,,_ + §+MAB:[V+) etvPA (H%\_ - %_)
+30AN) (g€ Moy DM + 20 01p™ My D MO — 71y, D, G
+3(0477) <9 oM D" M 4 g O_np" MygDHMOT 4 Py DVG;VA*)
+ total derivatives, (4.27)

where we used the covariant variations (4.14). Plugging the gauge transformations
(4.13) into these general variations one finds the Lagrangian to transform into a
total derivative, i.e. the action is gauge invariant [49].

Equation (4.27) encodes the gauge field equations of motion of the theory. Vari-
ation of the two-form gauge fields yields a projected version of the duality equation
H%f = gf)ﬁ* between electric and magnetic vector fields. From varying the electric
vector fields one obtains a field equation for the electric vectors themselves which
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contains scalar currents as source terms. Finally, the variation of the magnetic vec-
tors gives a duality equation between scalars and two-form gauge fields. To make
this transparent one needs the modified Bianchi identity for Hﬁ,/[f which reads

vp) uvp prp uvp

Dy, HMF = % (O MpoHE? + & MU 4 Myt (4.28)

Thus we find that the tensors f.anp and &,y do not only specify the gauge
group but also organize the couplings of the various fields. They determine which
vector gauge fields appear in the covariant derivatives, how the field strengths have
to be modified, which magnetic vector fields and which two-form gauge fields enter
the Lagrangian and how they become dual to electric vector fields and scalars via
their equation of motion. Consistency of the entire construction crucially depends
on the quadratic constraints (4.4).

In principle one should also give the fermionic contributions to the Lagrangian
and check supersymmetry to verify that (4.22) really describes the bosonic part of a
supergravity theory. We have obtained the results by applying the general method
of covariantly coupling electric and magnetic vector gauge fields in a gauged theory
[49] to the particular case of N = 4 supergravity. This fixes the bosonic Lagrangian
up to the scalar potential. The latter is also strongly restricted by gauge invariance,
only those terms that appear in (4.25) are allowed. We obtained the pre-factors
between the various terms by matching the scalar potential with the one known
from half-maximal supergravity in three spacetime dimensions [24], see appendix B.
The general theory then was compared with various special cases that were already
worked out elsewhere [64, 66, 74, 69, 70, 71, 72, 76, 77, 78], see section 4.4.

A symplectic rotation of the vector fields yields a different Lagrangian which
describes the same theory at the level of the equations of motion. All possible
Lagrangians of gauged N = 4 supergravity are thus parameterized by £,y famnp
and an element of Sp(12 + 2n). It can be shown that as a consequence of the
constraints (4.4) one can perform for every gauging a symplectic rotation such that a
purely electric gauging is obtained [49]%. In other words, for every particular gauging
there exists a natural symplectic frame such that no magnetic vector fields and no
two-form fields are necessary in the Lagrangian. However, this natural symplectic
frame is only defined implicitly in terms of &,5; and fopvp. In order to have the
general gauged Lagrangian explicitly parameterized by £,p; and foanvp one needs
the above construction with magnetic vectors and two-forms.

4In the maximal supersymmetric theory, i.e. for N = 8, this statement can even be reversed, i.e.
every gauging that is purely electric in some symplectic frame is consistent, i.e. solves the quadratic
constraints for the embedding tensor [31]. This is different in N = 4 where a nontrivial quadratic
constraint remains also for purely electric gaugings.
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SO(2) charges SU(4) rep. SO(n) rep.
gravitini ¢, -3 4 1
spin 1/2 fermions x* +% 4 1
spin 1/2 fermions A% +1 4 n

Table 4.1: H-representations of the fermions of d = 4, N = 4 supergravity

4.3 Killing spinor equations

So far we have only considered bosonic fields and we do not intend to give the entire
fermionic Lagrangian nor the complete supersymmetry action. They can e.g. be
found in the paper of Bergshoeff, Koh and Sezgin [66] for purely electric gaugings
when only f,/np is non-zero, and we have chosen most of our conventions to agree
with their work in this special case®. In particular all terms of order ¢°, i.e. terms
of the ungauged theory, can be found there.

Our aim in this section is to give the Killing spinor equations of the general
gauged theory, i.e. the variations of the gravitini and of the spin 1/2 fermions un-
der supersymmetry. Those are required for example when studying BPS solutions
or when analyzing the supersymmetry breaking or preserving of particular ground
states.

All the fermions carry a representation of H = SO(2)xSO(6)xSO(n) which is the
maximal compact subgroup of Gy. Instead of SO(6) we work with its covering group
SU(4) in the following. The gravity multiplet contains four gravitini wz and four
spin 1/2 fermions x* and in the n vector multiplet there are 4n spin 1/2 fermions
A% where i = 1,...,4 and a = 1,...,n are vector indices of SU(4) and SO(n).
The SO(2) = U(1) acts on the fermions as a multiplication with a complex phase
exp(igA(x)), where the charges ¢ are given in table 4.1.

As usual we use gamma-matrices with
T, T} =20, (T =T, , [5 =iloTol . (4.29)

All our fermions are chiral. We choose %UL and A% to be right-handed while x* is
left-handed, that is

1—‘577Z)L - +77Z}L ) F5XZ = _XZ ) F5)\ai = +)\ai . (430)

Vector indices of SU(4) are raised and lowered by complex conjugation, i.e. for
an ordinary SU(4) vector v; = (v%)*. However, for fermions we need the matrix
B = iT'sT5 to define ¢; = B(¢%)*. This ensures that ¢; transforms as a Dirac spinor
when ¢ does. The complex conjugate of a chiral spinor has opposite chirality, e.g.

5The structure constants fysnp in [66] equal minus fyanp.

48



CHAPTER 4. THE N =4 SUPERGRAVITIES IN D =4

xi = B(x%)* is right-handed®. For ¢; = (¢')'Ty we define the complex conjugate by
¢' = (¢;)* B which yields ¢; X" = X'¢s = (¢'x:)* = (xi¢")*.

An SO(6) vector v™ can alternatively be described by an antisymmetric tensor
v = vl subject to the pseudo-reality constraint

vy = (V)" = éeijklvkl . (4.31)

We normalize the map v™ +— v¥ such that the scalar product becomes
1

™ = aeijkl'l}ijwkl . (432)

We can thus rewrite the coset representative V)™ as Vy;” such that the equations
(4.17) and (4.20) become

1 .
NMN = —§€¢jleM”VNkl + V" Vn",
MMNPQRS =—21 €ijps €klgt Emnru V[MijVNlePmnVquVRTSVS]tu . (4-33)

The scalar matrices Vy, and Vj;* can be used to translate from SO(6, n) representa-
tions under which the vector and tensor gauge fields transform into SO(6) x SO(n)
representations carried by the fermions. They are thus crucial when we want to
couple fermions. For the same reason it is necessary to introduce an SL(2) coset
representative, namely a complex SL(2) vector V, which satisfies

M.s = Re(Va(Vs)") . (4.34)

Under SO(2) V, carries charge +1 while its complex conjugate carries charge —1.7

In section 3.3 we already described the modifications that are necessary in the
fermionic sector when gauging the theory. Those fermionic mass terms that involve
the gravitini read in our particular case

671£f.rnass = % g Allj 'IZJM‘ re 77ij - % Zg A;j Qzui r« X + Zg A2aij QEL e )‘;L + h.c. y
(4.35)

6Right-handed spinors can be described by Weyl-spinors ¢»*, and left-handed ones then turn to
conjugate Weyl-spinors ¢ ;. Here A and A are (conjugate) SL(2,C) vector indices. In the chiral
representation of the Gamma-matrices

0 ot 1 0 . 0 €
FH—(O_H 0), F5—(0 ]1), B—’LF5F2—(E 0),

where € is the two-dimensional epsilon-tensor and o, = (1,5), o = n*’0, = (—1,5) contains
the Pauli matrices, we find right-handed spinors to have the form ¢ = (¢*,0)” while left-handed
ones look like ¢ = (0,4 4)7. Thus we have ' = (QXZ)T and its complex conjugate is given by
xi = (x#,0)T where the Weyl-spinors are related by y# = ¢4 (ng)*

"The complex scalars ¢ and v in [66] translate into our notation as V, = v, V_ = i¢ and

v/6=ir".
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where Aij = Agij ), Aéj and A, ;7 are the fermion shift matrices which depend on the
scalar fields.

Also the supersymmetry transformations of the fermions have to be endowed
with corrections of order ¢!, namely

Sl = 2D, + 2 i (Vo) Vi GIIPT T ey — 2 g ATT e,

o' = ieaBVa(DMVQ)F“ei + %iVaVMij Qﬁ,{al—‘““ej — % ig Aéiej ,

SN, = 20V, (D V)T e — 1 Va Vo G TH e + 2ig Agaj' € (4.36)
where the same matrices A; and Ay appear as in the Lagrangian. There are also
higher order fermion terms in the supersymmetry rules, but those do not get cor-

rections in the gauged theory. We wrote the vector field contribution to the fermion
variations in an SL(2) covariant way. Using the definition (4.12) one finds

iVaVMijg%aF;w (V *) Z] (HM+ + ’l 6lep/\r]_‘MJr p)\) |NES
=(y_*) ! ”HM+FW(1 —T5),
iVaVMag%aFlw (V *) 1 V (HM+ 5 i Euyp)\HMJr p)\) TH
= (V)T VM HL TR (14 Ts) (4.37)

Explicitly, the fermion shift matrices are given by
Azi‘ _ eaﬁO}a)*V[kl]MVN[ik}VP[jl}fﬁMNP ’
AY = PV V™ VN VRI fa0 N ;eaﬂvavMijgﬁM
Agoi? = PV VY VN gV fann® — iageaﬂvavaMgﬁM . (4.38)

In order that the Lagrangian is supersymmetric these matrices have to obey equation
(3.41), which now reads

%Allk Al]k) - %Aék 1212]]{: - %Agajk AQaik - — ié; V 5 (439)

where the scalar potential V' appears on the right hand side. Equation (4.39) is
indeed satisfied as a consequence of the quadratic constraints (4.4).

If we have chosen foyvp and &,y such that the scalar potential possesses an
extremal point one may wonder whether the associated ground state conserves some
supersymmetry, i.e. whether ¢’ exists such the fermion variations (4.36) vanish in
the ground state. The usual Ansatz is ¢/ = ¢'&, where ¢' is just an SU(4) vector
while ¢ is a right-handed Killing spinor of AdS (V' < 0) or Minkowski (V' = 0) space,

ie.8
D.£ = g\/—%VFMBg* . (4.40)

8Consistency of the AdS Killing spinor equation can be checked by using R.,n =
—262V gu1p90ws LB}, B* = —Ty, and [Dy, D,J¢ = —1R,,PT .
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The Killing spinor equations ' = 0, dx* = 0 and dA* = 0 then take the form

Algi=1/-31Vd', GA) =0, Anej'q’ = 0. (4.41)

Due to (4.39) the first equation of (4.41) already implies the other two.

4.4 Examples

In this section we give examples of tensors foarnvp and &,s that solve the constraints
(4.4), therewith giving examples of gauged N = 4 supergravities. In particular, we
show how the embedding tensor contains the SU(1, 1) phases that were introduced
by de Roo and Wagemans to find ground states with non-vanishing cosmological
constant [64, 65, 76]. Note that the possibility of these SU(1,1) phases was already
discussed in [79]. Similarly, the parameters that correspond to three-form fluxes in
compactifications from IIB supergravity [69, 70, 71, 72| are identified.

4.4.1 Purely electric gaugings

In the particular symplectic frame we have chosen — the one in which the electric
and magnetic vector fields each form a vector under SO(6,n) — the purely electric
gaugings are those for which f_y;nvp = 0 and &,y = 0, thus only fianp is non-
vanishing. This is the class of theories that were constructed by Bergshoeff, Koh
and Sezgin [66]. As mentioned above the quadratic constraint in this case simplifies
to the Jacobi identity (4.9), which may alternatively be written as

f+R[MQf+NP]R:O' (4.42)

This is a constraint on fiyn’ = f L unon@? only, but in addition the linear con-
straint fiynp = frpunp) has to be satisfied, such that the SO(6,n) metric nyn
enters non-trivially into this system of constraints. The dimension of the gauge
group can at most be 6 + n, which is obvious in the case that we consider here
(M =1,...,6+n), but which is also the general limit for arbitrary gaugings.

We first consider semi-simple gaugings. Let f,,° be the structure constants of
a semi-simple gauge group G, where a,b,c = 1...dim(G), dim(G) < 6 + n, then
Nap = facd foa© is the Cartan-Killing form and we can choose a basis such that it
becomes diagonal, i.e.

Nay = diag(1,...,—1,...). (4.43)
—— ——~
P q

We can only realize the gauge group G if we can embed its Lie algebra go = {v*} into
the vector space of electric vector fields such that the preimage of 1y, agrees with
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Nap Up to a factor. This puts a restriction on the signature of 7,,, namely either p < 6,
g <n(case 1) or p <n, ¢ <6 (case 2). To make the embedding explicit we define
the index M with range M = 1...p,7...6+¢ (case 1) or M=1...¢,7...6+p
(case 2). We then have (1),,5) = £(7a) and we can define

(foxnp) = (fave) 5 all other entries of finp zero, (4.44)

where fae = fup™ae. Since G is semi-simple fu. is completely antisymmetric and
thus fiyvp satisfies the linear and the quadratic constraint. For n < 6 the possible
simple groups that can appear as factors in G are SU(2), SO(2,1), SO(3,1), SL(3),
SU(2,1), SO(4,1) and SO(3,2). For larger n we then find SU(3), SO(5), G,
SL(4), SU(3,1), SO(5, 1), etc.

Apart from these semi-simple gaugings there are various non-semi-simple gaug-
ings that satisfy (4.42). Of those we only want to give an example. We can choose
three mutual orthogonal lightlike vectors ays, by and ¢y and define fynp to be
the volume form on their span, i.e.

f+MNP = CL[MbNCP] . (445)

The vectors have to be linearly independent in order that f,j;yp is non-vanishing.
The quadratic constraint is then satisfied trivially since it contains n,;y which is
vanishing on the domain of finp. The gauge group turns out to be G = U(1)3.
We can generalize this construction by choosing fi/np to be any three-form that
has as domain a lightlike subspace of the vector space {v™}. All corresponding
gauge groups are Abelian.

None of the purely electric gaugings can have a ground state with non-vanishing
cosmological constant since the scalar potential (4.25) in this case is proportional to
M+ =Tm(7)"!. Therefore de Roo and Wagemans introduced a further deformation
of the theory [64]. Starting from a semi-simple gauging as presented above they
introduced a phase for every simple group factor as additional parameters in the
description of the gauging. In the next subsection we will explain the relation of
these phases to our parameters f,y;nyp and show how these theories fit into our
framework.

4.4.2 The phases of de Roo and Wagemans

We now allow for f,/np and f_p;np to be non-zero but keep & (]y = 0. The quadratic
constraint (4.4) then reads

farn foray™ =0, e’ forrnrforg" = 0. (4.46)

To find solutions we start from the situation of the last subsection, i.e. we assume
to have some structure constants fynp = fiuwp) that satisfy the Jacobi-identity
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TR ef NP}R = (. In addition we assume to have a decomposition of the vector space
{vM} into K mutual orthogonal subspaces with projectors P;p/Y, i = 1... K, i.e.
such that for a general vector vy, we have

K
U = Z IPZ'MNUN , 7’/MP IPZ'MN ]PjPQ =0 for ¢ 7éj . (447)
=1

Furthermore this decomposition shall be such that the three-form fy;np does not
mix between the subspaces, i.e. it decomposes into a sum of three-forms on each
subspace

K
fawe = figve Fiinp = Pir® Py Pip® fons . (4.48)
=1

This implies that the gauge group splits into K factors G = GH x GO x .. . xGEK)
with f]E/ZI v p being the structure constant of the i-th factor, each of them satisfying
the above Jacobi-identity separately. Solutions of the constraint (4.46) are then
given by

K
Jamnp = Z wl f](\?Np , w = (wg), w(f)) = (cos a, sin o), (4.49)
i=1

where the wY’ could be arbitrary SL(2) vectors which we could restrict to have
unit length without loss of generality. The a; € R, ¢ = 1... K, are the de Roo-
Wagemans-phases first introduces in [64]. In the following we use the abbreviations
¢; = cosay, s; = sinay. If K =1 we find f,ynyp and f_p nyp to be proportional.
This case is equivalent to the purely electric gaugings of the last subsection since
one always finds an SL(2) transformation such that ws becomes (1,0).

For a semi-simple gauging as described in the last subsection there is a natural
decomposition of {v™} into mutual orthogonal subspaces and K equals the number
of simple factors in G. But the above construction also applies for non-semi-simple
gaugings.

We have mentioned above that every consistent gauging is purely electric in a
particular symplectic frame. Considering a concrete gauging it is therefore natural
to formulate the theory in this particular frame, and also the two-form gauge fields
then disappear from the Lagrangian. For those gaugings defined by (4.49) we may
perform the symplectic transformation

K K
flﬁ/“r = Z aPMy Af:u“ + Z siPMy A,]j_ ;
i=1 i=1
Afy’ = — Z si Py Aﬁ” + Z ¢ PiMy Afjf , (4.50)

i=1 i=1
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such that the covariant derivative depends exclusively on flfy +
D,u = V“ — gAuM—’—fMNPth . (451)

Note that the new electric vector fields Aﬁ“ do not form a vector under SO(6,n),

but transform into [134 ~ under this group. The Lagrangian in the new symplectic
frame reads

1

—1p,p 1 1 MN

(Dyr)(D*77)
— 1 TunF M FRN - ARy P FNTFNY — gV (4.52)
and the scalar potential (4.25) takes the form [76]

K

V= Im(7)* Z (cic; — 2Re(T)c;s5 + |7]7si85) fz(\?NPfg}zs

,5=1

% [% MMQ NR PS (% pMe MMQ>?7NR?7PS]

~ % Z cisif NPfQRSMMNPQRS : (4.53)

2,7=1
The kinetic term of the vector fields involves the field strength
Fu Mt =20, A, — g fap™M AN TALTE (4.54)

and the scalar dependent matrices Zy;ny and R,y which are defined by

K
_ 1
(Z-HMN = () Z cic; — 2Re(T)eis; + |T%si8;) P pP;N g MFe
i,0=1
K

Run(ZHY

—CiS5 + Re )(SiSj - CiCj) + |T|28i0j] ]PZ'MNIP]‘PRMNR .
2]:1

(4.55)

In general when going to the electric frame for an arbitrary gauging there is still a
topological term for the electric fields of the form AA0A+ AAAA [80], but here this

term is not present.

Comparing the scalar potential V' for non-vanishing phases «; with that of the
last subsection we find it to have a much more complicated 7 dependence and one
can indeed find gaugings where it possesses stationary points [74, 76].

04



CHAPTER 4. THE N =4 SUPERGRAVITIES IN D =4

4.4.3 1IB flux compactifications

We now consider gaugings with an origin in type IIB supergravity. N = 4 super-
gravity can be obtained by an orientifold compactification of IIB [67, 68] and in the
simplest T /Z, case this yields the ungauged theory with n = 6, i.e. the global sym-
metry group is Gy = SL(2) x SO(6,6). Here, the SL(2) factor is the symmetry that
was already present in ten dimensions and SO(6,6) contains the GL(6) symmetry
group associated with the torus 7°. The compactification thus yields the theory in
a symplectic frame in which SL(2) x GL(6) is realized off-shell. Turning on fluxes
results in gaugings of the theory that are purely electric in this particular symplectic
frame. This is the class of gaugings to be examined in this subsection.

An SO(6,6) vector decomposes under GL(6) = U(1) x SL(6) into 6 ¢ 6. The
vector fields 4, split accordingly into electric ones AMAO‘ and magnetic ones A,
where A =1...6is a (dual) SL(6) vector index. The SO(6, 6) metric takes the form

r r
_fmar ma Y _ (0 0y
NN = <nAF nAp) - <5? O) . (456)

The gauge group generators (4.7) split as Xj7a = (Xaa, X*a) and a purely electric
gauging satisfies X%, = 0. The tensors &, and faaryp decompose into the following
representations

(2,12) — (2,6)® (2,6),
(2,220) — (2,6) @ (2,20) @ (2,84) ® (2,84) © (2,20) & (2,6) . (4.57)

From (4.7) one finds that the condition X*, = 0 demands most of these components
to vanish, only the (2,20) and a particular combinations of the two (2,6)’s are
allowed to be non-zero. Explicitly we find for the general electric gaugings in this
frame

St = (ga/\a gaA) = (ga/\a O)v
faMNP == (faAFE7 faAfzv faArzv faAFE> = (faAFE7 fa[/\éﬁa 07 0) . (458)

This Ansatz automatically satisfies most of the quadratic constraints (4.4), the only
consistency constraint left is

Jiaiars Epyw; = 0 . (4.59)

Thus for £,4 = 0 we find foars to be unconstrained, i.e. every choice of foars gives
a valid gauged theory. It turns out that f,ars corresponds to the possible three-
form fluxes that can be switched on. These theories and extensions of them were
already described and analyzed in [69, 70]. It was noted in [81] that not all N =4
models that come from T°/Z, orientifold compactifications can be embedded into
the N = 8 models from torus reduction of IIB, since for the latter the fluxes have
to satisfy the constraint f,arsfseaz = 0.
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4.4. EXAMPLES

Searching for solutions to the constraint (4.59) with &, non-vanishing one finds
that the possible solutions have the form

Jaars = &oa Aryy or farrs = € Baa &ar &4y (4.60)

with unconstraint {4, Aar = Ajar) and B,y respectively.

Theories with both fo,yvp and &, non-zero were not yet considered in the
literature. For f,p;np = 0 the remaining quadratic constraints on £,;; demands it
to be of the form &,y = vo Wiy, With v, arbitrary and wjy, lightlike, i.e. wyw™ = 0.
Thus for vanishing f,anp the solution for &,y is unique up to SL(2) x SO(6,n)
transformations. This solution corresponds to the gauging that can be obtained
from Scherk-Schwarz reduction from d = 5 with a non-compact SO(1, 1) twist, which
was constructed in [77] for the case of one vector multiplet. This suggests that in
certain cases non-vanishing &,y; corresponds to torsion on the internal manifold.
But this does not apply to the IIB reductions here since £, is a doublet under
the global SL(2) symmetry of IIB, while a torsion parameter should be a singlet.
We have shown that these theories with non-vanishing £,, are consistent N = 4
supergravities, but their higher-dimensional origin remains to be elucidated.

The list of gauged N = 4 supergravities that were presented in this section
is, of course, far from complete. One could, for example, discuss other orientifold
compactifications of ITA and IIB supergravity, for all of which turning on fluxes
yields gauged theories in four dimensions [71, 72]. However, the examples discussed
were hopefully representative enough to show that indeed all the various gaugings
appearing in the literature can be embedded in the universal formulation presented
above. New classes of gaugings are those with both f,y/np and &,y non-vanishing.
Every solution of the quadratic constraints (4.4) yields a consistent gauging . For
additional examples see [82].
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Chapter 5
The N =4 supergravities in d =5

Analogous to the presentation of the four-dimensional theory in the last chapter
we now describe the general five-dimensional gauged N = 4 supergravity! The first
account of the ungauged N = 4 supergravity in d = 5 was given in [83], where
also the first gauging of the theory was already considered. Those gaugings for
which the gauge group is a product of a semi-simple and an Abelian factor were
already presented in [84], examples of this type were already known for a while
[85, 86, 87, 88, 89, 90]. Also some non-semi-simple gaugings were already constructed
[77]. Our presentation incorporates all these known gaugings and also includes new
ones. The construction of the general gaugings in this chapter follows closely the
one in [32] for the d = 5 maximal supergravities.

5.1 Embedding tensor and gauge fields

5.1.1 Linear and quadratic constraint

The global symmetry group of ungauged d = 5, N = 4 supergravity is Gy =
SO(1,1) x SO(5,n), where n counts the number of vector multiplets. The theory
contains Abelian vector gauge fields that form one vector Afy and one scalar Ag
under SO(5,n). Note that the index M = 1...5 4 n now is a vector index of
SO(5,n) while in the last chapter we used it for SO(6,n). The vector fields carry
SO(1,1) charges 1/2 and —1, respectively, i.e.

1
5@Aj‘f = §Aff , 5@A2 = —Ag , (5.1)

where §; denotes the SO(1, 1) action. The corresponding algebra generator is de-
noted tg while the SO(5,n) generators are ty;y = tjn). For the representations of

'We denote by N = 4 the half-maximal supergravity, although in five spacetime dimensions
this theory is sometimes referred to as N = 2.
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5.1. EMBEDDING TENSOR AND GAUGE FIELDS

the vector gauge fields these generators explicitly read
tun p® = 5&%]3 .t = —%5% . tune” =0,  ti,'=1.  (5.2)
The covariant derivative (3.3) reads
D, =0, —gAM O, T txp — gAY 0,0ty — g A° O typ — g AS0, 1, . (5.3)

According to table 3.2 there are only three irreducible components of the embed-
ding tensor allowed in the present case. These three components are parameterized
by tensors funp = fiune), Eunv = ) and §y. In terms of these tensors the
embedding tensor reads

O = M aeT e =6, @MY =" e’ =0 (5.4)
The covariant derivative becomes
D,=V,— gAﬂd " e — 9142 NP tnp — gAff N taw — gAff Emty, (5.5)

where the indices are raised and lowered by using the SO(5, n) metric 7. In order
that the above expression is G invariant we need fy yp and &£y, to carry SO(1,1)
charge —1/2 and &y;n to have charge 1. By G invariance we again mean the formal
invariance treating the fy/vp, Ev and €y as spurionic objects.

The quadratic constraints (3.5) on © yields the following constraint on fynyp,
Eun and &y

EnéM =0, Euné =0, funpe” =0,
3frpan fro) = 2fmunvp&a . Em fone = & énr — Ev Epu - (5.6)
This implies for example that &, has to vanish for n = 0 since for an Euclidean

metric 7y one has no lightlike vectors. In general, however, all three tensors may
be non-zero at the same time.

It is convenient to introduce a composite index M = {0, M} that combines all
vector gauge fields Aﬁ/‘ = (A), A)Y). The covariant derivate acts on an object in
the vector field representation as

Dy MM =V, AM 4 g AV XppM AP (5.7)

We already introduced the gauge group generators X yn” = (Xa)n” in section
3.1. In the present case they explicitly read

1
Xun" = —fun® - §TIMN§P + 0l X" =&u s Xou™ = —En™,  (58)

and all other components vanish. The quadratic constraint ensures that the X y"
satisfy the condition (3.6) that guarantees the closure of the gauge group and iden-
tifies the X" themselves as generalized structure constants of the gauge group.
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CHAPTER 5. THE N =4 SUPERGRAVITIES IN D =5

For gaugings with only fy/np non-zero we see that this tensor is a structure constant
for a subgroup G of SO(5,n) that is gauged by using Afy as vector gauge fields. If
only &y is non-zero we find a one-dimensional subgroup of SO(5,n) to be gauged
with gauge field Ag. And for gaugings with only &), non-zero one finds a 4 +n
dimensional gauge group SO(1,1) x SO(1,1)*™ where the first factor involves the
SO(]., 1) of Go.

5.1.2 Vector and tensor gauge fields

We have already introduced the vector fields Aﬁ" = (A), A;]y ). In d = 5 the two-form
fields are introduced as dual to the vector fields, i.e. we have B, pmr = (B am, Buwo)-
They also transform dual to the vector gauge field under Gy, i.e. By, s is a vector
with SO(1,1) charge —1/2 and B, is a singlet carrying charge 1. In the gauged
theory we use both vector and two-form fields as free fields in the Lagrangian.
However, the latter do not have a kinetic term but couple to the vector fields via
a topological term and via Stiickelberg type couplings in the vector field strengths.
The two-forms then turn out to be dual to the vectors fields due to their own
equations of motion [32]. This is analogous to the four dimensional case where the
two-forms turned out to be dual to scalars via the equations of motion.

To translate the general formulas of section 3.2 to the particular case of half-
maximal d = 5 supergravity we first need to give the tensors d;yny and ZM! which
in the index conventions of the present chapter read dang = dmno) and ZMN —
ZMN The complete symmetry of dyo and the antisymmetry of ZMV was found
in section 3.2.3 to be crucial for the existence of an gauge invariant Lagrangian in
d = 5. For the present case these tensors are defined by

doyin = darony = dyno = N all other components zero, (5.9)

and

From these definitions one finds (3.15) to be satisfied, i.e. in our present notation
Xoun” = duno2”2 . (5.11)

This relation is the general formulation of the five-dimensional linear constraint.
One can show that the existence of Z7< such that (5.11) is satisfied is equivalent to
the linear constraint (5.4) on the embedding tensor.

With the above definitions at hand we can now read of the covariant field
strengths of the vector and two-form gauge fields from equation (3.20). We find

Hot = 204, AN + gXnp™M AN AT + gZMN B w
2N My = 2N 3Dy By + 6 dupo AT, (9, A + 3 g Xrs® AT A5)|
(5.12)
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These field strengths transform covariantly under the gauge transformations (3.22),
which in our particular case read

N—
SAV = DAM — gZMNE,
ABuym = (2D Epm — QdMNPHﬁiAP) ; (5.13)

where AM and E,, y are the gauge parameters and we use th the covariant variation
AByuy = (6B m — 2dpnp A6 AD) (5.14)

The two-forms appear in the Lagrangian only projected with Z*V and thus we also
define their field strengths only under this projection. The two-forms thus decouple
from the theory in the ungauged limit g — 0. Also for the gauged theory there are
never all two-forms entering the Lagrangian. For example, for gaugings with only
funp non-zero we have 7 MN — () and thus no two-forms are needed at all.

5.2 The general Lagrangian

We have already introduced the vector fields Aﬁ/‘ and the two-form fields B,,,, r¢ in the
last section. In addition the bosonic field content consists of the metric and of scalars
that form the coset SO(1,1) x SO(5,n)/SO(5) x SO(n). The SO(1,1) part of the
scalar manifold is simply described by one real field 3 that is a singlet under SO(5, n)
and carries SO(1,1) charge —1/2. In addition we have the coset SO(5,n)/SO(5) x
SO(n) which is parameterized by a coset representative V = (Vy,™, Vy*), where
m=1...5and a = 1...n are SO(5) and SO(n) vector indices. Our conventions
for V here are the same as for the SO(6,71)/SO(6) x SO(n) coset representative we
had in four dimensions, see equations (4.17), (4.18) and (4.19) of the last chapter.
In addition to the symmetric matrix My;y = VVT and its inverse M™Y we need
the completely antisymmetric scalar tensor

Muynpor = €mnopg V" V" VPV Vi . (5.15)

We now have all objects to give the bosonic Lagrangian of the general gauged
N = 4 supergravity in five dimensions

Ebos - ‘Ckin + 'Ctop + ‘Cpot . (516)
It consists of a kinetic part

eilﬁkin — %R o i 22 MMN H% HN;W - i 274 Hgy HO;W
- 3372(D,E)? + & (DuMyn)(D*MMNY | (5.17)
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CHAPTER 5. THE N =4 SUPERGRAVITIES IN D =5

a topological part [32]

Liop = —3 \/,e“”p)‘g{ 92V By st | Dy Boro y + ddypo AT, (@AQ gXRSPAfAf])}
— S dpnp A0, AN 0\AT — 2 gdpnp Xor™ AY AZ AR 0\A7

— 2 > dpnp Xor™ Xsr7 AN A2 AR A AZ} ; (5.18)

and a scalar potential

6_1‘Cpot = _92V
2
g _
— Z SMNPgQRSZ 2 (%MMQMNRMPS o %MMQT/NRTIPS + énMQnNRT/PS)
+ %gMNSPQZZl (MMPMNQ _ 77MP77NQ) + gMgNZ_QMMN

+ %\/iﬁMprQRZMMNPQR} : (5.19)

For &, = 0 this scalar potential agrees with the one given in [84]. The topological
term Ly, is a special case of equation (3.33) which gave L., for a general five-
dimensional theory. This topological term seems complicated, but its variation with
respect to the vector and tensor gauge fields takes a simple and covariant form

S Lop = ﬁeﬂ"w ( g ZMNHE)  AByx + daie HAHY, 5A7’> 4+ tot. deriv. .

(5.20)

prp M

Under gauge transformations (5.13) the Lagrangian is invariant up to a total deriva-
tive.

Varying the two-forms in the Lagrangian yields the equation of motion
1
MN Ao P
Z <m€uyp)\o— Hj)\/ - MNPHHU) =0 ; (521)
where we have used

34 0
MMNE< 0 EQMMN) . (5‘22)

Due to equation (5.21) the two-forms become dual to the vector gauge fields as was
announced above.

5.3 Killing spinor equations

We now turn to the fermions of the five dimensional theory in order to give the
Killing spinor equations. The fermions come in representations of the maximal
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5.3. KILLING SPINOR EQUATIONS

compact subgroup H = USp(4) x SO(n) of Gy, where USp(4) is the covering group
of SO(5). In the gravity multiplet there are four gravitini v,; and four spin 1/2
fermions x;, both vectors under USp(4) and singlets under SO(n), i = 1...4. In the
n vector multiplets there are 4n spin 1/2 fermions A¢ which form a vector under both
USp(4) and SO(n), a = 1...n. All fermions are pseudo-Majorana, i.e. they satisfy

a pseudo-reality constraint of the form & = Q;C(&)T, where €;; is the USp(4)
invariant symplectic form and C' is the charge conjugation matrix.

The coset representative V)™ transforms as a 5 under USp(4) and can alterna-
tively be expressed as Vy;7 = Vy1¥ subject to

VMijQij =0 y (])MZ])#< == QiijlVMkl . (523)
Under supersymmetry transformations parameterized by €; = €;(x) we have
00 = Dy — < SV M) — SV MY, ) (1,7 — 40,17 e
i .
+ % Qy AT, e
oxi = 3 VBi (DD, D) Me — LV3 (D0 Vi HL + 1VE T 2R A, ) T
+ ﬂgQijAngk )
N = i VF Wy DV e, — SV H T 6 + V29 Q5 A9 6. (5.24)

Here we have neglected higher order fermion terms. These fermion variations could
formally be read off from [84]. But the fermion shift matrices Ay, Az and Ag,;
which are defined below now include contributions from the vector &,,.

Using Vi® and Vy¥ we can define from firvp, Exnv and &y scalar dependent
tensors that transform under H. The vector &, gives

Sy, e = St (5.25)
from the 2-form &),y one gets

C = 2520 Vi F Vit €MN ¢4 = X2V Yy MY (5.26)
and the 3-form fy;yp yields

pl = =2 TVE VI VP MY " = VRS Qy VO VR PN
(5.27)

where XN = Nl ¢ii = ¢Gi) ¢oid — colid] pii — p0) pii — paGd) 2 The above
tensors are the irreducible components of the T-tensor introduced for the general

?Our notation translates into that of [84] as follows: a, = A%, AN = g%gMN, iy =
g P . —_ 4 (. —__g 9 — g
*gSfMN Ui = GQAQJ;VS* \/ggAgljvsz]* 3gsp1jsz‘(;'* ﬁgsp?j'
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CHAPTER 5. THE N =4 SUPERGRAVITIES IN D =5

case in equation (3.44). As explained in section 3.3 these irreducible components
are used to define the the fermion shift matrices. In our case one finds

AV = (4 2p)

V6

A = ((U 4 g7 37Y)

V6
aij 1 aij aij a ()i
A2]:§<_Ca+pﬂ_i 2707 . (5.28)
According to section 3.3 these matrices do not only appear in the fermion variations

but also in the fermion mass terms that have to appear in the Lagrangian of the
gauged theory

V6ig
4

—1
€ ‘Cf.mass -

Qi AY d—JﬁF““@/}Vj + V29N, AY @/_)ﬁP“Xz‘ +V29 0 AY° @/_)ﬁru)\? :
(5.29)

Note that we have only given those terms that involve the gravitini. Supersymmetry
imposes the condition (3.41) on the fermion shift matrices, which here reads

o (Ag’fA{l Al AT Agl’ngﬂ) = -2V, (5.30)

where the scalar potential appears on the right hand side. Again, this condition is
satisfied as a consequence of the quadratic constraint (5.6).

5.4 Dimensional reduction from d =5 to d =14

Starting from a five dimensional N = 4 supergravity one can perform a circle re-
duction to get a four dimensional N = 4 supergravity. Thus any five dimensional
gauging described by fynp, £y and €y must give rise to a particular four di-
mensional gauging characterized by f,ynp and &,pr. In other words the set of five
dimensional gaugings is embedded into the set of four dimensional gaugings and we
now want to make this embedding explicit. This yields additional examples of four
dimensional gaugings, but it is also interesting in the context of string dualities in
presence of fluxes since the two tensors fynyp and &y in d = 5 turn out to be
parts of the single tensor f,ynvp under the larger duality group in d = 4. Thus,
as usual, one gets a more unified description of gaugings with different higher di-
mensional origin when compactifying the supergravity theory further. With all the
group structure at hand it is not necessary to explicitly perform the dimensional
reduction but we can read off the connection from the formulas for the covariant
derivatives (4.2) and (5.5) (that is from the embedding tensor).

A five dimensional theory with n vector multiplets yields a four dimensional
theory with n + 1 vector multiplets. One way to understand that is by counting
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scalar fields. There are 5n + 1 scalars already present in five dimensions and in
addition one gets one scalar from the metric and 6 4+ n scalars form the vector
fields which gives 6n + 8 in total and agrees with the number of scalars in the coset
SL(2) xSO(6,n+1)/SO(2) x SO(6) x SO(n+1). When breaking the SO(6,n+1) into
SO(1,1) 4 x SO(5,n) the vector representation splits into an SO(5,n) vector v and
two scalars v® and v® with charges 0, 1/2 and —1/2, respectively, under SO(1,1) 4.
When breaking the SL(2) into SO(1,1)p the vector splits into two scalars v* and
v~ with charges 1/2 and —1/2 under SO(1, 1) 5. The four dimensional vector fields
therefore split into Aﬁ/[ + Ai‘[f T AS AP ADT and AT, We can now identifying
the five dimensional vector fields as

A= AT A) = AT (5.31)

and these fields carry charges 1/2 and —1 under the diagonal of SO(1,1)4 and
SO(1,1)p and the five dimensional SO(1, 1) therefore has to be this diagonal. Thus
the five dimensional global symmetry generators are given in terms of the four
dimensional ones as follows

ty = (522 4 500n+1) tarw = L (5.32)

The vector fields A=, AP* are the four dimensional duals of A}'* and A7, they
come from the two-form gauge fields in five dimensions. The vector fields Af‘f‘ and
AJT are uncharged under the five dimensional SO(1, 1), they are the Kaluza-Klein
vector coming from the metric and its dual field.

Now, if a four dimensional vector field that was already a vector field in five
dimensions (5.31) gauges a four dimensional symmetry that was already a symmetry
in five dimensions (5.32) the corresponding gauge coupling in the covariant derivative
in d = 4 has to be the same as in d = 5. For the four dimensional covariant derivative
(4.2) one finds

D,=V,—gAM (@+MNP75NP +2f " Cten + £+Mt+f)
—g AL (f oM tnp + € oten — oty ) + DI, (5.33)
where O np is defined in (4.21)% and Dzdd denotes exclusively four dimensional

contributions to the covariant derivative. By comparing with the known covariant
derivative in five dimensions (5.5) one gets

S =8, fimeo=1m, f-emn=CEun, [fimnp = funp. (5.34)

For a simple circle reduction it is natural to demand furthermore fine = 0,

erMN@ = 07 f*MNP = 07 f*M@@ = 07 é*M = 07 fi@ = 0 and fiG = 0. Some
of the last quantities, however, may be non-zero for more complicated dimensional

3Note that what we called n in section 4 is now n + 1 and the index M now is an SO(5,n)
vector index rather than a SO(6,n + 1) index.
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CHAPTER 5. THE N =4 SUPERGRAVITIES IN D =5

reductions and may then for example correspond to Scherk-Schwarz generators [77].
But for the ordinary circle reduction we have just given the embedding of the five
dimensional gaugings into the four dimensional ones. In addition to the above
equations we have to make sure that f, ;5 is totally antisymmetric in the last
three indices (M = {M,®,S}). One can then show that for these tensors f. 5 p
and &, ;; the four dimensional quadratic constraint (4.4) becomes precisely the five
dimensional one (5.6) for fasnp, Earnv and €yy. Also the four and the five dimensional
scalar potentials (4.25), (5.19) become the same if all scalars that are not yet present
in d = 5 are set to the origin*.

Due to the antisymmetry of f_ y;5p one finds the following additional terms in
the d = 4 covariant derivative:

D = —g AM (260 tve + Eart—)
+gALTEN (tne —tne) + g AT EN (tve +tne) - (5.35)

These are couplings of vector fields to symmetry generators that both only occur in
four dimensions. If one explicitly performs the dimensional reduction by hand these
gauge couplings originate from the dualization of the various fields.

Thus, we showed how the gaugings of N = 4 supergravity in five dimensions
are naturally embedded into the four dimensional ones by dimensional reduction.
Noteworthy, the five dimensional gaugings are parameterized in terms of three ten-
sors funp, Evn and &y while the four dimensional ones are parameterized in terms
of two tensors foymnp and &,p only. Thus with decreasing spacetime dimension
one finds not only a larger duality group but also a more uniform description of
the deformations. This is the typical picture of dualities in string theory where
dimensional reduction relates theories with different higher-dimensional origin.

4The equality of the scalar potentials is most easily checked at the origin M = 1. If the
potentials do agree there for all possible gaugings the statement is already proven due to the
SO(1,1) x SO(5,n) covariance of the construction.
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Chapter 6

The maximal supergravities in

d="7

In this chapter the general gauging of seven-dimensional maximal supergravity is
presented. Examples of these theories can be obtained by sphere reductions of
M-theory or of type IIA or IIB supergravity which lead to gauge groups SO(5),
CSO(4,1), and SO(4), respectively. All the known gaugings as well as a number
of new examples are incorporated in our formulation. In particular, we obtain the
theory with gauge group SO(4) that originates from a (warped) S® reduction of type
[IB supergravity.

6.1 Embedding tensor and gauge fields

6.1.1 Linear and quadratic constraint

The global symmetry group of the ungauged seven-dimensional theory is Gy =
Eyuy = SL(5). Its 24 generators t"y are labeled by indices M, N = 1,...,5 with
tMy; = 0 and satisfy the algebra

[tMN, tPQ] = ontMy =y thy (6.1)

The vector fields A,]yN = ALMN] of the ungauged theory transform in the represen-
tation 10 of SL(5), so that dA," = 2AP[MA,]X]P. The covariant derivatives (3.3)
takes the form

DH = v“ — gAi\LdN@MNJDQ tPQ y (62)

We already discussed the linear constraint on the embedding tensor © MN,pQ in
section 3.1. According to table 3.1 only two of the four irreducible components of
Onn p? are allowed to be non-zero. These two components are a 15, described by a
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symmetric matrix Yy = Y(urn), and a 40, described by a tensor ZMN.P = ZIMNLP
with ZIMN-Pl = 0. In terms of these tensors the embedding tensor is given by

C'_')MN,PQ = 58/[ YN]P — 2€MNPRS ZRS’Q . (63)

The quadratic constraint (3.5) on the embedding tensor reduces to the following
condition on Yy n and ZMN.F:

YMQ ZQN’P + 2€ M RSTU ZRS’NZTU’P =0 s (64)

In terms of SL(5) representations this quadratic constraint has different irreducible
parts in the 5, the 45, and the 70 representation. In particular, they give rise to
the relations

ZMNEY e = 0,  ZMNP Xy = 0. (6.5)

The second equation of these equations already carries the full content of the
quadratic constraint. The gauge group generators X,y = X[j/n) are given by

Xun = Ounp?thy. (6.6)

They can be taken in an a an arbitrary representation. Acting on the 5 and 10 of
SL(5) they read

(Xun)p? =Ounp? = 5[QM Yyip — 2€MnNPRs A
(Xun)pe™ = Q(XMN)[p[R(Sg]] : (6.7)

Summarizing, a consistent gauging of the seven-dimensional theory is defined by an
embedding tensor O,y p? satisfying a linear and a quadratic SL(5) representation
constraint which schematically read

(Pm + IP)175) © =0,
(P3+Pg+ﬂ"ﬁ)@@ ~ 0. (6.8)

The first of these equations can be explicitly solved in terms of two tensors Yy n
and ZMN.F leading to (6.3); the quadratic constraint then translates into the con-
ditions (6.4) on these tensors. In the rest of this chapter we will demonstrate that
an embedding tensor © solving equations (6.8) defines a consistent gauging in seven
dimensions.

6.1.2 Vector and tensor gauge fields

In the Lagrangian of ungauged d = 7 maximal supergravity one in addition to the
vector fields Aﬂ” N has two-form fields fields By, ys that transform in the 5 of SL(5)
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[91]. On-shell one can introduce the dual gauge fields. Dual to the two-forms there
are three forms S, in the 5 representation. In the gauged theory these three-
forms are present at the level of the Lagrangian. They appear via Stiickelberg type
couplings in the field strengths of the two-form gauge fields and are necessary for
the gauge invariance of these field strengths. They will always appear projected
under Yy, ie. for Oy np? = 0 they will decouple and the ungauged theory is
recovered. For the general case this system of vector and tensor gauge fields was
already introduced in section 3.2. The formulas given there shall now be specialized
to the present context.

The tensors dyyn and ¢ of section 3.2 are now given by

dr,[MN|[PQ] = €TMNPQ f‘l/ﬁg] 5[P 5@] (6.9)

Comparing equations (3.18) and (6.3) shows that Y74 and Z*! of section 3.2 are
identified with the tensors Yy, ny and ZM™¥ introduced above. The relation (3.15)
then translates into

(XMN)PQRS + (XPQ)MNRS = 97T dr [ MN[PQ] (6.10)

With these identifications the covariant field strengths (3.20) for the gauge fields are
given by

H(Z)MN = 20, A5 + Q(XPQ)RSMNAf;QAﬁS +9Z"VPB,p
+ gYunSh

prp
Yun Hﬁf)pj;\[ = Yun <4D SVP)\ ‘7:[/“/ Boyp + 392" 7QBUWPBP)\]Q

;uzp M —

+ 8€pQRSTAaPA?R8PA)\]T + 4gepQRVWXST,UVAaPA§RA‘ETA%W) .
(6.11)

These field strengths transform covariantly under vector and tensor gauge transfor-
mations (3.22) which read for the present case

AAMN — DMAMN gZMNPn_aMP ’

ABy v = 2D,E0 m — 2emnPQR H(2 NEACE — gY@,

Yirw ASY, = Yun (3D, — 3002, p + 1)

[ vp]

APN) , (6.12)

uvp P

with gauge parameters AMY, =M, and @1‘{,, corresponding to vector and tensor

gauge transformations, respectively. The covariant variations (3.11) take the form
MN _ s AMN
AAST =0A7
ABW,M = 5B,u1/M QEMNPQRA (SAQR

Yirw ASY, = Yun (082, = 3By, p0ARY + 2epqrer AN AZR6AST) . (6.13)
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The gauge transformations (6.12) consistently close into the algebra (3.24). For
g — 0 one recovers from (6.12) the vector and tensor gauge transformations of the
ungauged theory [91]. The action of the tensor gauge transformations eventually
allows to eliminate some of the vector and tensor gauge fields by fixing part of the
gauge symmetry. We will discuss this in more detail in section 6.4.1.

The deformed Bianchi identities (3.26) read in the present context

(2)MN __ 1 MN,P
D[M Hlfp} 392 HWPP )
3 1
3 2)NP, ,(2)QR
D[ Hl(,p))\]M QEMNPQRH( H()} + 49YMN HAWP/\ . (6.14)

There is a unique gauge invariant topological Lagrangian in seven dimensions
that combines vector and tensor fields in such a way that it is invariant under the
full set of non-Abelian vector and tensor gauge transformations (6.12) up to total
derivatives. The leading terms of this Lagrangian were already given in (3.35),
Completely it reads

1
‘CVT — Euup)\m‘n

3
gYMNSlWP< ASore + §9ZNP’QBA0PBmQ +3F B

+ depgrsTANTALRO_AST + geporwx Xstov" AN ASRAETA;JV)

9

+ 392" (D Bupai) Bro v Brwp = 5 F " Boxut Do Bron

2
-+ 18€MNPQRf VANP (8)\AOQR + gQXST’UQAﬁUAET) BTI{V

2
+ 996MNPQRZMV’WAQTP (8VA,?R + ggXST,UQAfUAfT) ByovBrew

36
+ = enpqru enrsvw Ay VAT AT (0,ATY) (0, A7)

+ 8gempPQRrs ENTUZAX VW, XY

4

2 BC
- §g €EMPQBC 6NVWDEXBS,TU XXY,ZA

ZAAMN APQATU AVW AXY §_ARS

DEAlZYNAPQARSAi“UAVWAXYAfA

(6.15)

As g — 0 this topological term reduces to the SL(5) invariant Chern-Simons term
of the ungauged theory [91]. Under variation of the vector and tensor fields, the
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topological Lagrangian Lyt transforms as

3)
+ EHEMNHS) \ AB oy

1
v = — e |y T ASY,

— 2H£?0MH&?TN AAMN | 4 total derivatives , (6.16)

in terms of the covariant variations (6.13). With (6.12) one explicitly verifies that
this variation reduces to a total derivative. To show this one needs the deformed
Bianchi identities (6.14) as well as the SL(5) relation

RMYRYC RS+ RYVRYC R + RYVRIC RS =0, (6.17)

: MN _ p[MN] 1
for arbitrary tensors Ri’53 = Rj,5

6.2 Coset space structure and the 7-tensor

In this section we introduce the scalar sector of maximal seven-dimensional su-
pergravity, which is described in terms of the scalar coset space SL(5)/SO(5). This
allows to manifestly realize the global SL(5) symmetry of the ungauged theory while
the local SO(5) ~ USp(4) symmetry coincides with the R-symmetry of the theory.
For the gauged theory we further introduce the T-tensor as the USp(4) covariant
analog of the embedding tensor ©.

6.2.1 The SL(5)/SO(5) coset space

The scalar fields in seven dimensions parameterize the coset space SL(5)/SO(5).
They are most conveniently described by a matrix V € SL(5) which transforms
according to

V — GVH(z) G eSL(5), H(z) e SO(5), (6.18)

under global SL(5) and local SO(5) transformations, respectively (see [13] for an in-
troduction to the coset space structures in supergravity theories). The local SO(5)
symmetry reflects the coset space structure of the scalar target space, the corre-
sponding connection is a composite field. One can impose a gauge condition with
respect to the local SO(5) invariance which amounts to fixing a coset representative,
i.e. a minimal parameterization of the coset space in terms of the 14 = 24 — 10
physical scalars. This induces a nonlinear realization of the global SL(5) symmetry

'Tn terms of representations, this is the statement that the threefold symmetric product of three
10 representations of SL(5) does not contain a 5.

71
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obscuring the group theoretical structure and complicating the calculations. It is
therefore most convenient to postpone this gauge fixing till the end.

In particular, the formulation (6.18) is indispensable to describe the coupling
to fermions with the group SO(5) ~ USp(4) acting as the R-symmetry group of
the theory. For USp(4) we use indices a, b, ... = 1,...,4 to label its fundamental
representation. The USp(4) invariant symplectic form €, has the properties

Qap = Uy (Qup)* = Q Uy QP = 6 . (6.19)

The lowest “bosonic” USp(4) representations are defined in terms of the fundamental
representation (1) with index structures according to

1: - i

5: Ve = V5l Qu V™ =0,
10 : [T Vio® = Vio'® |
14: H v, = vig ea . V1a”e =0, QuVia®u=0=Q"V,",
35: O Vas" oa = Vas™! @, Vas"e =0, QuVasy=0. (6.20)

All objects in these representations are pseudo-real, i.e. they satisfy reality con-
straints

V) =Va, (V5" = QueluaVs™ ,  (Via™)" = Queup Q90" Vg™, (6.21)

etc. We use complex conjugation to raise and lower USp(4) indices. According to
(6.21) pseudo-real objects are defined such that their indices are equivalently raised
and lowered using Qg and Q.

Under its sub-algebra usp(4) the algebra sl(5) splits as 24 — 10 + 14 into its
compact and non-compact part, respectively. The elements L = L,V tM 5 accord-
ingly decompose as

L™ = 20, 00 + 5, . (6.22)

The SL(5) vector indices M are now represented as antisymmetric, symplectic
traceless index pairs [ab] of USp(4). In accordance with (6.20), A and ¥ satisfy
A Qe = 0, Yy, =0, 2%,04 = 0 = Q2% Note that this in particular
implies the relation

Qaegzbfzejtcd - chQdeefab > (623)

i.e. viewed as a 5 x 5 matrix ¥ is symmetric. In the split (6.22), the commutator
(6.1) between two elements Ly = (A1, %), Ly = (Ag, 3o) takes the form

(L1, Ly) = L, (6.24)
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with L = (A, X)) according to
Aab = Zjldemc 22bcale - Z:2deatc 2lbcale + Al ac A2 cb - A2 ac Al cb ’
Doy = — 25, Ay N+ 2551 o Aoy + 25 Ay M — 25 o A1y . (6.25)

The scalars of the supergravity multiplet parameterize the coset space SL(5)/SO(5).
They are described by an SL(5) valued matrix V% = Vy[% with V3,2 Qg = 0.
Infinitesimally, the transformations (6.18) take the form

SV = Ly NV + 20y tA N (z) ., Lesl(5), Az)cusp(d).  (6.26)

The gauged theory is formally invariant under SL(5) transformations only if the em-
bedding tensor (6.6) is treated as a spurionic object that simultaneously transforms
under SL(5). Once O is frozen to a constant, the theory remains invariant under
local Gy x USp(4) transformations

V™ = gAP?(2) Xpoa™ Vn® + 20 A 0 (z) (6.27)

parameterized by matrices AMY(z) and A,’(z), respectively.

The inverse of V3% is denoted by V' e
1
V" Va™ = by, V' V! = 0 = 2Qa Q. (6.28)

Later on we need to consider the variation of V, for example in order to derive
field equations from the Lagrangian or to minimize the scalar potential. Since )V is
a group element, an arbitrary variation can be expressed as a right multiplication
with an algebra element of SL(5)

5VMab — VMchcdab<x> — VMCd Eabcd(~r) . QVMc[a Acb} (SL’) )

Since the last term simply describes a USp(4) gauge transformation which leaves
the Lagrangian invariant it will be sufficient to consider general variations of the

type
52VMab == VMCd Zabcd(l‘) . (629)

The 14 parameters of ¥ correspond to variation along the manifold SL(5)/SO(5).

Finally, we introduce the scalar currents P, and (), that describe the gauge
covariant space-time derivative of the scalar fields. Taking values in the Lie algebra
s[(5) they are defined as

Vo (0,Vu = gALXpoar V™) = Pua® +2Q,,1 0 (6.30)

in accordance with the split (6.22). The transformation behavior of these currents
is derived directly from (6.27) and shows that they are invariant under local G
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transformations. Under local USp(4) transformations (6.26), P, transforms in
the 14, while wa transforms like a USp(4) gauge connection

5Qﬂab = DHAab = v,uAab _'_ Q,uacAca - Q,uchac . (631)

Thus @, takes the role of a composite gauge field for the local USp(4) symmetry and
as such it appears in the covariant derivatives of all objects that transform under
USp(4), for example

Dﬂwa — vuwa . Qu bawb
D,u,Puade = v,u,Puade + zQue[c uabd]e - QQM [aePub]eCd
DVu™ = V. Vu +2Q, Vi — gAT X pou™ Vv = Vi Pua®, (6.32)

where 9% is an arbitrary object in the fundamental representation of USp(4).

6.2.2 The T-tensor

All bosonic fields of the theory come in representations of SL(5) while all fermionic
fields come in representations of USp(4). The object mediating between them is
the scalar matrix Vy,%. e.g. it is convenient to define the USp(4) covariant field
strengths

HO® = /2 Qg Vg Vn P HEMY | HS  =y,MH) (6.33)

uvpab — pvp M

which naturally couple to the fermion fields. More generally, the scalar matrix V%
maps tensors Ry and S™ in the SL(5) representations 5 and 5, respectively, into
(scalar field dependent) tensors Ryq, S in the 5 of USp(4) as

Ry = Vs Rar, S =1 M (6.34)

Similarly, tensors Ryn, S™¥ in the SL(5) representations 10 and 10, respectively,
give rise to (scalar field dependent) tensors R4, S(® in the 10 of USp(4) as follows

Rap = V20V " VoV Run & Run = —V2 V" Yy 6,067 Rey |
S = V2V VSN s SMN = VY, MY,V slellesT sef | (6.35)

where the normalization is chosen such that RS = Ry nyS™MY.

Applying the analogous map to the embedding tensor Oy p@ (6.3) leads to the
T-tensor [47]

T(ef) fat] [ed] = \/5 VMegVth Qgh Vpab @MN,PQ VQCd
= V20" 5V VNG Y
— 2\/§ EMNPQR ZPQ’S VMegVth VRab VSCd Qgh . (636)
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We shall see in the next section, that this tensor encodes the fermionic mass matrices
as well as the scalar potential of the Lagrangian. This has first been observed for
the T-tensor in the maximal D = 4 supergravity [53].

Recall that the components Yy, and ZMNF of © transform in the 15 and the
40 of SL(5), respectively. Under USp(4) they decompose as

15+40 — (1+14)+(5+35). (6.37)

Accordingly, the T-tensor can be decomposed into its four USp(4) irreducible com-
ponents that we denote by B, Bl ed)s Clap), and C [ab] (ed); Tespectively, with index
structures according to (6.20). This yields

cd __ [c ¢d] e [
Tepa™ = 3B Qe 070 — 5B Q. 6707 + 0 Qpyg B

)
[c ¢d] [c ¢d cd cd
+3Co 050, — 3 Cy 0500 — 397 Cp, Uy + 39 Cy, Qi

a

a(e

+ 100, Cy 05, QY 4 100 Cyy + 2Qp0 C¥e + 200, Cp . (6.38)

In appendices C.1, C.2 we present a more systematic account to these decomposi-
tions in terms of USp(4) projection operators which simplify the calculations. In
particular, the parameterization (6.38) takes the compact form (C.13).

For the components Yy, and ZMMF the parameterization (6.38) yields explicitly

Yy = VMabVNCd Y;zb,cd : ZMN,P _ ﬁVQbMVCdNVefPdeZ(aC)[ef] ’
with Yab,cd = LQ (Qachd - iQachcD B+ QaeQbe[ef] [cd]] )
Z(ab)led] 1%Qm[ccd]b + 1_1695[0061}“ — éQafobfccdef , (6.39)

where C%® = Q*QC,,. Note that © and thus Yyy and ZMMP are constant
matrices. In contrast, the T-tensor and thus the tensors B, C are functions of the
scalar fields. It is useful to give also the inverse relations

2
B = £gzacgzbd}/abcd7
5 )

By = 3 [QUR0 8% — L (02 = 200,.) 9] Vo
Cab — 8ch Z(GC)[bd] ,

C%q = 8 (—QueQupdlp + Qo0 Qpn) 2N (6.40)

glc
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Under the variation (6.29) of the scalar fields, these tensors transform as
s B = —2%%4B%,,
0s B = —2BX%q— 5%y By — 59" B®y + 2 (5 iQachd)Eefgh By,
SpC = Ly g9 Qelasif , ced,
b5 0% = AQIEI( Capy + Q1" 6L S )y O+ Q7% 6 20y, C
n Zabgh coh 4wk agh 5(0 Coh ok
45 Qg Qe OV — 5([3 Qg QO S O (6.41)

These variations will be relevant in the next section, since in the Lagrangian the ten-
sors B, C' appear in the fermionic mass matrices and in the scalar potential. Further-
more, one derives from (6.41) the expressions for the USp(4) covariant derivatives
of these tensors

D,uB = _% P,ucdabBCdab )
DuBabcd = _QBPM cdab - Pughanghcd - P, cdghBabgh + (5 iQachd)Pugththef
Ducab _ %P cdabACd +2 Qe[aP cdb]fcvcole

D,C%q = 4Q% P, M Cap + Qo 5 Py Cron + Q9 5 Py Cr,
+ P, gh“bCQ ed+ P k[aé LT g
+4 Pul(ckad)k Qn[a Cb mn 5([0 Qd)k Qb}n Pulgkmcglmn . (642)

Since the T-tensor (6.36) is obtained by a finite SL(5)-transformation from the em-
bedding tensor (6.3), the SL(5)-covariant quadratic constraints (6.4) directly trans-
late into quadratic relations among the tensors B, C. e.g. the first equation of (6.5)
gives rise to

Z(@lel] [chﬁdf B+ Q,QuB" 4] = 0, (6.43)
while the second equation yields
ZEledl o = 0. (6.44)

These equations can be further expanded into explicit quadratic relations among
the tensors B, C'. We give the explicit formulas in terms of USp(4) projectors in
appendix C.2. They are crucial to verify the invariance of the Lagrangian (6.61)
presented in the next section.

Let us close this section by noting that the T-tensor (6.36) naturally appears in
the deformation of the Cartan-Maurer equations induced by the gauging. Namely,
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the definition of the currents P, and @, (6.30) together with the algebra struc-
ture (6.25) gives rise to the following integrability relations

28[uQu]ab + 2Qa[ucQu]cb = _QPQC[MdGPV}de gH( ) cd Tcd)[ae] [be] ) (645)

Dy Pya™ = — ig H (T(ef)[ab][ T+ Q9™ Uy Tiesyion” }> :
The terms in order g occur proportional to the T-tensor. They will play an impor-
tant role in the check of supersymmetry of the Lagrangian that we present in the
next section. The fact that these equations appear manifestly covariant with the
full modified field strength H,. @ed o1 the r.hs. is a consequence of the quadratic
constraint (6.44).

6.3 Lagrangian and supersymmetry

In this section we present the main results of this chapter. After establishing our
spinor conventions, we derive the supersymmetry transformations of the seven-
dimensional theory by requiring closure of the supersymmetry algebra into the gen-
eralized vector/tensor gauge transformations introduced in section 6.1.2. We then
present the universal Lagrangian of the maximal seven-dimensional theory which is
completely encoded in the embedding tensor ©.

6.3.1 Spinor conventions

Seven-dimensional world and tangent-space indices are denoted by u,v,... and
m,n, ..., respectively, and take the values 1,2,...,7. Our conventions for the I'-
matrices in seven dimensions are

{r™ 1"} = 2™ T =T,,, (T’ =-crmc (6.46)

with metric of signature n = diag(—1,1,1,1,1,1,1) and the charge conjugation
matrix C' obeying

C=C"=-Cc'=-C". (6.47)
We use symplectic Majorana spinors, i.e. spinors carry a fermionic representation
of the R-symmetry group USp(4) and for instance a spinor ¢¥* (a = 1,...,4) in the

fundamental representation of USp(4) satisfies a reality constraint of the form

Ue = QuCy’, (6.48)
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fields | e, 2 AMN Bu x® Vy®
little group SO(5) | 14 16 5 10 4 1
R-symmetry USp(4) | 1 4 1 1 16 5
global SL(5) | 1 1 10 5 1 5
# degrees of freedom | 14 64 50 50 64 14

Table 6.1: The ungauged D = 7 maximal super-multiplet.

where ¢p = ¢'T°. The following formula is useful as it captures the symmetry
property of spinor products?

anr(k)wb _ Qachdd—}ACq)T(F(k))chﬁc _ (_1)%k(k+1) Q%) T g (6.49)
Products of symplectic Majorana spinors yield real tensors
Pat)” GalH " Pl H 1) DT HP 0 etc. (6.50)
Finally, the epsilon tensor is defined by

el—wypzﬂ'n)\ =1 EMVPGT"W\ . (651)

6.3.2 Supersymmetry transformations and algebra

The field content of the ungauged maximal supergravity multiplet in seven dimen-
sions is given by the vielbein e,™, the gravitino ¢, vector fields A;]y N two-form fields
B, matter fermions x, and scalar fields parameterizing V™. Their on-shell
degrees of freedom are summarized in Table 6.1. Note the symmetry in the distri-
bution of degrees of freedom due to the accidental coincidence of the R-symmetry

group USp(4) and the little group SO(5).

Under the R-symmetry group USp(4) the gravitinos 15, transform in the funda-
mental representation 4 while the matter spinors y® transform in the 16 represen-
tation, i.e.

Xabc _ X[ab}c : Qabxabc =0, X[abc] —0. (652)
All spinors are symplectic Majorana, that is they satisfy
Xz:bc = QadeeQCfCXdef ) _Za = Qabcwz ’ (653)

in accordance with (6.48).

2Note that our conventions differ from those of [91] in that they use ¢, = Q4¢°, while in our
conventions raising and lowering of indices is effected by complex conjugation ¢, = (¢%)*.
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We are now in position to derive the supersymmetry transformations. Parame-
terizing them by €* = €*(z) the final result takes the form
1

de," = SEaL

1

1 1
5V ab __ 4VM (Qe[cgd]xabe—i_ ZchEeXabe_i_chQdegXef[aQb}g_|_ZchQdeabEgX6f9> ,

AAMN _vab[Mvchlde( Q" + eerﬂx )
AB,, 0 = VM“b< — Qact, ) + gQachdgeFWXcde> |

3 1
AS%p_ ab <_§Q ecr[uuw QGeFuupX )

S = Dy — Vﬂgi)(“bmbc (172, + 8177 ) e

o —H(3 ab <pr/\u +

vpA[bc]

QFVW)E — g T A

1
5Xabc — QQCdP ab]:\p€e . ﬂ(HL?c[anyeb] . g (Qabdc . Qc[a(sb]) Q HL2y)ng;w66>

- <QadeeH 3)

uvplde]

THPee — 5(9“9@]‘ Al R T

pvp[fe]
+ gAT Qe | (6.54)

up to higher order fermion terms. We have given the result in terms of the covari-
ant variations A(e) of the vector and tensor fields introduced in (6.13), from which
the bare transformations () are readily deduced. In the limit ¢ — 0 the above
supersymmetry transformations reduce to those of the ungauged theory [91]. Upon
switching on the gauging, the formulas are covariantized and the fermion transfor-
mations are modified by the fermion shift matrices A; and A, defined by

1 1
A= f< BO™ 4 C) |
Ad,abc = 1 QeCQfd (Cab . ab f) + 1(Cachd + EQachd + %Qc[acb]d)
2 2\/— e 4 5 5 ,

(6.55)

in terms of the components of the T-tensor (6.38). These will further enter the
fermionic mass matrices and the scalar potential of the full Lagrangian (6.61) below.
The coefficients in (6.54) are uniquely fixed by requiring the closure of the supersym-
metry algebra into diffeomorphisms, local Lorentz and USp(4)-transformations, and
vector /tensor gauge transformations (6.12). In particular, the fermion shifts (6.55)
are uniquely determined such that the commutator of two supersymmetry trans-
formations reproduces the correct order g shift terms in the resulting vector/tensor
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gauge transformations (6.12). Specifically, one finds for the commutator of two
supersymmetry transformations

6e1), e2)] = € Dy + btorenss (") + sty (a”) + Sgange (AN, By, B21 )
(6.56)

Here, we denote by {#D,, a covariant general coordinate transformation with pa-
rameter ¥ i.e.

gﬂD - Eg + 5Lorentz ( ) + 5USp (4) (/‘iab) + 5gauge <AMN SMps (I)M) y (657)
with the induced parameters
emn — _fuwumn ’
’%ab = _éﬂQ,uab )
/A\MN — _guAMN
12 )
£Mu = —fVBMuu - EMNPQRqu,],VPAQR )
2 2
O = —¢PSh, — AN B, N — 3ENPQRS SpANPAMQARS (6.58)

In addition to these transformations the right hand side of (6.56) consists of general
coordinate, Lorentz, USp(4), and vector /tensor gauge transformations with param-
eters given by

1
5“ - §€2al—wecll ’

mn __ 2)(ab - mn mp, n c ab mn c
€ o \/’H;q )ch€2a (F e+ 877 p77 q) €1+ 20\/—"4 Qpeanl’
D e, (DT 0y e — Dy, Ty

161/2
b __ de [b]

a — _A T e)lac )

ko’ = 7 A Tde)fad

1
= V2V VN A with A% = —— Q)
— 1 ab— c
SMy = §VM bGQaFuechb )
1
oM = -3 b Q8T €l (6.59)

To this order in the fermion fields the fermionic field equations are not yet required
for verifying the closure (6.56) of the algebra. Closure on the three-form tensor fields

Sﬁp however makes use of the (projected) duality equation

671 EHVP)\UTHY H)\o"r/@ = 6 YMN QaCde V H

This equation will arise as a first order equation of motion from the full Lagrangian

upon varying w.r.t. the Sﬁ,{p We will confirm this in the next section. Note that

also this duality equation appears only under projection with Yy n.

od juvp T fermionic terms {6.60)
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6.3.3 The universal Lagrangian

We can now present the universal Lagrangian of gauged maximal supergravity in
seven dimensions up to higher order fermion terms:

1

— 1 ab cduv 1 acybdqy(3) 1% cd ab
e L =— §R — QachdHffy) HDeduw BQ Q prabH(:S)de - §P!mb Pleg

1 v a 1 = abc 1 C 7 v abe
- §wua1—w pDuwp - gXabch be — §Puab dchwudl—wP X b

2 - - 1
+ %ny)ab ( - wZP[PFMUPMwACQCb + ¢pCFHUFpXCd69adee + éiacdrwjxedcgeb>

1 _ 1 .
+ EHSZLVP ( _ Qacw?F[AFHUPFo}wab + §wACFMUPFAXabc + ZQme>—<cderuupxcalb)

5 A 1 abc = e
- §9A(fb9bc¢uarw¢§ + ZQAS’ " Qe Xabe "V,
g < 3
_'_ R
12 \32

2

+ %8 (1582 +2C*Cyp — 2B 4By, — 201 (g Clay V)

+e ' Lyr, (6.61)

1
(53528 + géngfoc + Bbcde - Cbcde) Xabc Xade

with the tensors A;, Ay from (6.55) and the topological vector-tensor Lagrangian
from (6.15):

LVT — _ée;uzp)\m‘n %

3
% [gYMNS%p (DASéVm + §QZNP’QBA0PBmQ + 33 B p

—+ 4€PQRSTA§\VPA?R67A5T + g€PQRW)(XST7UVWXAé\VPA?RAfTAgV>
9
+39ZMNF(D, B,y r)Bao NBrip — éf%NBpAMDoBTRN

2
+ 18ennporF o, AY" (@\A?R + ggXST,UQAfUAﬁT) By

2
+ 9gennporZ™V AN (@,ASR + —gXST,UQAfUAfT) ByovBrew

3
+ ?wPQTU enrsyw Ay N AJCATS (0, ATY) (9, A7)
+ 89€mPQRs ENTUZAXVW,XYZAAyNAfQAZUA;/WA();(Y&TASS
- §Q2EMPQBC GNVWDEXRS,TUBCXXY,ZADEAnyA,I/)QAfSAZ:UAX WAXY AZ4)
This Lagrangian is the unique one invariant under the full set of non-Abelian vec-
tor/tensor gauge transformations (6.12) and under local supersymmetry transfor-

mations (6.54). Furthermore it possesses the local USp(4) invariance introduced
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in (6.18), and is formally invariant under global SL(5) transformations if the em-
bedding tensor © is treated as a spurionic object that simultaneously transforms.
With fixed ©, the global SL(5) is broken down to the gauge group.

In the limit ¢ — 0 the three-form fields Sﬁ,{p decouple from the Lagrangian,
and (6.61) consistently reduces to the ungauged theory of [91] with global SL(5)
symmetry. Upon effecting the deformation by switching on g, derivatives are co-
variantized 8, — D,, and the former Abelian field strengths are replaced by the full
covariant combinations H® and H® from (6.11). As discussed in section 4, the
extended gauge invariance (6.12) moreover requires a unique extension of the former
Abelian topological term which in particular includes a first order kinetic term for
the three-form fields S %p. As a consequence, the duality equation (6.60) between
the two-form and the three-form tensor fields arises directly as a field equation of
this Lagrangian. This ensures that the total number of degrees of freedom is not
altered by switching on the deformation and does not depend on the explicit form

of the embedding tensor.

In order to maintain supersymmetry under the extended transformations (6.54),
and in presence of the deformed Bianchi and Cartan-Maurer equations (6.14), (6.45),
the Lagrangian finally needs to be augmented by the bilinear fermionic mass terms
in order ¢ and a scalar potential in order g2. These are expressed in terms of the
scalar field dependent USp(4)-components B, C of the T-tensor. Cancellation of
the terms in order ¢g* in particular requires the quadratic identities (6.43), (6.44),
expanded in components in (C.16), (C.17). In particular, these identities give rise
to

1 a,cae ac 1 a 1 cae Ci
gAQ’ ¢ Agpede — 10AT A, = Zéb (gAg ¢ Ay fede — 15A1dA1cd> , (6.62)

featuring the scalar potential on the r.h.s. and needed for cancellation of the super-
symmetry contributions from the scalar potential. Indeed, the scalar potential which
contributes to the Lagrangian (6.61) in order g*> may be written in the equivalent
forms

1
V=13 (1582 4 20 Cyy, — 2B (u By — 201 (4 Cloy“?)
1
= g|AQ|2 — 15[ A4 > . (6.63)

Under variation of the scalar fields given by dx, V3% = X%, Vi, the potential varies
according to

1 1 1
6V = —_—pRlal Bl sl —pRltl,_ yled . clalcy  sled
! @ € ¢ 1 ce a
+ @C[ Y o) Crea D2 1 — §C[ J oy C) ey 20y (6.64)

which in particular yields the contribution of the potential under supersymmetry
transformations. Moreover, equation (6.64) is important when analyzing the ground
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states of the theory since dxV = 0 is a necessary condition for a stationary point of
the potential. The residual supersymmetry of the corresponding solution (assum-
ing maximally symmetric space-times) is parameterized by spinors ¢* satisfying the
condition

A2a,bcd e =0. (665)

The gravitino variation imposes an extra condition

2A1 6" = +/=V/15Qu ¢, (6.66)
but the two conditions (6.65) and (6.66) are in fact equivalent by virtue of (6.62).3

The full check of invariance of the Lagrangian (6.61) under the supersymme-
try transformations (6.54) is rather lengthy and makes heavy use of the quadratic
constraints (6.4) on the embedding tensor and their consequences collected in ap-
pendix C.2 as well as of the properties of the SL(5)/USp(4) coset space discussed
in the previous section. We have given the Lagrangian and transformation rules
only up to higher order fermion terms; however one does not expect any order g
corrections to these higher order fermion terms, i.e. they remain unchanged w.r.t.
those of the ungauged theory.

Let us finally note that the bosonic part of the Lagrangian (6.61) can be cast
into a somewhat simpler form in which the scalar fields parameterize the USp(4)-
invariant symmetric unimodular matrix M

Muyn = VMabVNCd Qacpa (6-67)

with the inverse MMY = (Myn)~" = VM Vo™ Q@8 The bosonic part of the
Lagrangian (6.61) can then be expressed exclusively in terms of USp(4)-invariant
quantities and takes the form

L= —%R — Mg MuygHEMN @ PQ %MMNHS:,),)MH(?’)’&W
+%<8MMMN><8“MMN> +e 'Lyr —g*V (6.68)
with the scalar potential
vV = 61_4 (SXMN,RSXPQ,SRMMPMNQ - XMP,QNXNR,SMMPRMQS>
+% (XMN,RSXPQ,TUMMPMNQMRTMSU + XMP,QNXNR,SMMPQMRS>
- 61_4 (QMMNYNPMPQYQM - (MMNYMN)2>
+ ZMN.P Z7QR.S (MMQMNRMPS - MMQMNPMRS> : (6.69)

3More precisely, a solution of (6.65), (6.66) tensored with a Killing spinor of AdS7 (or seven-
dimensional Minkowski space, respectively, depending on the value of V') solves the Killing spinor
equations d¢j; = 0, dx?¢ = 0 obtained from (6.54).
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This is in analogy to the fact that the gravitational degrees of freedom can be de-
scribed alternatively in terms of the vielbein or in terms of the metric. In particular,
the scalar potential here is directly expressed in terms of the embedding tensor (6.6)
properly contracted with the scalar matrix M without having to first pass to the
USp(4) tensors B, C. In concrete examples this may simplify the computation and
the analysis of the scalar potential. Of course, in order to describe the coupling to
fermions it is necessary to reintroduce V, the tensors B, C, and to exhibit the local
USp(4) symmetry.

6.4 Examples

In this section, we will illustrate the general formalism with several examples. In
particular, these include the maximally supersymmetric theories resulting from M-
theory compactification on S* [92, 93, 94, 95], as well as the (warped) type ITA/IIB
compactifications on S® which so far have only partially been constructed in the
literature.

In order to connect to previous results in the literature, we first discuss the
possible gauge fixing of tensor gauge transformations depending on the specific form
of the embedding tensor. In sections 6.4.2 and 6.4.3 we consider particular classes
of examples in which the embedding tensor is restricted to components in either the
15 or the 40 representation. Finally, we sketch in section 6.4.4 a more systematic
approach towards classifying the solutions of the quadratic constraint (6.4) with
both Y,y and ZMN-P non-vanishing. Our findings are collected in Table 6.3.

6.4.1 Gauge fixing

We have already noted in section 6.1.2 that the extended local gauge transforma-
tions (6.12) allow to eliminate a number of vector and tensor fields depending on the
specific form of the components Yy;n and ZMNP of the embedding tensor. More
precisely, s = rank Z vector fields can be set to zero by means of tensor gauge
transformations =z of (6.12), rendering s of the two-forms massive. Here, ZM™F ig
understood as a rectangular 10 x 5 matrix. Furthermore, t = rank Y of the two-forms
can be set to zero by means of tensor gauge transformations d¢. The ¢ three-forms
that appear in the Lagrangian (6.61) then turn into self-dual massive forms. The
quadratic constraint (6.5) ensures that s + ¢t < 5. Before gauge fixing, the degrees
of freedom in the Lagrangian (6.61) are carried by the vector and two-form fields
just as in the ungauged theory (Table 6.1) while the three-forms appear topologi-
cally coupled. After gauge fixing the distribution of these 100 degrees of freedom
is summarized in Table 6.2. In a particular ground state, in addition some of the
vectors may become massive by a conventional Brout-Englert-Higgs mechanism.

84



CHAPTER 6. THE MAXIMAL SUPERGRAVITIES IN D =7

fields # # dof
massless vectors 10 — s 5
massless 2-forms | 5 — s — ¢ 10
massive 2-forms s 15
massive sd. 3-forms t 10

Table 6.2: Distribution of degrees of freedom after gauge fixing.

Let us make this a little more explicit. To this end, we employ for the two-forms
a special basis By = (B;, Bo), z =1,...,t; a = t+1,...,5, such that the symmetric
matrix Yy, takes block diagonal form, Y;, is invertible (with inverse Y*¥), and all
entries Yy, Yo vanish. For the tensor Z the quadratic constraint (6.4) then implies
that only its components

zoby o g = geleh) (6.70)
are non-vanishing and need to satisfy
Yy 2P 4 2e,0inpo ZMN 2P = 0. (6.71)

Gauge fixing eliminates the two-forms B, which explicitly breaks the SL(5) covari-
ance. Supersymmetry transformations thus need to be amended by a compensating
term 6"V (e) = 6°(e) + (P ). It is convenient to define the modified three-forms

S? = gilyxy H(B) = S* + 6971me€yMNPQAFgNaVAZQ + ..., (672)

uvp Hrpy uvp

which are by construction invariant under tensor gauge transformations and will
appear in the Lagrangian as massive fields. Their transformation under local gauge
and supersymmetry is given by

S(N)SE, = —gYASE,, — AHG) = 2Y VIV € npor ACTHL)
d(e) Sijp = _Vabm(%QanCF[sz] + éEeFWanbe)
—3g Y™ eyNPQRHijNPVGb[chdR]de(mege@z);] + 18T

3¢ty D[H<(Qaca,1“yz/;;} . %Qacgbdgeryp]xcde)vyab> . (6.73)

In the Lagrangian these fields appear with a mass term descending from the kinetic
term of the modified field strength tensor H, ., = VabaH,(fL)pa + 9YuyVar*SY,, and
a first order kinetic term from the Chern-Simons term

Ly :—%ge“”p)‘m—”y S, DSV, +.... (674)

TY = uvp OTK

The remaining terms in the expansion (6.72) in particular lead to terms A 9A 0A 0A of
order g~! in the topological term which obstruct a smooth limit back to the ungauged
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theory. Indeed these terms have been observed in the original construction of the
SO(p, q) gaugings [92]. Generically the gauge fixing procedure described above leads
to many more interaction terms between vector and tensor fields than those that
are known from the particular case of the SO(p, ¢) theories.

6.4.2 Gaugings in the 15 representation:
SO(p,5—p) and CSO(p, q,5—p—q)

As a first class of examples let us analyze those gaugings for which the embedding
tensor © lives entirely in the 15 representation of SL(5), i.e. ZMMP = 0, and the
gauge group generators (6.7) take the form

(Xaun)p® = 63 Yarp - (6.75)

In this case, the quadratic constraint (6.4) is automatically satisfied, thus every
symmetric matrix Y,y defines a viable gauging. Fixing the SL(5) symmetry (and
possibly rescaling the gauge coupling constant), this matrix can be brought into the
form

YMN:diag(l,...,—l,...,O,...), (676)
—— —— N~
p q r

with p + ¢+ r = 5. The corresponding gauge group is
Go = CSO(p, q,7) = SO(p, q) X R+OT (6.77)

where the Abelian part combines r vectors under SO(p, ¢). This completely classifies
the gaugings in this sector. The scalar potential (6.69) reduces to

Vo= &MY MI gy — (MM Y?) (6.78)

From Table 6.2 one reads off the spectrum of these theories (s =0, ¢t = 5 —r): after
gauge fixing it consists of 10 vectors together with r massless two-forms and 5—r self-
dual massive three-forms. In particular, a nondegenerate Yyn (r = 0) corresponds
to the semi-simple gauge groups SO(5), SO(4, 1) and SO(3,2) that have originally
been constructed exclusively in terms of vector and three-form fields [92, 96].

The SO(5) gauged theory has a higher-dimensional interpretation as reduction
of D = 11 supergravity on the sphere S* [93, 94, 95]. Accordingly, its poten-
tial (6.78) admits a maximally supersymmetric AdS; ground state. The theories
with CSO(p, ¢,r) gauge groups are related to the compactifications on the (non-
compact) manifolds H??0T" [97]. These are the four-dimensional hyper-surfaces of

R? defined by

Yyun oMoV =1, oM e R . (6.79)
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A particularly interesting example is the CSO(4,0,1) theory which corresponds to
the S3 compactification of the ten-dimensional type ITA theory. The bosonic part
of this theory has previously been constructed in [98]. In order to derive its scalar
potential from (6.78) it is useful to parameterize the coset representative V as

Y = "y et (6.80)

where Vj is an SL(4)/SO(4) matrix and tg, ™ denote the SO(1, 1) and four nilpotent
generators, respectively, in the decomposition SL(5) — SL(4) x SO(1,1). For the
matrix M this yields a block decomposition into

e 2 M,,, +e2®b,,b, €0,
MMN - ( €8¢b 68¢ (681)

with M =V, V,'. Plugging this into (6.78) with Yy;n = diag(1,1,1,1,0) yields the
potential

Vo= e (2 MM — (M75,)?) (6.82)

(where M, M*" = ) in agreement with [98]. The presence of the dilaton pre-
factor e?? shows that this potential does not admit any stationary points, rather the
ground state of this theory is given by a domain wall solution corresponding to the
(warped) S® reduction of the type ITA theory [98, 99].

We can finally determine all the stationary points of the scalar potentials (6.78)
in this sector of gaugings. The variation of the potential has been given in (6.64).
Since ZMN-P = 0, the tensors C®, Cl®®l ;) vanish such that requiring dxV = 0
reduces to the matrix equation

9B~ BB = LTr(2B’>- BB)I;, (6.83)

for the traceless symmetric matrix B = B [ab] ed), Where I5 denotes the 5 x 5 unit ma-
trix. According to (6.40) B is related by v/2Y = B+ B1j; to the matrix Y = Y] jcd)-
Fixing the local USp(4)-invariance the matrix B can be brought into diagonal form.
Equation (6.83) then has only three inequivalent solutions

B  diag(0,0,0,0,0) = Y =diag(1,1,1,1,1),
B o« diag(1,1,1,1,-4) — Y =2""diag(1,1,1,1,2),
B  diag(1,1,1,-3/2,-3/2) = Y = diag(0,0,0,1,1) . (6.84)

The first two solutions correspond to the SO(5) and the SO(4) invariant station-
ary points of the theory with gauge group SO(5) [92, 96]. The third solution is
a stationary point in the CSO(2,0,3) gauged theory. We will come back to this
in section 6.4.4 and show that it gives rise to a Minkowski vacuum related to a
Scherk-Schwarz reduction from eight dimensions.
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Analyzing the remaining supersymmetry of these vacua we note that in this
sector of theories A¢® oc Q. According to (6.66) thus supersymmetry is either com-
pletely preserved (A = 4) or completely broken (A = 0). Ounly the first stationary
point in (6.84) preserves all supersymmetries: this is the maximally supersymmetric
AdS; vacuum mentioned above.

6.4.3 Gaugings in the 40 representation:
SO(p,4—p) and CSO(p,q,4—p—q)

Another sector of gaugings is characterized by restricting the embedding tensor to
the 40 representation of SL(5), i.e. setting Y,y = 0. These gaugings are parame-
terized by a tensor ZMN.F for which the quadratic constraint (6.4) reduces to

7 RS,N 7TU,P

€EMRSTU = 0. (6.85)

Rather than attempting a complete classification of these theories we will present a
representative class of examples. Specifically, we consider gaugings with the tensor
ZMN.P given by

ZMNP — My, NP (6.86)
in terms of a vector v™ and a symmetric matrix w™Y = w®™N)  This Ansatz
automatically solves the quadratic constraint (6.85) and thus defines a class of viable
gaugings. The SL(5) symmetry can be used to further bring v™ into the form
vM = M introducing the index split M = (4,5), i = 1,...,4. The remaining SL(4)
freedom can be fixed by diagonalizing the corresponding 4 x 4 block w%

w" = diag(1,...,—1,...,0,...). (6.87)

—— ——
P q r

For simplicity we restrict to cases with w® = w® = 0. The gauge group generators
then take the form

(Xij)k' = 2eijpmuw™ (6.88)

and generate the group CSO(p, ¢, ) with p+qg+r = 4. According to Table 6.2, these
theories contain only vector and two-forms, 4—r of which become massive after gauge
fixing. The scalar potential is obtained from (6.69) and in the parameterization
of (6.80) takes the form

V = £ by My 0™ by + 5 (2 My My = (Myo™)?) . (6.89)

A particularly interesting case is the theory with » = 0 and compact gauge group
SO(4). The existence of this maximal supergravity in seven dimensions was an-
ticipated already in [100] in the context of holography to six-dimensional super
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Yang-Mills theory. Indeed, its spectrum should consist of vector and two-form ten-
sor fields only (cf. Table IV in [101]). Its higher-dimensional origin is a (warped) S*
reduction of type IIB supergravity. Again, this is consistent with the fact that due
to the presence of the dilaton pre-factor the potential (6.89) in this case does not
admit any stationary points but only a domain wall solution. So far, only the N = 2
truncation of this theory had been constructed [102, 103], in which the scalar mani-
fold truncates to an GL(4)/SO(4) coset space and only a single (massless) two-form
is retained in the spectrum.

In analogy to the discussion of the last section it seems natural that the other
CSO(p, g, r) gaugings in this sector are related to reductions of the type IIB theory
over the non-compact manifolds H?? o T". In particular, the potential (6.89) of
the CSO(2,0,2) theory admits a stationary point with vanishing potential. This is
related to the Minkowski vacuum obtained by Scherk-Schwarz reduction from eight
dimensions as we will discuss in the next section.

6.4.4 Further examples

We will finally indicate a more systematic approach towards classifying the general
gaugings with an embedding tensor combining parts in the 15 and the 40 represen-
tation. To this end, we go to the special basis introduced in section 6.4.1, in which
the only non-vanishing components of the embedding tensor are given by

Y,

TY >

z=ed - geby (6.90)

with rankY = ¢, and the range of indices z,y = 1,...,t and o, = t+1,...,5 .
Further fixing (part of) the global SL(5) symmetry, the tensor Y, can always be
brought into the standard form

Yy, = diag(1,...,—1,...). (6.91)
o N —
P q

The possible gaugings can then systematically be found by scanning the differ-
ent values of ¢, p, and ¢, and determining the real solutions of the quadratic con-
straint (6.71). We will in the following discuss a (representative rather than com-
plete) number of examples for the different values of ¢. A list of our findings is
collected in Table 6.3.

t=25
From (6.90) one reads off that a nondegenerate matrix Y,y implies a vanishing
tensor ZMN:P  Thus we are back to the situation discussed in section 6.4.2. The

possible gauge groups are SO(5), SO(4,1), and SO(3, 2).
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t=14

The quadratic constraint (6.71) implies that also in this case the tensor ZMN.F
entirely vanishes. These gaugings are again completely covered by the discussion of
section 6.4.2, with possible gauge groups CSO(4,0, 1), CSO(3,1,1), and CSO(2,2,1).

t=3

Now we consider the cases Y,y = diag(1,1,£1,0,0). In this case the tensor Z may
have non-vanishing components for which the quadratic constraint (6.71) imposes

€aye 29 €05 2700 = LY, 2" (6.92)

For Z = 0, these gaugings have been discussed in section 6.4.2, with possible gauge
groups CSO(3,0,2) and CSO(2,1,2). There, gauge group generators take the form

z(4+2\ Yy
LY = <A<t)x QM), NER, QucR, (6.93)

O2><3 O2><2

where (t%),Y = €*¥"Y,, denote the generators of the adjoint representation of the
semi-simple part so(p,3—p) and the Q). parameterize the 6 nilpotent generators
transforming as a couple of 3 vectors under so(p,3—p). The components Z“*
are not constrained by (6.92) and may be set to arbitrary values Z%%7 = *8y7
parameterized by a two-component vector v® without altering the form (6.93) of the
gauge group. For the remaining components Z%*#  equation (6.92) shows that the
2 x 2 matrices (X?),° = —16€,, 2777 satisfy the algebra

(57, 5] = 2wy, ¥° (6.94)

i.e. yield a representation of the algebra s0(3) or so(2, 1), respectively, depending
on the signature of Y,,,. A real non-vanishing solution of (6.92) thus can only exist
in the s0(2,1) sector, i.e. for Yy ny = diag(1,1,—1,0,0). It is given by Z* =

— % €7 (£7),,7 with the X% expressed in terms of the Pauli matrices as

Y=oy, Y=05, X=ioy, (6.95)

and providing a real representation of s0(2,1). In this case, the gauge group gener-
ators schematically take the form

)\z(tz>my Q(4)
LyYN = za , 6.96

such that the semi-simple part so(2, 1) is embedded into the diagonal. The nilpotent
generators ()., now transform in the tensor product 3 ® 2 = 2 + 4 of s0(2,1) and
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moreover turn out to be projected onto the irreducible 4 representation. Compared
to (6.93), the gauge group thus shrinks to

50(2,1) x R* . (6.97)

Again, further switching on Z*%7 does not change the form of the algebra. None of
the theories in this sector possesses a stationary point in its scalar potential.

t =2

In the case Yyn = (1,£1,0,0,0) only the Z%%*7 components are allowed to be
nonzero in order to fulfill the quadratic constraint (6.71). These components can be
parameterized by a traceless matrix Z,” as

787 = LeoP zsh (6.98)

For this solution the gauge generators take the form

Mag? Q.0
N _ 2z T a
Ly _< Osen AZaﬁ) , AeR, Q.“€R, (6.99)

where t, = (ﬂF%) denotes a generator of so0(2) or so(1,1), respectively, and @,

parameterizes a generically unconstrained block of six translations. Thus, generically
the gauge group Gy in this case is seven-dimensional, namely either Gy = SO(2) x R®
or Gy = SO(1,1) x R% The number of independent translations is reduced in case
the equation

tQ-QZ = 0, (6.100)

has nontrivial solutions (). In this case, the gauge group shrinks to Go = SO(2) x R*
or Gp = SO(1,1) x R*, with s = 4,5. The scalar potential in this sector can be
computed from (6.69) and takes the form

Vo= & <2Tr V2] = (Tr V)2 + 2 (detM o) Tr [22]> , (6.101)

in terms of the matrices Y,¥ = Y,.M* and Z,° = Z(QVM(;)A,M‘W. Here, M
and M,z denote the diagonal blocks of the symmetric unimodular matrix defined
in (6.67), and My, M = §%. Since the matrix Y,¥ has only two non-vanishing
eigenvalues, this potential is positive definite. In particular, this implies that V' =0
is a sufficient condition for a stationary point. It further follows from (6.101) that
V' only vanishes for ny x 0,Y and Z "My, = 0, i.e. for compact choice of t,
and Z. With vanishing Z or vanishing ¢, one recovers the Minkowski vacua in the
CS0O(2,0,3) and the CSO(2, 0, 2) theory, respectively, discussed in sections 6.4.2 and
6.4.3 above.
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In turn, every compact choice of t5 and Z defines a theory with a Minkowski
vacuum in the potential. The gravitino masses and thereby the remaining super-
symmetries at this ground state are determined from the eigenvalues of A;,, (6.66)

according to
1 1 2
I — , [ L0 102
T 1600( V2t (6.102)

Half of the supersymmetry (N = 2) is thus preserved iff TrZ? = —2. With (6.100)
one finds that precisely at this value the dimension of the gauge group decreases
from 7 down to 5; the group then is CSO(2,0, 2).

All the gaugings in this sector have a well defined higher-dimensional origin,
namely they descend by Scherk-Schwarz reduction [104] from the maximal theory in
eight dimensions. Indeed, Scherk-Schwarz reduction singles out one generator from
the SL(2) x SL(3) global symmetry group of the eight-dimensional theory [105].
With the seven-dimensional embedding tensor branching as

Y: 15 — (3,1)+(2,3)+(1,6),
Z: 40 — (1,3)+(1,8)+(2,1)+(2,3)+(2,6)+(3,3), (6.103)

a Scherk-Schwarz gauging corresponds to switching on components (3,1)+ (1, 8) in
the adjoint representation of SL(2) x SL(3). This precisely amounts to the param-
eterization in terms of matrices Y, Z,0 introduced above. We have seen that for
compact choice of ty and Z, the potential (6.101) admits a Minkowski ground state
as expected from the Scherk-Schwarz origin. Moreover, we have shown that for a
particular ratio between the norms of ¢, and Z, this ground state preserves 1/2 of
the supersymmetries.

t=1,0
As t becomes smaller, the consequences of the quadratic constraint (6.71) become

more involved. We refrain from attempting a complete classification in this sector
and refer to the examples that we have discussed in sections 6.4.2 and 6.4.3 above.
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t Yun 7By Zwe gauge group | stat. point | susy
5| (+++++) SO(5) X, X 4,0
5| (++++-) SO(4,1) —

5| (+++—-) SO(3,2) —

41 (++++0) CSO(4,0,1) —

41 (+++—-0) CSO(3,1,1) —

4| (++—-0) CSO(2,2,1) —

3| (+++00) | Py CSO(3,0,2) —

3| (++-00) 2Py CS0O(2,1,2) -

3| (+4+-00) | 7 | Law(x®), P SO(2,1)xR? -

2| (+4000) | ze*Zy SO(2) xR® X 2—0
2| (+—000) | fe*?Zy SO(1,1)x R? -

1| (+0000) CSO(1,0,4) —

0] (00000) | vl*wf SO(p, 4—p) —

0| (00000) | vlow (gi(;f; ‘7:’72) (p=2=p) | O

Table 6.3: Examples for gaugings of D = 7 maximal supergravity.
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Chapter 7

The maximal supergravities in

d=?2

In this chapter we present the embedding tensor and the bosonic Lagrangian (up
to the scalar potential) of gauged maximal supergravity in two dimensions. Dimen-
sional reduction of gravity and supergravity to two dimensions yields an effective
theory which is an integrable classical theory and whose symmetry group is infi-
nite dimensional [106, 107, 108] (for an introductory presentation we refer to [109]).
For the particular case of d = 2 maximal (N = 16) supergravity the integrability
and the symmetry structure are well known [110, 111, 112]. The global symmetry
group is the affine Lie group Go = Egg) and the infinite tower of dual scalars that
can be introduced onshell arrange in the coset space Egg)/K(Eg), where K(Ey) is
the maximal compact subgroup of Eg). In the next section we apply the general
method of the embedding tensor to this particular situation. We find the embedding
tensor and the vector gauge fields to transform in the (dual) basic representation
of Eg(9) and we work out the quadratic constraint on the embedding tensor. In the
second section of this chapter we first introduce the ungauged maximal d = 2 super-
gravity, explain its integrability structure and finally give the bosonic Lagrangian
of the gauged theory. Examples of gaugings include those that originate from torus
reduction of higher dimensional supergravity and the SO(9) gauging that descend
from a warped sphere reduction of IIA supergravity.

7.1 The embedding tensor

7.1.1 Symmetry algebra and basic representation
The global onshell symmetry group of ungauged d = 2 maximal supergravity is

Go = Eg). The corresponding algebra egg) is an infinite dimensional affine Lie
algebra or Kac-Moody algebra [113, 114]. In this subsection we give a description of
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eg(9) starting from the finite Lie algebra egs). The egs) generators ¢, (v = 1...248)
obey

[taatﬁ] = faﬂv t“/v (71)

with structure constants f,3”. To lower and raise algebra indices a we use the
Cartan Killing form

Nap = g5 fas' f31° 0" = (nag) ™" . (7.2)

We now consider the loop group of Egs). Its algebra generators are T))*, m € Z, and
the commutator reads

(T3, Tg] = fap” Tv’”*" . (7.3)

This commutator is naturally obtained by introducing a complex spectral parame-
ter y and identifying 7" with the formal product of the eg(s) generators and a power
of y, namely 10" = y™t,. The spectral parameter will be essential later for the
description of the linear system of d = 2 maximal supergravity. The Lie algebra of
Eqg(9) is given by the unique central extension of the above loop algebra [113, 114].
The central element is denoted by k. The algebra reads

[T T3] = fos” TV + kminag 0°™ [k, T™ =0. (7.4)

We will refer to the egg) subalgebra spanned by the generators T? as the zero-mode
algebra. There is a natural action of the Witt-Virasoro algebra on the generators
1. The Witt-Virasoro algebra has generators L,,, m € Z, and is given by

[Limy Ln] = (m —n) Ly - (7.5)

In terms of the spectral parameter we can identify L,, = —y™*'d, which yields the
commutators

L, T = —nT0 ™, [Lim, k] =0. (7.6)

In order to define an invariant non-degenerate inner product on eg(g) one needs to
pick one of the generators L,, in addition to 7" and k. The inner product is then
defined on these generators and is invariant under their action, but it is not invariant
under the action of the remaining Witt-Virasoro generators. Usually one chooses Ly,
but it is crucial for our construction to choose L;. The reason is that for a generic
gauging we are going to discuss L, becomes a generator of the gauge group while L
remains ungauged. For gauge invariance we therefore need an inner product which
is invariant under L. It is given by

(T, TY) = nagd™ ™", (L1, k) =—-1, all others zero. (7.7)
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One can easily check that this inner product is indeed invariant under 77", k and
L, action'.

Having thus defined the global symmetry algebra we now turn to its represen-
tation theory. An irreducible representation of eg) is first of all characterized by
its level, i.e. by its value of k. For the adjoint representation defined by the com-
mutators (7.4) we have k = 0.> The adjoint representation is not a highest weight
representation, in contrast to the case of finite dimensional Lie algebras. Highest
weight representations of affine Lie algebras only exist for £ > 0, and in fact the
possible values for k are quantized [113, 114], in our case k € N. For Eg() there is
a unique highest weight representation with k& = 1 called the basic representation?.
The embedding tensor and the vector fields of d = 2 maximal supergravity trans-
form in the (dual) basic representation. It is therefore this particular highest weight
representation which we need to understand in detail.

In addition to the value of k one needs to specify an irreducible vacuum represen-
tation of the zero-mode algebra in order to completely determine the highest weight
representation of an affine Lie algebra. The vacuum representation is annihilated by
T m < 0, and all other states can be constructed via the action of 7", m > 0. In
case of the basic representation the vacuum state is a singlet of Egs). We therefore
denote the basic representation by Q1, where the superscript refers to the value of
k and the subscript indicates the vacuum representation. The L, grading of the
algebra generators T (m = 0 zero modes, m = 1 first level, etc.) carries over to
the basic representation. We choose Ly = 0 for the vacuum singlet. Acting with 7!
yields a 248 representation of Eg) at level Ly = 1. Acting again with T, 1 yields
several irreducible components at level Ly = 2, namely a singlet 1, a 248 and a
3875. The decomposition of Q7 under Eg() yields an infinite number of irreducible
Eg(s) representations, but finitely many for each L level. For Ly, < 6 these Egg)
irreducible components and their multiplicities are listed in table 7.1.

For the lowest Lo levels we now explicitly give the action of egg) on the basic
representation. We denote by X!, Y! and Z(llﬁ the 1, 248 and 3875 component, at
level Ly =1=0,1,2. Since Z(llﬁ only contains a 3875 representation it obeys

ARE AN Nz, =0, fot fs% 2y =225 (7.8)

[}

The compact version of these equations is (733875)a5V5ny5 = Z,lﬂ;, where the projector
is given by [115]

(,P3875)04BW6 - %52/0{52) - %naﬁnyé - ife(aﬂ/f,@)ée . (79)

We denote the action of 7™ and L,, by 6™ and &7, respectively?. We have the zero

"The value of (L1, k) is fixed by the invariance condition ([T, L1], Tj3) + (L1, [T}, T§]) = 0.
2Note that the adjoint and the co-adjoint representation are not equivalent here.

3For larger values of k there more highest-weight representation.

*Note the sign in the general relation [dx,dy] = —dx y].
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Eg(s) representations

248

248 3875

1 248, 3875 30380

1, 248; 3875, 30380 27000 147250

1, 248; 38753 30380; 27000 147250 779247

1, 248; 3875, 30380, 2700035 147250, 779247, 2450240

S Gl W= o
it

Table 7.1: Decomposition of the Egg) basic representation into irreducible Eg) com-
ponents. These Eg) representations have a natural Lo grading. The total number of
components is infinite, here we only list those with Ly < 6. The subscripts indicate the
multiplicity of the representations.

mode action
X'=0, 00V =—fap"Y], etc. (7.10)
The action of the positive level generators reads

0. X" =Y, 08Y5 = 0ap X° + fai" Y] + Zog
62X0 = —2v2 etc. (7.11)

The negative level generators act as

o x? =1yl 0,'Y5 = nap X,
Y=Y 0,75 = 14 (Paszs)pra’ Yy
0, 2Y5 = —nas X°, etc. (7.12)

Finally, the action of the Witt-Virasoro generators is given by
OX =1X", 2X0 =4x7 §;2X*=0,
SOvi=1vl, 6 Y =-2v2, T S e etc. (7.13)

We thus explicitly gave the symmetry action for levels [ < 2 of Q1. These levels will
be found to be already sufficient to explain the gaugings that originate from torus
reductions of higher-dimensional gauged maximal supergravity.

7.1.2 Vector gauge fields

In order to apply the general formalism of chapter 3 to the description of gauged
maximal supergravities in d = 2 we first need to introduce vector gauge fields in a
particular representation of Gy = Egg). But in contrast to all higher dimensions in
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d = 2 it is a priori not clear which is the appropriate Gy-representation. For d > 4
the vector fields already appear in the Lagrangian ungauged theory. For d = 4 only
the electric vector fields appear in the Lagrangian, but only together with their dual
magnetic vector fields they form a representation under the global symmetry group
Gy. Therefore, for the gauged theory also the magnetic vector fields are introduced
in the Lagrangian. For d = 3 the ungauged theory can be formulated entirely in
terms of scalars, but in the gauged theory also their dual vector fields are introduced
as gauge fields in the Lagrangian [29, 30, 24]. In d = 2 the reasoning for a particular
vector field representation is less direct, but it is the basic representation of Eg(g
which is the appropriate choice. More precisely, in our conventions it is the dual of
the basic representation which we choose as vector field representation.

Eventually, it is the consistency of the general gauged theory which justifies this
choice. But this choice is well motivated from extrapolation of the representation
theory of the higher dimensional maximal supergravities. In figure 2.10 we gave
the Dynkin diagrams for the global symmetry groups Gy = Eq;_g11-q) of maximal
supergravities in 2 < d < 8. For d = 8 the Dynkin diagram has three knots and with
each decreasing dimension one additional knot appears, i.e. there is one additional
“new” simple root in the root lattice of Gg. A highest weight representation of
Gy is uniquely characterized by the inner products of the corresponding highest
weight with the simple roots. These inner products need to be non-negative integer
numbers. It turns out that the vector field representations in dimensions 3 < d <7
are always those highest weight representations whose highest weight has vanishing
inner product with all simple roots that were already present for the respective
higher dimensions and whose inner product with the “new” simple root equals one.
Extrapolating this rule to d = 2 yields Q} as the vector field representation.

Y

The basic representation is infinite dimensional and it may seem strange to in-
troduce an infinite number of vector gauge fields in the Lagrangian of the gauged
theory. But these vector gauge fields will only appear projected with the embedding
tensor and for any particular gauging, i.e. for any particular valid embedding tensor,
only a finite subset of the gauge fields will enter the Lagrangian.

When considering dimensional reductions to d = 2 maximal supergravity one
can identify the higher dimensional origin of some of the vector fields in the basic
representation. Let us consider as a first example the circle reduction from d = 3
gauged supergravity. The three dimensional global symmetry group is embedded
as the zero mode Eg) into the d = 2 symmetry group Eg). The decomposition
of the basic representation under this zero mode Eg) was given in table 7.1. We
identify the highest singlet, i.e. the vacuum representation, with the Kaluza-Klein
vector field and the 248 at level Ly = 1 with the vector fields that were already
present in d = 3. The other irreducible Eg) components of @ do not have an
immediate interpretation in this context. However, it is also natural to consider the
vector fields in the 1 and 3875 at level Ly = 2 of Q] as originating from two-form
gauge fields in d = 3.
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As a second example let us consider the torus reduction from d = 11 supergravity.
To identify the higher dimensional origin of the gauge fields we should first identify
the SL(9) symmetry group of the internal torus as a subgroup of the global symmetry
group Eg). One can embed SL(9) already in the zero-mode Eg(g) but this is not the
embedding we are searching for since the zero-mode Egg) is the symmetry group of
d = 3 maximal supergravity and the torus SL(9) can not be realized in d = 3 already.
However, it is possible to embed SL(9) into Egg) such that it is not contained in any
Eg(s) subgroup of Egg). In order to construct this embedding we first decompose the
algebra eg(g) under the zero mode Eggy. This yields one 248 representation for each
Lg level as depicted in figure 2.9. We indicate the level, i.e. the charge under Ly,
as a subscript, i.e. we have 248;, | € Z. We decompose these Eg() representations
further under a R* x SL(8) subgroup of Eg(s). They branch as (see also table 2.7)

248, — 843, ® 28,5, ® 56,1, ® 1o, @ 630, O 56_1; O 28_5; ® 8_3,
(7.14)

where the first subscript indicates the R* charges which in the following is denoted
by q. The SL(9) algebra which is contained in the zero modes is composed out of
8130 @ 1oo ® 6309 ® 8 3. The SL(9) algebra which corresponds to the torus
symmetry is given by

5[(9) = §+37,1 @ Loo @ 6300 D 8341 - (715)

We have chosen those SL(8) representations for which ¢ + 3/ = 0. This guarantees
that the generators form a closed subalgebra of eg(g). The linear combination ¢ + 3/
also gives a natural grading for all other components of the decomposition. At
each level in this new grading the above components form an irreducible SL(9)
representation, namely

84, = %+1,(n+2)/3 D 2_8_2,(n+5)/3 )
80, = 843,33 © Lonz © 630n/3 © 83 (n13)/3 5
84, = 284_27(”_2)/3 D 56_1,(n+1)/3 , (7.16)

where n = ¢+ 31. We have thus described the decomposition of eg) under the torus
SL(9) which we already anticipated in figure 2.8. The tower of 80 representations
constitutes an infinite dimensional subgroup of Eg), namely the affine extension
SL(9) of SL(9).

In order to decompose the basic representation under this torus SL(9) it is con-
venient to first decompose under §T\J(9) because one then still remains with a finite
number of irreducible components. Concretely, the basic representation of Egg) de-
composes into three highest weight representations of @(9) (this can be inferred,
for example, from the decompositions given in [116]). They all have £ = 1 and the
vacuum SL(9) representations are 9, 36 and 126 with ¢+ 31 charges 0, 1 and 2. The
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q+ 3l SL(9) representations
0 9
3 9 315
6 9, 315, 396 2700
12 9, 3155 3962, 2700, 3465 7560
q+3l SL(9) representations
1 36

4 36 45 1720
7 36; 45 720, 2079 3780
13 | 365 453 7205 2079; 3780, 4950 6048 19800

q+3l SL(9) representations

2 126

5 126 630 1008

8 126; 630, 1008, 540 1890 8316

14 | 1265 6305 1008; 540 1890, 83165 990 2772 15840 27720

Table 7.2: The three k = 1 irreducible S/i(Q) representation that are contained in the
basic representation are further decomposed under SL(9). The SL(9) representations have
a natural ¢ 4+ 3! grading (see the main text). We only list those with ¢ + 31 < 14. The
subscripts indicate the multiplicity of the representations.

decomposition of these three irreducible §E(9) representation under SL(9) is given
in table 7.2 for the first few ¢ + 3/ levels.

The three vacuum representations are naturally identified as the Kaluza-Klein
vector (the 9), the vector fields that originate from the three-form (the 36) and
the vector fields coming from the dual six-form (the 126) in d = 11. For the
remaining SL(9) representations there is no natural interpretation in the context
of a torus reduction from d = 11. But we have identified a higher dimensional
origin for different vector fields than in the reduction from d = 3. On the way
from table 7.1 to table 7.2 a highly non-trivial re-ordering of the states of the basic
representation takes place. For example the vacuum 36 and 126 representation in
table 7.2 are composed out of states in the 248 representation at Ly = 1 and the
3875 representation at Ly = 2 in table 7.1.> Consideration of more complicated
dimensional reductions might disclose a higher dimensional origin of other vector
fields within the basic representation.

50One needs to decompose all SL(9) and Eg(s) representations under the common subgroup SL(8)
in order to make the mapping between table 7.1 and 7.2 explicit.
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7.1.3 Linear and quadratic constraint

We now apply the general methods of section 3.1 to the case of d = 2 maximal
supergravity. First, we introduce indices A and M for the adjoint and for the basic
representation of Eg), respectively. The vector fields in the dual basic representa-
tion are thus denoted by Aﬁ". Since the gauge algebra may generically contain the
k and L, generators we want the index A to also take corresponding values, i.e. we
have symmetry generator

Tu = {Ttmya Ty, Ty} = {T3", K, L} - (7.17)

In equation (7.7) we defined an invariant non-degenerate inner product nus =
(T4,Tp) on these generators. This also induces an inner product 7% on the dual
adjoint representation. In addition, we have structure constants f4z¢ and generators
TandY that describe the symmetry action on the basic representation.

The general covariant derivative (3.3) takes the form
Dy=0,— gAYl O Ta . (7.18)

The embedding tensor © 4 transforms in the tensor product of the basic (k = 1)
and the adjoint (K = 0) representation. Since the latter is not a highest weight
representation also the irreducible components of © ,* are in general not highest
weight. However, by the linear constraint we demand © ¢ to only contain a single
irreducible component © ,, which transforms in the basic representation, explicitly

@MA = 77“48 TBMN @N . (719)

This linear constraint is justified by the fact that all known gaugings are incorporated
in O, as will be explained below. In terms of O, the covariant derivative reads

Dy =0, — g Tap™ AV ON Ty . (7.20)
The quadratic constraint (3.5) then takes the form
HABTAMP TBNQ @73 @Q =0. (721)

We now give this quadratic constraint for the case that only the first Ly-components
of ©p are non-vanishing. The symmetry action on the components X!, Y! and Z éﬁ
of the basic representation were given in equation (7.10) to (7.13) for levels [ < 2.
These tensors are now regarded as components of Op and we consider the case

0p ={X" Y} X? Ziﬁ} , all other components zero. (7.22)
The quadratic constraint (7.21) then takes the form®
Yo} Jca(ﬁ(s Z%(; =0, (%ﬂXz + Zgﬁ)fﬁ(“/p Zg)p =0. (7.23)

SFrom 6400 = Tam™VOn and relation (7.10) to (7.13) we find T(l)a)(o)x(l)yﬁ = &2,
Tya,1)yysPX = nap, etc. In addition, we find from (7.7) that p(me(8 = gminlpas
MWLk — _1 Thus, we can evaluate the quadratic constraint (7.21) explicitly on the lowest

components of O y4.
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For Y! = 0 the last equation coincides with the quadratic constraint of d = 3
maximal supergravity [28, 29| if one identifies the d = 3 embedding tensor as

083" = nup X’ + Z25 . (7.24)

This means that a simple torus reduction of gauged d = 3 maximal supergravity
yields a gauged d = 2 maximal supergravity with non-vanishing components X?2
and Zgﬁ of O and all other components zero. Such a torus reduction can also
be twisted, i.e. a generator of the d = 3 symmetry group Egi) can be chosen as
Scherk-Schwarz generator. This leads to an additional gauging in d = 2 and the
Scherk-Schwarz generator is described by the component Y. of ©,,. If the d = 3
theory is already gauged before the Scherk-Schwarz reduction there is a consistency
condition between the d = 3 embedding tensor and the Scherk-Schwarz generator
given by the first equation of (7.23). If the d = 3 theory is ungauged, i.e. ©33% = 0,
an arbitrary Scherk-Schwarz generator Y;! can be chosen. In the next section we
will explain that there is an additional freedom in a d = 3 to d = 2 torus reduction,
namely the field strength of the Kaluza-Klein vector field can be chosen to be non-
vanishing (see equation (7.41) below). This corresponds to the component X° of
O to be switched on and according to (7.23) there is no consistency condition on
the choice of X°. Thus, we have motivated the linear constraint (7.19) by identifying
the higher-dimensional origin of the components X°, Y, X2 and wa of © . The
analogous consideration for torus reductions from d + 1 to d > 3 dimensions can be
found in appendix A. The only non-generic feature in the d = 3 to d = 2 reduction
is the additional freedom of choosing X°.

We already explained in section 2.2 that the positive mode generators 7", m > 0,
of the Kac-Moody symmetry algebra correspond to the shift-symmetries of an in-
finite tower of dual scalars that can be introduced in d = 2 maximal supergravity.
In contrast, the existence of the negative mode generators 77", m < 0, corresponds
to a non-trivial symmetry enhancement and the generators act non-linearly on the
infinite tower of scalars. We will make this explicit in the next section when we intro-
duce a linear system in order to give the complete symmetry action. In gauged d = 2
theories that originate from dimensional reduction of d = 3 maximal supergravity
one expects scalar shift symmetries 77", m > 0, to be gauged, but the extended
symmetry generators 7', m < 0, should not contribute to the gauge algebra.

Which vector fields Aﬁ/‘ are coupled to which symmetry generators 7’4 by the
various components of ©,, is shown in table 7.3. We find that the Kaluza Klein
vector field 1y is coupled to the zero-mode generators 248, by the 248, (i.e. Y
component of ©. The vector fields 248, that were already present in d = 2
are coupled to the zero-mode generators 248, by the 1,5 and 3875, (i.e. X? and
Z25) component of © . This agrees with the above identification of Y, X* and
ZO%B as the Scherk-Schwarz generator and the components of the d = 3 embedding
tensor, respectively. As expected, we also find from table 7.3 that no negative mode
generators 177", m < 0, are excited by these components of © . In contrast, the
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vector fields

1 248 1, | 248, | 38759
248 3 || — — — 1o —
w248, | — 1 248 248 248,
o
+~
g 248 4 — 248 2489 | 1,5 ® 248 5 | 248,5 @ 3875,
g H3875.,
(30
2 Ly 10 248 | 1.5 2485 3875,
5]
é ko — 248 ., 13 248¢ , 38759
<
n
248 | 24841 | 1.0 ® 2485 | 248%, | 1,3 ® 24875 | 2487, @ 3875,
©3875, 2 ©3875., 3 ©30380. 3
©30380 3
248_; | 2485 | 1.3 ® 248%%"
©3875. 3
©30380. 3

Table 7.3: The d = 2 couplings of the vector fields Aﬁ" to the symmetry generators
T4 are decomposed under the d = 3 symmetry group Eg). The representations inside
the table denote the components of the embedding tensor © 4. Al/fl and O, transform
in the (dual) basic representation which branches according to table 7.1. The adjoint
representation branches into an infinite tower of 248 representations, see table 2.9. In
addition we have the symmetry generators k and L;. The subscripts in the table denote
the charges under Ly, which corresponds to the rescalings of the internal circle. For each
entry the Ly charges of © ¢ and T4 add up to 1 plus the Ly charge of Aﬁ" (this charge
convention slightly differs from the one used in appendix A). The two 248 representation
at level Ly = 3 of the basic representation are distinguished by superscripts a and b.
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248 ., (i.e. Y?) component of O, describes gaugings whose algebra also contains
the 248 ; (i.e. T, ') generators. Therefore, these gaugings can not originate from
gauged d = 3 maximal supergravity. The d = 3 embedding tensor does indeed not
contain a 248 component.

We now aim for a more general interpretation of the quadratic constraint (7.21).
It was explained in section 3.1 that the quadratic constraint can be understood as a
projector equation Py(©®©) = 0. In the higher dimensional theories there is a finite
number of irreducible components in the twofold symmetric tensor product of © and
P, can thus be defined by declaring which representations are allowed and which
are forbidden. In contrast, for the present case of d = 2 maximal supergravity, there
is an infinite number of irreducible Egg) representations in the twofold symmetric
tensor product (Q] ® Q7 )sym and the interpretation of the projector Py in terms of
representation theory is not clear immediately.

The basic representation is a highest weight representation with £ = 1. Its
twofold symmetric tensor product thus decomposes into highest weight representa-
tions with £ = 2. There are only three of those k = 2 representations. We denote
them by QF, Q345 and Q3gy5, because they have have vacuum Egs) representations
1, 248 and 3875, respectively. The decomposition of these representation under
Eg(s) is given in table 7.4 for the first Lo levels. It turns out that Q344 is not
contained in the symmetric tensor product (Q7 ® Q7)sym, but Q3 and Q%gzs both
appear with infinite multiplicity. There is natural Ly grading on these Q% and Q3g,5
components of the tensor product. The twofold product of the vacuum singlet of Q1
yields a singlet in the tensor product at Ly = 0. This singlet must be the highest
weight of the first Q3 component in the tensor product. For Ly = 1 there is only one
248 representation in (Q7 ® Q] )sym and this 248 belongs to the Q3 representation
that starts at Ly = 0, i.e. no irreducible Eg) representation starts at Lo = 1. For
Loy = 2 one finds most of the Eg(s) representations that appear in the tensor product
to be contained in the Q3% that starts at Ly = 0, except for one 1 and one 3875
representation. These representations thus are the vacuum representations of a Q%
and a Q%g,5 starting at Ly = 2. Continuing that analysis one finds a finite number
of @3 and Q%g,5 representation to start at each Ly level, as shown in table 7.5 for
the first few levels.

In the language of conformal field theory what we consider here is a coset model”
[117, 118]

¢ (E E
6 _ (Esh @ (Es)1 (7.25)
9 (Es)a
where the subscripts denote the level k for the Eg representations under considera-
tion. The central charge of the Virasoro algebra on (Eg) is given by

Cph = —————

7.26
k + gv ) ( )

"We are grateful to Sakura Schifer-Nameki for pointing out this relation to us.
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Lg Eg(s) representations

0 (1

1 248

2 |1 248 3875 27000

3 |1 2483 3875 27000 30380, 779247

4 13 2485 3875, 27000, 303803 779247, 147250, 4096000,
2450240 4881384

Lg Eg(s) representations

0 | 248

1 1248 1 3875 30380

2 | 2483 1 3875, 30380, 27000 147250 779247

Ly Eg(s) representations

0 | 3875

1 | 3875 248 30380 147250

2 | 38753 248, 30380, 147250, 1 27000 779247 2450240

Table 7.4: Decomposition of the three level k = 2 representations of Eg(g) into irreducible
Eg(s) components. These Egg) representations have a natural Lo grading. The total
number of components is infinite, we only list the lowest L levels. The subscripts indicate
the multiplicities of the representations.

where dim(Eg) = 248 is the dimension and ¢g¥ = 30 is the dual Coxeter number of
Eg. This yields ¢; = 8 and ¢; = 31/2 and thus the coset CFT has central charge
Ceoset = 201 — € = 1/2. Since cCeoset lies between zero and one one is dealing with a
minimal model which in this particular case turns out to be the Ising model. For
the CFT implications of this result we refer to [119]. For our purpose it is important
that the two infinite towers of Q% and Q3gs representations whose beginnings are
shown in table 7.5 form the irreducible highest weight representations V(Yff) and V(\ﬂ)
of the Virasoro-Witt algebra (with central charge 1/2), i.e. the symmetric tensor
product of the basic representation branches as

(@1 ®Q1)sym = Vi) ® Q1 @ Vi) ® Qiers - (7.27)

The Virasoro-Witt generators on V(\fff) and V(\szlr) are given by

Leset = [ [ (7.28)
where L® and L? are the Virasoro-Witt generators induced by & = (Eg)l@(ﬁg)l (i.e.

by (Q1®Q7 )sym) and by $ = (Eg)g (i.e. by Q% and Q3%g,5). We are interested in L.
The Sugawara construction gives an expressions for L; on the basic representation
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# of Q% # of Q§875

Akoowwog'

1\9»—~>—~‘ —_
HH}_\‘

Table 7.5: The decomposition of the two-fold symmetric tensor product (Q1 ® Q7 )sym
into irreducible Q% and Q% representations is shown for the first Lo levels. We give the
number of Q3 and Q% representations whose highest weight is at the respective Lg level.

and for L® and L? in terms of the Kac-Moody generators T4x, namely

(L) ™ ﬁ Z 1 Tsmya m® Tempr?
(LY pn"2 =2 (L )(M( 5/%/)) :
(L) aun"2 2@ o Z 0™ Tarma ™ 5 Timp = ” 35 (7.29)
where k1 = 1 and ko = 2. This yields
(L% P = ﬁ << u® 59 Z 7 Ttmya ot ® T(n)ﬁ./\/’)g)>
= - ﬁ 18 Taod ™ Tign? (7.30)

where the index A runs over the Kac-Moody generators and over k and L, as
introduced in (7.17). Comparing the last equation with (7.21) we find that the
quadratic constraint on ©,, can be written as

L0 ©0) =0, (7.31)

L.e. L is the projector Py we were searching for. The symmetric tensor product
© ® © is only allowed to contain those representations that are annihilate by L§ot.
According to table 7.5 these are the Q% at Ly = 0, the Q3 and Q%g,5 at Ly = 2, a
particular linear combination of the two Q3 representations at Ly = 4, etc.

To summarize, we have argued that the embedding tensor © of d = 2 maximal
supergravity transforms in the basic representation of Eg). Due to this assumption
we could embed the known gaugings that originate from d = 3 torus reduction
into ©. We will show in the next section that this assumption also allows for the
formulation of the general gauged theory in terms of the embedding tensor. As usual,
one therefore needs the additional quadratic constraint (7.21). Every embedding
tensor in the basic representation that satisfies this quadratic constraint defines a
valid gauging.
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7.2 The gauged theory

7.2.1 Lagrangian of the ungauged theory

The d = 2 maximal supergravity is obtained from torus reduction of higher dimen-
sional maximal supergravity. This statement is of course also true for d > 2, but
it has a particular meaning for the two-dimensional case. In d = 2 the ordinary
Einstein-Hilbert action describes a topological invariant (the Euler number) and
thus does not yield any equation of motion. From a purely two-dimensional per-
spective it is thus not clear what a theory of gravity or supergravity should look like
and the higher dimensional origin is necessary to define it.

We thus start from the ungauged d = 3 maximal supergravity, which has a global
Eg(g) symmetry. For the Lie algebra of Egs) we need the decomposition egigy = h @€
into the compact part h = s0(16) and the non-compact part €. This is a symmetric
space decomposition, i.e. we have the following commutators

[b,b] =1, b€ =¢, €€ =b. (7.32)

We indicate the projection h and € by corresponding subscripts, i.e. for A € egg) we
have

A=Ag+ Ay, Apeb, Aeet. (7.33)
In addition we define the following involution on eg) elements
— AT = Ay — Ag. (7.34)

The 128 scalars of maximal d = 3 supergravity arrange in an Egs)/SO(16) coset and
are the only bosonic degrees of freedom of the theory. They are described by a coset
representative V which is a group element of Eg(g) and transforms under global Egs)
transformations from the left and local SO(16) transformations from the right, i.e.

YV — gVh(x), g € Eggy, h(x) € SO(16) . (7.35)
The scalar currents are defined by
V7'V =Qu+ B, Q.€h, Pyet. (7.36)

The current @), is a composite connection for the local SO(16) gauge invariance, i.e.
it appears in covariant derivatives of all quantities that transform under SO(16), in
particular

Dby = 0Py + [Qp, B3] - (7.37)
The integrability conditions for (7.36) are given by
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The bosonic Lagrangian of maximal d = 3 supergravity is given by the Einstein-
Hilbert term coupled to the non-linear sigma model of the scalar coset, i.e. [120]

Loz = 1eR® — Leqr(P, PR, (7.39)

where ¢ is the determinant of the three-dimensional vielbein. The general Ansatz
for a torus reduction and the resulting effective Lagrangian were given in (2.3) and
(2.4) (compared to section 2.1 we rescaled the Lagrangian by a factor 1/2). For our
particular case the effective two-dimensional Lagrangian reads

Loz =3epR® — Lep® A, A" — Leptr(P,P"), (7.40)

where A, = 20,,A,) is the field strength of the Kaluza-Klein vector field, p is the
dilaton and e is the determinant of the two-dimensional vielbein. The equations of
motion for A, can be integrated to an algebraic equation for the field strength

A =CECep e, (7.41)

1
2

where ¢ is an integration constant and €, is the Levi-Civita tensor (ey; = 1). Due
to the last equation the vector fields can be integrated out and their kinetic term
becomes a scalar potential for p. One thus obtains a deformation of the ungauged
theory which is parameterized in terms of £. Therefore, ¢ has to be a component of
the embedding tensor and it turns out that it is the Ly = 0 singlet of ©,,, which
was denoted X! above®. For the description of the ungauged theory we set £ = 0
and thus the vector field term in the Lagrangian (7.40) vanishes.

In two-dimensions a Weyl rescaling is not possible. As mentioned above the
usual Einstein-Hilbert term is a total derivative anyway. What is possible in two
dimensions is a conformal rescaling, i.e. the metric g,, can be brought into diagonal
form by fixing part of the general coordinate invariance. We make us of this freedom
by choosing the following conformal gauge

Guv = N €XP 20 y (742)

where 7, is the flat space Minkowski metric and ¢ is the conformal factor. The
vielbein determinant and the curvature scalar then read

e =4/—det(g,,) =exp26,
R® — —2¢"0,0,6 = —2exp(—20)n""0,0,0 . (7.43)

In the rest of this chapter we raise and lower indices no longer with g,, but with
N, 1.e. we use flat space conventions’. In conformal gauge the Lagrangian (7.40)

8The factor between X! and ¢ still needs to be determined.
9Note that the connection on the two-dimensional manifold is non-zero wrt g,,. For example,
we have a non-trivial covariant derivative in

Dyudyp = 0,0up = (8u6)(Dup) = (8up)(06) + 0w (926)(87p) -

But we never use covariant derivatives in the following, instead we write out the appropriate 0,,6
corrections explicitly. See for example the left hand side of the conformal constraint (7.46), which
equals f%Diﬁip. Note also that D,0"p = 0,0"p.

109



7.2. THE GAUGED THEORY

for X; = 0 takes the form
L= (0,6)(0"p) — L ptr(PP"). (7.44)
From this Lagrangian one gets the following equations of motion
Op=0, 06 + 5 tr(P,P*) =0, D,(pP*)=0. (7.45)

However, the Lagrangian (7.44) does not reproduce all equations of motion of the
theory. Those equations that descend from variation of the gauged fixed metric
components'? are missing and have to be imposed by hand as a conformal constraint.
It is convenient to introduce light-cone coordinates z* = 1/4/2(2° £ 22)."* The
conformal constraint then reads

(0+0)(0xp) — 50:0+p = 5 ptr(PePy) (7.46)

Defining 0 = 6 — 1 In((94p)(9-p)) and using Op = 0 we can write the conformal
constraint as

(8ia)(8ip) = %ptr(PiPi) (747)

In contrast to & we find o to transforms as a scalar (i.e. to stay invariant) under those
coordinate transformations that are compatible with the conformal gauge (7.42), i.e.
under 2 — 2/t = f(z*) and 2~ +— 2/~ = g(2~). The field equations (7.45) are not
modified when replacing ¢ by 0. When can thus also make this replacement in the
Lagrangian (7.44).

7.2.2 Linear system

In the last subsection the bosonic Lagrangian and the field equations of maximal
d = 2 supergravity were presented. We now show that this theory is invariant
under the global symmetry group Gy = Eg(9). The Lagrangian (7.44) is manifestly
invariant under the three-dimensional symmetry group Eg), which is the subgroup
of Eg(9) generated by the zero-mode generators 7,). The complete Egg) symmetry is
not realized at the level of the Lagrangian but only onshell. We already encountered
such a situation for the four-dimensional theories in chapter 4. There, the global
symmetry group Gg transformed electric and magnetic vector fields into each other,
but in the ungauged theory the latter were only introduced onshell as dual to the
electric fields. Things are similar in d = 2, but with vector fields replaced by
scalars. There is an infinite tower of dual scalars that can be defined onshell out of
the scalars V which appear in the Lagrangian. The Eg) symmetry is only defined
on this infinite tower of scalars and thus is an onshell symmetry.

0These are the off-diagonal and the traceless part of the components, i.e. go1 and gop + g11.
"1n light-cone coordinates we have nyx =1, nyy =0, €13 = £, €1y = 0.
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In order to define dual scalars one needs to identify currents that are conserved
due to the equations of motion. The simplest example is the current of the dilaton
Opup which is conserved due to Op = 0. The dual dilaton p is thus defined by

Oup = €00 p or Orp ==+0+p . (7.48)

In most of the following we find it convenient to give the duality equations in light-
cone coordinates. The last two equations show that those formulas can be easily
translated into a coordinate independent notation by using the Levi-Civita ten-
sor. Equation (7.48) only defines p up to a constant shift p — p+ A. Such shift-
symmetries appear for all of the dual scalars we are going to introduce. Note that a
further dualization of p simply yields the dilaton p, i.e. there is no infinite tower of
dual fields in the case of the dilaton. This is different for the non-Abelian scalars V.

The field equation D,(pP*) of V can also be written as a conservation law
9, (pJ") = 0 for the current J, = (9,V)V~' = VP, V! While P, transforms under
local SO(16) transformations .J,, transforms under global Egg) transformations. The
dual scalars to V are called dual potentials. The dual potentials Y;, ¢ € N, are eg)
algebra valued, i.e. they transforms in the adjoint representation of Eg). The first
dual potential Y] is defined by

1Y) = +pJp = £pVP VL. (7.49)

This equation is consistent since J, is conserved. We can now use Y; to define
another conserved current and thus a second dual potential Y;. Using Y; and Y5 we
can define the third dual potential Y3, etc. To convey an impression of how that
works we give the defining equations for Y5 and Y3 explicitly

0+Ys = — (£pp+ 1p*) VPV — L[vy,0.77]
0:Ys = — (F3p° F pp* — p°p) VPV = [Y1,0:Ys] — ¢[Y1, Vi, 0:Y1]]) . (7.50)

Obviously, it is rather inconvenient to define each dual potential separately. For-
tunately, there is a generating function for all the dual potentials which is called
the linear system [106, 107, 108]. For the definition of the linear system we need
the spectral parameter y and its inverse w = 1/y. We first need to introduce the
complex valued function y(w) by

= p(w+p \/m) wzg(er%)—ﬁ- (7.51)

2

The second equation is a consequence of the first one. Since a square root appears
in the definition of v it formally takes values on a Riemann surface which is two-fold
covering of the complex w-plane. For our purposed we simply consider v as formal
series in negative powers of w, i.e.

11,1 T B )
7= gow = sppw 4 2 (00 4 4pp?) wP = 2 (30°p + dpp®) w4 O(w ™)

2 2
(7.52)
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We refer to v as the variable spectral parameter, in contrast to w (or y) which is
referred to the constant spectral parameter. While 0w = 0 we find the variable
spectral parameter to obey the following differential equation

Ory _ OrplFny
Y p 1ty

(7.53)

We now introduce the Eg(s) valued function V(w). It also has a formal expansion
in negative powers of w. Since V it is group valued we use the following expansion

V=TT e(Ysw) o(-Yaw) o (YiwTh)y) (7.54)
where the dual potentials Y; appear as coefficients in the expansion and we have
V(w = o0) = V. The following linear system defines V in terms of the scalars V
that appear in the Lagrangian

v_laiv:Qi+pi, p:t:mpi. (755)

For a flat space sigma model (with Lagrangian £ = %trPHP“) one can define the
linear system by using the constant spectral parameter w. For a curved space
sigma model one accounts for the dilaton dependence in the equations of motion by
replacing w with the variable spectral parameter . The integrability conditions for

(7.55) read

A

Qu + [P, B =0, DyP;=0. (7.56)

We find

S v 1L++% 2y _
[P,LMPI/]:[P,MPI/]? e DMPV:]__*,}/QEH DuPV_l_i,yQp lDlL(pPﬂ)' (757)
Thus, the integrability equations are satisfied due to the integrability equations
(7.38) for P, and @), and due to the equations of motions (7.45). By expanding
the linear system in powers of w according to (7.52) and (7.54) we find the defining

equations for all dual potentials. In particular, we reproduce the defining equations
(7.49) and (7.50) for the first three dual potentials.

The whole tower of dual scalars is contained in V. One can consider V as the
coset representative of the scalar coset Go/H = Eg9)/K(Eg), where K (Ey) is the
maximal compact subgroup of Egg). In order to define the Lie algebra £eg of K (Ey)
we consider an algebra element A € egg) as an eg(g) valued function of w and thus
of 4. A(y) is contained in the subalgebra #eq if it obeys

A (y) = AT <1) : (7.58)

v
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Analogous to (7.35) we want the Eg(g) symmetry to act on V form the left while
K (Eg) shall act from the right. A generic Eg() action destroys the form (7.54) of
V, because V may not have an expansion in negative powers of w anymore. We
therefore demand for a compensating K (Eg) action that restores the form (7.54),
ie.

V — gVh(g,z), g€Ey, h(g,z)ec K(E). (7.59)

This defines our Eg) action. Apart form the SO(16) transformations in the zero-
mode Eg(g) there is no additional freedom of K(Eg) transformation. We are thus
dealing with a gauged fixed version of the scalar coset, known as Breitenlohner-
Maison gauge [121]. Those symmetry transformations g that are generated by the
non-negative Kac-Moody generators 77", m > 0, do not destroy the Breitenlohner-
Maison gauge and thus do not need a compensating K (Eg) transformations. These
transformations correspond to the zero-mode Egg) and to the shift-symmetries of
the dual potentials Y;. On the other hand, those Eg) transformations g that are
generated by the negative modes 77", m < 0, of the Kac-Moody algebra need
a compensating K (Eg) transformation that restores the gauge fixing. They are
thus not realized linearly on the coset representative V. An explicit expression for
the symmetry action on VY is given in the next subsection for infinitesimal Egg)
transformation.

The gauge fixing of V is crucial in order to guarantee convergence of the expres-
sions in which V enters and in order to interprete V as a tower of dual potentials.
However, in principle one is not restricted to the Breitenlohner-Maison gauge. For
example, in table 2.8 we gave the decomposition of ey under the R x SL(9) that
corresponds to the torus group in dimensional reduction from d = 11. A valid gauge
fixing is given by demanding V to be generated only by the non-negative generators
in this decomposition. The choice of the gauge fixing is analogous to the choice of
the symplectic frame in d = 4 supergravity. This analogy suggests that for every
particular gauging of d = 2 supergravity there should be a natural gauge fixing that
simplifies the form of the gauged Lagrangian. In our presentation we stick to the
Breitenlohner-Maison gauge which is induced by dimensional reductions from d = 3
and corresponds to the form (7.44) of the ungauged Lagrangian.

7.2.3 Global symmetry action

Equation (7.59) defines the symmetry action of Eg) on the scalars, but it does not
give an explicit expression for the necessary compensating K (Eq) transformations.
In this subsection we give explicit formulas for the action of an algebra element

L=1IAT = Aw)ty + XLy + Kk (7.60)

on the scalars o, p, p and V. These formulas are needed in the next subsection to
write down the appropriate covariant derivatives for these scalars and to check gauge
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invariance of the Lagrangian. According to (7.60) we have symmetry parameters
A and x which are reals numbers and an parameter A(w) that describes the eg)
transformations. We treat A(w) as an egs) valued function of w (respectively of

y=1/w).
The action of the central extension k on the scalars is given by!?

S.p=0, 6.p=0, 6.0 = — K, 6.V =0, (7.61)

i.e. the central extension acts as a shift symmetry on the conformal factor o and
leaves all other scalars invariant [121].

The Witt-Virasoro generator L, is represented as a differential operator L; =
—429, = 9. This representation defines the action of L; on V(w), v(w) and o.
According to (7.51) and (7.52) the action on p and p is induced by the action on
~(w). We find

5ep =0, 6p =X, 6.0 =0, 5.V = A0,V , (7.62)
Le. Ly acts as a shift symmetry on p and it also acts non-trivially on the dual

potentials Y;, ¢ > 2, that are contained in V, but it leaves p, o, V and Y; invariant.

In order to give the action of the Kac-Moody generators 7" = w™"1, it is very
convenient to introduce the following notation. For an arbitrary function f(w) of
the spectral parameter w we define

()= o ) = —Resumnc (). (7.63)

The path [ is chosen such that only the residual at w = oo is picked up. For our
purposes it is sufficient to consider f(w) as a formal expansion in w, i.e. f(w) =
> fmw™. We then have (f(w)),, = f_1. Sometimes we also use variables v or

m=—0o0

u instead of w. An expression that appears regularly is
HORNINA VIO LGANIIE < W
<m () = (7.64)
Another useful relation is

((ERty (10 Y — (r,wh. (7.65)

v —w v—w

For A = A®(w)t, € egg) we introduce the abbreviation A = V-IAV. According to
(7.33) the compact and non-compact part of A are denoted

Ay=[V7IAV],, Ae=[V'AV, . (7.66)

12In terms of our notation in (7.10) to (7.13) we now have 6, = k%, dy = A} and Jp =
Sy A% 6™ where A(w) = >0 A& w™™,

m=—0oo mYa ) m=—0o0 m
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In terms of this notation the action of 7" = w~"t, on the scalar fields is given by
[112]

5/\ P = 0 ;

5/\ ﬁ =0 )

SIPPRN : 1 [« v() (1 —~*(w)) &
V15AVw:Aw—< (Av—i— Ae(v . 7.67

(1) = Aw) o)+ L B ) ) e
The variation of V can also be written as (EA]} = AV + Vh. The first term in this
variation describes the left action of A on V, the second term is the compensating
K (Eg) transformation from the right, i.e. h € £eg(9y. Equation (7.67) gives an explicit
expression for A in terms of A.

According to (7.54) the Eg(s)/SO(16) representative V is contained in V. Equa-
tion (7.67) thus also gives the action of Eg) on V. Using (7.65) we find

_ 11 v 27y (w) ~
LoV = tyis =(——F—A 7.68
Vo = (vt = (G2 ) 06
The action of k, L, and T given in (7.61), (7.62) and (7.67) satisfies the symmetry
algebra (7.4), (7.6).

7.2.4 Lagrangian of the gauged theory

We now present the bosonic Lagrangian of gauged d = 2 maximal supergravity. The
gaugings are parameterized by an embedding tensor © »,. The ungauged Lagrangian
(7.44) is formulated in terms of scalar fields o, p and V. Onshell one can define the
dual dilaton p and the Egq)/K(Eg) coset representative V that contains the dual
potentials Y;. We also introduced vector fields Aﬁ" in the dual basic representation
of Eggy. All these fields can feature in the Lagrangian of the gauged supergravity.
The dual scalars and the vector fields only appear projected with the embedding
tensor © . Thus, ©, determines the field content of the theory and for ©,, — 0
the ungauged supergravity is recovered.

The general covariant derivative (7.20) can be written as

D,=0,—gA;(w)ta —gB, L1 —gCuk, (7.69)
where we introduced the following ©-projections of the vector fields Aﬁ/‘
B, = —Topm™¥ AV Ox = — AN O,
Cho= — T(l)L,MN Aﬁ/l On ,
Axw) = Y w "™ Tmyp ™ AY O (7.70)
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These projections correspond to the symmetry parameters A, A and x introduced
in (7.60). The action of the covariant derivative on the various scalars reads

Dyup = 0up — By
D,o =0,0+C,+tr <Au(w) awf/(w)f)_l(w)>
)

—1 _ -1 _ 2y(w i
VIDY =VIaY - (S

+ (2 (Mo + 22, )
(7.71)

Au(w)e >w = Pu+Qu,

where flu = )A/*IA,JA/. Note that we defined the covariant generalization P, of the
scalar current P,. The current (), remains unchanged compared to the ungauged
theory!?.

We can now present the bosonic part of the general gauged Lagrangian
L = Liin + Liop - (7.72)
It consists of a kinetic term
Lyin =M p Do — %ptr(ﬂﬂ’“) , (7.73)

and a topological term

N N A\ 1+~2 . "
Liop = 6‘“’{9tr<Au (DY =VQ,) V! - 1_712 ARV

w

(7.74)

In addition, supersymmetry demands a scalar potential whose general form (in terms
of ©,) still needs to be determined. The scalar potential and the Lagrangian
Lyin + Liop which we are considering here are both gauge invariant on its own.

The variation of the Lagrangian with respect to the vector fields reads

0L =— gdC, X" 4+ gtr(dA, V") , (7.75)

13This is due to our particular SO(16) gauge choice in equation (7.67).
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where

XM = _8ﬂp + EW,DVﬁ s

2
- 27 -t 147

= _ v pryy)—1 VD)) -1 _ V-1 ppu
Vu= V5P = @ P VDY = VQ) VT - a0V

(7.76)

As field equations we thus find ©-projections of X, = 0 and ), = 0. These are the
covariantized versions of the duality equations (7.48) and (7.55) that render p dual
to p and V dual to V. These duality equation transform in the (gauged fixed) adjoint
representation of Gjy. They arrange in the algebra valued current 7, = Z;f‘ Ty as
follows

Zy = V2 (w)ta + XLy . (7.77)

In the covariant formulation the variations (7.75) give rise to the following field
equations

T ONZH =0, (7.78)

For the derivation of the order g? terms in (7.75) from the above Lagrangian one
needs the following constraint on the projections of the vector fields

tr<AM(w) 5Ay(w)> —B,6C, —C, 0B, = 0. (7.79)
By virtue of the definitions (7.70) the last equation is equivalent to the quadratic

constraint (7.21) on © .

The parameter of gauge transformations L™ transforms in the dual basic repre-
sentation. Under gauge transformations the scalars transform according to (7.61),
(7.62) and (7.67) with ©-projected parameters A, A and x given by

B T Opn LM Ty = A¥(w) ty + N1y + Kk . (7.80)

The Lagrangian (7.72) is invariant under gauge transformations if we define the
gauge transformations of the vector fields as follows!4

AAY = D, LM + €, Ta™M IV 274 (7.81)

Thus, the vector fields transform into the duality equations of the scalars, just as the
d = 4 two-forms transform into the duality equation between electric and magnetic
vector fields. For the ©-projected vector fields one finds

AA, = DA+ S e, [N, VY] — L€ (0,A) XY + additional terms ,
AC, = Dk + % €4, tr(A 9, VV),, + additional terms (7.82)

14We have checked gauge invariance explicitly up to terms of order g' so far, but the g2 terms
of the Lagrangian are already completely determined by demanding (7.75).
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where the additional terms are such that they vanish under the contraction with &,

and Y, in (7.75).
For the vector fields A, we have the expansion

Av= " Aemrm = N AL, (7.83)

m=—0Q m=—0Q

Due to the gauge fixing (7.54) of V(w) we find that 8,V " has an expansion in
negative powers of w that starts with w2 and VYY1 has an expansion in negative
powers of w that starts with w™!. From the variation (7.75) we thus find that the
positive mode vector fields Afj(m), m > 0, do not enter the Lagrangian at all, i.e. a
gauging of the shift symmetries of the dual potentials is not visible in the Lagrangian.
From the Lagrangian itself this fact is not obvious since the quadratic constraint was
used to derive (7.75). The gauge fixing of YV thus seems to induce a truncation of
the gauge group in the Lagrangian. Nevertheless the Lagrangian is invariant under
all gauge transformations. The shift symmetries of the dual potentials Y; only do

not seem to be gauged because no vector gauge field is coupled to them.

We have thus presented the bosonic Lagrangian of maximal gauged d = 2 su-
pergravity. What is missing in the description of the complete gauged supergravity
are the fermionic correction (the fermionic mass terms) and the scalar potential.
In order to work them out one needs to understand the irreducible components of
the T-tensor, i.e. the branching of the basic representation of Eg) under K(Ey).
Corresponding to the finite number of fermions there are finite K (Eg) components
in this decomposition that correspond the fermion mass matrices. In addition, we
already checked that the replacement 9, — D,, in the kinetic terms of the fermions®
yields fermionic contributions to the variations (7.75) that agree with the fermionic
corrections to the linear system given in [111, 112]. Finally, we also still need to give
the covariant version of the conformal constraint (7.47).

7.2.5 SO(p,9 — p) gaugings

We want to finish this chapter with a short discussion of the SO(9) gaugings that
originate from a warped sphere reductions of d = 10 ITA supergravity [100, 122, 99].
Closely related are the compactifications on the non-compact manifolds HP#~P that
result in gauge groups SO(p, 9—p) (for details see section 6.4.2). We want to identify
the embedding tensors O, that defines these gaugings.

The embedding tensor © r¢ transforms in the basic representation of Eg. The
appropriate starting point for our analysis is the decomposition of the basic repre-
sentation under SL(9) which is given in table 7.2. The corresponding decomposition

5Normally the fermions do not transform under Gy but only under H, but since we have a
gauged fixed realization of Gy we have induced H that act on the fermions.
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of the symmetry algebra is given in table 2.8. We want to show that an embedding
tensor for which only the 45 component at ¢ + 3] = 4 is non-zero always satis-
fied the quadratic constraint (7.21). To do so we first need to specify into which
other components this 45 can transform under the symmetry action of the basic
representation. Under the zero-mode s[(9), it transform into itself. Under the 84,
symmetry generator it transforms into the 315. at ¢+ 3! = 3. Under the 805 sym-
metry generator it transforms into the 36 at ¢ + 31 = 1. These are all non-negative
symmetry generators under which the 45 transforms. With this information we
find the quadratic constraint to be a projector equation from the symmetric tensor
product (45 ® 45).m to the tensor product 36 @ 45, where the 36 is the one at
q + 31 = 1. Asking for the irreducible components in these tensor products we find

(45 ® 45) 5y, = 495 & 540 , 36 ® 45 =630 © 990 . (7.84)

Since the two tensor products have no representation in common there is no non-
trivial SL(9) invariant projector between them and thus the quadratic constraint is
satisfied for every choice of the 45 component.

The 45 can be parameterized by a symmetric 9 x 9 matrix Y. By fixing part of
the SL(9) symmetry this matrix can be brought into the form

Y =diag(1,...,—1,...,0,...), (7.85)
—— ——
p q r

with p+¢+r =9. Such an embedding tensor gauges a subgroup CSO(p, ¢, ) of the
zero-mode SL(9). The corresponding gauge fields are the one in the 36 at ¢+ 3 = 1.
For r = 0 we have the SO(p, 9 — p) gaugings we were looking for. In addition, some
of the positive generators of the symmetry algebra are excited. The 84.; is not
excited, the 84,5 is gauged completely, 44 generators of the 80,3 are gauged, etc.

The gauged Lagrangian (7.72) is formulated in a manifestly Eg(s) covariant way.
For the analysis in this subsection we used the SL(9) decomposition of the basic
and of the adjoint representation. The relation between the Egi) and the SL(9)
was explained in section 7.1.2. If we consider the SO(9) gauging in the Egg) picture
we find the SO(9) algebra itself to be contained in the zero-modes and in the first
positive and the first negative algebra modes of Eg). At the level of the Lagrangian
all positive algebra modes seem to be cut (shift symmetries for the dual potential
are not gauged in the Lagrangian) and what is left of the SO(9) gauge group is a
semi-direct product SO(8) x R®. Parts of the excited 84, and 80,3 generators are
also contained in the zero-mode Egs). In total one finds a gauge group

G = ((SO(8) x R}) x R?®) x R} (7.86)

From this perspective it is not obvious that an SO(9) gauge group is realized.
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Chapter 8

Conclusions and outlook

In this thesis we presented the general structure of gauged supergravities in various
space-time dimensions. We reviewed the concept of the embedding tensor © which
parameterizes the possible gaugings of the respective theory. © is defined as a
tensor under the global symmetry group which couples the vector gauge fields to the
symmetry generators in the covariant derivative. Furthermore, © also determines all
other couplings that have to be introduced in the gauged theory in order to preserve
gauge invariance and supersymmetry, such as Stiickelberg type couplings in the p-
form field strengths, generalized topological terms and fermionic mass terms. For
consistency of the construction the embedding tensor has to obey a linear and a
quadratic constraint which can be formulated as representation constraints on the
irreducible components of © and on © ® ©.

These general methods were then applied to particular extended supergravity
theories. For each case we identified the allowed irreducible components of © and
in terms of those we gave the respective universal Lagrangian and the supersymme-
try transformations of the gauged theory. We also discussed particular examples of
gaugings and whenever possible we identified the origin of these gaugings in dimen-
sional reduction.

The gaugings of d = 4 half-maximal supergravity are parameterized by two
SL(2)xSO(6,n) tensors fornp and ,pr. All previously known examples of gaugings
can be described by turning on either f,p/nyp or £4pr. E.g. in orientifold compactifi-
cations of IIB we found the flux parameters to be contained in f,,/np. The phases
that were introduced by de Roo-Wagemans [64, 65, 76] in order to have AdS and
Minkowski vacua in the gauged supergravities are also contained as parameters in
farinp. On the other hand, Scherk-Schwarz reduction from d = 5 with a non-trivial
SO(1,1) twist yields a theory with vanishing f,anp but non-vanishing &, [77].
For a general gauging both tensors can be non-vanishing. It would be interesting to
further study these new theories by classifying their ground states, computing the
mass spectrum and analyzing stability. Also the higher-dimensional origin of many
of these theories such as the ones with non-vanishing de Roo-Wagemans phases is
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still unknown. The compactifications that yield these gaugings might be of uncon-
ventional type [21, 22].

For the d = 5 half-maximal supergravity the general gaugings are parameter-
ized by three SO(1,1) x SO(5,n) tensors fiynp, Eun and £y The gaugings with
&y = 0 were already described in [84], but it is necessary to incorporate &, to also
include non-semi-simple gaugings that result from Scherk-Schwarz dimensional re-
duction [77]. For a generic gauging all three tensors may be non-zero. We discussed
the dimensional reduction of these five-dimensional theories and showed how the
parameters of the d = 5 gaugings are contained in those of the d = 4 gaugings.

For the maximal seven-dimensional supergravities the gaugings are described by
two SL(5) tensors Yyn and ZMN-P In terms of these tensors we gave the univer-
sal Lagrangian that combines vector, two-form and three-form tensor fields. The
Lagrangian is invariant under an extended set of non-Abelian gauge transforma-
tions as well as under maximal supersymmetry. The p-form gauge fields enter via
Stiickelberg type couplings in the generalized field strengths of the respective lower
rank gauge fields and they all couple through a unique gauge invariant topologi-
cal term. This ensures that the total number of degrees of freedom is independent
of Yyn and ZMNP  As particular examples we have recovered the known seven-
dimensional gaugings as well as a number of new gaugings. Some of these theories
have a definite higher-dimensional origin, such as the Scherk-Schwarz reduction from
d = 8 dimensions and the (warped) sphere reductions from string and M-theory.

Finally, we discussed the gaugings of d = 2 maximal supergravity. In this case
the global symmetry group of the ungauged theory is the infinite dimensional affine
Lie group Eg(g). We have shown that the vector fields and the embedding tensor ©
transform in the (dual) basic representation, i.e. in the unique level one representa-
tion of Egg). The basic representation is infinite dimensional and thus the embed-
ding tensor contains an infinite number of gauge parameters. We worked out the
quadratic constraint on © and gave its interpretation as a projector equation on the
infinite tower of level two representations in the tensor product © ® ©. We then
presented the bosonic Lagrangian (up to the scalar potential) of the gauged theory
and showed that the quadratic constraint on © ensures gauge invariance. We also
identified the SO(9) gauging that originates from a warped sphere reduction of I1TA
supergravity.

The construction of the gauged d = 2 maximal supergravities is not yet complete.
The fermionic correction to the Lagrangian and the modified supersymmetry rules
of the gauged theory still need to be calculated. In order to do so one has to work
out the irreducible representation of the T-tensor, i.e. the branching of the basic
representation of Egg) under K (Eg). The fermionic mass matrices are contained in
the T-tensor as finite dimensional irreducible K(Eg) components. Once these are
determined the scalar potential is fixed as well.

Another interesting question for these d = 2 theories concerns the bosonic La-
grangian which we have presented. Analogous to the choice of a symplectic frame
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in d = 4 there should be different d = 2 Lagrangians for different “scalar frames”.
We mentioned already that such a “scalar frame” can be defined by the gauge fix-
ing of the Egg)/K (Eg) coset representative V. We always worked in the so-called
Breitenlohner-Maison gauge, but it would be interesting to identify the general data
that define a particular gauge fixing and to work out the Lagrangian for the generic
case. Analogous to the d = 4 theories we would then expect that for any particular
gauging, i.e. for any particular embedding tensor, there exists a natural scalar gauge
fixing which is closely related to the higher-dimensional origin of the respective
theory. It would be of great interest to study these questions in the future.
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Appendix A

Dimensional reduction of the
embedding tensor of maximal
supergravity

A torus reduction of a gauged supergravity yields a lower-dimensional gauged super-
gravity with the same number of supercharges. Therefore the higher-dimensional
embedding tensor has to be contained in the lower-dimensional one. In this ap-
pendix we consider the maximal supergravities and show how the d + 1-dimensional
embedding tensor is contained in the d dimensional one. Step by step this yields the
higher-dimensional linear constraint as a consequence of the three-dimensional one.

We start with the reduction from d = 7 to d = 6. From a circle reduction
one naively expects the symmetry group Rt x SL(5), i.e. the product of the seven-
dimensional symmetry group and the circle rescalings. The actual d = 6 symmetry
algebra decomposes under this group as

50(5, 5) — 10 5[(5)0 D E+4 @ 10_4, (Al)

where the subscripts indicate the Rt charges and 1 is the R* generator. We already
gave this decomposition in figure 2.4, but the R* x SL(5) has a different physical
meaning now'. The 10, generator in the d = 6 symmetry algebra originates from
the gauge symmetry of the d = 7 vector fields, analogous to equation (2.23) in
section 2.2. The additional dual generators 10_, appear as an enhancement of the
symmetry and have no ancestors in d = 7. Similarly we can trace back the origin of
the six-dimensional vector fields, which transform in the representation 16, under
SO(5,5) and branch under Rt x SL(5) as

168 — 1_5 @D 1_0_1 D 5+3 . (A2)

The singlet in this decomposition is the Kaluza-Klein vector field from the metric,
the 10_; are the d = 7 vector fields and the 5,3 are vector fields that originate from

'We also use different conventions for the R* charges now.
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the seven-dimensional two-forms. Therefore it is clear that the only six-dimensional
couplings from the vector fields to the symmetry generators that can already be
present in d = 7 are those that couple the vector fields 10_; and 5.3 to the symmetry
generators s[(5)y and 10,4, since all other couplings do involve vector fields or
symmetry generators that are not yet present in d = 7.2.

Under R x SL(5) the embedding tensor decomposes as
144, — 24 5910, B 15, ® 40,4, D5 3D 45 3D5_7. (A.3)

In table A.1 we specify which of these irreducible components couple which vector
fields to which symmetry generators. A box is set around those couplings that could
already be present in d = 7. The table shows that only the components 15,; and
40, of the embedding tensor are allowed in d = 7, since all other components also
appear outside the box. Since the 15, and 40, do couple the d = 7 vector fields
10_; to the d = 7 symmetry generators s((5)g = 24y, they constitute the embedding
tensor in d = 7, as already stated in table 3.1 of the last section. In addition, the
40, component also couples the 5, 3 vector fields to the 10, symmetry generators,
which in d = 7 is a coupling from the two-form gauge fields to the gauge-symmetry
of the vector-fields. We did indeed introduce couplings of this kind in the section
3.2 and found them necessary for gauge invariance.

vector fields

1_5 E_l 5+3

1044 — 2445 104, @ 40,4,
> 4 _ _
é 2 2, 24,5 10,,© 15, ®40,, 5. 3345 4

o —

g g 10 — 10+1 5,3
%

10_, 104, 5,345, 5

Table A.1: The d = 6 couplings of the vector fields to the symmetry generators are
decomposed under the d = 7 symmetry group SL(5).

The same argument as we just used to find the d = 7 linear constraint from
the one in d = 6 can be applied to the other dimensions as well, and the necessary
decompositions of the embedding tensors are given in table A.2to A5 for3 < d < 7.
The analogous reduction from d = 3 to d = 2 will be discussed in chapter 7. One
finds that the vector fields in d dimensions always decompose into the Kaluza-Klein
vector, vector fields from d+ 1 dimensions, two-form fields from d+ 1 dimensions and

20f course, the Kaluza Klein vector field and the circle rescalings do exist in d = 7 as part of the
metric and of general coordinate transformations, but one could not couple them without breaking
Lorentz invariance. Note that also couplings from the 10_; vector fields to the 10,4 symmetry
generators and from the 53 vector fields to the s[(5)g symmetry generators would break Lorenz
invariance in d = 7, but we will find those couplings to be excluded anyway.
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for d < 4 also additional vector fields from dualization appear. The decomposition
of the symmetry generators is always analogous to the d = 6 case we discussed,
but for d = 3 one has an additional singlet 1,5, which is the shift-symmetry of the
scalar dual to the Kaluza-Klein vector, and via symmetry enhancement also the dual
generator 1_, appears. In all cases we have a similar 2 x 2 box of couplings that
could already be present in d + 1 dimensions, and one can easily check consistency
with the linear constraints given in table 3.1.

Those components in the decomposition of the d dimensional embedding tensors
that do not originate from the d 4+ 1 dimensional embedding tensor can still have
a well defined origin in generalized dimensional reduction. For example a Scherk-
Schwarz reduction is always possible if the theory that is reduced possesses a global
symmetry G, i.e. if all fields, and in particular the scalars V transform in some
representation of Gy [104]. One then chooses a symmetry generator Z = Z“t, and
demands all fields to have a particular dependence on the internal coordinate v,
namely

9 V=7V, (A.4)

dy
and similarly for the non-scalar fields. In the lower dimensional theory the Kaluza-
Klein vector then couples as a gauge field to the symmetry generator Z. Looking at
the table A.2 to A.5 one finds the component of embedding tensor with the highest
R* charge always to be in the adjoint representation of the d + 1 dimensional sym-
metry group Gy. It couples the Kaluza-Klein vector field to a symmetry generators
of Gy. Therefore, this component corresponds to the Scherk-Schwarz generator Z.
Tables A.2 to A.5 also give the remaining gauge couplings that result from this
reduction. Note that the quadratic constraint on the embedding tensor is satisfied
automatically if only the Scherk-Schwarz generator Z is switched on.
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vector fields

1., 56_1 133, 10 56,1
1.0 — — 133, — 56 1
w0
o
o
= 1530133y
< —
£ 564 133, 564191241 | 5611 oag” 56_,
5
10©133
g 133, || 13345 |56.1 @912, @0153900 133, 56_, 4912, 133_,
é 10 — 561 133, 10 56_1 —
)
wn
109133
56_, | 56 56_1 34912, 56_ 133_ —
1 +1 @15390 1 1 1 2
1., 10 56_1 133_, — — —

Table A.2: The d = 3 couplings of the vector fields to the symmetry generators are
decomposed under the d = 4 symmetry group E7(7). The two components of the embedding
tensor branch as 1 — 1p and 3875 — 133,92 & 561 912, & 19§ 1339 © 15399
912 _; ®56_1 & 133 _5 and most of these components appear several times in the table.
The subscripts indicate the charges under rescalings of the internal circle, i.e. under the
symmetry generator 1. Only couplings in the box can originate from d = 4 gaugings.

symmetry
generators

vector fields

1_3 2_7_1 27+1 1+3

2_7+2 — 78+3 27+1 D m_H 2__1

78, 785 27,4351, 27,4351, 78 5
10 — 27+1 2_7_1 —
27 , 27, 27 , @351, 78 5 —

Table A.3: Like table A.2, but for the d = 4 couplings under the d = 5 symmetry group
EG(G). The embedding tensor branches as 912 — 78,3 $ 27,1 H 3511 $351_4 P27, @

78_3.
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vector fields

1 4 16, 10
16, 3 — 45, 16,1 © 144,
> 8
£E 45 45, 16,1 © 144, 10_, & 120_,
é 2 1o — 16, .1 10_,
S )
n o0
16,3 16, 1 10_,® 120_, 16, 5

Table A.4: Like table A.2, but for the d = 5 couplings under the d = 6 symmetry group
SO(5,5). The embedding tensor branches as 351 — 45,4 & 16,41 & 1441 $ 120_2 &
10, & 1687_5.

vector fields

(11), (2.3)_, (1.3),,
(2:3),5 - (B, o (1,8, (23),8(26),
- B (3,1), (3,1) 4 (2,3) 4 (3,3)_,
*g = (1,8) 816 (2,3),,®(2,6),, (1,6)_,®(1,3)_,
=5 (L, - (2.3),, (1.3),
@23, ] @3, (1.6)_,%(3.3)_, CR

Table A.5: Like table A.2, but for the d = 7 couplings under the d = 8 symmetry group
SL(2) x SL(3). The two components of the embedding tensor branch as 15 — (3,1) 4 ©
(2,3),,®(1,6)_, and 40 — (1,8) 4@ (2,3),,®(2,6),,®(1,3)_,®(3,3)_,®(2,1)_,,
and the two (2,3)_; components appear in different linear combinations.
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Appendix B

Gauged half-maximal
supergravities in d = 3

The general gauged half-maximal supergravity in D = 3 was given in [24, 30]. Here
we shortly describe the underlying group theory and the tensors that parameterize
the gauging. We then give the fermion shift matrices and the scalar potential in the
same form as it was given for the four and five dimensional theories in chapter 4
and 5. Finally we describe the embedding of the four dimensional gaugings into the
three dimensional ones. This relation is necessary in order to calculate the four and
five dimensional scalar potentials from the known three dimensional one.

B.1 General gauging, scalar potential and fermion
shift matrices

The global symmetry group of the ungauged theory is G = SO(8,n), where n again
counts the number of vector multiplets. The vector fields A, = AM[M N transform
in the adjoint representation of G. Here M, N = 1,...,8 + n are SO(8,n) vector
indices. The general gauging is parameterized by the two real tensors Ayypg =
Amnpg) and Ay n = Aarny, with nMNXyv = 0, and one real scalar X\. Together
they constitute the embedding tensor

OMnPQ = AnpQ + AP INjQ) + AP TINQ | (B.1)
which enters into the covariant derivative
D, =0, —AMNOun"pq . (B.2)

Due to the above definition the embedding tensor automatically satisfies the linear
constraint

OunpPg =OprqunN - (B.3)
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In addition it has to satisfy the quadratic constraint
Ount' Opgrv” — Opgr” Ounv? = @MN[PV@Q}VTU ) (B.4)
which may be written as a constraint on Ay ypg, Apn and A.

The scalars of the theory form the coset SO(8,7)/SO(8) x SO(n) and in the
following we use the same conventions and notations as for the SO(6,7n)/SO(6) x
SO(n) coset in four dimension, in particular we again have

Myn = V"V + V" V™, nun = Vu"Vn® — V" V"™, (B.5)
where now a = 1,...,nand m = 1,...,8. In addition we need the scalar dependent
object

MyNPQRSTU = €mnopgrst Vi VN Ve Vo VrIVs "V V' . (B.6)
The scalar potential then takes the form

1
V= ol [ AMNPQ )\RSTU( — LAPMBENNS NPT QU 4 g MR \INS pPT QU

o 4MMRT]NS77PT”QU + %MMR?]NS?]PTT]QU 4 %MMNPQRSTU>

+AunApg (=3 MMPMNO 4 SN SN ATR)
+1920% — 24 X\ Ay MMN] , B.7)

Although written differently, this is the same potential as given in [24].
The maximal compact subgroup of G is H = SO(8) x SO(n). All the fermions

and the fermion shift matrices A; and A, transform under H. Let A, A=1,...,8
be (conjugate) SO(8) spinor indices. The Gamma-matrices of SO(8) satisfy

FAAPBA_5 0B, AB:FAAFBA' (B.8)
Then the fermion shift matrices A; and A, are defined through the so-called T-tensor
as follows [24]

1
TAB CD _ Erigroc;,DvaanvPonp@MNpQ 7

1
TABma — _P%BVMOVNpVPmVQa@MNPQ ’

4
AAB — _§TACBC i iéABTCDCD
3 21 ’
AAB _opAB EPC(ATB)CM _ iéABFCDTCDna . (B.9)
ma 3 mn 21 mn
The quadratic constraint (B.4) guarantees that A; and A, satisfy
AQCADE — AJC, AFC, = 5V (B.10)

with the scalar potential V' appearing on the right hand side.
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B.2 Fromd=4tod=3

Performing a circle reduction of four dimensional N = 4 supergravity with n vector
multiplets yields a three dimensional N = 8 supergravity with n+2 vector multiplets.
The embedding of the global symmetry groups is given by

SO(8,n+2) O SO(2,2) x SO(6,n) O SL(2) x SO(6,7) , (B.11)

where the SL(2) is just one of the factors in SO(2,2) = SL(2) x SL(2). Accordingly
we split the fundamental representation of SO(8,n + 2) as v¥ = (vM,v**) where
a = 1,2 and =z = 1,2. Note that the SO(8,n + 2) vector index is denoted by M,
while M is an SO(6,n) vector index. The SO(2,2) metric is given by

Nwa ys = €zy€af » which yields Nea ygnyﬁ =627 (B.12)
The SL(2) generators t(ag), t(zy) and the SO(2, 2) generators tyq y3 = ty3q arve related

as follows

1
t:vayﬁ = —5 <€aﬂt:vy + emytaﬁ) y <B13)

where we use the conventions (t )< = 5[%477/\/]73 for the SO(2, 2) generators (M =
za). The embedding of the D = 4 vector fields into the D = 3 ones is then given by

At = Al (B.14)

where Aﬁ/[ 1o denotes the corresponding components of the D = 3 vector fields

AMN — ALMN]. Analogous to the reduction from D = 5 to D = 4 described in

section 5.4, now the covariant derivatives in D = 4 and D = 3 have to agree for
those terms already present in D =4, i.e.

Du ) 8;L . 2Al]y la@M laNPtNP 4 A;]y la@M laﬂfﬁy’Y €y tﬁ'y
= 8u - AuMa@MaNPtNP - AuMa@Mamtﬁ'y : <B'15)
This yields
)\1aMNP = - % fonNP > )\M 1ocxﬁy7€xy = %Ea('ygﬁ)M 5 >\104M = gaM > (B]-G)

while we demand the other components of Aj;yps and Ay to vanish and also
A = 0. However, the antisymmetry of Ay 555 and the symmetry of Ay 5 has to be
imposed, for example

AM zaz8yy = AM [{za} {26} {y7}] - AM zacfyy = 5 Or€ay€alrEa - (B.17)

We have thus defined the embedding of the four dimensional gaugings into the three
dimensional ones. The quadratic constraint (B.4) in D = 3 is satisfied iff the D =4
quadratic constraint (4.4) is satisfied. The D = 3 scalar potential (B.7) reduces to
the D = 4 potential (4.25) when all D = 3 extra scalars are set to the origin.
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Appendix C

The T-tensor of maximal d =7
supergravity

C.1 USp(4) invariant tensors

In this appendix we introduce a number of USp(4) invariant tensors which explicitly
describe the projection of USp(4) tensor products onto their irreducible compo-
nents and derive some relations between them. All of these tensors are constructed
from the invariant symplectic form €2, and the relations that they satisfy can be
straightforwardly derived form the properties of 2,,. We have used these tensors
extensively in the course of our calculations, while the final results in the main text
are formulated explicitly in terms of €24.

We label the fundamental representation of USp(4) by indices a, b, ... running
from 1 to 4. The lowest bosonic representations of USp(4) have been collected
in (6.20) built in terms of the fundamental representation. In particular, the 5
representation is given by an antisymmetric symplectic traceless tensor V5%, objects
in the 10 are described by a symmetric tensor Vi@, etc.

On the 5 and 10 representation of USp(4) there are nondegenerate symmetric
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forms given by

1
5[ab][cd] = _Qa[ch]b - iQachd ’
1
5[(11) [ed] ( e d]) _ _Qa[CQd]b _ ZQachd :
1
o) = ojeo, — —chmb 028 — 79a” |
slab)(ed) (5(ab) (Cd))* — _Qaleqyd)b ’
5(ab (cd) — _Qa(ch)b )
S = ooy (C.1)
Note that ¢l@)ledl is the inverse of Olab][cd)» 1-€.
O fea M = 5i5y) (C.2)

(ab) (cd)

and the same is true for and d(4p)(cd). Furthermore we have

5

ab _ [bc] b [ab]
Q 5[(10][bd] - Zch ) 5[ac Z(sa ) 5[ab =95 )
D
ab o (be) b (ab)
Q0(acypa) = §ch ; 5(ac = 55(1 , 5(ab) =10. (C.3)

We use the index pairs (ab) and [ab] as composite indices for the 5 and 10 representa-
tion; they are raised and lowered using the above metrics and when having several of
them we use the usual bracket notation for symmetrization and anti-symmetrization.

The following tensors represent some projections onto the irreducible components
of particular USp(4) representations:

T(ab)(ed)(ef) = Qe ) Cayy) [(10 ® 10) asymm. — 10] ,
Tav)fedllef) = LafeS LayfeS L1y 5 [(5 ® 5)asymm. = 10] ,
1
Tatl(ed)(ef) = YateShayeSp = 7 Qavdeaen - [(10 @ 10)symum. = 5]
T(ab)[ed)[efllgh] = T(ab) [[ed][ef]lghl] » [(5®5® 5)asymm. — 10] , (C.4)
where
) 1
Tab)lcdefllon] = alcSLa(eSLag nie) + 7 Tiab) edler1gh - (C.5)
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The contractions of these 7-tensors with €2 yield

3
d
QY Tab)cayer) = —50ab)ee) -

QY by eder) = %%b)(ce) : Qb eder) = ~Olacler
U Tapj(edy(er) = —;%bﬂce] ) LT apedy(er) = %%e)(ef) )
U T eatie ign) = % ed@er) L Tafeatesion = _zT(aC)[ef][gh] :
QB T e fef)lgn) = g5<ab><ce> : (C.6)

Note that T(ap)(cd)(ey) is totally antisymmetric in the three index pairs. Since the 10
is the adjoint representation, the structure constants of USp(4) are Tp)(ca) ©f) The
USp(4) generators in the 5 representation are T(ab)cd] [ef] and satisfy the algebra

lohl - lid) lgh]

Tab)ies) " Teaion™ = Teayen " Tiaryign ™ = Tab)ea) ! Tamyen™ - (C.7)

As defined above, T(ap)[cdjles] describes the mapping (5 ® 5)asymm. — 10. However
since (5 ® 5),symm. = 10 this must be a bijection. Indeed one finds

cd|le cd ab
Ty = V2 Ty NN zpegeny = 2y S Tpeden = V2 7 e ‘7”(“”)(5

for tensors (e and Tjegpa = —Tpdeg. When regarding (5 ® 5)asymm. as the ad-
joint representation of SO(5), formula (C.8) describes the isomorphism between the
algebras of USp(4) and SO(5). Some other useful relations in this context are

b)

a 1 bd [gh] h
Teab)ed]lef] T [ghlfis) = 3 Oted om0 er) + 2 Oyt Ofea = Taoen ™ . (C.9)

The last equation states that under the bijection (C.8) the generators of the SO(5)
vector representation’® yield T(ab)[ed] [ef]

Also the five-dimensional e-tensor can be expressed in terms of .. A useful
relation is

ab][cd][e hl[ij abl(cd)(e
dolledlefighlisly g = gl Dy (C.10)

where z and y in the (5 ® 5)asymm. = 10 representation are related by (C.8).

There is no singlet in the product of three SO(5) vectors and thus no invariant
tensor of the form 7(gycq)es). This gives rise to the identity

0= 5%de][e5;]} — traces
— 500+ Lo Lo+ Lo, 5y Lo C.11
= 0 baedpy + 0 Medyfe) + 5 Seadfepy + 5 8epOpeg + 78 kil - (C.11)
"'When denoting SO(5) vector indices by M, N, ..., the SO(5) generators in the vector repre-

sentation are given by tyn p< = 5P[M5%].
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Using this equation one finds
1 1
QN fatt)a = —ZQabﬁ[CdHef Neapen s Q@ NagApa = ZQabn[CdMef Neg ey, (C.12)

for tensors Aay), f[ap) in the 5 representation.

C.2 T-tensor and quadratic constraints

In terms of the tensors (C.4) defined in the previous section the decomposition of
the T-tensor of d = 7 maximal supergravity into its USp(4) irreducible components
can be stated in the systematic form

Tawyiea'™ = V2 Q" Xiagonjea”
h
= — B! — B e Tanyion N + C aignitea™ + C gy Treaan
(C.13)

from which (6.38) is recovered with the explicit definitions of (C.4). Similarly, the
variation of the scalar potential under 95V = 3%, V) takes the more concise
form

2 2 2
g ab) cd e g ab cd g ab) cd
oxV = _EB[ ][cd}B[ }[eﬂz[ f][ab] + 3_233[ }[Cdlz[ ][ab} _ a(j[ ]C[cd}g[ }[ab]

2 2
+ %C a2 (ef)CCd] Z[Cd}[ b] + %T(ab) [ef][ij]T(Cd) [gh] [kl]c[gh} (ab)C[ef](Cd)Z[””k” ’
(C.14)

from which (6.64) is deduced.

The quadratic constraint (6.4) on the components Yy;ny and ZMNF of the em-
bedding tensor © translates under the USp(4) split into quadratic constraints on
the components B, B%.;, C% and C®,; of the T-tensor. These constraints prove
essential when checking the algebra of the supersymmetry transformation (6.54) and
the invariance of the Lagrangian (6.61) under these transformations. According to
(6.8) the quadratic constraint on © decomposes into a 5, a 45 and a 70 under SL(5)
which under USp(4) branch as

5 — 5, 45 — 10935, 70 — 53030335, (C.15)

In closed form, these constraints have been given in (6.44). The check of supersym-
metry of the Lagrangian however needs the explicit expansion of these equations in
terms of B and C'. The two 5 parts and the 10 part read

ABCab _ B[ab C[cd B[J][ d}c[ ]( h)T(gh)[ab] i =0,
BB[ab] +B ab] C[cd +r [ab](cd)(ef) C[gh )C[gh}(ef) =0,
[Cd](ab)(gh)B [cd] [ef]c[Ef](gh) =0, (C.16)
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respectively. In particular, a proper linear combination of the first two equations
yields the quadratic relation (6.62) cited in the main text. The two 35 parts of the
quadratic constraint are

T(cd) ][f]BC[ f]—|—BC d) T T(e d)[f”gh]B [f]Cgh]+B[ f]C[ef](gh) =0,

Pas (BC™ cq) — 47D O gy B g

— 3710 I CIACH gy - 4r Ny 15 OO Ol ) ) = 0,
(C.17)

where the projector Pgs is defined by

ab [ab] ¢(gh) ab][4 h ab h) (4 e
Pys (X ca)) = (5 0 — 7 T e — 7 iy e )”)) X igny -

(C.18)

Note that also the first equation of (C.17) has to be projected with P35 in order to
reduce it to a single irreducible part. However this equation is satisfied also without
the projection, since it contains the above 10 and one of the 5 constraints as well.?
Finally the 30 component of the quadratic constraint is obtained by completely
symmetrizing (6.44) in the three free index pairs, i.e.

Zm b, fedles) — (C.19)

2Indeed this first equation of (C.17) is equivalent to (6.43).
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