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Chapter 1

Introduction

Einstein’s Theory of General Relativity, published in 1915, achieved to unify Gravity with
space-time itself. Two concepts thought to be independent since the times of Newton, were
then merged into a unique, more general theory. The same way Maxwell did some decades
before unifying the electric and magnetic phenomena into Electromagnetism. Unifications
appear repeatedly throughout the history of physics and always represent a dramatic
change in our understanding of Nature. At the time Einstein’s theory was published,
Quantum Mechanics were already uncovering a whole new insight on matter at very small
scales that would lead, through the twentieth century, to the successful Standard Model
of Particles. The next natural step was to attempt to bring together the quantum world
(very small scales) with Gravity (very large scales) in a single theory. Various theories
were proposed, but the one that took the lead was Superstring Theory. A theory in ten
dimensions were all particles are vibration modes of fundamental one-dimensional objects,
called strings. It turns out there are five different consistent formulations of Superstring
Theory which share some characteristics and differ in some others. They all predict a new
tower of states, where the lowest mass states correspond to massless particles and the first
non-zero mass states have masses of the order of the Planck mass ~ 10*GeV ~ 20ug.
They all also suffer from fundamental pathologies (anomalies) which make them unstable.
In the 70’s a new idea was introduced to take care of these anomalies, Supersymmetry.

Supersymmetry is a symmetry between the fermionic degrees of freedom and the
bosonic degrees of freedom, i.e. a supersymmetric theory is invariant under the inter-
change of fermions and bosons. It has very appealing properties and it is widely used,
although it has a major disadvantage, Nature does not seem to be supersymmetric. How-
ever, a theory can still be supersymmetric even if the solutions do not seem to be super-
symmetric.

Since the massive states predicted by Superstring Theory are simply out of rich for our
present technology, we are mainly interested in the massless states. These states can be
described at a classical level by Supergravity theories. A Supergravity theory is a classical
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filed theory that describes gravity taking into account supersymmetry. They can be
formulated in dimensions equal or less than eleven. Many supergravities that live in space-
time dimensions less than eleven can be obtained from a eleven-dimensional supergravity
by writing eleven-dimensional space-time as a direct product space X x Y where X is D-
dimensional and Y is a ¢q-dimensional manifold (11=D-q), compact and wrapped in such
a way we can make it of size small enough not to be observed. There are different ways
to wrap these extra dimensions by means of dimensional reduction, a procedure to obtain
lower-dimensional theories from higher dimensional ones. If string theory is to describe
the world around us, a proper understanding of dimensional reductions is indispensable
(See Appendix A), since the observable world surely is not eleven-dimensional.

Supergravity theories are given a number A corresponding to the amount of su-
persymmetry they exhibit. The purpose of this thesis is the study of a maximal case,
N =8 in D = 8. Over recent years it has been understood that the structure of su-
pergravity theories with a maximal number of supercharges is far more complex than
originally expected. Maximal supergravities are obtained as deformations (gaugings) of
toroidally compactified eleven-dimensional supergravity by coupling the original Abelian
vector fields to charges assigned to elementary fields. Two features have been proven
universal in the construction of such theories. First, when reduced to D = 11 — ¢ dimen-
sions, the theory is organized by a global symmetry group G = Eq). This same group
determines the possible deformations. All gaugings can be parameterized in terms of a
constant embedding tensor ©. Consistency of the theory can then be encoded in a small
number of constraints on ©.

Second, the gaugings involve tensor fields of various ranks (p-forms) together with
their duals (D —p—2-forms), (See appendix B). In order to realize the full symmetry group
G, the theory must be expressed in terms of the lowest possible rank forms, i.e. dual fields
must be used when being of lower rank than the ones they are dual from. The specific
form of the embedding tensor in a particular gauging encodes the proper distribution of
degrees of freedom among these fields. Nevertheless, as long as no particular gauging is
considered, the collection of all possible deformations can be formulated in a manifestly
G-covariant way. The embedding tensor keeps all the information of the theory. Although
most of this formalism has been established for the global symmetry groups G' = Eq(q) of
the maximal supergravities, the structure is not restricted to maximal supergravity and
similarly underlays theories with lower number of supercharges.

In the present thesis we realize this framework for the maximal D = 8 case. The un-
gauged maximal supergravity in eight dimensions possesses a global Eg3)=SL(2)xSL(3)
symmetry. This theory is formulated entirely in terms of vector, two-form and three-form
tensor fields, transforming in the (2,3), (1,3) and (2, 1) representation of SL(2)xSL(3),
respectively. Literature on the gaugings of the eight-dimensional theory is rather inex-
istent. As theories in many other dimensions have been widely investigated and worked
out it appears strange to the author why the eight-dimensional case was left apart and
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Chapter 1. Introduction

constitutes one of the main motivations of this thesis. Together with the fact that the
global symmetry group of the D = 8 Supergravity is a product group. Characteristic also
present in more realistic theories in four dimensions. And with the major advantage that
the symmetry groups involved are relatively small. So we can fully study the formalism.

This work is structured as follows. In section two we review the gauge procedure
in general and make connection with the embedding tensor formalism for D = 8. We
discuss the constraints in the embedding tensor in detail and we also present the field
content of the theory. The inclusion of Stiickelberg type terms in the field strengths is
necessary for them to covariantly transform and we discuss the explicit constraints these
leads to. In section three the structure of the solutions is depicted and some particular
cases are worked out in detail. Section four is for the conclusions and acknowledgments
and references will follow.






Chapter 2

Maximal D = 8 supergravity

In this chapter we start with a 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 supersymmetry. Although
the answer to this question needs a case by case study, there is a general technique to
parameterize the deformations via an embedding tensor ©, which is a tensor under the
global symmetry group Go and has to satisfy certain group theoretical constraints. Every
single gauging breaks the global symmetry GGy 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.

2.1 Gauge Theories

Before we get started it is convenient to review the concepts of gauge theory and gauge
invariance as we will be using them constantly throughout this thesis. To gauge a theory
means to turn certain global symmetry the theory exhibits into a local symmetry, which
translates in turning a free non-interacting theory into an interacting theory. Let’s see an
example. Consider the following Lagrangian

Lo= (i P —m)b = 3(Fu ), (21)

where the first term is the Dirac term describing fermions and the second term is the
Maxwell term describing electromagnetism (photons). F), = d,A, — 0,4, is the electro-
magnetic field strength and A, the electromagnetic vector potential. This Lagrangian is
invariant under the global transformation ¢ (z) — €' (z), where « is a constant. Now
we turn the global transformation into a local gauge transformation, i.e.

b(a) — (), Au— A=~ 0,0(r). (2.2
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For the Lagrangian to still be invariant under such transformation we must introduce the
gauge covariant derivative,

D, =0, +ieA,. (2.3)
What we obtain after gauging this theory is the QED Lagrangian

1

“(F,)? = Lo — edy"pA, (2.4)

Lown = 0(i P —m)v - §

The QED Lagrangian is invariant under a U(1) local gauge transformation (local phase
rotation). This is an example of an Abelian gauge theory (U(1) is Abelian). We see that
gauging the theory naturally arises an interacting term between fermions and gauge fields
(photons).

In order to understand the meaning of the embedding tensor it is useful to go a little
further and see an example of non-Abelian gauge theories. Let’s review a Yang-Mills
Lagrangian. First we generalize the fermionic sector to be a triplet of Dirac fields,

() u
p={ wale) | = a]. (25)
s(x) s

As a side note u, d and s would correspond to the up, down and strange quarks. But
this is not relevant to discuss the structure of the gauge procedure. So in general the
three fermionic fields will transform under a global SU(3). The generators of the group
do not commute (the group is non-Abelian), they obey the usual commutation relation
[ta, ts] = f.ite, with f,§ being the structure constants of the group. The theory will contain
as many vector fields as generators of the symmetry group and the free field lagrangian
reads

Lo= (i P —m)b = 3(FL P, 2.6

with e =1,...,8 and Fj, = J,A} — 0, Aj,. Without going into the details we introduce the
corresponding infinitesimal gauge transformations

¥ — (1 +ia®(z)ta)),

a a 1 a a c (27)
Al — AL+ gauoz () + fret Abal(x).

C

In order to restore gauge invariance in the Lagrangian we use the covariant derivative and
we redefine the field strength of the vector fields as follow

D, = 8, — igA%t,,
Fo = 0,A% — 9,A% + gf, 2 AL A

v

(2.8)
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The interaction terms emerge in the lagrangian analogously to the QED case
a, c a K 1 e Aa c K
L=Ly+ QA,\¢7/\ta¢ - gfba(aﬁA)\)AbAi\ - Zgz(fab nAg)(f SACAQ)' (2.9)

The point in this discussion is that we could be interested in gauging only a subgroup of
SU(3) instead of the whole group. Then we would repeat the procedure starting from a
subgroup, SU(2) for instance. The fermionic fields would be represented by a doublet

_ [ (@)
o= (01 o0
and we would only gauge three of the eight vector fields of the theory. The rest would
remain as non-interacting vector fields. This would break the global SU(3) symmetry
down to the gauge group symmetry. To avoid a case by case study we introduce the
embedding tensor in the way described in next section. We will preserve invariance under
the global symmetry. The theory will transform covariantly and the embedding tensor

will act as a map from the representation of the vector fields to the global symmetry
group defining all possible gaugings of subgroups of the global symmetry group.

2.2 The Embedding tensor formalism

2.2.1 General structure

We start from an ungauged supersymmetric theory with global symmetry group G,. The
symmetry generators of the corresponding algebra gy are denoted t,, a=1,....dim(g).
They obey the usual commutation relation

[ta:ts] = fog'ty, (2.11)

where faﬁﬂf are the structure constants of GGp. In this case gauging the theory means to
turn part of this global symmetry into a local one. To preserve gauge invariance one needs
to introduce minimal couplings of vector gauge fields. i.e. one replaces the derivatives
0, by covariant derivatives D,. The theory to start with contains vector fields Afy that
transform in some representation V' (indicated by the index M) of the global symmetry
group Gy. These vector fields are U(1) gauge fields, so they will transform both under
go-transformations L and under local gauge transformations A (z):

SLAY = =Lt 4 AY, S AN = 9,AM. (2.12)

In the covariant derivative of the gauged theory these vector fields Af‘f need to be coupled
to the Gy symmetry generators t,,

D, = 0, — gA)'O,ita, (2.13)

11
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where ©,7 is the so-called embedding tensor and g € R is the gauge coupling constant,
which could also be absorbed into ©,7. The embedding tensor ©,7 has to be real and
appears in (2.13) as a map © : V — go. The image of this map defines the gauge group
G and the possible gauge transformations are parameterized by AM(x). For example, a
field By, in the dual representation V of the vector gauge fields transforms under G as

(SBM = gAN@]\?ta]{;B]D = gANXN]\fBP. (214)

Here we introduce the gauge group generators X, = ©,7t,, which in the vector field
representation X y,F = 0,5, take the role of generalized structure constants for the
gauge group G. Note that X,,f’ contains the whole information on © and although the
embedding tensor is not invariant under the global symmetry group Gy we can demand
O to be gauge invariant, i.e. 60 = AM§,;0=0, to ensure the closure of the gauge group
and a manifestly covariant transformation of the construction. Explicitly

SvON = g0, (tsX ©8 — f5,°04) = 0. (2.15)

Equivalently one can demand the generators X ;' to be gauge invariant, and the equation
00X v = 0 can be written as

(X, Xn] = =X 2 Xp. (2.16)

This equation guarantees the closure of the gauge group and it is the generalized Jacobi
identity when evaluated in the vector field representation. The two equivalent relations
(2.15) and (2.16) 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 also needed. Even-
tually, it is supersymmetry which demands this linear constraint. The embedding tensor
transforms in the representation V ® gy = 0, @ 0 ® ... ® 0,,, where 6;, i = 1,....n, are
the irreducible components of the tensor product. The linear constraint needs to be G
invariant. Thus, each irreducible component 6; is either completely forbidden by the lin-
ear constraint or not restricted at all, as ; are either invariant under G or they are not.
This constraint can be written as a projector equation P10 = 0, where IP; projects onto
those representations in © that are forbidden. Similarly, the quadratic constraint can be
written as Py (© ® ©) = 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 (O ® © ® ©) = 0, but it turns out that the linear and quadratic constraint are
sufficient for the construction of the gauged theory.

We summarize this section. When describing the general gauging of a supersymmetric
theory, the embedding tensor © can be used to parameterize the gauging. Any © that
satisfies the appropriate linear constraint and quadratic constraint (2.15) describes a valid
gauging and the construction of the gauged theory only requires these constraints for

12
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consistency. When O is treated as a spurionic object, i.e it transforms under 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 considered, the embedding tensor that describes this gauging
breaks the Gy invariance down to the gauge group G C Gj.

2.2.2 Maximal D = 8 Supergravity linear and quadratic con-
straints

The maximal D = 8 supergravity comes from a toroidal dimensional reduction from the
unique 11-dimensional supergravity. The global symmetry group of the ungauged theory
after dimensional reduction is Gy = Eqq) = SL(2) x SL(3). The theory contains one
graviton, seven scalars organized in a coset structure (See appendix A), six vector fields
transforming in the (2, 3) representation of Gy, three two-forms (1,3) and a three-form
(2,1) which is self-dual (that is why it transforms in the (2,1) instead of (1,1)). The
embedding tensor is the result of the inner product of the global symmetry group Gg
and the dual vector representation of the vector fields. And it can be decomposed in
irreducible representations. After applying the linear constrain only some of these are
allowed [1].

Asz_>v:(2’3) } @_>QO®V:(2,3)@(2,6>@

The two irreducible representations above are the only ones allowed by the linear con-
straint.

For SL(2) we have 3 generators t§ with a, 3 = 1,2 and t; = 0. Analogously, for SL(3)
we have eight generators t3; with M, N =1,2,3 and t§ = 0.

t8)0 = 5880 — 15049
SL(2) { gcﬁacga’y: (567(5006(% _2 50655%50

ayp ay Y 7p%a

(2.17)

tN)Q _ 5N5Q _ 15N5Q

SL(3 (M P PYM 3YMYP
( ){ Acl_ scsnsa st

We can split the embedding tensor into two terms. One for the SL(2) part and one for the
SL(3) part. Now the covariant derivative has two terms (besides the partial derivative),
the SL(2) piece of the embedding tensor contracted with the adjoint representation of
SL(2) will generate the gauging of SL(2) and the SL(3) part contracted with the adjoint
representation of SL(3) will generate the gauging of the SL(3).

D, =9, —gAMe, Mﬁﬁtg — gAMLt (2.18)

13



2.2. The Embedding tensor formalism Chapter 2. Maximal D = 8 supergravity

Let’s write explicitly the quadratic constrain (2.15) for the two terms of the embedding
tensor

00,11y = A |05y (102001, + 0001 ) + Opn (50,5 | =0
(2.19)

6@(1MAD - A(SN [@6N,BE ((tg)ﬁ@aRD + fBFA@aM F) + @éN p( ) @aM D] =0

or, if we substitute the explicit expressions for the generators and structure constants, the
more compact form

@5]\/,7—0(@ + @5N'y aMn ®6N W@aM'y + @5]\/ M@aB R =0
(2.20)

A A
@51\7 M@aC pT @61\/ D@aM B @6N,E@aMJ,ED + @6N,ﬁa@ﬁM,D =0

It will be useful to express the embedding tensor in terms of objects that transform
under the allowed irreducible representations, so the information of the linear constraint
is included in the quadratic constraint.

_ 1
gaM - (27 3)’ @a]\f,fy = é-’YM(sg - 5555011\4

. (2.21)

fa(MN) - (2, 6); @aMI,DQ = ffBEBMQ +x (gaQéﬁ - NfaM(Sg)

where n is equal to the maximal value the SL(2) indices take (two in our case) and N
is equal to the maximal value of the SL(3) indices (three in our notation). This assures
the embedding tensor is traceless. The inclusion of a SL(2) type term in the SL(3) part
is necessary for the quadratic constraint to have non-trivial solutions and will lead to
important features of the possible gaugings as we will discuss in following chapter.

If we substitute (2.21) in (2.20) we obtain two sets of equations. For the SL(2) sector
we have

1 =

0q [&M@A - (5 + N) Eumépa + x€uapm + ffCECMAgﬁB:|

R (2.22)
05 [(1 BC
+z - + N §umian — TEam&pua — Sualart — [, €cmaan| =0
If we symmetrize (2.22) in M and A we obtain a constraint for «
. 5g 1 =

0a8pméua) — gfa(Mf,uA) 1 - TN +xz) =0, (2.23)

14
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substituting n = 2 and N = 3 the value for x is x = —3/4
We can also anti-symmetrize in M and A

¥ (53 1 €z
00880 Epa) — Efa[Mqu} 1 + -+ N +

(2.24)
+6, [P ecmaéon — f cimaéan =0
Already (2.24) can be simplified into two definite constraints
Epm€ua) = 0, which implies the two vectors must be parallel, (2.25)
ff CSQB = 0, which means Eﬁ are eigenvectors of the matrices f,(pc). '
For the SL(3) part we obtain a more complicated equation
fLPfDQ€MAP€LCQ - fLPfaDQEMCPELAQ - ffpf(fQEMLPfIACQ
x 1
+af Cuaencr — v L% cenaq + [T Sareacr — (N + 5) FET &unreacr
x
+x5£fuLP€aLEMCP — 20y fEPE reacr — N(ng,fpfaLfMAP
x2 @ (2.26)
x [z 2 x
+N (N + ﬁ) Eunrandl — (ﬁ + 5) Eunibacdly =0
However, using (2.25) this equation reduces to
M7 f ennp — f2T€ma) = 0. (2.27)

To summarize, valid gaugings are parameterized by appropriate tensors &,ys and
Ja(vny which transform under the allowed representations of Gy dictated by the linear
constraint. The quadratic constraints in terms of such tensor reduce to three simple
constraints, (2.25) and (2.27). For any particular gauging the entries of &, and fy(ara)
are fixed numbers and the global symmetry group GG is broken down to the gauge group G.
but as long as the general construction is kept, the GGy invariance is formally retained. This
is possible because constraints (2.22) and (2.26) are GG invariant, i.e. a G transformation
of any of their solutions yields to another solution. Different solutions that are related in
this way describe equivalent gauged theories.

15
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2.3 Field content of the theory

In this section we present the field content of the D = 8 Supergravity and how the fields
involved transform under gauge transformations. We will not give the explicit form of the
Lagrangian but we will point out which p-form fields are needed. We will also show that
(p + 1)-forms are always necessary in order to make the fields strengths of the p-forms
gauge invariant. Finally, how to truncate this tower of gauge fields to a finite subset
without loosing gauge invariance will be explained.

2.3.1 Gauge transformations and covariant field strengths

First we want to introduce the covariant field strengths for the p-form gauge fields that
appear in the gauged supergravity theory. The construction is general for any supergravity
but we will use the representations of the D = 8 case. With indices defined as in section
2.1.2. Then we will see how they transform under gauge transformations.

In the ungauged D = 8 theory we have vector gauge fields AQM two-form gauge fields
B,1, three-from gauge fields Sﬁl,p and four-form gauge fields T Lpx- Bach transforming on
the appropriate representation of Go. The Abelian field strengths of these tensor gauge
fields take the form

FoeM = 20, A5M,
Foor = 30 Bugr + 6dranpn AN 0, AT, (2.28)
Fon = 400,57, — i (12Bus0, AN + 8dexcsr AL, A0, A5).

Terms of the type AOA come from dimensional reduction and are always present in the
reduced theory. The objects drnnpny and Cg}lw are some appropriate Gg-invariant tensors.
To ensure invariance under Abelian gauge transformations these tensors have to satisfy

dl[aMﬁN] =0, dl(aMﬁNCgi), (2-29)
and they must be defined by covariant tensors, i.e. in terms of §’s and €’s. For example

dIaMﬁN X €qBEIMN, (2 30)
el o 07 6F. '

We have the freedom to add numerical factors or modify the structure of (2.29) in order
to ensure the right covariant transformation of the field strengths. This will become clear
later in this section.

Using (2.29) we can show that under arbitrary variations 6 A%, 6 B,,; and 657, th

16
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field strengths vary as

(5?2;,0‘]” = 26[M(AA§“}M),

0F pypr = 30u(AByyr) + 6dransan Fo " AATY, (2.31)
OF iy = A0 (AS] ) — i F o DBy + A Flu, s DAY,

where we used the covariant variations

aM __ aM
AASM = 542

AB/U/I = 53/11/] - 2dIaMﬁNA[O,:M5Af}N7 (232)
T T T @ T a L
ASy,, =050, = 3cinBlusd At — 2 digny AD AJY AT

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

Let’s now gauge the theory. To do so we must introduce in the fields strengths
couplings to the different p-form gauge fields. The gauge generators X,,f’ were already
introduced in a previous section, and according to (2.16) 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% as

Fol = 20, AgM + g Xon3p AL AL (2.33)

but under gauge transformations § A" = D, A*™ one finds this field strength to transform
as
SFoM = 2D 6 AGM = 2Dy, DA™ = g FON X5 o) AF (234
= —gAﬁNXﬁN%J fluL + QQAQNX(M\?VA{)? ,]VL '
where we used the Ricci identity [D,, D,] = —gF Xay, which is valid due to the
quadratic constraint. Here and in the following we use the covariant derivative as defined
in (2.18). In the second line of equation (2.34) the first term alone would describe the
correct covariant transformation of the field strength, but there is an unwanted second
term since X N?{ﬁ/[ are typically not antisymmetric in lower indices. Thus the field strength
fl‘j,f‘/[ does not transform covariantly under gauge transformations.

This problem comes from the fact that the dimension of the gauge group G can
be smaller than the number of Abelian vector fields AZ‘M . It is therefore possible that
not all vector fields are necessary as gauge fields. To ensure no vector fields are left
"unused" and the formulation is still valid for any allowed embedding tensor, we introduce
Stiickelberg type couplings to the two-form gauge fields. A mechanism by which the

17
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reminding vector fields are absorbed into massive two-forms and the unwanted term in
the covariant transformation is canceled. The new field strength will read

Ho' = 20, AGM + g X snSH ALY AL + g2 By . (2.35)

The tensor Z*M! should be such that the unwanted terms in (2.34) can be absorbed
into an appropriate gauge transformation of the two-form gauge fields. Explicitly, 08,1
should include a term (—2dzsn, A°N F)) and we need

X(ﬁj\?ﬁyj‘g) = d]ﬁN,yLZaM’I. (236)

Using this equation one can replace the field strength fl‘j,f‘/[ in the Ricci identity by the
covariant derivative, i.e. we have

(D, D)) = —g M5 Xonr (2.37)

To see how the Stiickelberg mechanism leads to the absorption of the reminding vector
fields into massive two forms is enough to note the Lagrangian will now include the
following term

Lo HoM HM N + = —g?Z2M I 70N B, B (2.38)

which is a mass term for two-form fields. It is through the tensors Z’s that the reminding
vector fields are projected into the massive two-forms.

Continuing the analysis to higher rank gauge fields one finds that, analogous to (2.35),
one needs a Stiickelberg type coupling to the three-forms in the field strength of the two-
forms, and so on. We will give know the explicit form of this couplings and the conditions
of the type (2.36) needed. Recall we had certain freedom in the choice (2.30) which will
extend to the rest of tensors of the same kind will find in the final set of conditions.

The covariant field strengths including the Stiickelberg terms read

Ho' =20, AGM + g X pn S ALY AV + g2 By,

1
N L L K
Hywp1 = 3D Bugy 1 + 6y AL (O, AL + 39X, 5l AT ATE) + 9Y155)0,,

H;Vp)\ - 4D[M5;—p)\] - ngv <6B[/U/,IHg)]\\}[ - 39ZﬁNJB[w,JBp)\LJ + 8d1EQ€pAﬁNA§Q8pA;?

29 1nqer X5 ih ALY ASPATS AT ) 4+ gWG T, 0.

(2.39)

In the beginning of this section we made the statement that the inclusion of p + 1-form
fields in the p-form field strengths is always necessary in order to keep gauge invariance.
It becomes now clear this is due to the fact that Stiickelberg terms are necessary to

guarantee the appropriate covariant transformation.
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Chapter 2. Maximal D = 8 supergravity 2.3. Field content of the theory

The general variations of the field strengths are now

SH = 2D (AAGY) + gZ* M AB,, 1,
0Hywps = 3D(u(AByy1) + 6dignc Hp W AAY + gYi5AS),, . (2.40)
Hjpn = 4D (A W]) 6 M ABox 1 + 4 Hiwo 1 AASY

+ gWUA

urp\ T
LUPA*
The unwanted terms in the variation of each field strength are canceled by the new terms

in the covariant variations. Or equivalently, the unwanted terms are absorbed in the
covariant variations such that

AAZ(M — D“AQM o gZOzM,IE“7I7
ABy; = 2DySy 1 — 2dianan A HLY — gY@

pv?
AST,, = 3Dy®] ) + 3 Sor + A M Hywpr — gWHL,,,, (2.41)
AT, \ = ADQY \ — 12¢5,, HY CDfA] + 4f Y H 15
- zeaMﬁHWp,\AaM - gRgMEfZ%,\’

with A*M(z), B, 1(x), @7, (z), Q,,(z) and E5)7, () being the gauge parameters. Finally

plugging these covariant varlatlons into (2.40) one finds that the field strengths transform
covariantly, i.e. that is

6ng]/w - _gAﬁNXﬂN HZZI;a 6H,uyp[ - gAﬁNXﬁN{H,uyp,J;

6H - _gA NX,BN’)/HA{

urp\ T LVPN®

(2.42)

as long as the following set of conditions is satisfied.

 Xiuisn) = sy 2%

X1 + 2drusn 20 = Yineyiy

1

dl(aMﬁNC;\I{) =0

WP + gl 2P0 — 51207 = 0

ZaM,IY'Iﬁ =0

Y, W5 =0

WeRE, =0
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2.3. Field content of the theory Chapter 2. Maximal D = 8 supergravity

When trying to prove (2.40) it is very convenient to use the following modified Bianchi
identities for the covariant field strengths

1
.D H - _gZaM’IH“ypI,

vp
8 g . (2.43)
DyHopnr = §dIaMﬂNH i Hp,\] 49YITHW,O,\

2.3.2 Truncation of the tower of p-form gauge fields

In the last section we found that the inclusion of (p+ 1)-forms in the field strength of the
p-forms is necessary to guarantee gauge invariance. We have an infinite tower of p-form
gauge fields but we want to truncate it to a finite subset without loosing gauge invariance.
There are different truncation schemes depending on the dimension of the supergravity
considered. We will describe the scheme that applies to the D = 8 case. Details on the
other cases can be found in [1].

To find a finite subset of gauge fields that close on themselves under gauge transfor-
mations we must note that the four-form TY oy only enters the three-form field strength
(H},,») projected with W7, Due to the conditions found in the end of last section the
gauge transformation corresponding to _"‘IJ,V[ y is therefore not needed to ensure gauge
invariance of the three-form field strength We find {ASM, B,,1, S}, WiT), \} to be
a set of gauge fields that close under the corresponding set of gauge transformations
{AMS @7 WEQY L

p pvp
Formally, the consistency condition one can use as a check is

W}E(Q@ﬁaMWJ - XaMI,%U) = 0. (2.44)

To prove (2.44) one starts with the gauge invariance of W[, i.e. don/W{; and apply the
conditions to ensure gauge invariance found in last section.
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Chapter 3

Solutions to the quadratic constraint

In this chapter we will explicitly solve the quadratic constraints on the embedding tensor
in terms of a number of parameters. We will explore the structure of the different possible
gaugings encoded in the embedding tensor and we will see that even though at first we
find a big number of independent solutions (87), many of them are equivalent in terms of
the gaugings. Finally we give some particular examples to show the most general gaugings
allowed in the D = 8 theory.

3.1 Generalities of the solutions

Although the quadratic constraints (2.22) and (2.26) are rather complex, we can solve
them in terms of 16 parameters (2.21). We obtain 87 independent solutions. We will see
that some of those are equivalent. There is certain multiplicity in the solutions in the sense
that with the appropriate redefinitions only a part of the solutions is truly independent.

As we introduced in last chapter, we obtain the solutions in terms of two vectors,
which read

25 z 8//[1/; ’V‘;’/z‘ﬁz%) } this are 6 parameters (3.1)
and two symmetric matrices
Zn Zia Zis Yiu Yo Yis
Jiuny = | Zi2 Zoa Zoz |5 founy = | Y2 Yoo Ya3 (3.2)
Zhg Zoz Zss Yis Yoz Vi3

which are another 12 parameters. One of the constraints (2.25) tells us that the two
vectors must be parallel. Therefore we are left with one vector and a proportionality
constant (\), thus 4 parameters.
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3.1. Generalities of the solutions Chapter 3. Solutions to the quadratic constraint

However, what are really interested in the generators for the gauge group (2.16) which
will tell us what groups we can gauge. To obtain them we use the following

XaM%eV = XaMWB(S]I\// + XaM%Vég = GQA/;:p(tﬁ)g(s]{} + GQMI:S(t;)%ég (33>

The first term in (3.3) corresponds to the generators for the gauging of the SL(2) part
and the second term generates the SL(3) part of the gauging. We find that each solution
comes in six 2 X 2 matrices for SL(2) and six 3 x 3 matrices for SL(3), i.e. the generators
are labelled by a SL(2) index (o = 1,2) and a SL(3) index (M= 1,2,3). But the six
generators are not independent, for the SL(2) the vectors are a doublet so we will not find
in the solutions more than two independent generators for the gauge group. In the same
way, for the SL(3) there are only three vectors so we will find at most three independent
generators since we can not gauge more vectors.

3.1.1 The SL(2) part

Although each solution comes in a set of six generators, we only have two independent
ones for any gauging we can think of. To show this statement let’s see how a SL(2) field
transforms under such gauge transformations

§B* = —gAN"N X3\ 0 B
= —g [(A" X1 + AP X120 + AP X13)2 B 4+ (A Xo + AP Xop + A X53)0 B
= —g [(A" + AN + ABX) X0 4 (AP + AN + APN) X, ] BY
= —g (A'X{ + A”X)%) B,

(3.4)

where we have redefined the gauge parameters and generators in the last line. It is easy
to check that the proportionality Xi; oc X159 o X33 is due to the fact that they are all
linear combinations of the original SL(2) generators and also the two vectors £,y are
proportional.

XaM?’y = @aMU,p(ttpT)g = é-PM (tg)g

(3.5)
Xoar = &t + §2Mt(21 = &t + )\ti)

To sum up, each solution for the SL(2) sector has two independent generators which
are linear combinations of the original SL(2).
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Chapter 3. Solutions to the quadratic constraint 3.2. SL(3) Solutions

3.1.2 The SL(3) part

Analogously we can do the same for the SL(3) sector. A SL(3) field will transform under
a general gauge transformations as

= —g (AHXH + A12X12 + A13X13 + A21X21 + A22X22 + A23X23>g/[ BS
= —g [(An + A21I€1)X11 + (A12 + A22I€2)X12 + (A13 -+ A23H3>X13}fBS
= —g (A'X] + A2Xy + ABXS) Y BS

This is the general case for the SL(3) part. We are always allowed to reexpress the
generators so Xoy = kprX1a- The dimension of the gauge group will be smaller or equal
to three.

Even though the previous are the correct transformations for the fields it might occur
that not all generators are really generating the gauging. The see which generators form
the gauging we project the transformation with the generators. In general

Xua (0BM* = —gAN X\ 7" B™) (3.7)

After which only the antisymmetric part of the generators X [ Nﬂj‘l/ﬁ% is left and guarantees

the closure of the group. This is due to the fact that in general X Nﬂ%‘l have no definite
symmetry as we explained in Chapter 2.

3.2 SL(3) Solutions

Let’s explicitly see some particular gaugings. We will set the vectors &,y to zero, i.e.
we will gauge only the SI(3) sector of the theory. Now we obtain seven independent
solutions, the most general of them being

0 0 0 —Z13 —Za3 —Zs3
XV =\ Zu Zu Zy |, X3 = 0 0 0 7
—Zyg —Zoy —Za3 Z1 Z12 Z13
® Z12 Za Za3 @ Yoz 0 0 0
0 0 0 BN —Zwn —Zyn —Zs
5 }/23 —Zlg —Z23 —Z33 5 }/23 Z12 Z22 Z23
XP=220 0 0o 0o |, xW=22| -Zn ~Zin ~Zp
Z23 Z23

Zn AP Z13 0 0 0

These are two proportional sets of three independent generators. The superscript indicates
they come from the SL(3) sector, we will keep this notation in the following sections. To
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3.3. Example of SL(2)xSL(3) solution Chapter 3. Solutions to the quadratic constraint

see what groups these generators produce we follow the analysis described in [3]. The
solutions for f corresponding to the generators above read

Zn Zia Zas Yy Zn Zra Zas
=1 Zi2 Zoo Zoz |, fo= 7 Ziy Ly Zaz | . (3.9)
Zh3 Zaz Zss B\ Zis Zys Zss
And the generators in terms of the f’s
XaMI,DR = @aMT,Q(tg)g = ffBEBMI% (3-10)

which is analogous to the definition of the structure constants in [3]. In this analysis the
distinction between generators and structure constants is not relevant.

The Lie algebras are we are looking for are only defined up to changes of basis gen-
erated by SL(3) transformations. We can always find a transformation on the generators
that turns f into a diagonal form. The different three-dimensional Lie algebras are ob-
tained by taking different signatures of f. They correspond to contractions of a SO(3)
subgroup of SL(3) and they are classified by the Bianchi classification. So f being of
rank three, i.e. no zero eigenvalues, generates a so(3) or a so(2, 1) algebra (type VIII and
IX in Bianchi classification). Which means there is no contraction. f having one zero
eigenvalue generates either an iso(1,1) or an iso(2) algebra (types VI and VII;). If it
has two zero eigenvalues, f generates a heiss Heisenberg algebra (type II). And finally f
having the three eigenvalues equal to zero, corresponds to a u(1)® algebra, i.e. we are not
gauging anything, as the vector fields are already U(1) invariant (2.12).

3.3 Example of SL(2)xSL(3) solution

In this section we will see an example of SL(2)xSL(3) solution. For simplicity we now
take forny = 0 and we are left only with 5. For the quadratic constraints to have
non-trivial solutions we can not gauge only the SL(2) sector. We will always be gauging
at the same time a SL(2) subsector of the SL(3) part (2.17). A particular solution for this
case reads

)= (0, )oY,

Wy —V3/2 0 W2
@ _Wa V32 0 @ _ W —W3/2 V3
X12 - W3 < W3 _‘/3/2 ) X22 - W3 0 W3/2 5 (311)
@ _ Wi V2 0 @ _ Wi =Ws/2 Vg
Bws \ W =Ve/2 )0 T g 0 Ws2 )’
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for the SL(2) sector. And

—Wy/2 0 0 Wo/4 —3Wi/4 0
XP=| -3wp/a W4 0 |, X = 0 w2 o0 |,
—3Ws/4 0 Wi/4 0  —3W3/4 Wy/4
Ws/4 0 —3W/4 v -Wi/2 0 0
X = 0w sy | X = | /4 Wy 0,
0 0 —Ws/2 3\ —3Wi/4 0 Wi/4
Wo/4 —3Wi/4 0 Ws/4 0 —3W,/4
Xéi’):% 0 W2 0 ,Xg(?:% 0 Wy/4 —3Wy/4 |,
3 0 —3W3/4 Wy/4 3 0 0 —Wy/2

(3.12)

for the SL(3) sector.
So we have two independent generators for SL(2) and three independent generators
for SL(3). We can always absorb the dependent ones in the redefinitions of (3.4) and (3.6)

3.3.1 SL(2) gauge groups

Let’s take Xl(f) and X{?. In this "raw" form they don’t tell us much but let’s work a
little on them. We can always reexpress them in terms of linear combinations to obtain
a more convenient form

2
X' = x® EX@:( 0 %/W3)7

4% W 0
’ ) (3.13)
@ _x®_Vayo _ (Vs V5 /W
2 11 W3 12 W3 _‘/3 )
Now we diagonalize X {(2)
X =5 x5 =g = (0 0, .1
3

where S is the appropriate transformation that diagonalizes the generator. We can use
the same transformation on X;@)

X — 5. xI® . g = < SV 8 ) (3.15)
— 3

The structure becomes now clear. We end up with two of the original SL(2) generators.
Nevertheless, the only two-dimensional subgroup of SL(2) is the Borel subgroup which
would be the diagonal generator and the upper triangular one. In this case we can check
that when projected as in (3.7), X2(d2) drops out and does not contribute to the gauging.
The gauge group is generated by X 1(d2) alone and corresponds to SL(2) rescalings, SO(1,1)

group.
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3.3. Example of SL(2)xSL(3) solution Chapter 3. Solutions to the quadratic constraint

3.3.2 SL(3) gauge groups

We will play the same trick to make the structure of the SL(3) part become clear. Taking
X S’), X 1(3) and X 1(2) we reexpress them in terms of a convenient set of linear combinations

W —3Wy /4 3W2/AW, 0
x\® = XS’)—WlXS): —3Wa/4  3Wi/4 0 |,
2 —3Ws/4 3W W/ /AW,
W —3WL/4 0 3W2/4W;
X{S’):X{;’)—Wlxl(g’: —3Wo/4 0 3WWa/AW; || (3.16)
3 —3W3/4 0 3W. /4
Wi/4 0 —3W,/4
X3 =x® = 0 Wy/d —3W,y/4
0 0 —Ws/2
And we diagonalize Xé(?’)
~Ws/2 0 0
XP = R. X9 R = diag[X\V] = 0 Ws4 0 |, (3.17)
0 0 W/

and again use the transformation to find the corresponding expressions for the other
generators

0 —3Ws/4 3W;/4
X9 =rR-XY R'=[0 0 0 ,
0 0 0
0 —3(W; + Wo)Ws /AW,  3(2W; + W)W /AW,
XB_R. XY . R'=| 0 0 0
0 0 0
(3.18)
And still a final rearrangement
—W3/2 0 0
X\ = x@ = 0 W4 o0 |,
0 0 Ws/d
0 —3Ws/4+ LLtialis
) _ ) W, ) _ ; 3/4+ 402W1+Wa) 0 (3.19)
12 - 12 11 - ) .
2
(W1 +112) 0 0 0
0 0 3W 4 3(2W1+W2)W3
X3 _ e (d3) Wy (d3) _ 00 s/ 04(W1+W2)
11 2 (Wl + Wg) 0 0 0
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The structure becomes clear now. We will find this a general feature of the solutions,
we can always reexpress them in an appropriate set of linear combinations and then find
the right transformations to turn one of the generators into diagonal form. We must then
apply the same transformation to the other generators. And we can still rearrange them
to find generators of the original SL(3) group. In this particular example this structure
corresponds to a three-dimensional Borel Algebra.

Summing up, in this case we are gauging a one-dimensional SO(1,1) subgroup of
SL(2), rescalings. For the SL(3) part we gauge a three-dimensional subgroup of SL(3).
Which consists of a diagonal generator and two upper triangular generators. This corre-
sponds to a three-dimensional Borel Algebra with center element (or ordering) h and two
positive weighted subspaces g, and g, where B =g, ®go B b

3.4 Most General Solutions

In the last two subsections we depicted a particular solution and learnt how to deal with
it in order to extract useful information. We allow now the most general gauging possible
in the D = 8 supergravity. We obtain similar results using the same analysis.

Among the solutions for the SL(2) gauge generators we find two possible gaugings.
The only generators that play a role in the gauging are two of the original SL(2) generators

tlz(l(/f _f/Q), t2:(8 (1)) (3.20)

and there are solutions including both generators and solutions including only t;. So
we either gauge rescalings or rescalings plus shifts so(1,1) @ R which define the Borel
subgroup of SL(2).

For the SL(3) something similar occurs and among the solutions we find that only
the following generators of the original SL(3) are involved in the gauging

1 0 O 010
=01 0], tH=[000],

00 =2 0 00
(3.21)

001 0 00

ts=| 0 0 0 |, t4y=10 0 1

0 00 0 00

These generators define the Borel subgroup of SL(3) (See Appendix C).

B=0©g DD (3.22)

Nevertheless the biggest gauge group embedded in the SI.(3) is three-dimensional (recall
we only have three vector fields in respect to SL(3)), so the four generators will not appear
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3.4. Most General Solutions Chapter 3. Solutions to the quadratic constraint

in the same solution. We find three possible gaugings of the SL(3)

{t1,ta,t3} — three-dimensional Borel subgroup, B
{t1,t4} — two-dimensional Borel subgroup, By (3.23)
{t1} — SL(3) rescalings, B,

As we saw in last section the generators do not appear in the solutions in the simple
form just presented but in terms of the parameters of {,as and f,arn). After all, the gauge
structure of the maximal D = 8 Supergravity has only a small number of possibilities.
But we obtain 87 independent solutions from the quadratic constraint. To understand
the difference between the solutions is useful to look at the covariant derivative

D, =0,
g [(A + MAZ + 0 A X + (A2 4+ M AZ + 20042 X |
g [(A}} + e A2 X 1 (A2 4 gy AZ2) X 4 (AL 1 /sgAi?’)X{gd?))} (3.24)
0, — g [ BIXIP + BEXG] - g [0P X + X6 + x|

In general we are coupling the generators of the gauge group to linear combinations
of the original set of six vector fields. The constants A and « are the ones in (3.4) and
(3.6) and depend very non-trivially on the parameters of {4 and foany, (3.1) and (3.2).
So the different solutions correspond to the several different ways we can take linear
combinations of the original vector fields to make the gauging rather than to different
structures of the gauge group.
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Chapter 4

Conclusions

In this thesis we reviewed the embedding tensor formalism in the particular case of D = 8
Supergravity. Although the constraints it leads to are fairly complicated we have at
our disposal methods (Mathematica) powerful enough to deal with them. The tower of
solutions obtained look at first untreatable. But after some study, structure starts to
emerge. Working from bottom up, that is, we begin with the simplest cases and find out
what gauge groups are being generated, and then allowing every time more general cases,
we have been able to explore the gauging possibilities of the theory up to the most general
case embedded in O.
The key features we found during this work are:

e When studying gaugings of the SL(3) sector alone we had the guide of [3]. As the
embedding tensor formalism is constructed in such a way the gauge group generators
(and structure constants) are traceless, we were not expecting to find among the
solutions any of the B type cases of the Bianchi classification. Nevertheless, the
correspondence in the case of the A type gaugings is total. All A cases can be found
in the solutions of the quadratic constraint for the embedding tensor. This is a
reliable test for the formalism and makes the assertions for the more general cases
trustful.

e It is not possible to gauge only the SL(2) part of the global symmetry group. Any
SL(2) gauging induces a gauging of a subsector of SL(3). In terms of the equations
this is needed to guarantee non-trivial solutions of the quadratic constraint but the
interpretation for such characteristic is yet to be understood.

e We showed the most general gauging embedded in © consists of a two-dimensional
gauging of the SL(2) sector and a three-dimensional gauging of the SI(3) sector.
For SL(2) the gauging is made up of two of the original s/(2) generators, one of them
being the center element (diagonal generator) and the other one being the upper

29



Chapter 4. Conclusions

triangular one (See appendix C). In other words we are gauging rescalings and shifts,
the members of the Borel subgroup of SL(2). Gaugings of the SL(3) involve more
generators and thus are richer in possibilities. Again we find the generators of the
Borel subgroup, in this case of SL(3).

e Although the structure of the gauging is restricted to a small number of possibilities,
we find a large set of independent solutions for the quadratic constraint. These
correspond to different choices of linear combinations of the original vector fields.
In general the gauge vector fields are linear combinations of the original vector fields.

e The embedding tensor technique has proven to be a very useful tool. It allows us
to write the theory in a manifestly covariant way and besides it provides us with
a list of all the possible deformations allowed. We can work out any aspect of the
theory without loosing generality and then test it for a particular gauging we are
interested in. This technique can be applied to supergravities in any dimension.
Even though the quadratic constraint has been worked out for supergravities in
many other dimensions, practically no information about the full tower of possible
deformations can be found in the literature. We hope this work is a useful guide for
whom wants to work out the detailed deformations of more relevant supergravities.

Finally, it would have been nice to work out the Lagrangian of the theory in terms of
the embedding tensor, see the coset structure of the scalars, topological terms, etc. As
we already found the expressions of the gauge fields involved in terms of X, but this
would require much more time and it is out the purpose of this work. Such aspects will
have to be left for further research.
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Appendix A

Dimensional Reduction

In this appendix we review how the maximal supergravities in different dimensions are
obtained from the unique D = 11 supergravity via dimensional reduction on a torus 79,
q = 11—D. For simplicity we only consider the bosonic fields and we focus our attention on
how the respective global symmetry groups Gg of the lower dimensional theories emerge.
Further analysis on the issue, including the half-maximal case, can be found in [1,6,7,8,9].

A.1 Torus reduction of pure gravity

To exemplify the dimensional reduction procedure we will look at the simple case of
gravity alone. Conceptually, it shares the main features with more realistic models in-
cluding bosonic and fermionic fields. Let us consider Einstein gravity on a 11-dimensional
manifold My; with coordinates z#, i = 0...10. The metric gz, has Lorentzian signature
(-,+,+,...,+) and its dynamic is described by the Einstein-Hilbert action

SEH = /dll.T EEH; EEH =\ —g (R(ll) + EM) s (Al)

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

v Lp giv = qiv — i = L0/ =0ku) (A2)
2 V=9 9w
where R, Gyp and Tj; are the Ricci, Einstein and Energy-Momentum tensor, respec-
tively, and as usual indices are raised and lowered using the metric g;; and the inverse
metric gi”.
We want to dimensionally reduce this theory on a torus down to D = 11 — ¢ space-
time dimensions, i.e. we demand the 11-dimensional manifold Mj; to locally have the
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form My, = My x T4, with M p being a D-dimensional space-time manifold and 7' being
the g-dimensional torus. The idea is to split the original 11-dimensional coordinates into
coordinates z* on Mp, p =0...D — 1, and coordinates y* on T, a = 1...q, such that the
metric on M;; can be written as

ds? = g[“;dxﬂdxZg

~ v 2/ a a b b 3,V (A3>
= Gudatdx” + p T My (dy" + Ajda")(dy’ + A, dz”)

where g, A7, p and My, depend on z* but not on y*, i.e. we make the field content of the
theory independent of the internal manifold coordinates. The metric on Mp is g, and the
A, 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. detM = 1). From a D-dimensional perspective
these are q(q + 1)/2 scalar fields. So dimensional reduction of gravity introduces in the
reduced theory ¢(q + 1)/2 scalars and g vector fields.

The reformulation of the metric (A.3) is an Ansatz. Plugging it into the Einstein-
Hilbert action (A.1) and taking the limit y* — 0 yields the effective D-dimensional action

eﬂ_/d x‘ceff

1 1
Loz =epRP) — Zesz/qMabAzyAb‘“’ — 4¢P tr(M 10, MM~ 0" M) (A4)

ep” (0up)(9"p) + epLar,

where e = y/— det g,, and A}, = 20,4, are the Abelian field strengths of the vector
fields. To find the usual Einstein-Hilbert term in the effective action one can perform
a Weyl-rescaling of the metric, namely G, — ¢ = p“Gu with @ = —2/(D — 2). The
Weyl-rescaled effective Lagrangian reads

Leog =eRP) — iepp/””/([) Mo AL, A — ie tr(M 0, MM~ 0" M)

n—1 D-—1

* < n  D-—2

In addition to the Einstein-Hilbert term we have a kinetic term for the Abelian vector

fields and for the scalars.

It will be specially relevant how the global symmetry of the reduced theory emerges.

So let’s consider now the symmetries of the effective actions (A.4) and (A.5). From the

freedom of choosing arbitrary coordinate systems on My, we are still allowed to choose

arbitrary coordinates in the space-time Mp. 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.

Yt = Ay + L(2))AG, (A.6)

(A.5)

) e(p™ " 0up) (p~" 0" p) + ep™ P/ PTI Lyy.
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where A € R is a constant rescaling factor, A is a constant SL(¢) matrix, and L € R™ are
x-dependent coordinate shifts. L*(x) describes the U(1)? gauge symmetries of the vector
fields, i.e. A} — Af +0,L"% X and A act on the D-dimensional fields as

A — AP A7, M — AMAT, D — Ap. (A.7)

These are global GL(¢) = R*xSL(q) transformations. The vector fields transform in the
vector representation of SL(q) while the scalars form an SL(q)/SO(q) coset. The arrange-
ment of the scalars in a coset structure is a common feature of dimensional reduction.
To make this coset structure more transparent it is convenient to introduce group valued
representatives V € SL(q) via

M =V’ (A.8)

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

YV — AV h(z), A € SL(q), h(z) € SO(q). (A.9)

In order to express the kinetic term in the Lagrangian in terms of V one introduces
the scalar currents

P,+Q,=V19,V, Pl =p, QY = —Q,. (A.10)

p ju

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

Lian = e tr(M MM M) = —etr(P,P). (A11)

To summarize, we found that dimensional reduction of pure gravity on a torus 77 yields a
D-dimensional theory which describes gravity coupled to ¢ Kaluza-Klein vectors Af,, one
dilaton p and scalars V that parameterize an SL(q)/SO(q) coset. The global symmetry
group is GL(q) = R*x SL(q).

Another important and common feature in dimensional reduction is the symmetry
enhancement that takes place whenever p-form fields are dualized into scalars. Let’s
consider the d=3 case. The Kaluza-Klein vector fields Aj can then be dualized into
scalars A, via the duality equation

p2+2/qMabAbuV — EMVPapAm (A12)

where we use the covariant epsilon tensor, i.e. €?? = e~!. Note that A.12 defines the
scalars A, only up to global shifts A, — A, + k,. When formulating the theory without
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the vector fields, only in terms of the metric and the scalars, this shifts become global
symmetries. One expects the global symmetry group the be GL(¢q)xR? but a miraculous
symmetry enhancement takes place and the complete global symmetry turns out to be
GLo =SL(g + 1). In other words, before dualization we have ¢ generators of GL(q) and
after dualizing the vector fields we not only add ¢ generators for the shifts but also extra
q generators dual to the shift symmetries. We will find this to be a universal feature.
We now want to make the SL(g+ 1) symmetry explicit. The scalars p, A, and V form
an SL(g + 1)/SO(q + 1) coset, the appropriate coset representative is defined as follows

—1
- P 0

Using the scalar current ]5” of V, defined analogously to (A.10), the effective action takes
the compact form
Legas = eR® — etr (P.P") +ep Ly (A.14)

The resulting equations of motion for A, are the integrability equations needed to rein-
troduce the vector fields Ay, via the duality equation (A.12), because of these equations
all other equations of motion become equivalent to those derived from the previous La-
grangian (A.5).

The SL(g+1) acts on V from the left, analogous to (A.9). The corresponding SL(g-+1)
matrices read

A(AN) = < A_Ol/q o ) A(r) = < ,S 8 ) Ar) = ( - ) (A.15)

The transformations A and A from (A.7) correspond to A(A, \), the shift symmetries  act
via A(k), 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 (A.14),
and an appropriate SO(q + 1) action is necessary to restore this form.

The pure gravity case we just discussed already shows some universal features used
in this thesis. In particular, it is characteristic of maximal (and also half-maximal) su-
pergravities that the scalars of the theory arrange in a coset structure Go/H, where Gy
is the global symmetry group and H is its maximal compact subgroup. Also the occur-
rence of an enhanced symmetry group in the lower dimensional theory after appropriate
dualization of gauge fields is an important characteristic of Supergravities. In the pure
gravity case only vector fields appear as gauge fields in the lower dimensional theory but
in general higher rank fields will appear as gauge fields in Supergravities. The symmetry
enhancement always takes place when dimensional reduction gives rise to scalars fields
in the lower dimensional theory either by dualization of any p-form or directly from the
reduction of a p-form in the higher dimensional theory.
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D Gy H p=1 p=2 p=3 p=4 p=5> p=
8 | SL(2)xSL(3) SO(2)xSO(3) (2,3) (1,3) (2,1) (1,3) (2,3) (3,1)®(1,8)
7 SL(5) SO(5) 10 5 5 10 24 -
6 SO(5,5) SO(5)xSO(5) 164 10 16, 45 — -
5) E6(6) USp(S) 2_7 27 78 - - -
4 E7e7) SU(8) 56 133 — — - -
3 Es() SO(16) 248 - - - - -
2 Eg(9) K(Ey) - — - - - -

Table A.1: Table of the global symmetry groups and representations of the p-form gauge
fields for the maximal supergravities in D dimensions.

A.2 Reduction of maximal supergravities

Although it is not the purpose of this thesis to review explicitly the origin of the dimen-
sionally reduced D = 8 Supergravity, for completeness we will give a little taste of it. The
unique supergravity theory in D = 11 space-time dimensions contains as bosonic degrees of
freedom the metric and a three-form gauge field Cy;; with field strength G aops = 48[ﬁ09 3]
and gauge symmetry 0Cj;p = 38[‘31\1;,3}. The bosonic part of the Lagrangian reads

1 Y 2 nopdorrasnbé
Lp—11 =+vV—g (R - ﬁGﬂﬁﬁj\G‘u A+ ﬁ‘fu P X gGﬂﬁﬁj\G;f%ga{CXéé . (Alﬁ)
We dimensional reduce this theory on a torus 77 down to D = 11 — ¢ dimensions, i.e. we
make the Ansatz (A.3) for the metric and demand Cj;; to be constant along the torus
coordinates y¢, i.e.

0

dye
In D-dimensions the three-form then yields ¢(¢ — 1)(¢ — 2)/6 scalars, ¢(q — 1)/2 vector
gauge fields, g two-form gauge fields and one three-form gauge field. Plus the ¢ gauge
vector fields and the g(q + 1)/2 scalars from gravity. So for the D = 8 case this gives:
(146) scalars, (3+3) gauge vector fields, 3 two-form gauge fields and one three-form gauge
fields. Recall the scalars organize in a coset structure SL(2)xSL(3)/SO(2)xSO(2) which
has dimension 7. The vector fields transform under the representation (2,3), dimension
6. The two-forms transform in the (1,3), dimension 3. And finally the three-form field
is self dual so it transforms under (2,1). Now becomes clear the relation between the
field content of the theory and the representations under which the different p-form fields
transform with their dimensional reduction origin. Table A.1 sums up the different p-form
representations and global symmetry groups for various dimensions.

Cﬂ,}ﬁ =0 (Al?)
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Appendix B

Dualities

This appendix is not meant to give a deep knowledge on dualities. It is just a quick review
on the issue as throughout this work we referred to dualities in several ocasions. Only
some simple concepts and basic rules will be depicted.

To introduce the concept of duality we will use the example of Electromagnetism.
Here duality means that the equations that govern Electromagnetism are invariant under
the interchange of magnetic and electric fields, thus these fields are dual to each other.
This duality is not just any duality as it will extend to Poincaré dualities which are the
ones referred to in this thesis.

If we take Maxwell’s equations in the vacua (p. = J, = 0)

V-E =0, V-B=0;

. . OE . . 0B (B.1)
_ - E+ 2= —0:

V x 5 =0 VxE+ =0

we can see they are invariant under the duality transformation

E—B, B—-E

Y

(B.2)

that is, the interchange of electric and magnetic fields. If we set F* = —E and F¥ =
—€7* B, Maxwell’s equations can be written in a covariant form as

0, F" =37, Oy x F* =0, (B.3)
where xF'" = %e’“’p)‘F »x- The second equation allow us to write
Fr = 0orAY — 0" AX. (B.4)

If A* is taken as the fundamental field of electromagnetism, then the second Maxwell
equation follow as an identity rather than as a dynamical law. A* is called the vector
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potential and F'*” its field strength. The duality transformation in the vacua now is given
by
Fr — xFHv
*FH — —

that is, the rotation of the field strength and its dual into each other.

The vacua case is easier to see, however, this duality holds for the general Maxwell
equations. The extensions to higher rank field strengths are called Poincaré dualities,
those we used in this work.

Without proof we now want to give some simple rules to relate the different p-form
fields to their duals. Let be D the dimension we are working in and p and p’ the rank of
the fields in question, they will be dual when

(B.5)

D—p—-2=yp (B.6)

if p = p’ we say the fields are self-dual. For a more detailed explanation see [4].
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Appendix C

SL(2) structure and Borel Algebras

In this appendix we review the most relevant features of the group theory used in this
thesis. In particular we give some characteristics of the algebras found in most solutions
of the quadratic constraint.

C.1 SL(2)

In mathematics, the special linear group SL(2) (or SLy(R)) is the group of all real matrices
with determinant one

SLQ(R):{ [Z Z} | a,b,c,d € Randad—bc:l}. (C.1)

Using the notation used previously, it is generated by the following set of generators

10 0 1 0 0
e (30) e (00) W (00 en
2

Which close on themselves to form and algebra

[ty to] =to,  [ta,ts] = —ts. (C.3)
The linear transformations they generate are of the kind
az+b
C4
= cz+d (C4)

If we identify the non-zero values of the generators with the constants a, b, ¢ and d, then
t, generates rescalings, to generates translations and t3 is related to inversions. This can
be easily shown. Let’s see how a SL(2) matrix tranforms infinitesimally.

M’z(h—i—Zeiti)M:(lJr% g )M. (C.5)

1—¢
i=1,3 v 2
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Now let’s see what the variation of z looks like

1+35)z+
5z:%—z:az—yzz+ﬁ. (C.6)
vz+1—-35
It is straight forward how « and (3 generate rescalings and translations respectively. To
see how ~ involves inversions we can use the following example

z—>z':—1

z
Z,_>Z”—Z,+’7 C7
" "o 1_ z ~ 2 ( )
Z =z P ~z+ Yz

Z —
8z = 22

By the process of inversion-translation-inversion we obtain a term of the type 2% in (C.6).

C.2 Borel Group and Algebra

The concepts of Borel subgroup and Borel subalgebra are not widely known nor easily
described in the literature. Still we would like to give some basic definitions and a glance
at their structure.

C.2.1 Borel Subgroup

In the case of a GL(n) group (n x n invertible matrices), the subgroup of upper triangular
matrices is a Borel subgroup.

a b c
GDODB= 0 d e (C.8)
0 0 f

=

It is generated by a diagonal generator and the off-diagonal upper triangular generators.

C.2.2 Borel Algebra

For the special case of a Lie algebra g with a Cartan subalgebra b, given an ordering of
b, the Borel subalgebra is the direct sum of h and the weight subspaces of g with positive
weight, i.e. the upper triangular generators.

b=bho P g (C.9)

a€Rt
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