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Chapter 1

Introduction

To describe the world around us at a fundamental level it is necessary to know the
constituents of nature and the rules of the game the constituents play. The length
scales at which nowadays experiments can be performed are around 10~'® meters,
which requires energies around 1 tera electron Volt (TeV), corresponding to the mass
of about 1000 protons. The discipline within physics that tries to describe phenomena,
both the constituents and the rules of the game, at these length scales at a fundamental
level is therefore called high-energy physics.

One of the main achievements of high-energy physics is the Standard Model, which
was developed by Salam, Glashow and Weinberg between 1970 and 1973, for which
they were rewarded with a Noble prize. The Standard Model describes the elementary
particles and the three forces they can exert on each other; the weak force, the elec-
tromagnetic force and the strong force. An elementary particle feels the force from a
second elementary particle by the interchange of a third particle; the forces are carried
by the ‘force mediators’. The agreement of the predictions of the Standard Model
with experiments has encouraged the physics community to think that the Standard
Model is a major step in the right direction towards a theory of everything. However,
there are fundamental objections to the standard model.

As one of the important objections, we mention that the most familiar force is
absent in the Standard Model; the force that keeps us with both feet on the Earth,
gravity, is not incorporated in the Standard Model. It has been thought for a long
time that gravity can be incorporated in the Standard Model, but that we just do not
know how. Nowadays a large number of physicists has the opinion that new ideas are
needed and that a theory that incorporates both the physics of the Standard Model
and gravity does not resemble the Standard Model at all.

One such a new idea is superstring theory (the word ‘new’ is not quite correct
since the birth of superstring theory dates back to the 1970’s), which states that the



2 Introduction

constituents of nature can be described by one-dimensional objects, called strings.
One can debate whether superstring theory is a step in the right direction towards
a theory of everything but this debate we will avoid. In the opinion of the author,
superstring theory already taught us about many interesting aspects of theories in
general and if in the end string theory is wrong, we are at least a lot wiser.

Superstring theory only admits a consistent quantum mechanical formulation in
ten space-time dimensions and it turns out that five different consistent formulations
exist. All five superstring theories predict a whole tower of states, where the lowest
mass states correspond to massless particles and the first states of nonzero mass
have masses around the Planck mass ~ 10'?GeV ~ 20ug. Due to the huge mass of
the massive states, the massive states are certainly beyond the reach of present-day
accelerators and thus one is mainly interested in the physics of the massless states.
The massless states can be described at a classical level by a supergravity theory.

A supergravity theory is a classical field theory that has a symmetry called su-
persymmetry and incorporates gravity. Supersymmetry is a symmetry that relates
the bosonic degrees of freedom to the fermionic degrees of freedom. Supersymmetric
theories have certain appealing properties and are used in various places. A disadvan-
tage of supersymmetric theories is that nature does not seem to be supersymmetric.
However, a theory can still be supersymmetric, although the solutions do not seem
to be supersymmetric.

Supergravity theories can be formulated in dimensions less than or equal to eleven.
Many supergravities that live in space-time dimensions less than ten can be obtained
from a ten-dimensional supergravity by writing ten-dimensional space-time as a direct-
product space X x Y where X is four-dimensional and Y is six-dimensional, compact
and of small size!. The procedure to obtain lower-dimensional theories from higher-
dimensional theories is called dimensional reduction. If string theory is to describe the
world around us, a thorough understanding of dimensional reductions is indispensable,
since the observable world surely is not ten-dimensional.

Supergravity theories are often given a number N, as in the title of this thesis.
The number N denotes the amount of supersymmetry and it is a nonnegative integer.
In four space-time dimensions A can take values from 1 to 8 and in ten space-time
dimensions it is 1 or 2. This thesis is about four-dimensional N' = 4 supergravities,
of which some can be obtained from a dimensional reduction of a ten-dimensional
N = 1 supergravity. However, not all N' = 4 supergravities can be obtained from a
dimensional reduction; in the construction in four dimensions of N' = 4 supergravity
it is possible to include so-called SU(1,1)-angles. A higher-dimensional origin of these
SU(1,1)-angles has up to now not been given.

There is no clear motivation why one should study A’ = 4 supergravities in par-
ticular. This thesis one should see more as a small piece of a huge jigsaw puzzle than

ISince experiments have not seen the extra dimensions, their size needs to be smaller than 10~18
meters. String theory predicts even sizes of around 1035 meters.



as a work on one puzzle on its own. Either string theory is wrong or it is right, but
we cannot choose between wrong and right if we have not studied the properties of
string theory in great detail. The investigation of supergravities is just one part of
finding the solution of the puzzle and within that part the N' = 4 supergravities are
a small piece. However, this small piece is an interesting piece. The A/ = 8 super-
gravities do not allow for much freedom and the theory is so to say fixed; there is
no multiplet of fields that can be coupled to the fields of N' = 8 supergravity. In
N = 1,2 supergravities there is on the contrary much freedom in coupling various
fields to the supergravity fields and the most general version of the theory involves a
lot of unknown functions. The N = 4 supergravity can be coupled to sets of other
fields, but there exists only one such set and the way different copies of this set can be
coupled to the supergravity fields is restricted. Hence N' = 4 supergravity contains
some freedom, which a theoretical physicist can play with, but not too much freedom,
in which a theoretical physicist would drown.

To investigate a theory one can try to solve the equations of motion and investigate
the solutions. This programme is not feasible in most cases. Hence we have to resort
to other methods, some of which use the concept of symmetry. One can gather much
information about the solutions of a theory by investigating the symmetries of the
equations of motion and of the Lagrangian. Supersymmetric field theories have a
large group of symmetries; not only are there the symmetries that relate fermions
and bosons, but also symmetries rotating the fermions into fermions and bosons into
bosons.

But not only in supergravities symmetry is an important tool; already in ele-
mentary physics lectures symmetry arguments are used to simplify solving problems.
More importantly, the interactions between particles in the Standard Model are man-
ifestations of symmetries?. A wave function of an electron can be given an arbitrary
global phase and hence a quantum theory of electrons has a global U(1)-symmetry.
Promoting the symmetry to a local symmetry requires the the incorporation of a
massless vector field to which the electron couples and electromagnetic interactions
are born.

Promoting a global symmetry to a local symmetry is called gauging and gauged
supergravities play an important role in understanding supergravities and string the-
ory. In the process of gauging a supergravity supersymmetry is broken; to restore
supersymmetry one has to modify the Lagrangian and the supersymmetry transfor-
mation rules for the fields. The modified Lagrangian contains a scalar potential in
general. The gauging of A/ = 4 supergravities is not trivial; the symmetry groups
that can be gauged are not known explicitly and the scalar potential that arises due
to the gauging is complicated and finding stationary points is a difficult task.

One of the main ideas of this thesis is that many aspects of A/ = 4 supergravity
can be understood from symmetry principles. Therefore the discussion is presented

2In this thesis we mean by a symmetry always a continuous symmetry, unless otherwise stated.
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with an emphasis on symmetries and the use of the mathematics of symmetries called
Lie group theory. For the reader not familiar with Lie groups and Lie algebras this
thesis contains a detailed appendix on Lie groups and Lie algebras, which - we hope
- contains all definitions and theorems that are needed to understand the text.

A part of the philosophy behind this thesis is to present the details and the precise
formulas, or to refer to the literature in which the precise details can be found. This
makes the discussion sometimes lengthy and boring for the reader who wants a fancy
story. But the author experienced that fancy stories bring little details, which are so
crucial for starting Ph.D.-students. This motivated to write a text in which precise
definitions and formulas are given and that can be a guide for starting Ph.D.-students.
Therefore we apologize in advance for referring in a few cases to overview- and review-
papers instead of to the original literature.

Before we finish the introduction and present the plan of the thesis, we want to
pose a few questions, which we hope to answer at the end of the thesis. The questions
are not the research questions but serve as ‘things to keep in mind’ while reading.

-1- What is the role played by the SU(1, 1)-angles and is there a higher-dimensional
origin?

-2- What symmetry groups can be gauged in N = 4 supergravity?

-3- Why do the scalars in supergravity theories often parameterize a coset G/K
with K the maximal compact subgroup of G?

-4- What is the relation between the isometries of the compact manifold over which
a higher-dimensional supergravity is reduced and the symmetries of the lower-
dimensional supergravity?

-5- What is the fate of string theories and supergravities?

In the last chapter we come back to these questions and try to formulate an answer.

The plan of the thesis is as follows. In chapter 2 we introduce indispensable tools
to understand gravity, supersymmetry and supergravity at a level that is used in
the thesis. In chapter 3 we develop the general theory of Kaluza—Klein reductions.
Kaluza—Klein reductions are a particular kind of dimensional reductions and are useful
in understanding the relation between ten-dimensional N’ = 1 and four-dimensional
N = 4 supergravities. In chapter 4 we present the N' = 4 supergravity theory and
discuss the role of the SU(1,1)-angles and the potential of the gauged theory. In
chapter 5 we conclude and try to answer the five questions posed above. In appendix
A we explain our conventions and give a few useful formulas, in appendix B we present
a detailed account on Lie group and Lie algebra theory and in appendix C we explain
the concept of spinors and fermions and present our conventions on spinors. The work
of the author is mainly discussed in chapters 3 and 4. In appendix D we give the
published papers.



Chapter 2

Gravity and Supergravity

Gravity is a force that is familiar to everyone and it was also the first force that was
described in a quantitatively accurate way by Newton in the end of the seventeenth
century. From the Newton era until the beginning of the twentieth century Newton’s
theory was accepted as the theory that describes gravity.

It was Einstein who came up with a totally new view on space and time, a view that
resulted in a completely new explanation for gravity. According to Einstein’s theory
of General Relativity space-time is a dynamical object and is curved in presence of
matter. Space-time in turn influences through its curvature the trajectory that matter
follows. Experiments have verified that General Relativity describes gravitational
interactions more accurately than Newton’s theory and nowadays General Relativity
has taken the prominent place of Newton’s theory to be the theory of gravity.

In contrast to gravity supersymmetry is less familiar and has not even been ob-
served by an experiment. But supersymmetry is attractive from a theoretical point of
view; it can solve some problems encountered in the Standard Model. Supersymmetry
has also been an indispensable tool in constructing consistent string theories, which
are viable candidates for the so-called theories of everything but are little supported
by experiments!. In combining supersymmetry and General Relativity one obtains
supergravity. It turns out that the supergravity theories are classical field theories
that describe the low-energy limit of string theory.

In section 2.1 some elementary differential geometry and General Relativity are
discussed. This section is more a kind of summary of concepts and formulas that are
used later than a textbook-like introduction. In section 2.2 we discuss the concept of
supersymmetry. In section 2.3 the chapter is concluded with a discussion on super-

1Some readers might prefer to say that there is no experimental evidence for string theory, but
the author shares the opinion of E. Witten, who remarked that string theory is the first theory to
predict the existence of gravity [1], which has been confirmed to exist experimentally.
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gravities and their properties. The reader who is not familiar with basic elements of
General Relativity or elementary concepts of differential geometry is referred to [2-9]
for good introductions, reviews and complete lists of references.

2.1 Gravity

2.1.1 Structures on Manifolds

One of the starting points of General Relativity is the equivalence principle, stating
that [4]: ”There is no local experiment that can distinguish between a nonrotating
free fall in a gravitational field and a uniform motion in space in the absence of
gravity”. It follows that physics can locally be described in a frame that is not
influenced by gravity. Since the trajectory of matter is influenced by gravity through
the curving of space-time, the absence of gravity means that space-time is not curved.
The equivalence principle can thus be translated to the statement that locally space-
time is flat, that is, it has no curvature. To describe curvature we will introduce the
Riemann tensor in equation 2.1.9. The Riemann tensor is one of the main ingredients
for the Einstein equation 2.1.13, which describes the interaction between space-time
and matter. The Einstein equation and the action from which the Einstein equation
can be derived are of major importance for both gravity and supergravity.

At every point p on an n-dimensional manifold? M there is a vector space, called
the tangent space at p and denoted T'M,. The tangent space at p describes the
tangent vectors to all curves through p. All tangent spaces together are called the
tangent bundle T M. An element of T M assigns to each p € M an element of TM,,
and is called a vector field.

At every point p € M there exist basis vectors e}“ ..., €, where n = dim M, that
span the tangent space 7'M, at p. If the basis vectors eL are smoothly varying, one
speaks of a frame bundle?; locally the tangent bundle TM looks like R™ x R™ = IR*".
In a patch U C M we can use local coordinates x* and for vector fields the standard
basis 0,,. The set {O1]p,...,0n|p} is called a coordinate frame at p € M. With TM,,
we associate the dual vector space T M.

When space-time is curved, the metric g, seen as a map g : TM — TM*, is
in general not diagonal, that is, in general we have ¢(0,,0,) # Nu, where n,, is
the Minkowski metric (see Appendix A). However, locally there exist vector fields
to, = th(x)0, satisfying g(t.,t,) = nap and the set of vectors ¢, is called a (local)
orthonormal frame. Since both {t,} and {0, } are frames we have t//(z) € GL(n;IR)
for all x.

We introduce the dual of the orthonormal frame {¢,}, consisting of 1-forms o® =
o (v)dz! satisfying 0% (t,) = 6. Now we define a covariant derivative, or connection,

2We assume the manifold admits a metric with Lorentzian signature -4+. .. +.
3In this context a frame means a set of basis vectors attached to a point p on M.



2.1 Gravity 7

V, which maps a vector field v = v%(x)t,(z) € TM to a vector-valued one-form -
that is, an element of TM ® T M* - in such a way that V satisfies the Leibniz rule
and that V is linear: if f is a function on M and v, w € T M then

V(fv)=df @ v+ fVv, V(w+w)=Vv+Vw. (2.1.1)

Hence V is fully determined by its action on the basis vectors t,. We define the
connection coefficients w,“, by

Vta = wpCate @ 0¥ = Vita(ty) = wipCate, (2.1.2)

where the Einstein convention for repeated indices is used (see appendix A). For
convenience one defines the connection 1-forms by w®, = w.%,0¢; the 1-forms w®, are

called spin connections. Similarly the Christoffel connections? T l;\u are defined by

V(8,) =T 0\ ®da” . (2.1.3)
The Lie bracket [X,Y] of two vector fields X,V is defined by
X, Y] =2=2"0,, ZM=X"0,YM-Y"0,XF. (2.1.4)
Combining the equations 2.1.2- 2.1.4 gives
Vib(ta) — Via(ty) = [ta,te] + thti (L5, —T,0)0,, (2.1.5)
where the last term gives rise to the torsion tensor 7;
7(Op, 0y) = (L), = T.1,)0,, (2.1.6)

which is an example of a (2,1)-tensor (see appendix A). By using the product rule
for differentiation one can show that

do®(ty, te) = —0([ty, te])) = do® = —wp®ea® Ao + 7%, (2.1.7)

where 7% is a component of the torsion tensor with respect to the vector basis {t,}.
The extension of the spin connection to vector valued forms a = t, ® a® (see

appendix A) is given by
Va = Vt,@a" +t, ® da®, (2.1.8)

where the symbol ® is defined as follows: for a vector valued p-form 8 = 3, ® w?,
where w? is a p-form, and a g-form v we define f&y = % ® (w* A ). From this one
can show that VV is a tensor:

VV(te) =tcR%, R =dw’ +w%A Wby, (2.1.9)

40ne can argue whether the name Christoffel connections is appropriate here; we take a pragmatic
approach and simply take this as the definition of the Christoffel connections and use it throughout.
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and the tensor R% is called the Riemann tensor.
One can show that there exists just one spin connection that is torsionless and
metric compatible®. Metric compatibility means that the equation

dnap(te) = g(Vta, t)(te) + g(ta, Vip)(te) = 0, (2.1.10)

is satisfied. The requirement 2.1.10 results in wep = —wpq Where wep = Meew€y. The
connection 1-forms are thus elements of the Lie algebra so(1,n—1). But two different
frames at a point p € M are related by an so(1,n — 1) transformation, i.e. a local
Lorentz transformation, and so the result might not be totally unexpected.

In General Relativity one uses the word vielbeins for the dual 1-forms: ejdz# = 0.
Since both the set {0,,} and {t,} are frames, the map between the two is invertible and
hence the vielbein e, is a nonsingular ‘matrix’ with inverse Ef, satisfying E(’jez =4
and El'e;, = d). One sees that the inverse vielbeins EY' are the components of the
vectors t,.

For most applications in General Relativity one sets the torsion to zero, which is
consistent with local Lorentz symmetry - no local Lorentz transformation can be used
to map 7 = 0 to a nonzero 7. Hence we obtain

de® = —we?, (2.1.11)

which can be solved by introducing the objects of anholonomicity 2%, through de® =
%Q“bceb A e€. One obtains

Wabe = & (—Qabe + Qeab + Qbea) (2.1.12)

where the objects with indices down are obtained by contracting with 7,;,. From the
spin connections the Riemann tensor can be calculated with the use of equation 2.1.9.

The Riemann tensor is the input for the Einstein equations that govern the inter-
action between space-time and matter. The Einstein equations are given by

Ry — 2R = KTy, (2.1.13)

where R,, = R,,"%, is the Ricci tensor, R = g""R,,, is the Ricci scalar, x is the
gravitational coupling constant and T}, is the energy-momentum tensor of the matter
interacting with gravity. The left-hand side of equation 2.1.13 is purely determined
by the geometry of space-time and the right-hand side is determined by the matter
distribution. The Einstein equations thus tell us that the way matter is distributed
in space-time determines the structure of space-time.

5We show this below by giving an expression for a torsionless and metric compatible spin con-
nection.
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2.1.2 Gravity as a Gauge Theory

There is another sometimes more convenient point of view on the role of the connection
1-forms w®, and the Christoffel connections I'f; one can view gravity as a kind of
gauge theory. The symmetry that is uplifted to a local symmetry is Lorentz symmetry.
In 1961 Kibble [10] presented a nice derivation of the Einstein equations starting from
local Lorentz invariance.

In the gauge theory language the spin connection is the gauge field and the Rie-
mann tensor is the field strength. The similarity between gauge theories and General
Relativity ceases to hold if equations of motion come into play; the Einstein equations
2.1.13 are not of the form 9, F"" = j¥ for some field strength F*¥ and some current
J"-

Fields in physics are tensors and spinors. The tensors have components with
respect to the coordinate frame 0, and the orthonormal frame t,, and their duals
dz*, o® respectively. The components with respect to the orthonormal frame are
inert under a change of coordinate frame, i.e. a general coordinate transformation,
but rotated into each other by local Lorentz transformations. The converse holds for
the components with respect to the coordinate frame.

Both general coordinate transformations and local Lorentz transformations are
groups, denoted GCT(M) and SO(1,n — 1) respectively. The vielbeins and the
inverse vielbeins are the transformation between a representation of the one group
into a representation of the other.

For a field ¢ in a representation p of the Lorentz group, an infinitesimal® local
Lorentz transformation acts on ¢ as

5p(z) = 3e*(2)p(Sap) (), (2.1.14)
where X, = —%, are a basis of the Lie algebra so(1,d — 1) and satisfy
[Eab7 Ecd] = nbczad + nadzbc - naczbd - nbdzac . (2115)

For the spin 1/2 representation we can take the usual 2[*/2-dimensional represen-
tation of the Clifford algebra generated by the I'y, 1 < a < n, with the relation

{T0,T0} =200 . (2.1.16)
Then the spin 1/2 representation of the Lie algebra so(1,n — 1) is given by
P(Zap) = 3Tap = 2Ty = 2(ToTy — TWly) . (2.1.17)
For the spin 1 representation one checks that the map

PN Beq = p(Sea)s = (820ab — 05mbe) (2.1.18)

6We immediately leave the group and study the Lie algebra.
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indeed defines a representation. The matrices I', are Lorentz-invariant, since a I'-
matrix is both an endomorphism in the spin 1/2 representation and an element of a
spin 1 representation (see appendix C).

A covariant derivative transforms as the fields on which it acts, hence without
derivatives on the parameters of the transformation. We take the spin connection as
the gauge field for the Lorentz group. A covariant derivative of a field in a represen-
tation p of the Lorentz group is defined as

Dy (w)p = (0p + 2w, ""p(Zap)) ¢ (2.1.19)

Note that in this definition the spin connection is already antisymmetric; w,ﬁb =

—w,,*® and thus metric compatibility and the requirement that D, (w) is an so(1,n—1)-
covariant derivative are the same. The transformation of the spin connection is

6w, = —D,,(w)e™. (2.1.20)

The spin connection is not covariant as is to be expected from a connection, but the
difference of two connections is covariant.

The scalar ¢, the vector X# and the co-vector Y, are representations of GCT' (M)
of which all other representations can be built by taking tensor products. For spinors
one needs to take a little care; we take ¢, X* and Y}, to be nonspinorial. A spinor
of spin 1/2 behaves under general coordinate transformations as a scalar. Any other
spinor can be obtained by taking tensor products between nonspinorial representations
and a spin 1/2 representation. The map from so(1, n—1) representations to GCT (M)
representations is thus 2 : 1 in a sense. The infinitesimal action of an infinitesimal
general coordinate transformation dz* = #(x) on ¢, X#* and Y, is given by

dp=—-E"0vp, (2.1.21a)
SXH = 9l XY — €79, X", (2.1.21b)
0, = —0,E"Y, — £0,Y,, . (2.1.21¢c)

The equations 2.1.21a-2.1.21c describe a Lie algebra representation, but the Lie alge-
bra is not finite-dimensional. From 2.1.21a-2.1.21¢c we see

[5517552] = 553 ) 55 = §2>‘5>\§f - gi\a)\gg - ‘651 (52) s (2122)

and hence the Lie algebra structure is given by the Lie derivative.

If we now pursue the approach taken and define an independent connection for
the group GCT (M) we do not obtain gravity. What does give gravity is identifying
the two connections and define the covariant derivative V, with respect to general

"For the general coordinate transformations, both the group and the algebra are denoted

GCT(M).
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coordinate transformations by using the Lorentz transformation covariant derivative.
This can be done as follows (see also [3]): (1) the field, which is in some GCT(M)-
representation, is transformed to a Lorentz representation by contracting with viel-
beins (and/or inverses), (2) the covariant derivative D, (w) acts on that field and (3)
the result is transformed back using vielbeins and inverse vielbeins. One obtains

Vup = 0up, (2.1.23a)
VX, =0,X, -T[,X,, (2.1.23b)
V. Y'=0,Y"+T,Y", (2.1.23¢)

If, = —elDu(w)Ef = EfDy(w)ey (2.1.23d)

where the I' };, are identified with the Christoffel connection. For a spin 1/2 spinor A we
get VA = Dy (w)A, since 0, is covariant under general coordinate transformations
but not covariant under local Lorentz transformations.

One can see that equation 2.1.23d implies that

Du(w)ey =T e, Du(w)Ef =T/ E;, (2.1.24)

urps

which is equivalent to the vielbein postulate. The vielbein postulate states that the
vielbein is covariantly constant:

Ve = Da(w)ep, — Ff\ueg = Oxej, + w)\abez - I‘ﬁueg =0. (2.1.25)

For a field ¢ in a representation p of the Lorentz Lie algebra we have

Dy (w), Dy (w)]¢ = (8[uwu]ab + W[ualc\wu]Cb)p(Eab)¢ = %Ruvab(w)p(zab)(ba (2.1.26a)

[Da(LU), Db(b&))]ﬁb = %Rade(w)p(Ecd)¢ - Tabch(w)¢a (2126b)
with

Ry (w) = EYEY Ry (w) (2.1.27a)

T’ (P) = EXEY (D, (w)e,® — Dy (w)e,®) = 2E5EII;F[ZV]6;' (2.1.27b)

We see that the Riemann tensor R, = R,,,’® plays the role of a field strength.
Since the torsion is the antisymmetric part of the Christoffel connection, we can
write

rf = {Mpy} + 57’ (2.1.28)

where {Mp V} denotes the symmetric part of the Christoffel connection. We have

Viugup =0 = {MPV} - %gpg (OuGvo + OvGuo — Ooguw) - (2.1.29)
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For the antisymmetric part we can write

L7’ Aef = ((de)ep + wep) e A el (2.1.30)
The easiest way to solve for the spin connections is to write w = wy 4+ w1, where wy is
a solution of de® 4+ wg§y A e’ = 0 and w; is a solution of wip A el = %T“ = %Tbcaeb A e‘.

The solution for wy is given by 2.1.12. For w; we have similarly

a, b c _ a b c
The € /\.le Wiy c€ Ne" = (2'1.31)
Wiabe = §(Tbca + Tach — 7—abc) .
Though general relativity with torsion is not really understood - we could ask
ourselves what space-time with nonzero torsion would look like -, for supergravity
we will see it is inevitable to take torsion into account. If the torsion is zero, the
connection is determined uniquely by metric compatibility; when torsion is introduced
the uniqueness is lost.

2.1.3 An Action for Gravity

The Einstein equation 2.1.13 can be deduced from the action
Sley,, @] = 2n2/ d"zeR(e / d"zeLl(®,00,¢;), (2.1.32)

where ® stands for some fields collectively and R(e,w) = EXEY R,,,%(w) is the Ricci
scalar and e = detey;. From the action 2.1.32 one sees that the similarity between
gauge theories and General Relativity ceases to hold when the Einstein equations
2.1.13 are introduced; the action 2.1.32 is not the action for a gauge theory with field
strength RW“Z’

In a general situation there might be torsion but we have yet no way to find
the torsion. To find the torsion we treat the vielbein and the spin connection as
independent; this formalism is called the first-order formalism [10-12]. The action of
uncoupled gravity

S:/ d"z Lpy = ﬁ/ d"zeR(e};,w), (2.1.33)
M S IM

is called the Einstein—Hilbert action. Variation with respect to the spin connection and
inverse vielbein independently gives (see appendix A for some convenient formulas)
6Lp = —5Dy (eELEY) 6w,™ + X (eBy R (w) — 2eRel) 6E . (2.1.34)

The equation of motion for the spin connection puts the torsion to zero, while the
equation of motion of the vielbein gives the Einstein equation in vacuum:

Guw =Ry — 390R=0, (2.1.35)
which equals 2.1.13 for T}, = 0.
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2.2 Supersymmetry

In the early days of quantum field theories the study of quantum field theories de-
scribing particles and their interactions seems to be governed by regularization and
renormalization. The calculations within these theories were plagued with so-called
infinities. The infinities are generated by loop-diagrams and it turns out that the
contributions from a fermionic loop-diagram and a bosonic loop-diagram have oppo-
site signs. Therefore one can suggest that invoking a symmetry between bosons and
fermions can help in cancelling infinities, and in a few cases it turns out to be so. The
symmetry between fermions and bosons is called supersymmetry.

Another motivation for studying supersymmetry is found in reference [13] and the
argument goes as follows: gravity is always attractive and therefore gravity should
be mediated by even integer spin quanta®, whereas the well-known weak and elec-
tromagnetic forces are mediated by spin 1 quanta. Some no-go theorems (such as
that of [14]) forbid symmetry transformations between fields of different integer spin.
Hence if we want to unify gravity with the other forces we are faced with a problem,
which can be circumvented by introducing symmetry transformations between fields
differing half integer in spin. Hence supersymmetry is a necessary ingredient of any
theory unifying gravity with the other forces into a single quantum field theory.

Supersymmetry is also of major importance in the development of superstring
theory; without supersymmetry superstring theory is inconsistent [15-17].

2.2.1 Swuper Lie Algebras

A symmetry between fermions and bosons in a field theory in d dimensions means that
the particle states form representations of an algebra that contains (1) the algebra
M, of translations and Lorentz transformations called the Poincaré algebra of d-
dimensional space-time and (2) generators @, that map a bosonic state |boson) to a
fermionic state |fermion’) and vice versa;

0. ( lboson) ) N <| fermion’>) | (2.1)

fermion) |boson')

So we seek a way to uplift the Poincaré algebra with these necessarily fermionic
generators (), to a ‘super Poincaré algebra’. The way to do this is by using super Lie
algebras.

A super Lie algebra & consists of a set theoretical disjoint sum of two vector spaces
B and §F with a Zs-grading. This means that there is a map |.| : & — {0,1}, with
|B| =0,VYB € % and |F| = 1,VF € §. To get a well defined operation |.| the elements
of G are either linear combinations of elements of §, or linear combinations of elements

8 An assumption made is that a quantum field theory of gravity does not deviate too much from
the standard quantum field theories.
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of B but not a combination of both; this is what is meant by a set theoretical disjoint
sum?.
As a Lie algebra & is also equipped with a bilinear product [.,.] : 6 x & — &,

which has the following graded symmetry and gradation property:
[A,B] = —(—1)API[B, 4], |[4,B]| = (|| +|B))(mod2).  (22.2)

We define the adjoint action of an element A on an element B by adA(B) = [4, B].
For fixed A € & the map adA is a linear map from & to &. The map ad can be seen
as a map from & to the set of linear maps from & to &. In order to promote & to a
super Lie algebra we impose the so-called graded Jacobi identities:

adF} o adFy + adFy o adF] = ad[Fl, FQ] R (223&)
adBj o adFy — adFy o adBy = ad[By, F], (2.2.3b)
adBj o adBy — adBg o adB; = ad[By, Bs], (2.2.3c)

where the F;, B; denote generic elements of § resp. B. Any & = §U B with the
properties described above is a super Lie algebra [13,18].

A representation of a Lie super algebra is a linear map p and a vector space V'
such that p: & — End(V) and

p([A, B]) = p(A)p(B) — (~1)APIp(B)p(A). (2.2.4)

The adjoint action adA : B — [A, B] defines a representation by virtue of the graded
Jacobi identities 2.2.3a-2.2.3c.

We sometimes write [Fy, F5] = {Fy, F>}. From the Jacobi identities equations
2.2.3a-2.2.3c follows that B is an ordinary Lie algebra and that the fermionic gener-
ators fit into a representation of the bosonic Lie algebra 8.

To get a super Poincaré algebra, we take for B a direct sum of some Lie alge-
bra 4 (which corresponds to an internal symmetry) and the Poincaré algebra 9,
under which all fermionic generators transform in the spin 1/2 representation; fermi-
onic generators of spin higher than 1/2 are excluded [19]. The Poincaré algebra 9,
is spanned by the d(d — 1)/2 spin generators ¥,, (as defined in section 2.1) and
the d momentum operators P, which form a commutative subalgebra and have the
following commutation relation with the spin generators ¥,,,:

[Euyy P)\] = _np,/\PV + nu/\Pu, . (225)

The total number of fermionic generators is an integer multiple of the number
of components of the irreducible spinor in d dimensions. This integer we denote A/

9Sometimes it is convenient to extend the definition to include linear combination of both B and
§. This alteration does not influence the following discussion.
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and in high-energy physics literature a super Poincaré algebra is often denoted by
the numbers A and d. One should keep in mind that this notation does not fix the
bosonic Lie algebra 1. Therefore one also writes a super Poincaré algebra as a triple
(d, N, 1) to prevent confusion.

To illustrate the idea we work out an important example; the d = 4 and N’ = 4
super Poincaré algebra. For the bosonic part of the super Lie algebra we take 26 =
su(4) ®9M,. We take a basis {t,,} of su(4) such that the structure constants are given
by: [tm,tn] = fmnptp-

As mentioned before a supersymmetry generator () € § has spin %, hence we add
spin % generators, which belong to a su(4) representation, say the vector represen-
tation 4 together with the complex conjugate in the 4 representation of su(4). So,
we have left-handed four-component spinors @Q° and right-handed @Q; = (Q%)*. For
the Clifford algebra representation we will take the charge conjugation matrix C to
be antisymmetric and the I'-matrices are real'. By working out the graded Jacobi

identities one finds:

[tm’PM] = [tmvzw] = [Pin] = [Pin] =0

[P P = Q% Q7 = {Qi,Q;} =0,

{Qia QJ} = 5;‘(]1 + FS)F#C_lpu ) [Zuw Ql] = %FWQi ) [va Ql} = %FMVQi )
[t t] = Jmntp [t Ql] = (tm)iij ) [tm, Qs] = (tm)iij ) (2.2.6)
(Zuvs Zap) = MoaBup — MurZvp = MupBpx + NppXux

(Euv, Pl = =1ua Py 4+ mua Py

where we denote (tm)"; = ((tm)s/) . Since the 4-representation consists of anti-
Hermitian matrices leaving the norm (v, w) = >, (v;)*w" invariant we have the con-
straint

(tm)ij + (tm)ji = (tm + tjn)ij = 0, (2.2.7)

which is a necessary condition for the graded Jacobi identities to hold.

Because the commutator of two supersymmetry charges is a translation, making
supersymmetry local in a theory means that there is a local translation symmetry,
which is diffeomorphism invariance. Hence local supersymmetry implies gravity and
leads to supergravity. Supergravity is actually nothing more than a field theory with
local supersymmetry. But before we introduce supergravity, we discuss some other
important general features of the super Poincaré algebras.

The first feature is the possibility of introducing central charges. The anticom-
mutator between two (Q’s can be modified to include an element of the center of the
super Lie algebra (thus by definition commuting with the whole algebra) on the right

10For conventions and technical details on spinor representations and Clifford algebras see appendix

C.
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hand side. In the example 2.2.6 we can try to put:

{Qi,Q;} = (1 -T5)CZ;. (2.2.8)

According to the Haag-Lopuszanski-Sohnius theorem [19] the right hand side of 2.2.8
should be Lorentz invariant, which singles out (1 — I's)C.

The matrix C can be symmetric or antisymmetric, which forces Z;;, the so-called
central charge, to be either a symmetric or an antisymmetric two-tensor of the Lie
algebra 4. But since Z;; commutes with everything, it has to be an invariant tensor,
which restricts the Lie algebra 4 since it should admit invariant (anti-)symmetric
two-tensors. If C = —C” then depending on whether the Q are Majorana or Weyl
spinors, one is forced to take & C sp([N/2],IR) or U C sp([N/2], C) respectively!’.
For the above example of a super Lie algebra 2.2.6 it is not possible to include central
charges Z;; since su(4) does not admit an antisymmetric two-tensor.

There is the possibility to neglect the Lorentz invariance and include a whole set
of central charges [20];

{Qi,Qj} = QZF‘“"'“I’CZM__MP;U. (2.2.9)
p

The central charges Z,,, . ,,.i; are associated with charges of p-extended objects of
string theory or solitons of a supersymmetric field theory (see e.g. [21-24] for a more
complete discussion and more details). The presence of these objects breaks Lorentz
symmetry.

The second feature to discuss is R-symmetry. As often in high-energy physics
the concept is lacking a unique widespread definition. What we mean with R-
symmetry can also be found in references [13,25]. A super Lie algebra admits auto-
morphisms like ordinary Lie algebras. Thus one can find a grading preserving map
Y & — & satistying ¢([4, B]) = [v(A),¥(B)], VA,B € &. The automorphisms
of a super Lie algebra & form a group Aut(&) with Lie algebra Der(&). An ele-
ment D € Der(6) is called a derivation and D is a grading preserving map satisfying
D([A,B]) = [D(A),B] + [A,D(B)], VA, B € 6. The adjoint action of elements of B
define a subalgebra of Der(&). Hence exponentiation of the adjoint action of B de-
fines a nontrivial subgroup of Aut(&) thereby proving that super Lie algebras admit
automorphisms. The R-symmetry group Hpg is by definition the group of automor-
phisms Aut(&) that act trivially on the Poincaré subalgebra; the restriction of Hg to
My gives the identity on M.

The central charges restrict the R-symmetry group as we have seen, but from 2.2.6
we see that the anticommutator between Q° and Q; also restricts the R-symmetry
group. For the N’ =4 d = 4 super Lie algebra we see that Hg C Aut(&) C U(4).

HFor our convention on the notation of the groups and algebras, see appendix A. For conventions
and notation of spinors, see appendix C.
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A third and final subject concerns representations. There exist so-called state
representations, which are finite-dimensional, and there exist field representations,
which are infinite-dimensional. Since this thesis mainly deals with field representations
we only sketch how to obtain a state representation.

For a state representation one chooses a rest-frame and fixes the momentum P,;
one therefore should decide whether one wishes to work out a massive or a massless
multiplet. Then the anticommutation relation {Qi, Qj} =6/(1+T5)I*C 1P, can be
written as a set of anticommutation relations of creation and annihilation operators,

i.e. one obtains a set of equations of the form {bm, b;ﬂ} = 0ap0ij, where 1 < 4,5 < N.
Then one chooses a vacuum state |P,,0) and acts on it with the creation operators
b} 5 to obtain all states in the multiplet. For a nice discussion on N =1 multiplets in
any dimensions see [25].

An important feature of field representations is that the momentum is not some-

thing chosen but is represented by the operator d,. The following section 2.2.2 is
about supersymmetric field theories, which are built with field representations.

2.2.2 Supersymmetric Field Theories

To incorporate the ideas of section 2.2.1 into a field theory we take a set of fields that
form a representation of a super Lie algebra. The fermionic generators Q € § change
a boson into a fermion and vice versa. Also, acting twice with a supersymmetry
generator we find a translation. Hence it is necessary that the number of fermions
Ny equals the number of bosons IV,. But at this point there is a choice: either we
impose the equality N, = Ny before imposing the equations of motion or after. Since
the number of degrees of freedom on-shell and off-shell are different, this does make a
difference. One therefore speaks of off-shell supersymmetry multiplets and of on-shell
supersymmetry multiplets. In this thesis we mostly work with on-shell multiplets; for
examples on off-shell multiplets and more details, see [13,26].

For on-shell multiplets in theories with supersymmetry it is a general feature that
the algebra closes, i.e. the transformation rules of the fields do define a representation,
only on-shell, hence up to equations of motion and symmetries of the latter.

To find an on-shell multiplet one starts with a state multiplet. From the state mul-
tiplet one finds the Lorentz representations present in the multiplet and the number
of on-shell degrees of freedom in each Lorentz representation. Then for each Lorentz
representation one finds the correct number of fields with the appropriate spin such
that the number of degrees of freedom match.

Therefore it is necessary to know the degrees of freedom of some particles. In d
dimensions the graviton, the gravitino, the massless vector, the massless fermion and
the massless scalar contain the degrees of freedom (denoted d.o.f.) as denoted in table
2.2.1 (see also [27]). The values of the function ¢(d) are given in appendix C.
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particle d.o.f.
graviton | $(d—1)(d—2)—1
gravitino e(d)(d - 3)
vector d—2
fermion c(d)

scalar 1

Table 2.2.1: Degrees of freedom. ¢(d) denotes the degrees of freedom of a spin 1/2 particle
in d dimensions, which is explained in appendix C.

Having found such a multiplet of fields one constructs a Lagrangian and transfor-
mation rules and it is always possible to find a free theory, i.e. without interactions.
It is more difficult to find the transformation rules and the Lagrangian for a theory
with interactions. Below we present some techniques to find a Lagrangian and su-
persymmetry transformation rules for a theory with interactions, but we try by no
means to be complete!?.

The conceptually simplest strategy is to take a multiplet of fields with equal
bosonic and fermionic degrees of freedom and to write down the most general Ansatz
with unknown coefficients for the supersymmetry transformations and for the La-
grangian. Then one tries to fit the coefficients by demanding that the algebra closes
on-shell. The strategy of trial and error works in many cases but can be cumbersome
and does not provide much insight.

There exists a procedure to start with the free theory and to incorporate inter-
actions order by order in a coupling constant g. One adjusts the Lagrangian and
transformation rules order by order in g. This procedure is called the Noether proce-
dure and involves no highbrow mathematics or insightful physics, but it is powerful.
See [11,29-33] for more explanation on this procedure and examples.

A more sophisticated and evenly powerful method is developed by Salam and
Strathdee [34] and uses superspace; one enlarges space-time to a manifold with fermi-
onic degrees of freedom. In this thesis we do not use the methods of superspace.
Therefore we do not go into more detail but refer to the vast amount of literature on
this subject, see e.g. [12] and references therein.

For local supersymmetry there exists a nice insightful method developed by West
and Chamseddine [35] and the idea is as follows. With every generator Ty, of the super
Poincaré algebra we associate a gauge field V' and a gauge parameter ¢*. We build
a compound gauge field V,, = VT, and a compound gauge parameter A% = T,e®.

12There exists a vast amount of literature on how to construct supersymmetric Lagrangians. We
refer the reader to the literature on the subject for a more complete discussion; see e.g. [12,13,28]
and references therein.
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Since a gauge field always transforms as a covariant derivative of the gauge parameter,
we have:

8V, = DA = 9, A + [V, Al = §VOT, (2.2.10)

from which we read off the coefficients in front of each generator. This method thus
boils down to gauging the super Poincaré algebra. In finding an invariant action one
has to be careful not to simply take £ ~ TrF? - where F® is calculated from the
commutator of two covariant derivatives D, - since the Einstein-Hilbert Lagrangian
is linear in the Ricci scalar. For more explanation on this method, see e.g. [12,35,36].

There is a clear distinction between theories with global supersymmetry and local
supersymmetry. Those with local supersymmetry necessarily include gravity, i.e. the
supersymmetry multiplet contains a symmetric rank two tensor g,,, the graviton.
Since the graviton has spin two, supersymmetry dictates us that there should be a spin
5/2 or spin 3/2 particle. There is a problem however in coupling spin 5/2 particles
consistently to other particles [37], and hence a theory with local supersymmetry
is constructed with a metric tensor of spin 2 and a gravitino of spin 3/2, see e.g.
[11,29,38,39] and many more.

2.3 Simple Supergravities

Having a way of obtaining supersymmetric field theories, we can incorporate gravity
into these theories and try to build an invariant Lagrangian for a supermultiplet
containing the graviton g,,. An N = 1 supermultiplet that contains the metric is
an N = 1 supergravity multiplet and the corresponding field theory describing the
dynamics is called an N = 1 supergravity, or a simple supergravity. The Lie algebra
$1 is irrelevant since the fields make up a one-dimensional representation.

2.3.1 N =1 Supergravity in d =4

From table 2.2.1 and appendix C we conclude that in four dimensions a gravitino
contains 2 on-shell degrees of freedom. Since the graviton in four dimensions also has
2 degrees of freedom, a supersymmetry multiplet consisting of a gravitino %, and a
graviton g, might exist in d = 4. And indeed one finds that the variations

def, = 5el %y, 6, = Dy (w)e, (2.3.1)
with € a spin 1/2 Majorana spinor, leave the following action invariant,
Li—an=—1= #eR(e,w) — %eiuf“”p (8,, + in“bFab) Yy, (2.3.2)

and define a supersymmetry algebra [11,38]. The variation of the action with respect
to the spin connection gives the torsion

Tn® = S0, T, . (2.3.3)
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The spin connection is determined from the torsion equation 2.1.27b;

D,(w)es

174

—Dy(wey, = 7" . (2.3.4)

Choosing the spin connection to satisfy its equation of motion is useful in checking
the supersymmetry invariance of the action; the coefficient in front of dw vanishes
on-shell. Performing the supersymmetry variations is still nontrivial and details can
be found in [3].

A few general remarks can be made by looking at the above example. The first
concerns the variation of the gravitino; a general gravitino variation looks like

Sy = L0+ ..., (2.3.5)

and hence the gravitino behaves like a gauge field of supersymmetry.
The second remark is about the ‘covariant derivative’ of the gravitino, which one
often defines as

Dy (W) = (O + 3w, Tap) ¥, (2.3.6)
which is clearly not covariant, since there is no Christoffel connection. Therefore the
coupling of the gravitino to gravity is called nonminimal [29, 38]. However, it is not
the covariant derivative that enters the Lagrangian, but the ‘covariant field strength’
D, (w)h, — D, (w)ih, = by, which is covariant under both GCT(M) and so(1, 3).

The final remark is on the calculations involved; already the simple supergravity
examples as the one above give rise to tedious calculations and as a sign of that we
remark that for the first papers on supergravity and even for the one where the above
example was constructed [29], a computer was used to complete the calculations.

The action 2.3.2 is finite at one loop [40], which was already hinted at in the begin-
ning of section 2.2. A similar supergravity theory, where an N' = 1 vector multiplet
is added to the supergravity multiplet, also renders finite one-loop corrections as was
shown in the same paper. The four-dimensional Einstein—Hilbert action 2.1.33 is also
finite at one-loop but the coupling of gravity to other fields without supersymmetry
destroys the one-loop finiteness [41]. These observations made supergravity theories
interesting from a quantum gravity point of view. However, it is generally believed
that higher-loop calculations will show that supergravity theories are not finite to all
orders.

2.3.2 N =1 Supergravity in d = 11

An important development in supergravity theory was the construction of eleven-
dimensional supergravity [42]. Eleven is the highest dimension where a supersym-
metry multiplet exists that does not contain a spin 5/2 particle; necessarily it is an
N = 1 multiplet.



2.3 Simple Supergravities 21

The metric contains 44 degrees of freedom, whereas the gravitino contains 128
degrees of freedom, a mismatch that can be resolved by adding a three-form A,,,
gauge field to the multiplet.

Two different spin connections are used; one that is on-shell and another that is
‘supercovariant’. The latter is denoted c?),ﬂb and satisfies the torsion-like equation

Dy (@)el — Dy (@)el = K, = 545, T%, . (2.3.7)

The tensor K,,,* is not the torsion but differs from the torsion by a term proportional
to zﬁaf‘#uaaﬁwg; this term vanishes in four dimensions but enters in the equation
of motion for the spin connection in eleven dimensions. The supercovariant spin-
connection transforms without derivatives of the supersymmetry parameter €, hence
the name. The supercovariant spin connection does not satisfy the equation of motion
of the spin connection, but the on-shell spin connection (Dﬂ‘lb does:

2
. K2
Whab = Wyab + §¢VFM pab'l,/)p . (238)

The reason to introduce two different connections is to simplify some of the tedious
calculations.
For the three-form one defines a supercovariant field strength:

Eonp = 40, Aury) + BTty - (2.3.9)

The supercovariance of Fand & is easily checked for the following supersymmetry
variations:

dej, = %EFGQ/)H, (2.3.10a)
57% _ %DH((;})é + ﬁ (Fuulufzvsm _ 5;1FV2V3V4) Fu1u2u3y4€7 (2310b)
5Aux = =3 [ty - (2.3.10c)

To find the correct transformation rules for the fields it is important to note
that 64, is supercovariant. The gravitino is identified with the connection for local
supersymmetry and hence is not covariant, but the difference of two connections is
covariant. Hence if one varies 07, with respect to a second supersymmetry parameter

€, the result should contain no derivatives of €, hence §1),, ~ %D u(@)e+ ... where the

ellipsis contains the supercovariant field strength F.
The invariant action is:

L :ﬁR(e,@) - ﬁFMW\pFuﬂp o %JJMFHWDV(W;QWJP
- 1921\/565 ("/_}UPUTMU/\pr + 12,(/_}[;11—\1/)\,1[)/)]) (F#V)\P + FIWAP)

V26 1.
~ [aa)2¢ Fy, Flts-ultsA

4 HoM10M11



22 Gravity and Supergravity

where some four fermion terms are captured in D, (212).

An important feature of eleven-dimensional supergravity is that many lower-
dimensional supergravity theories can be deduced from it by dimensional reduction.
This simplifies the construction of supergravity theories, since the methods for con-
structing supergravity theories such as the Noether method, can be quite elaborate,
whereas dimensional reductions are in many cases easier. Hence eleven-dimensional
supergravity is an (almost) all encompassing supergravity from which other lower-
dimensional supergravities can be obtained by a relatively straightforward procedure.

Eleven-dimensional supergravity was constructed before the first string theory
revolution, which was in 1984. Since superstring theory lives in ten dimensions eleven-
dimensional supergravity was kicked off its pedestal. But due to the second string
revolution in 1996, when an eleven-dimensional M-theory was conjectured [43], it was
quickly rehabilitated.

In the rest of the thesis we mainly work with the bosonic sector of supergravity
theories and for eleven-dimensional supergravity the bosonic action reads!3:

Sa11 = / giz * 1R — % Fuay A Flay + Y25 Fuay A Fay A Ay (2.3.11)

where F(4) = dA(S)

2.3.3 N =1 Supergravities in d = 10

Of special interest to us are the simple ten-dimensional supergravities since upon
dimensional reduction these give four-dimensional N' = 4 supergravities when no
supersymmetry is broken by the dimensional reduction.

In ten dimensions the irreducible spin 1/2 representation of the Lorentz group is
16-dimensional and on-shell a spinor thus has 8 degrees of freedom, which equals the
degrees of freedom of a massless vector. Thus a Yang-Mills vector A, and a spinor
1 can build up a supermultiplet; this multiplet is called the N' = 1 Super Yang—
Mills multiplet. The supersymmetry transformations and the (flat space-time) action
are given in section 4.2.1, where the N' = 1 Super Yang—Mills theory is treated in
more detail. The Super Yang—Mills multiplet can be a nonabelian Super Yang—Mills
multiplet where A, and 1) take values in a faithful representation of a Lie algebra.

The N = 1 Super Yang-Mills multiplet can be coupled to the ten-dimensional
N = 1 supergravity multiplet consisting of a vielbein €),, a two-form By,,,, a dilaton ¢,
a Majorana-Weyl gravitino ¢,, and a Majorana—Weyl spin 1/2 spinor X of opposite
chirality, sometimes called dilatino. It turns out that there are two different anomaly-
free N' = 1 supergravity theories in ten dimensions, namely the Type I, corresponding
to the low-energy effective action of Type I string theory and the Heterotic super-

13For conventions on forms and Hodge duals, see appendix A.
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gravity, corresponding in turn to the low-energy effective action of Heterotic string
theory. The field contents are the same, but the actions are different.
The bosonic Lagrangian of heterotic supergravity is'*

Luer =€ 2 (xIR+4xdpAdp— L xHAH - ITrx FAF),
H=dB—-1Tr(ANF+25°ANANA), (2.3.12)
F=dA+gANA,

where ¢ is the Yang-Mills coupling constant and the gauge group has to be SO(32) or
FEg x Eg to cancel the anomalies. Some terms that are needed to cancel the anomalies
are not presented in 2.3.12, for the full result see e.g. [16,17].

The bosonic Lagrangian of type I supergravity is

Lr=e2?x1IR+4xdpNdg) — s xHANH —Le ®Trx FAF, (2.3.13)

with identical definitions for H and F and with the same omissions as in 2.3.12 but
for type I the gauge group has to be SO(32).

The Lagrangians 2.3.13 and 2.3.12 are mapped to each other by a Weyl rescaling
Juv e¢gw of the metric together with the mapping ¢ — —¢.

Besides the two!® simple supergravities, there are two extended supergravities
living in ten dimensions, called type IIA and type IIB.

2.4 Extended Supergravities

In the preceding sections we looked at A = 1 supergravities where the representations
of the Lie algebra 4l are trivial. Taking the supersymmetry generators @ in a nontrivial
N -dimensional representation of the Lie algebra 4l gives rise to extended supergravity.
To not get spin 5/2 particles, the total supersymmetry generator components Nc(d)
should not exceed 32.

Extended supergravities have some features that are not found in simple gravi-
ties. The most important is that all fields are in a representation of the Lie algebra
3. In most applications the supersymmetry generators () are assembled in a vector
representation and hence one often writes Q¢ where the index 4 is a Y vector index.
If there is one metric g, the gravitino v, is in the vector representation and hence
one writes 1/)2; for the Y-vector components of 1,,.

If the number of supersymmetry generators in a supergravity theory is the maximal
number such that spin 5/2 or higher-spin fields are not present, one speaks of maximal

14The gravitational has been chosen such that the Einstein-Hilbert term has coefficient 1. For
similar presentations of the supergravities in ten dimensions see [44,45].

150ne often speaks of five different ten-dimensional supergravities; one then counts Heterotic
S0O(32) and Heterotic Fg x Fg as two different theories. Since the gauge group in our case is not
important we count them as one.
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supergravity; eleven-dimensional N = 1 supergravity is the only simple maximal
supergravity.

Below we give some examples of extended supergravities. We postpone a more
complete discussion of N' = 4 supergravity in four dimensions to chapter 4. The
examples are examples of “ungauged” supergravities; no global symmetry has been
gauged. The gauging of global symmetries is discussed in section 2.4.4.

2.4.1 Type IIA and IIB Supergravity

In ten dimensions it is possible to formulate A/ = 2 supergravity, where the super-
symmetry algebra contains two fermionic supersymmetry generators Q°, i = 1,2 both
with 8 components. Since the irreducible spinor in ten dimensions is Majorana—Wey]l,
there are two possibilities; either the supersymmetry generators of the supergravity
theory have opposite chirality, say I'' Q! = +Q*' and I'''Q? = —Q?, or they have the
same chirality, say I'''Q? = Q?. The first possibility is called type IIA supergravity
and the second possibility type IIB supergravity.
The bosonic action of type IIA is

Lira=e 2 (xIR+4xdpANdp — 2 x Hay AN Hz) — 2 xGay A G

. X (2.4.1)
—3*%Guy NGy — 3B NdC3) AdCs),

where the index between parenthesis indicates the rank of the form and H(z) = dB s,
G(g) = dC(l) and G(4) = dC(g) — H(g) A C(l).

There is a common sector with both type I and Heterotic supergravities and this
sector is called the NS-NS sector (for an excellent explanation on the nomenclature
see [15,16,45]) and contains the metric g,,,, the Kalb-Ramond two-form By and the
dilaton ¢, also called NS-NS fields.

The sector different from type I and Heterotic supergravity contains the so-called
type IIA R-R fields C(;) and C(3). Type IIB supergravity has the same NS-NS sector
but the R-R sector is different from that of type IIA; the type IIB R-R fields are the
gauge fields C(), called the axion, C(5) and C(y.

The action of type IIB is

Lirp=e?? (IR +4xdp Adp — 3 x Hizy A Hpz)) — 2 %Gy NG

) ) (2.4.2)
—2*Ge) NG+ 30w NdCe) A H),
where H(g) = dB(g), G(l) = dC(O), G(3) = dC(Q) - H(g) A C(O) and:
G(5) = dC(4) - %C(g) A H(g) + %B(g) A dC(g) . (2.4.3)

The field strength G s) is self-dual; G5y = xG(5). The self-duality condition should
be imposed at the level of the equations of motion [46]; this condition does not follow
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from the action and imposing it in the action 2.4.2 makes the term xG ) A Gs)
vanish. There exists a Lorentz invariant action that does not require the self-duality
condition, but its construction needs the introduction of auxiliary fields [47].

There is another type ITA supergravity called the Romans massive type ITA super-
gravity [48](for a particular nice and introductory discussion see reference [49]). This
theory contains a mass parameter that deforms the theory and in the limit where the
mass parameter goes to zero one obtains the ordinary massless type IIA supergrav-
ity. The massive theory does not admit a Minkowski vacuum and has been of great
importance in the theory of D8-branes [50-52]. The massless type ITA supergravity
theory can be obtained from eleven-dimensional supergravity by dimensional reduc-
tion, whereas for the massive type IIA and the type IIB no higher-dimensional origin
is known.

2.4.2 N =4 Supergravity in d =4

There are two main ingredients for four-dimensional A = 4 supergravity; the A’ = 4
Super Yang—Mills multiplet and the A” = 4 supergravity multiplet. In this section we
briefly comment on these ingredients. In chapter 4 we treat N' = 4 supergravity and
the coupling to the AV = 4 Super Yang—Mills multiplet in more detail.

The N = 4 Super Yang-Mills multiplet contains a vector A,,, four Weyl fermions
A, which are in the vector representation of su(4), and six scalars ¢¥ = —@?* in the
6~ of su(4) 1. All fields are in a representation of a Lie algebra gy 57, which commutes
with the super Poincaré algebra. The action and supersymmetry transformation rules
are given in section 4.2.1.

The N = 4 Super Yang—Mills theory in flat space is not only renormalizable, but it
is even finite; all contributions in perturbation theory that could give rise to infinities
precisely cancel [53-57]. This makes N' = 4 Super Yang-Mills interesting from a
purely theoretical point of view, but the spectrum does not agree with observations.
There are for example no chiral fermions in the theory.

To obtain some concordance with observed nature one might hope to have a dy-
namical way of breaking supersymmetry at some high energy Ej. To solve the hi-
erarchy problem there should be an intermediate energy FE,, < FEj where not all
supersymmetry is broken and still N’ = 1 supersymmetry exists. To get chiral fermi-
ons there should be a lower energy E; < E,, where the A’ = 1 supersymmetry is
broken and no supersymmetry is left. From a phenomenological point of view it is
thus desirable to break supersymmetry in steps. However, this does not seem to be
possible, unless we include gravity (see e.g. [13]).

The N = 4 supergravity multiplet contains a vielbein e),, four gravitini z/Jf“ six
vectors Aj,, four fermions x? and two scalars ¢¢. The scalars ¢® parameterize an
SU(1,1)/U(1) coset; we discuss this and other cosets in section 2.4.5 and in chapter

16For explanation on SU(4) representations see appendix B.
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3. The action and transformation rules of the fields of the ungauged theory was
constructed using different formalisms around 1977 [58,59].

The coupling of AV = 4 Super Yang—Mills multiplets to the N/ = 4 supergravity
theory resulted in the so-called matter coupled N' = 4 supergravity and was done
in the beginning of the 80’s by De Roo [60]. The action is invariant under global
SO(6,n)-rotations, where n is the number of added Super Yang—Mills multiplets. The
6n scalars from the Super Yang-Mills multiplets parameterize an SO(6,n)/SO(6) x
SO(n) coset. The N' = 4 supergravity theory thus has a global symmetry group
G = SO(6,n) x SU(1,1) and the scalar parameterize the coset G/K where K =
SO(6) x SO(n) x U(1), which is the maximal compact subgroup of G.

In reference [61] the ten-dimensional type I supergravity with the SO(32)-vector
fields truncated away was dimensionally reduced. The result is matter coupled N = 4

supergravity where the number n of added Super Yang-Mills multiplets is six!”.

The group SU(1,1) is a global symmetry of the equations of motion but not a
symmetry of the action; it rotates the Bianchi identities and the equations of motion
and thus the electric and magnetic field strengths into each other. There exist two
formulations of d = 4 N' = 4 supergravity where the SU(1, 1)-transformations leave
the action invariant, but either one has to give up that SO(6,6) is a symmetry of the
action [62] or one has to give up general coordinate invariance [63].

2.4.3 Dualities

The highest dimension where a supergravity can be formulated is eleven. The lowest
dimension is three; in two dimensions gravity is trivial since then the Ricci scalar is
a topological number. Hence for 3 < d < 11 one can formulate supergravity theories.

All maximal supergravities in d < 9 are unique'® and dimensional reduction over
a torus of eleven-dimensional supergravity gives rise to a maximal supergravity; hence
all maximal supergravities are related to eleven-dimensional supergravity by a dimen-
sional reduction over a torus.

In d dimensions the Lorentz group is SO(1,d — 1) and on-shell massless fields are
representations of the little group SO(d — 2). Hence the field content of maximal
supergravities can be found by decomposing the SO(9) representations of the eleven-
dimensional fields {ez, ¢M,AW,,} into SO(d — 2) representations. Thus dimensional
reduction is one way to relate different supergravity theories. But there is another
more intriguing way to relate supergravity theories; there exist dualities between some
theories.

17The value six is rather special; the global symmetry group is then maximally noncompact and
later we will see that this has important consequences.
181t should be understood that this holds for ungauged maximal supergravities.
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S-Duality

S-duality is a generalization of the electromagnetic duality in four dimensions; it
relates a theory at strong coupling constant to a theory at weak coupling constant.

The string coupling constant in ten dimensions g, is related to the expectation
value of the dilaton: g, ~ e<?>. Hence in ten dimensions S-duality relates Heterotic
S0O(32) supergravity to Type I supergravity.

Type IIB is S self-dual since the theory has a global SL(2;IR)-symmetry and the S-
duality transformation is contained in the SL(2; IR)-transformations. This can be seen
by transforming the action 2.4.2 to the Einstein frame, where the Ricci scalar does not
have a dilatonic prefactor. The scalars ¢ and C(o) parameterize an SL(2;IR)/SO(2)
coset and can be combined in a complex scalar 7 = Cq) + ie~?. The SL(2;IR)
symmetry acts on the complex scalar 7 as

at +b
cr+d’

The other fields are in linear representations of SL(2;IR) (see e.g. [16,49,64,65] for
more details).

The SL(2;R) transformations contain the transformation 7 — —1/7 acting on
the imaginary part as e=? s e? if Ci) = 0, i.e. in a vanishing axion background.
Hence S-duality transformations form a discrete subgroup of SL(2;R) and type IIB
supergravity is S self-dual.

The situation for four-dimensional N' = 4 supergravity theory is similar to the
IIB-case. The scalars ¢%, as mentioned in section 2.4.2, parameterize the coset
SU(1,1)/U(1) and the group SU(1,1) = SL(2;R) is a global symmetry rotating
electric and magnetic field strengths into each other. Hence d = 4 N = 4 supergrav-
ity is S self-dual.

T —

a,b,c,de R, ad—bc=1. (2.4.4)

T-Duality

T-duality is a string theory inspired duality; if d-dimensional bosonic string theory
is put on a geometry S' x M9~ where M?~! is (d — 1)-dimensional Minkowski
and S! is a one-dimensional compact dimension with length 27 R, the spectrum is
determined by two quantum numbers, called winding numbers (n) and momentum
numbers (m) [66,67]. The spectrum is invariant under interchanging n and m together
with inverting the radius of S': R « o'/R. For superstrings the story is even
nicer; the spectra of type ITA and type IIB superstring theory are interchanged under
R < &'R and n < m. This kind of duality is called T-duality.

T-duality manifests itself also in the supergravity theories; if the IIA and IIB
theories are dimensionally reduced to d = 9 the actions can be mapped to each
other!?.

19This is not trivial; one has to be careful how the treat the self-dual five-form field strength.
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The two Heterotic string theories are also T-dual to each other [68]. From the
supergravity point of view this might come as a little surprise since the gauge groups
are different. But the gauge groups break down to their maximal abelian subalgebras
as explained in reference [69,70]. Hence upon reduction both Heterotic supergravity
theories have a U(1)16 Yang—Mills sector and they are trivially the same. Hence a di-
mensional reduction of any ten-dimensional supergravity theory with 16 supercharges
gives the same result; changing the sign of the dilaton is in a supergravity theory
nothing more than a field redefinition.

When a supergravity theory is reduced over an n-torus, there are more radii to
invert and thus T-duality becomes a group of symmetries. Though this group of
symmetries is discrete, in the supergravity it is a continuous group. Since type ITA
and type IIB supergravity are T-dual, for d < 9 T-duality manifests itself as a global
symmetry of a maximal supergravity (it does not follow from this discussion that it
cannot be local, but at least it s a global symmetry). Similarly, since all half-maximal
supergravities with 16 supercharges get mapped to the same supergravity theory by
a dimensional reduction over a torus, T-duality manifests itself as a global symmetry
group in supergravity theories with a total of 16 supercharges.

2.4.4 Gauged Supergravity

In sections 2.4.3 and 2.4.2 we came across the concept of a global symmetry group,
which is a symmetry of the equations of motion. Below ten dimensions S- and T-
duality manifest themselves as a global symmetry, and the combination of these gives
rise to a so-called U-duality group. But also R-symmetry gives rise to a global symme-
try group. We write G for the total global symmetry group containing the R-symmetry
and T- and S-dualities. For example, d = 4 N' = 4 matter coupled supergravity has
G =S50(6,n) x SU(1,1).

Except for four-dimensional A/ = 1,2 and five-dimensional N/ = 2 supergravity,
all supergravities share the property that the scalars parameterize a coset G/K where
K is the maximal compact subgroup of G [71,72]. The subgroup K must be a local
symmetry since the scalars form a coset G/K (see section 2.4.5). The R-symmetry
group Hp has a maximal compact subgroup denoted K and some authors prefer
to reserve the name ‘R-symmetry group’ for the compact group Kgr. For maximal
supergravities it turns out that K = Hgr = Kg.

Only a subgroup G’ of G is a global symmetry of the action; in the example of
d = 4 N = 4 matter coupled supergravity we have G’ = SO(6,n). The vector fields
present in the theory transform in a linear representation of G’, but the field strengths
and their duals make up a representation of G. Elements of G that are not in G’ thus
rotate electric and magnetic field strengths into each other. In d = 4 N’ = 4 matter
coupled supergravity the elements in G that are not in G’ form the group SU(1,1)
and as mentioned before this is not a symmetry of the action but rotates the electric
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G/

\_//

copies of K

Figure 2.4.1: A graphical representation of the group G as the manifold G/K with at every
point p € G/K a copy of K attached.

and magnetic field strengths into each other.

Suppose there are m vector fields transforming in a linear representation of G’,
then we can try to gauge a subgroup F' C G’ of dimension m. The gauging can be
done by introducing minimal couplings with a coupling constant g and where the
gauge fields are in the adjoint of F. To retain supersymmetry the fermion super-
symmetry transformation rules must include extra terms linear in g and the action
obtains a potential proportional to g2. The resulting supergravity is called a gauged
supergravity and the symmetry group is now the product of F' and K and this is a
local symmetry.

If G is compact, the whole construction becomes almost trivial since the scalars
then parameterize the trivial coset 1, i.e. there are no scalars and no scalar potential
can arise.

2.4.5 Coset Scalars

As mentioned before, the scalars in supergravity theories often parameterize cosets.
In this section we give some details about cosets and the nonlinear sigma models,
i.e. models where the scalars parameterize a coset. Most of the material can also be
found in reviews and textbooks, such as [25,73,74].

Suppose G is a group and K is a subgroup of K. We can define an equivalence
relation in G by calling two elements g and g’ of G equivalent if there is an element
k € K such that g = ¢’k. The equivalence classes [g] form a coset. Since every element
of G belongs to an equivalence class one can define a projection 7 : G — G/K; the
projection 7 is called the canonical projection. If [g] = [¢], then g = ¢’k for some
k € K, and 7(g) = m(¢') and hence 7(K) = e with e the identity element of G. The
inverse map 7~ ![g] = {gk|k € K} defines a copy of K at g. This gives an intuitive
picture of cosets; the group G can be seen as the coset G/K where at each point of
G/K is a copy of K attached.
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For every equivalence class one can choose a representative g, which defines a map
from G/K to G. If G is thought of as G/K with at every point of G/K a copy
of K attached, then the representative can be thought of as a slice through G that
intersects every copy of K precisely once.

If G is a Lie group and K is any Lie subgroup of G, the (left) coset G/K is a
manifold and can thus be described locally by coordinates y’. Since any two points p
and p’ on G/K can by construction be connected by an action of G, the manifold is
a homogeneous space.

Suppose the Lie algebras of G and K are g and £ respectively. Then the Lie
algebra can be decomposed as g = € @ p, where p is the complement of € in g. If the
decomposition can be done such that the commutation relations are schematically as

(e ¢ Ce, [&,p] Cp, [pp] CE, (2.4.5)

then the homogeneous space is called symmetric. As an example we mention the
n-sphere S™: S™ = SO(n+1)/SO(n).

If p is a faithful representation of g then by exponentiating p(p) we obtain a
parametrization of G/K. More explicitly, if p; is a basis for p the manifold G/K can
be parameterized by exp y‘p(p;). Another and equivalent parametrization of G/K is
obtained by right-multiplying this parametrization by an (y-dependent) element of K.
The parametrization of G/K by expy‘p(p;) is in most cases not useful for practical
calculations.

A representative L(y) of G/K is an element of G such that if y # 3’ there is no
element k of K such that L(y)k = L(y’). Left-multiplication by an element of g € G
takes one coset into another, hence we have

p(9)L(y) = L(y)k, ke K, (2.4.6)

where the element £k € K depends on both y and ¢g. Right-multiplication by an
element of K leaves the point fixed, but gives another representative; in terms of the
picture 2.4.1, every representative is shifted along the ‘fibre’ K.

The parametrization of G/K by exponentiating p(p) is thus an example of con-
structing representatives of G/K in an explicit representation p of G. For a repre-
sentative in general we write L(y) but if the coordinate is of no importance we just
write L. It is convenient to think of L(y) as being in an explicit representation of G.

The form L(y)~'dL(y) is a one-form on G/K that takes values in the Lie algebra
g and can be decomposed as follows

L 'dL=w+e, wet,ecp. (2.4.7)

We call e the G/K-vielbein and w the G/K-connection. The notation and nomencla-
ture is on purpose suggestive; w can be thought of as a kind of spin connection and
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e as a kind of vielbein. In fact, space-time can be thought of as a coset G/K where
G =GCT(My) and K = SO(1,d —1).

Suppose we act on L from the left by a y-independent element U of G, then L='dL
is invariant. If we however act from the right with a local (i.e. y-dependent) element
O of K we have

w0 w0 +071d0, e— O~ eO. (2.4.8)

Thus w transforms as a connection while e is covariant. Since d? = 0 we obtain
d(L7'dL) = —L*dLAL 'L = —(w+e) A (w+e), (2.4.9)
which can again be decomposed in a f-part and a p-part. Thus we have

Fw)=dw+wAw=—cAce,

(2.4.10)
T=de+wAhe+eAw=0,

where F can be compared with the Riemann tensor and 7 with the torsion. The
torsion 7 vanishes since G/K is a symmetric space.

A nonlinear sigma model describes scalars that parameterize a coset. The scalars
can be seen as a map from the space-time manifold M, to the coset G/K. Hence we
can use the pull-back to obtain one-forms on My: d¢' = 9,¢'dz*.

Suppose V(¢?) defines a representative of G/ K and takes values in a representation
p of G, we define V(z) = V(¢'(z)) and

Q,da# = V1Y = Q,da* + P,da* (2.4.11)

where @, is the projection of €2, onto & and P, is the projection of €2, onto p.
Under a local K transformation V +— Vk we have

Q. — k'Quk+k 0.k, Pu—k'P.k, (2.4.12)
and hence a K-covariant derivative is given by
D, V=0, V-VQ,=VP,. (2.4.13)

A Lagrangian that is invariant under both global G-transformation and local K-
transformations is given by

L= 1Tr, (D, V 'D*V) = —LTv, (P, P") . (2.4.14)

-2

We introduce the projection operator II : g — p that projects g onto the subspace
p. Using 2.4.5 we find

Tr.q (adzad(Ily)) =0, Ve et,Vyeg. (2.4.15)
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For semisimple Lie algebras the trace in any representation can be chosen to be
proportional to the trace in the adjoint representation (see appendix B). Therefore if
G is semisimple the Lagrangian 2.4.14 can be written as:

L=-3iTr, (V!9 VII(V'0"Y)) . (2.4.16)

There is another approach to nonlinear sigma models [75]. We start with the
representative V of G/K in an explicit representation p and construct a Lagrangian
with global GG invariance and local K invariance as follows. We introduce a connection
A, taking values in €, construct a K-covariant derivative D, (4)V =0,V — VA, and
demand that A, transforms as a connection under local K-transformations and is
invariant under global G-transformation. For this to work we need that if V is in
the representation p of G, then A, is in the derived representation dp of £ C g (see
Appendix B).

A Lagrangian that is invariant under local K-transformations and global G-trans-
formations is given by

L' =—1Tr, (V'D.(A)VV'D*(A)Y) . (2.4.17)

The connection A, appears only algebraically and thus we can solve its equation of
motion. Varying the Lagrangian £’ with respect to A, we obtain

Tr, (D, (A)VV~16A*) =0, (2.4.18)

and hence we see that D, (4)VV~! must be perpendicular to € since §4,, is an arbitrary
element of £. For semisimple G this means D, (A)VV~! € p, i.e. the gauge field 4,
projects out the &-part of D, (A)VV~1. Thus if we use the equation of motion of A,
we obtain the Lagrangian for semisimple G:

L =—1Tr, (D, (A)VV'II(D*(A)V)) . (2.4.19)

The Lagrangian 2.4.19 is identical to the Lagrangian 2.4.16. Therefore we can con-
clude that the two methods to arrive at a nonlinear sigma model are equivalent.

The action 2.4.19 still contains local K-symmetry. Therefore we can use K-
symmetry to bring V into a ‘nice form’, which has a physical interpretation as choosing
a gauge. If the subgroup K is the maximal compact subgroup of G the ’'nice form’
can be made more explicit. According to the Iwasawa decomposition the Lie algebra
g can be decomposed as g = €@ s where £ is the maximal compact subalgebra, which
is the Lie algebra of K, and s is a solvable Lie algebra. The decomposition g =8¢ @ s
is orthogonal with respect to the Cartan-Killing form. It is a theorem of Lie (see
e.g. [76]) that the matrices representing the solvable subalgebra s can be brought into
upper-triangular form. The upper-triangular form is what is meant by a ‘nice form’;
the coset G/K can be parameterized by exp s and hence we can use a gauge such that
V = exp p(S) for some S € s.
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If K is the maximal compact subgroup of GG, the matrix V has an interpretation
of a vielbein [75]. The associated ‘metric’ is given by:

M =VV# (2.4.20)

where # stands for generalized transpose (see appendix B). The metric M is invariant
under local K-transformations. The nonlinear sigma model 2.4.16, or equivalently
2.4.19, can be written compactly as:

L=1Tr (M 1*M) . (2.4.21)
The ‘vielbein’ V should not be confused with the object e of equation 2.4.7, which

can also be defined as a vielbein, but then as a vielbein on G/K. The ‘vielbein’
interpretation V is only restricted to equation 2.4.20.

2.4.6 Relation with String Theory

Supergravity is a low-energy approximation of string theory. In this section we explain
briefly what is meant by this.

String theory starts with the assumption that the fundamental building blocks
of nature are one-dimensional objects, called strings. A string sweeps out a two-
dimensional surface in space-time. This surface is called the worldsheet. The dynam-
ics of a free string can be determined by a field theory living on the two-dimensional
worldsheet. Interactions are described by attaching so-called vertex operators to the
surface; the vertex operators describe the merging or splitting of strings and are linear
in the string coupling constant. By means of the vertex operators one can calculate
scattering amplitudes in any order of the string coupling constant. Hence string the-
ory is intrinsically perturbative and therefore one often speaks of string perturbation
theory instead of string theory in the hope that we will once find a nonperturbative
description.

In ordinary quantum field theory the interactions are described by interaction
terms in the Lagrangian. However for string theory there is yet not a (classical)
action known that describes the dynamics and interaction of strings. This has serious
consequences for obtaining a low-energy approximation of string theory.

The spectrum of string theory consists of a finite number of massless fields, which
we collectively denote by ¢g, and an infinite tower of massive fields, which we collec-
tively denote by ¢z. All masses are integer multiples of m, ~ 10* GeV in order that
the graviton, which is one of the massless fields, interacts with such a strength that
Newtonian gravity is reproduced. The massive states are so massive that they cannot
be seen by any experiment and thus it is not necessary to take them into account
for low-energy physics, i.e. physics at an energy lower than 10'® GeV. It is therefore
desirable to have a low-energy approximation to string theory.
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In ordinary quantum field theory a low-energy approximation is obtained by in-
tegrating out the massive modes. In this way an effective low-energy action can be
obtained. Suppose string theory were described by an action S(¢g,¢n), then the
effective low-energy action S.rf(¢o) would be given by

eiSerr(@0) /D¢Hei5(¢o,¢H)_ (2.4.22)

The path integral includes loops of massive fields. Therefore the effective action
Serp(¢o) can be seen as a power series expansion in the Planck constant h.

However, there is no action for interacting strings and hence the procedure of
integrating out the massive modes is not at our disposal. One can proceed by studying
scattering amplitudes and trying to construct a classical action that reproduces these
amplitudes. The leading terms (h") in the effective action are the classical limits
of the low-energy approximations. Since string theory contains both gravity and
supersymmetry, this classical limit of the low-energy action describes a supergravity
theory.

Though string theory was thought of as a candidate of a unifying theory, there are
five different consistent string theories. All five string theories live in ten-dimensional
space-time. Hence we expect at least five ten-dimensional supergravities serving as
classical low-energy approximations to the five string theories. It is quite special that
the five supergravities exhaust all possible ten-dimensional massless supergravities.
In ten dimensions there is a one-to-one correspondence between string theories and
supergravity theories.

One might then wonder what the role is of eleven-dimensional supergravity. In a
seminal paper [43] Witten showed that the dynamics of strongly coupled Type ITA
strings can at low energies be described by an eleven-dimensional supergravity. This
result might at first look weird but an elegant intuitive picture to keep in mind is that
the eleventh dimension is already present in ten-dimensional Type ITA string the-
ory but has size zero [77]. By increasing the string coupling constant the size of the
eleventh dimension grows and at the same time the strings grow in this dimension and
become two-dimensional objects, membranes. And indeed, eleven-dimensional super-
gravity contains a three-form A,,, that can couple naturally to a three-dimensional
world volume and thus the three-form couples to membranes.

The theory describing the full dynamics, also including massive fields, of the
eleven-dimensional theory is not known yet but already a name is given: M-theory
[43,78,79]. It is conjectured that taking limits of different parameters in M-theory one
ends up with a superstring/supergravity theory; for example, if we take a classical
low-energy limit we obtain eleven-dimensional supergravity. The dualities between
different string theories nicely fit into this picture. The dualities correspond to going
from one limit to another.

Since string theory is only known in the regime where the string coupling constant
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is small, the features of the nonperturbative M-theory lie outside the scope of string
theory. The nonperturbative regime can however be explored by supergravity theories
by means of so-called BPS-configurations. Therefore supergravity is an important tool
to get some grip of the until now mysterious M-theory.

Even from another totally different point of view supergravities are interesting.
A supergravity theory is a classical field theory and this makes supergravities more
accessible for explicit calculations. It is a drawback of superstring theory that its
calculations are seldom simple.






Chapter 3

Dimensional Reduction

In the previous chapter we saw that string theory has as a low-energy limit a su-
pergravity theory. String theory is only consistent in ten dimensions making ten-
dimensional supergravity theories interesting. In light of the conjectured M-theory
[43,78,79], eleven-dimensional supergravity [42] becomes evenly interesting. However,
nature seems to be four-dimensional. Fortunately almost all supergravities in nine or
less dimensions can be obtained from a ten- or eleven-dimensional supergravity by a
procedure called dimensional reduction.

The procedure of dimensional reduction relies on a basic idea; imagine a theory
living in D+ 1 dimensions and suppose that one dimension is compact and circle-like.
If one shrinks the radius of the circle to a size that we cannot see by experiment, we
don’t see it but it is there.

Getting sensible four-dimensional supergravity theories with a stringy origin is
not the only way dimensional reductions are used. Finding solutions in supergravities
corresponding to solitonic objects (p-branes), of which it is conjectured that they play
the role of a fundamental particle in M-theory, is facilitated by using dimensional
reductions. As a first step one obtains from a ten- or eleven-dimensional supergravity
a lower-dimensional supergravity by dimensional reduction. Finding a solution in
the lower-dimensional supergravitiy and uplifting the solution back to ten (or eleven)
dimensions gives rise to a solution in ten (or eleven) dimension, often corresponding
to a configuration of p-branes. Trying to find p-brane solutions directly in ten (or
eleven) dimensions turns out to be more difficult than using a dimensional reduction
(see for example [80]).

This chapter starts with an easy example from which some general features can be
understood. Then follows a general discussion on Kaluza—Klein dimensional reduction
and some of its applications in studying supergravity theories after which we discuss
briefly other kinds of dimensional reduction.
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3.1 Example: Fourier on a Circle

Before going into technical details, let us treat a pedagogical example. From this easy
example we can already see some important issues and where problems might pop
up, if any. See [81] for a similar discussion.

Since in ungauged supergravities most fields are massless, it is not a great loss of
generalization if we study massless particles. We take a free massless scalar ¢ living
in D+ 1 dimensions and we curl up one dimension, say the z-direction, to a compact
interval of length 27 R with the endpoints identified. Then the scalar admits a discrete
Fourier expansion;

.z
ezt z) = Z on(zt)e" R . (3.1.1)
nez

The equation of motion of the scalar ¢ in D + 1 dimensions becomes
Opsrp(e,2) =0 = (Op = (§))ea(@") =0, VneZ,  (3.12)

where [J,,, denotes the d’Alembertian in m dimensions. We see that from a D-
dimensional point of view the scalar ¢ has decomposed in a tower of scalars ¢,
with masses |%|. If the radius R is shrunk to a size such that the characteristic mass
Mp = 1/R becomes unreachable for detectors, only the massless scalar is an observ-
able particle. In the limit R — 0 we get an infinite mass gap and the massive states
decouple.

Keeping all the fields ¢,, is not useful and a truncation to a finite set is desirable.
From the masses of the fields ¢,, we can argue that a low-energy approximation only
retains the field o and sets all the fields ¢, for n # 0 to zero. With interactions
to gravity the concepts of mass and energy become troubled and in general finding a
consistent truncation to a finite set of fields corresponding to a low-energy approxi-
mation becomes more difficult. Consistency in this context means that the fields that
are not put to zero do not give rise to nonzero source terms in the original equations of
motion for the fields that are put to zero. In other words, the fields that are truncated
away should not reappear through the dynamics of the higher-dimensional theory. For
this example the issue of consistency is dealt with easily since there is no interaction
between the scalar modes ¢,,. In the more general case there are interactions and the
issue of consistency becomes more involved. However there exists an argument based
on symmetries for dealing with the issue.

We now present a symmetry argument to find a consistent truncation. The group
of diffeomorphisms of the circle is generated by an infinite-dimensional Virasoro al-
gebra [82]. This group has a finite one-dimensional subgroup U(1) generated by
constants shift along the z-direction. The U(1)-symmetry is also present in the lower-
dimensional theory. The tower of scalars ¢, comprises all irreducible representa-
tions of U(1), which are labelled by integers. Under the action of a U(1) element
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e 1 e?*1i¢ corresponding to shifting z to z + ¢, we see that

on(z) > By (2) (3.1.3)
and the scalar g is the only singlet.

The truncation to a singlet of a symmetry group G is always consistent, as we now
argue. The equations of motion of a field $(®), where the superscript () denotes the
representation, are schematically

D) = jl@ (3.1.4)

where D denotes some differential operator and J(® is a function of fields, acting as
a source term, which has to be in the same representation of G as ¢(®. If all fields
that are not singlets under G are put to zero, the source J(® must be zero, since out
of singlets alone, one cannot build a nontrivial representation. Hence, truncating a
theory to the singlets of a symmetry (sub-)group is always a consistent truncation.

3.2 Kaluza—Klein Reductions

The name Kaluza—Klein is from the physicist Klein and the mathematician Kaluza
who studied general relativity in 5 dimensions [83,84]. The reason they did this was
that reducing the theory over a circle gave Einstein’s theory of General Relativity
in four dimensions coupled to Maxwell’s theory of electromagnetism. The work of
Kaluza and Klein was one of the earlier attempts to unify gravity with other forces.

Formally, a Kaluza—Klein dimensional reduction can be broken down into four
steps (the definition that we use for a Kaluza—Klein dimensional reduction follows
below in section 3.2.1). These four steps we first explain shortly and in the sections
3.2.1, 3.2.2, 3.2.3 and 3.2.4 we go into more detail for all four steps. See for a similar
discussion [85].

The first step is finding a (stable) vacuum in the higher-dimensional theory with
a geometry Y x X, where Y is a maximally symmetric space and X is a compact
homogeneous symmetric space; X = G/K for a group G with subgroup K and if g
and ¢ are the Lie algebras of G and K respectively then g = ¢ @ p with [¢,p] C p and
[p,pl C L

The second step is analyzing the fluctuations of the fields around their vacuum
values. The fluctuations are the lower-dimensional fields. The analysis of the fluc-
tuations is similar to the analysis of the Fourier expansion of the example in section
3.1.

The third step is a truncation to a finite set of fields. The truncation needs to
be consistent if we want to use the dimensional reduction procedure as a solution
generating technique. At the end of this chapter we shortly discuss some aspects
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of nonconsistent reductions. The final step consists of finding a lower-dimensional
Lagrangian that describes the dynamics of the lower-dimensional fields.

Often these four steps are less distinguished in the literature; one directly writes
down a (hopefully) consistent Ansatz for the fields and their fluctuations using a finite
set of fields. For clearness we stick as much as possible to the four steps mentioned
above.

3.2.1 Different Vacua

A solution that can be found in many supergravities is the solution where the space-
time geometry is maximally symmetric and all the fields, except the metric, vanish.
The Riemann tensor in a maximally symmetric space is of the special form

Ryvxnp = %A(Q;MQVP = 9urYup) - (3.2.1)

The sign of A gives three different maximally symmetric spaces. (1) A = 0: D-
dimensional Minkowski space-time M? with zero curvature, (2)A < 0: D-dimensional
anti-de Sitter space-time AdSp with negative curvature and (3)A > 0: D-dimensional
de Sitter space-time dSp with positive curvature.

For a maximally symmetric space, the number of Killing vectors takes the maximal
value 2 D(D +1). A Killing vector is a vector field of which the flow consists of lines
on which the metric is constant. Hence if X is a Killing vector, then the Lie derivative
of the metric with respect to X vanishes: (Lxg) = 0. It follows that a Killing vector
satisfies

VX, +V, X, =0. (3.2.2)

Another set of vacua is given by spaces of the form Y x XP, p+d = D, where
Y is a d-dimensional maximally symmetric space and XP? is a p-dimensional sym-
metric compact space. In general the number of symmetries will have decreased. So
a physical process Y — Y4 x XP_ which corresponds physically to a spontaneous
compactification of space-time, involves symmetry breaking; the higher-dimensional
equations of motion exhibit a covariance under general coordinate transformation
whereas a solution of the form Y% x XP breaks this covariance. Since we are working
with theories involving gravity, we cannot simply calculate the energy difference be-
tween two vacua and decide which is the true vacuum. Even if the space-times are of
the form M? x TP, where T? denotes a p-torus, which has energy zero we cannot say
that these vacua have the same energy as we can not compare ”zero apples to zero
oranges” [86].

The direct-product structure of the vacuum means that the metric decomposes
into a block-diagonal structure

b () — G () 0
9o ( ,y)( 0 gaﬁ(y)) : (3.2.3)
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The hat indicates the higher-dimensional fields and indices (for conventions on split-
ting up coordinates and indices, see appendix A). The requirement of maximally sym-
metric Y is maintained if we take a warped-product metric where g, is multiplied by
a y-dependent function: §,,(z,y) = f(y)gu (x). The geometry of a warped-product
space differs significantly from that of a direct-product space (see [85]).

The definition of a Kaluza—Klein dimensional reduction that we use lies in the
choice of the compact manifold X. A Kaluza—Klein dimensional reduction is a di-
mensional reduction where the compact manifold XP? is isomorphic to a symmetric
space G/K. The cosets G/K fall into three classes:

e G/K =2 U(1)P. The compact manifold is flat and isomorphic to a torus. Some-
times people refer to these dimensional reductions as the Kaluza—Klein reduc-
tions. We have chosen to take a wider definition of Kaluza—Klein reductions
following [87].

e G/K = P C G. The compact manifold is a (nonabelian) Lie group P. These
reductions are called group manifold reductions and DeWitt seems to be the
first to consider them [88].

e G/K a true coset, G nonabelian. For example: the n-sphere! S™ = SO(n +
1)/S0(n) if n # 3 and the complex projective spaces CP™ = SU(n+1)/SU(n).
It seems Pauli invented these dimensional reductions first in 1953 [89,90].

We assume G is compact implying that G is a direct product of a semisimple Lie
group Gy and a torus: G = Gy ® U(1)™. We give a proof of this in section 3.4.2.

The Vielbein on G/K

Let us discuss the vacuum configuration of the vielbein on G/K in more detail. The
analysis becomes trivial for a torus and hence we assume G to be semisimple and
compact. The vielbein vacuum configuration is in a similar fashion as the metric in

equation 3.2.3 given by
~G e 0
= (5‘ €m> , (3.2.4)

[e3%

where e, is a vielbein of a maximally symmetric space. We now claim that for ez’
we can take the components of the G/K-vielbein e = e,dy® as defined by equation
2.4.7, where e, € p. A torus is flat and hence the vielbein can be taken constant and
diagonal: e} = §.'. We prove the claim by showing that this choice gives rise to a
homogeneous metric, i.e. a metric invariant under the action of G.

LOf the spheres S™ only one is a group manifold: S3 = SO(4)/SO(3) = SO(3) x SO(3)/SO(3) =
50(3).
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The homogeneous metric is given by the line element:
dszG/K = —traa(e ®e) = —traa(eaes)dy”® ® dy”. (3.2.5)

Since e is G-invariant, so is traq(eqseg). The metric (,) defined by 3.2.5 is com-
pletely determined by its values at the origin since G-invariance requires (X,Y) -1 x =
(9+X, 9.Y )k where g, is the push-forward of the map on G/K induced by L(y) —
9L(y). We now use the symbol g for the action of ¢ € G on G/K. For the metric
to be well-defined it has to be K-invariant since if g~'¢’ € K for g,¢’ € G, then
we need (X,Y),x = (X,Y) gk, which is true if (,) is K-invariant. But since (,) is
G-invariant, it is also K-invariant. The choice of parametrization of G/K should have
no influence on the metric, hence under L(y) — L(y)k(y)~!, k(y) € K, the metric
should be invariant. Under L(y) — L(y)k(y)~*, k(y) € K we have e — kek~!. Hence
a reparametrization acts as a rotation the vector space T(G/K)k = p by means of
the Adjoint action of K on p. The metric (,) is clearly invariant under the Adjoint
action of K on p since the trace in the adjoint representation is Adg-invariant. This
proves the claim (QED).

The claim just proved has far reaching consequences. We introduce the matrices
D(k) = Adg(k)|p, k € K 2, and |, denotes the restriction to p. The group G is
semisimple and compact and hence g is a compact Lie algebra, implying that the
metric defined by 3.2.5 is positive definite. The Adg(K)-invariance of the metric
implies that the matrices D(k) should be matrices in the vector representation of
SO(p). In other words, the representation of K defined by D(k) should be embedded
in the vector representation of SO(p), with p = dim G/K = dim p. For the Lie algebra
this implies that the adjoint representation of ¢ restricted to its action on p should
consist of antisymmetric matrices, which form the vector representation of so(p).

We can in get explicit formulas for the embedding. The basis for the vector
representation of so(p) is given by the matrices (Xmn)pg = OmpOng — OmgOnp. We
introduce a set of basis elements k; for £; we use the basis elements t,, for p. Barred
indices correspond to components with respect to the basis k; of € while unbarred
indices correspond to components with respect to the basis t,, of p.

From the embedding we see that there should be numbers ¢;,,, = —c;,,, such that
D(k:) = CipgTq (3.2.6)
P.q

From the structure constants fPy,, defined by [kg,tn] = t,fPmn it follows that the
matrices D(ky,) satisfy D(km)pg = —D(km)gp = fPmg = —f%mp. Using this and
taking traces of equation 3.2.6 with ¥, we find

Cinrs = %(fsﬁ“n“ - frﬁzs) = _%frﬁ’bs = D(km) = _% Z fp'rﬁquq . (327)

p,q

2In mathematics, the representation of the group K defined by the matrices D(k) is called the
isotropy-representation of K w.r.t. G/K, see e.g. [91]
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This result was also obtained by [87].

We can summarize the analysis of the vacuum configuration of the vielbein as
follows: the vielbein on G/ K, with G semisimple, in the vacuum can be read off from
the projection of L~'dL to p and the adjoint action of K on p should be embedded in
the vector representation of the rotation group SO(p). This last sentence is sometimes
paraphrased as that the p-vector of SO(p) should contain the K-content of G/K.

Supersymmetry; Killing Spinors

The vacuum configuration can break supersymmetry. Since in the vacuum configura-
tion the fermions are zero, supersymmetry acts trivially on the bosons. The question
whether supersymmetry is broken or not, is whether the supersymmetry variation of
the fermions vanishes or not. If there is no flux the Einstein equation is Rﬂp =0
and hence the internal manifold is Ricci flat and the lower-dimensional space-time is
Minkowski. The variation of the gravitino takes the form Ve = 0; this is the Killing
spinor equation. The integrability condition for the Killing spinor equation is

[Vﬂ, V[,}G =0 = Rﬂg&BF&BG =0. (3.2.8)

Hence the integrability equation implies that vacuum configurations of the form
Minkowski x torus do not break supersymmetry.

We define the subgroup H of the Spin(1,D — 1) group® to be generated by the
elements Rﬂgdbfdi). The group H is called the restricted holonomy group. The
integrability equation implies that a covariant spinor exists that is a singlet under
the restricted holonomy group. It follows that the decomposition of the spin 1/2
representation of the group Spin(1, D — 1) under the subgroup H should contain at
least a singlet if we want an unbroken supersymmetry. This puts restrictions on the
group H and thus on the geometry. For some examples and a deeper discussion on
the relation between Killing spinors see the lecture notes of Gauntlett [92].

If fluxes are present we obtain a modified Killing spinor equation, which schemat-
ically takes on the form:

D€+ X,e=0. (3.2.9)

The integrability condition now implies that an unbroken supersymmetry exists only
if space-time has a nontrivial curvature. This of course is not so strange since a
flux contributes to the energy momentum tensor, and hence the Einstein equation
guarantees that the Ricci tensor does not vanish.

3The Spin(l,d — 1) is the group generated by the Iy, and Spin(1,d — 1) turns out to be the
double cover of SO(1,d — 1); also see appendix C.
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3.2.2 Expansions of the Fluctuations

The fluctuations of the fields around their vacuum value are the lower-dimensional
fields. Nonzero vacuum values of the higher-dimensional fields correspond to pa-
rameters in the lower-dimensional theory. Before we truncate, the fluctuations are
arbitrary and therefore the expansion of the fluctuations involves the harmonic analy-
sis on symmetric spaces. There is little known for a general symmetric space, due to
the lack of an invariant measure. However, the symmetric spaces that we are inter-
ested in are of the form G/K with G compact. In these cases an invariant measure
exists [93].

Harmonic Expansion on a Group Manifold

If K is trivial, the analysis becomes easier. Let us write G for the set of all in-

equivalent unitary irreducible representations of G. One can prove that all unitary

irreducible representations of a compact group are finite-dimensional [93,94]. Let us

label the representations p°® € G by the upper index s: G = {pls=1,2,...}. For a

representation p® € G we write the (ij)-matrix element of the unitary matrix repre-

senting the group element g € G as D) (9)i; and the dimension of the representation

p° we denote by ds. The matrix-elements are functions on the group G and satisfy
the Schur orthogonality relation

SSI
[ P00 g udutg) =
S

where g is the unique invariant Haar measure on G normalized such that p(G) = 1.
Hence the functions v/d; D(*)(g);; form an orthonormal base for a subset of L?(u, G),
the set of all square integrable functions on G. It is the famous Peter—Weyl theorem
[95] that states that the matrix-elements are a dense subset in L?(u, G).

The Peter—-Weyl theorem implies that any function ¥ € L?(u, G) can be expanded

Vi)=Y > VdD¥(g)i15, (3.2.11)

s 1<ij<d.

(3.2.10)

as

where
b = \/@/GD(S)(Q‘l)u‘I’(g)du(g% (3.2.12)

The equations 3.2.11-3.2.12 determine the harmonic expansion on G.

If G = U(1)" the irreducible representations are given by the one by one matrices
D7 () = e where /i € Z™ is a vector with n integers and § = (61, . .., 6,,). Therefore
on the torus the standard Fourier analysis is obtained.

Tensorial fields on G are fields that carry a representation of the group that rotates
the tangent space. The largest possible group that rotates the tangent space isomet-
rically is SO(d), with d = dim G. On a group manifold all fields carry in a natural
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way representations of G; therefore every SO(d)-representation is decomposed in ir-
reducible G-representations. A field on G that takes values in a G-representation can
be expanded in a similar way as 3.2.11; the columns of a matrix in a representation of
G are basis elements of this representation. Therefore a field 1;(g) in the irreducible
representation p can be decomposed as

Yil9) = > /A, D (g)ijih; (3.2.13)

J

The inversion formula to obtain 1/A)j is obtained using the orthogonality relation 3.2.10
of the matrix elements /d, D" (g);;.

Spinors can be defined if the group manifold admits a spin structure. We do not
go into details on the existence of spin structures.

Harmonic Expansion on a Symmetric Space

The harmonic expansion on coset manifolds was outlined in [87]. We show how the
procedure works and give an easy example. For more details we refer to [85,87,96,97].

From picture 2.4.1 we can see the group manifold G can be seen as G = (G/K)x K.
This suggests that we can still use the matrix-elements of the group G to expand the
fields on G/K. The fields carry representations of the tangent space group, which is
SO(n), where n = dim G/K. Since the compact group K is a subgroup of SO(n) we
can decompose all tangent space representations into K-representations, see also the
discussion about the vielbein on G/K in section 3.2.1.

We give two examples. On the seven sphere S7 2 SO(8)/SO(7) the tangent space
group is SO(7), which coincides with K and hence all decompositions are trivial;
any irreducible SO(7)-representation is an irreducible K-representation. The man-
ifold SU(3)/SU(2) x U(1) has dimension 4 and therefore the tangent space group
is SO(4) = SU(2) x SU(2). The vector representation of SO(4) is thus the (2,2)
representation, i.e. the tensor product of the vector representations of both SU(2)
factors. The decomposition of this vector representation with respect to the subgroup
is [87]:

(2, 2) — 2_1 D 2+1 5 (3214)

where the symbol 2_; means the 2 representation of SU(2) where all vectors in this
representation carry U(1)-weight —1.

We take a field ¢;(g) where the index 7 indicates the components in a representation
uof K. If g1 and gy are in the same coset, there is an element £ € K such that
g1 = g2k. In terms of the picture 2.4.1 this corresponds to moving along a fibre.
Therefore for the field ¢; we require

i(gk) = ZDQ(/@)@(g), (3.2.15)
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where D (k) is a matrix in the representation p of K. We would like to relate this to
the expansion 3.2.11. This can only be done if the sum includes only those represen-
tations of G that contain the representation p of K. For every representation A of G
we have to do a decomposition with respect to K and see whether the decomposition
contains p. The decomposition does depend on the embedding of K in G; for exam-
ple there is a family of manifolds corresponding to the cosets SO(5)/SO(3) differing
in how the SO(3) subgroup is embedded into SO(5) and the members of the family
differ in topology and in how the SO(5) irreducible representations are decomposed
into SO(3) irreducible representations [85].

If the decomposition of an irreducible G-representation A into irreducible K-
representations reads A — p; @ ... @ u, then any matrix representing an element
k € K in the A representation of G can be written as

DM(k) 0
. 0 Dek) ...
Dk =| | . . (3.2.16)
0 ... Dr(k)

ij

Since a K-representation p can occur multiply in the decomposition of A\, we
introduce an extra label ¢ that labels the u representations in A:

m(A,p)
A= P o, (3.2.17)
¢=1

where the ellipsis contains representations not equivalent to g and m(u, A) is the
number how many times p occurs in the decomposition of .

Since the columns of a matrix in a representation of any group form a basis for the
module associated with that representation, one sees that the appropriate expansion
of the field ¢; in the p-representation of K is

m(p,\)
Gi(9) = > D Dhicy(@)brcm (3.2.18)

xeG (=1 m

where the index (i¢) is a compound index corresponding to the block decomposition
3.2.16, i.e. ( labels the blocks corresponding to the p representation and within a
block the rows and columns are labelled by the index 1.

We can resolve an element g € G into a product L(y)k and obtain the inversion
formula to 3.2.18:

Vicd
dll

brcm = /G O (17 ), (3.2.19)
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where d,, denotes the dimension of the irreducible representation A, Vi denotes the
volume of K and du(L(y)) denotes the invariant Haar measure on G evaluated at

L(y).

Example: Harmonic Expansion on S?

The two-sphere S? is the symmetric space SO(3)/SO(2). The irreducible representa-
tions of SO(2) are labelled by integers n and a vector v in the one-dimensional irre-
ducible representation of SO(2) associated with the integer n transforms as v — e,
where 6 parameterizes SO(2): 0 < 6 < 2w. The irreducible nonspinorial represen-
tations of SO(3) are labelled by nonnegative integers j and have dimensions 25 + 1.
The decomposition of the j-representation of SO(3) with respect to SO(2) is:

j—=17e17i g 197 e U, (3.2.20)

where the upper index denotes the integer corresponding to the SO(2) irreducible
representation. The decomposition 3.2.20 follows from the fact that any element
of SO(3) can be taken to generate the Cartan subalgebra, which is isomorphic to
SO(2). The n-representation of SO(2) is thus contained in all SO(3)-representations
with j > |n|.

Let us denote the three independent generators in SO(3) by T1,1» and T3 with
commutation relations [T;,T;] = >, €;xTk. The SO(2)-subgroup is generated by
T3. The two-sphere can be parameterized by L(6,¢) = exp(—0T) — ¢T»), which is
inconvenient for practical calculations. A parametrization more suited for practical
calculations is:

L(y) = exp(—¢T3) exp(—0T3) . (3.2.21)

The appearance of the T3 generator and no 7T} generator might worry the reader,
but using the Baker—-Campbell-Hausdorff formula the parametrization 3.2.21 can be
related to a parametrization involving T} in the exponent. Calculating L~'dL one
finds the vielbein e and the K-connection w:

e =—T5d0 + T sinfd¢, w = —cosfT3d¢. (3.2.22)
Therefore the invariant metric is given by the line element
ds? = d#?* + sin? 0d¢? . (3.2.23)

The decomposition of irreducible SO(3)-representations, which are labelled by the
nonnegative integer j, into SO(2) irreducible representations corresponds to taking
Ty diagonal with eigenvalues —/—17,...,+v/—1j. Since the tangent space is SO(2)
there is no need to decompose the tangent space group with respect to the subgroup
K = SO(2). The label ¢ running from 1 to m(n,j) is now unnecessary since the
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SO(2) representations occur at most once in every SO(3) representation. Any field
¥y, in the n-representation of SO(2) can now according to 3.2.18 be decomposed as

Un(0,0)= > > | V2j +1D7 (6, ¢). (3.2.24)

Jj=In|m=—j

The so-called harmonics D7, (6, ¢) satisfy

j
D} (6,9) = Di(e™Te™T2) = 5 7 D) (e ¥ D] (e7"T2)
k=—j
_ e—im(bD%ln(e—@Tz) _ e—imqug‘nn(O,e) 7

(3.2.25)

since T3 is diagonal. For n = 0 the familiar expansion of a function in harmonics on
the sphere as treated in most quantum mechanics textbooks is recovered:

o0 J

$(0,0)=>_ Y \/2j+1e7™M Pl (0), (3.2.26)

=0 m=—j

where PJ,(0) = D}, ,(0,0).

The harmonics on the sphere are usually found by solving the Laplace equation
on the sphere. This holds in general: the harmonics are found by analyzing the spec-
trum of a G-invariant second or first order differential operator (the mass operator),
such as the Laplacian, Dirac and Lichnierowicz operator, see e.g. [85,93,97]. The
eigenfunctions of these operators form a dense subset of L?(u, G/K).

The Full Expansion of the Fluctuations

For the fluctuations of the fields around their vacuum we can thus write an expansion
like 3.2.18 but where the coefficients @Am are functions of x, the lower-dimensional
space-time coordinate. This is in principle how it works, but as we shall see, we don’t
have to follow this tedious programme; things can be simplified significantly.

Without proof we quote a result of [87,98] that states that the spectrum of fluctu-
ations of the metric always contains a graviton and Yang—Mills fields. In a few cases
it is explicitly proved that the Yang-Mills fields are related to the Killing vectors of
G/K. Tt is generally believed that the off-diagonal metric fluctuations always (and
not just in those cases where it was shown to be so) contain the terms [99]

9(z,Y) pa = ZAi(w)Ki(y) +..., (3.2.27)
T

where K. = gang and K1%9, is a Killing vector of the vacuum metric g,3 on
G/K. The field Aﬁ is called the Kaluza—Klein vector and it is a gauge boson in the
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lower-dimensional theory. This can be seen as follows. The Killing vectors generate
a Lie subgroup of G;
(KT K] = L1 (K7) = fITKE. (3.2.28)

For a general coordinate transformation with parameter £* = €/ () K% (y) we have
Vials) = 0. (3.2.29)

From this it follows that from a lower-dimensional point of view, the field Al{ has
changed according to 5A£ = Duel , where D, is the covariant derivative of the gauge
group generated by the Killing vectors. Hence the field AL behaves like a Yang—Mills
gauge fields.

One might expect that the Killing vectors generate the full isometry group G, but
when fluxes are turned on, the vacuum can transform nontrivially under the isometry
group and the symmetry group of the vacuum can be broken down to a subgroup of
the isometry group G [100-102].

3.2.3 Consistent Truncation

Keeping all fluctuations corresponds to keeping the full theory, but written in an
inelegant form. A crucial ingredient in doing a consistent dimensional reduction is
finding a good truncation. A consistent dimensional reduction is by definition a
dimensional reduction of which the solutions of the lower-dimensional theory can be
uplifted to a solution of the higher-dimensional theory. A mnecessary condition for
consistency is that the fields that are truncated away do not reappear through their
higher-dimensional equations of motion.

In the example of section 3.1 we truncated the massive fields away, corresponding
to a low-energy approximation. For a general vacuum we do not know what is meant
by mass or energy. But if there is a gauge symmetry, we have a sense of massless,
since a gauge field is massless.

There is no general recipe for finding a suitable truncation. For the toroidal
and group reductions we can find general truncations, which we explain in the section
where these reductions are discussed. For (truly) coset reductions the matter is tedious
and only for a few reductions consistency has been established. Luckily these are
precisely the interesting cases from a string/M-theory point of view; for example
eleven-dimensional supergravity on AdS; x S” is known to admit a consistent Kaluza—
Klein reduction [103].

Sometimes it is possible to break supersymmetry by the truncation. The fluctua-
tions in general make up supersymmetry multiplets although the vacuum might not
be supersymmetric. If the fluctuations can be truncated to a subsector that does not
itself form a supersymmetry multiplet with respect to the original supersymmetry
algebra, the lower-dimensional theory has less supersymmetry.
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3.2.4 The Lower-Dimensional Lagrangian

To obtain the lower-dimensional Lagrangian one takes often the Kaluza—Klein Ansatz
and plugs this into the higher-dimensional Lagrangian and then expressing everything
in lower-dimensional quantities and integrating over G/K. Hence we need to know
what the Kaluza—Klein Ansatz is and how to find it.

The word Kaluza—Klein Ansatz is a misnomer, it is not an Ansatz. After the trun-
cation we are left with a finite number of lower-dimensional fields. The fluctuations
of the higher-dimensional fields can be expanded in the lower-dimensional fields. This
expansion is called the Kaluza—Klein Ansatz [100].

In a toroidal reduction the truncation is clear and the Kaluza—Klein Ansatz follows
straightforward. For the toroidal reduction and group manifold reduction we explicitly
discuss the Kaluza—Klein Ansétze in the corresponding sections. For the (truly) coset
reduction we refer to the existing literature, e.g. [96,104-111] and references therein.
Note that a Kaluza—Klein Ansatz is not unique; two different Kaluza—Klein Ansétze
are related by a lower-dimensional field redefinition.

Typical for Kaluza—Klein reductions is that the expansion around the vacuum
is not written explicitly, but implicitly. Let us give an example, where we do a
dimensional reduction from five to four dimensions. We choose as vacuum Minkowski
in five dimensions - we suppose this is a solution. The vacuum metric is thus

N » 0
Gan(z,y) = <"g 1) . (3.2.30)
The most general five-dimensional metric can be written as

AM.’E _ g/u/(x7/y)+¢2($>y)A#(w7y)AV(xay) (b(.’l?,y)Au(Q?,y)
ot = ( EnYSENY de)- 2

Equation 3.2.31 describes the full metric and can be used to obtain the expansions
of the fluctuations. On a circle this means we Fourier expand the fields g, A, and
¢. The truncation is then to the y-independent sector, which is consistent by the
symmetry argument of section 3.1. The truncated metric is given by

(0@ + F@A@AE) @)A)
9as (@) ( o(2) 4, () o(z) )

In this form the vacuum metric and truncated expansion are put in one single met-
ric. Equation 3.2.32 is called the Kaluza-Klein Ansatz for the metric. Since this
nomenclature is so often used we stick to the tradition and (ab)use it as well.

For every isometry of the higher-dimensional vacuum configuration there is a mass-
less gauge boson. In this case, massless is defined by having a gauge transformation.
The higher-dimensional theory has in many cases symmetries; the symmetries that are

(3.2.32)
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not broken or truncated away in the dimensional reduction are present in the lower-
dimensional theory. The massless gauge bosons of the lower-dimensional theory are
thus in general associated with a subgroup of the isometry group of the vacuum and
remnants of higher-dimensional gauge symmetries.

3.3 Toroidal Reductions

A torus is flat and has vanishing Ricci tensor. Hence if there are no fluxes the
maximally symmetric space-time Y% is Minkowski. Thus in the absence of fluxes
there appear no new parameters in the lower-dimensional theory. Hence starting
with a ten-dimensional supergravity (not Romans type IIA) we will end up in a
lower-dimensional ungauged supergravity.

In this section we carry out the dimensional reduction over a torus without fluxes.
We first discuss the issue of the expansion and truncation and then motivate the
Kaluza—Klein Ansatz. The global symmetry group of the ungauged supergravity and
how to find it is discussed in section 3.3.2.

The Field Expansions and Truncations

For the torus TP the vacuum configuration is almost trivial; the torus is flat and
therefore the vielbein on the torus can be taken to be diagonal. Expanding the
fields around their vacuum values can be done by standard Fourier analysis and the
truncation is to the U(1)P singlets; i.e. all retained fluctuations are independent of
the coordinates on the torus.

The action of the U(1)P of the torus commutes with the supersymmetry algebra.
Hence the zero modes also form a supersymmetry multiplet of a supersymmetry al-
gebra with the same number of supercharges as in the original theory. Therefore the
truncation to the zero modes does not break supersymmetry.

Unbroken supersymmetry implies that we already know what the result of the
dimensional reduction is. Suppose we start with Type I supergravity, which has 16
supercharges, then in four dimensions we end up with an A/ = 4 ungauged super-
gravity since the irreducible spinor in four dimensions has four real components. The
number of vector multiplets that is coupled to the pure supergravity multiplet is easily
calculated; the two-form gives six vector as well as the metric. Hence we end up with
a total of 12 vectors in four dimensions. Pure N' = 4 supergravity in four dimensions
contains 6 vectors, so we have N’ = 4 supergravity coupled to 6 vector multiplets.
This is also what Chamseddine found [61].
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The Kaluza—Klein Ansatz

The Kaluza—Klein Ansatz is a generalization of 3.2.32. The correct generalization
describing the lower-dimensional fields is most conveniently found by expanding the
fields in the tangent space as we explain below.

The lower-dimensional fields transform under lower-dimensional general coordi-
nate transformations and under internal symmetries that are remnants of the higher-
dimensional general coordinate transformations. We want the fields to transform in
‘the right way’ under the transformations induced by the higher-dimensional general
coordinate transformations. The only general coordinate transformations that are
consistent with the truncation to the y-independent sector are

lower-dimensional g.c.t. : a* — z# + £#(x) (3.3.1a)

internal symmetries : y® — £%(z) + A%y” . (3.3.1b)

To find the fields that transform correctly under these symmetries it is convenient
to write the Kaluza—Klein Ansatz in the tangent space, since the fields with tangent
space indices are inert under general coordinate transformations. This statement also
holds for group manifold reductions.

To illustrate the ideas we work out the toroidal reduction of the bosonic sector
of ten-dimensional Heterotic supergravity. We illustrate how global symmetries arise
and give a general method for finding the global symmetry group from the reduction.
We do not write all calculations down in every detail; the details can be found in for
example [112].

3.3.1 Heterotic Supergravity on a Torus

We reduce the bosonic sector of ten-dimensional Heterotic supergravity to D dimen-
sions over a d-torus in the absence of fluxes. The ten-dimensional action of the bosonic
sector of Heterotic supergravity is given by (see 2.3.12)

Lier=e? (¥R +*dpNdp— 2 xHANH - JTrxFAF) . (3.3.2)

where we rescaled the ten-dimensional dilaton ¢. The Kaluza—Klein Ansatz for the
metric is given by the line element

ds?y = gdatde” + Gap(dy® — Vo) (dy® — V7). (3.3.3)

In this line element V* = V*da* is the Kaluza—Klein vector. We can equally well
specify the vielbein by

&=t &M =M (dy* — V)= dm [ (3.3.4)
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The object @7 is to be identified with the y-independent term in the expansion of
the fluctuations of the vielbein on the torus and it satisfies @QémnCI)g = Gog.

As mentioned before the Kaluza—Klein Ansatz for the fields is found by expanding
the higher-dimensional fields - from now on indicated with a hat - in lower-dimensional
fields in the tangent space; we expand the fields with respect to the basis e* and f<.
Instead of working with e™ we work with f<; this has the advantage that df* =
—dV® = —F%. The Kaluza—Klein Ansétze are:

¢ = ¢+ LindetGags,
B=B® +BYAf*+1Bosf* nf?, (3.3.5)
AI:AI(l)—f—Aéfa,

where B(?) = %Babe“ Aeb = %B,de“ A dz¥ and similarly: B&l) = Bj.dz* and
AT = Aidx“. The index I on A’ is a Yang-Mills index.

In the absence of fluxes the vacuum configuration for the nonmetric fields is triv-
ial; all fields vanish in the chosen vacuum. Hence equations 3.3.5 represent the y-
independent terms in the fluctuations of the fields around the vacuum value 0.

Suppose we want nontrivial vacuum values. One then adds a term to the Kaluza—
Klein Ansatz of the fields; this term gives rise to a flux-term in the field strength. For
example, we could have taken AT = AT 4 AL fo 4+ ol where o is a one-form on
the torus that is only defined locally. Acting on it with the differential operator gives
the flux-term M! = da’; this equation means that locally the flux-term M’ can be
written as the d of a one-form. If it is possible to write M’ globally on the torus as
M!T = do! the flux, which is defined by the integral of M! over a two-cycle on the
torus, vanishes. For the moment we do not use fluxes.

We restrict ourselves to the maximal abelian subalgebra of the Yang—Mills algebra
(see also section 2.4.3). This restriction also simplifies the analysis. The Cartan
subalgebra of both SO(32) and Eg x Eg has dimension 16, but we take this number
to be N. This makes contact with four-dimensional " = 4 supergravity, which admits
the possibility to couple any number of vector multiplets to the supergravity multiplet.

It is straightforward to calculate from equations 3.3.5 the field strengths. The
field strengths can be reassembled in the Lagrangian, which can be integrated over
the torus. Setting de ddy = 1, one obtains the D-dimensional Lagrangian

£=e (¥R ++dp Ao — 1> «F' AFT L3 GUIFLF)
I I

— L4 dG® N dGap — LGap* F* NFP — L« H® A HO) (3.3.6)
— 367w HP NP — 16PG 0 ) A H )
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The field strengths are given by*
Fl=dA! —AlF> Rl =44l
H=dB + B, NF* - JA" NFT,
H, =dB, + BagF® — 1A AdAL,
Hap = dBag + & (ALdAf — ALdAL) .

(3.3.7)

To extract physical information from a supergravity action it is useful to ‘go the
Einstein frame’. By this we mean that a Weyl rescaling g,, — e“‘bg,w is performed
such that the resulting action contains the Ricci scalar without a dilatonic prefactor.
If the Weyl rescaling has been performed the kinetic term for the dilaton acquires the
canonical form f% *do A do.

As mentioned before, the action 3.3.6 describes ungauged N = 4 supergravity
coupled to 6 abelian Yang-Mills multiplets. In accordance with this, there appears
no potential in the action 3.3.6.

The scalars Gop, Bag and Al describe an SO(d,d + N)/SO(d) x SO(d + N)
coset [75]. In reference [75] it was shown that the scalars can be rearranged into the
(2d + N) x (2d + N)-matrix

G- —-G~1C —G 14T
M=|-CT"G' G+CTG'C+a"a CTG'a" +d" |, (3.3.8)
—aG™1! aG~'C+a 1+aG taT

where a = (AL), B = (Bag) and C = a”a + B. The matrix M is a symmetric

SO(d,d + N)-matrix; M satisfies MTnM = 1 where

n= (3.3.9)

O = O
o O =
= O O

The kinetic terms of the scalars appearing in the action 3.3.6 can now be written as
1tr(8,M 19" M). The reader who wants to check this is warned; the calculation is
tedious. For more details on this construction see [75]. In section 3.3.2 we develop a
method how to recognize the coset that is parameterized by the scalars.

Circle-by-Circle Approach

The n-torus is topologically equivalent to the direct product of n circles. Hence we
can do a torus reduction step by step, where at every step we do a circle reduction.
Though this procedure might look a little clumsy, as we will see in the next section,
one can obtain useful information in a circle-by-circle approach.

4 Any repeated Yang-Mills index I, .J, ... is summed over.
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The Kaluza—Klein Ansatz for the metric for reducing over a circle is:
dsh,, = e2%ds? + e 24P=D9(dy 4 V, dat)?, (3.3.10)

where the number « is given by
1
o=
V2(D - 1)(D -2)

The value of « is chosen such that the action obtained from the reduction maintains in
Einstein frame if the action was originally in Einstein frame. By performing a circle-
by-circle reduction the internal metric is upper triangular. At every reduction step we
‘produce’ a dilaton ¢; and they can be assembled in a vector J. Every Kaluza—Klein
vector VMZ gives rise to scalars A;;, which is only nonzero if ¢ < j.

All steps can be rearranged in one step, where the line element of the Kaluza—Klein
Ansatz is given by

N|—=

s. (3.3.11)

d
1. Lo
dsfy = e29%ds}, + Y ¥ P (h')?, d+ D =10, (3.3.12)
i=1
where
B=(p1,.-,0d4), §G=2(s1,92,---,84), (3.3.13a)
1 1 - —
7:‘:*5—* iy fi:(07”'707(9_i)si78i+1u"'78d)7 (3313b)
4 2 ——
i—1
W =dy' 4+ Vidat + Y Ajdy; . (3.3.13c)
i<j<n

From 3.3.13c one sees that the internal metric is upper triangular. A disadvantage of
performing a dimensional reduction following the procedure sketched above is that the
distinction between tangent space indices and coordinate indices is less clear though
this distinction can be restored [D].

3.3.2 Global Symmetries Analysis

In all but three ungauged supergravity theories the scalars parameterize a coset G/ K,
where G is the global symmetry group and K is the maximal compact subgroup of
G. The scalar manifolds of this kind that appear in supergravities are maximally
noncompact irreducible Riemannian symmetric spaces.

An irreducible Riemannian symmetric space is a manifold G/K associated to
a triple (g,,0), where g is the real simple Lie algebra of G, ¢ is a subalgebra of
g and the Lie algebra of K and € is an involutive automorphism of which ¢ is the
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eigenspace with eigenvalue +1. The triples (g, £,0) with the just mentioned properties
are classified [94,113].

We are interested in the cases where the manifold G/K is such that ¢ is the
maximal compact subalgebra of g; then the involutive automorphism 6 becomes the
Cartan involution and G/K is the maximally noncompact irreducible Riemannian
symmetric space. In appendix B we give a classification of the maximally noncompact
irreducible Riemannian symmetric spaces.

The real Lie algebra g can be decomposed as:

g=tdadn, (3.3.14)

where £ is as before, a is the noncompact Cartan subalgebra and n is the nilpotent
subalgebra spanned by the positive restricted root generators. The decomposition
3.3.14 is called the Iwasawa decomposition of g. It follows from the Iwasawa decom-
position that G/K = exp (a @ n). The elements of a are called noncompact Cartan
generators. In the remainder we try to minimize the Lie algebra technicalities, which
we review in appendix B.

The classification of the noncompact cosets G/K gives rise to a simple technique
for finding the global symmetry group G from the toroidal dimensional reduction
without having to do the sophisticated guess as in equation 3.3.8. For maximal
supergravities this ‘trick’ was already found by [114,115]. With a little group theory
the analysis can be extended to nonmaximal supergravities as we show in this section.
The discussion is based on [D] and details can be found in this reference.

The analysis of the global symmetries starts with a circle-by-circle reduction of
an action in Einstein frame. At every step the Kaluza—Klein Ansatz for the metric is
given by equations 3.3.10 and 3.3.11. At the ith step we write a; for the corresponding
« and ¢; for the corresponding ¢.

The idea behind the analysis is the following. The scalars that emerge from the
dimensional reduction appear in two disguises; either they appear only with deriva-
tives or they also appear in exponential couplings to other fields. The scalars of the
first kind are called axions and the scalars of the second kind are called dilatons. The
dilatons ¢; can be arranged in a vector ¢ and the coupling of the dilatons to other
fields is of the form

exp (G- &) x Fippny) A Fpray (3.3.15)

where F{, ;1) is the field strength of a p-form. The vectors ¢ are called dilaton coupling
vectors. The crucial point is that the dilaton coupling vectors are identified with the
positive restricted roots of a real form of a semisimple Lie algebra g, which has a
subalgebra ¢ that is compactly embedded in g. Accordingly with every dilaton ¢,
we associate a noncompact Cartan generator H; and every axion is identified with
an element of the positive restricted root subalgebra n. From the positive restricted
roots one can find g and £ and hence G and K.
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To explain the technique of finding the global symmetry group G we use as example
the dimensional reduction of Heterotic supergravity to D > 2 dimensions. The Yang-
Mills sector is restricted to the Cartan subalgebra and the dimension 16 of the Cartan
subalgebra is generalized to IN. The action in Einstein frame reads:

1 1 1
S = dPze(R— =(090)% — —e POH? - —e” 3% FL im0 (3.3.16)
Mo ( 2 12 Z 2 )

where e = detej;, g is the ten-dimensional dilaton and ¥ I'= dA”. The field strength

H contains the Yang-Mills Chern—Simons term: H = dB — Z?]:l 1ATAFL

The ten-dimensional metric reduces to a metric g,,,, Kaluza—Klein vectors V; and
axions A;;, which follow from the reduction of the Kaluza—Klein vectors and are only
nonzero if ¢ < j. The gauge potential AT reduces to a gauge potential A’ and scalars
AJI- . The result of the reduction of the Kalb-Ramond potential B is a two-form
B,,,, vectors B,,; and scalars B;; and the dimensional reduction of the dilaton results
in a dilaton.

The Kaluza—Klein Ansatz for the Kalb-Ramond field B,g,; is given by

B® = 1B, de" Ada” + B det AR+ LB R AN, (3.3.17)

and for the other fields similar, see [D]. To obtain the lower-dimensional Lagrangian,
the precise form of the field strengths is unimportant. At the step of the reduction
going from D + 1 to D dimensions one uses that for any (n + 1)-form field strength
F(p41) the kinetic term reduces as

(n+1),6F(n+l) — (n+1)16672na¢F(2n+1) + ,662a(D n— 1)$0F2 25 (3.3.18)
where e = detez. The Ricci scalar reduces as
éR — eR — 3e(04")” — Jee 2*P7Ve(F), (3.3.19)

where F' is the Kaluza-Klein field strength of Vi, which can contain axionic terms.
In D dimensions we obtain the Lagrangian £ = £1 + Lo + L3, with

d
e L =R-30,8-0"0 -1 > (Fy)ePut 13 (F)%ebT,
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where®
H =dB — (dB;)L';;V? + 3(dB;;)TimDjn V"V — (AT — AT, VI FT,
H, = (dB;)Tin — (ABij)Tin V™ — L(AT — AT, V) F! — LATFT,
Hpp = (dBij)TimDjn + 3 (ATl — AT FL) (3.3.21)
Fij = (dAim)Tonj s
F'=dVi — (dAi) Do V™ = AV — F; V7

and _ . .
(Ii: ((I)Ov_%olv - 790d) = (‘1)0’90)7 }Zl = (Oafi)v
Bii]:: i T4 G_::(Lg:)a
Ay=F -G, B;=-F;, (3.3.22)
Aijzﬁi-l—ﬂj—é, g:—é7
CZZE_%év

where the vectors ¢, ﬁ and g are as in 3.3.13c. The vectors from equation 3.3.22
contain the information about the coset structure.

Recognizing the Scalar Coset

As explained above the dilaton coupling vectors can be identified with the positive
restricted roots of a real semisimple Lie algebra g. In particular we assume that
the inner product between the dilaton coupling vectors is proportional to the inner
product between the corresponding restricted roots. At the end of this section we
show that the assumption is true.

The vectors 3.3.22 satisfy the following relations

A'2]+_'1k:A_akj, le+qjk*glk7

CHH-H:/L‘J‘, éj:§1j+éivz<j7
G-G=3, F-Fj=2+ %,
. pen o (3.3.23)
F; === A G=—5—,

éij . Ekl - 261]@ - 2(51'[ — 25]k —+ 26jl R

s Ay Br= —20 + 204 — 205 + 2051

All dilaton coupling vectors can be written as a sum of the vectors 61 and Ei,z‘ﬂ
with integer coefficients. Hence the restricted root vectors Aq_; and Aq associated to
the vectors B; ;11 and C respectively generate the whole lattice of positive restricted

5Every repeated index is summed over.
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root vectors; they are the simple restricted root vectors. The simple restricted root
vectors make up a root system just like ordinary simple root vectors of semisimple
Lie algebras with the minor differences that the root system need not be reduced and
that the root vectors can have multiplicity greater than one; the dimension of the
subspace corresponding to a particular restricted root can be greater than one.

We can draw a Dynkin diagram for the restricted root system:

A1 Ao )\dfl )‘d
0—O0—:-—0=0

The multiplicities are found from the dimensional reduction; the multiplicity of a
restricted root vector is how often it appears in the Lagrangian. Looking at the
action 3.3.20 one sees that the multiplicity of A; is 1 for 1 < i < d and N for i = d,
and the multiplicities of 2)\; are zero.

If we know the multiplicities of the simple restricted root vectors A; and of twice
the simple restricted root vectors 2)\;, together with the Dynkin diagram of the \;,
then the Lie algebras g and ¢ are known and can be read off from tables B.4.1 and
B.4.2 in appendix B. The lower-dimensional Lagrangian as obtained by a circle-by-
circle reduction contains all information to read off the coset G/K. For Heterotic
supergravity the coset in D > 4 dimensions is SO(d,d + N)/SO(d) x SO(d + N).

There are subtleties if D = 4 and D = 3. In four dimensions the two-form B, can
be dualized. More generally, in D dimensions one should always dualize all (D — 2)-
forms to obtain the so-called maximal scalar manifold [115]. Having dualized the
two-form in four dimensions one can again read off the restricted root vectors and
count multiplicities and draw the Dynkin diagram of the simple restricted roots to
find the coset corresponding to the maximal scalar manifold. The maximal scalar
manifold in four dimensions of Heterotic supergravity is SL(2;R)/U(1) ® SO(6,6 +
N)/SO(6) x SO(6 + N).

In three dimensions all vectors can be dualized and applying the above proce-
dure to find the maximal scalar manifold of three-dimensional Heterotic supergravity
results in the coset SO(8,8 + N)/SO(8) x SO(8 + N).

Coset Construction

Having recognized the coset G/ K we need to check that the scalars in the D-dimensional
Lagrangian indeed parameterize the coset G/K. We therefore have to show that a
coset construction based on the coset found by recognizing the positive restricted
roots gives the same scalar Lagrangian as obtained from the dimensional reduction.
We first assume D > 4. For more details see [D].

The noncompact Cartan generators associated with the dilatons are written H;
and are assembled in a (d + 1)-dimensional vector H (we incorporate the dilaton
already present in ten dimensions, this gives rise to some technicalities, which we
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avoid in this discussion; see [D]). We identify with every positive restricted root vector
a Lie algebra element. We therefore make the following identification:

éij = FEyj,1<7, [H, Eij] = EijEij ,
A;’j — Rij = —Ry;, [ﬁ, R;;| = /LjRij , (3.3.24)
Cie—Yi,1<I<N, [ﬁ7Yz‘ﬂ=@‘K‘1~

The generators FEj;;, R;; and Yj; as defined by equations 3.3.24 span the positive
restricted root subalgebra n of g.

From equations 3.3.23 and using the Jacobi identities we see that the commutation
rules are:

(Eij, Ewt] = 6jEa — daEyj, [Eij, Ru) = —0iRj + daRji,
[Eij, Yex]| = —0uYjK , Yir,Yjs] = MrjR;;, (3.3.25)
[Yir, Ru] =0, [Rij, Rri) =0,

where the matrix M;; can not be fixed by the Jacobi equations since it involves a
choice of basis in the subspace spanned by the Y;;.

Using the vector representation of SO(d,d+ N) we see that we can take My = 01
[D]. The coset Lagrangian can be constructed using the representative V defined by
V = V1V2V3Q with:

V) = eXp(%CI; - ﬁ) ,
Vo =+ UgglUsz - - UraUs3Ur2, Usj = eXp(AijEij) no sum,

Vs =exp (Y BisRij ) (3.3.26)

i<j

Q= eXP(Z Az‘IYu) ;
i

where A;;, B;; and A;r are the axions and ® are the dilatons. From this one finds:
dnv, " =148 - 1,
1= =
V1dV2V2_1V1_1 = ZFijeiq).BijEij s
1 » -
ViVadVsVsm VT = DTN et dB, iy (3.3.27)
i<j mn

1 = 1+ =
V1V2V3d9971 (V1V2V3)_1 = Z Cic'iI@FiIY]i + % Z CiAij@AinFmiFjIRij, .
Ii

Imij
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From 3.3.27 one calculates the scalar action:
Seyi = L / P Ty (0* MM ). (3.3.28)

where the trace is in a representation and M = V#V, where # denotes the generalized
transpose (see appendix B).

Though M is in a representation of the group G, the trace in the action is in a
Lie algebra representation. Using that the Cartan involution 6 is an automorphism
we rewrite the action 3.3.28 as:

Se/x = -1 / dPze (Tr(0, VY~ 10" VY1) + Te(9, VY~ (0MVY—1)#))

(3.3.29)
= —%/ dPzeTr(9,VV-1Po*VYY),
where IP : g — g denotes the projection operator defined by
P:z+— 3(1-0)x, (3.3.30)

which is indeed a projection operator since 8> = 1 and on ¢ we have P = 0.

Putting all parts together, the scalar Lagrangian is precisely the same as obtained
by dimensional reduction. There are some technicalities we have avoided; there is
a one-dimensional subspace in the (d + 1)-dimensional space in which ® lives that
decouples from the rest. One can see the decoupling needs to occur since the dimension
of SO(d,d + N)/SO(d) x SO(d + N) is d whereas the dilaton vector is (d + 1)-
dimensional. See [D] for more details on how to deal with this technicality and to
obtain the correct scalar Lagrangian.

One concludes that a circle-by-circle reduction admits a relatively easy way to find
the coset G/K parameterized by the scalars.

We now prove the claim made at the beginning of this section, that the inner
product between the dilaton coupling vectors is proportional to the inner product of
the restricted root vectors. We use a basis H; for the noncompact part of the Cartan
subalgebra such that Traq(H;H;) = J;;. We see from 3.3.24 that the components of
a dilaton coupling vector ¢ are (¢); = v(H;), where + is the restricted root associated
with ¢. Using the Cartan—Killing metric B(,), there is for every restricted root u a
unique noncompact Cartan generator H,, such that u(h) = B(h, H,) for all noncom-
pact Cartan generators h. We define (u,\) = B(H,, H\) = Traq(H,H)). We have
H, =3 ,ciH; and the ¢; are given by p; = pu(H;). Hence Troq(H,Hy) = >, piki-
For semisimple Lie algebras the trace in any representation can be taken proportional
to the Cartan—Killing metric. In the construction of the coset we use Tr(H,;H;) ~ 6;;
and hence the claim is proved.
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3.4 Group Manifold Reductions

A group manifold is a Lie group. The group manifolds of semisimple G have much
structure and admit an explicit analysis.

Higher-Dimensional Vacuum

The higher-dimensional vacuum, around which the fluctuations are considered, is
for group manifold reductions in general not known. One only requires that the
geometry is Yg X G where Yy is a maximally symmetric space and G is a Lie group.
In many cases one does not even require that Yy is a maximally symmetric space; the
reduction is performed and the lower-dimensional theory in practice always admits
a maximally symmetric vacuum, which one can (try to) uplift to a solution of the
higher-dimensional theory.

The fluxes of the fields are not specified; the vacuum value is absorbed into the
Kaluza—Klein Ansatz. If one finds in the lower-dimensional theory that some field does
not have the trivial value as solution, then its original higher-dimensional solution
around which was perturbed, was also nontrivial. Since the vacuum is not known,
except the internal geometry of G, the expansion and truncation involve a slight
modification of the programme advocated in section 3.2.

A group contains natural parameters through its structure constants and there-
fore one expects that the structure constants appear in the lower-dimensional theory
as massive parameters. Hence we expect to arrive at a lower-dimensional gauged
supergravity possibly with a scalar potential.

We now discuss the geometry of G 6. The group G acts on itself in two ways; by
left multiplication L, : g — ag and right multiplication R, : g — ga for g,a € G.

There exist dim G left-invariant independent vector fields 7,, a = 1,2,...,dimG,
i.e. they are invariant under the left-translations L,. There exists a dual basis o,
a = 1,2,...,dimG of one-forms satisfying 0*(73) = d5 and the Maurer-Cartan
equation

do® = —%fo‘moﬂ No?, (34.1)

where f®g, are the structure constants of G determined by the Lie bracket [7g,7,] =
Taf%gy. The one-forms o are left-invariant.

In a similar way there exist right-invariant vector fields and right-invariant one-
forms. The structure constants determined by the Lie bracket between two right-
invariant vector fields are different (for more details see e.g. [6]). There are no bi-
invariant vector-fields.

From the left-invariant one-forms one can construct the metric g = M,30% ® o,
which is a left-invariant metric for any nondegenerate constant M,g. If one chooses
for M,p the Cartan—Killing metric of G the metric is bi-invariant. This choice gives

6In appendix B.5 we give more details on the geometry of compact groups.
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the ‘most symmetric’ geometry. We therefore take the bi-invariant metric to be the
vacuum metric on the group manifold G. The isometry group is thus G x G and the
Killing vectors of the left-action of G are the right-invariant vector fields and vice
versa (see [6] for a proof of this statement).

The existence of the left-invariant vector fields has a topological consequence; the
group manifold G admits nowhere vanishing vector fields. Due to a theorem of Hopf
this can only hold if the Euler characteristic x(G) vanishes. This is important when
we discuss gauge transformations of gauge fields on G.

Expansion and Truncation of Fluctuations

The left-invariant one-forms and vector fields form a basis for the fields” living on the
group manifold G. A one-form w on TG* can thus be expanded as w(y) = wq (y)o*(y).
Acting on w with left-translation we see (L;w)(gy) = (Lywa)(9y)(L;0%)(9y) = walgy)
o®(y) by left-invariance of ¢®. The one-form is thus left-invariant if and only if w,
is constant over G. Similarly a p-form w(®) = Way-a, 01 Ao Aoy is left-invariant
if and only if the wy, ..o, are constants. The coefficients wq, ..., are functions on G
and can thus be expanded as in 3.2.11. We now wish to find a suitable truncation.

By the singlet analysis of section 3.1 we see that restricting to the singlets of the
isometry group G x G is consistent. This means that we keep both the left-invariant
and right-invariant vector fields as Killing vectors. However this is in general not
possible. One problem is that there are for general G no bi-invariant one-forms and
hence little fields survive the truncation.

A second problem is that the left-invariant Killing vectors are not right-invariant.
This can be seen as follows. The left-invariant vector fields generate right-translations.
If X is a left-invariant vector field generating a right-translation, then the variation of
a left-invariant vector field Y under the right-translation generated by X is Lx (V) =
[X,Y], which is in general nonzero.

A third problem related to the second is explained in [99]; the inner product of a
left-invariant vector field with a right-invariant vector field is a scalar function that
in general does depend on the coordinates on G and is thus not invariant under left-
and right-translations. This scalar function does appear in the equations of motion of
the lower-dimensional fields, which are independent of the coordinates on G and thus
we obtain a contradicting set of equations of motion for the lower-dimensional fields.

We therefore discard the possibility of restricting the fluctuations to the full isom-
etry group. The aforementioned problems are solved if we truncate to the fluctuations
that are invariant under the subgroup of the isometry group generated by the left-
translations. The isometry group is still G x G but we truncate the Killing vectors
appearing in the metric components g, to the left-invariant Killing vectors. Hence

"We ignore the issue of whether it is possible to define fermions on G' and restrict ourselves to
bosonic fields.
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a Lie derivative along a right-invariant vector fields annihilates all the fluctuations
surviving the truncation.

Kaluza—Klein Ansatz

The most general left-invariant metric h on G is h = G,30% ® of , where G is a
nondegenerate symmetric matrix that is constant over GG. This motivates the following
Kaluza—Klein Ansatz for the metric:

ds® = gudztda” + Gap(c® — Va)(a’g - Vﬁ) . (3.4.2)

The V¢ are the Kaluza—Klein gauge vectors and only the ¢ depend on the coordi-
nates y.

We know show that the off-diagonal components of the metric match up with
3.2.27. We write 0% = Zﬂ Sapdy?, where S,5 is a y-dependent matrix. The left-
invariant vector fields dual to the ¢® are given by 7, = Zﬂ _1 0g. The vacuum
metric on G can be chosen Gy = J,50° ® of = Z Seyay ﬁdy ® dy” since G is
compact. The left-invariant vector fields are the Kllhng vectors and hence the off-
diagonal components of the metric 3.4.2 with respect to the basis (dz*, dy®) become
to zeroth order in x

Z VI (75)a Z VI (rs) Z Vio (3.4.3)

which matches with 3.2.27.
The Kaluza—Klein Ansatz for the vielbein is given by

v =e", &M =E"o" -V, (3.4.4)

where E}' is such that Eg’émnEg = Gop. The index m is a tangent space index and
a, (3,... are curved indices.

The Kaluza—Klein Ansatz for other fields than the metric is given by an expansion
in the vielbeins and the only dependence on y® is encoded in the Maurer—Cartan one-
forms in the vielbeins. The lower-dimensional fields are defined as the coefficients
in the expansion with respect to the basis {e% h* = c® — V*}. Defining the lower-
dimensional fields in this way guarantees that the lower-dimensional fields transform
in the adjoint representation of GG, the truncated isometry group. The Kaluza—Klein
vectors V¢ transform as gauge fields V¢ = —DA®, where A\“ is a parameter in the
adjoint of G and D is the G-covariant derivative.

3.4.1 Heterotic Supergravity on a Group Manifold

We now give an example of a group manifold reduction and perform a dimensional
reduction over a group manifold of ten-dimensional dualized Heterotic supergravity
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to four dimensions and analyze the lower-dimensional symmetries. The analysis is
based on [C]. We begin with the action 3.3.2:

So-torm = / e ? (R w1+ xdp A dg — LeH® A HS — TrxF(A) A F(A)) . (3.4.5)

where the field strengths are defined as in section 2.3.12. We dualize the two-form
B to a six-form; it is in this formalism that we can see many features of the group
manifold reduction procedure. We obtain the dualized action Sg_form = Ssa + Svywm,
where

Ssg = /e—¢(R*1 +xdp Adg) — Se? xHD A HT
(3.4.6)
Sym = — /e_¢Tr*F(A) AF(A) - BO ATrF(A) A F(A),

and where H(") = dB©). The gauge transformations of B are §B(®) = dA®). The
gauge transformations are reduced in a similar fashion as the fields.

The volume of G is normalized as fG o' A...ANo% = 1. The compactness of G
implies that the structure constants are traceless, f*o3 = 0.

The basis elements h® satisfy

dh® = —F(V)* — fo,h° AV — L £, hP AR (3.4.7)

where the Kaluza—Klein field strengths F'(V)® are given by
FV)* =dV* + [V, V]* =dV* + L o5, VA AV, (3.4.8)

The reduction Ansitze for the other fields are given by®:
$=¢+ Ln|detGog), (3.4.9)
B©6) — %3(4)()[”2 B pe2 4 %B(?ﬁ)alm%hm R %B(z)al...mhal S o

+ 5BW, ah® e h® - EBO R RO (3.4.10)
Al = Al e® + AT b~ (3.4.11)

For the m-forms B(™) we used the shorthand notation

ai |

e om=0,1,...,6, (3.4.12)

(m) — 1. g(m)
B™ e a6-m = B aramaragom @

From the Ansatz (3.4.10) one obtains the seven-form field strength H® = dB©).
Substituting the expression for B gives:

4
HD =" b HO o aon g €0 €5 RO pOTom (3.4.13)

m!(7T—m)!
m=1

8We omit the A-symbols in this section to simplify the formulae.
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The reduction of Ssg gives the four-dimensional action S = 57 + Sy with:

S

/e*(ﬁ (R*l + 2xdpdp — LGag *F(V)*F(V)P

+ 1DCosDGY — Vi(G)#1) (3.4.14)
SQ = _% /e¢ detGaﬁ (%*H(Zl)al"'QSH(4)a1A..a3 + %*H(g)almmlH(S)aanm

+ é*H(Q)Oq.A.Ozg,H(Q)a s 4 é*H(l)(xl...aGH(l)al'“a(j) .

1

The covariant derivative D is covariant with respect to gauge transformations asso-
ciated with right-translations. The contraction in the H?-terms is with G*2. The
scalar potential V4 (G) due to reduction of the gravitational sector is given by [116]

Vi (G) = iGa1a206162G7172fa15171 fa2,3272 + %Galaz fﬁal’vf’yazﬁ' (3'4'15)
The expressions for the curvatures H®) are

HY o ae=DBY Y as + 1510100 B 0y el » (3.4.16a)
H®, 0y =DBWy, oy + B | sF(V)? 410f% 1010, By s, (3:4.16D)
)
)

H(3)a1--.a4 = DB(Z)al---(m + B(l)m.--awF(V)’B + GfB[ocsz(S)asm]ﬁ ) (3.4.16¢
HY o as =DB® 0o + BP0 aisF(V)P 431200, B a5 - (3.4.16d

The gauge transformations of B("™) are
(5B(")a1ma57n = DA(n_l)oq.--asfn - A(R_Q)m---aeanF(V)ﬂ
- %(6 - n)(5 - n)fﬁ[a1a2A(n)a3.“a6,n]ﬂ .

At some points in the analysis it is more convenient to redefine the p-form gauge
fields by dualizing to upper internal indices:

(3.4.17)

B(n)a1-~ ! éal---aﬁ—n ﬁ1---5né(n)ﬁlmﬁn ) (3'4'18)

AX6—n

where €y, ..o, denotes the six-dimensional completely antisymmetric alternating sym-
bol?. The fields B(™ have the correct transformation properties under gauge transfor-
mations due to the unimodularity of GG, which in turn is guaranteed by compactness
of G [C]. The corresponding curvatures for the fields B are:

FMmeron1 — pR-Daran1 4 (n—1)(-1)" B2 [Oél.uansz(V)Oén—l]
n nT_l f[alBl,@QB(n)az..anfﬂﬁlﬁz . (3419)

9The object €a;---ag is thus the six-dimensional Levi-Civitd symbol; see appendix A.
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3.4.11 one finds'®:

F(A)" = G" + DA 1 + JF! 400 B 002
where we use the following definitions:
F(A)! =dA" 4 11 ATAR,
Gl = FA) — AT F¥(V),
DAIa = dAI(, =+ fﬁa,YV’yAIg + fIJKAJAKa s

Floron = Lok AT, AR 0y — AT P s - (3.4.21d
The ten-dimensional Chern—Simons form C' can be rewritten as
C=Tr(AdA+ 2AAA)= 1A F(A)! — Ll AT AT AR (3.4.22)
Substitution of the Ansatz (3.4.11) gives
C=CB 0@ 0%+ L0W 0, h 0o + OO 0, h®TRO2R | (3.4.23)
where
CB) = L(AlG" — LfT i ATAT AR, (3.4.24a)
C®, = LATDAL, + AT, G — LfT c ATATAK ), (3.4.24D)
CW oy = —2ATAT 700, — A0 DAY, (3.4.24c)
CO prasas = floxAla, AT AR o — 2AT 4 P nag Als (3.4.244)
The reduction of the ten-dimensional action Sy is facilitated by using d = %F Ipr,
For the topological term in Syy we write
Los=BOANT(FAF)=—-HD AC® + total derivative, (3.4.25)
which gives the following contribution to the four-dimensional action:
Low = —HDoB) _ gRac(2) 1 FB)aras (1) .
“ 1 77(4)arza (0) : ) o (3426)
_ ?H 10203 (Y oy -

10Tn the following D stands for a covariant derivative that is covariant with respect to both the
Scherk-Schwarz and Yang-Mills gauge transformations. It should be kept in mind that Al is the
one-form corresponding to the gauge vector, while Af,, are scalar fields. The internal indices a, 3, . . .
are therefore always written explicitly. Any repeated Yang—Mills index I, J, ... is summed over.
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After a partial integration one obtains
Lcs :%B(O)GIGI _ B(l)aGIDAIa + %(GI‘FIOL1(I2 _ DAIQ]DAIQQ)B(2)Q10&2
_ %B(3)alaza3DA1alfla2a3 + %B(4)a1"'a4.7‘—1a1a2‘7:1a3a4 . (3427)

We now give the complete four-dimensional Lagrangian with Yang—Mills fields, in
the Einstein frame and in terms of the redefined fields 3.4.18:

L=L1+ Lo+ L3+ Ly, (3428)
L1 =v—g (R — 10,0076 — Lo F(V) 0, GagF (V)" #
+1D,GapDHGP — e Vl(G)) , (3.4.29)

£ =~ v/=g (5e* 8,800 BO 1 Je? A, I 7G
+ LHO, 02 fOWARBG Gy (3.4.30)

+ ghme™® A o100 FOwABbig oG oG 53>7

Ly =—v=ge (161 G + 169 D, Al D" AT 4G

302 Fl o0 Fl g, G G2 ) (3.4.31)
o=@ (LBOG G, ~ 1B, 61D, AT,
+1B®, (a7 o5 — DA D, Al ) (3.4.32)
B %&B(S)MMQBWDPAIOK-FIM + ﬁg(él)umpaﬁwfzﬁf]vé) :

3.4.2 Stiickelberg Symmetries and Cohomology

We now analyze the system of gauge transformations 3.4.17 and the presence of mass-
terms in the Lagrangian Sy in equation 3.4.14. The parameters A of the gauge
transformations 3.4.17 generate shift symmetries. In analyzing which fields are phys-
ical we can restrict ourselves to the shift-symmetries. The shift-symmetries are called
Stiickelberg symmetries after the German physicist who introduced a formalism for
dealing with massive gauge fields [117] (he is best known for introducing the concept
of baryon conservation in 1939).
For a generic field ® with p internal indices the local shift symmetry acts as:

6<I)Oé1-.-ap = fﬁ[alagAag...ap]ﬁ . (3433)

The mass term for a field ® is constructed from (see equations 3.4.16)

(m[q)])oé1~-~0tp+1 = fﬁ[a1a2(ba3...ap+1][3 . (3434)
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We associate with each ® an element of the set A(Lp) of left-invariant p-forms on
G:
Dpy ., o BV = 100, 0,0 0% (3.4.35)

For the exterior derivatives d,, : A(Lp) — A(Lpﬂ), we define the images Z(®) = Tm (d,_1),
the kernels Q) = Ker(d,) and the quotients H® = Q@) /Z®)  The equations
(3.4.33) and (3.4.34) describe a cohomology problem for the left-invariant forms:

50 = dAP=D | [e®)] = do®) . (3.4.36)

Due to a theorem by Chevalley and Eilenberg [118] this cohomology problem is equiv-
alent to the de Rahm cohomology on the group manifold G if G is compact and con-
nected. In particular we have dim H®) = b? where b? is the pth Betti number of G.
Since dj, is a homomorphism we have

Z®) = AP -1 (3.4.37)

giving us the recurrence relation
dim 2D = dim AP — dim Z2®) — = (6) — b — dim 2. (3.4.38)
p

The recurrence relation 3.4.38 can be solved starting from dim Z(© = 0:
dimZzM =1 -p°,
dimZ® =5 —p" + 1,
dimZ® =10 -2 +b' — 1",

dim Z®W =10 — b® + 6> — b' +1°, (3.4.39)
dimZ® =5 —p* + 0> =02 +b' =00 =5 — x(G)+ b5 —b°,
dmZ©® =1 -0 +b* =03+ 0% —b' 40" =1+ x(G) — b5,
where x(G) is the Euler characteristic of the six-dimensional G
6
X(G)=> (—1)7b". (3.4.40)
r=0

Since the group manifold is compact and connected we have Poincaré duality: bP =
b5~P. On compact connected six-dimensional Lie groups ° = 1 and thus:

26t —2b” +b° = 2. (3.4.41)
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field | features | dimension | DOF
gauge dim Z®) 0
B® | massive dim Z®) 0
massless b2 0
gauge dim Z®) 0
B®) | massive dim Z® 1
massless b3 0
gauge dim Z® 0
B®@ | massive | dimZ® 3
massless b* 1
gauge dim Z®) 0
BW | massive dim Z(©) 3
massless b° 2
gauge dim Z©) 0
B | massive 0 1
massless b8 1

Table 3.4.1: Result of the analysis of the shift symmetries of the Kalb-Ramond fields B™.
Each B™ splits in three parts: gauge degrees of freedom, massive and massless components.
The third column shows how the dimension of the various spaces Z ) and H® determines
the number of components of B™. DOF indicates the number of degrees of freedom for
each choice of the 6 — n internal indices.

For odd-dimensional compact connected Lie groups a relation like 3.4.41 cannot be
deduced since due to Poincaré duality the Euler characteristic vanishes identically.

We draw the following conclusions: (1) The mass terms 3.4.34 are invariant under
the shift symmetries. (2) A field can be gauged away if ®®) € Z®). These fields
do not have mass terms''. (3) If and only if a field ®®) has a mass term, there is a
®P+1) that can be gauged away, i.e. ®P+1) is ‘caten’ by ®®). (5) Physical massless
fields are elements of H®) for some p. (6) The number of massive fields in A%D) is
dim Z(P+1),

In this context the fields B(™ in four dimensions are interpreted as elements of
A(Lﬁ_n), for n = 0,...,4. The implications for these fields are presented in Table
3.4.1. The total number of physical degrees of freedom in four dimensions is obtained
by taking, for each row of Table 3.4.1, the product of the dimension in the third,
and the number of degrees of freedom in the fourth column, and by summing these

HHaving no mass term does not imply the field is massless since the notion of a mass depends on
the space-time symmetry group.
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products. Using (3.4.39) one finds that this sum is 28 + x(G). As noted before
the Euler characteristic vanishes since a group manifold admits a set of nowhere
vanishing vector fields (the left-invariant vector fields for example). Hence the total
number of degrees of freedom of the fields B, n = 0,...,4 in four dimensions is
28, in correspondence with the number of degrees of freedom of the ten-dimensional
two-form (or equivalently six-form).

The equation of motion of a massless B is DB®) = 0. From this and the above
cohomology analysis we conclude that we can give a vacuum expectation value (vev)
to a BG) if b # 0. If the group G is nonabelian then b # 0, since for any compact
nonabelian group there is a nonzero harmonic 3-form given by

Q3 =Tr(g 'dgng tdgNng~tdg), ge@. (3.4.42)

In the case of B the equation of motion is algebraic, it sets, in the absence of
Yang-Mills fields, certain components of H®) to zero. The b massless components
in table 3.4.1 do not appear in the action at all, and never give rise to fluxes.

If G is semisimple, b' = »®> = 0. This follows from the more general theorem
proved in appendix B.5 that on a semisimple compact group the first and the one
but last Betti numbers vanish; b* = b"~! = 0. Combining this with 6 = 6% = 1 and
X(G) = 0, we see that all vectors B®W can be gauged away.

Examples for Six-Dimensional Compact Groups

The only simple compact Lie groups with dimension not exceeding 6 are SU(2) and
SO(3) the difference between the two being that the first is the double cover of the
latter. Since both are connected, the Chevalley—Eilenberg theorem applies to both
and concerning the Betti numbers they are indistinguishable.

Some examples of compact six-dimensional groups are constructed using SU(2)
and U(1): G = SU(2) x SU(2), G =SU(2) x U(1)3, G = U(1)®. The Betti numbers
of SU(2) are (b°,b%,b%,6%) = (1,0,0,1) and for U(1)" we have b* = (Z)

To calculate the Betti numbers of the product of two compact manifolds we use
the Kiinneth formula (see appendix B or e.g. [5]). The Betti numbers for the three
groups mentioned above are put in table 3.4.2. Using the equations 3.4.39 it is a
matter of plugging in the numbers to find the values of dim Z(™ in the table 3.4.1 for
these groups. In table 3.4.3 we have presented the result.

From table 3.4.3 we see that for the group U(1)° all fields B are massless. This
is in agreement with the fact that the toroidal reductions of ungauged supergravities
without fluxes results in ungauged supergravities, in which all fields are massless.

We claim that the list in 3.4.3 exhausts all six-dimensional compact connected Lie
groups except for the trivial substitution of an SU(2)-factor by an SO(3)-factor. We
conclude this section with proving this claim.
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Group O bt B2 B bt b 1S
SU@2)yxSU2)|1 0 0 2 0 0
SuUR)yxu@? (1 3 3 2 3 3
U(1)8 1 6 15 20 15 6

— ==

Table 3.4.2: The Betti numbers for a few six-dimensional compact connected Lie groups.

feld | features dimension for the groups: DOF
SU(2) x SU(2) | SU(2) x U(1)? | U(1)¢
B@ | gauge 6 3 0 0
massive 9 9 0 0
massless 0 3 15 0
B®) | gauge 9 9 0 0
massive 9 9 0 1
massless 2 2 20 0
B® | gauge 9 9 0 0
massive 6 0 0 3
massless 0 3 15 1
BW | gauge 6 3 0 0
massive 0 0 0 3
massless 0 3 6 2
B | gauge 0 0 0 0
massive 0 0 0 0
massless 1 1 0 1

Table 3.4.3: Result of the analysis of the shift-symmetries of the Kalb-Ramond fields B™
for the group SU(2) x SU(2), SU(2) x U(1)® and U(1)%, in the reduction of B® from 10 to
4 dimensions. See the caption of Table 3.4.1 for more details.
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We first prove that the list in 3.4.3 exhausts all connected compact six-dimensional
Lie groups that have a reductive Lie algebra. A reductive Lie algebra is by definition a
Lie algebra g such that for every ideal a in g there is an ideal b in g such that g = a®b.
It follows that a reductive Lie algebra is the direct sum of its derived algebra g’ and
its center such that g’ is semisimple [94]. From this we see that table 3.4.3 contains
all possible connected compact six-dimensional Lie groups with reductive Lie algebra.
The proof is finished if we can prove that any compact Lie group has a reductive Lie
algebra. In order to do this we first show that every representation of a compact Lie
group is unitary.

A compact Lie group H admits a measure p that is invariant under left-translations:
w(gh) = p(h). A way to see this is that the wedge product of all left-invariant one-
forms 0% on H is a left-invariant volume form. Since the group H is compact we can
integrate over the whole group. Suppose we have a representation p of H in a vector
space V' that has an inner product (, ). Then we define the inner product (,)

(v,w) = /H du(h){p(h) v, p(h) " tw)y, v,w V. (3.4.43)

With respect to the inner product (,) the representation p is unitary;

(p(a)v, plg)w) = /H du(h) (o)~ p(g)v. p(h) " plg)w)o

= /Hdu(h)@(g‘ h)™ v, p(g™ h) " w)o (3.4.44)

N /H du(g™"m){(p(g~ h) "o, p(g™ " h) " w)o

= (v,w) .

Hence the representation p is equivalent to a unitary representation. This we use to
prove reductivity of the Lie algebra.

The unitarity of the representations of the Lie group H ensures that every repre-
sentation of the Lie algebra h of H is equivalent to an anti-Hermitian representation;
in particular the adjoint representation of h. Let a be an ideal in h and define at to
be the orthogonal complement of a with respect to the inner product {,) in which the
adjoint representation is anti-Hermitian. Then a' is also an ideal, since for b € a*,
a € a and [ € b we have (a, [I,b]) = (a,adl(b)) = —(adl(a),b) = 0 since [/,a] € a and
thus [1,b] € at.

If V is any vector space equipped with an inner product {, )y, then for any subspace
W we have V. = W@®W+, where W+ is the orthogonal complement of W with respect
to the inner product (,)y the Lie algebra. Hence h decomposes uniquely into a and
at and both a and a' are ideals. Hence b is reductive. This completes the proof.
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3.5 Scherk—Schwarz Reductions

There are two types of Scherk—Schwarz reductions. Both are generalizations of the
toroidal reductions. Whereas in toroidal reductions the Kaluza—Klein Ansatz is such
that all fields do not depend on the coordinates on the torus, in the Scherk—Schwarz
reductions they do. The dependence on the internal coordinates can be done in
two ways, making the difference between the so-called Scherk—Schwarz I and Scherk—
Schwarz II reductions. In this section we briefly comment on these types of reductions.
For more details and examples we refer to the literature, e.g. [49,116,119-125] and
references therein.

Scherk—Schwarz I Reductions

Scherk—Schwarz I reductions use a global symmetry of the higher-dimensional theory
[120]. We call the global symmetry group G and we denote the coordinates on the
torus y; with the identification y; = y; + 2w R;. We assemble the coordinates into a
vector .

For each coordinate y; we introduce the vector €; with components (€;),; = 27 R;J;;.
The y-dependence of a field ¢, which takes values in a representation of G, is such
that going around the torus in one direction the field returns to its value up to a
global symmetry transformation; ¢(¢ + ;) = ¢;¢(y), where g; € G and g;¢ denotes
the action of g; on ¢ and the dependence on the lower-dimensional coordinates is
suppressed. Since €; + €; = e; + €; we have g;g; = g;9;, and hence the g; form an
abelian discrete subgroup of G.

The Kaluza—Klein Ansatz for the field ¢ is

o, ) = g(§)o(2"), (3.5.1)

where the g(i) parameterizes a subgroup of G such that g(&;) = g;.
The group G is a global symmetry group and thus the Lagrangian is a singlet
under G. Hence the Lagrangian is independent of y. This can only be arranged if all

derivatives of a field depends in the same way on y as the field itself; 9y, (g(¥)¢(z)) =
9(§)¢:(z) for some ¢(x);. Hence we need [120]

9(i) "0y, 9(5) = C*, (3.5.2)

where O is a y-independent element of the Lie algebra of G. In terms of the C? the
Kaluza—Klein Ansatz of the field ¢ is

o(z*,9) = exp (Ciyi)qb(x) . (3.5.3)

The objects C; give rise to mass terms in the lower-dimensional supergravity and thus
the Scherk—Schwarz I reductions result in a lower-dimensional gauged supergravity.
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If the abelian subgroup generated by the C commutes with the higher-dimensional
supersymmetry algebra no supersymmetry is broken. More generally, the lower-
dimensional supersymmetry is determined by the subalgebra of the higher-dimensional
supersymmetry algebra that commutes with the subalgebra generated by the elements
C".

Scherk—Schwarz II Reductions

Scherk—Schwarz II reductions use the higher-dimensional symmetry of general co-
ordinate transformations to give the fields a nontrivial dependence on the internal
coordinates y; [116]. One introduces matrices U(y)? and U (y)3 such that a field with
p lower internal indices and ¢ upper internal indices has the following Kaluza—Klein
Ansatz (suppressing lower-dimensional indices)

(ioq...apﬁl“ﬂq (mv y) = U(y)gll o U(y)g’;ﬁ(y)?ﬁ cee U(y>5ﬂ:¢71...7p51“.5q (37) . (354)
Consistency requires U (y)1U (y)? = 64 and that the following relation holds [116]:
U U (05,U7, — 05,U3) = —f15. (3.5.5)

for some constants f;/ﬁ and Oy = 0y, .

If we introduce the one-forms 5% = U (y)%dyﬁ equation 3.5.5 is equivalent to
Ao = -1 f%67 NG, (3.5.6)

and the Kaluza—Klein Ansatz 3.5.4 is for a p-form on the internal manifold equivalent
to
Pory o0y (T, ) AY™T A+ AdY®? = ()0, 0, T A NG (3.5.7)

Hence a Scherk—Schwarz II reduction looks equivalent to a group manifold reduction
where the group G has structure constants fJ;.

There is however a global issue; nothing forbids the structure constants appearing
on the right-hand side of equation 3.5.5 to be the structure constants of a noncompact
group (the structure constants have to be traceless though, fg, = 0 [116] but this
does not mean that the group is compact). To obtain a compact manifold one divides
by a noncompact discrete subgroup I' such that G/T" is compact [121]. Then locally
one can use the Kaluza—Klein Ansatz 3.5.4.

3.6 Other Reductions and Consistency

In Kaluza—Klein reductions the internal manifold is a symmetric space but symmetric
spaces are just one special class of manifolds that can be used for dimensional reduc-
tions. To obtain other dimensional reductions one can, for example, try to generalize
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to the spaces that are obtained by modding a symmetric space G/K out by a discrete
subgroup I of G, for example T"/Z,, (an n-cube with the boundaries not identified).

There are dimensional reductions that require a totally new approach, such as
reducing over Joyce Manifolds, Calabi—Yau Manifolds or manifolds with some ‘struc-
ture’, such as Go-structures. In this thesis we do not treat them. We refer to the vast
amount of literature on this subject, e.g. [126-137] and references therein.

When considering reductions and their consistency there is a subtle issue one
has to keep in mind. In the preceding sections it was greatly emphasized that the
truncation to a finite set of fields should be a consistent one. But if one is interested
in an effective low-energy approximation of a supergravity theory one can go around
the difficult issue of consistency. If the states with light masses couple to states with
heavy masses, the heavy states can be produced via an interaction at high energies.
So an inconsistent truncation is truly wrong at high energies but at energies below
a certain cutoff scale the original theory can in some cases be safely described by a
truncated theory where some interactions have been discarded. Of course one cannot
truncate at will, in some cases a blind truncation will lead to a theory that is no longer
a good approximation to the mother theory. If a truncation to a low-mass sector does
not work, the physically right approach is to integrate out the massive modes. See
for a more technical explanation on this issue [138,139].

If one wants to be able revert the action of dimensional reduction and uplift a
lower-dimensional solution, one needs a consistent reduction. Recall the definition
of a consistent reduction from section 3.2.3: a reduction is consistent if every lower-
dimensional solution can be uplifted to a solution of the higher-dimensional theory.

A feature of Kaluza—Klein reductions is that the explicit expression for the higher-
dimensional fields is given by means of the Kaluza—Klein Ansatz. For other reductions
the precise expressions may not be known; for example the metric on many Calabi—
Yau manifolds is not known but one does know that the Ricci tensor vanishes. On
the one hand it is appealing that without knowing the precise expressions for the
fields still many statements can be made about the lower-dimensional action and
even the Lagrangian can be constructed, but on the other hand the explicitness of
Kaluza—Klein theories, admitting a full quantitative analysis, is also appealing.



Chapter 4

N =4 d =4 Supergravity and
its Scalar Potential

In the previous chapter we have investigated the relation between higher-dimensional
supergravities and lower-dimensional supergravities. One can ask the question whether
all four-dimensional supergravities can be deduced from a ten-dimensional supergrav-
ity. The answer is by the time of writing of this thesis still not known. To obtain
an answer both the dimensional reductions of ten-dimensional supergravity and the
features of four-dimensional supergravity need to be investigated.

For any theory the most important objects are the solutions of the equations
of motion. Within the solutions the most prominent place is taken by the vacuum
solution(s). Most vacuum solutions are characterized by the vanishing of all fields
except the metric and the scalars, of which the latter take constant values. The
scalars contribute to the curvature through the scalar potential. The value of the
scalars at the vacuum determine how much supersymmetry is broken. Therefore the
vacua of a theory can be studied by the scalars and their potential.

In four dimensional N/ = 4 supergravity it is possible to introduce so-called
SU(1,1)-angles. These angles influence the scalar potential and hence the vacua
of the theory. A ten-dimensional origin of the SU(1, 1)-angles is not known.

In this chapter we study N' = 4 d = 4 supergravity and we focus on the potential
of the theory. A premature discussion on N = 4 d = 4 supergravity was given in
section 2.4.2, which we extend in this chapter. In section 4.1 we introduce the four-
dimensional N' = 4 supergravity multiplet, give its (gauged and ungauged) action
and introduce the SU(1, 1)-angles. In section 4.2 we introduce the matter multiplets
and in section 4.2.2 we study the symplectic embedding. The symplectic embedding
provides a technique for determining the coupling between the scalars and the vectors
in a supergravity. In section 4.3 we briefly discuss the matter coupled gauged N = 4
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d = 4 supergravity and in section 4.4 we introduce the scalar potential of N = 4
d = 4 supergravity. In sections 4.5 and 4.6 we study the potential for semisimple and
CSO-gaugings. We always assume that the number of space-time dimensions is four,
unless otherwise stated.

4.1 The Pure N = 4 Supergravity

In this section we review the basics of pure N’ = 4 d = 4 supergravity. We do
not consider the construction of the theory, which has been done in the end of the
seventies, see e.g. [58,59,140].

The supergravity multiplet of A/ = 4 supergravity consists of a metric, four grav-
itini, six vectors, four spin-1/2 fermions and two scalars. All fields carry a repre-
sentation of su(4) = s0(6); the metric and the scalars are singlets under su(4), the
fermions are in the vector representation 4 of su(4) and the vector fields are in the
real 6 representation of su(4), which is the same as the vector representation of s0(6).

The Scalar Manifold SU(1,1)/U(1)
The two scalars ¢, o = 1,2, parameterize an SU(1,1)/U(1) coset. We define ¢,, by
1= (¢1)* and ¢y = —(¢?)*. We introduce an SU(1, 1)-matrix V by:

1
v= (5 ) P = e, =1, (4.1.)

and which satisfies VTmJV = 11,1 Where

m,1 = (é _01) . (4.1.2)

We decompose the Lie algebra su(1,1) into its compact part and its noncompact
part; su(1,1) = u(1) ® u(1)*. In the vector representation the subalgebra u(1) is
spanned by t; = io3, whereas u(1)* is spanned by to = 0 and t3 = 09, where the o;

are the Pauli-matrices (see Appendix A). We call P the projection onto u(1)=.
We find
_ 0 — 20,01 + ¢10 ¢2)
IPV 18 V — K H 5 413
1% <_¢2aﬂ¢l + ¢1aﬂ¢2 0 ( )

and thus for the SU(1, 1)-scalars we find the kinetic Lagrangian:
1T (V19 VPY LMY = 0,000"0% + ¢%0,pad’ 0" ¢5 . (4.1.4)

The kinetic term 4.1.4 is the kinetic term of the SU(1, 1)-scalars of N' = 4 supergravity
found in the literature [36,59].
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Using a U(1)-transformation we can make ¢' real. Hence we take the following
parametrization of SU(1,1)/U(1)

1 retx
Vi—rZ’ Vi—r2’
The parameter r is restricted to the interval [0,1) and x is an angular parameter

running from 0 to 2w. Substituting the parametrization 4.1.5 into the kinetic term
4.1.4 gives rise to the scalar kinetic Lagrangian:

1
e

o »? = (4.1.5)

Llr,x] = - Ourd*r + 129,x0"X) . (4.1.6)

‘We now briefly show the connection with other formulations of the scalar manifold
SU(1,1)/U(1). We first put z = re”X and define

1-=2
=1 4.1.7
T=17 por ( )
and obtain the scalar Lagrangian
10,7047
Llr]=—->+—. 4.1.8
™= =1 ()2 (4.18)

The action 4.1.8 is invariant under Mobius-transformations: 7 +— (ar + b)(cT +d) 71,
where a,b,c,d € IR and ad — be = 1. Putting 7 = 0 + ie~? we obtain the Lagrangian
of the coset SL(2;R)/SO(2)

Llo,6] = — (0u00"0 + €0,00"7) (4.1.9)

In the following we use that formalism that gives the most elegant result.

The Bosonic Lagrangian

Ungauged N = 4 supergravity admits a formulation in which SU(4) = SO(6) is a
global symmetry. Using the SU(1,1)-variables o, ¢ the bosonic Lagrangian reads in
the SO(6)-formulation

e 'L =R(w) — % (0,00"¢ + *?0,00" )
6

6 (4.1.10)
1 .— a v,a 1 vpo a a
— 7€ ‘bZFWF“ — o ZF F
a=1

pvt po o
a=1

where Fj, = 0, A} —0, A}, are the abelian field strengths. The global SO(6)-symmetry
rotates the field strengths F, and the fermions. To go to the SU(4)-formulation one
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uses the 't Hooft symbols (see appendix A.3.2) to rewrite the field strengths as:
Fil = 1(Ga)"Fg,.

The six vectors A}, can be promoted to nonabelian gauge fields by making a six-
dimensional subgroup H of SO(6) a local symmetry group. The gauged theory has no
longer a global SO(6)-symmetry, but only the local H-symmetry. We associate with
every gauge field Aj, a generator 7;, such that the structure constants are given by:
[T, Ty] = fap°T.. The tensors fope = fap?dqc have to be completely antisymmetric.
To remain supersymmetric the Lagrangian 4.1.10 acquires a potential. The potential
V (o, ¢) is given by:

¢)=—e* > (fu)’- (4.1.11)

a,b,c

The potential 4.1.11 is unbounded from below. In theories that are described in flat
space-times a potential that is unbounded from below is a problem, since there is no
stable vacuum with the lowest energy. For theories that involve gravity the stability
of an anti-de Sitter vacuum is guaranteed if the Breitenlohner—Freedman bound is
satisfied [141,142].

The SU(1,1)-angles

There exists a formulation of ungauged pure N = 4 supergravity in which the global
SO(6)-symmetry is broken; all vector fields are coupled to the SU(1,1)-scalars in
another way. To see what happens it is convenient to rewrite the scalars ¢ and o into
the complex scalar z as defined above; o +ie™? = i(1 — 2)(1 + 2)~1. The different
couplings are then obtained by putting z +— e~2% 2z in each coupling to the gauge
field Af,. The Lagrangian is given by [36,143]

6
_ 2 1— |z
1 = 1 a v,a
L=Rw)— ———=0,20"z— 2 —_— % F'
e (w) (1 . |Z|2)2 nr0" 2 4 z:l |1 + ze™ 2zaa‘2 pv
“ (4.1.12)

;Lupa'z 2“1{1) = ) pa pa
- i€ \1+ze Ziag 27 WP

The factor of 2 for the SU(1, 1)-angles ay is for later convenience. One can show that
the action 4.1.12 is related to the action 4.1.10 by a duality rotation, which we discuss
in section 4.2.2.

It is clear that the gauging is affected by the introduction of the SU(1,1)-angles.
To have local H-symmetry, the SU(1,1)-angles need to be chosen such that they
respect the H-symmetry. This is discussed in more detail in the sections 4.5.1 and
4.6.2. For now we remark that if the structure constant f,;¢ is nonzero, then «, =
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ap = .. The potential that arises from the gauging becomes [36,143]:

V()= LEZ R S e LSS e e (o, — ag). (4113)
1— |Z‘2 36 5 4

a,b,c

The potential 4.1.13 can have an extremum [36], which was also noticed by [144].
The fact that due to the introduction of the SU(1, 1)-angles the potential of pure
N = 4 supergravity can have an extremum, makes the SU(1,1)-angles appealing.
However, to the knowledge of the author it has never been shown how to obtain
the SU(1, 1)-angles from a dimensional reduction of a ten-dimensional supergravity.
Therefore there seems to be no string theoretical origin of the SU(1,1)-angles.

4.2 The Vector Multiplet

For N = 4 supersymmetry there is only one matter multiplet that can be coupled to
the supergravity multiplet; the vector multiplet, which is the subject of this section.
We first consider in general the N' = 4 supersymmetric Yang—Mills theory, then we
consider the symplectic embedding, which provides us with useful information about
the coupling to the supergravity multiplet. In particular, we construct the coupling
of the scalars to the vector fields when all SU(1,1)-angles are equal.

4.2.1 N =4 d =4 Super-Yang—Mills

The N = 4 Super-Yang—Mills theory can be obtained from a dimensional reduction
of the ten-dimensional A" = 1 Super-Yang—Mills theory. In Super-Yang—Mills theory
gravity is not included and hence the theory is formulated in a Minkowski space-time.

We first discuss important aspects of the ten-dimensional N' = 1 Super-Yang—Mills
theory and subsequently discuss the dimensional reduction to four dimensions. The
conventions, notations and some useful formulas for spinors are explained in section
appendix C.

The Ten-Dimensional Theory

In ten dimensions the nonabelian A' = 1 Super-Yang-Mills multiplet consists of a
gauge potential A, and a Majorana—Weyl spinor v satisfying I'119 = P11, where Py
is a chiral projection operator. Both fields take values in a compact Lie algebra g.
The Lagrangian is given by:

Loyn = / A2 (3Trad (B F™) + 2 TraapT*Dytd) | (4.2.1)
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where ) = T C, with C the antisymmetric charge conjugation matrix, and where
D,u'l/} = a/ﬂ;/} + 9y [A;u VJJ] ) F,UJ/ = a,LLAl/ - auA,u + gY]\/[[A;n Au] . (422)

The field strength F,, satisfies the Bianchi identity Dy, F,, = 0. An infinitesimal
Yang—Mills transformation with parameter A taking values in g acts on the fields as:
oath = [AW], 6aA, = —=DyA. (4.2.3)
The awkward looking sign in front of the Lagrangian 4.2.1 is due to the fact that
for compact Lie algebras the trace in the adjoint representation is negative definite.
The Lagrangian 4.2.1 is real due to the identity C = BC*B, where B is the symmetric
complex conjugation matrix. The Lagrangian 4.2.1 is invariant under the supersym-
metry transformations:

0cA, =il yp, 0 = —%FW,F“VE. (4.2.4)
The 4 in the supersymmetry transformation of A, is needed to keep the field A, real.
Using the Fierz identity for two Majorana—Weyl fermions €1, €2 of positive chirality

= = 1= 1 = L1
€261 — €261 = —ge Vel P — goger M Heeoly s Py (4.2.5)

we find that the supersymmetry algebra is given by:
[0c,, 0e,Jt0 = —2iE1 T 20,00 + [—2igy e T Ay €, ¥ + e TPl , T#D 1)

— gigal" ey, VD, (4.2.6)

[(561 5 562]14“ = —22.@11—‘”6261,14“ + DM (2i€1FJAg€2) .

The supersymmetry algebra closes up to gauge transformations with gauge parameter
A = —2igyméI'Pes A, and up to the equation of motion of the fermion, I'*D 3 = 0.

The Reduction

We now perform a toroidal reduction to obtain the four dimensional Super-Yang—
Mills NV = 4 multiplet. All ten-dimensional fields and indices are hatted. The
ten-dimensional space-time indices i, 7, ... are split into 0 < p,v,... < 3 and 1 <
a,b,... < 6. The coordinates on the four-dimensional space-time are denoted z* and
the coordinates on the six-dimensional torus are denoted by y®. All lower-dimensional
fields are independent of the coordinates y°.

The reduction Ansatz for the gauge potential is given by A = A, (x)da? +
Zq(2)dy®. From this we find the following components of the ten-dimensional field
strength F,l,;:

Fp,u = F/J,V = F,u,l/ = ap,Au - aVA},L + gYM[A/uAu] 3
Fua = D/,J,Za = 8p,Za + gYM[A;m Za] ) (427)
Fab = gYM[Za; Zb] .
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The reduction of the fermions is done by choosing a particular representation of
the Clifford algebra of s0(1,9). We take:

Iy =7 ®lsxs, Ta=7&T, (4.2.8)

where 7, represent the Clifford algebra of s0(1,3) and I, represent the Clifford algebra
of s0(6) by means of the 't Hooft symbols G, as explained in appendix C.3.
The Clifford algebra of so(1,3) can be taken to be real 7, = Yu and an explicit

real representation is given in C.2. Hence B(_4) ~ T444 and we choose a basis for

the fermions such that B = —il,,. The charge conjugation matrix of so(1,3),
denoted C, we therefore take to be C' = iy. The chirality matrix v5 = ivpy17273 is
purely imaginary.

For the charge conjugation matrix C and the complex conjugation matrix B we
take the decomposition:

C=in®C, B=—ilyui®C, (4.2.9)

where C' is the symmetric charge conjugation matrix of s0(6). The explicit represen-
tation of C is given by equation C.3.2. The chirality matrix is given by Iy = ¥5 17,
The explicit representation of I'7 is given by equation C.3.3.

The spinors 1[) are decomposed as:

8
dla,y) = (@) @6 (4.2.10)
i=1
The spinors 6% are the real basis spinors given by: (6%); = §;; and hence a ten-

dimensional spinor 1[) is effectively written as:
¢(1)

b=1 : 1. (4.2.11)
1/,(8)

Imposing the Majorana constraint 1/3* =By gives:
(W) =y® (@) =y (@) =y (pW)* = y®) (4.2.12)

Therefore we write the first four () with a upper index as ¥, i = 1,2,3,4, and
the last four with a lower index 1;, i = 1,2,3,4; we then have ¥** = ;. We thus
decompose the ten-dimensional spinor 1[) as a doublet of a quartet of fermions, where
one doublet is the complex conjugate of the other;

)= <$) : (4.2.13)
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Imposing the chirality constraint flﬂ/; = 1/3 gives:

V' =", st = — i, (4.2.14)

which is consistent with v = —vs. -
We define for the four-dimensional spinor ? the conjugates Pt = Ty and for
1; similarly v; = 1T ~. With this definition we have (3;)* = 1 and

O =i(i, 9" . (4.2.15)

Under the action of SU(4) the spinors ¥ and " both transform in the 4 and 1; and
1p; transform in the 4.
Putting the expressions together one finds:

6
Lsym ZTfadGFWFW +1 ZDpZaDNZa — 30Dy’ — 30D

a=1
6 6 B ‘ (4216)
+ 19y Z Za, Zb)[Zas Zb) + 9y Z ZyIm (WGa,ij‘W))
a,b=1 a=1
When we use the 't Hooft symbols G¥ to define
¢ =1 Gz, (4.2.17)

and its complex conjugate ¢;; = ¢"* and use the properties of the 't Hooft symbols
(see appendix A.3.2) we obtain the result:

£SYM :Trad<iFuuF'uV + %D;L(bilequij - %&i’yﬂDuwi - %&i’yﬂD;twi
2 ) - - (4.2.18)
+ D (05, gl 6] + igyar (Big vy — B oi) ) -

The supersymmetry transformation under which the action 4.2.18 is invariant are
given by:
6Au = _Ei'y;ﬂ/}i - Eﬂ;ﬂ/}i )
5" = —i (e — TP’ + M) | (4.2.19)
Ot = =3P e +2i (DugV) e + 206", dujle’

The supersymmetry transformation rules 4.2.19 can be found by reducing the ten-
dimensional supersymmetry transformation rules 4.2.4.
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The action 4.2.18 contains a scalar potential that is proportional to g% ,,. When
we take the abelian limit - that is, setting the derived algebra g’ to zero - the scalar po-
tential vanishes. In the abelian limit only the free theory survives and the Lagrangian
becomes a sum of kinetic terms.

To obtain matter coupled N/ = 4 supergravity the free theory is coupled to the
ungauged N/ = 4 supergravity. To gauge the coupled theory one uses the global
symmetry group G of which a subgroup H is promoted to a local symmetry. The
gauge fields of the supergravity multiplet and the gauge fields from the Super-Yang—
Mills multiplet are then promoted to the Yang—Mills fields of the group H and all
derivatives are made covariant with respect to H.

The gauging procedure in general breaks supersymmetry and to restore supersym-
metry one has to modify the supersymmetry transformation rules and the Lagrangian.
The modification of the Lagrangian involves adding a potential. The appearance of a
scalar potential looks natural in the light of the action 4.2.18, since this action has a
local gauge symmetry and is supersymmetric (though globally supersymmetric). The
potential in gauged matter coupled supergravity is also proportional to the square of
the coupling constant of the gauge group H. However, the two potentials are differ-
ent in nature; the potential of 4.2.18 is contained in the potential of gauged matter
coupled N = 4 supergravity.

4.2.2 The Symplectic Embedding

In ungauged supergravity all gauge fields are abelian gauge fields. The gauge fields
couple to the scalars in the following way:

L=—-f(P)xFAF+g(®)FANF, (4.2.20)

where f and g are functions depending on the scalars, collectively denoted ®. The
functions f and g can be found when the scalar manifold is known by a trick called the
‘symplectic embedding’. We now present how the symplectic embedding works and
apply it to ungauged N = 4 supergravity, where the scalar manifold is SU(1,1)/U(1)®
SO(6,n)/SO(6) x SO(n). This section is based on [36,72]. To make the presenta-
tion less spoilt by a large number of indices, we first introduce a compact and more
abstract notation. We then show how the symplectic groups arise as duality groups,
rotating equivalent but different Lagrangians into each other. Then we use the duality
group to obtain the coupling of the vector fields to the scalars.

We introduce N abelian gauge field strengths F/fl,, I =1,...,N. The scalars
parameterize a coset G/K. The most general Lagrangian for the field strengths Flfy
coupled to the scalars ® is'

Loec|®, F] = =271, FL,F/" + 10, F! F{ (4.2.21)

IThe role of gravity is immaterial and hence we will take a flat space-time Lagrangian. The
extension to curved space-times is straightforward.
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where 7y and 675 are ®-dependent symmetric matrices.
The field strengths F! are two-forms and the space of two-forms we denote .
Let us define the linear transformation j on Q5 by

(jF);w = %euuApFAp7 (4.2.22)

for any F' € Q5. We have j? = —1.
We assemble the field strengths F/ into the vector F = (F!,...  FN), which is an
element of W = R" ® Q,. We equip W with the inner product (,) defined by

N
X)) =Y aLym. xyew. (4.2.23)
I=1

The linear transformation j is extended to the linear transformation 7 = 1 ® j
on W. Since J squares to minus the identity on W it has eigenvalues +i and —i and
therefore we pass to the complex extension of W, denoted W®. The inner product
(,) is extended to a bilinear form on W% by C-linearity; if U, V, X,Y € W, then on
WT we have

(U +iV, X +4iY) = (U, X) +i(V,X) +i(U,Y) - (V,Y) . (4.2.24)

The vector space W splits into the direct sum of the eigenspaces of 7. We define
for any F € Wg the projections F* onto the +i-cigenspaces of J by

F=Ft+F, Fr=L(FFiJF), JF*=xiF*. (4.2.25)

With respect to the inner product (,) the +i-eigenspaces of J are orthogonal to each
other. -
We introduce the symmetric kinetic matrix K and its complex conjugate K by

K=iy+60, K=—iv+0, (4.2.26)

where the components of v and 6 are 7y and 05 respectively. We put K = K ® 1.
If 7X = +iX then we have JKX = +iKX.
With these definitions the Lagrangian 4.2.21 can be written as

Loccl® F| = £ (F* . KF*) = 1 (F7.KF7) . (4.2.27)
We define G by
a‘C'UGC .
ngQWZ(—’Y®]l+9®])}-, (4.2.28)

which gives G = (y® j + 6 ® 1) F. One finds the following J-eigenspace decomposi-
tion of G: B
Ggt=Krt, g~ =KF. (4.2.29)
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The equation of motion and Bianchi identity now read
MGF)w =0, 0*(jG)uw = 0. (4.2.30)

The Bianchi equation and the equation of motion are invariant under GL(2N, R)-

transformations;
FI\' (A B\ [ Fh
nv _ pv
(gr) - (¢ p) () 230

where A, B,C, D are N x N-matrices. However for general GL(2N, IR)-rotations the
transformation of GF is inconsistent with its definition 4.2.28. We now show that when
we restrict to Sp(N, IR)-rotations and transform the scalars, using G-transformations,
the inconsistency can be cured. We thus show that an isometry of the scalar man-
ifold G/K accompanied by an Sp(N,IR)-rotation on the electric and magnetic field
strengths, gives rise to an equivalent set of equations of motions and Bianchi equa-
tions. The combination of the isometry of G/K with the Sp(N,IR)-rotation is called
a duality transformation. The duality transformations do not describe symmetries of
the Lagrangian, but symmetries of the equations of motion and Bianchi identities.
A duality transformation acts on the vector fields as a GL(2N, IR)-transformation
mapping F,G to F', G’ respectively such that the following relation holds:
!
B 28£

vee (4.2.32)

TG =255

!

!
where £ ec

vec 18 the new vector Lagrangian: £
4.2.32 gives

= Lyec[®’, F']. Imposing the constraint

K'=(C+ DK)(A+ BK)™!, (4.2.33)

where the A, B, C, D are the N x N-matrix as in equation 4.2.31. Transformations of
the kind 4.2.33 are called fractional linear transformation and they form a group.

What singles out the symplectic group is the requirement that the new kinetic
matrix K’ is again symmetric and that the duality rotations form a group, called the
duality group. Working out the requirement of symmetry of K’ gives

0=ATC + KT(BTC - DTA) + K" B" DK — Transpose. (4.2.34)

Since K is an arbitrary complex symmetric matrix, we find ATC = CTA, D'B =
BTD and ATD — CTB = o1, 0 € IR. The constraints can be summarized by

AT (_0]1 101) A=o <—011 g) , A= (g g) : (4.2.35)

The number ¢ must equal 1 in order that the duality transformations describe a
group. The duality group is then fixed and is Sp(N,IR). We have thus proved that
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any theory involving scalars and N abelian field strengths the maximal symmetry
group of the equations of motion and Bianchi identities is Sp(N,IR). The Sp(N,R)-
rotation is fixed by the isometry of the scalar manifold. Hence we can see the duality
rotations as an embedding map from the set of isometries of the scalar manifold to
the group Sp(N,R).

We now present a way to find the kinetic matrix K. The idea is to embed the
isometry group G into Sp(N,IR) such that the compact subgroup K gets embedded
into the compact subgroup of Sp(N,IR).

The group Sp(N, R) is isomorphic to the group USp(N, N) = Sp(N, C)NU(N, N).
A complex 2N x 2N-matrix M describes an element of USp(N, N) if

(0 1 (0 1\ ,4+(1 0 (1 0
(0 a= (8 () =t %) e
The general form of M € USp(N, N) is

M = (%’; ‘;) , where T'T = VIV =1 and TTV* = VIT*, (4.2.37)

If A is a Sp(N,IR)-matrix, then the matrix M, given by

M =CAC™! where, C = —— <1 i > , (4.2.38)
V2 \1 —il
is a USp(N, N)-matrix. Using the USp(N, N)-language has the advantage that the
compact subgroup is ‘on the diagonal’; the compact subgroup of USp(N, N) is U(N)
and is obtained by putting V' = 0 in equation 4.2.37.
Let V(®) be a representative of G/K, then we embed V into a 2N x 2N-matrix
V(®) € USp(N, N), such that if & # @', there is no U(N)-matrix W such that

V(®) = V(&) (‘gf VS) . (4.2.39)

The USp(N, N)-element V(®) describes the symplectic embedding of G/K into the
coset USp(N,N)/U(N), such that K is embedded in U(N). We write the matrix

V(@) in block form as
_ (U(D) Uy (D)
V(®) = <U(1)(<I)) Ué‘(@)) . (4.2.40)

If we perform a duality transformation, mapping ® to ®’, the matrix V(®) gets
rotated by a USp(N, N)-matrix S such that

SV(®) = V(@) (Wé‘l’) W*O(q))> S= (5 ;) , (4.2.41)
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where W is a U(N)-matrix. Re-expressing this in Sp(N,R)-language, using 4.2.38
and the expression for V 4.2.40 one finds

UL (@) + Ul (@) = WH(®) (Ug(cp) (AT +iB") + U] (®) (AT — iBT)) :

(4.2.42)
UL (@) — Uf(@') = WH(®) (Ug(cp) (DT —ic™) - Uf(®) (DT + iCT)) ,
where A, B, C, D are given by inverting 4.2.38;
A B\
(C D) =clsc. (4.2.43)
From 4.2.42 we see that putting

-1

K=i(uj+ul)  (uvi-uf) (4.2.44)

solves the transformation rule 4.2.33. Using that V is a USp(N, N)-matrix one verifies
that K is symmetric. Hence we have found a way to find the kinetic matrix. The
result 4.2.44 is the result derived in 1981 by Gaillard and Zumino [145].
We now apply the procedure outlined above and obtain the vector-scalar couplings
in ungauged AN = 4 supergravity coupled to n vectors with all SU(1,1)-angles equal.
There are 64n vectors and hence the symplectic group of interest is Sp(6+n,IR) =
USp(6 + n,6 4+ n). The scalar manifold is given by:

SU(1,1) SO(6,n)
U1) "~ S0(6) % SO(n)

G/K = (4.2.45)
Since the global symmetry group consists of the direct product of the two groups
SU(1,1) and SO(6,n), the symplectic embedding must be such that the embedded
SU(1,1) commutes with the embedded SO(6,n). The embedding map into USp(6 +
n,6 + n) is denoted J.

The precise embedding is contained in the decompositions of the irreducible repre-
sentations of Sp(N, IR) into irreducible representations of the global symmetry group.
The decomposition is often dictated by supersymmetry. We take the decomposition
as given and proceed from there to give the scalar vector couplings. The decomposi-
tion of the vector representation 12 + 2n of Sp(6 + n,IR) decomposes into the direct
sum of two vector representations of SO(6,n): 12+2n — (6 +n) @ (6 + n). The
decomposition of the vector representation 12 + 2n of Sp(6 + n, IR) decomposes into
the irreducible representations of SU(1,1) as 12 4+ 2n — EB?L" 2, where 2 denotes
the vector representation of SU(1,1).

Let V4 be an (6 +n) x (6 +n) SO(6,n)-matrix satisfying:

~1 0
VingaVi=1n, Ten = ( 0" ) . (4.2.46)

]ITIXTL
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Then the symplectic embedding of V; into Sp(6 4+ n,IR) can be taken to be:

V), — Vi QT € Sp(6+n,IR). (4.2.47)

Hence the embedding J(V1) of V; into USp(6 + n,6 + n) is

Vi +16xV106,n V1 — Ne.nViM6,n
J:V =L : : : . 4.2.48
173 (Vl = N6 V1M6.n Vi + N6 V106.n ( )

A general SU(1, 1)-matrix is given by

1 2
Va () = <(£2 21> oM = 9% = 0% = 1. (4.2.49)

The embedding of this matrix into USp(6 + n,6 + n) is given by

avy _ (Reg'l +ilmelne,, Reg?l — ilmd?ne ,,
HVale") = (Re¢21+ﬂm¢2nﬁ,n Reg!'1 — ilme' ) (4.2:50)
and the embeddings commute.
The embedding is completed by putting
~ ~ Uo(¢*, Z) U{‘(¢a7z)>
V(¢*,2) =3(V1) 0 I(Vs) = o L0 4.2.51
0.2 =300 0300 = (607 ) 2o
and inserted in the master equation 4.2.44 gives:
[ -1 2Im(¢te?*)
K@% 2)= ——— (W) +=—"" L. 4.2.52
W= gy ) T e 22

We now choose a particular representative for the SO(6, n)-scalars. We put

_ X Y _ _
7767"]}1 ' = (U V) s Vl T776,nV6,71L = M6,n ; (4253)
from which we find
Ty,—1 xT
Nen Vi Vi Mo = Non + 2 (YT> (X Y). (4.2.54)

We call (X,Y),* = Z,% with1 < a,b,... <6and 1 < R,S,... <6+ n, and we
define ZES = Do Z,27.5. For the kinetic matrix we find

. I 1, 42%
K(¢™, Za")rs = — (Nrs +2ZRrs) + mﬁRs ;

T (4.2.55)
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where ngg are the components of 75 ,, and Zrs = ZTUngrrnys. If L is an SO(6,n)-
matrix, then so is LT and hence we have Z,%nrsZy° = —da, and thus nrs + 2Zrs
is an SO(6, n)-matrix.

The coupling between the scalars and the vectors is given by:

Im(¢'$**)

Nrs + 2ZRrs Voo
ML T ¢2|2nRSFR F3 ehveo (4.2.56)

»Cvec = -
4‘¢1 +¢2‘2

F ﬁ/F Y+ uvt po
which is the same scalar-vector coupling as found with the conformal programme by
De Roo for all SU(1,1)-angles equal [60].

We now show that the result 4.2.56 is compatible with the Lagrangian of pure
supergravity. When n = 0 the manifold SO(6,n)/SO(6) x SO(n) becomes trivial;
the scalars Z,® can be put to Z,* = 6, using the local SO(6). Hence we have
Nrs + 2Zrs = 0rs. When we parameterize the SU(1,1)-scalars as

.
i O T

we obtain the vector-scalar couplings of 4.1.12 for all SU(1, 1)-angles equal.

We thus have obtained by using duality symmetries the vector scalar couplings.
When the SU(1,1)-angles are nonzero the coupling 4.2.56 becomes a little different,
but is a straightforward extension of 4.2.56.

zeC, |zl <1, (4.2.57)

4.3 Matter Coupled Gauged N = 4 Supergravity

We now discuss briefly the N' = 4 matter coupled gauged supergravity, where the
number of matter multiplets is n. We restrict ourselves mostly to the bosonic sector.
For the full result and a more complete discussion see e.g. [36]. We do not present
the Lagrangian since it is not very instructive. We also do not give the most general
gaugings; our gaugings are a subsector of the most general gaugings as discussed
in [146] (in terms of reference [146] our gaugings are characterized by the vanishing
of the parameter £,ps).

The field content of the theory is: one metric, four gravitini of spin 3/2, 6+n gauge
fields, 4 4+ 4n fermions of spin 1/2 and 6n + 2 scalars. The scalars are the SU(1,1)-
scalars and the SO(6, n)-scalars. The SU(1, 1)-scalars can be combined in a complex
scalar z as shown in section 4.1. The SO(6,n)-scalars are the Z,, as in section
4.2.2. The kinetic term of the SU(1,1)-scalars is as in section 4.1 while the kinetic
term of the SO(6,n)-scalars is expressed in terms of the symmetric SO(6, n)-matrix
Mps = nrs +2Zgrs as

LrinlZ"]) = &Tr (9,M 10" M) . (4.3.1)
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The ungauged theory has a global symmetry group G = SO(6,n) x SU(1,1)
of which the maximal compact subgroup K = SO(6) x SO(n) x U(1) is a local
symmetry group. The gauge fields are all abelian and the scalars parameterize the
coset G/K. The U(1)-symmetry is used to write the SU(1,1)-scalars as z and the
SO(n)-subgroup of K acts trivially on the scalars Z,, while the global SO(6,n) acts
as Z,% — OfgZ,5.

The coupling of the scalars to the vector fields in the ungauged theory was dis-
cussed section 4.2.2 for equal SU(1,1)-angles. As in section 4.1 the extension to
different SU(1,1)-angles can be done by replacing z with ze?® for each vector field
Al or equivalently putting ¢! — ¢'e’®® and ¢* — ¢?e~ " for each vector field A%,

A subgroup H of G can be promoted to a local symmetry; this destroys the
global symmetry G. The number of vector fields is 6 +n and hence at most a (6 4+ n)-
dimensional group can be gauged. With every gauge field Af we associate a generator
Tr and we define the gauge group H by its structure constants frs’: [Tgr,Ts] =
frsTTr. The structure constants are not arbitrary but have to satisfy

frs"nru + fru nrs = 0. (4.3.2)

Hence the adjoint representation of the Lie algebra b of the group H has to be embed-
ded in the vector representation of s0(6,n). This severely restricts the possibilities
of gaugings and is discussed more in detail when we investigate the scalar poten-
tial. The scalar potential factorizes in an SU(1,1)-part and an SO(6,n)-part. The
potential arises when the ungauged supergravity is gauged while keeping the theory
supersymmetric.

4.4 The Scalar Potential

The solutions of a theory are the most important features of a theory and within the
solutions the vacua play the most dominant role. The vacua are the backgrounds
around which the quantum field theory is developed.

We are mainly interested in vacua where the geometry is maximally symmetric
and all fields except the metric vanish. In this siutation the number of Killing vectors
is maximal. If we denote the Killing vectors by K1, I = 1,2,..., the metric satisfies
(Lx19),, = VKl 4+ V,K] =0. For a given metric the maximal number of Killing
vectors is thus 10. It turns out that there are only three distinct maximally symmetric
geometries . FEither space-time is Minkowski or de Sitter or anti-de Sitter. In a
Minkowski space-time there is no curvature and the 10 Killing vectors generate an
SO(3,1) x R*-group. In a de Sitter space-time the curvature is positive and the
Killing vectors form an so(4,1) Lie algebra, while in an anti-de Sitter the curvature
is negative and the Lie algebra formed by the Killing vectors is s0(3,2).

The configuration of the fields has to be compatible with the symmetry and there-
fore the Lie derivative along a Killing vector on a field has to vanish. For gauge
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fields one of course demands that the Lie derivative along a Killing vector on the field
strength vanishes. However, working out the Lie derivatives along the Killing vectors
is quite tedious for the de Sitter and anti-de Sitter vacua.

All three isometry groups contain the Lorentz group. Therefore it is a necessary
condition that all fields (or field strengths for gauge fields) are invariant under local
Lorentz symmetry. For a scalar this implies that it has to be constant since 9,9 =
E!0,®, where ® is any scalar, is not invariant under local Lorentz transformations
unless J,® = 0. The requirement that the scalars are constant is precisely what one
obtains when demanding that the Lie derivative along the Killing vectors vanishes on
the scalars. The fermions are in irreducible representations of the Lorentz group and
hence in a Lorentz invariant configuration all fermions vanish. Along similar lines, all
two-form field strengths have to vanish. Hence for N' = 4 d = 4 supergravity a solution
is a vacuum solution if the scalars are constants, the metric describes a maximally
symmetric space and all other fields (field strengths for gauge fields) vanish.

The scalar potential in the vacuum configuration V; is the only contribution of the
nonmetric fields to the energy-momentum tensor. The vacuum potential Vj therefore
determines the geometry. If V; > 0 the geometry is de Sitter, if Vj < 0 the geometry
is the anti-de Sitter and if Vy = 0 the geometry is Minkowskian.

Recent observations have shown that the universe is at present in an accelerating
phase [147-150]. Therefore our universe has (on large scale) a de Sitter geometry
or is evolving into a de Sitter geometry [151]. On the other hand, there are no-go
theorems that state that no dimensional reduction of a ten-dimensional supergravity
theory admits a four-dimensional de Sitter vacuum [152,153].

Within the context of string theory some attempts have been made to evade the
no-go theorems, for example in [154-156], but in these cases it is a delicate issue to
stabilize all the scalars. When not all scalars are stabilized, the vacuum is not stable
and the theory will roll into another vacuum, which in most cases is not a de Sitter
vacuum (see e.g. [157]).

In four dimensions it is possible to obtain stable de Sitter vacua from N = 2
supergravities [158,159]. But also in five dimensional A/ = 2 supergravities stable de
Sitter vacua have been constructed [160].

In order to obtain a de Sitter vacuum it seems necessary to gauge a noncom-
pact group. It has been shown that the noncompact gaugings can in some cases be
associated with a dimensional reduction of a higher dimensional supergravity over
a noncompact manifold [161]. But not for all gauged supergravities a higher di-
mensional origin is known; for example, for the anomaly-free six-dimensional Salam—
Sezgin model [162-164] and for the matter coupled A/ = 4 supergravity with nontrivial
SU(1,1)-angles no higher dimensional origin is yet known. Maybe it is not possible
to obtain all lower-dimensional supergravities from a ten-dimensional supergravity.

There exist vacua where spacetime geometry is not maximally symmetric and
where vector fields have nonvanishing field strengths. Examples are provided by the
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electrovac and magnetovac solutions [165-167]. However, we focus on maximally
symmetric spacetimes.

In the following sections we try to find stable de Sitter vacua in N = 4 supergravity.
We first give the potential and give various definitions that come in handy at later
points in the discussion. In section 4.5 we discuss semisimple gaugings and in section
4.6 we study the potential obtained from gauging a C'SO-group, the concept of which
is discussed in the same section. The possible extensions of the analysis are discussed
in section 4.7.

The Potential of N’ = 4 Supergravity

We first give the potential and then discuss the ingredients. The potential is given by

V(Z,",¢%) =3 [ZFVZ5V (™ + 227V Re (‘I’fm‘D(U)>9(R)9(U)fRSTfUVW

+ £ ZRSTUV W (‘I’TR)‘I’(U))9(R)9(U)fRSTfUVW : (4.4.1)

where Z8% = Z, 7,5 and ZRSTUVW — eadeefZaRZbSZCTZdUZeVZfW are SO(6)-
invariant combinations of the SO(6,n)-scalars. Therefore the scalar potential is
SO(6)-invariant. The compact subgroup SO(6) x SO(n) acts on the SO(6,n)-scalars
Z,® only through the first SO(6) subgroups and hence the potential is invariant under
the local symmetry group SO(6) x SO(6).

The structure constants are not arbitrary; frsr = nruf Ugr is completely anti-
symmetric, which is equivalent to the constraint 4.3.2. The coupling constants are
contained in the numbers g(g). For every subgroup of the gauge group we allow dif-
ferent coupling constants. With every generator Tr we associate a coupling constant
9(Rr), such that if T and Ts belong to the same subgroup, then gr) = g(s)-

The SU(1, 1)-scalars are contained in ®(g) through

Dy =€l +e Y2, (4.4.2)
If all ap angles are the same we have Im@?R)fI)(U) = 0 and the last term in the

potential 4.4.1 vanishes. In this situation the symmetry group of the potential is
enlarged to O(6).

4.5 The Potential with Semisimple Gaugings
In this section we study the potential with semisimple gaugings. Most of the discussion

can be found in references [A,B]. Before we study the potential we analyze which gauge
groups are allowed.
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4.5.1 Semisimple Gaugings

Let us denote the gauge group with H. If we demand that H is semisimple, H is the
direct product of simple groups: H = H; ® ... ® H,. We denote the Lie algebras of
the simple factors H; by b;; b is the direct sum of the h;. A basis of h is given by
Ty, Ty, ... such that we have [Tr,Ts] = frs? Tr. The coefficients frs” are real and
are called the structure constants of b.

With each gauge field AE‘ we associate a generator Tg in the gauge algebra and
an SU(1,1)-angle ag. The gauge group rotates the gauge fields associated to the
same factor into each other. All the generators that can be obtained by rotating the
generator T need to have the same SU(1,1)-angle ag for the gauge group to be a
symmetry. Hence along the gauge orbit of Tg, denoted by I'[Tg] and defined by

T [Tr] = {e**(Tr)|A € b} , (4.5.1)

the SU(1,1)-angle has to be constant. If I'[Tg] NT'[Ts] # 0 we need ap = ag. For
semisimple groups the gauge orbits are the simple factors and hence with each simple
factor we associate a single SU(1,1)-element.

Let us define a nondegenerate symmetric bilinear form Q : h x h — IR on h by

QUTr,Ts) = nrs - (4.5.2)

The relation 4.3.2 then reads Q([Tr,Ts],Tv) = QUTr,[Ts,Tu]) and Q is thus an
invariant bilinear symmetric nondegenerate form on h. From now on we abbreviate
‘symmetric nondegenerate bilinear form’ as ‘metric’. A group H can be a gauge group
if Q is an invariant metric on the Lie algebra of H.

For simple complex Lie algebras there is up to a multiplicative constant just one
invariant metric. In appendix B we prove this statement. Since the Cartan—Killing
metric is invariant, all invariant metrics on a simple complex Lie algebra are pro-
portional to the Cartan—Killing metric. For real Lie algebras of which the complex
extension is simple, the same result holds. This can be seen by going to the complex
extension; if the real Lie algebra would have more than one invariant metric, so would
the complex Lie algebra, which is a contradiction.

However, there exist real Lie algebras of which the complex extension is not simple
and in this case the complex extension is the direct sum of two identical simple
complex Lie algebras [94]. The real Lie algebra is then complex; it is a complex Lie
algebra, written as a real direct sum of the real and imaginary part?. An example
is given by so(1,3), for which we have so(1,3)¥ = 50(3)" @ 50(3)® and so(1,3) =
50(3) @R 150(3). One can show that for real Lie algebras of this kind there exist a
two-parameter family of invariant metrics. In the discussion that follows we ignore
this and take as invariant metric on the Lie algebra the metric that is proportional to

2Note that the decomposition into the real and imaginary part is not unique.
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Real Forms | dim¢; | dimp; || Real Forms | dim¢; | dimp;
s5u(2) 3 0 s0(1,3) 3 3
sl(2,IR) 1 2 s0(5) 10 0
su(3) 8 0 s0(1,4) 6 4
su(2,1) 4 4 50(2,3) 4 6
s[(3,1R) 3 5

Table 4.5.1: The real simple Lie algebras of dimension not exceeding twelve. For every real
simple Lie algebra the dimension of the compact subalgebra dim ¢; and of the noncompact
part dim p; are denoted.

the Cartan—Killing metric. Only so(1,3) appears in our discussion as a complex Lie
algebra and the extension to a two-parameter family of invariant metrics is postponed
and left for later research.

For semisimple Lie algebras consisting of n simple factors that are not complex,
the space of invariant metrics is n-dimensional. The Cartan—Killing metric of each
simple factor h; has to be proportional to the metric €.

To make contact with string theory we will take 6 vector multiplets coupled to
N = 4 supergravity. This corresponds to ten-dimensional A" = 1 supergravity where
the Yang—Mills fields are truncated away. With the choice of six additional vector
multiplets the total number of gauge vectors is twelve and hence the gauge group H
can at most be 12-dimensional.

Every simple Lie algebra b; can be decomposed as h; = €; & p;, where &; is the
compact part and where p; is the noncompact part. In table 4.5.1 we have put up to
isomorphisms the real simple Lie algebras of dimension less than twelve. The relevant
isomorphisms are:

su(2) = s0(3) =sp(1), s0(1,3) =sl(2,C)r
su(1,1) 2 sl(2,R) 2 sp(1,R) = s0(1,2), s0(2,3) 2sp(2,R) (4.5.3)
50(2,2) = sl(2,R) ®sl(2,IR), s0(1,4) = sp(1,1).

The real Lie algebra s[(2, C)R is obtained by writing the complex Lie algebra s[(2, C)
as the direct sum of its real part and its complex part s[(2, C)r 22 sl(2,IR)®Rris((2,R)
(also see appendix B).

The Cartan—Killing metric is negative definite on the compact part and positive
definite on the noncompact part. Therefore the dimensions of each ¢; and p; cannot
exceed six. From table 4.5.1 we see that the simple algebras that can be used for
gauging are: su(2), so(2,3), so(1,4), sl(8,IR), su(1,1), su(1,2), so(1,3). In this list
only s0(1,3) is a complex Lie algebra. For reasons of simplicity, we ignore the fact
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that so(1,3) admits a two-parameter family of invariant metrics and fix the invariant
metric of s0(1,3) to be the Cartan-Killing metric.

The gauge Lie algebra can be split into a part on which Q, (defined in equation
4.5.2) is positive definite, denoted b, and a part on which Q is negative definite,
denoted h_. For every simple factor there are two distinct ways how to embed them
into the gauge group. For the noncompact simple algebras b; either €; lies in b and
p; in h_ or p; lies in h4 and ¢; in h_. The compact simple Lie algebras h; have to
be embedded either completely in b or completely in h_. A semisimple gauging is
determined by the choice of simple factors and the choice of embedding in the gauge
algebra.

Taking into account the different ways to embed the simple groups into the gauge
group, the possible Lie algebras that can be the gauge algebra h are:

50(2,3), so(1,4), 4 xsu(2), 4xsl(2,R),
su(2) 3 xsl(2,IR), 2xsu(2)®d2xsl(2,R),
2 xsu(2) ®so(1,3), su(2,1)®sl(2,R),
sl(3,R) ®sl(2,R), s0(1,3) @2 x sl(2,IR),

(4.5.4)

and subalgebras of these algebras. The notation n x h; means the direct sum of n
copies of b;.

4.5.2 Extrema in the SU(1,1)-Sector

We now wish to find extrema of the potential with respect to the SU(1,1)-scalars.
The discussion is based on reference [A]. For the SU(1, 1)-scalars we use the parame-
trization 4.1.5. _

For every factor h; we denote the structure constants fj(%%T, the SU(1, 1)-angle a;,
the coupling constants g; and in a similar way we write ®; = e’ ¢! + e @i ¢2. The
potential 4.4.1 can be written as a sum over the factors;

V=Y ViR 4 Wi 109 (4.5.5)
.
where

R(U) = Regigfb;‘@j =

9i9; 2
cos(a; — aj)(1+7r%) — 2rcos(a; + o + X)|
-2 ’ gy (4.5.6)

109) = Tmg,g; ®; ®; = —gig; sin(e; — a;) .
The V;; and W;; contain the structure constants and the fields 7, and are symmetric,
respectively antisymmetric in the indices 5 and are given by:

RU SV ( TW TWY (i j
Vij =322 (""" + 32 )fgt)ST [(Jj\)/W

RSTUVW (i j
Wij =352 f;%%’T ((]J\)/W

(4.5.7)
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We define:

Cy = Zgigj cos(a; + ) Vij,

4,3

Sy =) gigjsin(ai +a;)Vig,

J (4.5.8)
T_ = Zgigj sin(ozi — Ozj)Wij 5
(2]
A:Cg—Ci—Si, e =sgnC_.
Equipped with these definitions the potential can be written as
1+ 72 2
V=cC i—77“(C’.,rcosx—S_|rsinx)—T_. (4.5.9)

T1—72 1—192

The potential only has an extremum in the SU(1,1)-sector if A > 0 [A]. The
scalars r, x are at the extremum given by:

C S C_|—-A
COSXo = L? sin xo = —€7+, To = ¥, (4.5.10)
Joz v 82 \JC2 + 52 VO +82
and the value of the potential is given by
Vo=ecA-T_. (4.5.11)

The potential at the extremum does not depend on the absolute values of the
a; but on the differences o; — ;. If all «; are the same, we have A = 0 implying
ro = 1, which lies outside the range of r, and the potential has no extremum. This
result is a generalization of the work Freedman and Schwarz in the pure N =4 d =4
supergravity [140].

If € > 0 the extremum is a minimum[A]. In the limit » — 1 the potential becomes
singular and at the point r» = 0 the potential and its derivatives are well defined.

To proceed we need to find an extremum of the potential with respect to the
SO(6, 6)-scalars, such that the conditions A > 0 and ¢ > 0 are satisfied. In the fol-
lowing we study for different semisimple gaugings what extremum exists and calculate
the value of the potential, ¢ and A and investigate the stability.

4.5.3 Extrema in the SO(6,6)-sector

If all a; are the same, no minimum exists in the SU(1,1)-sector and therefore we
discard all gaugings where the gauge algebra is simple. The gauge algebras so(3,2)
and so(1,4) are thus left out of consideration.
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To make a distinction between the two different embeddings for every simple factor
of the gauge algebra, we have the following notation. If the simple factor is embedded
with its compact subalgebra €; into h_, where 2 is negative definite, we denote the
simple factor by bh;_. If the simple factor is embedded with its compact part in b,
where 2 is positive definite, we denote it ;.

It was shown in reference [A] that the point where Z, % is given by

BE_s," R<6, Z,"=0,6<R<12, (4.5.12)

corresponds in all cases that are studied to an extremum, if an extremum exists.
Therefore we restrict the analysis to this point. This point corresponds mathemati-
cally to the identity of the manifold SO(6,6)/SO(6) x SO(6) and the representative
of this point can be chosen to be the identity element of SO(6,6). Physically this
points corresponds to turning off the matter fields. The point is invariant under
SO(6)-transformations, but not under SO(6, 6)-transformations that are not SO(6)-
transformations since these transformations mix matter fields and supergravity fields.
We refer to this point as Zj.

We split the indices R,.S,... up in capital letter A, B, ... from the beginning of
the alphabet running from 1 to 6, and middle-alphabet capitals I, J, ... running from
7 to 12. With this convention the point Z is given by: Z,4 = 6,4, Z,! = 0.
The normalization of the generators is chosen such that in the vector representation
|tl“(TRTs)| = 20Rs.

In the point Zy we have the following simplifications:

Vij(ZO) :52'3' ( 12 Z 1(41)90 ZBC+ 4 Z ABI ABI) ’

ABC ABI

= ZQ?VZ-Z-(Z()% (4.5.13)

A(Zo) =2 Vi Zo)V;;(Z0) (9ig; sin(ai — a;))” .

i,J

The functions V;; are thus nonzero only if ¢ = j at the point Zy and the diagonal
values can be calculated for each simple factor h;. The obtained results are displayed
in table 4.5.2 and the details can be found in reference [B].

In order to check that the point Zj is a minimum one uses a parametrization of the
Z," and then differentiate the potential with respect to the parameters and evaluate
at Zy. The result then has to vanish in order for the point Zy to be an extremum.
To check for stability, one evaluates the second derivatives at Z; and the matrix of
second derivatives has to be positive definite to be a minimum.

There exist different parameterizations of the Z,, for example one can take:
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Simple Factor | V;;(Zp) || Simple Factor | V;;(Zy)
s0(3)_ -3 50(3) 0
50(3,1)_ -3 50(3,1) 3
sl(3,IR)_ —3 sl(3,IR) ;. L
su(2,1)_ -2 su(2,1)4 6
su(1,1)_ 0 su(1,1)4 i

Table 4.5.2: The functions V;; at the point Zp.

Z,f' = (X, Y),!, where X and Y are 6 x 6-matrices given by:

X:
Y:

(G+G'+BG ' -G 'B-BG'B),

4.5.14
(G-G'-BG' -G 'B-BG'B), ( )

N= N

in which G is a symmetric 6 x 6-matrix and B is an antisymmetric 6 x 6-matrix. The
X and Y solve the SO(6,6)-constraint Z,%npsZy® = —d4p since XXT —YYT = 1.
The independent coordinate one can take to be P = G + B. Every arbitrary® P can
be decomposed into a symmetric part corresponding to G and an antisymmetric part
corresponding to B.

Working out the derivatives is straightforward but elaborate and not very insight-
ful. Therefore we do not give the full expressions of the first and second derivatives.
In reference [B] the expressions can be found and evaluating at Zj is easiest done on
a computer.

The results are presented in table 4.5.3. A tachyonic mode corresponds to a mode
with imaginary mass; for every negative eigenvalue of the matrix of second derivatives
there is a tachyonic mode. If tachyonic modes are present the vacuum is instable. In
four cases both the value of the potential and the presence of tachyonic modes in
the matter scalars Z,® depends on the choice of the SU(1,1)-scalars. In reference
[B] it is shown that for these four cases the value of the potential is positive if no
matter tachyons are present. However, for these four cases C_ < 0 and there are
tachyons in the SU(1,1)-sector. From table 4.5.3 we conclude that the point Zy does
not correspond to a stable vacuum, neither de Sitter nor anti-de Sitter nor Minkowski
for semisimple gaugings with 6 matter multiplets.

The Vector Fields

We now briefly discuss the masses of the vectors and the signs of the kinetic terms.

3The matrix P is almost arbitrary; the determinant of P 4+ PT cannot be zero.
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Gauging €o | signV | Matter Tachyons
SO(2, 1)‘1 x SO(3) +1 +1 Y
S50(2,1)2 x SO(2,1)% +1 | +1 Y
SO(3,1)4 x SO(2,1)1 x SO(2,1)- | +1 +1 Y
S0(3,1)% +1 | +1 Y
SO(3)% x SO(3)% -1 +1 Y/N
SO(3)- x SO(3)+ x SO(3,1)_ -1 +1 Y/N
SO(3,1)% —1] #1 Y/N
SI(3,IR)_ x SO(3)_ -1 +1 Y/N
SU(2,1)4 x SO(2,1) 4 +1 +1 Y

Table 4.5.3: Result of the analysis of semisimple gaugings. Only the gaugings with Ag > 0
that give rise to an extremum with respect to the matter scalars at Zy are listed. The sign
of C_ at Z is denoted €¢ and the point Zy is only a minimum with respect to the SU(1,1)-
scalars if eg = +1. If the sign of the potential at Zy depends on the SU(1,1)-angles this is
denoted 1. The third column is used to indicate whether there are tachyonic modes present
in the matter sector; a Y means that tachyons are present and N means no tachyons are
present. If the presence of the tachyonic modes in the matter sector depends on the choice
of the SU(1,1)-angles we denote Y/N.

In reference [B] it was shown that the vectors associated with noncompact groups
acquire a mass. This is sensible since the noncompact groups do not leave the points
Zy invariant. Hence the vector fields associated with noncompact gauge groups ac-
quire a mass through a Higgs mechanism.

The vector kinetic term can be found from equation 4.2.56 and the discussion in
section 4.3:

Nrs + 2ZRs v
Lvec—kin = _WF;?VFS# . (4515)

Evaluating the kinetic term at Zy gives:

ORS _ R g (4.5.16)

‘cvec— in — T i+ 19
’ 4P g [>

Hence there are no wrong-sign kinetic terms and the theory has no ghosts.
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4.6 The Potential with C'SO-Gaugings

Most gaugings in field theories involve semisimple gauge groups. The reason is that
the trace in any representation of the gauge group is an invariant symmetric bilinear
form on the Lie algebra and no components of the field strength get projected out
in calculating the kinetic term ~ TrF2. But a group manifold reduction of Heterotic
supergravity results in a gauged supergravity with a gauge group that is not semi-
simple [112]. Hence for supergravities even the gauge groups that are not semisimple
are interesting, see e.g. [168-174].

A class of groups that are not semisimple is the class of C'SO-groups. The C'SO-
groups are contractions of the special orthogonal groups, the SO-groups. In the
following we explain what a C'SO-group is and give a theorem that is useful when
considering gaugings with C'SO-groups.

4.6.1 The CSO-type Algebras: an Introduction

We define the group C'SO(p, g, ) as the connected real Lie group with real Lie algebra
cs0(p, q,r). We now show in detail how the Lie algebra cso(p, g, r) is defined.

Consider the Lie algebra so(p,q + r), which has the vector representation as a
faithful representation. In the vector representation the Lie algebra so(p, ¢+r) admits
a set of basis elements Jag = —Jpa, 1 < A, B < p+q+r satisfying the commutation
relation:

[JaB, Jop) = nBcJap +napIBc —nacIep —nepJac, (4.6.1)

where nap are the components of the diagonal metric 7, ¢4, with p eigenvalues 41
and g + r eigenvalues —1.

We split the indices A, B, ... into indices I, J,... running from 1 to p 4+ ¢ and
indices a, b, ... running from p+ ¢+ 1 to p+ ¢+ r. The Lie algebra so(p, g + r) splits
as a vector space direct sum so(p,q + 1) = so(p,q) ®V @ Z, where the elements Jy;
span the so(p, q) subalgebra, the elements J;, = —J,; span the subspace V and the
elements Jy; span the subalgebra Z. The subspace V consists of r copies of the vector
representation of the subalgebra so(p, q), whereas the subalgebra Z consists of singlet
representations of so(p,¢). The commutation relations are schematically given by:

o

(p,q),V]CV, V,V]c Za@so(p,q),
(p.q), 2] CO, [Z2.V]CV, (4.6.2)
s0(p,q),s0(p,q)] Cso(p,q), [2,2]CZ.

0
0

Ty

We define for any real number £ a linear map T¢ : so(p,q + r) — so(p,q + r) by
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its action on the subspaces:

zeso(pq), Te:xm—ua,
reV, Te iz &z, (4.6.3)
TEZ, Tg:x»—>§2x.

If £ # 0,00 the map T¢ is a bijection. The maps Ty and T give rise to so-called
contracted Lie algebras.

We define the limits Ty (so0(p,q)) = s = so(p, q), To(V) = v and To(Z) = 3. The
Lie algebra cso(p,q,r) is defined as Ty(so(p,q + r)). Hence we have cso(p,q,7) =
50(p,q) ®t @ 3 and the commutation rules are of the form

[s,s]Cs, [v,t]C3, [s,f)JCr, [v,3]=1s,31=103,31=0. (4.6.4)

‘We mention some special cases and properties. If r = 0 the construction is trivial
and therefore we take r > 0. If p+¢=1we have s =0 and if p+qg =1r = 1 also
3 = 0 and we have ¢s0(1,0,1) = ¢s0(0,1,1) =2 u(1). If p+ ¢ = 2 the Lie algebra s is
abelian and if p+ g > 2 the Lie algebra s is semisimple and the vector representation
is irreducible. Hence if p 4+ ¢ > 2 we have [s,t] 2 ¢. If r = 1 we have 3 = 0 and the
Lie algebra is an Inénii-Wigner contraction. If » > 1 the subalgebra 3 is nontrivial
and is contained in the center of cso(p, g, 7). If the center of a Lie algebra is nonzero,
the adjoint representation is not faithful.

From the construction follows a convenient set of basis elements of cso(p,q,r).
The elements S;; = —Sj; are the basis elements of the subalgebra s, the elements
v1, are the basis elements of v and the elements z,, = —zp, are the basis elements of
3. The only nonzero commutation relations are:

[Sr,Skr] =nsxSre — ik Ssr — Stk + LSk
[S17,VKa] = NiKVIa — 01KV Ia (4.6.5)
[V1a, Vb = N5 Zap -

The numbers n;y are the elements of the metric 1, ,. The commutation relations
4.6.5 can also be taken as the definition of the Lie algebra cso(p, g, 7).

4.6.2 Gaugings with ('SO-algebras

Having outlined the construction of C'SO-algebras, we now analyze their gaugings.
We first work out the constraint 4.3.2 and investigate how the SU(1, 1)-angles can be
chosen.

As explained in section 4.5.1, the constraint 4.3.2 implies the existence of an
invariant metric 2 on the gauge algebra. Hence for a C'SO-type algebra to be a
gauge algebra it has to admit an invariant metric. It turns out that demanding
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invariance and nondegeneracy of a bilinear form € on c¢so(p, ¢, ) is in all but a few
cases impossible. We state the result in a theorem:

Theorem 4.6.1. The Lie algebra cso(p, ¢, r) with r > 0 admits an invariant nonde-
generate symmetric bilinear form (i.e. an invariant metric) only if (1) p+g+1r =2
or (2) p+q+r=4.

The proof of this theorem is postponed to section 4.8. In the proof we have listed
the most general invariant metrics up to a multiplicative factor for each of the Lie
algebras cso(p, ¢, ) with p+ ¢ + r. From theorem 4.6.1 follows that only 5 cso-type
algebras are interesting for gaugings - cs0(1,0,1) is abelian and does not give rise
to a potential. Hence the only cso-type Lie algebras that can be used for gauging a
nonabelian algebra are cso(p, q,r) with p+ g+ 7 =4.

We now turn to the SU(1,1)-angles. As in section 4.5.1 we investigate the gauge
orbits. For the algebras cs0(2,0,2), cso(1,1,2) the gauge orbit of s, which is one-
dimensional, is s ® v and the gauge-orbit of ¢ is t@® 3. For the algebras cs0(3,0,1) and
cs0(2,1,1) the gauge orbit of every element of s is the whole Lie algebra. Finally, for
¢s0(1,0,3) the gauge orbit of each element t is contained in v @ 3 and all gauge orbits
overlap. Hence for all C'SO-type algebras under consideration the SU(1,1)-angles
have to be constant over the whole Lie algebra.

Analogous to the semisimple gaugings, we need at least two factors to have an
extremum in the SU(1,1)-sector.

To embed a Lie algebra g into the gauge algebra h, the metric €2 has to be diago-
nalized and brought into a form with eigenvalues +\ and the Lie algebra is split into
the eigenspaces of Q2: g = gy @& g_». There are two inequivalent embeddings: either
g+x C b+ or g4 C h. In the first case we denote the embedding of g into the gauge
algebra by g_ and in the second case we write g. Recall that the subspace b1 is the
subspace of the gauge algebra on which the metric nrg is 1.

In the basis of the Lie algebra where the invariant metric is diagonal with eigen-
values £, the structure constants are calculated, which are then used to evaluate the
potential and its derivatives at Z;. We demonstrate this procedure by an example
below.

4.6.3 Analysis of ¢s50(3,0,1) @ cs0(3,0, 1)-Gaugings

The invariant metric and commutation relations of cs0(3,0,1) is given by equations
4.8.13 and 4.8.12 in section 4.8. We use the same notation as in section 4.8. The
metric 4.8.13 has eigenvalues Ay (a) = 1(a £ va? +4), each with multiplicity three.
The eigenvectors with eigenvalues A are A t;+v;. The eigenvectors with eigenvalues
A_ are A_t; + v;.
We define
Ti+ = /\+ti + v;, Ti_ = i\%(/\"‘ti + ’Ui) , (466)
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from which we find Q(T;5, ;") = +6;;(A} + Ay) and Q(T;F,T;) = 0 so Q is in the
required form. If we use the indices 1 < a,b,... < 3 for the generators T;", T, T
and the indices 1 < o, 3,... < 3 for the generators 17, T, , Ty , we find after a
suitable rescaling the structure constants:

fap© = (Ai + 2)5(11)07 Jab™ = €abar s

(4.6.7)
faozﬁ = 3.@1(1/37 fozﬁv = *(2/\3_ + l)eaﬁ'ya

where €, is the three-dimensional totally antisymmetric alternating symbol.

The embedding of the generators TijE into the gauge algebra, with generators T;,can
be done as follows. For the gauging C'SO(3,0,1)_ @ CSO(3,0,1)_ we take T, =T;
and Tf = Tj+¢ with for the first subgroup and 7, = T34, and TZ-+ = Ti+9 with
i =1, 2,3 for the second subgroup. For the gauging C'SO(3,0,1). ®CSO(3,0,1), we
take TiJr =T; and T, = T;4¢ for the first subgroup and T:_g =T; and T, = Ty for
the second subgroup. Finally, for the gauging C'SO(3,0,1)+ ® C'SO(3,0,1)_ we take
T;r =T,and T, = T4 for the CSO(3,0, 1) subgroup and T;_B =T,and T, =T;19
for the C'SO(3,0,1)_ subgroup. One checks that with the chosen embeddings the
tensors frs! nur are totally antisymmetric in R, S and U. Hence the structure
constants satisfy 4.3.2. For example, for the gauging CSO(3,0,1)y ® CSO(3,0,1)4
one finds the tensors:

1 2
ipe = ~Ol@? 2900, fipo = ~((@)® + 2045
fagr = )‘+(a1)26,142§(1—6) J fagr = >‘+(a2)26§15g(1—6) J (4.6.8)
(1) _ 5789 (2) _ 510,11,12 -
farr = 90(ake)rs Farr = O(ave)1s
1 2
ik =~ @0, STk = — (20 (a2)? + DS,

where 1 < A, B,... < 6 are the indices for h_ and 7 < I, J,... < 12 are the indices

for b4 and 6;‘71)12 is the totally antisymmetric Kronecker delta, see appendix A.

The value of V(Zy) is the same for both CSO(3,0,1) and CSO(3,0,1)_ and
given by:

V(Zo)ij = —36i5(a; + 6)As(a;)*. (4.6.9)

From 4.6.9 follows that for the gaugings C'SO(3,0,1)®CSO(3,0,1) we have C_(Zy) <
0 and A(Zy) > 0. Hence an extremum in the SU(1, 1)-sector exists and is a maximum,
that is, unstable.

In reference [B] general formulas are given for calculating the first derivatives of

the potential at Zy with respect to 36 independent parameters P, with 1 < a,b < 6,
describing the SO(6,6)/SO(6) x SO(6)-coset. These general formulas can be sum-
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marized as:
oV V. S
9Py, %) = Z = (Zo)V (Zo) 50 — > aij 5~ (Z0) 4
aPab \/7 aPab - aP
Vi ) @)
0P, (Zo) = Z f(a+6)BJbe.]> (4.6.10)
@ BJ
8Paz (ZO) = EebBCDEF {f((a)JrG)BC g};F - (z «— ])} ,

where a;; = g;gjsin(a; — ¢;). Applying the formulas 4.6.10 we find that not all
derivatives of the potential vanish at Zy unless a;; = 0. Hence the point Zj is not
an extremum with respect to the SO(6, 6)-scalars when an extremum exists for the
SU(1,1)-scalars.

From the above we can draw a conclusions. The free parameters in the invariant
metric give rise to inequivalent embeddings and different potentials, potentially with
different properties.

In reference [E] the question whether other C'SO-gauging gives rise to a stable de
Sitter vacuum is treated in more generality.

4.7 Extensions

The search for stable de Sitter vacua as presented in the previous section can be
extended in a few directions. We briefly comment on the possible extensions.

The number of matter multiplets can be chosen to be different. From the dimen-
sional reduction of Heterotic supergravity over a torus one obtains a theory with 28
abelian vector fields, since only the abelian subalgebra of the Yang—Mills gauge group
survives. Therefore it seems natural to take 22 matter multiplets. This extension
allows for gauging other semisimple groups, for example Gs-gaugings.

The analysis of section 4.5 ignored the existence of a two-parameter family of
invariant metrics on so(1,3). The two parameters can be captured in an overall
scaling parameter and an angle 6. The overall scaling is unimportant, while the angle
0 gives physical effects. The value of C_(Zp) and A(Zp) can be tuned with the 6’s
of all so(1, 3) subalgebras of the gauge algebra but even whether a potential has an
extremum in Zy depends on 6. It needs to be investigated what all consequences are
of the angle 6.

The analysis of section 4.6 is incomplete since not all gaugings using C'SO-gaugings
are investigated. Performing a group manifold reduction of Heterotic supergravity one
obtains a gauged supergravity with a gauge group that is not semisimple [112]; from a
reduction over an SU(2) x SU(2)-manifold the gauge group is a C'SO-group|C]. This
motivates the study of C'SO-gaugings, which is performed in [E].
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In this line of thinking, one can even try using other nonsemisimple groups than
the CSO-groups. The nonsemisimple groups are not classified, which impedes a
systematic analysis. However, the nonsemisimple Lie algebras have a simple structure;
due to a theorem of Levi (see e.g. [76]) every Lie algebra g is the direct vector space
sum of a semisimple subalgebra [ and a solvable ideal s. It follows that the adjoint
action of [ on s is a representation of the semisimple Lie algebra [. The representations
of semisimple Lie algebras are direct sums of irreducible representation, which are
classified for the semisimple Lie algebras. This suggests that fixing a number N, one
can construct using representation theory of semisimple Lie algebras all nonsemisimple
Lie algebras with dimension up to N. The drawback of this programme is that
the number of possibilities grows rapidly with N. The nonsemisimple gaugings can
provide interesting phenomena, but a complete discussion seems not feasible.

An extension in another direction is given by the recent developments following
from the work of de Wit, Samtleben and Trigiante [175-177]. They found a scheme
that enables a more systematic treatment of maximal gauged supergravities, on which
the work of Schén and Weidner on gauged N' = 4 supergravity is based. The idea
can be explained as follows. In constructing a gauged supergravity one first finds the
ungauged version of the theory, writes down the action and symmetry-variations of
the fields and tries to gauge a subgroup of the global-symmetry group, to get local
interactions. However, one generality is lost due to the writing down of the action:
one needs to choose which gauge fields are electric and which are magnetic. In five
dimensions the situation is clear, since any massless two-form can be traded for a
massless gauge vector by dualization. Hence by choosing a symplectic gauge one
looses generality. This loss can be restored by first introducing the local interaction
by gauging and afterwards choosing a symplectic gauge. One therefore introduces
for every gauge field a magnetic dual and auxiliary tensor fields and then gauges a
subgroup of the global-symmetry group. The equations of motion of the auxiliary
tensors and extra gauge fields can be solved for to achieve a gauged supergravity
theory.

For N/ = 4 supergravity this programme has been worked out by Schon and
Weidner [146] and the most general gauging is then described by parameters foxrasr
and &,4p, where « = 1,2 and 1 < K, L, M < 6 + n, which have to satisfy a set
of linear and quadratic equations. The gaugings in this thesis correspond to the
gaugings with £,ns = 0. The gaugings with £,ps # 0 are physically inequivalent to
those with &,y = 0. Unfortunately, both the authors of [146] and this thesis have
not yet managed to solve the equations for ,as and foxrar if Eanr # 0 in the general
case.
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4.8 Proof of Theorem 4.6.1

The proof consists of two parts. In the first part we prove for all but the C'SO-
algebras listed in 4.6.1 that no invariant metric exists. We do this by assuming a
bilinear form 2 is invariant and then prove it is degenerate. In the second part we
give for C'SO-algebras listed in 4.6.1 the invariant metrics.

The first part uses the concepts of isotropic subspaces and Witt-indices. For
a bilinear symmetric form B on a real vector space V, an isotropic subspace is a
subspace W of V' on which B vanishes. A maximal isotropic subspace is an isotropic
subspace with a maximal dimension; any other subspace with a larger dimension is
not isotropic. One can show that all isotropic subspaces are related by a nonsingular
linear transformation; one therefore speaks of the maximal isotropic subspace. The
dimension of the maximal isotropic subspace is the Witt-index of the pair (B, V) and
is denoted myy .

If B is nondegenerate and the dimension of V' is n, one can always choose a basis
in which B has the matrix form

I,xp, O
B= 0 0 1,x,], forp,rwithp+2r=n. (4.8.1)
0 L, O

This clearly shows that the Witt-index is . Hence we have the inequality: my <
[n/2].

If the center 3 is nonzero we have [r,t] = 3, that is, for every z € 3 there are
v,w € v such that [v,w] = z. Hence if 2,2/, with z = [v,w] and v,w € t, we have
Q(z,2") = Q[v,w],2") = Q(v, [w, 2’]) = 0 and hence the center 3 is contained in the
maximal isotropic subspace. Hence if the dimension of 3 exceeds half the dimension
of the Lie algebra, any invariant symmetric bilinear form is necessarily degenerate.

Part I

We split part I in six different cases. For every case we assume an invariant symmetric
bilinear form () exists and prove degeneracy. We use the same decomposition as in
section 4.6.1, g = s & v @ 3, with g a CSO-type Lie algebra, and the commutation
relations 4.6.5, which we for convenience list again:

[St7,Skr] =nsxSre —nixSsr — s Stk + LSk
[S17,vKa]l = N1KVIa — 01KV Ja (4.8.2)

Wra, Vb)) = N1gZab -

cso(p,q,r) with p4+¢>2 and r > 1
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We have [s,s] = s, [t,t] = 3 and [s,t] = t. We prove that 3 is perpendicular to the
whole algebra with respect to €2, which implies that €2 is degenerate.

The center 3 is perpendicular to itself since it is nonzero and thus defines an
isotropic subspace. For every v € t there are j € s and w € v such that [j,w] = v.
Hence for such v and z € 3 we have Q(v, z) = Q([j,w], 2) = Q(J, [w, z]) = 0 and Q is
zero on 3 X t. Since s is semisimple a similar argument shows that € is zero on 3 X s
and then 3 is orthogonal to the whole Lie algebra with respect to 2.

C50(p7q,7') with p+q =1andr >3

We have s = 0 and dimt = r and dims = r(r —1)/2. The dimension of the center,
which is contained in the maximal isotropic subspace, becomes too large for 2 to be
nondegenerate if r(r —1)/2 > r(r +1)/4. It follows that if » > 3 there is no invariant
metric.

cso(p,q,r) with p+¢g=1and r =2

From the commutation relations 4.8.2 we see that we can choose a basis e, f, z
such that the only nonzero commutator is [e, f] = z. We have Q(z,z) = 0, but
also Q(e, z) = Qe [e, f]) = Q[e, €], f) = 0. Similarly Q(z, f) = 0 and thus z is
perpendicular to the whole algebra and 2 is degenerate.

C50(p7q,7') with p+q —2andr=1

The Lie algebras cso(1,1,1) and ¢so(2,0,1) have zero center and hence [t,t] = 0.
For every x € t there are y € v and A € s such that & = [A,y]. Therefore we have
for such z,y, A and v € v : Q(z,v) = Q([A4,y],v) = QA,[y,v]) = 0. Thus ¢ is an
isotropic subspace of dimension 2, whereas the dimension of the Lie algebra is 3.

cso(p,q,7) with p+¢=2 and r > 2

We choose a basis {j, eq, fa, Zab}, Where j € s, €4, fo € v and 2z, = —2p € 3 and
< a,b < 7. In terms of the basis elements in 4.8.2 we have j = Ji2, e, = v1g,
= v94. The only nonzero commutation relations are

[j, ea] = faa []7 fa] = 0€q, [faafb] = 0Zab [eaaeb] = Zab (4'8'3)

where o = +1 for ¢so(1,1,7) and o = —1 for ¢s0(2,0,r).

From the commutation relations 4.8.3 one deduces that the subspace spanned by
the elements e, and z,, defines an isotropic subspace of dimension r(r + 1)/2. The
dimension of this isotropic subspace exceeds half the dimension of the Lie algebra if
r> 2.

1
f

cso(p,q,r) with p+¢ >3 and r=1
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The Lie algebras in this class have zero center and hence [t,t] = 0. We have
t = [s,t], s = [s,5] and s is semisimple. It follows that € is zero on t x v and 2
coincides with the Cartan—Killing metric of s on s x s. Hence we are interested in 2
on t X s.

From 4.8.2 we see that we can choose a basis {S;s, v}, where 1 < I,J < p+ g,
and the only nonzero commutation relations are:

[St7,Skr] =nsxSrc —nixSsr — s Stk + LSk

[Str7,vK] = nyKrvr — 1KV - (4.84)
We define Q5 = Q(vy, Syx) = —Qrk . Invariance requires Q([Srs, vk], Spa) =
—Q(vk, [S17,SLMm]), from which we obtain:
iy —NikQxiy = —NsLQx v — Qs +0rnQrav + 0k - (4.8.5)
Contracting equation 4.8.5 with n/%n7% we obtain:
Qs =0,VK . (4.8.6)
Contracting 4.8.5 with n’¥ and using 4.8.6 we find:
—(P+@)Qrsx = Qix + Q1 + Qix - (4.8.7)

Writing out 4.8.7 three times with the indices cyclically permuted and adding the
three expressions we find the result:

(p+q—3)(Qirx +Qixr +Qkrs) =0. (4.8.8)

Since we assumed p + g > 3 the cyclic sum of €; 7k has to vanish.
Using the relation [S77,v7] = vy, where no sum is taken over the repeated index
J and where v/ = n/%vg, and requiring Q([S17,v7], Skr) = —Q(v’, [Sr7, SK1]) We
obtain:
Qrix + Qi +Qxgr =0. (4.8.9)

Combining 4.8.9 and the vanishing of the cyclic sum we see that {2;;x = 0. Hence
the subspace t is orthogonal to the whole Lie algebra with respect to € and Q is
degenerate. This concludes part I.

Part 11

We now give for the Lie algebras listed in 4.6.1 the most general invariant metric up
to a multiplicative constant.
The Lie algebra cso(1,0,1) is abelian and hence any metric is invariant.
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For the Lie algebras cs0(2,0,2) and cso(1,1,2) we use the ordered basis § =
{j, e1, €2, f1, f2, 2} with the only nonzero commutation relations

[jv ea] = fa, []7 fa] = 0€q, [faafb] =0z, [eaveb] =z, (4810)

where o = +1 for ¢s0(1,1,2) and o = —1 for cs0(2,0, 2).
In the basis ( the invariant metric can be written in matrix form as:

0
-1

o o oo

aelR, (4.8.11)

-1
0

_ o O O o9
SO~ O OO
OO o= OO
O O OO

OO OO O

for both ¢so(1,1,2) and ¢s0(2,0,2). The eigenvalues are —1, —1,+1, +1, %(a+\/a2 +4),
3(a — va? + 4) and the signature is + 4+ + — ——.

For the Lie algebras cso(2,1,1) and ¢s0(3,0,1) we use the ordered basis § =
{t1,1ta,t3,v1,v2,v3} such that the commutation relations are

ti,tj] = eiun®™t, [ti,v;] = €ien™ v, [vi,v5] =0, (4.8.12)

where €;;;, is the three-dimensional alternating symbol and 1% is the inverse of 7 o
for ¢so0(2,1,1) and the inverse of 73 o for ¢s0(3,0,1). The matrix 7, , is diagonal with
p eigenvalues +1 and ¢ eigenvalues —1.

With respect to the ordered basis § the invariant metric is given by

_(an n
Q= (77 O) , (4.8.13)
where each entry is a 3 x 3-matrix. The eigenvalues are Ay = %(a + Va2 + 4), both
with multiplicity three and the signature is — — — + ++.

For the Lie algebra cso(1,0,3) we use the ordered basis 8 = {v1,vs,vs, 21, 22, 23}
such that the commutation relations are

[’UZ', Uj} = %eijkzk 5 [’Ui, Zj] = [Zi, Zj] = 0, (4814)

where a summation is understood for every repeated index. The invariant metric is
given in matrix form with respect to the basis § by:

Asxs ]13x3>
0= , 48.15
<]13x3 0 ( )
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where Aszys3 is an undetermined 3 X 3-matrix. Since detf) = —1 there are no null
vectors. We use an LU-decomposition to find

det (Q — Algxg) = —)\3det(A —(A— %)]1) . (4.8.16)

Hence if p1, pso, ug are the eigenvalues of A, then \; = %(M +\/u?+ 4) , are the

eigenvalues of €). Hence the signature is + + + — ——.



Chapter 5

Conclusions, Discussion and
Developments

In this chapter we summarize and discuss the important conclusions and try to give
directions for future developments. In particular we try to answer the questions posed
in the introduction. As to be expected from a thesis about a small piece of a big jigsaw
puzzle, there is not a single clear conclusion. Therefore we gather the main results
that are presented in the thesis.

We have shown how the degrees of freedom that result from a group manifold
reduction of a six-form gauge field can be analyzed using the cohomology of Chevalley
and Eilenberg. No degrees of freedom are lost since a group manifold has Euler
characteristic zero. In the same analysis we showed that all compact connected Lie
groups of dimension smaller than seven are products of SO(3), SU(2) and U(1).

We have shown a technique to find the global symmetry group of a dimensionally
reduced ten-dimensional supergravity. The technique is an extension of the work of
Pope and Lii [114]. Although the result is generally known, the technique is new and
explains how the coset structure of the scalars arises when one goes down in dimen-
sions. We have however not investigated what happens when the higher-dimensional
theory already has scalars that parameterize a coset.

We have found no stable vacuum for semisimple gaugings of N' = 4 super-
gravity coupled to 6 vector multiplets at the identity point of the scalar manifold
S0(6,6)/S0O(6) x SO(6). The identity point of a coset G/K is that point that is
identified with the compact subgroup K of G. For many gaugings the identity point
corresponds to an extremum of the scalar potential.

We have ignored one aspect in the semisimple gauging of N' = 4 supergravity
coupled to 6 vector multiplets. There exists a two-parameter family of invariant
metrics on s0(1,3). We leave it for future research to discuss whether this allows
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stable vacua at the identity point of SO(6,6).

We have shown that the only the C'SO-groups that can be a subgroup of the gauge
group in N = 4 supergravity are CSO(p, q,r) with p + ¢ + r = 4. We have shown in
the same section that there is a straightforward way to investigate the C'SO-gaugings
by working out how the adjoint representation of a cso-algebra can be embedded
in the vector representation of s0(6,6). It is worth remarking that the only C'SO-
groups and SO-groups that can be used for gauging A’ = 8 are the C'SO(p, ¢, r) with
p+q+r=8][170-172,178-184].

The C'SO-groups are just one family of nonsemisimple groups. To the knowledge
of the author there is no special reason to gauge C'SO-groups or semisimple groups
in N/ = 4 supergravity. Hence gauging a group in N' = 4 is always ad hoc; why
not another group? Since the number of coupled vector multiplets is arbitrary, the
dimension of the gauged group is arbitrary. This makes the search for stable de Sitter
vacua in N = 4 supergravities by gauging different groups a bit like a lottery.

The above mentioned conclusions are the main conclusions that we wish the reader
who wants to remember something, remembers. We now turn to the questions posed
in the Introduction. We give the answers, if any are found, in the same order as the
questions are listed.

-1- The role of the SU(1,1)-angles is still obscure. Their presence breaks a few
symmetries. Firstly, in the ungauged supergravity the global symmetry SO(6,n)
is broken. Secondly, in the gauged theory the symmetry group of the potential
is broken from an O(6) to an SO(6) in presence of the SU(1, 1)-angles. We have
not obtained the SU(1,1)-angles by a toroidal or group manifold dimensional
reduction. Although the SU(1,1)-angles can be seen as a subset of the full set
of parameters that determine a gauging of ' = 4 supergravity [146], this does
not fix a higher-dimensional origin.

-2- A Lie group G can be used to gauge N = 4 supergravity if and only if its
Lie algebra g admits an invariant metric with n, positive eigenvalues and n_
negative eigenvalues such that min(n_,n;) <6.

-3- The answer is already known in the literature, see [185], and can be summarized
as follows. If the scalars in a supergravity parameterize a coset G/ K, the kinetic
term is determined by the invariant metric on G/K. The invariant metric is
invariant and Riemannian only if K is the maximal compact subgroup of G.
Note that we cannot divide out the noncompact subgroup since the noncompact
part is not a subgroup. Hence the only coset G/K that does not give rise to
ghosts for the scalars is the coset where K is the maximal compact subgroup of

G.

-4- If no fluxes are present the isometry group of the internal manifold of a dimen-
sional reduction is a subgroup of the global symmetry group. This can be seen
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by performing a dimensional reduction of the isometries acting on the fields.
The gauge symmetries that are present in the higher-dimensional theory can
give rise to an enlarged symmetry group. For example, when a theory with
a two-form gauge field present is reduced over SU(2) the symmetry group is
enlarged from SU(2) to CSO(3,0,1).

When fluxes are taken into account, the full isometry group is in general no
longer a symmetry of the theory. In the general case the symmetry group is
smaller. A dimensional reduction with fluxes gives rise to a gauged supergravity,
in which the global symmetry group of the ungauged theory is broken to a
smaller local symmetry group.

The last question is the hardest to answer. The fate of string/supergravity
theories is simply not known. The richness of the theories is so large that many
more years are needed to get an overview of the interplay between string theories
and supergravity theories and their solutions.

In the year 2007 the LHC will start looking for supersymmetry. If supersymme-
try is found, this will be a great triumph for string/supergravity theory and will
motivate more intensive research. If supersymmetry is not found, this still does
not mean supersymmetry does not exist since the energies above which super-
symmetry has to be seen, depend strongly on the models and scenarios that are
used. However, if supersymmetry is not found, superstrings and supergravities
will become a more outback area of physics, isolated from the other physical
disciplines. It does not mean that string/supergravity theories are useless, to
the contrary, we have learned much (theoretical) physics and mathematics while
investigating them.

We wish to conclude this final chapter by posing some questions for future research:

-a-

Can dimensional reductions that are not Kaluza-Klein reductions, such as orb-
ifold reductions, give rise to parameters in a lower-dimensional theory that re-
semble the SU(1, 1)-angles?

If one performs a toroidal reduction of a theory that has coset scalars, what
coset do the lower-dimensional scalars parameterize?

Can statements be made about global properties of the scalar potential of V' = 4
supergravity coupled to n vector multiplets, such as the existence of global or
local minima?

Can the potential of N' = 4 supergravity drive the present-day acceleration of
the universe?

Can general solutions to the parameters £, and fo iz ar of [146] that determine
the most general gauging of A’ = 4 supergravity be found?
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Some of these question may find an answer easily, others might never be answered.
And there are many other questions of course, but as always in science, posing the
right questions is harder than giving an answer to a given question.



Appendix A

Conventions

A.l
[p]

TR 7N
a,B,...
a,b,. ..
m,n,...
X
X[abcd...]

ayi...ap
Opy .,

Lx

:antisymmetric Kronecker symbol; 6,

General Notation

:the greatest integer smaller than p.

: curved space-time indices; indices w.r.t. a coordinate basis.

: curved indices for internal space, as used in dimensional reductions.

:flat space-time indices; indices w.r.t. an orthonormal frame.

:flat indices for internal space, as used in dimensional reductions.

:a higher-dimensional X, where X can be anything; fields, coordinates, indices.
rantisymmetrization with weight one; X4, 4, = ﬁ(Xal,__ap =+ other permutations).

pretr — §01 0§ 4 other permutations
1...by by by

:the Lie derivative along the vector field X.

Einstein Convention

The Einstein convention is used throughout the text; any index that appears twice
in a expression is summed over if it appears once as upper index and once as a lower
index. Occasionally additional summation signs are used. An index that appears
twice as upper index or twice as lower index is not summed over unless otherwise

stated.

A.2 Differential Geometry Conventions

A manifold is generically denoted by M, its tangent space by T'’M and the dual
of a vector space V is denoted by V*. A (p,q)-tensor is a multilinear map from
TMx---xTM to TM x--- xTM. Multilinearity means that if fi,..., f, are

q times

p times
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functions and X, ..., X, are vector fields and T is a (p, ¢)-tensor, then
T(fiX1,...,feXg) =f1... [T (X1,..., Xg). (A.2.1)

Therefore the covariant derivative V is not a tensor, but V A V is.

A.2.1 Forms

For clearness we have tried to write down all A-symbols where this was possible
without making an unreadable format. The exterior derivative is written as d. If w
is a p-form we sometimes make this explicit by writing w®. We use the following
conventions for forms:

det ANdz¥ = dat ® do¥ — dz” @ da* (A.2.2a)
WP = ﬁwmmupdx’“ A...dxt?, (A.2.2b)
dw® = I%a,jwm,”“pd:r” Adztt AL datr (A.2.2¢)
!
w®) A (D = PH) = T (z;qu!) Wiyer iy Xy 1o a] - (A.2.2d)

We define a vector-valued p-form on M as an element of the tensor product of the
space of p-forms and a vector space V. Thus any vector-valued form €2 can be written
as ) = v, ® w® where w* are forms on M and v are vectors in a vector space V.

A.2.2 Metric, Levi—Civita and Hodge dual

The Minkowski metric 74, has signature (— + + + ...). The Levi-Civitd object
is written €,,.. ,, and takes values 0,41. It is totally antisymmetric and we have

€o123... = +1. The Levi-Civitd tensor is written €,,. ,, and is defined using the
vielbeins ej;;
— 01 ... o0pg — ayg
€ropy = €4 €F Eayay = det (e ) €., » (A.2.3)

and hence takes values 0, £det(ef,). The Levi-Civitd tensor transforms as a tensor
under general coordinate transformations and indices can be raised and lowered using
the metric g, = e,‘jeﬁ’,nab. When there is no relation with a space-time (for example
with groups) and no confusion is possible, the notation €gpeq... is also used for the
Levi-Civita symbol, which also goes under the name of completely antisymmetric
alternating symbol.

The Hodge dual of a p-form w®) on an n-dimensional space-time is an (n—p)-form
v("~P) defined by

_ 1 Vy...V,
Uﬂl-Nﬂn—p - p! eﬂl-uﬂn—p ple---Vp7 (A24)

and denoted by *w®).
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A.2.3 Convenient Formulae

5RWab(w = Duéwyab — Dl,&uuab , (A.2.5a)

— e (EgE[@Eg] + %EQ’E{(ZEQ) ral, (A25c)

[a [a q

D, (eEf; EleA) — e (EQ‘E" EyE) + \E{ B! EJ E)

+LE)E!EY g]) o, (A.2.5d)

*w® AP = %\/Tgwm,,,w@“'”“’) ; (A.2.5e)

S0, (V=g V") =V, VF =9, VF 4+ T AV, (A.2.5f)

€urpip Aoy €1 P = — plg e (A.2.5g)
Lx(Y"d,) =[X,Y] = (X0, Y" —Y"8,X")d,, (A.2.5h)

Lx(wpdat) = (X" 0w, X" 0w, )dat (A.2.51)

(£x9),, = XP0pgv + X 0ugpw + X gy - (A.2.5)

Weyl Rescalings

Weyl rescalings are rescalings of the metric. Under a rescaling of the metric g, —
giw = 62"“759,“,, where « is a number and ¢ is a space-time function, the Ricci scalar
transforms as R[g] — R’'[¢], where in d dimensions we have

R'g'] =e2** (Rlg] — o*(d — 1)(d — 2)0,00"¢ — 2a(d — 1)Tg) . (A.2.6)

Note that /—¢’ = e,

A.3 Group Theoretical Conventions

In our conventions an inner product is always positive definite and nondegenerate,
whereas a metric is symmetric and nondegenerate and need not be positive definite.

If A: V — V is a linear transformation in a vector space V and (,) denotes an
inner product, then the Hermitian conjugate of A, denoted A' is defined as (u, Av) =
(Atu,v) for all u,v € V. If we equip V with an orthonormal basis {e;};_, with
respect to which A has the components A;;, we have (AT)Z-]- = Aj;. With respect to
the orthonormal basis we define the transpose of A, being the linear transformation
AT defined by (AT);; = Aj;. It is important to note that the Hermitian conjugate is
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Conventions

defined with respect to an inner product whereas the transpose is defined with respect
to a basis.

Groups are denoted by Roman letters starting with a capital. The associated
Lie algebra uses the same letters but small and in Gothic style. We mention a few
important groups and their Lie algebras:

(1)

(2)

GL(n;IR): The Lie group of all invertible real n x n-matrices. The Lie algebra
is denoted for gl(n;IR) and contains all n X n matrices. Similar for GL(n; C)
and gl(n; C).

SL(n;IR): The subgroup of GL(n;R) in which all n x n-matrices have unit
determinant. The Lie algebra is denoted sl(n;IR) and consists of all real traceless
n X n-matrices. Similar for SL(n; C) and sl(n, C).

SO(p,q): The subgroup of GL(p+¢; IR) where the matrices O satisfy OTn, ,0 =
Mp,q and detO = 1, where 7, 4 is defined by:

(HPOXP ) > . (A.3.1)

axq

The Lie algebra is denoted by so(p, q) and consist of all real (p + q) x (p + q)-
matrices X satisfying X7, , + np X = 0.

U(n): The subgroup of GL(n;C) of which the elements preserve the standard
inner product on C*: U € U(n) & (Uv,Uw) = (v,w), Yv,w € C™. This
implies UTU = UU' = 1. The Lie algebra of U(n) is denoted u(n) and consists
of the anti-Hermitian complex n X n matrices.

The group SU(n) is a subgroup of U(n) where the matrices have unit deter-
minant. The Lie algebra is denoted su(n) and consists of the traceless anti-
Hermitian complex n x n matrices.

The group Sp(n,IR) (Sp(n,C)) is the subgroup of GL(2n,IR) (GL(2n,C) re-
spectively) leaving the matrix J,, invariant, where:

Jn = (_]10 ]lnoxn> ) (A32)

nxn

The group Sp(p, q) is the defined as

Sp(p,q) = {X € Sp(p + ¢, C) | XTQpe X = Qpq} ,

0 (A.3.3)

and can thus be seen as the cross section of Sp(p + ¢, C) with U(2p, 2q).
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A.3.1 Pauli Matrices

The three standard Pauli matrices are denoted o;, i = 1,2,3 and are given by

a0 ) (U me (L) s

They satisfy the fundamental relations

UiO'j :(Sij]l—f—iﬁijkdk, {ai,aj}:%ij,
[0i,0,] = 2ie;jkon , O’;r =0, (A.3.5)
’I‘l"O'i :07 TTUZ'O']' :26”

A.3.2 Representations of su(4) and SU(4)

The Lie algebra su(4) is 15-dimensional, simple and corresponds in the Dynkin clas-
sification to A3. It is isomorphic to s0(6), which corresponds to D3 in the Dynkin
classification.

The vector representation is carried by C#, the space of all four-dimensional com-
plex vectors. We equip €* with the standard inner product (v, w) = Y, (v)*w’. The
matrices A = (A?;) representing elements of su(4) satisfy

(Av,w) + (v, Aw) =0 AT+ A=0, TrA=0. (A.3.6)

The vector representation is the defining representation of su(4).

We use the following notation for complex vectors; the vector v; with index down
is obtained from v¢ by complex conjugation v; = (v%)*. Note that from the point of
view of the vector representation, the vectors v; are co-vectors and are in the dual
space (C*)*. For general su(4)-tensors we state that all upper indices go down and
all lower indices go up with complex conjugation; (A%;)* = A;7. The inner product
(,) can then be rewritten as (v,w) = v;w’ and the requirement that a matrix A is
anti-Hermitian can be written as A’; = —A;".

The vector representation, denoted 4, can be conjugated, i.e. one can view the
complex vectors v; as carriers of the representation. The conjugated representation
is denoted 4 and a matrix A = (A%;) in the 4 representation acts in the conjugated
representation as A : v; — A;7v;. The representations 4 and 4 are not equivalent,
that is, there is no matrix U such that A = UAU !,

By taking tensor products of the 4 and 4 representation and decomposing these
products into irreducible representations, one obtains all irreducible representations
of su(4). A way to do this is to use Young tableaus (see e.g. [186] for an introduction
to Young tableaus).

The vector representation 4 is in terms of Young tableaus represented by a single
box, whereas the 4 representation is represented by a column of 3 boxes. The tensor
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product of 4 and 4 can be shown to give: 4®4 = 6410. The product of the vector and
co-vector representation should contain the adjoint, since the matrices A = (A?;) are
contained in this product, and indeed 4®4 = 1@ 15, and the 15 representation is the
adjoint representation. The singlet representation 1 in the decomposition corresponds
to the trace.

The 6 is a real representation, which means that it is equivalent to the conjugated
representation, 6 = 6. The vectors in this representation are antisymmetric rank two
tensors T% = —T9%, If A? ; denotes an anti-Hermitian traceless 4 x 4-matrix, then 7%
transforms as

T s AT + AT = (A%, + 0%, A7) T (A.3.7)

The representations of the group SU(4) can be obtained by exponentiating the
representations of the algebra su(4). The notation for the representations is the same,
which causes no misunderstandings since every representation of the Lie algebra can
be exponentiated to a representation of the Lie group and by going to the derived
representation one goes from any group representation to a Lie algebra representation.

The 6~ representation of SU(4)

The fields ¢% as introduced in section 2.4.2 are in the 6~ representation of SU(4).
We now explain what this means.

The matrices in the vector representation of SU(4) satisfy UUT = UTU = 1 and
have unit determinant. With our conventions on complex four vectors this can be
translated to

ULUY =6}, €U U7 U U's = €avea (A.3.8)

where €4pcq is the completely antisymmetric alternating symbol; €4pcq = +(—)1 if abed
is an even (respectively odd) permutation of 1234 and otherwise it is zero.
The transformation of an antisymmetric two tensor 7% in the 6 representation of
SU(4) reads:
T — U UT, T (A.3.9)

which is the exponentiated version of A.3.7 and in which U is a 4 x 4 SU(4) matrix.
The clue is that the representation 6 is a representation over the complex numbers;
one is allowed to build complex linear combinations of antisymmetric two-tensors. But
since the 6 representation is real, one can restrict to a real subspace by imposing a
suitable reality constraint, which is preserved under the SU(4) transformations. The
suitable constraint turns out to be self-duality or equivalently, anti-self-duality.
An antisymmetric two-tensor is called self-dual if

Sem T =Ty = (T9)*, (A.3.10)
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and anti-self-dual if -
LemTH = —T,; = —(TY)*. (A.3.11)

The unimodularity (having unit determinant) of the 4 x 4 SU(4)-matrices ensure that
(anti-) self-duality is maintained under SU(4) transformations.
Since we have

TV = 5 (TY + §9MTkl) + 1 (TY — LM TkL) (A.3.12)

every antisymmetric two tensor can be written uniquely as the sum of an anti-self-dual
and a self-dual part.

The (anti-) self-dual two-tensors form a real vector space; taking real linear combi-
nations preserves the constraints A.3.11 and A.3.10. But if 7% is self-dual, then iT%
is anti-self-dual, hence taking complex combinations destroys the duality properties.

With 67 (6 ) we denote the real vector space of all antisymmetric self-dual (anti-
self-dual) two-tensors contained in the 6 representation of SU(4). We can write:

6=6"oR 6, (A.3.13)

where the subscript IR reminds us of the fact that we are dealing with two real vector
spaces; we have written a complex vector space as a direct sum of two real vector
spaces.

Looking at A.3.13 one might feel suspicious since 6 + 6 = 12 # 6, however this
is wrong counting. The representation 6 comprises a complex six-dimensional vector
space, which has real dimension 12, and both the representations 6% comprise a
six-dimensional real vector space.

For the representation 6~ one can find a convenient basis in terms of 't Hooft
symbols (G,)i; = (G4)™*. Since they are rank two tensors we can represent them by
matrices (but they are not!) and a convenient basis is:

0 1 0 0 0 0 1 0
-1 o 0 O 0o 0 O 1
@a=| o o o -1 » @u=|{_1 o o of -
0 0 1 0/ .. 0 -1 0 0/ ..
1] )
0 0 0 1 0 1 0 0
0 0 -1 0 —1 0 0 0
Gaig=| o 1 o ol @ Gls=| ¢ o o | » (A3149)
-1 o 0 0/, 0o 0 — 0/,
17 9
0 0 1 0 0o 0 O 1
0 0 0 —2 0 0 1 0
(G5)ij I 0 0 0 > (Gﬁ)ij - 0 —i 0 0
0 T 0 0 —1 0 0 0

ij ij
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The 't Hooft symbols satisfy

(Ga)ij(Gy)"? = 480 , (A.3.15a)
(Go)ik(Go)M + (Gy)in(Go)¥ = —2616,4s , (A.3.15b)
(Ga)imy (Gp)™™2(G ) myms (Ga) ™™ (Ge)mums (G)™ = i8] €apede . (A.3.15¢)
Since the ’t Hooft symbols form a complete basis, any element ¢;; of 6~ can uniquely

be written as ¢;; = Y., Za(Ga)ij, With ¢;;(Go)" = ¢(G,)i; = 4Z, € R. Hence we
have the relations:

[
M o

(Ga)ij(Ga)* = 670} — 575,

2
I
—

(A.3.16)
(Ga)ij (Ga)kl = —€ijkl-

[
M o

Il
-

a

If we write ¢;; = Y, Zq(Ga)ij then under a SU(4) transformation, the Z, form
the components of a vector in the vector representation of SO(6) = SU(4)/Zs.

Taking a look at equation A.3.15b one can already guess that there must be
a relation between the 't Hooft symbols and the spinor representation of SO(6).
Introducing the matrices

_ 0 i(Ga)ij
T, = <i(Ga)ij 0 , (A.3.17)
which are seen to satisfy I',I'y + I'yI'y = 2045 1gxs, one concludes that the 't Hooft
symbols provide us with an explicit representation of the spinor representation of
SO(6). In appendix C we mention more on the spinor representation of SO(6).



Appendix B

Some Lie Group and Lie
Algebra Theory

In this appendix we review some group theoretical aspects that are used throughout
the thesis. Since we cannot cover the whole subject of Lie groups and Lie algebras
in every detail we refer the reader to the existing vast amount of literature on finite-
group theory, Lie groups and Lie algebras. Though finite groups are little used in this
thesis, they are conceptually easier and more important, they share many properties
with Lie groups. For introductions in finite-group theory we refer to [186,187]. For
introductions into Lie groups and Lie algebras we refer to [73,188-190] and to the
appendices of many books on particle physics. Books on Lie groups and Lie algebras
that go a little beyond an introduction are for example [76,93,94,113,191,192].

B.1 Basic Definitions and Properties

A Lie group G is a smooth manifold that has a group structure; there is a product - :
G x G — G, satisfying: (1) there is an identity element e € G such that a-e = e-a =a
Va € G, (2) for every a € G there is an element a~! € G such that a-a™! =a~!-a = e,
(3)a-(b-c) = (a-b)-c,Va,b,c € G, (4) the product and the map a — a~! are smooth.
It is an easy exercise to deduce that the identity element is unique. The product
symbol - is often omitted.

A (Lie) subgroup H of G is a submanifold of G that is a group. Thus for all
a,b € H C G we have ab € H and a~! € H. In particular, every subgroup contains
the identity element.

A Lie group is abelian if ab = ba, Va,b € G. Every abelian Lie group of dimension
n is diffeomorphic to IRP x T™P.
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A Lie group is compact if it is compact as a manifold. Compact groups are
special since one can integrate over them.

The tangent space of a group G at the identity element e can be identified with
the Lie algebra g of G but the Lie algebra also admits a more algebraic definition.
We use the algebraic approach to define Lie algebras. For the relation of a group to
its Lie algebra we refer to the literature mentioned in the beginning of this appendix.

Although a Lie algebra need not be finite-dimensional, we restrict to the finite-
dimensional Lie algebras. For an introduction into infinite-dimensional Lie algebras
see e.g. [193]. A finite-dimensional Lie algebra g is a finite-dimensional vector space
over a field IK (we only consider IK = @, IR or €) with a bilinear product [,] : gxg —
g satisfying: (1) [a,a] = 0, Va € g, (2) [a,[b,c]] + [b, [c,a]] + [¢, [a,b]] = 0. From (1)
follows [a, b] = —[b, a]. Note that the product [,] is non-associative due to the identity
(2), which is called the Jacobi identity. If for the field IK we take I =R (IK = C)
the Lie algebra is called a real (complex) Lie algebra. An example of a real Lie algebra
is gl(N,R), the set of all N x N matrices with real entries equipped with the product
[a,b] = ab— ba, where ab denotes the ordinary matrix product of @ and b. The reader
not familiar with Lie algebras is encouraged to check the following statements for the
Lie algebra gl(N,R).

A (Lie) subalgebra § of g is a vector subspace of g that is a Lie algebra; we have
[h,h] C b. For example, the real upper triangular N x N-matrices form a subalgebra
gl(N,IR)™ of gl(N,R).

An ideal i of g is a subalgebra of g satisfying [i,g] C i. If i is an ideal in g we can
form the coset Lie algebra g/i and every element in g/i is of the form a + i where
a € g. The coset Lie algebra g/i is indeed a Lie algebra,;

[z +iy+i]=[z,y] +i, Vz,y € 9. (B.1.1)

If ' =z 411,y =y + iz with i1,ip €1 we have [/ +1,y +i] = [2/,y ] +i=[z,y] +1
so that the product is well defined.

The derived subalgebra g’ of a Lie algebra g is the subalgebra g’ = [g, g]. It is
easy to check that g’ is a subalgebra and an ideal.

The center of a Lie algebra g is the subalgebra of all elements that commute
with every other element and is denoted Z(g). If ¢ and b are subalgebras of g, the
centralizer of £ in §) consists of those elements of fh that commute with every element
of £ and is denoted Zy (¥).

A Lie group is reductive if the Lie algebra g is such that for every ideal a there
exists another ideal b such that g = a @ b. This implies that for a reductive group
the Lie algebra is of the form g = [g,g] ® Z(g) [94]. It is proved in section 3.4.2 that
every compact group is reductive.

A Lie algebra g is abelian if the derived subalgebra vanishes; [g,g] = 0. The
Lie algebra of an abelian Lie group is an abelian Lie algebra and vice versa. An
abelian subalgebra is called a torus and the largest abelian subalgebra is called a
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maximal torus. This definition is sensible since the Lie algebra is assumed to be
finite-dimensional and since one can prove that two different maximal tori are related
by an isomorphism.

As remarked before, the tangent space of a group at the identity can be identified
with the Lie algebra. For matrix Lie groups, the Lie algebra is obtained by differenti-
ating the Lie group elements with respect to the coordinates on the Lie group. From
the Lie algebra one obtains the Lie group elements in a neighborhood of the origin, i.e.
the identity, by exponentiation, which is a well-defined operation for matrices (when
one restricts to a neighborhood sufficiently close to the identity). If we choose an
element z € g, then the abelian subgroup X of G given by X = {exp(tz)|t € I C R},
where T is that interval on which exp(tx) is well defined, is clearly connected. It
follows that exponentiating the Lie algebra elements defines a map from the Lie al-
gebra to the component of G that is connected to the identity, called the identity
component and denoted Gy.

Let g = g and for k > 0 put g"™! = [g*, g*]. The series {g°, g',...} is a series of
ideals. If for finite n the series terminates, that is g” = 0, then the Lie algebra g is
solvable. For example, the Lie algebra gl(N,IR)" is solvable.

We define the following series of ideals of a Lie algebra g: {go,81,...} by go = g
and if & > 0, gr+1 = [g,0x). The reader is warned that we now use lower indices
instead of the upper indices used to define solvable Lie algebras; g # g* in general.
If the series {g },~, terminates for a finite n the Lie algebra g is said to be nilpotent.

A Lie algebra g is called simple if it is nonabelian and the only ideals are g and
the trivial subalgebra {0}. Since g’ is an ideal we have g’ = g if g is simple.

A Lie algebra is semisimple if it contains no solvable ideals. Every semisimple Lie
algebra g is the direct sum of simple subalgebras: g = g1 & ... ® g and [g;, ;] = 0 if
i # j and g; = g;, hence g’ = g. In particular, every simple Lie algebra is semisimple.

A derivation on a Lie algebra is a linear map D : g — g satisfying D([a,b]) =
[D(a),b] + [a, D(b)] Ya,b € g. The set of all derivations on g can be made into a Lie
algebra by defining [D;, D3] = D1 o Dy — Dy o Dy and this Lie algebra is denoted
Der(g). For any a € g we can define a derivation called the adjoint of a by defining
ada : b — [a,b]. The adjoint maps form a Lie algebra, adacadb—adboada = ad([a, b]).
All derivations that can be written as the adjoint map of an element of g are called
inner derivations. For semisimple Lie algebras all derivations are inner derivations. A
derivation that is not inner is called outer.

The Cartan—Killing form B : g x g — C is defined as B(z,y) = trpqa(adz oady).
It is a theorem due to Cartan that the Cartan—Killing form is nondegenerate if and
only if the Lie algebra is semisimple. Note that a bilinear form B is nondegenerate if
and only if from B(u,z) =0, Va € g, it follows that v = 0. The Cartan—Killing form
is an invariant bilinear form on g; B([a,b],c) + B(b, [a,c]) = 0.

If the Cartan—Killing form is (strictly) negative definite a Lie algebra is called
compact. Thus only semisimple Lie algebras can be compact. The Lie group gener-
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ated by a compact Lie algebra is compact, but not vice versa.

A Lie algebra homomorphism, or just short homomorphism, from a Lie algebra
g to a Lie algebra € is a linear map ¢ : g — € such that ¢([a, b]) = [¢(a), #(b)], Va,b € g.
If i is an ideal in g then the projection 7 : g — g/i, which maps a € g to a +1, is a
homomorphism. If a homomorphism is one-to-one it is called an isomorphism. If an
isomorphism maps g to g itself it is called an automorphism.

It is often useful to think of a Lie algebra as a set of matrices satisfying some
commutation relations. The rigorous justification is due to Ado’s Theorem, which
states that every finite-dimensional Lie algebra is isomorphic to a Lie algebra of
matrices. In other words, every finite-dimensional Lie algebra over the field IK is a
subalgebra of gl(N, IK) for some N.

The Lie group G has a natural action on its Lie algebra g, called the Adjoint
action (written with capital A). For g € G we write Adg : © — Adg(z) = € g and the
linear map Adg is an automorphism. For matrix groups A € G acts on the matrix
b€ gas AdA : b — AbA™!, i.e. by conjugation. Due to Ado’s theorem we can
always denote the Adjoint action of the group on its Lie algebra by a conjugation:
Adg(x) = U(g)xU(g)~! for a matrix U(g) associated with the Adjoint action of g € G.
Hence the map Adg is a Lie algebra homomorphism for every g € G.

B.2 Representations

A representation of a Lie algebra g is a pair (p, V) consisting of a vector space
V', often called the module or g-module, and a homomorphism p : g — End(V),
where End(V) denotes the Lie algebra of all linear maps from V to V' with product
[a,b] =aob—boa, a,b € End(V). A similar definition holds for a representation
of a Lie group, but then End(V) has to be replaced by GL(V), the Lie group of
all nonsingular matrices acting on V. In the remainder we are most concerned with
Lie algebra representations but most results and definitions have a straightforward
analogue for Lie group representations.

A representation is called faithful if the homomorphism p : g — End(V) has
a trivial kernel; p(z) = 0 & 2 = 0. Ado’s Theorem equivalently states that every
finite-dimensional Lie algebra admits a finite-dimensional faithful representation.

A representation (p, V') is reducible if there is a nontrivial proper subspace W C
V such that p(g)W C W; W is called an invariant subspace. A representation (p, V)
is fully reducible if for any invariant subspace W there is an invariant subspace
W’ such that V.= W @ W’. A representation (p,V) is irreducible if there is no
proper nontrivial invariant subspace. Hence if (p, V) is an irreducible representation
and x € V is a nonzero vector, then = + p(g)z = V as vector spaces, i.e. the whole
module can be obtained from one single vector. For semisimple Lie algebras every
finite-dimensional representation is fully reducible. If p is a representation of g then
Kerp is an ideal, and hence for simple g either the representation is trivial or faithful.
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Irreducible representations are often not denoted as a pair, but just with either p
or with V. In mathematical literature one often denotes an irreducible representation
with the homomorphism p, whereas in physics literature one uses the vector space V.

Important examples of representations are given by ad : ¢ — Endg and Ad :
G — GL(g), where the first is a Lie algebra representation and the second is a
representation of the Lie group G associated with the Lie algebra g. If g is simple,
these representations are irreducible and faithful.

If p is a representation of a connected Lie group G with Lie algebra g we define
the derived representation dp of g as follows:

geG, g=expX = p(g) =expdp(X). (B.2.1)

The dimensions of the modules associated with p and dp are the same. The derived
representation can thus be obtained by ‘differentiating’ the representation p.

Two representations (p, V) and (p’, V') of a Lie algebra g are equivalent if there
is a nonsingular map S : V — V' such that p’(x) = Sp(z)S~* for all # € g. Schur’s
Lemma consists of two parts; the first part states that if for two irreducible represen-
tations (p, V) and (p’, V') there exists amap T : V' — V' such that Top(z) = p/(z)oT
for all x € g, then either T' = 0 or T is nonsingular and the representations are equiv-
alent. The second part states that if for an irreducible representation (p, V') there
exist a matrix C' that commutes with all representing matrices p(x), z € g, then C' is
a multiple of the identity.

If (p, V) and (p’, V') are two representations of the Lie algebra g, then the tensor
product (p®p',V ®V’) of the two representations is defined by the following action
of a Lie algebra element 2 € g on an element v @ w of V@ V'

(p@p)(@)(vew) =plvew+vep (@)w=(p(z) 21+ 1c /' (2)(vew) (B.2.2)

One checks that B.2.2 indeed defines a representation.

If (p,V) is a representation of g then the trace in V is an invariant form on g by
the cyclic property of the trace. We now prove the claim made in section 4.5.1 that
up to multiplicative constant, there is only one invariant metric on a complex simple
Lie algebra.

Suppose p is an irreducible complex representation of g with module V. Then we
define the representation p of g in the dual space V* of V by

Veeg,weV5veV : (plx)w)(v) = —w(p(x)v). (B.2.3)

This defines a representation and furthermore, p is an irreducible representation.

Suppose that B is any bilinear form on V. The bilinear form induces a map
from V to V*, denoted 8 by: if v,w € V then fv(w) = B(v,w). B is invariant if
B(p(z)v,w) = —B(v, p(z)w) for all v,w € V and z € g. If B is invariant, we have
the identity

(B0 p(x))(v) = (p(x) 0 B)(v) - (B:2.4)
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Hence any invariant bilinear form B induces an intertwining map from V to V*. By
Schurs’ lemma either B = 0 or there exists a basis of elements e, es,... in V such
that B(ei,ej) = (5”

When we consider the adjoint representation it follows that for simple complex
Lie algebras there is up to a multiplicative constant just one single invariant metric
that can be put into diagonal form with eigenvalues +1. (QED)

From the claim one can prove that for a semisimple complex Lie algebra g consist-
ing of n simple ideals, the space of invariant forms on g is n-dimensional; the trace in
any representation is completely fixed by giving n proportionality factors.

B.3 Classification of Complex Simple Lie Algebras

To understand the classification of real simple Lie algebras in section B.4 it is useful
to understand the classification of complex simple Lie algebras. We therefore briefly
review the classification of complex simple Lie algebras.

Let B be a subalgebra of the complex Lie algebra g. The normalizer of ‘B,
denoted N (9B) is the subalgebra of g containing all elements x € g satisfying [z, B] C
$B. A subalgebra b is called a Cartan subalgebra of g if (1) b is nilpotent and (2) b is
self-normalizing; N (h) = b. Up to isomorphism there is just one Cartan subalgebra.

If g is semisimple the Cartan subalgebra b coincides with the maximal torus in g.
The Cartan—Killing form is nondegenerate on h x h. The dimension of § is called the
rank of the Lie algebra and we generically denote it by r.

Since the elements of h commute, it is possible to simultaneously diagonalize the
elements of adh and to decompose the Lie algebra into the eigenspaces. Reading off an
eigenvalue corresponding to a particular eigenvector gives rise to a linear functional
on hh. We now formalize the idea; a nonzero linear functional « on § is a root if the
subspace g, defined by

8o = {z € gllh, 2] = a(h)r} (B3.1)

is nonzero. The roots form a subset A of the dual h* of the Cartan subalgebra. The
eigenspace decomposition reads:

g=be P ga- (B.3.2)
a€EA

The decomposition B.3.2 is called a root-decomposition.
The set A is called a root system and it has the following properties

(1) The roots in A span the whole of h*.
(2) If &« € A then —a € A.

(3) The root system A is reduced; if & € A the only multiples of @ in A are 0 and
+a
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(4) a=0sg,=h.

(5) If @, B and « + 8 are roots, then [gq, 93] C ga+s. If @, 3 are roots but o + [ is
no root, then [gq, 93] = 0.

(6) The eigenspaces g, for a # 0 are one-dimensional.
(7) If o, 8 € A and a + 8 # 0, then the Cartan—Killing form vanishes on g, X gs-

Since the roots span the space h* and the Cartan—Killing form is nondegenerate
on h there is for every a € A a unique element h, € h such that for all k € b

a(k) = B(k, ha) . (B.3.3)

Thus there is a one-to-one relation with the roots and the elements of the Cartan
subalgebra, which we use to give A a symmetric bilinear form (, ):

a,feAN: (o) = B(ha, hg). (B.3.4)

Since (,) is not positive definite, it does not define an inner product. Later we will
make it into an inner product on a real subspace of §.

Using a fixed basis {hq1,...,h,} in h we can introduce an ordering in A. We call
a root « positive if the first nonzero number in the series a(hq),...,a(h,) is greater
than zero. The set of positive roots is called A*. A root is either positive or negative.
A root is called simple if it is positive and it is not the sum of two other positive roots.
The set of simple roots is called II. The number of simple roots equals the rank of
the Lie algebra. We denote the simple roots by «; fori =1,...,7; I = {ay,..., . }.
For the set of simple roots one can prove

(1) The simple roots «; are linearly independent and span bh*.
(2) For oy, € II: (e, 05) < 0.
(3) If a; and ¢ are simple roots, then o; — 5 is no root.

(4) Every positive root is a sum of simple roots with nonnegative integer coefficients:
a€ AT o= ZZ n;o; with n; nonnegative integers.

(5) We define the real subspace b by b5 = @I_;Ra;, i.e. b is the real vector
space spanned by the simple root vectors. The bilinear symmetric form (,) on
A restricts to a positive definite real symmetric bilinear form on bh§ and hence
defines an inner product on h. Thus the simple root vectors span a real vector
space with the Euclidean inner product (, ).
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Let us now fix a nonzero root o € A. Then there exist e, € ga, fo € g_o and
hq € b such that

[eav fa] = hq ) [hom eoz] = 2eq ) [hom fa] = _2foz . (B35)

The Lie algebra spanned by the elements ey, fa, ha is isomorphic to sl(2, C) = su(2)*
for which all representations are known and treated in most quantum mechanics
textbooks. Now let us fix a second root 3 and consider the string of roots So5 =
{8+ kalk =0,4+1,4+2,...; 3+ ka € A}. Since we assumed g to be finite, the string
is finite and the root space {g,|y € S} associated with the string S,z forms a repre-
sentation of s[(2, C). Analyzing these strings for the simple roots and the associated
s[(2, C)-representations gives the structure of the simple complex Lie algebras.
The Cartan matrix A;; is defined as follows:

(i, aj)

A =2 )
! (v, aj)

(B.3.6)

One can deduce the following properties of the Cartan matrix!:
(1) Ay =2andifi #j A;; <O0.
(2) A;; is an integer, and if i # j then A;; =0,—1, -2, -3.
(3) The determinant of A;; is positive; detA;; > 0.
(4) We can introduce Lie algebra elements e;, f; and h; for every simple root
such that:

[hi, hj] =0, [hi,e;] = Ajie;, no sum, (B.3.7)
lei, f5] = bijhi,  [hi, f3] = —Ajifj, no sum.
(5) From the Cartan matrix one can deduce all commutation relations and from the
elements [e;, [...[e;,_,,e;,]...]] for p > 1 one obtains all positive root generators
of the Lie algebra g. Similarly every negative root generator can be written as

a linear sum of the elements [f; [...[fi,_,, fi,]...]] for p>1.

The classification of complex simple Lie algebras is thus complete if one can classify
all Cartan matrices or equivalently all simple root systems II. An elegant way of doing
this and presenting the result is by using Dynkin diagrams. A Dynkin diagram is
constructed by using for every simple root a ‘blob’ that is connected by a number of
lines. The number of lines between blob ¢ and j equals A;;A;; and thus the number

Tt is here that one uses the properties of the s[(2, C)-representations
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of lines is minimally 0 if (o;, ;) = 0 and maximally 3. If A;;A;; > 1 the simple roots
a; and «; have different lengths;

(o, ) Ay
(aj,a5) Ay’

(B.3.8)

and in these cases an arrow is drawn on the lines connecting blob ¢ and j pointing in
the direction of the longer root.

From the properties of the Cartan matrix one deduces rules for a Dynkin diagram
to be a valid Dynkin diagram. Using these rules one can pictorially classify all complex
simple Lie algebras by classifying all valid Dynkin diagrams. We do not give the rules
but display the result in table B.3.1.

There are four infinite series of Lie algebras; (1) the A, -series, which consists of
the sl(n — 1, C)-algebras, (2) the B,-series consisting of the so(2n + 1)©-algebras, (3)
the C,-series comprising the sp(n, C)-algebras and the (4) D,,-series, which consists
of the so(2n)-algebras. But besides the four ‘classical Lie algebras’ there are five
exceptional algebras; go, f4, ¢6, €7, eg. This finishes our discussion on the classification
of complex simple Lie algebras.

Table B.3.1: Dynkin Diagrams of the Complex Simple Lie Algebras

Dynkin Diagram Name
81_82_...._87"71 or Ar: sl(r—1,C) 2 su(r —1,C)
81_82_...._87;1)8T By: so(2r +1)C
« a ar—1 ar
01_02_...._o<=lo Cr: sp(r,C)

O Q-1
81_ .. .i_é/ Dy: s0(2r)®
AN
o«

Continued on next page
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Table B.3.1: continued

Dynkin Diagram Name
O
0—0—0—0—0 ¢
(e}
0—0—0—0—0—0 e7
)

0—O0—O0—0—0—0—0 8

0—O0=0—0 fa

B.4 Classification of Real Simple Lie Algebras

We now discuss the classification of real simple Lie algebras. The classification of real
simple Lie algebras is used in chapter 3. We do not prove the statements and refer
to [94,113] for the proofs.

A real form of a complex semisimple Lie algebra g. is a real semisimple Lie
algebra g such that g. & (g.)r = g ®Rr g, where the subscript IR on the ®-sign
indicates that the direct sum is a direct sum of real vector spaces and hence only real
combinations of the two summands can be taken. A nice way to think of a real form
of a complex Lie algebra is by comparing it with a real line in C; every line through
the origin in € defines a real vector subspace and there are an infinite number of such
subspaces all related by rotation. For Lie algebras there are an infinite number of
real forms, but if we count two real forms that are isomorphic as one, there are only
a finite number of real forms for every complex semisimple Lie algebra.
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If g is a real simple Lie algebra, then for the complexification g. there are two
options: (1) g. = s ® s where s is a simple complex Lie algebra, (2) g. is simple
as a complex Lie algebra. An example of the first option is provided by so(1,3);
50(1,3)" = 50(3)® @s0(3)”. On the other hand, if g. is a complex simple Lie algebra,
then every real form is a simple real Lie algebra. Therefore classifying all real forms
of simple complex Lie algebras gives a classification of all simple real Lie algebras.

Having written g, as a real Lie algebra g, = (g.)m we see that g, admits an involu-
tive (i.e. squaring to one) automorphism that in g. acts as complex conjugation. This
motivates the introduction of a more general and abstract involutive automorphism
called the Cartan involution. A Cartan involution of a real semisimple Lie algebra
g is an involutive automorphism 6 : g — g such that the bilinear form By defined by
By(x,y) = —B(x,0y), is positive definite, where B(,) is the Cartan—Killing form.

The bilinear form By is symmetric and that the adjoint of adX with respect to
By is given by —adfX;

Bp(adX (Y), Z) = By(Y, (adX)1(2)) & (adX)! = —adfX . (B.4.1)

Since 6 is involutive, the Lie algebra splits into a positive eigenspace ¢, and a
negative eigenspace p, such that l¢ = +1, §, = —1 and g = €@ p. Since 0 is a
homomorphism, # introduces a Zs-grading in g:

e 8 Ct [&p]Cp, [pplCE (B.4.2)

The eigenspace ¢ is thus a Lie subalgebra on which the Cartan—Killing form is negative
definite. From equations B.4.2 it follows that the Cartan—Killing form vanishes on
£ x p and hence is nondegenerate when restricted to either p or €.

With every real form g we can associate a coset G/K by taking G to be the simply
connected group G with Lie algebra g and K to be the maximal compact subgroup
of G with Lie algebra €. The coset G/K is a symmetric space and the tangent space
at any point is isomorphic to p. The inner product By gives G/K a Riemannian
structure.

The action of the Cartan involution can be extended to the group G. Let g € G,
then g = exp X for some (unique) X € g and write X = logg. Then the generalized
transpose of ¢ is denoted ¢# and defined by

g" = exp(—flogyg). (B.4.3)

When restricted to the subgroup K, the action of # is the same as inverting; if k € K
then k#k = kk# = e. The push-forward of # is —6.

The elements of adp are Hermitian linear operators with respect to By. Hence g
admits an eigenspace decomposition with respect to a maximal torus a in p similar
to the root space decomposition of a complex Lie algebra with respect to its Cartan
subalgebra. The elements of a are called the noncompact Cartan generators. For p in
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a* we define the subspace g, = {z € g|[4, 2] = p(A)z, VA € a} and a nonzero element
p of a* for which g,, is nonzero is called a restricted root. The set of restricted roots
is denoted X. The eigenspace decomposition of g with respect to a reads:

i=g0ePor. go=0®Za), (B.4.4)
AEXD

where Z¢(a) denotes the centralizer of a in ¢, i.e. the set of all elements ¢ that commute
with a.

The restricted roots have some properties that are similar to those of the roots of
the complex simple Lie algebras:

(1) The restricted roots in ¥ span a subspace of h*.
(2 pe e —pel.

(3) If u,v and p+ v are restricted roots, then [g,, g,] C gu4v. If p, v are restricted

g
roots but u + v is no restricted root, then [g,,g,] =0

(4) If p is a restricted root then the only multiples of u that can also be restricted
roots are +2u, +1p and i%u, but if 2u is a restricted root, then %u is not a
restricted root and vice versa.

(5) If p,v € A and p — v # 0, then the inner product By vanishes on g, X g,.
(6) The inner product By vanishes on a x Z¢(a) and is nondegenerate on a.

(7) The dimension of the root space g, called the multiplicity of p, can exceed 1;
m(p) =dimg, > 1.

Although the properties are similar, important differences occur; especially properties
(4) and (7) are important differences.

Since By and B are nondegenerate on a there exists for every u € ¥ a unique
nonzero A, € a such that B(A,, A) = u(A) for all A € a. Hence we can define an
inner product on ¥ through (u,v) = B(A,, A.).

The set of restricted roots can be given an ordering > in a similar way as the roots
of a complex simple Lie algebra. The set of positive restricted roots with respect to
this ordering is denoted ¥ . A restricted root is simple if it is positive and it is not
the sum of two other positive restricted roots. We denote the set of simple restricted
roots by Yg. If we denote [ = dim a then there are [ simple restricted roots A; that
span a*. For the simple restricted roots one can define the integer-valued Cartan

matrix A;; = 28]?; ; and draw a Dynkin diagram in an analogous way as for the

simple roots of a simple complex Lie algebra.
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We define n = pes+ Bu- The subalgebra n is nilpotent and the subalgebra a ®n
is solvable. The Iwasawa decomposition of a real simple Lie algebra reads:

g=tdadn. (B.4.5)

The Iwasawa decomposition provides us with a parametrization of the coset G/K
through G/K 2 expaexpn. Due to this parametrization the dilatonic coupling vec-
tors of section 3.3.2 are identified with the positive restricted roots.

The simple real Lie algebras can be classified using the above concepts plus some
other material, which is not needed to understand the text in this thesis and which
is therefore omitted in this appendix. To characterize a real form uniquely we need
to specify the Dynkin diagram for ¥y (or equivalently the Cartan matrix) and the
multiplicities m(\;) and m(2);) for all simple restricted roots A; € Xg. In table B.4.1
we present the Dynkin diagrams of the set of simple restricted roots for all possible
simple real algebras g that are not of the form g ®R ig and give the associated
maximally noncompact coset G/K, where G is the simply connected real Lie group
with Lie algebra g and K is the maximal compact subgroup of G with Lie algebra &.
Table B.4.1 is of use for recognizing the coset structure of the scalars in dimensionally
reduced supergravity theories as explained in section 3.3.2.

The multiplicities m();) and m(2);) for the simple restricted roots are presented
in table B.4.2 for the simple real Lie algebras. The labelling of the simple restricted
roots as in table B.4.1 is also used in table B.4.2. The number r is the rank of the
complexified Lie algebra.

Table B.4.1: Restricted root diagrams and associated cosets G/K.

Restricted Root Diagram Type
IV Ae1 A AI:SL(n;IR)/SO(n)
0O—O0—:-+—0—0
l=r=n-1
AII:SU*(2n)/S
Az A\ A2i—2 Agg (2n)/Sp(n)
o—O0—»—0—0° l=2r—l=n—1
AIIT:SU (p, q)/S(Up x Uy)
l=min(p,q), r =p+qg—1
Al A2 Ar—1 Ar
0—O0—:--—0=0
If2<i<r/2

Continued on next page
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Table B.4.1: continued

Restricted Root Diagram Type
AP\ HRRP: Ol U Ifr=20—1
N AIV:SU(n,1)/SU(n)
1
© l=r+1=n
.__SO(a .
A A Bl somxso(: P+ a0dd
OO0 °=0o 2<l=min(p,q) <r
A\ BII:SO(2p,1)/SO(2p)
1
° l=1,r=p
A A Aot A CI:Sp(n,IR)/U(n)
O0—O0—:+-— 00
l=r=n
.__Sp(p,a)
CII: 5500 x 5p(@
L = min(p, q)
QM o 1<1< (-1
S{_éi_””__o¢=§l f2<l=r/2
.__SO(p,9)
DI'WPS(]O(q)’ p+ q even
A X Are1 Ar L= min(p, q);
0—O0—:--—0=0

f2<i<r—2

Continued on next page
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Table B.4.1: continued

Restricted Root Diagram Type
A r— r
AP BP: G WP Ifr=10+1.
oANi—1
A1 N2/ Ifr=1.
o_. . ._o\
oM
.S0(2r—1,1)
N DI Sl 3
© =1
DIII:LZ,*((?)”)
A A A
0—0—ii— 00" l=[n/2]
Ifr=2I
82_34_...._0:321 Ifr=20+1
o

O—O0—0—0—0

A2 A A3\
O—O0=0—0

A2 A
0=0

EI:E6(6>/S])(4).

l=r=6

. Bz
"SUG)xSU(2) "

=4

EIT

. Eg—19)
ENl: 5oy -

=2

Continued on next page
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Table B.4.1: continued

Restricted Root Diagram Type
Eg(—24)
Y EIV: 020,
o—©O I—9
(e]

O—O0—0—0—0—-2

l=r=17
. Bres)
A1 A3 A4 A6 EVI'SO(IZ)XSU(Z)'
O—O0=0—0
=4
. B7(—25)
A1 A6 A7 EVII'EgXU(l)‘
O—O<«0 I—3

o
E VIII:Eg(g)/SO(16).
0—0—0—0—0—0—0

l=r=28

. Esg(—2q)
A8 A1 X6 M EIX'E7st(2)-
O—O0=0—0

=4

. Taw

FI: o myxsom -
O—O0=0—0

r=10=4

FIIF4(_20)/SO(9)

=1

Continued on next page
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Table B.4.1: continued

Restricted Root Diagram

Type

o=o

Ga(2)

G:SU(Z)XSU(Z)'

l=r=2

Table B.4.2: Multiplicities of the restricted simple roots

Type my, Max,
AT Vi 1 0
AIT Vi 4 0
AIIT; 2<1< L i<l 2 0
i=1 2r-2+1) 1
AIIT; r =20 -1 i<l 2 0
i=1 1 0
AIV 2(r — 1) 1
BI i<l 1 0
i= 2(r—=0+1 0
BII Vi 2r — 1 0
CI Vi 1 0
CII; 1 <1< i(r—1) | i<2l 4 0
i =2l 4(r —21) 3
CII;2<I=3r i <2l 4 0
i=2l 3 0
DI;2<1<r—2 i<l 1 0
i=1 2(r — 1) 0
DI;l=r—1 i<l 1 0
i=1 2 0
DI;l=r Vi 1 0
DIT Vi 1 0
DIIT; r = 21 i< 2l 4 0
i=2l 1 0
DIIT; r =20 +1 i< 2l 4 1
EI Vi 1 0
EIT i=24 1 0
i=1,3 2 0
EIIT i=1 8 1
i=2 6 0

Continued on next page
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Table B.4.2: continued

Type my Max
EIV Vi 8 0
EV Vi 1 0
EVI i=13 1 0
i—2,4 4 0
EVII i=1,6 8 0
7= 1 0
EVIIT Vi 1 0
EIX i=16 8 0
i=738 1 0
FI Vi 1 0
FII Vi 8 7
GI Vi 1 0

B.5 Elements of Geometry on Compact Lie Groups

In this section we briefly review some differential geometry on semisimple compact
Lie groups that is used in section 3.4. Some concepts are already explained in the
thesis and hence are not repeated here or only briefly. We prove little and the reader
interested in the proofs is referred to the literature [5,6,8,113,118]. In the end of this
section when we discuss cohomological properties of compact Lie groups, we give a few
easy and (hopefully) insightful examples for the reader not familiar with cohomology
on compact Lie groups.

A group acts on itself in two ways; by left multiplication L, : ¢ — ag for
a,g € G and right multiplication R, : g — ga for a,g € G. A vector field X is
left-invariant if (L« X),y = Xog and right-invariant if (R,.X)ey = Xog, where
Lo« (Rqs) is the push-forward of L, (R,) and X, denotes the vector field X at p.

The tangent space of the identity T'G. is isomorphic to the Lie algebra of G, which
we denote by g. Let us fix a basis of vectors t1,...,t, for TG.. We define for each ¢,
a vector field 7, by putting (7). = Lz«t, for any € G. The vector fields 7, are left-
invariant. On the other hand, a left-invariant vector field is completely determined
by its value at the identity. Hence the left-invariant vector fields are in one-to-one
correspondence with the Lie algebra.

The Lie bracket between two left-invariant forms is again left-invariant, which
implies that there should be constants Cy,,¢ such that

[Ta, 7] = Cap’Te - (B.5.1)

A left-invariant p-form WP satisfies LZwé(,’;) = w((lp ) where L; is the pull-back of
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Ly. Suppose we define a basis {s1,...,s,} of g* such that s*(t;) = 0%. But TG} = g*
and hence we can identify with every s* a one-form at the identity (c%)o. For any
other g € G we define (6%)y = Ly-1,(0%)o and hence the o are globally defined left-
invariant one-forms dual to the left-invariant vector fields 7, satisfying o(m) = 4.
They satisfy the Maurer—Cartan equation

do® + 10" Ao = 0. (B.5.2)

The algebra of left-invariant forms is finite-dimensional and generated by the left-
invariant one-forms over IR; every left-invariant p-form w® can be written as w® =
w,gf)_“apaal A ...\ o% where the w((l‘zl’)__ap are real constants.

A left-invariant metric g on G satisfies g(Lp+X, LpY)|na = 9(X,Y)|, for all
vector fields X,Y and all h,a € G. If we take any positive-definite metric n on

g 2 TG, the metric n can be extended to a left-invariant metric g on G by putting:
9 =10 @0°, Ny = n(ta,ty). (B.5.3)

A similar discussion holds for a right-invariant metric and if G is simple, the only
left-invariant metric that is also right-invariant is the one where the metric n is pro-
portional to the Cartan—Killing metric of g.

A left-invariant (right-invariant) vector-field translates right-translations (left-trans-
lations). Under an infinitesimal left-translation a field ® varies as §® = Lx®, where
Lx denotes the Lie derivative along X and X = ¢* X, is a right-invariant vector field.
Hence an alternative way of stating left-invariance is that the Lie derivative along a
right-invariant vector field vanishes. Since left-multiplication and right-multiplication
commute, the commutator of a left-invariant vector field with a right-invariant vector
field vanishes. This is consistent with the invariance of the vector fields, since the
variation under an infinitesimal left-translation of a left-invariant vector field X, is
given by 0 = 60X, = Ly, (X) = [Yr, X1] for a right-invariant vector field Yx.

On a compact Lie group there is up to multiplicative constant a unique bi-invariant
integration measure yu:

[ du@stan) = [ du@stea) = [ dut)s(o). (B.5.4)
G G G
The measure y is called the Haar measure. Since i/ = o'A...Ac", where n = dim G,
is a left-invariant form of maximal rank we can take p’ to be the integration measure.
If we define p = '/ fG ol A... A o™ then the volume of G is normalized to 1 with
respect to the measure p.

If the Lie group G is equipped with the bi-invariant metric we have for any p-form
on G:

Lg% w®) = %Lgw® . (B.5.5)

Hence if w is left-invariant then also xw.
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A form w is closed if dw = 0 and exact if there is a form A such that w = dA\.
Any exact form is also closed.

We call AP the space of all p-forms on G and A = @;_, AP the exterior algebra
with product A. Every AP is a vector space. Within each AP we define two subspaces:
QP is the subspace of all closed p-forms and ZP is the space of all exact p-forms. We
have ZP C QP since d? = 0.

We define an equivalence relation ~ in QP by w ~ 1 if w —n = d\ with A\ € AP~1;
i.e. two closed p-forms are equivalent if they differ an exact p-form. The vector space
obtained by dividing out this equivalence relation is called the pth cohomology
class and denoted HP;

Qp
=
We define the cohomology algebra H by H = @&;_oH? and equip H with the
product A.

The pth Betti number is the dimension of the real vector space HP and is
denoted b?; b? = dimpr HP. The Betti numbers are so-called topological invariants?.
If one changes the manifold M in a smooth way - that is, no cutting and pasting
allowed - then the Betti numbers stay the same. As an example, a tea cup has the
same Betti numbers as a donut, since one can deform a tea cup in a continuous way
to a donut. But a solid sphere cannot be deformed in a continuous way into a donut,
since to get the ear of the cup we need to pinch a hole in the solid sphere.

From the Betti numbers one calculates the Euler characteristic:

HP (B.5.6)

X = Z(_UW. (B.5.7)
r=0

The Euler characteristic is also a topological invariant.

Due to a theorem of Hopf and Poincaré the Euler characteristic of a compact
manifold vanishes if there exists a nowhere vanishing vector field. Since a compact
Lie group admits a set of nowhere vanishing vector fields by means of the left-invariant
vector fields 7, (they are nowhere vanishing because the duals o® exist) it has vanishing
Euler characteristic.

On a compact n-dimensional manifold the rth and (n — r)th Betti numbers are
related by Poincaré duality: 0" = 0"~ ". Thus odd-dimensional compact manifolds
always have vanishing Euler characteristic.

If a compact Lie group G is connected we have b° = b = 1. A zero-form with van-
ishing exterior derivative is given by a constant, but if the manifold is not connected,
then on every connected piece the constant may take different values.

The theorem of Chevalley and Eilenberg states that in calculating the Betti
numbers on a compact Lie group one can restrict to the left-invariant forms. That is,

2Note that we are using a broad definition of geometry; geometry in our sense also includes
topological aspects.



B.5 Elements of Geometry on Compact Lie Groups 145

the cohomology algebra of A(G), which is infinite-dimensional, gives the same Betti
numbers as the cohomology algebra generated by the left-invariant forms, which is
finite-dimensional.

As an example, we calculate the Betti numbers of SU(2). We choose a basis
{t1,t2,t3} of su(2) such that the structure constants are given by [t,ts] = €abcte-
Since SU(2) is connected we have b = b3 = 1. To obtain b' we take a left-invariant
one-form w = w,o® with constant w®. Demanding that it is closed gives: wq€qpe = 0,
from which it follows that w, = 0 and hence Q' = 0 and thus > = b = 0.

As another example we extend this result and show that on any compact semi-
simple Lie group the first Betti number always vanishes. Suppose w = w,0® is closed,
then w,Cp.* = 0 for all b, c. It follows that w, seen as a linear functional on the Lie
algebra g, vanishes on the derived algebra [g, g]. But for semisimple Lie groups the
derived algebra coincides with the Lie algebra: g = [g, g] and hence w, = 0 and hence
Q! = 0. Hence b' ="~ = 0.

To calculate the Betti numbers of the Cartesian product of two compact manifolds
M and N one uses the Kiinneth formula:

(M x N)y= > (M (B.5.8)
p+q=Fk

As an example, we calculate the Betti numbers of an n-torus 7", which is the
Cartesian product of n circles. The Betti numbers of a circle are easily found using
Poincaré duality and connectedness of S': b° = b! = 1. Hence we find

b (T™) = 3 O 11 = (Z) . (B.5.9)

mi+...+mp=k;m;=

Every compact group is reductive (a proof is given in section 3.4.2) and hence the
Lie algebra is of the form: g = [g,g] © Z(g) where Z(g) is the center. The center
corresponds precisely to the toroidal directions of G; exp g = U (1)4™ Z(9) x exp([g, g]).
Using this it is not too hard to prove that for a compact group G we have b! =
dim Z(g).

From the Kiinneth formula it follows that the Euler characteristic of the product
of two compact manifolds is simply the product of the Betti numbers:

S EDFRF M x Ny =Y Y (—1)PHIP(M)Y(N) = x(M)x(N).  (B.5.10)

k=0 k pt+q=k

Since the Euler characteristic of a circle vanishes (b° — b! = 1 — 1 = 0), the Euler
characteristic of an n-torus vanishes. This is in agreement with the fact that an n-
torus is isomorphic to the compact Lie group U(1)", which admits n nowhere vanishing
left-invariant vector fields.






Appendix C

Spinors and Clifford Algebras

In this appendix we give a short summary on general spinor representations and give
a few specific properties of spinors of SO(1,9), SO(1,3) and SO(6) together with the
conventions we used for spinors and I'-matrices. This appendix is based on [33,45].
Some finite-group theory is used; the reader not familiar with the theory of finite
groups is referred to the literature, e.g. [186,187].

C.1 General Spinor Representations

In essence, spinors are nothing more than the vectors in specific representations of the
Lie algebras so(p, q) or, equivalently, of the Lie groups SO(p, ¢). These representations
are called spinor representations and they cannot be obtained from tensor products
of the fundamental representation. The fields that are described by spinors are called
fermions. To obtain spinor representations we first construct representations of the
Clifford algebra, from which we can extract the spinor representations.

C.1.1 Clifford Algebra Representations

In a flat space-time! with signature (¢, s), where s (¢) denotes the number of positive
(negative) eigenvalues of the metric 7,5, the Clifford algebra is an algebra generated
by d = s +t objects I, called generators, with the multiplication rule:

Fal“b + FbFa = 277ab . (Cll)

We restrict ourselves first to space-times with signature (0, s 4 t), since multiplying ¢
generators I',’s by 7 we obtain a Clifford algebra for signature (¢, s).

1We first develop the theory for flat space-times and later make the link with curved space-times.
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A (complex) representation of the Clifford algebra is provided once we have a
(complex) matrix representation for every generator I', such that C.1.1 is satisfied.
By multiplying these matrices the whole representation is generated.

In a first step we build a finite group from the generators, since then we can
apply the well-known representation theory of finite groups. To this end, we first
introduce some notation: I'y,. 4, is zero unless the a; are all different and in then
Layia, =Tlay oo I‘%Q. The generators I, generate the finite group Cy with elements:

Ca= {1,400, 4T ns - £} (C.1.2)

The product between two elements of Cy is again in Cy and is completely determined
by the relation C.1.1. The number of elements in Cy, called the order of Cy and
denoted #Cy, is given by

d
#Ca=2) (;l) = d+L, (C.1.3)
p=0

Before we go into more detail we need to choose whether d is even or odd.

d Even

The number of inequivalent irreducible representations of a finite group equals the
number of conjugacy classes. For even d the conjugacy classes of Cy; are found to be

[+1]7 [_1]7 [Pa]v [Fmaz]v RS []‘—‘abuad} ) (C~1~4)

giving 2¢ + 1 inequivalent irreducible representations of Cj.
Now we prove the following lemma (it is little proved in the literature, hence we
provide a simple proof).

Lemma C.1.1. The number of inequivalent irreducible one-dimensional representa-
tions of a finite group G is given by the order G divided by the order of the commutator
subgroup Com(G), which is by definition generated by the elements aba=1b~1, for all
a,beq.

Proof. Since gaba='b~1g~! = gag~lgbg(gag=!)"t(gbg~!)~! the commutator sub-

group is a self-conjugate subgroup: gCom(G)g~' = Com(G), Vg € G. Hence
G/Com(QG) is a group. The elements of G/Com/(G) are the equivalence classes defined
in G by g ~ h if and only if there is a € Com(G) such that g = ah.

21t is sometimes convenient to think of Faa,,,ap as the antisymmetrized product, but then we
need to sum products, which is not defined in a group.
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Take two elements x,y € G/Com/(G): xy ~ xyy~tx~lyr ~ yx and hence G/Com(G)

is an abelian group. Hence all irreducible representations are one-dimensional®. Since
G/Com(QG) is abelian, the number of conjugacy classes in G/Com(G) equals the order
of G/Com(G). Therefore there are #(G/Com(G)) = #G/#Com(G) one-dimensional
inequivalent irreducible representations of G/Com(G). The lemma is thus proved if
we have proved that there is a one-to-one correspondence between the irreducible
representations of G/Com(G) and the one-dimensional irreducible representations of
G.

Let p be an irreducible representation of G/Com(G). Then it is one-dimensional
and we can extend it to an irreducible one-dimensional representation of G (it is
irreducible since it is one-dimensional) if we put p = 1 on Com(G). But if we
have a one-dimensional irreducible representation ¢ of G then automatically we have
o(aba='b71) = 1. Thus ¢ = 1 on Com(G) and o is an irreducible representation of
G/Com(G).

O

For Cyq we have Com(Cy) = {—1,+1} and thus there is precisely one irreducible
representation of Cy that is not one-dimensional and we denote it ps(Cy). For spinor
representations we do not need the one-dimensional representations and hence we
discard them.

To get the dimension n of ps(Cy) we use that for a finite group G we have #G =
Zp(np)Q, where n, is the dimension of the representation p and the sum is over all
inequivalent irreducible representations. For C; we have

90+l —9d 12 4 2 oy — 9(d/2) (C.1.5)

As an aside, for d = 2 one finds n = 2 and the representation is generated by two
out of the three Pauli matrices. The reader is motivated to check the statements of
section C.1.2 for this Clifford algebra.

d Odd

The conjugacy classes are now given by:
[+1]7 [_1], [Fa]7 Tt [Fa1~~ad—1]7 [Fa1~~~ad]7 [_]‘—‘abuad] . (0'1'6)

Hence there are 2¢ + 2 irreducible inequivalent representations. We have Com(Cy) =
{—1,+1} and hence there are 2 inequivalent irreducible representations of dimension
greater than one. The element I'15...4 commutes with every other element and accord-
ing to Schur’s lemma is diagonal, so we write I'15... = ¢l and we have I'15...q—1 = c['g,

3The reader is warned that this statement follows from Schurs’ Lemma, which only holds for
complex representations.
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which can be squared to give:

d(d—1) d—1
(Cigeg_1)?= (1) 2 =(-1)2 =c. (C.1.7)

The second equality follows since d is odd. Hence if d = 1(mod4) we have ¢ = £1 and
if d = 3(mod4) we have ¢ = +i. The two choices correspond to the two inequivalent
irreducible representations of dimension greater than one. So, in odd dimensions, the
last matrix I'y is given by a multiple of the product of the others, which form a Clifford
algebra for d’ = d — 1, which is even. Hence the Clifford algebra representations are
obtained from the unique Clifford algebra in one dimension lower and hence the

d—1
dimension of the representation is n =2 2 . So for any dimension (odd or even) we

d
have n = 2121

C.1.2 Properties of Clifford Algebra Representations

We now briefly turn to some special properties of the Clifford algebra representations
while focussing on the case d even, since the case d odd is quickly recovered from the
Clifford algebra representation of one dimension lower. We focus on zero (¢ = 0) and
one (t = 1) time-like directions, i.e. on space-time signatures (0,d) and (1,d — 1),
since these are of special interest to us. For t = 1 the direction a = 1 correspond to
the time-like direction, hence (T'1)? = —1.

For a finite group every representation is equivalent to a unitary representation
and hence we may assume the ['-matrices to be unitary. From relation C.1.1 we have:

I=T,, t=0,

C.1.8
Il =Tr,, t=1. ( )

The matrices* 7 and —T'!" also represent the Clifford algebra and hence by
uniqueness of the representation ps(Cy) there should be matrices Cx such that

r‘=c,r,c;', -1r’=c.r,c-'. (C.1.9)

The matrices Cy are called charge conjugation matrices®.

The matrices C+ have symmetry and unitarity properties that are independent of
a choice of basis and using a particular basis one can show (see e.g. [45]):

d(dF2)
ct=(-1)"8 Cy, CloL=1. (C.1.10)

Using equation C.1.10 one can obtain the symmetry properties of Cl"almapﬁ.

4The matrix representing I', are also denoted T', to avoid clumsy notation.
5The choice of name is not very satisfactory. See also [45].
6The I'-matrices itself have no definite symmetry properties.
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The matrices £I"} also represent the Clifford algebra and hence by uniqueness of
the representation ps(Cy) there should be matrices By such that

r:=p,I,B;'", -T:=DBT,B_". (C.1.11)
Since I'z = (I'")T we have:

I,Ci'By =Cy'BiT,, t=0,

B B (C.1.12)
BZ'(CuI) T, =T,BZ' (CuIy)", t=1.

Using Schur’s lemma we see that C;'By and B;l (C’ifl)T must be diagonal for
t = 0 respectively ¢ = 1. Since B4 is defined up to a phase, we can choose:

By =Cy, t=0,

C.1.13
B =CI'y, t=1. ( )
Since C1 and T’y are unitary, so are By. From the unitarity of BL and the above
equations one concludes:

d(dF2)
BiBi=(-1)"8 1, t=0,
d(d+2)

BiBL=F(-1) 5 1, t=1.

(C.1.14)

The chirality matrix is important for the discussion on spinor representations. In
d dimensions the chirality matrix is denoted I'y4; and defined by:

1—‘1"':[‘117 t=0,

Ta = (= (C.1.15)

i)
dt
Ly =(—i) 2

NN

Iy---Ty, t=1.

In odd dimensions I'gy; is proportional to the identity. But in even dimensions it
has the important properties that it (1) is Hermitian FL_H = Tyy1, (2) squares to
one (T'y41)? = 1 - so it is also unitary - (3) anticommutes with all generators of the
Clifford algebra; I' ) I'q41 = —T'at1T,.

We conclude this section on the properties of the Clifford algebra by discussing
the Clifford algebra in curved space-times. The I'-matrices I',, for a curved space-
time are obtained from the Minkowskian I'-matrices I', by contracting with vielbeins:
I, =ejl'a. The curved index p on I', can be raised with the inverse metric g"”. The
matrices 'y, ., thus transform as tensors under general coordinate transformations.
The Minkowskian I'-matrices I', transform under local Lorentz transformations, but
how we discuss in the next section.
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C.1.3 Introducing the Spinors

Given a representation of the Clifford algebra in d dimensions, we can form the %d(d—
1) elements ¥ = %Fab, which satisfy

[211177 ECd] — Eabzcd o Ecdzab _ nbczad + nadzbc . naczbd o nbdzac ) (C116)

Hence the elements Y% form a representation of the Lie algebra so(d) if t = 0 or
s0(1,d — 1) if t = 1. This representation might be reducible so we investigate how
reducible this representation is and split this representation into irreducibles. The
‘vectors’ in these (irreducible) representations are called (irreducible) spinors and one
can prove that no tensor product of any number of vector representations of so(d) or
s0(1, d) gives a spinor representation. Even more, one can prove that by taking tensor
products of the vector and spinor representations, one obtains all representations of
the Lie algebra so(d) or so(1,d — 1) (see e.g. [76]).

There are two conditions to be imposed on a spinor to render irreducibility. The
first condition is a chirality condition while the second condition is a reality condition.

We first discuss how to obtain the irreducible spinors by applying the above men-
tioned conditions and then discuss some properties of spinors and their bilinears.
Again it is assumed that d is even and we only make a few statements about odd d.

Chiral Fermions

The matrix I'y41 commutes with all generators X, and hence the spinors can be
decomposed into eigenspinors of I'y11. Since I'yi1 squares to one its eigenvalues
are =1 and we can form the projection operators Py = %(]l + T44+1). The spinor
space V splits into two subspaces Vi of equal dimension and with zero intersection;
V= V+ D V_ and ].—‘dJrllVi = #+1.

If a fermion satisfies I'g;19 = ¥ we call it a fermion of positive chirality and if
Ig+19 = —¢ we call it a fermion of negative chirality.

In odd dimensions the matrix 'y is a multiple of the identity and thus every
spinor has the same chirality.

A chiral fermion - i.e. a fermion of definite chirality - has to be massless. This
can be seen as follows. The Dirac equation for a spin 1/2 spinor ¢ with mass m is

(Tng"" 0, —ml)y =0. (C.1.17)
Acting on equation C.1.17 with I'q41 and using {I',,,Tq11} = 0 gives
(Tng"" 0, +ml)y =0, (C.1.18)

and hence my = 0, which can only be satisfied for a nontrivial fermion if m = 0.
Chiral fermions (spinors) are also called Weyl fermions (spinors).
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Majorana Fermions

The spinor representations are by construction complex (since we used Schurs’ Lemma
to obtain the representations of the group Cy). Let us investigate the possibility to
obtain real representations. We look for a condition of the form ¢* = L1 for some
matrix L. We now prove that L should be a multiple of B4.

The condition * = L should be invariant under the transformations ¢ + I";,,%),
which implies that B;lL commutes with all the I',,,,. However, the I',, do not
generate the whole group Cy (for even d) and we cannot use Schurs’ Lemma directly.
But the I, generate the Lie subalgebra so(1,d — 1) for ¢ = 1 and so(d) for ¢t = 0.
Hence we can use Schurs’ Lemma applied to the spinor representation and acting on
irreducible spinors the matrix By 'L should render scalar multiplication: By oy =
a1y for a complex number a. This proves the claim and so we put

V* = aBy1). (C.1.19)

Demanding ¢** = 1) gives |a|?By B} = 1 and hence using C.1.14 we have |a| = 1
and By B} = 1. This thus puts restrictions on the choice of B4 and even on space-
time dimensions and signatures. For example, if d = 4 and ¢t = 0 we have B B} = —1
and no reality condition can be imposed on the spinors.

If it is possible to impose C.1.19 the spinor space V splits into two real subspaces.
A spinor satisfying ¢* = aB11 is called a Majorana spinor and the field it describes
is a Majorana fermion and likewise, the spinors satisfying ¥* = aB_1 are called
pseudo-Majorana spinors and they describe pseudo-Majorana fermions.

A pseudo-Majorana fermion is necessarily massless since taking the complex con-
jugate of C.1.17 we obtain:

0= (—B_T,0"B-' —ml) B_¢) = —B_ (T,0" + m1) . (C.1.20)

Hence my = 0 and for nontrivial ¢ this implies m = 0.

Now let us comment on the complex number «. Its value can be fixed using
physical arguments; one can fix o by demanding that the action is Hermitian or that
the supersymmetry algebra gives rise to a positive definite Hamiltonian. In this thesis
we mainly deal with Minkowskian signatures and « can be fixed to be +i following
the discussion in Appendix A of [45].

In odd dimensions one uses the representation of the Clifford algebra of one di-
mension less. The last I'-matrix is given by 'y = cI'p12...q—1, where ¢ is determined
up to a sign by (I'y)2 = 1 and thus depends on ¢ and d. But we have either ¢ = +i or
c==£1. Using I'}; = C*BiI‘(ngmd,lBil one sees that in odd dimension we can either
work with By if ¢ = %1 or with B_ if ¢ = +i.
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Majorana—Weyl Spinors

Sometimes it is possible to impose both a reality condition and a chirality condition.
Hence we require ¢ = Pyt and ¢* = aBy . Consistency requires By Pr = (Py)*B.
Using C.1.15 and the fact that we are working with d even, we obtain

d
I, ,=(-1)2Byl'g1B;t, t=0,
d+1 ( ) +1ld+1DP+ (C.l.?l)

* d+2 —1
Fd-‘rl == (71) 2 Bird_l'_lBi 5 t= ]..

We see that the chirality condition and the reality condition can only imposed simul-
taneously if d/2 is even for ¢ = 0 and if % for t = 1, but the reality constraint
(B+B% = 1) and chirality constraint (d even) still have to be satisfied too. A spinor
that is both (pseudo-) Majorana and Weyl, is called a Majorana—Weyl spinor.

When Majorana—Weyl spinors exist, both By and B_ can be used to impose the
reality condition C.1.19. One can show that the choice of BL can be traded for the
choice of By by simply redefining « (see e.g. [45]).

Dirac and Majorana Conjugates

In space-times with signature ¢ = 1, the most interesting for our purposes, one defines
the Dirac conjugate ¢p of a spinor ¥ by

¥p =¥ Tia™t. (C.1.22)
The Majorana conjugate v, is defined as
Y =T Cy . (C.1.23)

Hence the reality condition C.1.19 can be rephrased as 95 = ¢p.

Counting Degrees of Freedom

We now show briefly how the count on-shell degrees of freedom for fermions in space-
times with signature ¢ = 1. As usual, to count degrees of freedom we ignore any
interactions and consider a freely moving particle.

Suppose 1 describes a spin 1/2 fermion and 1 satisfies the massless Dirac equa-
tion: I',0"y = 0. We choose a frame in which the particle has momentum k, =
(E,E,0,...,0), which is a null-vector; k? = 0. In momentum-space the Dirac equa-
tion reads —ET'1(1 — I'1T'3)Y) = 0. But 3(1 —I'1T2) is a projection operator and we
have 1 = 2(1 —T1I'5) + $(1+T1I2) so that the equation of motion projects out half
of the off-shell degrees of freedom for a massless fermion.

Now consider a massive spin 1/2 fermion A satisfying (I',0" — m1)\ = 0. We
can go to the rest frame in which the momentum reads k, = (m,0,...,0). The
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Dimension | ¢(d) | pM, M, W, MW
2 0 | MW
4 2 M or W
6 4 | W
8 8 pM or W
10 8 MW
12 32 | Mor W

Table C.1.1: Properties of spin 1/2 fermions in even space-times with signature ¢t = 1. The
on-shell degrees of freedom are called ¢(d) and pM, M, W and MW mean pseudo-Majorana,
Majorana, Weyl and Majorana—Weyl respectively.

Dirac equation in momentum-space reads (imI'; — m1)A = 0. Again we recognize in
1

5(1 —iI'1) a projection operator that precisely splits the spinor space in two parts of
equal size since 1 = (1 —4I'1) + 2(1 +I';). Hence also the massive Dirac equation
projects out half of the off-shell degrees of freedom.

Now we need to know the off-shell degrees of freedom for a spin 1/2 fermion.
But this is just the number of independent real components of a spinor. Since the
representation p,(Cy) of the Clifford algebra for even d is of complex dimension 2%4/2,
an unconstrained spinor has 2- 242 real components. A Weyl fermion and a (pseudo-
)Majorana fermion thus have 24/2 real components for even d. A Majorana-Weyl
fermion thus has %2‘1/ 2 real components. For even d we present the on-shell degrees

of freedom, denoted ¢(d), in table C.1.3.

Local Lorentz Transformations

The local Lorentz transformations are already described briefly in section 2.1.2. We
now provide some extra details.

We fix t = 1, take a = 1 to be the time-like direction and we take for the space-like
directions the indices i, j, k, ... to run from 2 to d. For the collective of tangent space
indices we take the indices a, b, ... running from 1 to d. The Xq; are Hermitian while
the X;; are anti-Hermitian.

A fermion % transforms under infinitesimal local Lorentz transformation as

51p = wSaptf, (C.1.24)

where w*® = —wy, parameterize the local Lorentz transformations and can depend

on the space-time coordinates.
The Dirac conjugate transforms as

Sp = —pw®S e . (C.1.25)
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Hence ¥ pY is Lorentz-invariant.

The I'mmatrices are linear transformations in the spinor space and hence if we ro-
tate the spinors ¢ — Ut the I'-matrices should transform as matrices: 'y +— UL, UL,
But the I'mmatrices I', are not just matrices; they also transform as co-vectors under
local Lorentz transformations. Hence under an infinitesimal local Lorentz transfor-
mation with parameters w® the I'-matrices should transform both as a matrix and
as a co-vector, that is, as follows

6T = W (Jog)* o TP 4+ w4 g0y — Tow Sy, (C.1.26)

where the J.4 are the matrices in the vector representation of so(1,d—1) as defined in
section 2.1.2: (3.q)% = d%nap — 03Mpc. Using this explicit expression and the identity
[T = [abe _ pbepa 4 paclb the above expression for the variation of the matrix I'®
vanishes; 0I'* = 0.

From the transformation rules of the spinors and the I'matrices under local
Lorentz transformations we see that the bilinear @Df‘“l“'apblmqu transforms as a
(p, q)-tensor under local Lorentz transformations.

The group generated by the X, is not the group SO(1,d — 1) but its double
cover, which is called Spin(1,d — 1). More generally, for space-time signatures (¢, s)
the generators ., generate the double cover of SO(t, s), which is called Spin(t, s).

Grassmann Numbers

Fermions are fields that describe particles with half-integer spin. Fermions should
obey Pauli statistics and this implies that the components of a fermion should be
Grassmann numbers, i.e. anticommuting numbers. Writing spinorial indices down,
we thus have Y, X3 = —Xg%a-

Taking Hermitian conjugates of products of Grassmann numbers a and b is defined
by (ab)t = blal, whereas complex conjugation is defined by (ab)* = a*b*.

For Majorana fermions one writes ¢ = ¢»p and we have:

Ty X = Z% (Cil“m___up)aﬁ Xg - (C.1.27)
a,p
Using C.1.10 we obtain
T p(p—1) d(dF2)
(Cil“m__,up) = (£D)P(-1) 2 (=1) 8 Cily .y, (C.1.28)
from which it follows that
, p(p—1) d(dF2)
YOLT o x = —(EDP(=1) 2 (=1)" 8 xCily, 0. (C.1.29)

The extra minus sign is due to the Grassmanian nature of the spinors. Equation
C.1.29 implies that, in a given dimension and for a fixed choice of C, for some values
of p the bilinears YLy, .. .p,% vanish when using Majorana fermions.
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Fierz Rearrangements

Given the nontrivial representation ps(Cy) of the Clifford algebra, the set of matrices
{]]'?FH7F/L1/A27"'7F/L1.../Ld} (0130)

form a set of 2¢ matrices that are linearly independent and form a basis for the set
of complex 2%/2 x 2%/2-matrices. Let us prove this claim.

First we observe that TrI', = —TrC_T'C-! = —TeT" and thus TrI'), = 0. Using
the cyclic property of the trace we see that TrI',, ., vanishes for even p > 2;

T =TTy s = (—1)P " Te0, e, (C.1.31)

H1---Hp

Now take p odd and use TrX = TrX7 for any matrix X to obtain:

Tr
T

= (-1)PTxC_T,,. ,,C_' = =TT
= TTC+F

oot (C.1.32a)
Cil =TT, 4, - (C.1.32Db)

Hi---fp

M1 fp Hp---H1

But we should have C.1.32a=C.1.32b and thus TrI',, ., = 0 for all p > 0. Hence we
have the identity

b
Tl .00, D70 = (—1) (206, 002 Tol (C.1.33)

p(p=1)
Where we used (—1) 2 = (71)%]. The identity C.1.33 implies that all 'y, .,

are linearly independent; if Cuy.opipL iy ..., has to vanish then by taking trace with
Ty, . v, the coeflicient ¢,, . ,, has to vanish and hence all coefficients Cpy...pn,, Vanish.
Since there are 2% of the matrices Iy,...u, they form a complete basis for the 24/2 y 9d/2_
matrices.

The bilinear ¢y is a linear transformation mapping a spinor A to the spinor (Y)Y
and hence is a matrix and can thus be expanded in terms of the I, . ,, where the
coefficients are found by taking appropriate traces. If we write

Yx = Zculmuprmmup ) (C.1.34)
we have
1 (71)[;0/2] ~ 1 (71)[17/2] ~
Hi-bp — X 7 Hi--Hp\ — __ N - P fhp
et = o TR ) = g e Xy (C.1.35)

An equation of this kind is called a Fierz rearrangement or a Fierz identity.
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C.2 Spinor Representation of so(1,3)

In Minkowski space-times it is often conventional to let the space-time indices run
from 0 to d — 1 and to take p = 0 to be the time-like direction.

From the previous section we obtain: By B} = £1C% = —C4 and no Majorana—
Weyl fermions exist. One can choose which charge conjugation matrix to work with.
When discussing four-dimensional supergravities we have chosen to work with C_
and with By = (—=C_T'y)T = —C_Ty. Often the suffixes + and — have then been
dropped.

The matrices CT,, .., are symmetric for p = 1,2 and antisymmetric for p = 0, 3, 4.
Hence for Majorana fermions 1, Y we have the following swop identities:

b e
wFULHN;DX = (_1) ermupw- (0-2-1)

The chirality matrix I's = ilg103 satisfies: 7 = CI'5C~! and I'; = CT5C~ 1.
Hence I';5 is indeed Hermitian.
An explicit representation is found by putting:

F():i0'1®]]., F1:O'2®]].,

(C.2.2)
11320'3(80'17 F4=U3®U27

where the o; are the standard Pauli matrices and 1 is the 2 x 2 unit matrix. In this
representation we have I's = o3 ® o3, which is given explicitly by

1 0o 0 0
0 -1 0 0
I's = 0 0 -1 0 (C.2.3)
0o 0 O 1
Since I'5 is diagonal, this basis is sometimes called a chiral representation.
There exists a real representation given by:
Tp=ioo®1, Th=03®1,
0 P (C.2.4)

I's=01®01, Ty=01R03.

C.3 Spinor Representation of s0(6)

In d-dimensional space-times with Euclidean signature ¢ = 0 it is conventional to let
the space-time indices run from 1 to d.

From section C.1 one finds that for the spinor representation of s0(6) we have:
CT = 5O, BLB; = F1 and no Majorana—Weyl fermions exist.
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A nice representation can be given explicitly in terms of the 't Hooft symbols
introduced in section A.3.2:

r, — (i(Ga)ij (e ) . (C.3.1)

The I'matrices defined in this way satisfy '} = ', and the symmetric charge conju-
gation matrix C_ is found to be given by:

0 g
C_=B_= (% 0 ) . (C.3.2)

The chirality matrix is found to be
. 5% 0
I'y = il193456 = ( 0] _5_]) ) (C.3.3)

which satisfies I'} = ~CLT7Cy".

C.4 Spinor Representation of so(1,9)

From section C.1 one finds that for the spinor representation of so(1,9) we have:
CY = £C4, BLB% = 1 and Majorana—Weyl fermions exist.
We have the following symmetry properties:

p(p+1)
(C—Fu1~--up)T =—(-1) 2 C-Tuyipy s
T p(p—1)
(CJrFMmMp) :(_1) 2 C+Fu1...up~

We have chosen to work with C_ for spinors in ten dimensions and the Majorana
conjugate is defined by ¢ = T C_.
Since P = C_P+C=" the bilinear YLy, .., X vanishes when (1) ¢ and y have the
same chirality and p is even or when (2) ¢ and x have different chirality and p is odd.
Since the fermions are Majorana—Weyl, an appropriate basis of matrices for per-
forming Fierz transformations is given by

(C.4.1)

{Pia FuPi; F;M/Pia F;u/pPi; F,Lbl/)\pPia Ful/)\papi} . (C42)
We have TrPy = 16. For example, if ) and x both have positive chirality we have

XU = — 0T XD Po — LT ATy Po — 55T XD ynpe Po . (C.4.3)
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Some useful identities are
TeT# #ely, ., = 166,07
rr,r, = -8r,,
r#rer, = 7mer, — 166y,
Ty, .5y =0.

(C.4.4)

Using the I'-matrices of s0(1,3) and s0(6) the I'-matrices of s0(1,9) can be con-
structed by taking direct products. To this purpose we write the so(1,3) I'-matrices
with small v and we write the so(6) I'-matrices with Greek capital ', while writing
capital hatted I'’s for the s0(1,9) T matrices. The matrices I' can be represented by

I,=7.91, ©=0,1,23

) (C.4.5)
FMZ’YS®FH, M:4,,9

The charge conjugation matrix C = 1 of 50(1,9) can be taken to be given in

terms of the so0(1, 3) and s0(6) charge conjugation matrices ™ and ¢ respectively
through:
c=c%ecH. (C.4.6)

One checks that C is antisymmetric and that we have

('Yu & ]I)T = —C(_4) ® C(_G) Y ®1- (C(—4) & C(—G))71 = 73 ®lL,

(el =-CWec?. yeor, (W)t =1 orT, (CAD
where we used v = C(:L)%C(f)_l.
Similarly for the so(1,9) Bi-matrix, denoted B, one finds
B=—Cly=c®ec®.yy1=B"aBY, (C.4.8)
from which it follows that
BB =1, B" =B, BC*'B=C. (C4.9)

We finish this discussion on s0(1,9) spinors by mentioning a few on the spinors of
s0(1, 10) since they are of interest for eleven-dimensional supergravity.

In eleven dimensions there are clearly no Weyl fermions, but there are Majo-
rana fermions. The swopping properties are the same as in ten dimensions. This
is due to the fact that the eleven-dimensional spinor representations are similar to
ten-dimensional spinor representation, and hence one can use the same charge conju-
gation matrix. The eleventh I'-matrix is given by plus or minus the ten-dimensional
chirality matrix. The choice for plus or minus corresponds to the two inequivalent
representations of the Clifford algebra in eleven dimensions.
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Nederlandse Samenvatting

Dit proefschrift behandelt enkele aspecten van zogeheten vierdimensionale ' = 4 su-
pergravitatie theorieén en daarbij wordt de nadruk gelegd op de rol die symmetrieén
spelen. In de hieronder volgende tekst zal ik kort proberen uit te leggen wat de hier-
voor genoemde zin betekent en kort uitleggen welke onderzoekingen in het proefschrift
staan beschreven.

De theoretische natuurkunde probeert de natuur om ons heen op een quantitatieve
manier zo correct mogelijk te beschrijven en voorspellingen te doen. Een belangrijk
ingrediént hierbij is wiskunde, de taal voor het doen van berekeningen. Om op een
correcte manier een voorspelling te kunnen doen (bijvoorbeeld, voorspellen hoe zwaar
een elektron is), is het natuurlijk van belang dat de wiskunde erachter kloppend is; er
mogen niet voor een bepaalde grootheid twee of meerdere antwoorden zijn, maar ook
is het onwenselijk dat het antwoord volledig onzinnig is. Er moet uit de theorie op
eenduidige manier één quantitatief zinvol antwoord volgen. Wiskundige consistentie
is dus een belangrijke eis voor natuurkundige theorieén. Voor een leek klinkt het mis-
schien iets als een ver-van-mijn-bed show, want hoe krijg je nu ergens twee antwoorden
uit een theorie, of hoe kan een antwoord nou niet zinvol zijn? De natuurkunde heeft
in ieder geval de laatste honderd jaar laten zien dat zulke situaties voorkomen. Som-
mige grootheden bleken verkeerd voorspeld te kunnen worden; uit sommige theorieén
volgde namelijk dat het elektron oneindig zwaar zou zijn - hier bleek het probleem
vooral daarin te liggen dat de natuurkunde achter de massa van het elektron nog niet
correct begrepen was. Wiskundige consistentie is dus niet gegarandeerd, maar moet
geverifieerd worden! Dit is de reden waarom binnen de theoretische natuurkunde en
dus ook in dit proefschrift veel aandacht aan de wiskunde wordt besteed.

De theoretische natuurkunde is de afgelopen honderd jaar in een stroomversnelling
terecht gekomen. Einstein ontwikkelde de theorieén van speciale en algemene relativi-
teitstheorie in het begin van de twintigste eeuw. Met deze theorieén werd onze huidige
visie op ruimte en tijd bepaald; ruimte en tijd waren niet langer statische altijd aan-
wezige entiteiten, maar werden dynamische objecten, die konden veranderen volgens
nauwkeurig beschreven regels. Ook werd in de twintigste eeuw de quantummechanica
ontwikkeld, die fundamenteel nieuwe inzichten opleverde over de kleinste bouwstenen
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van de natuur, de elementaire deeltjes, zoals het elektron. Na de ontwikkeling van
de quantumveldentheorie, die gezien kan worden als een huwelijk tussen speciale re-
lativiteitstheorie en quantummechanica, was het mogelijk om het Standaardmodel te
formuleren.

Het Standaardmodel beschrijft eigenschappen van de elementaire deeltjes en de
wisselwerkingen tussen de elementaire deeltjes en is een hoeksteen geworden in de
hedendaagse natuurkunde. Volgens het model zijn er twee typen deeltjes, bosonen en
fermionen, en deze twee typen hebben duidelijk verschillende eigenschappen. De voor-
spellingen van het Standaardmodel werden in de beginjaren geplaagd door (wiskundi-
ge en natuurkundige) inconsistenties, maar deze konden uiteindelijk worden opgelost*
en de quantitatieve antwoorden behoren tot de waarden die het meest nauwkeurig ex-
perimenteel zijn geverifieerd binnen de gehele natuurwetenschappen.

Met de komst van het Standaardmodel is de natuurkunde nog niet af. Om maar
eens één van de grootste tekortkomingen te noemen, het model bevat niet de zwaarte-
kracht, de kracht die ons aan de aarde vastbindt. Om de zwaartekracht in te bouwen
in het Standaardmodel blijkt geen gemakkelijke opgave te zijn. Vele natuurkundi-
gen denken dan ook dat er fundamenteel nieuwe ideeén nodig zijn om een theorie te
maken die zowel dezelfde voorspellingen kan doen als het Standaardmodel alsmede
de zwaartekracht bevatten. Een kanshebber om zo’n nieuw idee te zijn is de snaren-
theorie. De snarentheorie heeft als aanname dat de fundamentele deeltjes niet een
punt zijn, maar een dimensie hebben; de fundamentele deeltjes worden voorgesteld
als kleine ééndimensionale objecten, de snaren. Het blijkt dat de snarentheorie op een
natuurlijke wijze zwaartekracht bevat. Een bijzondere eigenschap van snarentheorie
is dat er alleen wiskundige consistentie is als de theorie leeft in tien dimensies. Dit
klinkt misschien eerst als een reden om de theorie meteen af te keuren, maar er zijn
manieren om zes dimensies ‘weg te moffelen’; zodat er effectief vier over blijven, drie
ruimtelijke en een tijdsachtige (zie ook hieronder en hoofdstuk 3 van dit proefschrift).
Er blijken vijf verschillende manieren te zijn om snarentheorie consistent te formule-
ren in tien dimensies. Deze ontdekking wierp eerst een smet op het ambitieuze plan
om een ‘theorie van alles’ te vinden, want een theorie van alles zou toch uniek moeten
zijn? Echter, in de jaren negentig van de afgelopen eeuw werd duidelijk dat de vijf
verschillende snarentheorieén via dualiteiten waren verbonden.

Een praktisch nadeel van de snarentheorie is dat het doen van berekeningen erg
lastig is. De complexiteit is zo groot dat veel moeilijke wiskunde nodig is voor zelfs
de kleinste berekeningen. Echter door een lage-energie limiet te nemen kun je een
theorie bouwen die dan niet meer de echte snarentheorie is, maar wel een goede
benadering onder bepaalde omstandigheden, namelijk bij energieén die laag genoeg
zijn. In deze benaderingen is het gemakkelijker om berekeningen te doen. Na het
nemen van deze lage-energie limiet vind je als resultaat een supergravitatie theorie.

IDe Nederlanders Gerard ’t Hooft en Martinus Veltman hebben hieraan bijgedragen en ontvingen
hiervoor in 1999 de Nobelprijs.
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Een supergravitatie theorie is een klassieke veldentheorie die zowel zwaartekracht
bevat als supersymmetrie. De laatstgenoemde eigenschap, de supersymmetrie, zegt
dat er een symmetrie is in de theorie die fermionen en bosonen in elkaar overvoert.
De eis dat een theorie zwaartekracht en supersymmetrie bevat blijkt restrictief te zijn.
In tien dimensies zijn vijf verschillende consistente supergravitatie theorieén (ik reken
hier Romans type IIA supergravitatie niet mee omdat deze ‘massief’ is; zie hoofdstuk
2), precies in overeenkomst met de vijf consistente snarentheorieén.

Door deze tiendimensionale supergravitatie theorieén te zetten op een geometrie
X4 xYg, waarbij Ys een zesdimensionale compacte ruimte is en X4 een nog nader te be-
palen vierdimensionale ruimte, die de rol moet gaan spelen van onze vierdimensionale
ruimtetijd, verkrijgt men vierdimensionale theorieén. Deze constructie heet dimen-
sionele reductie en hoofdstuk 3 van dit proefschrift is gewijd aan deze constructie.
Men kan ook direkt in vier dimensies beginnen met het construeren van een theorie
die zwaartekracht en supersymmetrie bevat. Op deze manier zijn er twee verschil-
lende manieren om vierdimensionale supergravitatie theorieén te verkrijgen en het
lijkt natuurlijk te veronderstellen dat er een één-op-één relatie zou moeten zijn tussen
deze twee constructies. Echter, de theorieén die in vier dimensies zijn geconstrueerd
bevatten enkele eigenschappen die nog niet zijn begrepen vanuit een tiendimensionaal
oogpunt, zoals de zogenaamde SU (1, 1)-hoeken.

De eis van supersymmetrie bepaalt veel eigenschappen van een theorie; de struc-
tuur ligt grotendeels vast. Des te meer supersymmetrie - de hoeveelheid wordt uit-
gedrukt in een positief geheel getal A; in vier dimensies 0 < N < 8 -, des te minder
vrijheden er zijn in de theorie. Supersymmetrie legt ook andere symmetrieén op aan
een theorie. Door deze symmetrieén goed te begrijpen kunnen veel eigenschappen
van een supergravitatie theorie begrepen worden.

Het begrip symmetrie wordt vaak intuitief goed begrepen; als we een cirkel om
zijn middelpunt draaien ziet de cirkel er nog steeds hetzelfde uit en als we een vierkant
spiegelen om een van zijn diagonalen ziet het vierkant er hetzelfde uit. De symme-
trie beschreven voor de cirkel is een voorbeeld van een continue symmetrie, de hoek
waarover men roteert, kan op een continue wijze gevarieerd worden. De symmetrie
beschreven voor het vierkant is een voorbeeld van een discrete symmetrie, er kan niet
een beetje gespiegeld worden, of men spiegelt wel, of niet. De wiskunde om sym-
metrieén te beschrijven heet groepentheorie en hierin maakt men onderscheid tussen
discrete groepen, die discrete symmetrieén beschrijven, en Lie groepen, die continue
symmetrieén begrijpen. In dit proefschrift ligt de nadruk op de continue symmetrieén
en derhalve is een gedetailleerde appendix toegevoegd over de theorie van Lie groepen.

In dit proefschrift wordt groepentheorie vooral gebruikt om de scalaire sector van
N = 4 supergravitatie theorieén te analyseren. De scalairen in een theorie bepalen in
grote mate wat voor soort ‘vacua’ de theorie heeft. Een vacuiim van een theorie is een
oplossing van een theorie voor lege ruimte zonder materie erin. Men zou dus kunnen
zeggen dat in dit proefschrift voornamelijk lege ruimte is onderzocht. In een eerste
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lezing lijkt dat niet zo interessant, maar lege ruimte is overal om ons heen; het heelal
is voornamelijk leeg, maar ook het menselijk lichaam bestaat voornamelijk uit lege
ruimte - de afstand tussen het elektron en het proton in het waterstof-atoom is erg
veel groter dan de doorsnede van het elektron of proton. Lege ruimte kan namelijk
door de aanwezigheid van de scalairen? en de daarmee geassocieerde energie gekromd
zijn. De kromming van de lege ruimte in het heelal bepaalt hoe snel het heelal uitdijt.

Het merendeel van de astronomische waarnemingen doet ons concluderen dat het
heelal een begin heeft gehad waarin de kromming van de ruimte erg sterk, de tem-
peratuur erg hoog en de dichtheid erg hoog was. In deze periode dijde het heelal
hard uit, als bij een explosie. Dit hete en knallende begin wordt ook wel de Big Bang
genoemd. Na deze periode koelde het heelal af en dijde het uit en na verloop van
tijd werden er sterrenstelsel en planeten gevormd. Men zou verwachten dat het heelal
steeds langzamer zou gaan expanderen, maar recente astronomische waarnemingen
tonen aan dat dat niet het geval is. Ten eerste, om in overeenstemming te zijn met
waarnemingen moet er na de Big Bang nog ergens een periode zijn geweest waarin
het heelal versneld uitdijde en ten tweede, het heelal blijkt nu alweer te versnellen.
Deze versnelde expansie, ook wel inflatie genoemd, van het heelal kan men onder an-
dere verklaren door te veronderstellen dat er scalairen zijn die bijdragen aan de totale
energie in het heelal. Zodoende kunnen scalairen de uitdijing aandrijven. Nu geeft
het Standaardmodel weinig kandidaten voor de scalairen die de versnelde uitdijing
kunnen aandrijven, maar snarentheorie voorspelt een plethora aan scalairen. Dit is
één van de motivaties geweest om de scalairen van A = 4 supergravitatie en de scalar
potentiaal te onderzoeken.

Een versnelde uitdijing van het heelal is mogelijk in N' = 4 supergravitatie als de
scalairen in een minimum van de potentiaal zitten waar de waarde van de potentiaal
positief is. Zo’n vacuiim oplossing heet dan een de Sitter vacuiim. Binnen een grote
klasse van mogelijke scalar potentialen in N' = 4 supergravitatie hebben we gezocht
naar de Sitter vacua en hebben er geen gevonden. Hoewel dit het een en ander
uitsluit, is het niet mogelijk om te beweren dat N' = 4 supergravitatie geen de Sitter
oplossingen toestaat. In artikel [E] hebben we een andere mogelijkheid beschreven
om een versneld uitdijend heelal te krijgen binnen A = 4 supergravitaties, namelijk
via zogenaamde scaling solutions. We vonden een stabiele scaling solution waarin
het heelal noch versneld noch vertraagd uitdijde; bij de gevonden oplossing is de
uitdijingsnelheid constant.

Hoewel we geen oplossingen met een versneld uitdijende heelal hebben gevonden,
is er wel het een en ander duidelijk geworden over de structuur van de scalar poten-
tialen in AV = 4 supergravitaties. Natuurlijk zijn er nog vele vragen over; N = 4
supergravitaties bieden nog voldoende mogelijkheden voor toekomstig onderzoek.

Middels bovenstaande tekst hoop ik te hebben uitgelegd dat het gebruik maken

2Van scalairen kun je geen sterren of planeten bouwen en worden daarom soms niet tot materie
gerekend, daarom noemt men lege ruimte waarin scalairen zitten nog steeds leeg.
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van de symmetrieén van een theorie er veel aspecten kunnen worden begrepen. In
dit proefschrift is de theorie die onder de loep is genomen vierdimensionale N = 4
supergravitatie. Ik heb ook geprobeerd in het kort een indruk te geven waar de
symmetrieén, en dus de groepentheorie, gebruikt is. Hiermee hoop ik dan in ieder
geval de titel van dit proefschrift te hebben uitgelegd.
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