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Chapter 1

Introduction

At this moment the physics of elementary particles is well described by the Stan-
dard Model. At the smallest scales we can experimentally probe (� 100 GeV), the
Standard Model predicts the outcomes of (scattering) experiments with incredi-
ble accuracy. The Standard Model accommodates the (observed) constituents of
matter, the quarks and leptons, and the vector particles responsible for the medi-
ation of the strong and electroweak forces. The only ingredient of the Standard
Model which still lacks experimental support is the Higgs boson particle, which is
thought to be responsible for the breaking of the electroweak gauge symmetry and
the masses of the different particles. One can therefore conclude that at this mo-
ment there is no direct experimental need to construct and investigate theoretical
models that go beyond the Standard Model1.

On the other hand there are many theoretical reasons to go beyond the Stan-
dard Model. The pillars of contemporary theoretical physics are quantum me-
chanics and general relativity. The Standard Model is a collection of quantum
(gauge) field theories which can be considered to be a merger of quantum me-
chanics and specialrelativity, describing physics at small scales and relativistic
energies. General relativity has proven its accuracy on large scales describing very
massive objects. When we keep increasing the energy scales and at the same time
keep decreasing our length scales, we expect new physics which is not described
by either general relativity or the Standard Model. General relativity breaks down
at short distances and in the Standard Model or in quantum field theory we should
incorporate the effects of (quantum) gravitational interactions. The typical energy

1We have to remark here that recent experiments have most probably excluded the possibility
that all neutrinos are massless, which requires a modification of the Standard Model. Still, in the
context of this thesis we would like to consider this a minor modification.
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Chapter 1. Introduction

scale at which this happens is called the Planck mass (� 1019 GeV). This scale is
way beyond the experimental energies currently accessible and one might wonder
whether it will ever be possible to attain these energies in a controlled experiment.

This does not mean, however, that this problem is of purely academic interest.
Immediately after the big bang (� 10�43 s), from which our observable universe
evolved, the energies were of the order of the Planck scale and the physics during
that (short) time determined the further development of the universe. It is therefore
of direct interest in cosmology to search for a theory that is able to unify or merge
quantum mechanics and general relativity.

Other arguments are of a more theoretical and/or aesthetic nature. The Stan-
dard Model contains a huge amount of parameters which have to be determined by
experiments, e.g. masses, coupling constants, angles and so on. One would expect
(or perhaps one likes to expect) that a fundamental theory of nature will not allow
too many adjustable parameters. In the best case scenario, we would like our the-
ory to be unique. Many people therefore like to think of the standard model as an
effective theory, only applicable at our current available energy scales [1]. This
point of view is backed up by considering the running of the coupling constants of
the different gauge theories that are part of the Standard Model. When plotting the
coupling constants as a function of the energy scale, one finds that at a particular
high energy scale, referred to as the Grand Unified Theory (GUT) energy scale
(� 1014 GeV), the three coupling constants all seem to meet in (approximately)
the same point. This suggests a possible unified description at and above the GUT
energy scale.

The GUT energy scale lies several orders of magnitude below the Planck scale,
so this unified theory would not involve quantum gravity. However, for the three
gauge theory coupling constants to meet at the same point, the theoretical concept
of supersymmetry improves on the approximate result without supersymmetry.
Supersymmetry is a symmetry that connects bosons and fermions: starting with a
bosonic particle one can perform a supersymmetry transformation and end up with
a fermionic particle. In our world supersymmetry, if it exists, must be a broken
symmetry, because we have not detected any supersymmetric partners of the Stan-
dard Model particles. Global supersymmetric quantum field theories have slightly
different properties than their non–supersymmetric counterparts. Most impor-
tantly, in the perturbative expansion cancellations take place between bosons and
fermions, generically making supersymmetric quantum theories better behaved.
Local supersymmetric theories automatically include supergravity, the supersym-
metric version of general relativity. So Grand Unified Theory, supersymmetry
and supergravity are intimately linked, which again suggests a possible unified
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description of gauge field theories and quantum gravity at the Planck scale.
From another point of view the basic fact that general relativity is a classical

field theory is unsatisfactory. At scales around the Planck length, quantum gravi-
tational effects are bound to become important and we will need a quantum theory
of gravity. However, so far general relativity has resisted all standard methods of
quantization and is said to be non–renormalizable (for an overview see [2]). One
may think this is just a technical problem, but there are fundamental interpreta-
tional problems as well when trying to quantize general relativity because we are
trying to quantize space and time. Many theoretical physicists agree that in order
to deal with the problem of quantization of space and time a radically new ap-
proach is called for. This is also emphasized by the confusing properties of black
holes in general relativity, which in a semiclassical approach are not black at all
and emit black body Hawking radiation. Studying these objects in general relativ-
ity, it turns out that one can formulate black hole laws that are strikingly similar
to the laws of thermodynamics. For example, one can assign a temperature and
an entropy to a black hole. At this moment one of the key questions in theoretical
physics is to try to understand what the fundamental degrees of freedom are that
make up the entropy of the black hole and how these thermodynamic degrees of
freedom arise from (quantum) general relativity.

At this moment, string theory is the only theoretical construction that can deal
with quantum gravity2 albeit in a perturbative, background dependent way. String
theory needs supersymmetry and extra spacetime dimensions to be set up consis-
tently (free of anomalies). In fact, there exist five different superstring theories
which are all living in ten spacetime dimensions and which are distinguished by
the number of supersymmetries and by the kind of strings (open and/or closed).
The construction of these five different anomaly free string theories is referred to
as the first string revolution (1984� 1985). Through the method of compactifi-
cation one can try to make contact with our observed universe, containing four
extended spacetime dimensions. String theory not only contains (quantum) grav-
ity, but gauge theories also appear naturally. All these ingredients, extra spacetime
dimensions, supersymmetry, quantum gravity and gauge theories, which are part
of any consistent string theory, make them interesting and promising candidates
for a unified theory [4].

One of the biggest problems of string theory is the fact that only a perturbative,
background dependent formulation exists. This makes it very hard to gain any
information about non–perturbative string theory. To make contact with our ob-

2As Weinberg said [3]: “String theory is the only game in town”.
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Chapter 1. Introduction

servable universe this is an important complication because it turns out that there
exist millions of ways to compactify to four dimensions. Perturbative string the-
ory will not predict which compactification is actually going to be preferred and it
is expected that non–perturbative information is needed in order to determine the
energetically favored compactification (vacuum). Another way of saying this is
that string theory, as it is formulated at this moment, is incapable of dynamically
generating its own vacuum.

An immediate drawback of string theory as a candidate of a unified theory is
the fact that there exist five of them. Ideally, one would like a single unique struc-
ture. The developments in string theory over the last ten years seem to indicate
that this is in fact true. The reason why this was not recognized before again has
its roots in the fact that string theories are only defined perturbatively. Only in the
last ten years was it discovered that all five string theories are related by duality
transformations. The concept of duality, a general term used to describe a rela-
tion between two physical theories or mathematical structures, has become very
important in string theory [5]. Through the concept of duality it has now been
recognized that all five string theory formulations describe different perturbative
corners of a single unique theoretical structure, which has been named M–theory3

[6]. M–theory is supposed to live in eleven spacetime dimensions and its low en-
ergy limit is described by eleven–dimensional supergravity, which is the maximal
spacetime dimension for a supergravity theory with Minkowski signature. The
theoretical tools used in establishing these duality relations were supersymmetry
and the use of D–brane string solitons, which enabled one to study string theory
beyond the perturbative regime.

One of the main topics of research following the second superstring revolution
(1994� 1996) was to find a formulation of M–theory. Following up on work
done on a regularized quantization of supermembranes, Matrix theory emerged as
a possible non–perturbative candidate capturing the dynamics of discrete light–
cone quantized M–theory. Although this formulation of M–theory certainly lacks
general covariance and is not background independent, it was the first time a non–
perturbative description of quantum gravity had been put forward. The surprising
thing about Matrix theory is that it is a 0+ 1–dimensional quantum mechanics
model of N particles. It can be obtained by considering a low energy limit of
string theory in the background of N D0–brane solitons. These non–trivial low
energy limits of string theory in the background of D–brane solitons were studied
further and have led to all kinds of interesting relations between gauge theories

3The M stands for anything you like, for example Mother, Membranes or Mystery.
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and string models containing gravity. This thesis discusses certain aspects of these
string theory limits and the duality relations between gauge theories and closed
superstring models containing gravity. One of the main goals of this thesis is to
show that particle limits of string theory can be setup very generally and lead to
interesting connections or correspondences between quantum field theories and
gravity. From that point of view string theory can be regarded as a very useful
tool to learn more about quantum particle theories.

The organization of this thesis is as follows. In chapter 2 we introduce the
basic ingredients of string theory. Chapter 3 discusses supersymmetry algebras
and the concept of BPS states. In the same chapter we also introduce the differ-
ent eleven– and ten–dimensional supergravity models, the BPS soliton solutions
of these models and present the concepts of string duality and M–theory. This
will provide the necessary background material to move on to chapters 4 and 5.
Chapter 4 introduces Matrix theory as a candidate description of M–theory and
discusses the construction of (part of) the BPS spectrum in Matrix theory. This
BPS spectrum is then compared to (part of) the BPS spectrum of M–theory. In
chapter 5 we discuss a general approach to consider non–trivial low energy limits
of string theory in the background of p–brane soliton solutions. The resulting du-
ality relations are discussed and some new examples are presented. Finally in the
concluding chapter 6 we summarize and discus our results and try to establish a
connection between Matrix theory and the dualities obtained in chapter 5.
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