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Chapter 1 

Introduction 

In doing physics and mathematics, one often encounters problems which seem to be very 
hard, if not impossible, to solve. There are many famous examples of such problems - the 
radiation of a black body, Fermat's last theorem, the quantization of gravity, the Riemann 
hypothesis - but there are myriads of other problems in the everyday life of physicists and 
mathematicians which nobody ever hears about, but which at first sight appear to be just 
as difficult to solve. Nevertheless, many of these problems - including some of the famous 
ones - eventually obtain a solution. What is an unsolvable problem one evening may seem 
to be an easy exercise the next morning, or it may turn out to be solvable with a lot of 
hard work as much as 350 years later. 

The reason that difficult problems get solved is not that people get smarter after a good 
night's sleep, or after 350 years of evolution - amusingly, 350 years at the scale of evolution 
is of the same order of magnitude as a good night's sleep in the development of a single 
human being - but that people look at problems in different ways, one of which eventually 
turns out to be the right one. The radiation of a black body was understood when Max 
Planck thought about it in terms of quanta instead of waves, and Fermat's last theorem 
was proven because Andrew Wiles thought about it in terms of elliptic curves and modular 
forms instead of integer numbers. It is quite likely that one day the quantization of gravity 
and the Riemami hypothesis will also be solved problems, and probably the way in which 
they will be solved will be completely unexpected. 

When doing physics and mathematics, it is therefore often useful to have different de
scriptions of the same problem at one's disposal. String theory is a field in which this 
philosophy has become a way of life, which may be why it has led to so many surprising 
results in both mathematics and physics. In the development of string theory, people 
have constantly been finding new ways of thinking about things: dual models turned into 
worldsheet physics, p-branes turned into D-branes. AdS turned into CFT. and string the
ory itself turned into M-theory. One may even conjecture that we have originally started 
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thinking about string theory in the wrongest possible way - which turns out to be a 
blessing in disguise, since it allows us to find better ways all the time, resulting in a large 
number of interesting insights. One can only speculate about the number of turns we still 
have to take before we find the optimal description of the theory. 

Whether this conjecture is true or not. it is a fact that what seemed to be many different 
string theories at first, now appear to be different faces of the same theory, which for lack 
of a good description and hence a good name is called M-theory. To be precise, all known 
(supersymmetric) string theories are related by dualities: reformulations which turn one 
string theory into another. These dualities are an incredibly useful tool for the string-
theorist, since every problem now automatically conies with a large number of possible 
ways to look at it and hence with a large number of possible solutions. But since solving 
problems and applying dualities are commuting operations, one may also use these dual 
perspectives on string theory in a different way: once a problem is solved, both the problem 
and the solution may be translated into a dual language, thus teaching us something new 
about another string theory. 

In this thesis, we will use the dual perspectives on string theory to learn more about its 
extended objects. We will see an example of the problem-solving capabilities of dualities 
in our study of the NS five-brane. We will also encounter the procedure of translating 
both a problem and a solution to a different language when we study supersheets. 

One question which should be asked at the end of every PhD research is of course: what 
was all of this good for? Has the world become a better place now that we know that 
supersheets can be described on a microscopic scale as string networks, or will more 
detailed knowledge about the partition function of the NS five-brane change the course of 
history? The irony put aside, one may indeed wonder whether string theory will eventually 
lead to something useful. In the sense of "a correct description of nature". this is a question 
which I hardly dare to speculate about, though I would say that the chances that string 
theory in its current formulation will be useful as a complete theory of nature are quite 
small. 

Personally - but anybody's opinion is as good as mine - I feel that the true power of 
string theory at the moment is not in the physics, but in the mathematics. For the first 
time, we have a theory which, even though still at a toy model level, naturally describes 
both quantum mechanics and general relativity. This fact alone makes string theory worth 
studying, hoping that one day we will be able to solve the puzzle of quantum gravity. To 
date, nobody knows how to solve this problem in nature, but if string theory can teach 
us that at least there is a mathematical way to combine quantum theory and gravity, this 
might put us on the right track towards a more physical picture of quantum gravity. It 
could be that in the course of maybe 350 years, such a picture slowly evolves from what 
we call string theory today, or it could be that tomorrow someone finds a completely 
unexpected solution to the problem after a good night's sleep. 
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Intended audience and assumed background 

From the above introduction, it will be clear that in my opinion, a string theorist cannot 
earn his living by merely studying small pieces of a theory which may or may not one 
day solve a puzzle whose solution in its turn may or may not be beneficial to society. 
Curiosity, and not practical use. is usually what drives a theoretical physicist. But a 
theoretical physicist should not just try to satisfy his own curiosity, he should also answer 
the questions asked by other people - regardless of whether these are physics students or 
interested laymen. In my opinion, a theoretical physicist should not just do research, he 
should also make the results of this research accessible to as wide an audience as possible. 

Of course, this PhD thesis had to be a technical report on five years of research, which 
made it inherently impossible to write it on a level which non-physicists can understand. 
But a PhD thesis should certainly be accessible for other PhD students who start working 
in the same field, and I have tried to keep this audience in mind every time I had to make 
a decision about including or omitting certain details. In particular, a good knowledge of 
quantum field theory and some familiarity with string theory and supersymmetry should 
be enough to understand the essentials of this thesis. I have benefited a lot from some 
well-written theses by other PhD students, so I hope that this thesis will be of similar use 
to one or two future string theorists. 

All of this has resulted in a thesis of more than 200 pages, so I must apologize to the expert 
readers, who will have to work their way through a lot of information which probably is 
not new to them. To make their life a bit easier, let me give an overview of what is to come, 
so the experts can skip the parts in which they are not interested, and the non-experts 
can get a picture of the road that lies ahead. 

Outline 

This thesis is the synthesis of two separate research projects: one concerning supersheets 
and string networks; the other one about the partition function of the NS five-brane. 
The first project (which actually historically came last) is conceptually the simplest and 
shortest one: it can be understood with relatively little background knowledge. The 
discussion of the NS five-brane partition function on the other hand will involve more 
sophisticated background material. I have tried to present the material in this thesis in 
increasing order of difficulty, though of course this is partially a matter of taste. 

The thesis begins with a general introductory review of string theory in chapter 2. I will 
assume that most of the background presented here is not new to the reader: the purpose 
of this chapter is not to explain string theory to newcomers, but to remind the reader of 
its important ingredients, and to put the rest of the thesis into the right perspective. Of 
course. I will especially pay attention to the subjects of extended objects and dualities, 
since these form the core of this thesis. 



1-1 CHAPTER 1. INTRODUCTION 

This background will be sufficient to present our work on supersheets and string networks 
in chapter 3. The material in this chapter was published in the paper [74] with E. Verlinde. 
It discusses the fact that two seemingly very different extended objects - one a network 
of strings, the other a three-dimensional object - are really the same thing. In deriving 
this result, several dualities are used. 

Chapter 4 is another introductory chapter: it introduces some more advanced subjects 
which will be needed to understand our work on the NS five-brane. The subjects treated in 
this chapter are Calabi-Yau manifolds. Taub-NUT and ALE-spaces. N = 2 supergravity 
in four dimensions, and special geometry. I will not assume that the reader is familiar 
with these subjects, so this second introductory chapter will be more detailed than the 
first one - though of course presenting a complete and self-contained discussion will be 
impossible within the limits of this thesis. 

In chapters 5 and G. I will then present the results of our research concerning the NS five-
brane. These chapters are an extended version of the paper [32]. written together with 
R. Dijkgraaf and E. Verlinde. A brief summary of these results can also be found in the 
written version of my talk at the Cargese Summer School in 2002. which was published in 
[76]. The aim of these chapters is to calculate the partition function of the NS five-brane 
in a particular setup: in chapter 5. I present the calculation of the classical approximation 
to this result, and in chapter 6 - after switching to a dual perspective - I present the 
derivation of its quantum corrections. 

Some of the less essential background and some of the more detailed calculations are 
presented in appendices, to avoid interrupting up the main line of the story too much. 
These appendices can be found at the end of the chapters to which their results refer. The 
thesis ends with a summary in Dutch for non-experts (meaning anyone who has had a 
secondary education and has some interest in physics), and of course the acknowledgements 
(also in Dutch), a curriculum vitae and a bibliography. 

Conventions and all tha t 

The most difficult task when writing a PhD thesis (assuming that all the technical work 
has been completed successfully) is to reach an acceptable level of consistency in notation, 
conventions, references, and so on. Often, either consistency with existing literature or 
internal consistency between the chapters has to be sacrificed. Keeping in mind the 
intended audience of PhD students, who most likely will want to look up details in the 
references every now and then. I have usually taken the notation used in the standard 
literature as the most important guideline. This has the consequence that at one or 
two places in this thesis. I had to change notation when a certain concept appeared in 
a different setting. The main examples are the change in the definition of the string 
length from the conventions by Green. Schwarz and Witten to the modern conventions, 
the change from upper case letters to lower case ones when the fields in a sigma-model 
get the interpretation of coordinates on a manifold (see also the remarks below), and 
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the rescaling of the metric of the moduli space of complex structures on a Calabi-Yau 
manifold by a factor of 2. I have tried to indicate as clearly as possible when and where 
these changes occur. One thing I have tried to be consistent with is the choice of the 
signature of lorentzian metrics: these always have a "mostly plus" signature, which in my 
opinion is the most natural choice. 

A few more words about my conventions with respect to coordinates are in place here. In 
this thesis, we will encounter ten-dimensional space-time coordinates, six-dimensional five-
brane coordinates, four-dimensional transversal coordinates, two-dimensional worldsheet 
coordinates, (n + l)-dimensional special Kahler coordinates, and n-dimensional inhomo-
geneous special Kahler coordinates. Moreover, many of these coordinates can either have 
the interpretation of an ordinary coordinate, or of a field in a sigma model. Needless to 
say, a consistent notation is important here to avoid confusion, although it is also nearly 
impossible to achieve complete consistency. The main distinction between the several 
types of variables is in their indices, and I have tried to be completely rigorous here. For 
easy reference, I give an overview of the different indices used in this thesis in table 1.1. 
The notation in chapter 3 differs from the one in chapters 4-6: since this chapter treats a 
quite different subject from the later chapters this should not lead to too much confusion. 
In the introductory chapter 2, I will use the notation in which the results will appear in 
the later chapters. 

Chap te r 3 
// .// . . . . 
i.j.... 
a.b.... 

Ten-dimensional space-time coordinates 
Worldvolume coordinates on D-branes 
Spatial worldvolume coordinates on D-branes 

Chap te r s 4-6 
n . J . . . . 
II.v.... 

m. n.... 
M. N.... 
a. b.... 
I. J.... 
i.j.. .. 

Worldsheet coordinates 
Four-dimensional space-time coordinates 
Six-dimensional internal coordinates 
Ten-dimensional space-time coordinates 
Three-dimensional coordinates transversal to the T-duality direction 
Homogeneous coordinates on special Kahler manifolds 
Inhomogeneous coordinates on special Kahler manifolds 

Table 1.1: The index conventions used in this thesis. 

If there is a certain direction playing a special role, it will always be denoted by a zero-
index. In lorentzian cases, the zero-index denotes the time direction: in deriving the 
Buscher rules, it denotes the direction in which we have a U{\) isometry. and in special 
Kahler geometry, it will be this index which disappears when going from homogeneous 
coordinates to inhomogeneous ones. 

In my choice of notation for the coordinates themselves. I have been less rigorous. In 
chapter -5. upper case letters denote space-time coordinates and lower case letters denote 
worldvolume coordinates. In chapters 4-6. I tried to use upper case letters when a coor-
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dinate has the interpretation of a sigma model field, and lower case letters otherwise, but 
sometimes this is just a matter of taste. Often, x is used for real coordinates and w, z for 
complex coordinates, but when I needed more different real or complex coordinates I have 
not always stuck to this rule. 

A completely different but also difficult choice was how to address the reader: should 
the thesis be written in the first person singular or plural? It is common to use "we" 
in the literature, even when a text is written by a single author. Sometimes, this can 
be justified by thinking of this "we" as "'the author and the reader", but it is also used 
in sentences such as "we omit the details of this calculation", where it is hard to find 
such an interpretation. Though I do not like this style - it almost seems like not wanting 
to take full responsibility for one's own writings I decided to use it as well, the only 
exceptions being this introduction, the summary in Dutch, the acknowledgements and the 
curriculum vitae. The main reason for this choice was that the two projects which form 
the basis of this thesis were done in collaboration with others, and hence it did not feel 
right to use sentences as "I now derive this or that as follows" when such a derivation was 
actually the work of several people. So I use "we". but to come back to my remark about 
responsibility: of course. I am the only one to blame for any mistakes in what follows. 

Even though I adapted to the conventions with respect to the "we", there is another 
respect in which I decided not to follow the standards in the literature: the way in which 
one refers to other people's work. Often, one encounters statements such as "This can 
be found in [14, 43, 86]". which in my opinion hardly does justice to the people who 
spent many months of hard work in writing [14], [43] and [86]. Moreover, if an author is 
explicitly mentioned, it is usually on a last name basis, which I find quite impersonal - I 
definitely prefer being called "M. Vonk" over "Vonk" myself. Therefore, the first time I 
cite a paper or book. I always mention the names of the authors, including the initials. 
If there are any further citations. I usually leave out the initials, and use "et al." if there 
are more than two authors. There are two exceptions to the rule: instead of writing "In 
the book by Green et al. [38, 39]" all the time. I use the conventional way to refer to this 
standard work by simply writing "in Green. Schwarz and Witten". The same holds for 
the book by J. Polchinski. 


