
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Symmetries and Interactions in Matrix String Theory

Hacquebord, F.H.

Publication date
1999

Link to publication

Citation for published version (APA):
Hacquebord, F. H. (1999). Symmetries and Interactions in Matrix String Theory. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/symmetries-and-interactions-in-matrix-string-theory(ec609291-7351-43b1-9b50-bebf43b009b3).html


Introduction 

The subject of this thesis is a new effective formulation of string theory in terms of a 1 + 1 
dimensional Yang-Mills theory. This approach will prove to be useful for the investigation 
of the short-distance behavior of strings. Before we explain in some more detail what the 
coming chapters are about, we will first spend some words on the motivation to do string 
theory. 

The motivation to study string theory is twofold: one is the desire of physicists to 
construct a theory that unifies all elementary forces in nature. A second important mo
tivation is to learn more about gravity. Newtonian mechanics and general relativity give 
precise predictions for gravitational interactions at large distances. For example, we can 
in principle launch a spacecraft, explore a planet in our solar system and return safely 
to the earth again. Without our knowledge of gravity this would be a rather hazardous 
adventure. 

For very tiny distance scales (like lCT33cm, the Planck length) however, we expect 
that Newtonian mechanics or general relativity no longer gives an accurate description of 
gravity. The physical conditions at the Planck scale are so extreme that they cannot be 
realized in laboratories. This makes it hard to do actual experiments (but they are not 
ruled out). At present consistency is the only tool available . It is of interest to try to 
formulate a theory of gravity in the kinematic regime of the Planck scale, because it is 
relevant for the study of black holes (their existence is confirmed by convincing observa
tional evidence) and the study of the early universe. 

At the Planck scale quantum effects for gravitational interactions are important. When 
one tries to formulate a quantum field theory of gravity, for example by a perturbation 
expansion of the Einstein Hilbert action with a coupling term to a scalar field, increasingly 
severe short-distance divergencies appear, which cannot be removed by renormalization 
procedures. Therefore one has to find a way out; the singularities should be somehow 
smeared out by a drastic adaption of the theory. 

At present there is only one consistent way known how to do this. This way is string 
theory, a theory where the fundamental objects are one dimensional, instead of zero 
dimensional as for point particles. Interactions in string theory have a geometrical in
terpretation in terms of smooth Riemann surfaces, as indicated in figure 1. This already 
gives a heuristic explanation why strings are able to smear out the short-distance diver
gences. 

A key idea of string theory is that the different vibration modes of a string correspond 
to different particle states. The massless states are the most relevant ones, as they should 
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form the particles known today in the standard model (which are massless or very light 
compared with the Planck mass). The effective theories of these states can in principle 
be derived from string theory, but in practice that can be hard. 

aooooooo 

Figure 1 String theory smoothens out the short-distance divergences in field 
theories of gravity (like Einstein-Hilbert gravity coupled to a scalar field). The 
figure shows a tree level diagram in field theory which describes two scalar parti
cles exchanging a graviton, and its analogue in string theory. Both diagrams are 
finite, but higher loop contributions are finite only in string theory. 

It is not a priori clear why string theory should be the right way to proceed. One could 
for instance try membranes, objects with two spatial dimensions, which might be able 
to smear out the divergences as well. The study of membranes revealed some problems 
however, while string theory proved to have particular attractive features. Among these 
features are the following: string theory contains a massless spin-2 state (the graviton) 
whose low energy effective description is general relativity; string theory has a consistent 
perturbation expansion; it is rich enough to be a candidate for a unification of all known 
forces in nature. In particular string theory has intimate relations with gauge theories. 
There are no free parameters in string theory, instead there are many (classical) ground 
states parameterized by the expectation values the scalar fields take. 

Consistency of string theory requires supersymmetry, a symmetry between the bosonic 
and fermionic degrees of freedom. Supersymmetry is expected to be a symmetry of nature 
for sufficient high energies only. The order of these energies is (almost) within reach of the 
elementary particle colliders of today, so in principle the superpartners of known particles 
states could be detected there. Detection of the superpartners would be an experimental 
proof of supersymmetry and strong evidence for string theory to be the right way to pro
ceed. 

Superstrings live in ten dimensions. This may be viewed as a drawback, but compact-
ifications to lower dimensions give rise to a rich structure of Kaluza Klein fields. In ten 
dimensions we can define 5 superstring theories: type IIA and IIB, which are theories 
of closed strings; type I describing unoriented open strings (plus closed strings) and two 
types of the heterotic string. We will be mainly interested in type IIA and IIB so we will 
not dwell on the precise definition of other string theories. The important point here is 
that the theories are all related by duality transformations. It was conjectured by Witten 
that the five string theories are in fact manifestations of one eleven-dimensional theory, 
that goes with the name M-theory. The dualities and the existence of M-theory are not 



proven yet, but substantial evidence has been collected in recent years. 
The string duality symmetries were known from earlier studies as classical symmetries 

of supergravity theories. These models failed to be consistent quantum theories of grav
ity; the addition of supersymmetry did not resolve the short-distance divergences. Later 
supergravity theories appeared again as low energy effective descriptions of the graviton 
state (and its superpartner the gravitino) of string theory and it is expected that their 
classical symmetries are genuine quantum mechanical duality symmetries in string theory. 

An example of a string duality transformation is the mapping that relates strings at 
large distances to strings at small distances. This is somewhat similar to the more familiar 
electromagnetic duality in (supersymmetric) gauge theories, that relates the weak coupling 
to the strong coupling regime. Both duality transformations map a region of the theory 
where a perturbation expansion suffices, to a region where this expansion breaks down. 

To understand (and to prove) these dualities we have to learn about the non-perturba-
tive degrees of freedom. These degrees of freedom in string theory have been mysterious 
for a long time, till in the fall of 1995 Polchinski realized that the so-called D-branes carry 
them. D-branes were known before as hyper-surfaces in space-time on which open strings 
can end, but in fact they are dynamical non-perturbative objects in string theory. 

At low energy the dynamics of D-branes are described by supersymmetric Yang-Mills 
theories. These theories have matrix valued scalar fields, that commute when the D-
branes are widely separated. One can then diagonalize the matrices simultaneously and 
interpret the eigenvalues on the diagonals as the D-brane positions in the traditional sense. 
When the D-branes come close something remarkable happens: in general the matrices no 
longer commute and the interpretation of the D-brane positions gets obscured. Space-time 
becomes fuzzy: its coordinates no longer commute. This non-commutativity is somewhat 
similar to what happens with the classical phase space in quantum mechanics and is 
therefore highly suggestive. 

The supersymmetric Yang-Mills model in 1 + 1 dimensions compactified on a circle 
is an effective theory of one dimensional D-branes (called D-strings), but it can also be 
viewed as a theory of fundamental strings. This gauge theory, called matrix string theory, 
is defined on a cylinder that is covered by the world-sheet of a string one or more times. 

Again one can think of the eigenvalues of the matrix valued scalars as the coordinates 
of the strings. These coordinates fields are not necessarily periodic along the Yang-
Mills circle, but instead they may satisfy particular non-trivial boundary conditions. The 
simplest non-trivial example of a string of length 2 is illustrated in figure 2. In the lower 
left corner the two eigenvalues of a 2 x 2 matrix are mapped to each by going around the 
circle once. So though it looks like we have two short strings we in fact have one long 
string. In the lower right corner the configuration of eigenvalues has changed. Here the 
two eigenvalues of the matrix are periodic and we have two short strings. The one string 
configuration transforms to the other by changing the non-trivial boundary conditions 
at a certain time and place on the world-sheet. This is illustrated in the diagram in 
the middle of figure 2. We added in the figure the usual geometric representation of the 
interactions (the joining or splitting of strings). 

Compared with the known perturbative string theories, matrix string theory has the 
advantage that non-perturbative degrees of freedom are contained in the model as well. 
Namely, the gauge model has besides matrix valued scalar fields, a two dimensional gauge 
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field. This gauge field makes it possible to adorn the string states with an extra quantum 
number: the D-particle number (zero dimensional branes). 

Figure 2 The smooth Riemann surfaces illustrate how a single closed string can 
split in two strings in perturbative string theory. The lower pictures show the 
eigenvalues of matrix valued scalar fields in matrix string theory as a function 
of ex, where CT runs over half the interval of the spatial world-sheet coordinate 
CT. These eigenvalues describe the coordinates of strings. They may satisfy non-
trivial boundary conditions on the CT circle, so that the eigenvalues can describe 
different collections of strings. In the lower left corner we have one long string; 
in the lower right corner we have two short strings. These two configurations 
transform to each other when the boundary conditions of the eigenvalues are 
changed, as indicated by the arrow in the middlest diagram. The conventions 
are chosen such that the added string lengths are conserved during interactions. 

D-particles are special, because they can be interpreted as Kaluza Klein particles in 
eleven dimensional M-theory compactified on a circle. It has been conjectured that the 
low energy effective model of D-particles (a U(N) matrix quantum mechanics) is equiva
lent to M-theory in a particular gauge. This theory called matrix theory is closely related 
to matrix string theory. 

The fact that matrix string theory contains the degrees of freedom of D-particles in 
a natural way, makes it possible to calculate non-perturbative corrections to processes in 
string theory. These corrections are important for the investigation of the short-distance 
behavior of strings, because in this regime the perturbation expansion of string theory 
appears to break down. 

In chapter three we will show how string interactions can be realized in matrix string 
theory. Interactions arise as instanton type solutions of the Yang-Mills theory equations 
of motion. With these instantons known results from perturbative string theory can be 
reproduced. We will also start a calculation of non-perturbative corrections. 

In chapter two we will investigate in how far the symmetries of string theory are 
present in (supersymmetric) gauge theories. In particular we will show that there are 
quantum states in the theory that have degeneracies consistent with a large string duality 
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symmetry. 
Chapter one reviews geometrical aspects of perturbative string theory in the light-cone 

gauge and in the discrete light-cone gauge quantization (DLCQ). We discuss a reformu
lation of DLCQ string theory in terms of an orbifold model. We end the chapter by 
introducing matrix string theory. 

Although we have tried to add as much explanation of relevant basic concepts in string 
theory as possible, this thesis is not meant to be self-contained. As background material 
we refer to the textbooks on string theory [47] [72] and quick introductions to light-cone 
string theory [37] [38], to D-branes [71] [7] and to matrix (string) theory [17] [30], For some 
basic concepts of conformai field theory we will need, we refer to [41]. 
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