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Chapter 1

| ntroduction

At this moment the physics of elementary particlesis well described by the Stan-
dard Model. At the smallest scaleswe 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 isthe Higgs boson particle, whichis
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 Model™.

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 genera 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 sametime
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 thisthesis we would like to consider this a minor modification.
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Chapter 1. Introduction

scale at which this happensis called the Planck mass (~ 10'° GeV). Thisscaleis
way beyond the experimental energies currently accessible and one might wonder
whether it will ever be possible to attain these energiesin a controlled experiment.

This does not mean, however, that this problem is of purely academic interest.
Immediately after the big bang (~ 10~%3 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. Itistherefore
of direct interest in cosmology to search for atheory 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 ahuge 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 afundamental 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 theoriesthat 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
(~ 10 GeV), the three coupling constants all seem to meet in (approximately)
the same point. This suggests apossible unified description at and above the GUT
energy scale.

The GUT energy scalelies 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 asupersymmetry transformation and end up with
afermionic 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 dlightly
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 genera 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 thisis 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. Thisis also emphasized by the confusing properties of black
holes in genera relativity, which in a semiclassical approach are not black at all
and emit black body Hawking radiation. Studying these objectsin 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 ablack hole. At this moment one of the key questionsin theoretical
physicsisto 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 thismoment, string theory isthe only theoretical construction that can deal
with quantum gravity? 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 al 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 aunified theory [4].

One of the biggest problems of string theory isthefact that only aperturbative,
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 gamein town”.
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Chapter 1. Introduction

servable universe thisis 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 thisis
that string theory, asit 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 thisisin fact true. The reason why this was not recognized before again has
itsroots 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 arela-
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 asingle unique theoretical structure, which has been named M—theory?
[6]. M—theory is supposed to live in eleven spacetime dimensions and its low en-
ergy limit is described by eleven—dimensional supergravity, which isthe 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 aregularized quantization of supermembranes, Matrix theory emerged as
a possible non—perturbative candidate capturing the dynamics of discrete light—
cone gquantized M—theory. Although this formulation of M—theory certainly lacks
general covariance and is not background independent, it was the first time anon—
perturbative description of quantum gravity had been put forward. The surprising
thing about Matrix theory is that it is a 0+ 1-dimensiona quantum mechanics
model of N particles. It can be obtained by considering a low energy limit of
string theory in the background of N DO-brane solitons. These non-trivia 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. Thisthesis 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 thesisisto
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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Chapter 2

String Theory

This chapter discussesthe basics of string theory. We will start with atreatment of
the bosonic string and give an extended derivation of the closed string spectrum.
This will enable us to discuss the open bosonic and superstring spectra rather
succinctly. Bosonic string T-duality will then naturally lead to the introduction of
D—branes. In thefollowing sectionswe will then introduce the different consistent
closed and open superstring theories and the appearance of D—branes in those
theories. For atraditional introduction to string theory we refer to [7]. Another
good introduction, with more emphasis on conformal field theory techniques, is
given in [8]. For an introduction into the concept of D—branes we refer to the
review paper [9] and for a modern introduction into string theory, including D—
branes, werefer to [10]. Throughout this thesiswe will use unitsin whichh=c =
1 and we denote the Planck length and mass in D dimensions by 1{® and m{P)
respectively.

2.1 Thebosonic string

In developing the theory of strings we will follow the same route as in a devel op-
ment of point particle theory. We will start writing down an action describing the
motion of aclassical bosonic string moving in aflat D—dimensional target space-
time and we will use mostly plus signature n#V = diag(—1,1,...,1). Thisstring
will sweep out atwo-dimensional worldsheet % in the target spacetime as opposed
to the one-dimensional worldline of aparticle, see Figure 2.1. Generalizing the ac-
tion principle of a particle, we obtain the Nambu-Goto action of aclassical string
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Chapter 2. String Theory

Particle Closed string Open string

Figure 2.1: Swept out trajectories by particles, closed and open strings respectively.

which is proportional to the (relativistic) area of the worldsheet

Sue= — an/dza\/met (0aXHIXV ). 2.1)

In this equation 0 denote worldsheet coordinates (a = 0,1) and X*(o?) denote
spacetime coordinates (u = 0,1,...,D — 1) which are functions of the worldsheet
coordinates. Partial derivatives with respect to worldsheet coordinates are denoted
by da. The minus sign in front of the action is there to make sure that kinetic
energy on the worldsheet has the proper positive sign.

The scale is set by the parameter a’ which has dimensions [length? and can
be interpreted as the square of the size of the string (which is denoted by Is).
Historically this parameter was called the Regge slope parameter, referring to the
first introduction of string theory as a candidate for the strong interactionswhen a’
was tuned to explain the linear relation between the squared mass and the angular
momentum of observed resonances. Nowadays, as a potential candidate for a
consistent description of quantum gravity a’ should be of the order of the Planck
length. The quantity T = ﬁ isthe tension of the string.

The appearance of the square—root in thisaction (2.1) is problematic. It makes
the quantum analysis of this theory rather difficult. However, these problems can
be avoided by introducing a non-dynamical auxiliary field h?®(a), which should
be interpreted as the metric on the worldsheet . This enables us to introduce
an equivalent action (at least classically) describing the embedding of a generd
curved surface with metric h®° into D—dimensional flat spacetime

- / 20 /T3, XH 3, XV 0 2.2)
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2.1. The bosonic string

Inthisaction, usually called the Polyakov action, h isdefined to be the determinant
of the worldsheet metric h,,. Variation of this action with respect to haP defines
the two-dimensional energy momentum tensor T, and we obtain

T,p = 02XH Xy — 3h, hC99XHa, X, = 0. (2.3)

Multiplication with h?® shows that the trace of the energy momentum tensor T2,
vanishesidentically aswell. Taking determinantsin (2.3) and taking a square—root
we obtain

\/ 1€t (9aXH3, XV, )| = 3/ININP°0aXH0, XV (2.4)

relating the Nambu-Goto (2.1) and the Polyakov action (2.2). The Polyakov action
only equalsthe Nambu-Goto action after using the (classical) equations of motion.
The Polyakov action will be our starting point for analyzing the classical and,
more importantly, the quantum behavior of the string.

Before we look at solutions to the string equations of motion derived from
(2.2) it isworth while discussing the symmetries of the Polyakov action. First of
all, by construction the Polyakov action isinvariant under the following symmetry
transformations.

e Target spacetime Poincaré transformations
XH = AH XY +aH (2.5)

which are induced by choosing the background to be flat Minkowski space-
time. We will discuss general covariant backgrounds | ater.

o \Worldsheet reparametrisations
0¥ = ("), (2.6)

where f2 are arbitrary functions. How we choose to parametrise the string
should not have any physical consequences.

Finally there is a worldsheet symmetry which depends crucially on the fact that
we are dealing with one-dimensional objects.

e Weyl rescaling
et = A(o%)h?°, 2.7)

15



Chapter 2. String Theory

meaning that the theory on the worldsheet is scale invariant. Only in two
dimensions is the combination +/[h[h? invariant under conformal transfor-
mations (2.7). This symmetry will have important consequences for the
guantum analysis of the theory.

Using the local worldsheet symmetries we can choose the arbitrary worldsheet
metric h?P to take on auseful form (compare with fixing agauge in gauge theory).
We can always use worldsheet reparametrisations and scale invariance to make
the worldsheet metric equal to n° = diag(—1,1) locally (we will not discuss the
global aspects of such agauge choice). So we can now write the Polyakov action

as
1
S = _m/zdzonabaax“abxvnw. (2.8)

Noticethat we have not used up all worldsheet symmetries. In particular the above
action (2.8) is still invariant under special worldsheet coordinate transformations
02 = f3(0°) that change the metric with a scale factor

N = 3.£23,f°n° = A(a®)n?®. (2.9)

Coordinate transformations with this property are called conformal transforma-
tions (they preserve angles) and the theory on the worldsheet is called a confor-
mal field theory (CFT). The powerful techniques of conformal field theory in two
(worldsheet) dimensions can now be used to analyze this string theory [8]. How-
ever, in this thesis we will not discuss these techniques and we refer the reader to
[11] for agood review on conformal field theory and its applications.

Varying the action (2.8) with respect to X# and integrating by parts we obtain

P | ,
5S= 2M//zd 040y~ [ dosxiax,.  (210)

Demanding the variation of the action to be zero, thefirst part of (2.10) just gives
L aplace’s equation for the worldsheet scaars X,

0%X, = 0. (2.11)
The second part of the variation in (2.10) is a boundary term where d, denotes

the derivative normal to the boundary. To get rid of these boundary terms we now
have to make a distinction between closed and open strings.

16



2.1. The bosonic string

e Closed strings can be parametrized in a spatial direction by o € [0, 2] and
in atimelike direction by 1. They are defined by the “boundary condition”

XH(1,0) = XH(1,2m). (2.12)

Closed strings have no spacelike boundary and therefore the boundary term
in (2.10) vanishest.

¢ Open strings do have a boundary and therefore we have to get rid of the
boundary termin (2.10) by imposing boundary conditions on the open string
endpoints. Introducing a spatial coordinate o € [0, 7] this can be done in
two distinct ways.

— Neumann boundary conditions
OnXH| o—0n=0. (2.13)

This boundary condition is Poincaré invariant and therefore was con-
sidered to be the only physically acceptable one. It just means that
there is no momentum flow off the string.

— Dirichlet boundary conditions
OX"| g—gn= 0= X"| 5_q = constant (2.14)

This boundary condition was considered pathological in the past be-
cause of lack of Poincaré invariance. It made an impressive comeback
the last five years when it was discovered that these open strings de-
scribe solitonic state vacua (D—-branes) of closed string theories. We
will discuss the arguments for that in the section on T—duality and
D-branes. Physically the Dirichlet boundary condition (2.14) tells us
that the endpoints of the open string are fixed on some hyperplane. If
all spacetime coordinates X" are fixed, including the timelike coordi-
nate,then the string endpoints are stuck to a spacetime event, and we
speak of aD—instanton. We are free to impose Dirichlet boundary con-
ditions on some coordinates (say n) and Neumann on others (D —n) to
obtain a D-brane with p= (D —n— 1) spatial dimensions.

LRemember that the variation 8XH vanishes at the timelike boundaries by definition.

17



Chapter 2. String Theory

Of course we till have the equations of motion for the metric (2.3), which
after gauge fixing become the constraints

To=T = 3%, =0 | To=Ty =5 (X2+x?) =0, (215

NN

which can aso be written as
(X+X')?=0, (2.16)

where we left out the spacetime indices. The dot represents a partial derivative
with respect to a timelike worldsheet coordinate T and a prime represents a par-
tial derivative with respect to the spacelike worldsheet coordinate o normal to 1.
These equations (2.15) go under the name of Virasoro constraints.

2.1.1 Closed string spectrum

We choose worldsheet coordinates T and g, where o € [0, 271 denotes the spatial
direction of the string. The most general solution of the Laplace equation (2.11)
that also satisfies the periodicity condition for the closed string (2.12) can be split
into aleft— (4) and right—moving (—) part

XH(t,0) =Xt (1+0)+XH(1—-0), (2.17)

where
. 1 -
XH(t-0) = %x“+%\/aag(r—o)+%\/a|§ﬁa#e'n(T0)7
n#0

XH(t+o0) =

NIl

) o1,
H+ Vo aH(t+ o)+ iVali § Zake MT+9) (2.18)
7 0 2 on "
n

The a}! and a¥ for n # 0 are arbitrary dimensionless Fourier modes, not to be
confused with the fundamental scale parameter a’, and n runs over the integers.
From the periodicity condition (2.12) we conclude that

&é‘ — aé‘ =0. (2.19)
This enables us to define
al =l =Va'pH, (2.20)



2.1. The bosonic string

for reasons that will become clear when we calculate the center of mass momen-
tum. Because XH(1,0) has to be real we conclude that x# and pH, which are
constants, have to be real and find the following reality conditions for the Fourier
modes

(ak) =ak, and (&) =a",, (2.21)

where the * denotes complex conjugation. This allows us to write
I_xXH = Vo' > alen(T=9)
n

o Xt = 3Vd' za#e*i”(”‘”, (2.22)
n

where the — and + denote differentiation with respectto t— o and 71+ 0 re-
spectively and n = 0 is now included in the sum. Calculating the center of mass
position of the closed string we obtain

1 2
Ho(T) = — doXH(r,0)=x*+a'pHT, 2.23
(1) = 5 | doXH(1.0) =x'+-a’p (223)
because al the oscillator terms integrate to zero. So we see that the constant x
represents the center of motion position of the string at T = 0. Calculating the
center of mass momentum we find

21 . 21T
pby = T A dax“(r,a):T/o do (0_XH +a, XH)

2
= T/ dosva'(al +at) =pH, (2.24)
0

where again all the oscillator contributions integrate to zero and we used defini-
tions (2.20). We also used that the tension T is defined as ﬁ , canceling all r's
and a’’sin the above expression.

We conclude that the variables describing the classical motion of the string
are the center of mass position x# and momentum p* plus an infinite collection of
variablesal' and @k Thisjust reflectsthe fact that the string can move asawhole
but it can also bein an infinite number of internal vibration modes, represented by
the oscillator degrees of freedom.

We are now ready to quantize the closed bosonic string. Asin particle theory
we can proceed in different ways. We could first solve the classical constraints
(2.15) and then quantize canonically (imposing commutation relations), losing
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Chapter 2. String Theory

manifest Lorentz covariance. The solution of the constraintsis achieved most eas-
ily in the so—called light—cone gauge, so thisway of quantizing isusually referred
to as light—cone quantization (LCQ). Another way would be to quantize covari-
antly and impose the Virasoro constraints as conditions on the states in Hilbert
space, called covariant canonical quantization (CCQ). A third possibility is to
use path integral quantization (PIQ) which has manifest Lorentz covariance, but
worksin abigger Hilbert space which contains ghost fields. We will first proceed
using CCQ, to introduce the Virasoro operators and the constraints on the physi-
cal states. A quick and physicaly insightful way to deduce the physical spectrum
of the string will however make use of LCQ. For a discussion on path integral
quantization we refer to [7, 8, 10].

Asisusua in canonical quantization wewill replaceal fields by operatorsand
Poisson brackets by (equal time) commutators. The Virasoro constraints (2.15)
are then operator constraints which have to annihilate physical states. We im-
pose the usual commutation relation between position XH(1,0) and momentum
PH(1,0) = TXH

[XH(1,0),P¥(1,0')] =id(0c—a')nH". (2.25)

Using the expressions (2.17) and (2.18) this commutation relation can be trans-
lated into commutation relations involving the center of mass position and mo-
mentum and commutation relations involving the Fourier modes.

X, p"] = inHY,
[a#”aiﬂ = m6m+n70nuva
(G, Gr] = MEpn0n*”- (2.26)

All the other commutators vanish. Looking at these commutators we conclude
that the first is just the usual one for a propagating particle, while the others are
commutators familiar from the creation and annihilation operatorsin the harmonic
oscillator for an infinite set of oscillators (except for afactor of m). We note that
thereality condition (2.21) just becomes a hermiticity condition on the oscillators.

Next we have to define a Hilbert space on which these operators act. Because
we just concluded that our string is nothing but an infinite set of oscillatorsthisis
not very difficult. From (2.26) we conclude that the negative frequency modes ak,
m > 0 are lowering operators and the positive frequency modes m < 0 areraising
operators. The ground state should now be defined as the state annihilated by all
lowering operators. The complete definition of a state also involves the center of

20



2.1. The bosonic string

mass operators x* and pH. If we choose to diagonalise the momentum operator,
every state is also characterized by momentum k¥. The (infinitely degenerate)
ground state |0,k") can then be defined as

ak|o,k’y = 0 Vvm>D0,

p*10,k"Y) = kH|O,kY). (2.27)
Excited states can now be constructed by acting on the ground state with the neg-
ative frequency modes. Because of the Minkowski signature some of these states
have negative (or zero) norm which could cause problems. In fact not al these
states are physical because of the Virasoro constraints (2.15) and therefore we
should now take a closer ook at these constraints.

In worldsheet light—cone coordinates the components of the worldsheet stress
energy tensor (2.3) are just

T, = %0+X“0+Xy . T = ld_x“d_xu , T,_=T_,.=0. (228)

Defining the Virasoro operators as the Fourier modes of the worldsheet stress

energy tensor we obtain

1 2
" na Jo i Jo

and using (2.17) through (2.22) to express the Virasoro operators in terms of the

oscillators we obtain

Lm: %Za#inanﬂ 3 I:m: %Z&#]inanu (230)

2m . - .
doT__édmr=0) [ = do T, em™9)  (2.29)

In the quantum theory we should normal order thisexpression. This means putting
positive frequency modes to the right of the negative frequency modes. As the
reader can check, only L, and L, are sensitive to normal ordering and can be
written as

8

(o)
2 . . ~ ~ .o~ ~ .
n=1

where the : denote normal ordering. Because the commutator of two oscillators
is a constant and we do not know in advance what this constant should be, we
include normal ordering constants a and & and replace the L, and L, constraints
by (L, —a) and (L, — &). We can calculate the Virasoro agebra and find

[Lin Lo = (M= 1)Ly 5T = )30 0, (2.32)
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where c is the central charge, which is equal to the target spacetime dimension d
(or the number of scalars X on the worldsheet). A similar expression holds for
[Lm,Ln)-

Using the Virasoro algebra it can be deduced that it is only consistent to im-
pose “weakly” vanishing constraints,

Lm|phyd§ =0 , Lm|phyd=0 ¥Ym>0,
(Lo—a)|phys =0 , (L,—4&)|phys =0. (2.33)

These constraints ensure that all expectation values of the Virasoro operators van-
ish
(phy$|La/phys =0 , (phys|Ln|phys =0, (2:34)
explaining why they are cNaI led “weakly” vanishing constraints.
Analyzing the L8 and L, condition in (2.33), using equations (2.31) and (2.20)
and the fact that M% = —p?, we can conclude a = & by working on the ground

state. For both constraints L, —a and I:O —ato hold for all closed string physical
states we must also conclude that we need a level matching condition saying

8

Il

N

Il
Q

Z ai_lnanu - N Hnanu ; (235)
n=1

n=1

where we have defined level number operators N = N. This enables us to write
down the mass—shell condition for the closed string states

M2 = %(N—a). (2.36)

So the physical statesin our theory are the states created from the ground state
(2.27) using creation operators which also satisfy (2.33). What we need to show
is that the spectrum obtained in this way only contains positive norm states. To
show thisisavery non-trivial task and wewill just mention the result. The famous
“no ghost” theorem states that if and only if the target spacetime dimension D is
26, will the physical spectrum be free of negative norm states (and the null states
decouple).

So far we have been discussing afully Lorentz covariant method for quantizing
the string. In that setup it is not very obvious what the physical states are. To
get a better look at the physical spectrum it is insightful to discuss light—cone
guantization. The solution to the constraints before quantizing is achieved the
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easiest when we break Lorentz—covariance by choosing target spacetime light—
cone coordinates X and X

XT=1v2x0+xY) , x7=3v2(x°-x1). (2.37)

The result of this choice will be first of all that we can use the left—over world-
sheet conformal symmetries (2.9) to gauge away al oscillatorsin X*. Secondly,
when we solve the constraints (2.15), the oscillatorsin X~ can be expressed using
the oscillators a/, and &/, of the transverse coordinates X'. This means the only
physical internal excitations arethe transverse a/ and &,.. Thereisaphysical way
of understanding this. The string is described by a 2—dimensional surface embed-
ded in D—dimensiona target spacetime. Excitations (vibrations) in the internal
directions (1, 0) can be transformed away by coordinate transformations on the
worldsheet. Therefore there should only exist D — 2 physical (oscillator) degrees
of freedom on the string. To construct the physical spectrum we only use the
transverse oscillators a/, and @' with n < 0, keeping in mind the level matching
condition (2.35). After that we only have to insert the string mass shell condition
(2.36) involving L, and [0, al other constraints are aready solved for by using
only the transversal oscillators. In principle we should check Lorentz covariance
after performing the light—cone quantization. We will just quote the result that
only when D = 26 we keep Lorentz covariance, which is consistent with the re-
sult mentioned in the previous paragraph on the covariant quantization approach.
We will see that the investigation of the spectrum, together with enforced Lorentz
covariance, also fixes the normal ordering constant to be equal to a= 1.

The ground state for the closed string is |0, kH) for which we have the mass—
shell condition M2 = _a—‘ﬁ"". Thefirst excited level is constructed through

a' &l jokH), (2.38)

for which we find the mass—shell condition

M2 = %(1—a). (2.39)
The state (2.38) can be decomposed into irreducible representations of the trans-
verserotation group SQ(24). These are the symmetric traceless part, the antisym-
metric and thetrace part of (2.38), which can beinterpreted asa small excitation of
the metric tensor G, j»an antisymmetric tensor field B, J- and ascalar ® respectively.
Lorentz invariance requires physical statesto be representations of the little group
of the Lorentz group SQ(25, 1). For massless statesthisis SO(24) and for massive
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states this is SO(25). We just saw that the first excited level states transform in
representations of SQ(24) and therefore they should be massless. This fixes the
normal ordering constant to be equal to a = 1 (2.39). This also means that the
ground state has negative mass and is therefore tachyonic. Thisisnot agood sign,
it signals an instability of the theory. It turns out that higher level excitations can
be uniquely combined into representations of SQ(25), which is consistent with
Lorentz invariance for massive states. The higher level excitations have masses
proportional to M? [ ;. Assuming v/a’ ~ (%) shows that these masses are very
large and can be neglected when taking a low—energy limit.

We want to end this section by summarizing the most important conclusions
from the analysis of the bosonic string. It isimportant to recognize that the anal-
ysis of the string becomes non-trivial because of the constraints. Enforcing target
spacetime Lorentz invariance fixes the target spacetime dimension D = 26 and
determines the normal ordering constant a = 1 when using the light—cone gauge.
When we couple the string to more general background fields we will learn that
the constraint on the spacetime dimension is directly related, before we fix any
gauge, to the conforma anomaly. The first excited states are massless and de-
scribe small excitations of an antisymmetric tensor field BHY, a scalar ® usually
caled the dilaton and, very interestingly, the gravitational field GHV. This last
observation raised hopes that string theory could describe quantum gravity. How-
ever the ground state is tachyonic which usually signals an instability of the vac-
uum. When discussing superstrings we will see a consistent way to get rid of the
tachyon.

2.1.2 Open string spectrum

In this section we will only discuss the open string with Neumann boundary con-
ditionsin all target spacetime directions. The open string spectrum with Dirichlet
boundary conditions in some directions will be discussed in the section on D—
branes. Most of the previous discussion also applies for the open bosonic string
with Neumann boundary conditions. There is basicaly just one difference. Be-
cause of the Neumann boundary conditions the right— and left—-moving Fourier
modes at' and &} are no longer independent, i.e. only standing wave solutions
are allowed. Solving the boundary conditions (2.13) we find the classical solution

] alt .
XH(t,0) =x* +2a'p! 1+ V2a'i ; T“e"”rcosno, (2.40)
n#0
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2.1. The bosonic string

where o now runsfrom 0 to 71. Just asin the closed string the constants x and pH
are constants describing the center of mass position and momentum of the open
string. In principle we can now just copy the results found for the closed bosonic
string. Demanding Lorentz invariance has the same consequences, D = 26 and
a = 1. Going through the same steps as for the closed string we obtain the mass—
shell condition for open string states

, 1
M?= Z(N—1). (2.41)

Where we have defined alevel number operator for the open bosonic string
N = 2 at any. (2.42)
n=1

So again we find atachyonic ground state. Thefirst excited level in the light—cone
gauge can now be constructed as

a'4|0,kH), (2.43)

for which we again find that it is massless. We also immediately conclude that
this state should be an abelian foton because (2.43) is the vector representation of
SQ(24). For higher level n excitations there always exists a state described by a
symmetric SQ(25) massive tensor of rank n. This also implies that the maximal
spin at level n can be expressed in terms of the mass

JMX— q'M? 4 1. (2.44)

Let me briefly mention a method to introduce non-abelian massless foton
states in the open string theory. For an oriented open string both endpoints are
distinct and we could associate labelsi and j to them, transforming in the funda-
mental (N) and anti—fundamental (N) representation of U (N)?. These labels are
usually called Chan—Paton factors. Because these labels are not dynamical, the
only thing that changes in the spectrum is that the states are promoted to N x N
matrices, transforming in the N dimensional adjoint representation of U (N), asis
appropriate for a non-abelian foton. We will discuss this setup in somewhat more
detail when we discuss D—branes.

2This set up is based on the original motivation for string theory as a description of the strong
interactions. The open string resembles a gluon flux tube, with a quark and anti—quark at the
endpoints, on which for example the color group SU(3) acts.
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So we conclude that for the open string we also find a tachyonic ground state.
Interestingly we find a massless (abelian) foton at the first excited level. Indeed
when we discuss alow—energy limit, neglecting all massive excitations, at |owest
order we will just find Maxwell theory. Asfor the closed bosonic string this open
string theory livesin 26 dimensions. In the supersymmetric extension of the open
string, as in the closed string, we will be able to get rid of the unwanted tachyon
state.

2.1.3 Stringinteractions

What we have done so far is to construct the physical quantum spectrum of the
closed and open free bosonic string. We have not said anything on how different
string states interact with each other. In order to construct an interacting string
theory we would like to construct a string field theory, or what is usually called
a second quantized theory. However up to the present nobody has been able to
construct afully satisfactory string field theory. It is known how to set up a string
perturbation expansion in a small string coupling constant gs making use of a
stringy generalization of Feynman diagrams®.

To lowest order we should consider string tree diagrams. Consider a string
moving through target spacetime emitting another string. Again we could now
parametrise the worldsheet, find appropriate boundary conditions and quantize
the theory we obtain. Because of conformal invariance however there exists a
much easier method to describe these interacting strings, involving so—called ver-
tex operators. Using conformal transformations the string tree diagram can be
transformed into a worldsheet (for the closed string this will be a sphere, for the
open string this is a disc) with points inserted representing the outgoing string
states. At these points operators should be inserted to describe the emission of a
string state, these will be the vertex operators. For closed strings the perturbative
expansion and their conformally transformed surfaces with inserted vertex oper-
ators are shown in Figure 2.2. We will proceed by giving some insight in how to
construct these vertex operators.

To describe the basic elements of this construction we will just transform the
tree diagram worldsheet to one with one vertex operator inserted representing
a string emitting another string. In quantum mechanics we would calculate a

3In string theory we are in a situation where, if we compare with particle theory, we would
only know the bosonic free particle propagator, and not be aware of the Klein—-Gordon equation
and itsinteracting extensions. Using the free particle propagator we could still setup the Feynman
expansion to introduce perturbative interactions.

26



2.1. The bosonic string

Figure 2.2: A closed string perturbative expansion before and after using conformal
transformations.

probability amplitude by taking the inner product of two states as
A= (win|wout> . (2.49)

We are going to do the samething for the string theory tree diagram. Let us denote
the incoming string state as |B) and the outgoing string state as |B'). To deal with
the emitted state |C) we introduce the vertex operator V(T,0) which turns the
string state |B') after emission into the string state before emission. So then the
string probability amplitude we have to calculate will be

A= (BV(1,0)|B). (2.46)

One effect of avertex operator should always be that it decreases the momentum
of the state before emission. Because

[pu,eikvXV(T,G)] — kMgkvX¥(T,0) , (2.47)

where we used (2.26), it is clear that the normal ordered operator e kvX"(7.0)
working on a string state will decrease the momentum by kM. We conclude that
any vertex operator should contain such aterm. The tachyon vertex operator isin
fact completely determined by it. An (excited) string state is further determined
by its transformation properties under the Lorentz group, and any vertex operator
should contain that information. For example the foton state of an open string is
described by the normal ordered vertex operator

Vi gron =2 NHX, &8 X" (2.48)

where n# denotes the polarization of the foton. The conclusion will be that we
can construct these vertex operators for every string state.
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Figure 2.3: Closed strings with different winding numbers.

Inserting these vertex operators on two—dimensional Riemannian manifolds
we can calculate scattering amplitudes to any order, where the order is given by
the number of holes, the genus, of the two—dimensiona Riemannian manifold.
Note that in Figure 2.2, as opposed to perturbative field theory, there is only one
diagram per given order. We also want to emphasize that the manifolds are per-
fectly smooth. Interactionsdo not involve singular pointsin the perturbative string
expansion. In that sense string theory spreads out the interactions and thisis one
intuitive way of understanding why string perturbation theory is much better be-
haved than perturbative field theory.

Let us end this section by noting that the perturbative expansion of closed
string theory is consistent by itself. Open string perturbative expansions how-
ever are not consistent on their own. This is because two open strings can join
to form a closed string, and therefore open strings automatically should include
closed string states when considering interactions. This will be important when
we discuss T-duality and its consequences for the open string.

2.1.4 T-duality and the appear ance of D—branes

So far we assumed that the target spacetime wasinfinitely extended flat Minkows-
ki space R?>1. We would now like to discuss bosonic string theory in aflat back-
ground, but with one of the target spacetime coordinates periodicaly identified
with radius R. So we assume spacetime to be the direct product R? x SH(R). Let
us choose X2 to have a period 2rR. This can have two effects. First of al we
know from quantum mechanics that the momentum p? of the string can now only
take on the values n/R with n an integer. Secondly the string can wind around the
compactified dimension X2° an integer w number of times, as shown in Figure 2.3,
This means that we have to give up condition (2.12) in the direction X?°. Instead
we have

X2(1,0) = X®(1,2m) + 2nwR. (2.49)
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2.1. The bosonic string

This boundary condition tells us that in the special direction X2, using the expan-
sion (2.18), we no longer find (2.19) and (2.20) but instead

2

G —a = T WR,
~ n
a2 +a2 = 2Va'pP=2/a’ = (2.50)

From these equations we deduce the following expressions for a2 and G3° sepa-
rately

R
o — (R-5)va

R a
o n wR
G = <§+7> Va'. (2.51)

Using the constraint Virasoro operators L, and I:o and defining a 25-dimen-
sional mass operator M2 = —pHp,,, with theindex 1 € [0, 24], we find the follow-
ing mass-shell constraint for closed strings in this target spacetime

we = 2@ -]
= % %(&55)2+(N—1)}. (2:52)

We note that the level number operators are defined as usual (2.35) with the space-
time indices running over the complete spacetime [0,25]. Instead of the level—
matching condition we found for the 26—dimensional closed string (2.35) we now
deduce the following condition from (2.52) and (2.51)

nw+ (N—N)=0. (2.53)

This reduces to the level-matching condition whenn =0 or w= 0.

Decomposing the massless states in (2.52) with n = w = 0 into 25-dimen-
siona Lorentz group representations we find the same spectrum as in the 26—
dimensional case except for two extramassiessU (1), x U (1), foton states and a
scalar, where one of the creation operators has its index in the compact direction.
These are the usual Kaluza—Klein modes coming from the decomposition of the
26—dimensional metric and antisymmetric tensor. As opposed to ordinary field
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theory where we only have atower of momentum modes, we find a tower of mo-
mentum modes and a tower of winding modes. In field theory we are used to the
fact that when we take the limit R — 0, the momentum modes become infinitely
massive and therefore decouple, so the compactified dimension effectively disap-
pears. In closed string theory however we see that in thislimit al winding modes
become massless, meaning the compactified dimension does not disappear but in
some sense reappears.

In fact the mass spectra of the string theories at radius R and radius & are
identical when at the same time the winding and the Kaluza—Klein modes are
interchanged n <> w. This transformation takes

R R (25)

and can be generalized using (2.17) to the one-sided parity transformation work-
ing only on the right—-moving (—) degrees of freedom

X2 - X®B | X xB, (2.55)
or it can also be understood as an interchange of the worldsheet coordinates
T+ 0. (2.56)

It can be proven that both closed string theories obtained in this way give us ex-
actly the same results. Thisis called T-duality. The statement is that closed string
theory compactified on acircle with radius R can not be distinguished from closed
string theory compactified on a radius %’. This has the important consequence
that there exists aminimal length R_.. = v/a’. Closed string theories with radii
smaller than R;;,, can be mapped, using T-duality, to closed string theories with
radii bigger than R ;.. Exactly at this minimal length we get symmetry enhance-
ment. Taking |n| = |w| = 1 wefind 4 extra massless foton states because of (2.53).
These states, together with the two Kaluza—KIein foton states bel ong to an adjoint
representation of SU(2), x SU(2)g. Thisisanother way of obtaining non-abelian
fotons from string theory. T—duality and symmetry enhancement are considered
important signs that strings see spacetime geometry very differently from the way
we are used to.

Now we want to discuss open strings (with Neumann boundary conditions)
and T—duality. Open strings can not wind around the compactified dimension and
we only find atower of Kaluza—Klein momentum modes. Therefore a T-duality
transformation, if it exists, can not map the open string theory to the same open
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string theory with radius %’. The fact that interacting open strings can only be
defined by introducing closed strings as well, is convincing evidence that there
should exist a T-dual open string theory. Using (2.55) or equivalently (2.56) it
isin fact easy to see what happens in this case. Performing the one-sided par-
ity transformation, i.e. X = X, — X_, and introducing an extra constant ¢, which
drops out if we sum left— and right—moving contributions, the open string expan-
sion (2.40) in the T-dual compact coordinate becomes

- s (W
XB(1,0) = XP - X® =c+2d' pPo+V2d'i ; T”e"”fsmna, (2.57)
n#0

Comparing with (2.40) we see that after the T—duality transformation the open
string does not carry any center of mass momentum in the compactified direction
and in the oscillator part cosines have been changed into sines. This has the im-
portant consequence that the string endpoints 0 = 0 and o = mare fixed. Thisis
in accordance with the fact that we could have also interpreted the T—duality trans-
formation as an interchange of o and 1 (2.56) changing the Neumann boundary
condition into a Dirichlet boundary condition

0, XP =0— 9;X® =0. (2.58)

In fact al endpoints are now constrained to live on a 25-dimensional hyperplane,
called a D-brane. To see this we integrate the dual coordinate over the string
worldsheet coordinate o and find

~

~ IT ~ ~
X®(m) —X®(0) = / do 0,X% = 2rmd p?® = 2R, (2.59)
0

where R is the T—dual radius R= %. So the endpoints are fixed on the 25—
dimensional D24—brane and the open strings wrap around the compact direction
n times. These strings are the analogues of the closed string winding modes.
In that sense T-duality again interchanges momentum and winding modes. The
statement of T—duality now is that open string theory on R? x SY(R) can not be
distinguished from a R?> D-brane positioned on the T-dual circle S'(R). Mo-
mentum modes of the Neumann open string map to D—brane open string winding
modes, as shown in Figure 2.4.

The arguments in this section can be generalized to include more compact
directions. In the case of open strings this just changes the dimensionality of the
T—dual D-brane. If X¢ € [X®,X?4,...,XP+1] areall compact coordinates then the
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Figure 2.4: The open string T-duality transformation mapping open string momentum
modes to D—brane winding modes.

T—dual theory will be described by a (p+ 1)—-dimensional Dp-brane theory. In
thislight the conventional open string theory we started with can be considered as
living on a spacetime filling D—brane (a D25-brane). An important generalization
involves adding U (N) Chan—Paton factors to the open string theory. Along the
compact direction we could introduce vacuum expectation values for the gauge
fields (usually called Wilson lines) that will break the gauge group to U (1)N.
We will just mention the result that the T—dual theory will involve N D p—-branes
positioned in the D — p — 1 compact direction(s). These positions (the constant ¢
in (2.57)) can be varied and whenever any D—branes coincide we expect symmetry
enhancement, e.g. U(1) xU(1) — U(1) x SU(2). We finally would like to point
out that we can define D—branes in a decompactified spacetime by taking the limit
R — O which takes R — oo, formally decompactifying the T-dual target spacetime.

2.1.5 D-branes

D-branes should be understood as dynamical solitonic string objects which we
can describe by open strings ending on them. They are dynamical because two
D—branes can interact by exchanging closed strings, which are not confined to the
D—brane worldvolume. That also means the D—brane has mass (and charge in su-
perstring theory). From that point of view we can see the D—brane as a symmetry
breaking vacuum of closed string theory®. In the sections on the superstring and
in the next chapter we will see explicit examples of that. On the other hand we
saw that D—branes appear naturally when considering T—duality for open strings.

4Similar to aa magnetic monopole vacuum in gauge theories.
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Consider a single D p—brane positioned in a 26—dimensional spacetime (from
the T—dual perspective we consider the limit R — 0 or R — ). This will break
the Lorentz covariance of the theory into SQ(1, p) x SO(26 — p— 1) and the string
states should fit in representations of this broken Lorentz group. The open strings
describing the D p—brane have Neumann boundary conditions in the p+ 1 Dp—
brane worldvolume directions X* and Dirichlet boundary conditions in the 26 —
p— 1 transversal directions X'. Looking at (2.59) and noting that we describe a
limit where R — oo we should conclude that the transversal p' can only be zero
(n= 0) when considering just one D p—-brane. Therefore the Dirichlet contribution
to the mass—shell condition will vanish and we just find

i 1 1
MZ = (p)2+ —(N-1)=

= (N=1). (2.60)

The massless states are thus defined by o™, |0,k”) where M € [0,25]. Decom-
posing these massless states into representations of the D p—brane worldvolume
Lorentz group SQ(1, p) we find one massless foton state

ak [0k , pelop] (2.61)
and 26 — p— 1 scalars from the D p-brane worldvolume perspective
a 1|0,kY) | ie[p+1,25], (2.62)

forming a representation of the transversal SQ(26 — p — 1) rotation group and
therefore giving the position of the D p—brane in target spacetime.

Now consider N Dp-branes. Open strings can stretch between the different
Dp-branes. The N = 2 case is shown in Figure 2.5. This has the effect that p'
no longer has to be equal to zero. Denoting the distance between the D p—branes
by AL, = X1(0) — X/ (77), where we introduced the indices a and b to label the N
different D p-branes (Aaa = 0), we find for the mass shell condition (2.60)

M2—<Aab>2+i(N—l) (2.63)
-\ 2no a’ ' '

For generic values of Agb thiswill just give N copies of the single D p—brane spec-
trum plus extra massive scalar and vector states coming from the open strings
stretching between the D p-branes. The masses of these states are proportional
to the distance between the branes, as should be expected. Bringing D p—branes
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Figure 2.5: Two D-branes and some open strings ending on them.

together we find symmetry enhancement because of the extra massless states ap-
pearing inthe theory. Giving every (massless) string stateindicesa and b labelling
on which Dp-brane the two different endpoints of the open string end |0, k),
it must be clear that we find m? massless fotons and scalars when m D p-branes
coincide. The massless fotons and scalars form an adjoint representation of U (m).
That the scalars form a matrix seems very weird in the light of the interpretation
as giving the position of the different D p—branes. Because in general matrices do
not commute this is an example of noncommutative geometry in string theory and
again signalsthat strings see spacetime very differently from the classical way we
are used to.

Let us next consider the interaction of D—branes with the closed strings. It
is possible to calculate the scattering amplitude for two open strings producing
a closed string or the amplitude for the exchange of closed strings between two
D—branes, which isshown in Figure 2.6. The latter diagram is at the heart of many
duality relations between closed and open strings because it can either be viewed
as a closed string being exchanged between two D—branes or as an open string
vacuum amplitude. Both points of view describe the same physics. From these
amplitudes we can deduce the mass of the D—brane. We will just give the
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==

Figure 2.6: Two D-branes exchanging a closed string or equivalently a stretched open
string vacuum amplitude.

important result that the mass of a D—braneis

Mp O 1 (2.64)
Os
This is a very important property (it will also hold for D—branes in superstring
theories), as we will see later. An ordinary soliton in field theory would have a
mass proportional to 1/g2, so a D—brane is somewhere in between a soliton and a
perturbative state.

2.1.6 Stringsin general background fields

So far we have been discussing bosonic strings moving in a flat Minkowski tar-
get spacetime. Analyzing the spectrum of closed strings we found three massless
states describing small excitations of the (more general) metric tensor GHY, an-
tisymmetric tensor B#Y and a scalar @ and we could construct vertex operators
for those states. A more general background should be interpreted as a coherent
background of these massless string states®. Taking the deviation from aflat back-

SAnother way of saying this would be that the massless fields have non—trivial vacuum expec-
tation values.
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ground to be small, consistency tells us that we should find the appropriate vertex
operator we obtained from analyzing strings in aflat background. The generaliza-
tion of (2.2) for closed strings moving in a background determined by any of the
massless fields, respecting the consistency conditions from the vertex operators,
isthen found to be

S =g L0V {166 (X)+ £y (X) | 0¥ X"
+ od'RPo(X)}. (2.65)

In this expression £2° is the antisymmetric unit tensor, or Levi—Cevita tensor, and
R®? the Ricci curvature scalar of the worldsheet. It must be clear that this is
no longer a free worldsheet theory because of the dependence of the (spacetime)
fields on X. We now have to dea with an interacting two—dimensional quantum
field theory, which is usually called a nonHinear c—model. Let usfirst derive an
important consequence of the specific way the dilaton scalar appears in the action
(2.65).

In two dimensions the Ricci scalar only depends on the topology of the world-
sheet and does not influence local worldsheet dynamics. The topological Euler
number (for closed strings) equals

X = %T/Zdza\/QR(z) _2_2h, (2.66)

where h isthe number of handles on the worldsheet. Suppose @ isaconstant then,
in a path integral approach to calculating string scattering amplitudes, different
contributions in a loop expansion are weighted by e"®X. Adding a handle is the
same as emitting and reabsorbing a string and will lower the Euler number (2.66)
by 2 and therefore add a factor of €?® to the origina amplitude. We therefore
conclude that emitting a closed string state is weighted by €® which can then be
interpreted as the closed string coupling constant gs = €®. Because one of the
closed string states describes fluctuations of the dilaton scalar @, we arrive at the
important conclusion that (closed) string theory dynamically generates its own
coupling constant. For open strings we are basically led to the same conclusion
that gs = e®. However in the open string the topological Euler number is receives
an extra contribution because the two-dimensional open string worldsheet has at
least one boundary. In that (topologically more general) case x = 2— 2h—b,
where b denotes the number of boundaries. Because the first order non-trivial
interacting diagram (also called tree level) for the closed string has h = 0 and
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b = 0 and for the open string has h = 0 and b = 1, this means that at tree level
the open string diagrams are weighted with e~ ®, while the closed string tree level
diagrams are weighted with e~2®.

From the way the antisymmetric tensor By, is introduced we can easily see
that the action (2.65) isinvariant under

which is a (generalized) gauge transformation for a two—form potential and en-
ables usto define athree—form field strength

Hywp = 0 (2.68)

(1 va] '
This describes an obvious generalization of Maxwell theory. A one-form gauge
field cesoupleﬁ naturally to a particle, atwo—form gauge field couples naturally to a
string®.

From the discussion of the bosonic string so far, it is clear that conformal
invariance plays avery important role. We would like to keep quantum conformal
invariance when considering strings moving in ageneral background. On the other
hand we would also like to see that strings can not move in completely arbitrary
backgrounds. Because one of the string states is a graviton we expect that in an
expansion in the dimensionful parameter a’, to first order the metric background
should satisfy Einstein’s equations.

Conformal invariance implies that the trace of the 2—dimensional worldsheet
energy momentum tensor vanishes, T2, = 0. Calculating the trace of TP for the
non-inear c—model (2.65) we find a conformal anomaly

& _B® R
Vg 48

where the B—functions can be obtained perturbatively in an expansionin a’ on the
worldsheet. To leading non—trivial order this gives

1 /6 ab, B ab
+ > (nga n Buvsa)o"'axuo"'bx", (2.69)

B2 1
BEV p 20 /

1
B® = D-26+3d |4@ )2—4D¢—R+1—2H2 +0(a)).

6To construct a non—abelian generalization of this two—form gauge field theory is still an open
problem in string theory.
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In these expressions R, and R are the D—dimensional target spacetime Riemann
tensor and Ricci curvature respectively and we also introduced the covariant de-
rivative [JH. We also used the curvature of the two—form gauge field, the totally
antisymmetric three-form H as introduced in (2.68). These S—functions should
vanish order by order if we want to cancel the anomaly and have quantum confor-
mal invariance on the worldsheet. Looking at 3% this means D = 26, as we also
concluded from analyzing the spectrum of the bosonic string, but in the light—cone
gauge we viewed this as a consequence of demanding Lorentz—invariance. All
other equations are now first order in o’ and look like Einstein’s field equations.
In fact the first order equations can be obtained from varying the 26—dimensional
target spacetime action

S

1 1
— 0/24/d26x |Gle™2® [R+4(@ )Z—EHZ , (2.71)

which just describes Einstein’s General Relativity coupled to a massless scalar
and athree—form field strength. Therefore we find, as promised, that to first order
in a’ quantum conformal invariance constrains the background to be a solution
of the Einstein equations. We could also have concluded this from an analysis of
the string tree amplitudes of the massless string states, expand these amplitudes
in o’ and deduce the (classical) equations of motion reproducing these quantum
amplitudes, but that method isindirect and less transparent.

The same analysis can also be done for the open string and basically leads
to the same conclusions. As soon as we couple a string to a more general back-
ground we obtain two perturbative expansions. First of all, the background fields
are expanded in the two—dimensional worldsheet field theory coupling constant
a’, whichisbasically an expansion in the string length influencing the background
fields. Thelimit a’ — 0 isaparticle limit and higher derivative corrections to the
background fields appear because we want to account for the extendedness of the
string. Besides that we have a perturbative expansion of string spacetime interac-
tionsinvolving the string coupling constant gs = €® and higher genus worldsheets.

2.2 Thesuperstring
After this introduction of the bosonic string it is now time to get rid of the prob-

lems we encountered in the bosonic string theory. The bosonic string has two
features which exclude it from being a serious candidate for a theory of quantum
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gravity (and al other forces). First of all the appearance of atachyon in the spec-
trumisasignal of an unstable Minkowski vacuum and we would liketo get rid of
such a state. Secondly the bosonic string theory is not able to describe fermionic
states, which is clearly a drawback for atheory that we would like to describe the
real world where fermions are the basic constituents of matter.

The superstring in fact solves both of these problems. We will only briefly
discuss the open and closed superstring spectrum and mainly focus our attention
on how the superstring solves the bosonic string problems. Introducing spacetime
interactions is done in exactly the same way as for the bosonic string. We will not
discuss the nonHinear c—model extension of the superstring, because this does
not essentially differ from the bosonic string. Also we will discuss more genera
background fields extensively in the next chapters. In general werefer to[7, 8, 10]
for more details on the superstring. We will end this superstring section with
a summary of the five consistent, tachyon free and target spacetime supersym-
metric, superstring theories and with a section on T-duality and (supersymmetric)
D—branes.

The supersymmetric generalization of the bosonic Polyakov action (2.2) has,
next to bosonic symmetries, local supersymmetries and super—\Weyl invariance.
These symmetries can be used to gauge away the metric g2° and a Rarita-Schwing-
er field x5 (which isakind of fermionic generalization of the worldsheet metric)
and impose constraints on the physical states. This gauge is called the super-
conformal gauge and, as in the bosonic case, there could be potential quantum
anomalies. In the bosonic case the absence of these anomalies restricted the di-
mension of spacetime to be equal to 26. The same analysis for the supersymmet-
ric string gives D = 10. From now on we will assume the target spacetime to be
10-dimensional and we will be analyzing the superstring in the superconformal
gauge. The superstring action then is

1

S=-————
4t

/ A2 [3.XHI%X,, — i THA%0a,] . 2.72)

s

In this action the A 2 are worldsheet Dirac matrices satisfying the Clifford algebra
{/\a,)\b} — _onb, 2.73)

The ’'s are 2—dimensional worldsheet Mgjorana spinors with the bar operation

defined as usual

U=yA°. (2.74)
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Notice that from the target spacetime point of view @H isaD—dimensional space-
time vector’. The superconformal gauge is preserved by residual gauge sym-
metries, the superconformal transformations and we refer to [11] to learn more
about the powerful techniques of superconformal field theory. This action (2.72)
is supersymmetric on the worldsheet. This means that it is invariant under the
following infinitesimal supersymmetry transformations

SXH=EyH | SyH = —iA3,XHe, (2.75)

where the spinor ¢ isthe infinitessmal supersymmetry transformation parameter.
Let us forget about supersymmetry for a moment and just discuss the world-
sheet Majorana fermions. We choose the following representation of the Dirac

matrices
o (0 —i 1 (0 i
oo () w0, 20

which satisfy the Clifford algebra (2.73). Using this representation it is easy to
see that, as in the discussion of the worldsheet scalars, the fermions decompose
into left— (4) and right-moving (—) Majorana-Weyl components®. Because we
have fermions on the worldsheet we now have more possibilities for our boundary
conditions. Variation of the fermionsin (2.72) gives the two—dimensional Dirac
equation plus a boundary term that can be written as

o=l

530:/sz ko, - wf‘awiu]azo. 2.77)
At first sight there are two different ways to solve these boundary conditions.
Either we let the expression (2.77) vanish independently at the two sides 0 = 0
and o = I, or we let the expressions at both sides cancel each other. The first
choice has the physical interpretation of describing the open string, because in
that case both endpoints should be independent. This choice will relate ¢, to (_
at the endpoints. The other choice isthe one we need to describe the closed string,
where the two endpoints should be identified. Contributionsfrom ¢, and (_ will
vanish independently from each other.

"The introduction of worldsheet spinors in the superstring is called the Neveu-Schwarz—
Ramond approach. The Green—Schwarz approach to the superstring introduces target spacetime
spinors on the worldsheet. After GSO—projection, to be discussed in the next section, both ap-
proaches can be shown to be equivalent.

8Thisis why technically speaking we have (1, 1) supersymmetry on the worldsheet, one |eft—
moving and one right—moving supersymmetry.
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First consider the open superstring and use our convention to let o run from O
to 1. Looking at (2.77) we conclude that we have to impose Lpﬁ oy, y= YyHoY_ u
which can be rewritten as

8w, )% = 3l(w_ )2 (2.78)

This means that at both ends we have g = +yH. The overall sign of the com-
ponents can be chosen at will, so we can define to use the + sign at the endpoint
o = 0 and we are left with two options.

e Ramond boundary conditions (R)
Yi(1,0)=yH(r,00 , yi(r,m)=yH(t,m). (2.79)

Using these boundary conditions the open string states are said to be in the
Ramond sector of the theory. The oscillator expansion consistent with the
Ramond boundary conditionsis

1 o]

Y = 7 S die Mo, (2.80)
N=—o

Y = iz S die (). (2.81)
N=—o

Remember that the d,, are now anticommuting Fourier modes.

¢ Neveu—Schwarz boundary conditions (NS)

Wﬁ(T,O) = WH(TaO) ) L,Uﬁ(T,T[) = _L.UE(T’IT)' (2.82)

Using these boundary conditions the open string states are said to be in the
Neveu—Schwarz sector of the theory. The oscillator expansion consistent
with the Neveu-Schwarz boundary conditions needs half—integer moded os-
cillators only giving the expansion

gt = % S bfe "t (2.83)
[—=—00

po= Iy bt (2.8
[=—00

So r in this expansion only runs over the half-integers n+% (with n an
integer).
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Now let us move on to the closed string fermion boundary conditions. Left—
and right—moving fermions should be independent in this case. Basically we ob-
tain the same possibilities as for the open string, but now for both fermions inde-
pendently

Ol(Wy)?(1,0) = Bl(wy,)?(t,2m),
Sl(y_,))(T,0) = Bl(y_,)?)(t,2m). (2.85)

Because we can now choose Ramond or Neveu—Schwarz boundary conditions for
the left— and right—-moving modes independently, we obtain four different possi-
bilities.

e Ramond — Ramond boundary conditions (R—R).
The oscillator expansion is exactly asin (2.80), but of course the left— and
right—moving Fourier modes are now independent. The expansion is thus
characterized by {d¥, d¥} withm,n € Z.

e Ramond — Neveu-Schwarz boundary conditions (R—NS).
Ramond boundary conditions on the right—moving fermions and Neveu—
Schwarz boundary conditions on the left—moving fermions. The left—-mo-
ving fermions can be expanded as in (2.83) and the right-moving as in
(2.80). The expansion can be characterized by {d¥,bY} withm, (s+3) € Z.
So theleft—-moving fermion isdescribed by a half—integer moded expansion.

e Neveu-Schwarz — Ramond boundary conditions (NS—R).
We just switched left— and right—moving fermions. The left-moving fer-
mions can be expanded asin (2.80) and the right—-moving asin (2.83). The
expansion can be characterized by {b¥,dY} with (r +1),n € Z.

e Neveu—-Schwarz — Neveu—Schwarz boundary conditions (NS—NYS).
The oscillator expansion is exactly asin (2.83), but of course the left—and
right-moving Fourier modes are now independent. Both expansions are
thus characterized by half-integer modes labelled by {b¥, b¢} with (r +
1 HYer
3),(N+3) € Z.

We are now ready to quantize the superstring. Besides the bosonic creation
and annihilation operators we now have fermionic creation and annihilation op-
erators which can be in different sectors determined by the fermionic boundary
conditions. We will not explicitly carry out the quantization procedure again and
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2.2. The superstring

just quote the results. Let usfirst sketch what happensin the open superstring case
(the closed string can be considered a double copy of the open superstring). We
find different mass—shell constraints for the two different sectors (R and NS).

(o) 00
'np2 _ 1
a'M{s = zlaﬂmamu+ Zrbﬂrbru—z,
m=

I’ZE

a'M3 = Y akomy + Z}ndﬁnbnu. (2.86)
m=1 n=

Rather disappointingly we see that in the Neveu—Schwarz sector we still have a
tachyonic state (although the mass increased by %). The first excited massless

state can be created with b’i 1/2 and describes a massless vector A#. The other

mass levels are evenly spread with mass difference %

In the Ramond sector we see that the normal ordering constant has disap-
peared. Therefore our Ramond-sector groundstate is already the massless state.
We also note that d* isincluded in the level number operator and this operator can
work on any state In the Ramond sector without changing its mass. Calculating
the anticommutator of two d, operators (from imposing canonical anticommuta-
tors on YH) we find

{dH,d} = nH. (2:87)

Up to afactor of two these operators satisfy the anticommutation relations of ten—
dimensional '—matrices. In ten dimensions these '—-matrices are of size 32 x 32
and we can use them as a representation for our operator d,. Using this repre-
sentation, states in the Ramond sector have to be 32—component objects, cg. be
gpacetime fermions. In D = 10 we can take Mgjorana spinors. Because the mass-
less Dirac equation relates half of the Majorana spinor components to the other
half, we conclude that the massless groundstate in the Ramond sector has 16 redl
physical degrees of freedom.

Clearly we did not solve al the problems we had in the bosonic string. Al-
though we did find fermions in the open superstring, we till have a tachyon in
our theory. Less urgent at this point is the absence of target spacetime supersym-
metry. This would mean that at every mass level the number of bosonic physical
degrees of freedom matches the number of fermionic physical degrees of free-
dom. This clearly does not work out because the NS sector has mass levels which
do not even occur in the R sector. Also at the massless level the number of de-
grees of freedom do not match, the bosonic vector in the NS sector has 8 physical
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degrees of freedom and the fermion in the R—sector has 16 physical degrees of
freedom. We will next discuss the Gliozzi—Scherk—Olive (GSO) projection [12]
on the spectrum which in fact projects out the tachyon and enforces target space-
time supersymmetry.

2.2.1 TheGSO—projection

The GSO—projection was introduced as a projection on the spectrum which only
leaves spacetime supersymmetric string states [12]. These projected string states
setup an internally consistent (spacetime supersymmetric) interacting superstring
theory free of tachyonic instabilities. We will discuss the basic idea of the GSO-
projection for the open superstring. The generalization to closed superstrings fol-
lows immediately if we consider the closed superstring as a double copy of the
open superstring.

To enforce target spacetime supersymmetry we at least have to get rid of the
tachyon and the other half integer moded massive states in the NS sector. In the
R sector we basically would like to project out half of the massless fermionic
physical degrees of freedom to match with the massless bosonic degrees of free-
dom. For higher mass levels we then also need a reduction of fermionic degrees
of freedom. Let us introduce a fermion number operator (—1)", where F counts
the number of fermionic creation operators used to construct the state the operator
acts upon. Using this operator we can construct projection operators

P, =31+ (-1F). (2.88)

In the NS sector we want to get rid of all states constructed from the tachyonic
ground state with an even number of fermionic operators, including the tachyonic
ground state itself. In the NS sector we therefore work on the states with the
proj ection operator

Pns=13 (1= (=19 (2.89)
with the fermion number operator (—1)f 5 given by
(~D)Rs= (~1)=22 0w (2.90)

Clearly (2.89) projects out the tachyonic ground state and all higher level states
constructed from the ground state with an even number of fermionic operators
b¥. The new ground state is now the massless vector constructed by b* _ on the,

-1/2
projected out, tachyonic ground state.
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In the R sector, basically we want to reduce the number of fermionic physical
degrees of freedom. This can be done by introducing the chiral operator, project-
ing on a subspace of Wey! spinors having a definite chirality®. The chiral operator
1 inD = 10isdefined as

r,=rort..re. (2.91)

This operator sguares to one and anticommutes with the other T—matrices. We
can use it to define the GSO projection operator in the R—sector

Pr=3(1+T(-DR), (2.92)
with the fermion number operator defined as
(D = (—1) 21t (2.93)

Notice that we do not include d* in the sum of course. Clearly this reduces the
number of massless fermionic degrees of freedom by half, we project on positive
helicity Weyl spinorswhich have 8 physical degrees of freedom. We will not show
that this operator (2.92) also correctly reduces the number of massive fermionic
degrees of freedom to match up with the massive bosonic degrees of freedom.
Theresulting theory after GSO—projection istarget spacetime supersymmetric
at every mass level, although we are not going to prove that here. The resulting
theory is also consistent when introducing perturbative spacetime string interac-
tions. In fact the GSO—projection is forced upon us when introducing string in-
teractions. After having discussed a consistent projection on the open superstring
spectrum, we are now ready to discuss all the different spacetime supersymmetric,
tachyonic free, superstring theories. We will mainly focus on the massless spec-
trum of these theories and we refer to [7, 8, 10] for a more thorough discussion.

2.2.2 Closed TypellA and Type|IB superstrings

Basically we can now take two copies of the open superstring spectrum, one for
the left-movers and one for the right—movers. We should keep in mind that we
need alevel-matching condition, so the total mass coming from the right—movers
equals that of the right—movers. There is one subtlety in this prescription which
has to do with the GSO—projection in the open superstring R—sector. In that case

9This can only be done consistently in D = 2 mod 8 target spacetime dimensions.
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wewerefreeto choose aparticular sign in the projection operator (2.92), we either
project onto positive helicity states, or on negative helicity states. In the closed
string we can now project onto different or the same helicity states in the left—
and right—-moving sector of the theory. The overall sign does not matter, but the
relative sign does. We either get two massless spacetime fermions with the same
chirality called type 1B superstring theory, or we get two massless spacetime
fermions with opposite chirality called Type Il A superstring theory.

Let us discuss the four different sectors in both closed superstring theories.
Between brackets we mention the number of physical degrees of freedom of a
massl ess state.

o NSNS sector.
Clearly these states have to be bosons. At the massless groundstate of 11A
and 11B closed superstrings we find adilaton scalar ® (1 d.o.f.), an antisym-
metric 2—form tensor BHV (28 d.o.f.) and a symmetric 2—form tensor, the
graviton GHV (35 d.o.f.). Basically these are the same states as found at the
massless level in the bosonic string.

¢ R—NSand NS —R sector
We can discuss both sectors at the same time, because they give the same
states. Because one of the sectors is Ramond, these states have to be space-
time fermions. Again we find the same states for type 1A and type II1B
superstrings. The massless groundstate consists of two spin 1/2 Majorana—
Wey!l fermions (2 x 8 = 16 d.o.f.) and two higher spin 3/2 fermions (2 x
56 = 112 d.o.f.) called gravitinos.

e R—R sector.
In one R—sector acting with dg‘ tells us the states have to be fermions. How-

ever when we act with d¥ and cTO“, both being M'—matrix representations, the
states transform as bosons again. This is the sector where Type 1A and
Type 1B theory differ from each other. Working out the representation the-
ory isalittlebit harder in this case, but let us just mention the results for the
massless ground state

— TypellA
The massless ground state consists of a vector A (8 d.o.f.) and an
antisymmetric 3-form tensor AHVP (56 d.o.f.).

— TypellB
The massless ground state consists of ascalar A (1 d.o.f.), an antisym-
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metric 2—form tensor A#V (28 d.o.f.) and an antisymmetric 4—form
tensor AHVP? (35 d.0.f.10).

So Type 1A contains so—called R—R gauge fields of odd rank and Type |1B
contains R—R fields of even rank.

Adding the numbers between brackets we see that every sector contains 64 physi-
cal degrees of freedom. We find atotal of 128 bosonic and 128 fermionic degrees
of freedom, as we expect from supersymmetry. Because we obtain two spin 1/2
Majorana—Weyl and two spin 3/2 fermions we have N = 2 supersymmetry in this
case. In fact the left— and right—moving modes separately have N = 1 spacetime
supersymmetry, which enables us to introduce the closed Heterotic superstring.

2.2.3 TheHeterotic superstring

Nothing prevents us from only introducing N = 1 target spacetime supersymmetry
by only including left—-moving fermions on the superstring worldsheet. So the
proposal is to introduce the worldsheet actiont

1 2 :

The complete left—moving side of this theory is consistent in D = 10, while the
theory on the right—moving side can only be consistent when we have 26 bosons
X_ instead of the 10 X_ we have now. So we should add something to the right—
moving side of this theory to make it consistent.

We cannot add 16 ordinary bosonic fields X, because that would ruin the con-
sistency on the left-moving side. So we are going to add right—moving worldsheet
fermions, but now without a spacetime vector index, because that would take us
back to the standard superstring. Instead we will take target spacetime scalarswith
an internal symmetry index A and it turns out we need 32 of them for a consistent
string theory. So we obtain

S— ﬁ [ &0 [axto™, ~2ito ., ~2ipfa.p"] . (299

withA=0,1,...,31.

10This gauge potential only has 35 degrees of freedom because its field strength in D = 10
satisfies a self—duality constraint. What this means will become clear in the next chapter.
"Having (1,0) worldsheet supersymmetry.
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Again we should determine what boundary conditions to take on the p” fer-
mions. Consistency again plays an important role and it turns out there are only
two possibilities.

¢ We impose the same boundary conditions, either periodic or anti—periodic
on all of the right—-moving p fields, giving us a theory with two sectors.
These p fields are invariant under 32—dimensional rotations and we obtain
aclosed string theory with an internal SQ(32) symmetry group, the SQ(32)
Heterotic string.

e We can aso divide the 32 p fields into two groups of 16, on which we
impose the same boundary conditions. So we now obtain 4 different sec-
tors in our theory. The actual interna symmetry group is Eg x Eg and not
SQ(16) x SO(16), as the reader might have expected. This is called the
Eg x Eg Heterotic string.

Both Heterotic superstring theories have the D = 10 N = 1 supergraviton mul-
tiplet as massless states, that is a graviton GHV, a dilaton scalar @ and an anti-
symmetric two—form tensor BHV . Besides that the internal symmetry groups of
these Heterotic string theories manifest themselves as massless SQ(32) or Eg x Eg
gauge fields Af} with a taking values in the gauge group. We now exhausted all
consistent closed superstring possibilities and should move on to discuss open
superstrings.

224 TheTypel superstring

As we concluded from the section on the GSO—projection, the groundstate of this
open superstring theory ismassless. In the NS—sector the massless stateisa vector
and in the R—sector the massless stateisaMgorana—Wey!| spinor in D = 10. These
combine into a vector multiplet of N = 1 supersymmetry in ten target spacetime
dimensions. Inclusion of Chan—Paton factors will give aU(N) gauge theory, at
least as long as we are discussing oriented open strings (meaning that we can
distinguish between the two endpoints of the string).

I n the section on bosonic strings we concluded that open strings are not consis-
tent by themselves. Through interactions they can form closed strings and there-
fore closed string states should be included. The same holds for the open Type |
superstring in D = 10. To include closed superstring states consistently and keep
N = 1 supersymmetry is not straightforward. It must be clear that we can not
add Type 1A closed superstring states, because the open superstring is chira, the
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fermions have a definite sign of chirality. We conclude that we should add Type
1B closed superstring states, but truncated to a N = 1 supersymmetric theory.
The consistent truncation consists of identifying left— and right—-movers, making
the Type | superstring theory unoriented. Projecting Type IIB states onto states
that are symmetric under parity reversal on the worldsheet is called an orientifold
projection. Defining the parity reversal operation Q : 0 — 11— 0 we can construct
the orientifold projection operator

Po:

NI

(1+Q). (2.96)

This breaks half of the supersymmetries as required by the open superstring. Let
us summarize the closed superstring states that survive this orientifold projection
(2.96).

e Inthe NS-NS sector only the graviton GHV and the dilaton scalar @ survive.

¢ Inthe NS-R and R—NS sector only one linear combination of the Mg orana—
Wey!| fermions and gravitinos survives.

e In the R-R sector only the antisymmetric 2—form A*Y survives the orien-
tifold projection.

These closed superstring states form a N = 1 supergravity multiplet and can be
added consistently to the open superstring.

However, the Type | theory constructed in this way has a gravitational ano-
maly, i.e. we have non—conservation of the target spacetime energy momentum
tensor in the quantum theory. We can cancel this anomaly by adding Chan—Paton
factors to the open superstring endpoints and choosing the gauge group to be
exactly SQ(32)12. We refer to [7, 8, 10] for more details on this anomaly cancel -
lation.

2.2.5 Superstring T-duality and D-branes

Just as for the bosonic string we expect to find a a symmetry between theories
wrapped on acircle R and a dual circle & exchanging winding and momentum
modes. In the bosonic string we saw that the closed string is T-dual to itself.

12The reason why the gauge group is SQ(32) instead of SU(32) is because of the fact that the
superstring theory should now be unoriented, therefore it is not possible to distinguish between
the two different endpoints of the string which constrains us to the orthogona gauge groups.
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That this is not true for the closed Type Il superstrings follows from the obser-
vation that T-duality is a one-sided parity operation (2.55), working only on the
right—moving modes. This will take the chirality operator, which we used in the
GSO—projection on the R—sector, to minusitself for the right—-moving modes. The
conclusion therefore has to be that T-duality takes Type 1A to Type |I1B super-
string theory. This can in fact be proven order by order in Type I1A and IIB string
perturbation theory. So the statement is that Type 1A superstring wrapped on a
circle of radius R is indistinguishable from Type 1B superstring theory wrapped
on acircle of radius &.

As long as we do not introduce Wilson lines breaking the gauge group, the
Heterotic closed superstrings are T-dual to themselves. If we do introduce Wilson
lines more possibilities arise. In fact, the Eg x Eg Heterotic superstring is T-dual
to the SO(32) Heterotic superstring if we decide to break the gauge groups to
SQ(16) x SO(16) using Wilson lines.

Working out T-duality for the open Type | superstring will again lead usto D—
branes, defined by Dirichlet boundary conditions in the T-dualized directions X!
on the open superstring. Let us consider these D—branes in an infinitely extended
spacetime. The open superstring theory defined by the D-braneisclearly N =1
supersymmetric. The open superstring can form closed superstrings that move off
the D—brane and we saw that the consistent closed Type Il superstrings have N =
2 supersymmetry. This means the D—brane breaks half of the supersymmetries
and stateswith this property are usually called Bogomol’ nyi—Prasad—Sommerfield
(BPS) states.

BPS—states must carry conserved charges besides their mass as for example
can be deduced from the supersymmetry algebra. The crucial observation by
Polchinski [9] was that these D—branes are charged with respect to the R-R an-
tisymmetric tensors in the Type Il superstring theories. A Dp-brane naturally
couplesto an antisymmetric p+ 1-form R—R potential A o whichhasap+2—

(p+1)’
form field strength F(p +2)" Supergravity soliton solutions charged with respect

to these antisymmetric R—R potentials show masses proportional to 1/gs, which
is what we found for the D—branes (2.64) as well. This strongly suggests that
we should identify D—branes and the R-R solitonic vacua of closed superstring
theories.
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Superstring low energy limitsand
dualities

In this chapter we will introduce the low energy effective supersymmetric models
of superstring theories and D—branes. We will start by discussing supersymmetry
algebras and introduce the eleven—-dimensional supersymmetry algebra as an ex-
ample. We then explain the concept of Bogomol’ nyi—Prasad—Sommerfield (BPS)
states and show how to identify these states using the supersymmetry algebra.
Using the eleven—dimensional supersymmetry algebra we will deduce all possi-
ble ten—dimensional supersymmetry algebras. After that we will introduce the
corresponding eleven— and ten—dimensional supergravities, the concept of string
dualities, and use the BPS states to test duality conjectures. We will introduce
M—theory as the the eleven—dimensional non—perturbative theory which appears
in the strong coupling limit of Type IIA superstring theory. There are many
good texts on supersymmetry, supergravity, BPS states, dualities and M—theory.
For introductory reviews covering most of the topics in this chapter we refer to
[13, 14, 15, 16, 17].

3.1 Supersymmetry algebrasand BPS states

In the previous chapter we concluded that the superstring states, after the GSO
projection, belong to a supersymmetry multiplet. Supersymmetry, like any other
symmetry, leads to conserved supersymmetry charges through Noether’s theo-
rem. The supersymmetry charges transform as spinors under the Lorentz group
and are therefore anticommuting objects. This basically follows from the obser-
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Chapter 3. Superstring low energy limits and dualities

vation that supersymmetry transformations are governed by a spinorial parameter
€ (2.75). By anticommuting the supersymmetry charges we obtain the supersym-
metry algebra. Together with the generators of the Poincaré group, the translation
generators By, and Lorentz rotation generators M,,,, which commute with the su-
percharges, they form the super—Poincaré algebra and supermultiplets of fields
should transform in irreducibl e representations of this algebra.

By studying the possible irreducible representations of the super—Poincaré al-
gebrait can be proven that eleven dimensionsis the maximal dimension in which
one can have a supergravity theory, by which we mean a theory with spins two
(gravitons) and less. Higher dimensionsintroduce higher spin fields which can not
be coupled consistently to the lower spin fields®. From the supersymmetry point
of view eleven dimensions therefore seems to have a privileged role. We will use
the eleven—dimensiona supersymmetry algebra as a specific example to discuss
the more general concepts of supersymmetry algebras and BPS states. Apart from
minor details, our discussion can be readily generalized to include lower space-
time dimensions. The example of eleven dimensions will turn out to be useful
for other reasons as well. First of al it will help us deduce the ten—dimensional
supersymmetry algebras (and the corresponding supergravities) in which we are
interested from the superstring point of view. Secondly, eleven dimensions turn
out to play a prominent role in strongly coupled superstring theory, as we will
argue when we discuss dualities and M—theory.

3.1.1 TheD = 11 supersymmetry algebra

In eleven dimensions we introduce 32—component M gjorana supercharges Q, and
genericaly these will satisfy (M € [0, 10])

{Qa,Qg} = (MM C)ygRy, (3.2)

where M are the Dirac matrices satisfying {T™, N} = 2nMN where we sup-
pressed the spinor indices, CorB is the charge conjugation matrix and B, is the
momentum vector. Supersymmetry charges in any dimension always lead to
this term containing the momentum tensor. It tells us that two supersymmetry

There are two (known) ways out of this problem. One is to introduce an infinite tower of
massless higher spin fields and the other is to introduce extra timelike dimensions avoiding the
problem of having to introduce higher spin fields. Both constructions have their own problems
and will not be discussed in thisthesis.
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3.1. Supersymmetry algebras and BPS states

transformations combine to give a trandation, explaining why local supersym-
metric theories automatically give rise to General Relativity. Looking at (3.1) we
note that the left—hand side is symmetric in its spinor indices and therefore has
% x 32 x 33 = 528 components. The right-hand side has only 11 components
and therefore we should expect that this supersymmetry algebra can be extended
to include, what are called, central extensions. The unique central extension of
the eleven—dimensional supersymmetry algebra having 528 components on the
right—hand sideis

1
{QanB} = (rMC)aBPM—i_E(rMNC)aBZMN
1

+§(I’MNPQRC)GBYMNPQR. (3.2

In this expression we used TMN--P = MNPl The tensorial antisymmetric
chargesZ and Y are called central charges because they commute with the super-
symmetry charges Q. Strictly speaking they are not central charges with respect
to thefull Poincaré algebra because they do not commute with the L orentz rotation
generators My, -

To discussthe interpretation of these central charges we first have to introduce
some properties of Dirac matrices. In eleven dimensions there exist two represen-
tations of the Dirac matrices. They differ according to whether the product of all
of themis +1 or —1. Because the choiceis arbitrary we will choose

rort...rorll = 41, (3.3)

where we used the symbol || to denote the 10" spatial direction , because we will
use 10 to mean the product "0, From (3.3) and because (I'1)2 = +-1 we deduce
that

[ (3.4)

Perhaps the reader remembers that this is the definition of the chirality operator
M, in D =10 (2.91). We will use this when we reduce the eleven—dimensional
supersymmetry algebra to ten dimensions. Using the Mgjorana representation of
the Dirac matrices, ' has all the properties of the charge conjugation matrix C, B

and we can set C 5 = FgB.
In aquantum theory that realizes the algebra (3.2) as an asymptotic symmetry,
the (supersymmetry preserving) vacuum state is annihilated by all the supersym-

metry charges. Irreducible representations of the supersymmetry algebra (without
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central charges) are characterized by their mass and spin, and can be constructed
using the supersymmetry charges as creation and annihilation operators, for more
details on this construction we refer to [13, 15]. Let us now consider a (vacuum)
state which preserves some amount, but not all, of the supersymmetries. Such
a state will be annihilated by some combination of supersymmetry charges and
the expectation value of {Q, Q} will therefore have a number of zero eigenvalues.
This means the determinant of that matrix will vanish. Let us first discuss what
happens when all the central charges vanish and the momentum is the only term
left in the supersymmetry algebra. Taking determinants we find

det{Qq,Q,} = det ™Mp, = (P?)®. (3.5)

Because {Q,Q} is a positive operator it is guaranteed that P> > 0. This is an
example of aBogomol’ nyi bound [18] and (3.5) only vanishes when P? = m? = 0.
So the only state which can preserve some amount of supersymmetry is massless,
it satisfies the Bogomol’ nyi bound and is called a BPS state [19]. To determine
the fraction of supersymmetry which is preserved by such a BPS state we choose
aframeinwhich

Py =3(-1,1,0,...,0). (3.6)

This defines a massless particle moving in the X! direction. The algebra can then
be rewritten (using C =M% and (I'%?2 = —1)

{Qa: Qg =3(1—Toy)gp- (37)

Since Iy, squaresto one its eigenvalues are =1 and since it is also traceless half
of the eigenvalues are +1 and half are —1. Therefore the eigenspinors of {Q,Q}
which have 16 zero eigenval ues satisfy

and we conclude that this BPS state breaks (and preserves) half of the number of
supersymmetries. When we discuss supergravities we will present the half super-
symmetry breaking classical background solution corresponding to this massless
BPS state.

Looking for more supersymmetry breaking vacua involves turning on some
central charges. As an example we will analyze the two—form central charge
Z. Let us assume that the vacuum describing such a state is massive, i.e. P2 =
m?, and by using Lorentz rotations we can go to a frame in which all spacelike
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3.1. Supersymmetry algebras and BPS states

momenta are zero, i.e. Py = —m. Further assume that just one of the components
of the antisymmetric central charge Z,, is non-zero, let us choose the spacelike
components Z,, = g,. The algebra (3.2) then reducesto

{Qaa QB} = (m_ q2r012)a[3 . (39)

Because I ;;, squares to one and is traceless, we again find that the eigenvalues
of an eigenspinor ¢ of Iy, are 16 times +1 and 16 times —1. The positive-
ness of the left-hand side assures us that m > |q,|, which is the Bogomol’ nyi
bound. When this bound is satisfied, m = |q,|, the determinant of (3.9) vanishes
and we constructed a BPS state preserving half of the supersymmetries. The cen-
tral charge Z,, suggests that such a state is extended in two spacelike directions
X1 and X?. The classical supergravity background solution corresponding to this
vacuum indeed describes a membrane, an object with two spacelike extended di-
rections called the M 2—brane.

The same analysis can be performed for the five-form central charge Y and
leads to the construction of another % supersymmetry preserving BPS state. The
Bogomol’ nyi bound m = |q| is satisfied by an object having five spacelike ex-
tended directions called the M5-brane. Such a state can again be constructed as a
solution of the D = 11 supergravity equations of maotion.

At this point we conclude that any central charge of rank p appearing in the
supersymmetry algebra corresponds to a BPS state with p spatial extended di-
rections, breaking and preserving half of the number of supersymmetries. Let us
now study what happenswhen we allow one of the spacetimeindices of the central
charges to be timelike?. Because of (3.3) any multiplication of n Dirac matricesis
related to amultiplication of 11 — n Dirac matrices

1 M, 1--Myq =M. My M, 1M
T My e = e (3.10)
where n < 11. In the same way the antisymmetric central charges can be dual-
ized using the eleven—dimensional antisymmetric Levi—Civitatensor €. In eleven
dimensions this relates arank r < 11 antisymmetric tensor to arank 11 —r anti-
symmetric tensor in the following way

1 M, ..My

T My, AV Vi Zy My ° (3.11)

rpdee

2Central charges with no Lorentz indices, representing pointlike massive BPS objects, are nec-
essarily excluded from this analysis.
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When we choose a non—zero component of the central charges to be labeled by
a timelike index, we can use the above relations to relate that component to a
Hodge dual central charge with only spacelike indices. Let us again use eleven
dimensions to illustrate this. The rank 2 central charge Z can be related to arank
9 central charge Z. If we choose one of the indices on Z to be timelike, then
Z will only have spacelike indices. The latter central charge will have the usual
interpretation as a BPS state with 9 extended spatial directions. The same holds
for therank 5 central chargeY with one timelike index. The corresponding rank 6
central charge Y will have only spacelike indices and givesriseto aBPS statewith
6 extended spatial directions. The 6-brane can again be constructed as a soliton
solution in the corresponding supergravity theory. The 9-brane however, usually
referred to as the M9-brane, is special. Although progress has been made in
identifying and constructing this state in the supergravity model [20], its properties
are still not completely understood.

All these states break half of the supersymmetry. Putting several BPS states
together, letting them overlap or intersect, generically breaks all supersymmetries.
Only when the branes are oriented in special ways with respect to each other we
find BPS states preserving less than half of the supersymmetries[21, 22]. We will
study these intersecting (or overlapping) configurations appearing in the eleven—
dimensional supersymmetry algebrain the next chapter.

The massive irreducibl e representations belonging to these BPS states is shor-
ter than the generic massive multiplet®. This follows from the fact that half of
(combinations of) the supersymmetry charges annihilate the BPS state. Only the
other half can be used as creation operators to construct representations and thus
lead to fewer states. For a BPS multiplet to become a generic massive multi-
plet would require the sudden appearance of more states, which is impossible
if we smoothly alter the parameters of the theory. Exactly for this reason we
expect the number and type of BPS multiplets to be the same in the classical
and quantum theories, regardless of the coupling constant of the quantum theory.
This enables us to verify the existence of BPS states when the coupling is small
and then conclude that these BPS states will still be present at strong coupling.
Even better, in a sense these states are like massless particles (which are also de-
scribed by short multiplets). Once a particle is massless it will stay massless, or
put differently its mass will not be changed by quantum corrections. The same
“no—renormalisation” theorem holds for massive BPS states. This enables us to

3The massless BPS state we constructed just corresponds to the generic massless short (super-
graviton) multiplet.
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3.1. Supersymmetry algebras and BPS states

determine the mass (and charge) of the BPS objects at weak coupling and extrap-
olate these expressions to strong coupling. These properties of BPS states play
a very important role in checking duality conjectures relating strongly coupled
theories to weakly coupled theories.

3.1.2 Supersymmetry algebrasin ten dimensions

Reducing the eleven—dimensional supersymmetry algebra to ten dimensions by
simply decomposing the SQ(10,1) representations into SQ(9, 1) representations
we obtain

{QaaQB}: (r“C)aBPu+(rHC)a[3P||

1

+(THTIC) g2y + 51 (M1 CapZuv (3.12)
1 1 5

+I(r“mr” C)apYuvpo + 57 (MP7°C) 45 Yupos-

Thefirst linein thisexpression isthe straightforward decomposition of M € (u, ||)
of the momentum PM in eleven dimensions (|| represents the tenth spatial direc-
tion). The second and third line does the same for the rank 2 and 5 central charges
in D = 11. Because the definition of the D = 10 chirality operator equals'!l, we
can replace 'l with I ;;. One Majorana spinor in D = 11 should give rise to two
Majorana-Weyl spinorsin D = 10. Because the reduction will not project the
spinors to one out of the two possible chiralities, we conclude that this supersym-
metry algebradescribes non—chiral N = 2 supersymmetry*. Thereforethisalgebra
can only describe 1A superstrings, which isthe only N = 2 spacetime supersym-
metric theory which is non—chiral. Consequently the corresponding supergravities
inD =10and D = 11 should also berelated by dimensional reduction, which will
have important consequences as we will see.

Looking at (3.12) we see that this algebra contains a scalar central charge PH

related to the momentum in the internal 10" direction. These are the Kauza—
Klein momentum modes already encountered in section 1.1.4, when we discussed
them in the context of T—duality in string theory, and we now seethat they are BPS
states (these massive pointlike objects turn out to be the DO-branes of Type I1A
string theory). Besides the scalar central charge we find rank 1, rank 2, rank 4 and
rank 5 central charges. They would correspond, using the results of the previous

4Put differently, in D = 10 we can assemble two Majorana-Weyl supersymmetry charges of
opposite chirality into a single non—chiral Magjorana supercharge.
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section, to BPS states having 1 and 9°, 2 and 8, 4 and 6 and 5 extended spatial
directions. The appearance of more central chargesin the Il A agebraisof course
due to the fact that, thinking in terms of the corresponding extended objects, one
or none of the spatial legs of the extended object can be wrapped around the
eleventh compact direction, giving rise to two distinct extended objectsin D = 10.
When we discuss I 1A supergravity we will identify the corresponding BPS soliton
solutions. For now let mejust mention that all the even central chargesin the Type
[1A supersymmetry algebrain fact correspond to the D—brane BPS string solitons
as discussed in section 1.2.5.

Let us continue and deduce the Type 11B supersymmetry algebra. To do this
we rewrite the 1A supersymmetry algebra into a form in which the D = 10 Ma-
jorana supercharge Q is decomposed into the sum of two Majorana—\Wey! super-
charges QF of opposite chirality

Q =27Q , PF=i1+ry). (3.13)

Using this decomposition the 1A supersymmetry algebra becomes

1
{Q::rraQE} = (9+F“C)GB(P+Z)H + g(rquG5c)aBY;Vp06
_ _ 1 _
{Qaan} = (‘@ ruc)aﬁ (P_ Z)H + g(ruvpaéc)aﬁYuvpaé
_ 1
{Qh.Qp} = (F7C)ygR + 5 (27 THC) 52 (314)

1
+ 5 (PTHPOC) Vg,

where the rank 5 Y* describe irreducible Hodge self—dual and anti self—dual
charges® which are defined using the ten—dimensional Levi—Civitatensor

Hs g Mgy +

+
M HsHg.--Hg *

HoHy--Hy = iaguoul...pu (3.15)

Thisisjust aspecia case of (3.11) where the tensors on both sides are of the same
rank and therefore can be identified. The Y™ and Y~ can be used to construct two

5Thiswould correspond to a spacetime filling brane which is special. It can be given a suitable
interpretation and we refer to [23] for more details.

6The property of the Dirac matrices (3.3), together with the projection operator 22+ is respon-
sible for the fact that the rank 5 central charge Y decomposes into its self—dual and anti self—dual
partsin the supersymmetry algebra.
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independent charges by summing or subtracting them
Y=Yt+Y ., Y=YT-Y", (3.16)

where we suppressed the Lorentz indices. The chargesY and Y arerelated by the
transformation (3.11), so symbolicaly we have ¥ = 5(10)Y- These two charges
represent different BPS objects because they will appear with different projection
operators. This follows by using (3.10), giving the Hodge dual chargeY an extra
factor of I";;.

We can now obtain the ten—dimensional Type|IB supersymmetry algebrafrom
the Type I1A agebra (3.14) by considering a T-duality transformation. We can
interpret T—duality as a one-sided parity transformation changing the chirality in
one sector of the theory. This is accomplished in the supersymmetry algebra by
transforming Q~ into Q*®, where X? is the compact direction. Because mul-
tiplication with '® changes the chirality, the supersymmetry charge @+ now has
the same chirality as Q, so after this transformation the theory is indeed chiral.
Explicitly performing the T-duality in the algebrarequires atransformation of the
[1A central chargesaswell, in order to be able to consider the ten—dimensional co-
variant limit Ry — c. For more details on this T-duality transformation we refer
to [24].

The final D = 10 Type 1B algebra has two chira supercharges which can be
combined into aSQ(2) vector Q' = (Q*, Q%) and can be written in the form

{Qo.Qp} = (CPTH)gp (8Pu+ 052, + 01

1 1

+§U}_‘] (CPHTHP) s Wavp + §5” (CPHTHPON) K
1 A 1J 1J\7

b (CP TR <a3 Vi oon + 01 VvaaA> , (3.17)

where the Pauli matrices o set up the (standard) representation of the SO(2) al-
gebra. We note that all even rank central charges after T—duality become odd
rank central charges. The resulting odd rank charges correspond to D—branes in
[1B theory. Thisisin agreement with the results on T-duality in the open super-
string. There we concluded that T-duality turns a D p-brane into aD(p— 1)— or
aD(p+ 1)-brane depending on the direction in which we perform the T—duality.
If 11A only contains even D p—branes then the T-dual 11B theory will only contain
odd D p-branes, including a D5 brane representing the extended object responsi-
ble for the self—dual rank 5 central charge V. Similar observations can be made
for the other central charges.
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The 1B supersymmetry algebra (3.17) is invariant under the following two
involutions

Q = aéJQJ
7 - -7

W - —W (3.18)
vt — vt

and

Ql N O-iJQJ

7 - -Z

VYYY (3.19)

vt — v,

Both symmetries can be used to truncate the I1B supersymmetry algebra (by mod-
ding out) to an N = 1 supersymmetry algebra. In fact we find that both supersym-
metry algebras are isomorphic to each other. One can be obtained from the other
by replacing ZH by ZH and therank 5Y* by V*. The N = 1 algebra using the Z
and Y™ charges equals

1 ~
{Q4,Qp} = (Z1THC) 45 (P+2)yt 55 (THP7C) 4y (Y +Y)
We already mentioned that the charges Z and V * represent D—brane BPS solitons,
whereas the charges Z and Y™ represent a fundamental string winding mode (the
F1) and a true solitonic’ object (the NS5-brane). We note that this distinction
can not be made by just comparing the N = 1 supersymmetry algebras. Because
the Heterotic superstring theory does not contain D—branes, as opposed to Type |
theory, we conclude that the Heterotic supersymmetry algebra (corresponding to
either SQ(32) or the Eg x Eg Heterotic string theory) has to be the one with the Z
and Y charges, which means the other isomorphic algebra has to belong to Type
| theory. That the two N = 1 supersymmetry algebras are isomorphic is aready
an indication that the Heterotic superstrings and the Type | superstring are not as
different as one might have thought.
Although much (kinetic) information is contained in the supersymmetry alge-
bra, any dynamical information can only be studied by constructing the relevant

HVPGS? (3.20)

"By thiswe mean that the mass (and charge) of this object scales as 1/g2, which is the expected
scaling of an ordinary soliton.
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local or global supersymmetric field theories. When considering low energy lim-
its of superstring theories (which contain gravitons), we need to construct a su-
pergravity field theory. In the case of D—branes we need to construct a globally
supersymmetric field theory. All the BPS states suggested by the supersymme-
try algebra should appear as soliton solutions in the corresponding supergravities.
The exact relation of these soliton solutions to the central charges appearing in the
supersymmetry algebra will justify the identifications we made between central
charges and BPS extended objectsin this section. Of particular interest are the D—
brane soliton solutions because of their microscopic description in terms of open
superstrings.

3.2 Supergravities

From the analysis of the consistent superstring theories we deduce that there
should exist five different effective low energy supergravitiesin D = 10. Two of
those should have N = 2 (maximal) supersymmetry and three should have N = 1
supersymmetry. Spacetime supersymmetry, field content, chirality properties and
the gauge group in the N = 1 case, uniquely determine the corresponding super-
gravity model.

Let usfirst define what we exactly mean by alow energy limit in string theory.
At this point, before having discussed string dualities, this involves small string
coupling gs, because only in that regime is the interacting string theory well de-
fined. By definition it involves considering low energy processes determined by a
scale U, more precisely this means energies much smaller than the Planck mass.
The Regge slope parameter a’ is considered to be of the order of the Planck length
squared, so in an equation the low energy condition reads

U2a’ < 1. (3.21)

As we saw in the previous chapter (2.86) the massive string states have masses
which are of the order M2a’ ~ 1. So this meanswe only have to consider massless
asymptotic statesin alow energy limit. In the small coupling and low energy limit
we only need to consider string tree diagrams for these massless states which are
well approximated by a classical supergravity field theory. This is an example
of a correspondence principle. At small energies or at scales much larger than
the string scale Is = v/a’, the string-like structure should become invisible and a
particle theory should be adequate.
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The above low energy limit is globally consistent when we scatter massless
string states on a flat Minkowski background. This is because the background is
exact (no stringy a’ corrections) and because the string coupling gs = €® can be
chosen to be small everywhere. For other backgrounds generically thisis not true.
First of all the background fields will receive stringy corrections (2.70) when the
variations of the fields, basically measured by the curvatures, become large. More
concretely, when the Ricci curvature Ra’ ~ 1 the corrections become large and
take us away from the supergravity limit. Another feature of generic backgrounds
is that the string coupling gs = €® depends on where we are in the background
and usually becomes large somewhere. String loop corrections will then become
very important, again taking us away from the supergravity limit. This means that
we can only trust supergravity backgrounds when the curvatures and the string
coupling are small. Exactly in those regions we can use supergravity as a good
approximation to superstring theory.

Constructing supergravities was a very active research subject in the 70's and
80's. In those days the hope was that supergravities by themselves were finite
guantum gravity theories. Nowadays supergravity theories, although better be-
haved than ordinary General Relativity, are believed to be non—renormalizable as
well. Our approach to constructingtheN = 1 and N = 2 D = 10 supergravitieswill
heavily rely on the information we obtained from the corresponding superstring
theories. Although at first sight not related to superstring theories, we will start
by constructing the eleven—dimensional supergravity and show that it appearsin a
strongly coupled limit of [1A superstring theory. We will not write down complete
supergravity actions. We will only present the bosonic sector of the supergravi-
ties, keeping in mind that supersymmetry determines the fermionic sector. This
will be all the information we need for our purposes in thisthesis.

3.21 Supergravity in eleven dimensions

We cannot use the states found in a superstring theory to predict the bosonic mass-
less states appearing in D = 11 supergravity. However (maximal) supersymmetry
uniquely determines the the supergravity action in D = 11. We will denote all
eleven—dimensiona fields with hats, to distinguish them from ten—dimensional
fields. It consists of the following massless bosonic fields (with M,N, P € [0, 10])
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(GMN CMNPy (3.22)

Only ametric tensor GMN and arank 3 antisymmetric tensor field C appear. The
bosonic part of the action reads [25]

- 11——/d11XV R+—F )
2 ~A A
+ﬁ/F/\F/\C. (3.23)

In this action F = dC. The topological term in the action modifies the Bianchi
identity of the Hodge dual field strength F, which is a rank 7 tensor and which
can be constructed using the D = 11 Levi—Civitatensor (asin (3.11)).

In the supersymmetry algebra discussion we noted that the [ 1A supersymmetry
algebrais related to the eleven—dimensional supersymmetry algebra by a simple
reduction. In that sense we used the eleven—dimensional supersymmetry algebra
as a nice starting point from which all ten—dimensional supersymmetry algebras
could be deduced (using superstring T-duality as well). The same should hold
for the supergravity theories. However the precise relation between the fields in
D = 11 supergravity and the fields in D = 10 Type IIA supergravity, suggests a
much deeper connection.

Let us assume the existence of a compact spacelike direction giving rise to
aU(1) isometry with killing vector field k. This means that the Lie derivative
with respect to k acting on all eleven—-dimensional fields vanishes, i.e. £ G=0
and £, F = 0. Splitting coordinates xM = (x*,y) for which k = d/dy we can
decomposethe D = 11 bosonic fields as follows

4o

_2 4
d$ = e 3®Mdxdx’'Gyy (x) +e3®M (dy—dxA,(x))?
A 1
C = (—de“/\dx"/\dxprp(x)—i—zdx“/\dx AdyByy(x).  (3.24)

The decomposition isdone in such away that the fields appearing all nicely trans-
form in irreducible representation of the SQ(1,9) Poincaré algebra. This means
we can just read off the fields that will appear in D = 10 from this decomposition.
We find the dilaton @, the ten—dimensional metric GV and the vector A, all ap-
pearing in the decomposition of the metric, and rank 2 and rank 3 antisymmetric
tensors coming from the rank 3 antisymmetric tensor in D = 11. Werecognizethis
as the massless field content of Type 1A superstrings and using this decomposi-
tion to rewrite the D = 11 action we will obtain the D = 10 Type Il A supergravity
action, which we will write down explicitly in the next subsection.
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Looking at the decomposition of the metric (3.24) it follows that the radius

of the compact direction y, let us call it R;,, is measured by e3®. Because of
the relation between the string coupling constant gs and the dilaton we can make
the following important identification (putting in the eleven—dimensional Planck
length)

Ry = 15 5/3

( (3.25)

where gs isthe l1A superstring coupling constant. So the l1A superstring coupling
constant measures the size of the eleventh dimension. To be more precise, thisis
the radius as measured by an observer using eleven—dimensiona Planck units. By
looking at (3.24) we see that the radius as measured by the ten—dimensional metric
GHV, which is measured using string length units v/a’, actually is proportional to
Os

R, =Va'e® =Va'gs. (3.26)

We note that this means that 1 ) = v/a’ g2/3. So when we increase the 1A cou-
pling constant we blow up the eleventh dimension. The reason why nobody de-
tected this hidden dimension in 1A superstring theory was because that theory
isonly defined at weak coupling gs — 0, which means the eleventh dimension is
very small and therefore invisiblein 11 A superstring perturbation theory.

All this suggests the conjecture that eleven—dimensional supergravity is the
low energy effective supergravity of strongly coupled (gs — ) IIA superstring
theory. In order for this to be possible some states in the I1A superstring theory
should become light at strong coupling, otherwise alow energy effective theory
would not make sense. These states indeed exist in 1A superstring theory and
we in fact aready discussed them in the context of D—branes and in the context
of the I1A supersymmetry algebra. In the 1A supersymmetry algebra (3.12) we
found BPS particle states that from the eleven—dimensiona point of view were
Kauza-Klein momentum modes. From the 1A superstring point of view these
particle states are in fact DO—branes, point-like defects on which open strings can
end. D-branes masses are proportional to 1/gs, S0 clearly when we increase the
coupling the DO-branes become light. In the limit gs — o these states become
massless and at the same time we also decompactified to D = 11. This resulted
in the conjecture that the effective low energy description of strongly coupled I1A
superstring theory is D = 11 supergravity [26, 27] and it also suggests that the
fundamental degrees of freedom in this eleven—dimensional theory are related to
DO-branes.
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3.2.2 Supergravitiesin ten dimensions

Let us now work our way through all the low energy effective supergravity theo-
ries of the different superstring theories. One way to proceed would be to write
down the B—functions (2.70) of the corresponding superstring theories, but the
uniqueness of the different supergravity theoriesin D = 10 allows us to use more
direct field theoretical methods. For a more extensive discussion on the D = 10
supergravities and their original constructions we refer to [7] (part two) and the
references therein. We will begin with the Type 1A supergravity action which
is determined by the reduction of eleven—dimensional supergravity (3.24) as we
already saw.
The following massless bosonic fields appear in 11 A supergravity

(B, GHY BHY; AH, AHVPY (3.27)

Where the first three fields are the Neveu—Schwarz fields combining to give the
bosonic part of an N = 1 supergraviton multiplet. This basic Neveu—-Schwarz
supergravity multiplet will appear in al closed superstring low energy effective
supergravity theories. The other two fields are Ramond—Ramond tensor fields
giving rise to rank 2 and rank 4 field strengths (called F and G respectively) ap-
pearing in the supergravity action. We aso find a topological term resulting in
a modification of the Bianchi identity for the Ramond—Ramond field strength G
giving G = dA+ 12BAF (where B isthe rank 2 Neveu—Schwarz field). The Type
I1A supergravity action reads

s,A:KiZ/ d10x \/—_G{e2q°(R+4(dCD)2—%H2)
10

1 1
+F2 267+ o [GAGAB. (329)

In this action K, is the ten—dimensional gravitational constant which can be re-

lated to a’ by just counting mass dimensions, K, O a’?. Notice that all the fields
of the Neveu—-Schwarz N = 1 supergravity multiplet are multiplied by the same
factor e2® [0 1/g2. Extracting the powers of the string coupling constant gs and
redefining K, to include the powers of gs we conclude that

Ky 0 0" gs. (3.29)

The appearance of e 2% s a result of the fact that this action can be deduced
from tree level closed Type 1A superstring theory. The worldsheet at this level
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Chapter 3. Superstring low energy limits and dualities

topologically isasphere which has genus zero and Euler number x = 2. Therefore
al diagrams are weighted with e 2® (see 1.1.6), explaining the dilaton factor. This
will be a common feature of al supergravity fields which are massless closed
string states in the Neveu—Schwarz sector. Ramond—Ramond fields are special
because they invalidate the conclusion that at tree level closed string states are
weighted with e 2®. One could start with Ramond—-Ramond fields C' weighted
as usual, but it can be shown that when the dilaton background is non-trivial the
Bianchi identity and the field equations pick up terms proportional to d®. This
means C’ is no longer of the form dA. Defining C = e~ ®C’ getsrid of the terms
proportional to d® and restores the usual Bianchi identity (and field equations).
This redefinition decouples the Ramond—Ramond fields from the dilaton and so
they appear in the action without a factor of e®. Again this will be a common
feature of all supergravities containing Ramond—-Ramond fields.

We should mention that 11A supergravity can be extended to include a cosmo-
logical constant consistent with supersymmetry. This cosmological constant, by
using Hodge duality, can be related to a rank 10 field strength® which is of the
Ramond—Ramond type which means that it does not couple to the dilaton. So the
extension called massive I A supergravity involves the addition of a cosmological
constant in the Ramond—Ramond part of the action [28].

The action (3.28) isinvariant under the dilation or global scale transformation

® — D+4A
G — e G
By — €’Byuy (3.30)
Ay — ePa,
Auvp — e’ Auvp
explaining the name of the dilaton scalar. The vacuum in which ® takes on a
particular value is not invariant, so this symmetry is a spontaneously broken one
for which the dilaton is the Nambu—Gol dstone boson.
We could also consider local scale transformations with a function 2 ®®) de-

pending on the dilaton scalar. Such a transformation is called a conformal trans-
formation and defines a new metric tensor G£

GHY = e APGHY. (3.31)

8Such a field strength can be consistently added without breaking supersymmetry because it
does not describe local degrees of freedom. It only carries a global degree of freedom, consistent
with the fact that it should be related to a cosmological constant.
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Thiskind of transformation will transform the action (3.28) into
S = Kiz / d%%/=Ge ( e HMPIR 4 5(0D)?] (3.32)
10
_%e(2+2/\)q> H2 1 eAPF2 1_12€m>(32 ),

with & = 4—16A2(D —1)/(D —2). Every value of A picks out a specific metric
frame which determines the form of the supergravity action. Our starting point
action (3.28) is written using the so—called string frame metric G{V. Thisis the
naturaly preferred frame for strings probing a background solution, in the sense
that the string action (2.1) in this frame does not depend on the dilaton scalar (it
will depend on the dilaton scalar when performing a conformal transformation to
another metric frame). Another convenient (and standard) frame is the Einstein
frame, which is defined as the frame in which the Ricci curvature tensor is not
multiplied with a dilaton factor. From (3.32) we see that this happens when we
take A = % fixing the relation between the Einstein and string frame metric

1
GEY = e 2°GLY. (3.33)
The Einstein frame 1A supergravity action becomes
1
S$a = R d%%,/=Gg¢ ( [Re—21(09)? (3.34)

10
1 o2, 302, 1 1o~
3¢ H +e2"F +12e2 G-.
Similar scaling properties exist for al the D < 10 supergravity actionswhich have
adilaton scalar. Although the actual physics should be independent of the frame
we use, some properties of supergravity (or properties of solutions) are much eas-
ier detected using aspecific frame. Different probes (appearing in the theory) have
naturally preferred frames in which the probe worldvolume actions do not depend
on the dilaton scalar.
Type |1B supergravity should be achiral N = 2 supergravity which isuniquely
determined by supersymmetry. From I1B superstring theory we concluded that at
the massless level we find the following bosonic states

(@, GHY, BHV; A, AHY, AHVPO) (3.35)

The first three states are Neveu—Schwarz fields, which in the action should all be
multiplied with a factor e=2% because they arise at tree level in closed superstring
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theory. The other fields are Ramond—Ramond fields and we concluded that those
should appear in the action without a factor of e 2.

The rank 5 field strength C* = dA™ constructed from the rank 4 Ramond—
Ramond gauge field should be self—dual, i.e. symbolically C* = eC™. Thisfol-
lows from supersymmetry (otherwise the degrees of freedom do not match) but
complicates the construction of an action for Type 1B supergravity because the
self—duality condition does not follow from varying a (covariant) action. There
are ways around that, but we will use a simpler procedure. The action will be
constructed using astandard rank 5 field strength tensor and we will keep in mind
that we have to add the self—duality constraint to the equations of motion follow-
ing from the 1B action by hand (as an extra equation which does not follow from
varying the action). Keeping thisin mind, and omitting fermions, the Type I1B
supergravity actionis

Sie =7 [d%V=C { e?P(R+4(00)~3H?)
10

1 1 _ .2
_ 2 Ty 2 —r~+
2(07) 3(H AH) 60C }
1., ,

Inthisaction H = dBwith B therank 2 Neveu—Schwarz field and H' = dAwith A
being the rank 2 Ramond—Ramond field. We also added atopological term which
is responsible for amodification of the Bianchi identity of C* which adds Chern—
Simons terms in the self—dual field strength C*. Wefind that dCt =H AH’. The
pseudo—scalar A is usually called the axion. Notice that H, H’ and the axion are
connected in the term H — AH’ appearing in the action (3.36). The form of this
term is determined by supersymmetry, and we will seethat it is consistent with an
SL(2,R) symmetry of |1B supergravity.

Itisalso possible to deduce Type 1B supergravity from Type [1A supergravity
using T—duality. As we concluded in 1.1.4, T—duality interchanges winding and
Kauza—Klein momentum modes and changesthe chirality of one of the spacetime
spinors. Winding and Kaluza—KIlein modes need a compact direction and couple
to abelian (massless) vectors in the lower dimensional (let us say 9—dimensional)
theory, so interchanging these states from the supergravity point of view just
means exchanging the winding and Kaluza—Klein vectors. This generalizes to
all the other fields appearing in the I1A and 11B theories after reduction to D = 9.
T—duality in this supergravity context then means that in the reduced D = 9 su-
pergravity a simple relabeling of fields should relate the I11A reduction to the 11B

68



3.2. Supergravities

reduction, telling us that these two different supergravity theoriesin D = 10 are
equivalent in D = 9[29].

Let us again write the supergravity theory using the Einstein frame metric as
defined in (3.33). Thisresultsin the following Einstein frame action

s = Kilzo/dlox\/z { R=2[(0®)?>+€&®(dA)?] —6—10<:+2
S OH2 - (H - AH)?] )
—4—18/A+/\HAH'. (3.37)

Defining a complex scalar field T = A +ie~® we can rewrite the kinetic scalar
terms as —2e?®|dt|2. Thiskinetic term is invariant under fractional linear trans-
formations working on the complex scalar T as

ar+b
2 orrd (3:38)
where
ab
< c d ) € SL(2,R). (3.39)

In order for thisSL(2, R) matrix to have unit determinant the parametersa, b, c and
d have to satisfy ad — bc= 1. This symmetry extends to the full action (includ-
ing fermions) provided that the rank 2 Neveu—Schwarz field B and the Ramond-—
Ramond field A transform asan SL(2,R) doublet

(5)-(Ea) (%) (340

Although we did not discuss it, an SQ(2) subgroup of this SL(2,IR) also appears
in the 1B supersymmetry algebra.

Let us concentrate on a special SL(2,R) matrix havinga=d=0and b =
—c=1and assume A = 0. In this special case we conclude that |1B supergravity
is invariant under a discrete subgroup taking ® — —® if we at the same time
interchange the rank 2 Ramond-Ramond and Neveu-Schwarz fields. From the
superstring point of view this transforms strong string coupling to weak string
coupling. This is called an S—duality transformation. As opposed to strongly
coupled Type 1A superstring theory, which is described by D = 11 supergravity
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in alow energy limit, in Type |I1B we find that S—duality maps strongly coupled
[1B theory to the sameweakly coupled 11B theory. Therefore 11B is called self—
dual and the full non—perturbative symmetry group of 11B superstring theory is
conjectured to be SL(2,7)° [26, 30, 31, 32].

Let us now move on to the N = 1 supergravity theories. In the Heterotic
superstring theory we found four bosonic states at the massless level, which are

(®,GHY,BHV; 7k, (3.41)

corresponding to a dilaton scalar, the metric tensor, a Neveu—Schwarz rank 2
gauge field and a Yang—Mills vector taking valuesin the Lie algebra of SQ(32) or
Eg x Eg. Constructing aN = 1 supergravity from these states again implies the ap-
pearance of the graviton supermultiplet, having one gravitino and one Mg orana—
Weyl fermion being the superpartners of the graviton, the Neveu—-Schwarz tensor
and the dilaton.

Besides that, N = 1 supergravity can be coupled to a Yang—Mills supermul-
tiplet consisting of a Yang—Mills vector and a Mgjorana—Wey!l spinor. This cou-
pling isnon-trivial and will giveriseto amodification of thefield strength H of the
rank 2 Neveu—Schwarz tensor B to include a so—called Yang—Mills Chern—Simons
term. Schematically, using differential form notation, in the abelian casethisgives
H = dB+ .4, A%, (Where Z, = d,), whichmeansdH = 3.7, A %, which
isno longer the standard Bianchi identity. Canceling anomalies requiresthe gauge
groups to be either SQ(32) or Eg x Eg. For simplicity we will consider the Het-
erotic supergravity action without the Chern—Simons terms (and we will do the
same for Type | supergravity).

The bosonic sector of the action of N = 1 Heterotic supergravity in the string
frameis

1 1
Sier = K—Z/dlox\/—Ge‘zq’ {R+4(d¢)2— HA - Tr 7R (342
10

The symbol Tr means we trace over the gauge group indices which are either in
SQ(32) or in Eg x Eg. We note that the Yang-Mills part of this action apparently
is higher order in the a’ expansion and that all the fields are multiplied by a com-
mon factor of e ?® because this action can be deduced by considering (closed)

9The restriction to integers Z is because this symmetry interchanges charged objects (BPS
states) in the theory. These charges are quantized and lie on an integer charge lattice, which only
maps to itself if the symmetry group is restricted to SL(2, Z).
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Heterotic string states at tree level. Performing a conformal transformation to the
Einstein frame action we find

o= [d%/ 6 ( [Re— 3007 343)
Kio

1
3

Although at this point there seems to be nothing especially interesting in writing
the action this way, when we compare with the (Einstein frame) Type | supergrav-
ity it will become clear why thisframeis useful.

Asin the Heterotic superstring, in the Type | superstring theory we found four
bosonic states at the massless level, which are

(®, G A a7 H), (3.44)

1
e PH2-a'e 2%°Trz3).

corresponding to a dilaton scalar, the metric tensor, a rank 2 Ramond—-Ramond
gauge field and a Yang—Mills vector taking values in the Lie algebra of SQO(32).
Essentially these are the same fields as in the case of the Heterotic superstring
and therefore the supergravity action should be similar, as we also saw in the
corresponding supersymmetry algebras. Differenceswill arisefrom thefact that in
Type | superstrings we are dealing with open and closed superstring states which
are weighted differently with €® 0 gs at tree level. Also the rank 2 gauge field is
a Ramond-Ramond field as opposed to the rank 2 Neveu—Schwarz gauge field in
Heterotic supergravity.

The gauge fields arise from the open strings and therefore are weighted with
e ® whereas the metric and the dilaton are Neveu-Schwarz closed string states
weighted by e=2%. Putting all these things together we find the following bosonic
sector of the Type | supergravity action in the string frame

S = Kiz/dlox‘/_G <e2q> [R+4(0®)?] — %Cz— a’eq’Trﬂ‘F) . (3.45)
10

InthisactionC = dAand .#, = d.#] aretherank 3 Ramond-Ramond field strength
and the rank 2 Yang—Mills field strength respectively.
We find the following Einstein frame action for Type |

1
§ =z [ d/C6c ( [Re— 4007 (3.46)
—%e+¢02— a’e+%¢Tr<%2) .
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Except for the signs of the factors e thisis exactly the same action asin the case
of the Heterotic Einstein frame action (3.43). We can perform the following field
transformations to go from the Type | to the Heterotic SQ(32) action

C —-— B

F = Py (3.47)

e o e?

Because e® [ gs this transformation takes strong coupling in Type | theory to
weak coupling in the Heterotic theory and vice versa. It suggests that strongly
coupled Type| superstrings can be described by weakly coupled Heterotic SQ(32)
superstrings and vice versa [26, 31]. This sound peculiar because the Heterotic
SQ(32) superstring theory is a theory of closed strings only, whereas the Type |
superstring consists of closed and open superstrings. However lots of evidence
has been gathered supporting this S—duality conjecture, most of them relying on
supersymmetry and BPS states [33, 34].

3.3 Dualities, M—theory and p-branes

In this section we want to make the final connection between central charges, p—
brane soliton solutions and superstring dualities. Thiswill lead to the introduction
of M—theory, first defined asthe eleven—dimensional strong coupling limit of Type
1A superstring theory, but by now believed to reproduce al string theories as
different perturbative cornersin its moduli space'®. The most important argument
for believing in M—theory and the dualities following from it, is the existence
of (extended) BPS soliton objects appearing in the low energy effective theories
[35, 36, 37, 16].

3.3.1 BPS p-branesolutions

We want to construct solutions to the closed string low energy supergravity equa-
tions of motion preserving some amount of supersymmetry. The charge of such
a solution we want to relate to the central charge appearing in the corresponding
supersymmetry algebra. In general what we need to construct such a solution is
General Relativity coupled to adilaton scalar and an antisymmetric field strength

10A moduli space is the space of all free parameters and/or collective coordinates in atheory.
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tensor. Because we want such a solution to preserve some amount of supersym-
metry, it is sufficient to use the bosonic fields. Preservation of some amount of
supersymmetry just means that a subset of supersymmetry transformations will
leave the bosonic solution invariant, i.e. will not introduce fermions. For a more
extensive review on BPS soliton solutions we refer to [16].

We will solve for BPS solutions to the equations of motion obtained from the
following general (Einstein frame) action

4

1
ﬁ((9q>)2— ———FL |, (3.48)

D

SD_/d xVG|R 2(p+2)!
For special values of a and p thisisa (bosonic) truncation of a supergravity action
in D dimensions. Thiswill cover all D = 11 and D = 10 supergravity examples
by choosing the parameters p and a (and D of course) appropriately. It also covers
(truncated) possible compactifications of the D = 11 and D = 10 supergravities,
either on tori or on more sophisticated compact manifolds like Calabi—Yau man-
ifolds. Any supersymmetry preserving p—brane solution will therefore also have
anatural place in any of the (compactified) superstring theories and/or M—theory.
The advantage of thisgeneral action isof coursethat it enables usto discuss many
different p—brane solutions in various dimensions at once.

A p-brane will naturally couple to arank p+ 1 gauge potential which leads
to arank p+ 2 field strength, explaining the interpretation of the parameter p
appearing in this action. Every field strength can berelatedto arank D — p— 2
field strength through Hodge duality of which we already saw some examplesin
the supersymmetry algebras, but in the presence of a dilaton scalar and a metric
the relation (3.11) needs to be modified to become

(_1)D+p—1
VG(p+2)!

Such a pair possibly gives rise to a p-brane and a D — p— 4-brane. A special
case occurs when the rank of the field strength equals the rank of the Hodge dual
field strength. Then we can apply a self-duality condition identifying the two
field strengths, as we did in the Type IIB action for the rank 5 field strength. The
parameter a denotes the coupling of the dilaton to the field strength in the Einstein
frame.

We will need to introduce an ansatz for the different fields to solve the equa-
tions of motion. This ansatz will be based on the fact that we expect to find a
p—brane solution, which has p+ 1 isometries called worldvolume directions. For

ElyHp_p o — P V1-VpiaHyHp_p 2 Fy,. (3.49)

Vpi2®
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one thing, this means the solution can only depend on coordinates transverse to
the worldvolume directions of the p—brane (this also means we will use a static
gauge, i.e. the p—brane is not moving). Let us assume the p—brane is extended
in the directions x* = 0,1,... p splitting up the D—dimensional coordinates into

xH = (xX"y")withme [0,1,...,p] andi € [p+1,...D— p— 1], then we will use
the following two—block ansatz

d2 = H(y)"dE,,+H(y)P dyd , 1.
e® = H(y), (3.50)
FOl...pi = 5‘3.H(Y)g,

where the function H(y) is harmonic on the transverse space meaning
d.0'H(y) = 0. (3.51)

Thisisaharmonic equation in D — p — 1 dimensions which, whenD — p—1 # 2
excluding p = (D — 3)—branes, is solved by

H =c+ ()77 (3.52)

with ¢ an arbitrary integration constant which for al practical purposes can be
set equal to one, and r is the radius in transverse space. Varying the action and
solving the equations of motion! for the ansatz (3.50) we obtain the following
expressions for the parameters a, 3, y, 0 and € [38, 39]

—4(D—-p-3) B 4(p+1)
(D-2)A 7 (D=2)A
_ (D-2a
y = A (3.53)
52 = % , e=-1,

where the special parameter A is

(D-2& (p+1)(D—p-3)
8 (D-2)

1when the field strength tensor also satisfies a self-duality condition, the p-brane solution is

dyonic and the field strength solution F requires an extra factor %\/i For the moment we also

assumethat p < D — 2. The cases with p= D — 2 are called domain—-walls and will be discussed
in chapter 5.

A=

(3.54)
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This parameter is special because it isinvariant under toroidal dimensional reduc-
tion of aspecific solution in the Einstein frame [38]. This makesit easy to identify
p—branesin different dimensions with their higher—dimensional “parent” p—brane
solutions. Another special feature of A isthat for supersymmetry preserving solu-
tionsit should equal

4 ,

Thispicksout thevaluesof a, D and p for which the action (3.48) isatruncation of
asupergravity theory. In those cases the solutions can be shown to preserve some
amount of supersymmetry by solving what are called the Killing spinor equations.
Basically this means that for the p—brane solution there exist special supersym-
metry transformation parameters n (the Killing spinors) for which the variation
of the spin half fields appearing in the supergravity theory vanish oW = 0. The
(spinoria) dimension these Killing spinors span determines the number of super-
symmetries preserved. Compare with breaking Lorentz symmetry by introducing
an extended object in the theory. Thiswill break some, but not all of the Lorentz
symmetry. The theory will still be invariant under Lorentz transformations in the
worldvolume directions of the extended object. In Table 3.1 we listed a variety
of half supersymmetry preserving p—brane solutions in various dimensions cov-
ered by the solution (3.53), most notably the D = 11 M—branes and the D = 10
D p-branes are listed in there as well.

All these extremeBPS solutions are limits of more general black p-brane so-
lutions[36, 35] breaking all of the supersymmetry, but satisfying the Bogomol’ nyi
bound inequality M > Q. These non—extreme p—brane solutions are called black
because they resemble black holes which have a true horizon, classically acting
as aone-way gate. Semi—classically the black p—brane will Hawking radiate and
lose energy until it reaches the extreme BPS p—brane ground state solution with
M=Q.

The shape of an extended object should be allowed to fluctuate, or equivalently
the p—brane is a dynamical object. It should be possible to describe the fluctua-
tions of a brane by a worldvolume (effective) action. This worldvolume theory
should be supersymmetric, precisely because the supergravity solution is BPS. A
first guessfor the coupling to the spacetime string framemetric would be afurther
generalization of the Nambu-Goto string action (2.1) to p—dimensional extended
objects

S =T, / dPHig e, [detd X0, X gy, (3.56)

with Ty representing the tension of the p—brane. In theories with a # 0 we have
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Dimension a A Name
11 0 4 M—branes
10 P | 4 | Dp-branes

-1 4 NSl1-brane
1 4 NS5-brane
6 l1-p| 2 dp-branes
5 0 4/3 m-branes
4 2V3 | 4 black hole
2 2 "
2/\/3 | 43 ”
0 1 | RN black hole

Table 3.1: The Table indicates the values of a and A (in the Einstein frame) for a variety
of branesin diverse dimensions.

to allow for afactor e K where k is determined by adding S to the action (3.48)
rewritten in the string frame and demanding that the total action transforms homo-
geneously under global scale transformations of the spacetime fields (3.30) [37].
Notice that a suitably chosen conformal transformation (3.31) can make the dila-
ton dependence of the worldvolume action (3.56) disappear. For every p-brane
there exists a naturally preferred metric frame in which the worldvolume action
does not depend on the dilaton. The dilaton dependence in the string frame will
determine the scaling of the effective tension with e k® 0 gk,

Tp=Tpgs~. (3.57)

Besides the coupling to the spacetime metric a p—brane couplesto a p+ 1—
form potential. In the worldvolume theory thisis described by aterm

Sv\/z:/z(

In this equation >, represents the p+ 1 dimensional p-brane surface and the
XM are target spacetime coordinates. This is called a Wess-Zumino term and
Is a straightforward generalization of a point particle coupling to a gauge vector
potential. Thisterm will giveriseto arank p+ 1 spacetime current

A, OXVEA LA (3.58)
M,
)

p+1

JMl"'Mp+1(X) — / dXMin . A dXMp+1 5(AX) , (3.59)
2

(p+1)
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where AX = X — X(0) in the d—function, X (o) representing the position of the
p—brane. For the static configuration we want to discuss, this expression reduces
to acharge

Zivip = Joiip = Tp/z(p) dXLA.. AdXP, (3.60)
where we integrated over worldvolume time and the d—function and introduced a
charge density qp = 7p. Thei’sare spatial indices and by definition (3.59) thisten-
sor is completely antisymmetric. These are the central charges Z; ;- appearing
in the supersymmetry algebra. Looking at (3.60) this expression is a topol ogical
winding charge, proportional to the volume of the p—brane and vanishing for con-
figurations which are not topologically stable. So we now established a precise
connection between BPS soliton solutions and central charges in the supersym-
metry algebra [40].

Let us as an example concentrate on the solutions appearing in D = 11 su-
pergravity [35]. So we have to choose the appropriate parameters. Eleven—
dimensional supergravity (3.23) does not have a dilaton scalar. Although that
means (3.48) strictly speaking is no truncation of D = 11 supergravity, a solution
having @ = 0 should aso be solution of D = 11 supergravity. Taking a = 0 will
do exactly that. The rank 4 field strength can give rise to a 2-brane solution and a
D — p—4 = 5-brane solution. ThisgivesA = 4 or n = 1 in both cases. The solu-
tions are respectively called the M2— and M5-brane. For the M2—brane, extending
in the 012 direction we find the solution

A, = Hy, 3 G+ Hy,,3 dy3
Fooi = GHy, ™ (3.61)

For the M5-brane we find

dsys = HMS_%dX%+HM5%dY%
“For.5i = 0iH|v|5_l- (3.62)

Although we will not prove this here, these solutions interpolate between differ-
ent vacua of eleven—dimensional supergravity, one of them being flat Minkowski
spaceat infinity. Thisisinfact ageneric feature of most p—brane solutions[41, 42]
and we will make this more precise in chapter 5. They only have one free phys-
ical parameter appearing in the harmonic function (3.52) which should represent
both the mass density m and the charge density g of the p-brane!?. The rela-

2Because the p-branes are infinitely extended, their total mass and charge must be infinite.
Only the mass and charge density are finite.
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tions between these charge densities satisfies the Bogomol’ nyi bound we deduced
from the eleven—dimensional supersymmetry algebra. For the M2—and M5-brane
central charges we have

Zi; = qu/dxl/\dXZ
Y, o = qMS/d)(l/\.../\dXS. (3.63)

Let usbe brief on the p—brane solutionsin the D = 10 string low energy effec-
tive supergravities. Most of them can be found in Table 3.1. On plugging in the
appropriate parameters which can be read off from the Einstein frame supergravity
actions, it must be clear that 2 p—brane solutions exist for every field strength ap-
pearing in the supergravity action'®. All solutions again have A = 4. For the Het-
erotic supergravity (3.43) we find a Neveu-Schwarz string and a Neveu—-Schwarz
five—brane (we will not consider non—abelian solitons). In Type | supergrav-
ity we find a Ramond—-Ramond string and a Ramond—-Ramond five-brane. The
Neveu—Schwarz string and five—brane also appear in Type I1A and Type |1B, the
Neveu—Schwarz string being the BPS winding mode of a closed Heterotic, 11A
or 1B superstring and the five-brane being the Hodge dua. In 1A we find al
the even Ramond—-Ramond D p—branes and in 11B we find al the odd Ramond—
Ramond D p—branes. Masses and charges of Ramond—Ramond BPS solutions can
be shown to scaleas 1/gs or k = 1 (3.57) (as they should if they are D p—branes).
For the Neveu-Schwarz five-braneswefind a1/(gs)? or k= 2 (3.57) behavior for
the masses, which is what we expect for a true soliton solution. Because we al-
ready said that the Neveu—Schwarz strings correspond to the BPS winding modes
of fundamental superstrings, it should be no surprise that the masses and charges
of these object do not scale with gs or k= 01in (3.57).

We still seem to be missing some BPS soliton solutions, for example we did
not find a massless BPS solution and in D = 11 we also did not find a p = 6—
brane. These solutions do exist but they do not couple to a gauge potential and
are described by purely gravitational solutions. Therefore they exist in any (su-
per)gravity theory. The massless solution is nothing but a gravitational Brinkman
wave. The other (massive and topologically stable) gravitational BPS solution is
called a Kaluza—Klein monopole and is described by an off—diagonal Taub—Nut
metric in only four spacelike dimensions (which we would consider transverse

1311 the case of a non-vanishing dilaton coupling a the Hodge dual field strength will appear in
the action with a dilaton coupling —a because of (3.49).
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to the Kaluza—Klein brane) of which one needs to be a special compact isometry
direction'®. For the wave we find the off—diagonal metric

dy = (H(t+zy)—2)dt?>+H(t+zy)dZ
+2(H(t+2Yy) — 1)dtdz+dy3_, (3.64)

and for the Kaluza—K |ein monopol e the off-diagonal metricis

d2y = B _g+H(y) " H(dz+ Ady)2+H(y)dh3. (3.65)

The wave corresponds to momentum traveling in the z direction and when z is
a compact isometry direction it corresponds to a BPS Kaluza—Klein mode. The
Kaluza—Klein monopole correspondsto a p = D — 5-brane, because it clearly has
p spatial isometry directions, the zisometry being special ensuring the topological
stability of the solution. In D = 11 the Kaluza—Klein monopole therefore repre-
sents the 6-brane found in the D = 11 supersymmetry algebra [43]. The world-
volume theory of a Kaluza—Klein monopole is described by so—called gauged
sigma—models, for more details we refer to [44].

3.3.2 Dualities and effective worldvolume theories

All the conjectured dualities between superstring theories [26, 5, 45, 46] can now
be tested by studying the BPS soliton spectrum, which should be the same for
two dual supersymmetric theories. Because we can trust the masses and charges
of these BPS objects at weak and at strong coupling, we can analyze which of
the states become light and can possibly be used as fundamental objectsin a dual
description allowing for alow energy effective supergravity approximation.

Let us first come back to the low energy effective worldvolume theories that
should describe the small fluctuations of the p—brane solutions. Generically these
theories are effective by definition because they are deduced from a solution to
a low energy effective supergravity. We already mentioned that there is an ex-
ception. For N D p—branes we do know the microscopic description in terms of
open superstring theory with Dirichlet boundary conditions. Aswe saw in section
1.2.5, the stateson N D p—branes, at the massless level, are non—abelian U (N) fo-
tons and scal ars whose fluctuations deform the shape of N D p—branes. Thismeans
the low energy effective action can only be a supersymmetric U(N) Yang—Mills

14This means 4 Euclidean dimensionsiis the smallest dimension in which such a solution exists
and in that case it is called a Taub—Nut instanton.
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theory, which has 16 real supersymmetries. This holds for all the D p—branes and
in fact all p+ 1-dimensional worldvolume theories are related to the D = 10 su-
persymmetric U (N) Yang—Mills theory by reduction. In D = 10 the bosonic part
isjust
Soyn= o / A0 TrF2, (3.66)
K m

This theory would be describing the worldvolume theory of N D9-branes,
which has no scalars denoting its position in the D = 10 target spacetime because
the brane is spacetime filling. |If we reduce this theory on a torus T" we ob-
tain a theory with U (N) vectors and n adjoint scalars with a commutator scalar
potential, describing the degrees of freedom of N D(9 — n)—branes moving in a
ten—dimensional target spacetime. When n =9 we arrive at a supersymmetric
quantum mechanics model describing the dynamics of N DO-branes in Type 1A
superstring theory. We will say alot more about that model in the next chapter.

Of course thisis alowest order in a’ approximation. In fact we can do alot
better and thefull action isknown to be described by what is called a Dirac—-Born—
Infeld action [9]

S0 = Top / dP*xe® | /det(Gyy — a'F). (3.67)

Expanding the squareroot of the determinant we will arrive at the supersymmetric
U (1) Yang—Mills action. Thisaction is hard to generalize to include non—abelian
gauge groups. Proposals have been made, but so far it isunclear if those proposals
are correct. Whenever we will need D p—brane worldvolume theoriesin thisthesis
we will use the low energy effective supersymmetric Yang—Mills theory instead
of the Born-Infeld theory.

Using al thisinformation on BPS statesin general and D p—branesin particular
we now want to re-analyze the conjectured dualities.

e Heterotic SO(32) — Type | SO(32) S—duality
At strong coupling in Type | the BPS D1 string becomes light and in fact
it can be shown to map perfectly to the fundamental closed superstring of
Heterotic superstring theory [33]. All the other states also map perfectly
giving strong evidence for this conjecture [34].

e TypellB SL(2,R) self—duality
The same phenomenon occurs, the D1 string maps to the fundamental Type
[1B superstring at strong coupling and vice versa. The SL(2,R) symmetry
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leads us to consider (p,q) strings in the theory representing a bound state
of p Neveu-Schwarz strings and g Ramond-Ramond D1 strings [32]. The
same mapping is at work for al the other BPS branes.

e TypellA and M-theory

At strong coupling of type I1A we concluded that an extra eleventh dimen-
sion is developed. All the BPS states of type I1A should have a counterpart
in M—theory, where M—theory is defined as the eleven—dimensional funda-
mental theory giving Type I1A superstrings in D = 10 if the eleventh di-
mension is very small. Using the relation between eleven— dimensional su-
pergravity and Type Il A supergravity we conclude that the M2-brane gives
rise to the NS string and the D2—brane. The M5-brane reduces to the D4—
and the NS5-brane. The D = 11 KK—monopole reducesto the D = 10 KK—
monopol e and to the D6-braneif reduced over the special compact isometry
direction zin the D = 11 KK—monopole. Finaly, but very importantly, the
Kauza—Klein momentum modes (or the gravitational waves having their
momentum in the compact direction) reduce to the DO-branes'® [47].

One attempt to define M—theory made use of the fact that the theory con-
tains M2-branes [27]. The ideawas to try to quantize the supermembrane
[48], just as we quantized the superstring. However, the standard quantized
supermembrane has a continuous spectrum and no natural dimensionless
coupling constant to set up a perturbative expansion, making a (standard)
elementary particle interpretation problematic [49]. We will say alittle bit
more about thisin the next chapter. The states becoming light at strong cou-
pling are the DO-branes and therefore an obvious ideais to use DO-branes
as the fundamental degrees of freedom describing M—theory. That theory is
named Matrix theory [50] and is the subject of the next chapter.

e M-—theory dualities

Because Type |1B superstring theory can be obtained through Type 1A su-
perstring theory using T—duality we can also obtain Type |1B theory from
M-theory. T—duality requires another (besides the eleventh direction) com-
pact direction and therefore should be related to M—theory on a two—torus
T2. Shrinking one cycle of the T2 will give Type IIA superstring theory.
Using T-duality, shrinking both cycles of the T2 should give Type 1B su-
perstring theory in D = 10 [6].

BThe gravitational wavesin D = 10 are just the gravitational wavesin D = 11 not having their
momentum in the compact direction.
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D=11 supergravity

Het E8 X E8 A

Het SO(32) 1B

Typel

Figure 3.1: The moduli space of M—theory with its different perturbative corners.

We can also relate M—theory to the N = 1 superstring theories [51, 52].
This can be done by considering M—theory on an interval St /7, [52], this
will break half of the supersymmetries giving a N = 1 theory in D = 10.
This theory is related to the strong coupling limit of Heterotic Eg x Eg,
where the coupling constant gs is given by the length of the interval. Be-
cause Heterotic Eg x Eg is T-dua to Heterotic SQ(32) (if we break the
gauge group to SQ(16) x SO(16)), and Heterotic SQ(32) is S—dual to Type
| superstring theory, we related all consistent superstring theories to M—
theory. A situation pictorially displayed in Figure 3.1. If we consider other
compact manifolds many more examples of these dualities can be found
[26, 53, 54, 14]. One example is the IIA superstring theory compactified
on a four—dimensional K3 Calabi—Yau manifold (breaking half of the su-
persymmetries), which is conjectured to be S—dual to Heterotic superstring
theory on a four—dimensional torus T#. Altogether this is significant ev-
idence for the existence of one non—perturbative structure underlying all
superstring theories called M—theory.
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Matrix theory

This chapter introduces Matrix theory as the candidate non—perturbative descrip-
tion of (eleven—dimensional) M—theory. After adiscussion of the basic set up and
the microscopic Matrix theory degrees of freedom, we will show how extended
BPS objects can be constructed in Matrix theory. Using these extended BPS ob-
jects as our basic building blocks we will construct intersecting or overlapping
BPS states which generically break more supersymmetries. A basic requirement
for any theory claiming to describe M—theory would be that it can reproduce all
BPS states appearing in the eleven—dimensional supersymmetry algebra. As a
check of Matrix Theory we will therefore show how to identify Matrix theory
BPS states with BPS states appearing in the eleven—dimensional supersymmetry
algebra. This chapter reports on work published in [55]. The Matrix theory sub-
ject started with the paper by Banks, Fischler, Schenker and Susskind [50] and we
also refer to the following review papers [56, 57, 58, 59].

4.1 TheMatrix model conjecture

In the previous chapter we introduced M—theory as the eleven—dimensional non—
perturbative theory underlying all consistent superstring theories. The low energy
limit of this theory should give eleven—dimensiona supergravity and upon com-
pactification on asmall circle M—theory should give the l1A superstring. Together
with the eleven—dimensional supersymmetry algebra and its BPS spectrum, basi-
cally thisisall we know of M—theory. At this point there are two ways to proceed
in trying to define a microscopic description of M—theory (in a suitable limit). In
the end both attempts turn out to be connected and will lead to the same M—theory
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description, the Matrix model.

The first approach is to use the fact that M—theory contains supermembranes
[48], which can be shown to be related to the 1A superstring by a reduction over
the compact circle of the 3—-dimensional supermembrane worldvolume theory. We
obtained the fundamental degrees of freedom of Type Il1A theory by quantizing
the 1A superstring worldvolume theory. The relation between supermembranes,
M—theory and 11 A superstrings suggests that we should try to quantize the super-
membrane to obtain the fundamental degrees of freedom of M—theory.

Quantization of the supermembrane is however problematic. In one exam-
ple of a supermembrane with the spatial topology of a sphere & in a light—cone
frame, a regularisation can be made based on the SU(2) rotational symmetry of
the §. The SU(2) algebra can be used to associate coordinate functions on &
with matrices generating the SU(2) algebrain the N—dimensional representation.
This means integrals are replaced by traces and it can be verified that in the large
N limit the matrix regularisation reproduces the continuum quantities. The matrix
regularized Hamiltonian can be considered as a classical supersymmetric particle
theory (all spatial integrals are replaced by traces over N x N matrices) with a fi-
nite number of degrees of freedom and the quantization of such a system israther
straightforward (solving the quantum theory is another issue). For the details of
this construction we refer to [49]. This Hamiltonian turns out to be equivalent to
the Hamiltonian describing N Type IIA DO-branes in a light—cone frame. This
in fact is the other approach towards a description of M—theory, to which we will
now turn our attention.

4.1.1 DO-branesand DLCQ M-theory

In section 2.2.5 we aready hinted at a possible formulation of the microscopic
M-theory degrees of freedom in terms of DO-branes. This was based on the fact
that these are the states that become light at strong Type I1A coupling. Let us
pursue this idea in a more precise manner. This discussion will mainly be based
on [60, 61, 62] and the review paper [58].

Let us consider M—theory in a light—cone frame by choosing coordinates x_
and x . defined as

v _ 1 on
X*_\/Q(X t) , x+_\/§( +1). (4.1

We choose the light—cone coordinate X, to play the role of time and consider the
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coordinate x_ to be compactified on acircle of radius R. So we identify
X_~X_+R (4.2

This compactification restricts the momentum P, to be quantized in unitsof N/R.
Quantization of atheory in this special frameis called Discrete Light—Cone Quan-
tization (DL CQ) and has some special features. Important for our purposeswill be
that the allowed values for the momentum P, will be strictly positive and that the
theory, for any N, will have Galilean invari ance! inthe other transversal directions
X'

Consider on the other hand M—theory compactified on a spatial circle Rs,

X xR (4.3)

This system can be related to the compactified light—cone coordinate x by per-
forming a Lorentz boost

/ 1 ﬁ
( Xt11' > = ( \/1B_Bz \/11_B2 ) ( thl > ; (4.4)

V1-p2  /1-p2

with
1

1+ E
and x and t are identified as follows

4 —t+ %
(i)~ 2 ) 4
(X11+\/R7+R§>

In the limit Rs — 0O, using the definition of the light—cone coordinates (4.1), we
obtainx, and x_, with x_ compactified on acircle of radius R. The conclusionis
that we can interpret DLCQ M—theory with lightike radiusRasalimit Rs— 0
of Lorentz boosted M-theory compactified on a spacelike circle with radius Rs.
By definition we know that M—theory compactified on a spacelike circle is
Type 1A superstring theory. That theory has two parameters which are of im-
portance in this discussion, the string length |s = v/a’ and the string coupling gs.

Using (3.25) we can relate these quantitiesto |, = | lgll) and the radius Rs

Os= | — , 12=11, (4.7)
1These properties are general features of DL CQ theories. More details can be found in [60, 63].

B= (45)
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Clearly the limit Rs — 0 means that gs — 0, so higher genus corrections vanish
in this limit. The string length tends to |s — oo, which is a limit of vanishing
string tension and at first sight does not allow us to use a low energy effective
description. However, let us consider the energy of the states we are interested in
when taking the limit Rs — 0. Let us say we want to describe the behavior of a
state with light—cone energy P_ and compact light—cone momentum P, = N/R.
The momentum in the spacelike compactified theory is going to be P = N/R,
which means the total energy in the spacelike compactification is

E = E +AE. (4.8)
Rs
The energy AE and P_ can be related by performing the boost (4.4) and we find
(inthelimit of small Rg)
AE ~ %‘ P_. (4.9
This means that if we want to study states with finite light—cone energy P_, we
have to study states with vanishing AE in spacelike compactified M—theory in
the limit Rs — 0. In fact when we compute the ratio of AE and the string scale
ms = 1/ls we find
P P
AE |s = ﬁRSIS_ R RSI (4.10)
This ratio vanishes in the limit Rs — 0 and therefore the energy scales of interest
in the spacelike compactified M—theory are much smaller than the string mass
scale ms. In fact this equation is the sguare root of condition (3.21), telling us
that we can safely use a low energy effective description. To make this more
transparent it is useful to perform a change of unitsin the spacelike compactified
theory, introducing a new Planck length |, defined by
2
AEi, =P_ Relia. (4.12)
Rl;;
Thisisjust (4.9) but with the units, which we now assume to be different for the
DL CQ and spacelike compactified M—theory, explicitly inserted. All quantities of
the DLCQ M-theory are measured with respect to the “old” |, and all quantities
of the spacelike compactified M—theory are measured with respect to the new I
We define the new Planck length I, in such away that AE is independent of Rs
and equal to P_. Looking at (4.11) this means

Ra R
== (4.12)
11 11
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In the limit Rs — 0 we also take - 11—~ Oto keep theratio in (4.12) fixed. All the
transverse coordinates scalesas X /1;; = X /,;. The new Planck length also gives
anew string coupling §s and string Iength Is and we now find in the limit

R %2 3,
s = <—S> -0 , 2= _0. (4.13)
I Rs

Using the new unit we succeeded in keeping the energies of interest fixed and the
string theory parameters both tend to zero in the limit, enabling us to use a low
energy effective description. The surprising thing isthat thislow energy effective
theory can be used to describe DLCQ M—theory with finite parameters|,; and R.

The low energy effective theory was conjectured to be the one describing the
dynamics of N DO-branes in the limit of the boosted spacelike circle. All other
dynamics of the closed Type I A superstring theory can be neglected for the fol-
lowing reason. The dynamics of the DO-branes is governed by the Yang—Mills
coupling constant g?( v, Which isrelated to the string theory parametersin the fol-
lowing way

0% = Cplsls >, (4.14)

where cp is a fixed constant. We refer to chapter 5 on how to deduce this re-
lation. Using the expressions for |s and §s in (4.13) it is not very hard to show
that the Yang—Muills coupling constant is fixed in the limit (4.13), giving rise to
finite DO—-brane dynamics. The other dynamicsin Type 1A superstring theory is
governed by the gravitational constant (3.29), which in the limit (4.13) becomes
Ko U IS gs — 0 and therefore can be neglected. Such decoupling limits will be
discussed in more detail in the next chapter.

The Matrix theory conjecturethen isthat DLCQ M-theory defined by the finite
parameters N,R and | can be described by the low energy dynamics of N- D
branes with finite coupling parameter,g. Uncompactified M—theory can be
obtained by taking N and R to infinity keeping P, = N/R fixed in DLCQ M-
theory (it has to be accompanied by taking N to infinity as well because on a
lightike circle the value of R can be changed by a boost). This clearly means
that P’ = N /Rs goesto infinity even before taking the limit Rs — 0, whichiscalled
the Infinite Momentum Frame (IMF). Initially this was the conjecture put forward
by Banks, Fischler, Schenker and Susskind relating M—theory in the IMF to the
guantum mechanical system describing the dynamics of N — c DO-branes [50].

The quantum mechanical model describing N DO-branes can be obtained by
reducing the D = 10 Super Yang—Mills multiplet to D = 0+ 1 dimensions, as
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explained in section 2.3.2 . The limit Rs — 0 ensures that we only need to con-
sider the non—éelativistic theory of N DO-branes (relativistic corrections are of
order (Rs/R) and therefore vanish in the limit Rs — 0). The supersymmetric
Lagrangian is (using static gauge)

1 s ol 1 .1
L= —=Tr{ X33+ — X3 XP| + = Lot <i9—~—r X2, 0 )} . (415

AT 2860 { 2|4[ ] 2 g al0l) g (419
In this Lagrangian the X2 are N x N Hermitian matrices with a running over the
9 gpatia dimensions, the Hermitian N x N matrix 6 is a 16—component Majorana
spinor of SQ(9) and I; are spatial Dirac matrices satisfying

{Fa, Ty} =20,. (4.16)

The dot represents a worldline time derivative and we have fixed the gauge to
A, = 0. ThematricesX havedimensions l] and the spinors have dimensions [1]%/2.
In order for the particle action S= [d7.Z to be dimensionless the worldtime
coordinate T hasdimension [I]. Before the BFSS conjecture the Lagrangian (4.15)
was used to study N slowly moving DO-branesin Type I1A string theory [64, 65,
66].

We can replace al string theory parameters s and gs by DLCQ M-theory
parameters Rand |, using (4.13) and (4.12). We also rescale the fields X and 6
with I, /1,; according to the appropriate length dimension. We will be |eft with a
quantum mechanics model with only finite M—theory parameters

1. a0 R .
_1 —yaya a yb T(; a
zM_ZTr{Rx X+ 5 x x] = Lo <|9 LS 9])}. (4.17)
It is aso useful to construct the quantum mechanics Hamiltonian which is given
by

1
Ay = RTr{ P2 _ i [xa xb] ZI—GeTra[xa, e]} : (4.18)

where we extracted an overall factor R and introduced the (standard) canonical
momentum matrix

dy Xxa
a = . =
Pe= G- R (4.19)
The Matrix model isinvariant under the following supersymmetry transformations
OX? = —2el2o,
60 = 1{xar —I——[XaX]F }s+§ (4.20)
2 222 ab ’ '
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where € and € are two independent 16—dimensional supersymmetry parameters
(SQ9) spinors). Asmentioned in 2.3.2 thismodel preserves 16 supersymmetries,
which agrees with the number of preserved supersymmetries on the DLCQ M—
theory side, where half of the initial supersymmetries are broken by the light—
cone frame. The supersymmetry algebra can also be constructed and is given in
[49, 67].

The most important feature of this quantum mechanics model isthat itsfields
are N x N matrices which are invariant under U (N) transformations. It is known
as the Matrix model of M—theory. Looking at the potentia in this model (4.17)
we notice that there exist flat directions when the matrices X commute, which
means the matrices only have diagonal entries. In that case the X can be given
the usual interpretation of denoting the classical position of every DO particle and
there are no interactions. When two or more DO particles approach each other,
open strings will stretch between them giving rise to interactions. In the quantum
mechanics model these interactions are represented by the quantum fluctuations
of off-diagonal entriesin the matrices X. These are suppressed by the potential,
but when the DO particles come very close together these fluctuations can become
very large. In that case the matrix X can no longer be interpreted as representing
the “classical geometric” position and we are in a non—commutative geometry
regime.

Although the basic constituents of thismodel are the N DO particles, we could
consider block diagonal matrices. Every block has N, x Ny entriesand 5 N = N.
If the classical distance represented by the difference between the averages of the
N, diagonal elements in every block is large, these blocks will move indepen-
dently of each other and in fact represent different (asymptotic) states. In this
precise sense the model can be interpreted as a second quantized theory (remem-
ber that perturbative string theory only described the dynamics of a single string).
It is conjectured that these block diagonal matrices represent supergravitons, each
carrying an integer Ny times the minimal light—-cone momentum 1/R. That also
means that for every N there exists a threshold BPS bound state in the theory, in
order to match the number of excitations of such a state with that of a supergravi-
ton. The existence of such a state was proven for N = 2in [68], and more genera
evidence (including different gauge groups) for the existence of those states was
presented in [69]. The scattering of 2 and 3 DO particlesindeed reproducesD = 11
supergraviton results, giving evidence for the conjecture [70, 71, 72, 73].

If the Matrix model describes DLCQ M-theory, the Matrix model on a com-
pact space C should describe DLCQ M-theory on the same compact space C.
Compactifying Matrix theory is not as straightforward as in ordinary field theory,
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because of the open string degrees of freedom which should be treated carefully
on compact spaces [74]. In fact we already saw how to deal with toroidal com-
pactifications of such open string models when we considered D—brane T-duality.
Compactifying one of the transverse directions of a Dp-brane on acircle of ra
dius R; was equivalent to wrapping one leg of a D(p+ 1)-brane on a T-dual
circleof radius 1/R;. Inthelimit R. — O we are | eft with the (unwrapped) theory
of the D(p+ 1)—brane. Using this we conclude that the theory describing DLCQ
M—theory on acircle R;, which by definition is DLCQ A superstring theory, is
the 2—dimensional U (N) Yang-Mills worldvolume theory of N D1-branes [75].
When we consider higher—dimensional tori T, we will obtain higher dimensional
U (N) Yang-Mills theories describing DLCQ M-theory on Ty?. Strangely enough
DL CQ M—theory on higher—dimensional tori (thus being alower—dimensionadf-
fective theory) acquires more degrees of freedom (the dimension of the corre-
sponding Matrix theory increases

4.2 BPSobjectsin Matrix theory

The Matrix model Lagrangian (4.17) is the same as the matrix regularized super-
membrane model. This can be considered additiona evidence for the correctness
of the Matrix model. This connection also clarified the initial problems people
had in interpreting the supermembrane spectrum, which could be shown to be
continuous. The absence of a discrete spectrum was considered a serious draw-
back because the hope was that states in the supermembrane spectrum could be
put in aone-to—one correspondence with elementary particle states (like in super-
string theory), which clearly isimpossible if the spectrum is continuous. We now
understand that the supermembrane theory, or the Matrix model, should be under-
stood as a second—quantized theory, describing multiple particle states explaining
the appearance of a continuous spectrum. The connection with the regularized
supermembrane model also suggests that a stable supermembrane should be con-
sidered a condensate of N — o DO-branes [47]. The same idea can be used to
construct higher—dimensional solitons as we will see.

2For p > 3 we arein trouble because the corresponding field theories are non—enormalizable,
meaning that new degrees of freedom appear at some scale. Thismeansthat the theories describing
DLCQ M-theory on T, for p > 3 can not be described by theU (N) Yang—Millsfield theory at all
scales and new ingredients are needed [61, 62].
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4.2.1 Basic Matrix theory extended objects

Extended objects in Matrix theory have to be condensates of DO-branes. These
objects, like the M2-brane and the M5-brane, can only be stable when they are
infinitely extended®. This means that we can only construct stable BPS extended
objectsin Matrix theory inthe N — oo limit. Thisisalso clear from the connection
with the supermembrane model, only in the limit N — o can we replace the ma-
trices by smooth functions on amembrane surface of aparticular topology. In fact
every spatial topology hasits own matrix regularisation, basically governed by the
Poisson bracket of smooth functions which we replace by a matrix commutation
relation [49].

How it ispossibleto construct membranes out of DO—-branes can be most easily
seen in the context of Type 1A superstring theory. In Type l1A theory thiswould
correspond to the construction of a IllA D2—brane out of the degrees of freedom
describing a system of N DO-branes. An important observation is that DO-branes
can be identified with the magnetic flux of the gauge field living on a set of N
D2-branes [76]. Consider N D2-branes wrapped on a 2—torus T2 with k units of
magnetic flux on its worldvolume

F =25k, (4.22)
T2

which can be identified with k DO-branes living on the worldvolume of N D2—
branes. Performing a T-duality transformation in both directions of the torus T2
will give us a (worldvolume) theory of N DO-branes. The magnetic flux condi-
tion on the worldvolume of the D2—brane (4.21) is translated into a commutator
condition on the DO-brane matrices in the dual torus T2 directions
iAk
2’
In this expression A denotes the two—dimensional area of the T—dual torus. Of
course the trace of a commutator of matrices can only be non-zero when the
matrices are infinite and because of the compactness of the torus and the details
of open string T—duality they are indeed infinite [74]. The parameter k should
now be interpreted as the number of D2—brane charges. This again follows from
T—duality, the k DO—brane charges on the worldvolume of N D2-branes under T—
duality are transformed into k D2—brane charges. This showsthat it is possible to
create membrane charges in atheory of just DO—particles.

Tr[x!, X? = (4.22)

30r they have to be wrapped onto a compact surface, in which case we should consider a
compactification of the Matrix model (4.17).
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So in the context of Matrix theory we should identify non-trivial commutators
of (N — oo) matrices with membrane chargesin DLCQ M-theory. There are some
differenceswith the Type 1A situation described above. Wewould liketo describe
infinitely extended membranes, so the membrane is not wrapping any compact
directions. The only way in which we can then make the matrices X infinite is by
taking N — . These subtleties aside, a single infinitely extended Matrix theory
M2-brane with one unit of charge density should correspond to the following
commutator

Tr[X® XP| =iA,, (4.23)

where A, is the surface area of the Matrix M2—brane, which should be infinite in
the limit N — . We will assume the area of a single M2-brane to scale linearly
with the number N of DO—particles

which defines aminimal area €,. The commutator defines one unit of total mem-
brane (central) charge Z2® with the standard dimensions of mass through

730 = —%iTr (X2 XP]. (4.25)
171
The unit charge density g,,, with the appropriate dimensions obviously is

1
11

Although the equation (4.23) can only be satisfied when N — o, a useful formal
solution exists by taking matrices X satisfying

[Xavxb]ij =180,

(4.27)
where we inserted the matrix indices and used the minimal area defined through
(4.24). After taking the trace we will obtain afactor of N which nicely represents
the scaling of the total area of the single M2—brane.

Higher dimensional (infinitely extended) branes can be constructed by consid-
ering tensor products of the basic non—trivial commutator. In this sense higher
dimensional objects like M5-branes, Kaluza—Klein monopoles and hypothetical
M9-branes are build out of all the lower dimensional brane charges, which ulti-
mately can be related to the DO particles. Every basic M2 commutator is accom-
panied by a scale factor 1/ Ifl, which means that to relate the tensor products to
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4.2. BPS objects in Matrix theory

total charges (which have dimension of mass) we need to multiply with another
length scale which hasto be the radius R of the DLCQ M-theory. This enables us
to define the following higher—dimensional unit charges in Matrix theory

a --a, A5 . _R a a
ZMl5 4= 6 = ITTrX[ 1 X 32X 33X 4]’
11 11
D2
a-a_PRs IR ava
ZKlKa6:|7 = ITTrX[ 1X 2...)(36],
11 11
A R®
Z&lé"as = |TZ) = IﬁTr)([*'ﬂl)(""z .. .)(as] ) (4.28)
11 11

It is not entirely obvious how these charges can be related to the higher—dimen-
sional branes in M—theory. Thisis basically because the number of indices only
refer to the “transverse” dimensions (from the light—cone perspective). We can
however make the following identifications. The Z, 5 isidentified with the charge
of an M5-brane wrapped around the compactified light—cone dimension of DLCQ
M-theory. This also explains the appearance of the factor of Rin the definition of
Zyss, the total charge (and tension) of this wrapped M5-brane has to be propor-
tional to the radius R of the wrapped light—cone dimension. The Z,  is identified
with a Kaluza—KIlein monopole with its special Taub—Nut direction in the com-
pact light—cone direction. The Kaluza—KIein charge and tension have indeed been
found to scale with the squared radius of the Taub—Nut direction [43, 44], which
explains the factor of R2. The Zy1o Will be identified with the M9-brane wrapped
around the compact light—cone direction. Although the M9-brane is not under-
stood very well, it is known that the tension and charge of such an object scale
with R® [20, 77], in agreement with the definition of Zyg 1N (4.28).

Matrix configurations giving rise to these higher—dimensiona charges can be
constructed by considering tensor products of (4.27). For example, to construct a
non-vanishing wrapped M5-brane charge extended in the directions X1... X% we
can take

XLX%y = g,

X3 XY = 16,8, (4.29)

Besides M5-brane charge this configuration will carry M2-brane charges in the
directions X1, X2 and X3,X* as well. The different charges in this configuration
are
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Z
KY

11
21234 _ R A%
M5 - |6
11

We would like this configuration to carry one unit of wrapped M5-brane charge
and the area A, = A% of a single M5-brane should scale linearly with N. This
means the area of the M2-branes scales as A, [ v/N, leaving us with a factor of
v/N in the membrane charges Z12 and Z3*. We interpret this by saying we have
one unit of wrapped M5-brane charge which is build out of an infinite number
n=+/N of stacked M2-branes in the X, X? and X3, X* directions. Although the
number of M2-branes in a single stack is infinite, the charge density in a single
stack is equivalent to that of a single M2—brane and therefore finite (an intuitive
picture would be to consider a single M2-brane and fold it in such a way that it
can also be interpreted as a stack of different M2—branes, this will obviously not
affect the charge density). Thisis a natural continuation of our story so far. We
constructed an M2-brane out of an infinite number of Matrix theory quanta (or
DO—particles) and we now conclude that we can construct a (wrapped) M5-brane
out of infinite stacks of M2—branes.

Similarly we can construct matrix configurations giving rise to KK and M9—
brane charges. We just repeat the structure as given in (4.29). So for obtaining a
single non—zero KK—charge extended in the directions X . .. X® we can take

XX = g8,
X3 XYy = iy
XO X% = g8, (4.31)
giving rise to the following charges
N2/3
7 — ac ab=12,34,56
|3
11
RNY/3A
zahed  — T4 abcd= 1234, 1256, 3456 (4.32)
11
RZ
ZE = '?/:6' (4.33)

The interpretation of this Matrix configuration should be clear. We have 3x n=
3N2/3 M2-brane charges, 3 x m = 3N/3 wrapped M5-brane charges and one
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4.2. BPS objects in Matrix theory

KK—charge in this Matrix configuration. We can repeat this procedure in con-
structing one M9-brane charge, using four copies of (4.27) and scaling the ar-
eas appropriately. This gives 4 x N34 M2-brane charges, 12 x N/2 M5-brane
charges, 8 x N/# KK—charges and one M9-brane charge. Thereis a structurein
these constructions which can be summarized by the following expression

n
Zy = Pi“ﬂzzvi n=1,...,4, (4.34)
1=

relating all higher—dimensional charges to the membrane charges appearing in
the configuration by multiplying with a power of the light—cone momentum P, =
N/R. The parameter n denotes the number of indices on aparticular Matrix charge
and it should be clear to what kind of Matrix brane thisisrelated.

Looking at the Hamiltonian of the Matrix model (4.18) we find it straightfor-
ward to determine the energy of an extended object. Assuming vanishing momen-
tum and fermions we obtain the (light—cone) energy expression

R a yhy2
P_= 4'?1-”[)( ,XP)2. (4.35)
For al the Matrix configurations discussed so far (which al have membrane
charges), the light—cone energy reducesto

2n 1 2
p (@) — 2. ;zz : (4.36)
where the sum is over the membrane charges in the different stacks, son=1
denotes the energy of asingle M2-brane, n = 2 denotes the energy of a wrapped
M5-brane and so on.

We did not yet show that these objects are in fact BPS states. To show that
these object indeed preserve half of the 32 maximal supersymmetries, we will
use the supersymmetry transformation rules (4.20). If the Matrix configurations
preserve some supersymmetry there should exist so—called Killing spinors which
make the fermion supersymmetry variation vanish. Then the solution without
fermions (6 = 0) will be invariant under those supersymmetry transformations.
So we are only interested in the fermionic variation and we also assume the mo-
mentum P2 vanishes. Then we obtain the following condition for the vanishing of
the supersymmetry transformation of 6

. i o
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Chapter 4. Matrix theory

where we inserted the matrix indicesi, j. So we need to cancel the supersymmetry
transformation of £ against the supersymmetry transformation of €. This requires
that the commutators of X2 are multiples of the unit matrix

X2, XP] =170, . (4.38)

In that case € is completely determined in terms of € through (4.37) and no extra
breaking of supersymmetry occurs and so 16 supersymmetries are preserved. As
can be checked, all extended objects constructed so far satisfy this requirement
and therefore break and preserve half of the supersymmetries.

The extended object constructed so far are not the only BPS states carrying one
unit of charge density. For example, we expect a BPS state representing momen-
tum, corresponding to the M—theory BPS wave. From (4.37) we see that we can
consider the following BPS configuration, preserving half of the supersymmetries
(X% =Re4;, (4.39)
representing Matrix theory momentum traveling in the transversal direction X2,
The factor R isincluded because of (4.19).

It turns out to be possible to define “pure” M5-brane, KK—monopole and M9—
brane charges. By “pure” we mean configurationswith just the charge correspond-
ing to the brane we want to be describing. So far we constructed higher brane
charges which consisted of lower brane charges as well, the exception being the
M2-brane. Consider the following configuration

(XL X%); = ig,diag(1,—1)
XA = ieydiag(1,—1)

]2
ij (4.40)
The opposite signs in the matrix diag(1, —1); j will ensure that the trace of each
commutator separately vanishes, that means we do not have M2-brane charge.
However the tensor product of these commutators will give the ordinary unit
matrix, that means we still have M5-brane charge. We find the following two
equations that have to be satisfied if we want this configuration to preserve some
supersymmetry (4.37)

(&M 2 4 &, 3)e
= (&P 4eM*e. (4.41)

m: e

Obvioudly thisimpliesthat € = 0 and
M2+ r¥e=0. (4.42)
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4.2. BPS objects in Matrix theory

Multiplying with 12 we obtain the projection equation
(1-rB3hHe=o. (4.43)

Because M234 squares to one and the its trace vanishes, its eigenvalues are 8 x
(+1) and 8 x (—1). Only 8 supersymmetries are therefore preserved by an eigen-
spinor € inthis configuration. Thisis1/4 of the total number of supersymmetries,
as opposed to the wrapped M 5—brane we constructed before, which preserved 1/2
of the supersymmetries. We will call this Matrix theory BPS state the P5—brane.

The sameidea can be used to construct higher—dimensional pure branes. Con-
sider for example

X1 X%; = igydiag(1,1,-1,-1);,
X3 XY = igdag(l,-1,1,-1);, (4.44)
X5, X% = igydiag(1,-1,-1,1);.

All M2-brane charges obviously vanish after taking the trace. In this configura-
tion the trace of all tensor products of two commutators vanishes, so M5-brane
charges are absent as well. The trace of the tensor product of all three commuta-
tors instead gives the N x N unit matrix, meaning we do find a KK—charge. In a
precise sense, looking at (4.44), this KK—charge can be thought of a being build
out of 4 KK—monopoles with different signs for the internal brane charges in the
different directions. “Summing” these 4 KK—monopoles all internal charges can-
cel except for the total KK—charge, which is normalized to one unit of charge
density. However the equations governing the number of supersymmetries pre-
served by this configuration become more complicated. We again find that € = 0,
which is a consequence of the fact that the sum of terms in any commutator is
zero, and we are left with four conditions on €

(rt24 3446
(Fl2_p34_pse
(4.45)

o O O o

This system of equations has no Killing spinor solution and we therefore conclude
that this configuration, which we call the P6, breaks all supersymmetries. The
samething happensif we want to construct a pure M 9-brane, the P9 configuration.
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By doubling the tensor structure in (4.44) al lower—dimensional charges will be
absent, but again the supersymmetry Killing equations have no solution.

Copying the matrix configuration in (4.40) in directions X° . .. X8 we construct
an 9-brane charge which, although it is not entirely pure since the constituent P5—
charges do not vanish, has no M2 or KK—monopol e charges. From the supersym-
metry Killing equations we find the following equation for € (€ = 0 of course)

(F24+r¥41r®41®)e =0, (4.46)
which can be rewritten as (1 — P)e = 0 with
p— (F1234 | 1256 | [1278) (4.47)

The Dirac matrices in P al commute with each other and they al square to one.
Also their trace, and the trace of their products, vanishes. These conditions de-
termine the eigenvalues of P. We want to count the number of +1 eigenvalues
of P. Necessarily the +1 eigenvalues of P are the sum of two +1 eigenvalues
and one —1 eigenvalue of the three different Dirac matrices in P, which because
they commute are separately diagonalizable. Because the traces of the products
also vanish, the eigenvalues of the Dirac matrices have to be divided over the (16)
available diagonal entriesin the following way

M=+ + + + - = = )
M26_— (1 + — — — — + 4), (4.48)
M= (+ - — + — + + -

where we only showed half of them for simplicity of presentation. Looking at this
expression we find that three of the 8 combinations consist of two +1 and one —1
elgenvalue giving rise to an eigenvalue +1 for the operator P. This means 3/8 x
1/2 = 3/16 of the 32 supersymmetries are preserved by this configuration. This
strange number is aresult of the the different P5 constituents. This configuration
we will call the P9;. This ends our discussion on extended BPS objectsin Matrix
theory carrying one unit of charge (density).

As aready mentioned, all these Matrix configurations only make sense in
the limit N — oo, where they should describe the semiclassical branes of IMF
M-theory if the Matrix theory conjecture is correct. We will only use these in-
finitely extended BPS objects to study their kinematical properties. Extended ob-
jects with different topology and properties have been discussed in the literature
[78, 79, 80, 81] and also in adynamical context in [82, 83, 84, 85, 86]. Although
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we introduced awrapped (around the light—cone direction) M5-brane, we did not
find atransverse M5-brane charge. If Matrix theory describes DLCQ M-theory,
a priori one might think that such a state should exist. Although the absence of
the transversal M5-brane is still not completely understood, it is believed to be
the result of the special light—cone frame. In superstring theory in a light—cone
formalism, the strings must have Neumann boundary conditions in both the light—
cone directions X+ and X~ which ensures that all D p—branes have one leg in the
light—cone direction. The same thing happens for supermembranes and because
the M5-brane can be interpreted as a a topological defect on which open mem-
branes can end, this means it would only be possible to see light—cone wrapped
M5-branes [67]. More on transverse M5—-branes can be found in [87, 88]. The
same argument can in fact be used to explain the absence of a transverse M9-
brane. We did not discuss light—cone wrapped M 2—branes which givesrise to the
fundamental string BPS state in Type I1A theory. Such a state can be shown to
exist [67] and is sometimes called a matrix string, but we will not use it in this
thesis.

More Matrix configurations can be constructed representing overlapping or in-
tersecting branes breaking more, but not al, of the supersymmetries. We will con-
struct these states and match those with states appearing in the el even—dimensional
supersymmetry algebra. In this way we will check if and how Matrix theory re-
produces (part of) the BPS spectrum of the eleven—dimensional supersymmetry
algebra, which can be considered atest of the Matrix theory conjecture.

4.2.2 Intersecting BPSobjectsin Matrix theory

In the preceding sections we always considered one unit of charge of the (highest—
dimensional) BPS object. It should be obvious how to extend the discussion to
include k charges. We just multiply the basic non—trivial commutator (4.27) with
an integer q and demand that for an object with 2n (transversal) indices which we
want to have k units of charge that k = [],0n. We will use the freedom to add
these factorsin the following.

Using the basic objectsin Matrix theory we are interested in considering inter-
secting or overlapping configurations. In eleven—dimensional supergravity much
research was done in constructing intersecting M—brane configurations [21, 22,
89]. The basic phenomenon is that when two (or more) M—branes are oriented
in a particular way with respect to each other, the system will preserve some su-
persymmetry [90] (which will be less than 1/2) and is therefore stable. When
considering intersections at threshold, we mean that these systems do not have
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any binding energy. The different constituents can be separated without a cost in
energy. Real bound states (also called non-threshold intersections) of different
branes also exist [91] and in fact most of the Matrix theory configurations consid-
ered so far correspond to non-threshold bound statesinthe D = 11 supersymmetry
algebra, aswe will show when we compare with BPS states in the supersymmetry
algebra. For the moment we will be interested in constructing the basic pairwise
threshold intersecting configurations in Matrix theory.

In Matrix theory we can break more supersymmetries by taking configurations
with commutators which are not proportional to the unit matrix (4.38). Thisis
also the mechanism we will use to introduce intersecting brane configurations.
L et us discuss a specific example which is based on the expectation that two M2—
branes can intersect over a point [21, 22]. Let us consider the following matrix
configuration

N .
[lexz]ij = IN—?Szdlag(lNlao)ija
N .
[X3,x4]ij = |N—Zzszd|ag(0,1N2)ij, (4.49)

where the unit matrices are N; x N; and N, x N, dimensional and of course N; +
N% = N. Weinterpret this configuration as representing N k; /N; M2-branesin the
X1, X2-plane and N k, /N, M2-branes in the X3, X*—plane. The factors N /N, and
N/N, areincluded because we can only compare the number of chargesif the total
charges, which requires atrace, scalein the sameway with N. Obviously to obtain
a finite number of charges, the limit N — o is taken in such a way that the ratio
N, /N, stays fixed. Notice also that this configuration does not carry M5-brane
charges. Preservation of supersymmetry (4.37) implies

E = —%I‘lzs
N1

y N

g = ——k2r345, (4.50)
NZ

which reducesto the following equation for € (€ isdetermined by any of the above
equations (4.50))

N, k
(1-— 1234 =0, (4.51)
N2 k1

To solve this equation we need N, k, = N, k;. Becausetheratio N, /N, isarbitrary
(and finite), the number of charges are arbitrary as well. Because 1234 squares
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to one and istraceless, this Killing equation is then solved by an eigenspinor with
8 positive unit eigenvalues. The system therefore preserves 1/4 of the maximal
supersymmetry. The properties of this intersecting M2—-brane system in Matrix
theory, 1/4 supersymmetry preservation and arbitrary charges, are in agreement
with results from the D = 11 supersymmetry algebra and from the supergravity
soliton solutions.

The idea should now be clear. We consider n separate independent extended
objects in Matrix theory through commutators equal to N, unit matrices with
1,\,1 ®...® 1 = 1. Intersections can then be described by taking non-vanish-
ing commutators in different directions. Generically the supersymmetry Killing
equations will then fall in the following class

(ky T2+ Kk, T3+ kTP + K, M B e =0, (4.52)

which we can rewrite as (1 — P)e = 0 with

1
P = = (kM1 kg P10 4k TH276) (4.53)
1
To look for solutionsit is useful to calculate P?
1
P2 = = (K3 + K3 + K§ — 2Kkl 3490 — 2k, 3478 — 2k k,078) . (4.54)

1

The Dirac matrices in P2 all commute, square to one and are traceless, meaning
they can be diagonalized simultaneously and their eigenvalues are 8 x (+1) and
8 x (—1). To solve the equation (1 — P)e = 0 we need at least one constraint
(to make P2 = 1) on the parameters k, and at most 3. More constraints means
more supersymmetry is preserved, to be precise 2n of the 32 supersymmetries
are preserved when we have n = 1,2,3 constraints. This means that in al the
cases where the supersymmetry equations look like (4.52) the possible fractions
of supersymmetry are 1/16,1/8 or 3/16. We already saw an example of this last
fraction in (4.46), where we took k; =k, = k; = Kk,. As soon as we truncate
by taking some k, to be zero, the number of possible preserved supersymmetries
increasesto either 1/4 or 1/2. These are then the only fractions we will encounter
in our analysis. Let us end this subsection by giving the results for the different
pairwise intersections.

e Pairwise Matrix theory configurations with a wave. Matrix momentum (a
gravitational wave) can only be added to the “ non—pure’ Matrix branes (M2,

101



Chapter 4. Matrix theory

| Matrix configuration | SUSY |

(1W,M2) i
(1)W, M5) i
(1]W, M6) 5
(1/W,M9) 5 16

Table 4.1: Supersymmetric pair intersections involving W. The notation (p|A, B) indi-
cates that the objects A and B have p common spacelike worldvolume directions. The
second column gives the amount of residual supersymmetry that can be obtained.

| Configuration | SUSY || Configuration | SuUsYy \
(0M2,M2) 3 (4|M5,M5) 3. %
(2|M2,M2) % (2|M5,M6) s 2
(0[M2,M5) ; (4/M5,M6) 13
(2/M2,M5) 3 (4M5,M9) | 7, % i fe
(OM2,M6) | 5, 4, 35 | (4M6,M6) | 7. 5 16, 16
(2[M2,M6) G (6|M6,M6) 31 8
(2|M2,M9) % i, % (6jm6,mM9) | 1, i L 2
(oms,m5) |20 A 2 (gmMo,m9) |1, L 1 L3
(2|M5,M5) 3,3

Table 4.2: Pair intersections of M2, M5, M6, M9. Only branes are considered which are
built up out of membranesin the 12, 34, 56 and 78 directions.
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M5, KK—monopole and the M9) if we want to preserve some supersym-
metry. The direction of the wave must necessarily be in a worldvolume
direction of the brane. We summarized the possibilities and fractions of
preserved supersymmetry in Table 4.1.

e Pairwise intersections of M2, M5, KK-monopole and M9. Thisis going to
be arather extensive list. There exist many possibilities and many fractions
of supersymmetry can be preserved. We only considered Matrix branes
which are build out of non-vanishing commutators in the X1, X2, X3, X4,
X5, X8 and X7, X8 directions. We summarized the possibilitiesin Table 4.2.

4.2.3 Matrix BPS states and the M—theory algebra

Clearly we found a lot of BPS states in Matrix theory. We would now like to
check if the same states appear in the M—theory supersymmetry algebra(3.2). The
conjectureisthat Matrix theory describes DL CQ M-theory, so we better compare
with the the DLCQ supersymmetry algebra. The easiest way to compare is to
note that the only thing the special (compactified) light—cone frame does from the
supersymmetry algebra point of view, isit places momentum P, in the (compact)
x_ direction. This can be interpreted as a BPS wave which has to added to any
statewewould liketo consider. Let usfirst seeto what extent it ispossibletorelate
states by assuming this BPS wave to have momentum in a spatial direction X1
(instead of a light-like direction). Aswe will see thisworksfinein all situations.
The reason for this is that we know the relation between a (limit of a) spatia
compactification of M—theory and a light—ike compactification, as was discussed
in section 3.1.1.

Keeping thisin mind, let us look for the appropriate BPS states in the super-
symmetry algebra. First we are going to rewrite the supersymmetry algebrain the
following form

{QQ} =P%(1+T), (4.55)
with the operator ™ equal to
— 1 1 1
=5 (rOum+ ST Zun+ 5 FOMl“'MSYMlmMS) : (4.56)

where the small Roman index m only runs over the spatial directionsme (11,i)
wherei is of course an SQ(9) index and the capital Roman index M runs over all
directionsM € (0,11,i). Writing the algebra this way (4.55) makesit clear that in
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order to preserve some supersymmetry we need 2 = 1, meaning the eigenvalues
of I are +£1.

As afirst example, let us consider the Matrix M5-brane, which besides M5—
brane charge carries M2-brane charges in the appropriate directions as well. We
al'so need to put one leg of the Matrix M5-brane in the X! direction. We take the
following central charge configuration

72 =z, 7%=z
y 134 =y (4.57)

and we need momentum p in the direction X!, Plugging these chargesinto (4.56)
and calculating its square we find

:é%(&+ﬁ+é+¢+2my—qgﬁﬂmy (4.58)

2
If we want this configuration to break only half of the supersymmetries, asit does
in Matrix theory, the term with the Dirac matrix needs to vanish. Thisleadsto a
constraint on the charges

PYy=22), (4.59)

which is exactly the relation between the charges we found in Matrix theory (4.34)
if we replace p by P,. This replacement can be made by performing the change
of units to the DLCQ M-theory units, defined by (4.12). We can make 2 = 1 by
choosing P° appropriately. From (4.58) and (4.59) we deduce that

= Z+B+ 2 (4.60)

We note that this has to be a non-threshold bound state. The sum of the BPS
energies of all the separate constituents is larger than PP in (4.60), so this system
must have non—zero binding energy. An extensive study of non-threshold bound
states in M—theory and their construction can be found in [91]. The momentum
p in this expression equals N/Rs. To relate the energy P° to the DLCQ energy
P_ we take the limit Rs — 0, as discussed in section 3.1.1. This means we can
safely neglect the last termin P2, which is of order 1/p? and vanishesin the limit.
Extracting a factor of p and expanding the squareroot we find
N N Z+72

PP= — 4+ AE=_—+

= 461
Rs Rs 2 p ( )
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Now using the relation (4.9) we see that the light—cone energy P_ equals

1
P-= 55 (@4 2), (4.62)
which isequivalent to the (more general) expression (4.36). So the supersymmetry
algebra nicely reproduces the Matrix theory results.

Similar results can be obtained for the matrix KK—monopole and M9-brane.
Both matrix branes have all lower—dimensional charges activated which should be
incorporated in the supersymmetry analysis. Again we find that when we want to
preserve 1/2 of the supersymmetry we have to impose constraints on the charges.
These constraints exactly reproduce the relations (4.34) found in Matrix theory.
These are all non—threshold bound states and the light—cone energy as obtained
from the supersymmetry algebra nicely reproduces (4.36).

We can aso consider the P5, which does not carry any membrane charges so
(4.58) reducesto

- 1
r2= = (p*+y?+2pyr 23y . (4.63)

Now we can not get rid of the Dirac matrix '123*. However we can set 16 of the
eigenvalues of 2 to one by choosing P° appropriately. This means we have 8
eigenvalues equal to —1 and 1/4 of the supersymmetry is preserved. The energy
P, equals

P°=p+y, (4.64)

which therefore has to be a threshold bound state of awave and a M5-brane, with
the wave and one leg of the M5-brane in the eleventh direction. The light—cone
energy P_ isexactly equal toyinthiscase. Thisisaso what wefind in the Matrix
theory.

In Matrix theory we saw that pure P6 and P9 charges did not preserve any
supersymmetry. This can in fact not be deduced from the supersymmetry alge-
brawhich suggests that the P6 is a non—threshold bound state of a KK—monopole
and awave breaking 1/2 of the supersymmetry. The P9 is considered athreshold
bound state with a wave, from the algebra point of view. This can be deduced
using the same techniques as in the P5-brane case. The exact reason for this
discrepancy is not clear. However probably the fact that both branes require a
special compact direction that scales unusually with Rs (or Rin the DLCQ frame)
(4.28) has something to do with it. Remember that the momentum wave has to
liein this special direction. In Type l1A these configurations would correspond to
D6— and D8-branes with DO-branes on their worldvolume. It is known that these
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bound states are special [92]. In [92] classically stable bound states of DO—branes
and D6— or D8-branes are constructed which do not preserve any supersymme-
try. These solutions are constructed out of four D6—branes and eight D8-branes,
which isin agreement with our Matrix theory constructions of these states.

As an example of a state preserving 3/16 of the supersymmetry we analyze
P9;. There is one M9-brane charge, mixed with 6 M5-brane charges and mo-
mentum in the eleventh direction. The M9-brane charge corresponds to* Zyg = Q.
Including all charges we obtain

PO — F09p+F01234”y1+F01256”y2+F01278”y3
+r03456|\y4+r03478\|y5+|—05678||y6_+_r9q, (4.65)

In (Pr)? there are three independent commuting I'-matrices so that in the generic
case this configuration will preserve 1/16 of the supersymmetry. This corresponds
to a threshold bound state of six M5-branes, an M9-brane and a wave. We
can also obtain configurations which preserve 1/8 and 3/16, by restricting the
coefficients. If wesety, =y, =y, =y; =V, leaving y; and y, arbitrary, we
find that (P°T")? has the following eigenvalues: (p— g (y; — Yg))* with mul-
tiplicity 8 for each choice of sign, (p+ q+Y; + Yg)? with multiplicity 8, and
(p+d—Y; — Yg £ 4y)? with multiplicity 4 for each sign. Therefore, by choosing
PO appropriately, we preserve 1/8 supersymmetry, for each of the eigenvalues of
multiplicity 8. If we also set y; =y =Y, the eigenvalues simplify further. There
are then 12 eigenvalues equal to (p+ q+ 2y)?, leading to 3/16 of the maximal
supersymmetry, which is the case related to the Matrix theory P9;—brane we con-
structed. This can also be interpreted as a threshold bound state of one M9-brane
with 2 M5-branes (suggested by the factor 2 in the energy expression) which in-
tersect at an angle. Indeed a system of two M5—branes at angles intersecting over
astring, which can be related to two D4—branes at anglesin Type 1A superstring
theory, was shown in [93] to preserve 3/16 of the supersymmetry. A more general
discussion of M—branes at angles can be found in [94, 95].

Except for the P6 and P9 charges all basic Matrix theory charges correspond
to BPS statesin the M—theory supersymmetry algebra. Intersections of these basic
branes can be considered in the supersymmetry algebra as well and are in agree-
ment with the obtained results in Matrix theory. We also hinted at an explanation
of why the P6— and P9—branes are special. Although we did not explicitly check
every Matrix theory state, we do believe that any Matrix theory BPS state has an

4Remember that the symbol || indicates the eleventh direction and "% = 012345678/
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anaogue in the M-theory supersymmetry algebra. Obvioudly thisis not true the
other way around. Not all BPS states in the M—theory supersymmetry algebra
can be found in the Matrix theory. Thisis mainly due to the special DLCQ frame
in which we should analyze the Matrix theory BPS states (except for the P6 and
P9). The exotic fraction 3/16 of supersymmetry preservation which can occur in
Matrix theory, has also been found in the analysis of intersecting branes at angles.
We expect that the Matrix theory states can in fact be identified with those states,
aswe saw in one explicit example.

4.3 Thestatusof Matrix theory

A great deal of evidence has been gathered in favor of the Matrix theory con-
jecture. In this chapter we showed that extended objects appear naturally in the
Matrix model and can be used to construct more involved intersecting BPS states,
which also occur in the M—theory supersymmetry algebra. This can be considered
(kinematical) evidence in favor of the conjecture. Besides that much dynamical
evidence in favor of the conjecture has been obtained aswell [73, 70, 71, 72, 86,
85, 84, 82] and also evidence based on M—theory dualities [96, 97, 98, 99, 100].

Although the model seems very attractive as a description of M—theory be-
cause of its smplicity and its non—perturbative nature, there are problems with
the model aswell. Most of them can be traced back to the broken covariance and
background dependence of the Matrix model. Different backgrounds all lead to
different Matrix models. Matrix theory on curved backgrounds is a subject on
which some progress has been made [101, 102], but in general thisis not yet well
understood. There have also been attempts to look for covariant Matrix models
[103], but so far no real progress has been made in that direction. It seems that
although the Matrix model looks simple and nice, the (calculational) details of the
conjecture turn out to be rather unclear and difficult (mainly because of the matrix
structure and the large N limit). Also when compactifying Matrix theory on tori
the theory gets more and more involved when the dimension of the torus grows.
Matrix theory compactified on T4 and higher requires new degrees of freedom at
aparticular scale. This also means that four—dimensional physics cannot be well
understood using the Matrix theory.

If correct, Matrix theory does teach us a lot about the nature of quantum—
gravity. It isvery surprising, to say the least, that a 0+ 1-dimensional quantum
mechanics model can describe certain aspects of (eleven—dimensional) quantum
gravity (like graviton scattering). That this is possible can be traced back to the
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supersymmetry and the matrix nature of the quantum mechanics model. Without
supersymmetry bound states of the basic DO—particles would not have been pos-
sible and without the matrix structure the interactions could not possibly have
described gravity. Matrix theory in fact realizes some interesting ideas about
quantum gravity. First of all, spacetime is represented by matrices and therefore
noncommutative [104] and secondly Matrix theory realizes the so—called Holo-
graphic principle, which is an ideafirst discussed by 't Hooft [105] and Susskind
[106]. The Holographic principle tells us that the entropy in atheory of quantum
gravity isnot proportional to the volume of a part of spacetime (asitisin ordinary
quantum field theory), but to the area surrounding that part of spacetime with an
upper limit of one bit per Planck area. Thisideais motivated by the Bekenstein—
Hawking entropy formula for black holes. All the information in a particular
volume of spacetime is stored, or can be mapped, holographically in the area sur-
rounding it, hence the namefor the principle. Inthe original conjecture [50] it was
already suggested that Matrix theory is in correspondence with the Holographic
principle. We will see very explicit manifestations of the Holographic principlein
another, but related, context in the next chapter.

We conclude that, although many details of the Matrix theory conjecture are
still poorly understood, there exists much evidence in favor of the conjecture that
the Matrix model describes the DLCQ sector of M—theory. The model is a nice
tool to potentially learn more about the nature of quantum-—gravity and string the-
ory. Matrix theory can be “deduced” as a certain limit (4.13) of Type IIA super-
string theory with DO-branes. We are going to consider this limit, and a general-
ization of it to higher—dimensional branes, in more detail in the next chapter.
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String solitons and thefield theory
limit

In this chapter we will study the soliton solutions appearing in the supergravity
actions more carefully. Most importantly this will involve putting in the string
theory parameters and a study of the near—horizon region. We will introduce a
special metric frame, called the dual frame, in which the special properties of
the near—horizon geometry are most easily detected. After that we will study a
string theory limit which will leave us with the decoupled soliton worldvolume
field theory on the one side, and a (well behaved) near—horizon supergravity on
the other side, which are conjectured to be dual descriptions of the same system.
From the outset our analysisisvalid in an arbitrary number of dimensions and for
very generic brane solutions. To obtain well behaved near—horizon supergravities
we will need a constraint on our parameters, leading us to consider mainly Dp—
branes and their intersections. We will end by presenting some examples. This
chapter is based on work done in [107], which generalizes work done in [108]
and [109]. Dualities between (conformal) field theories and (Anti—de Sitter) near—
horizon supergravitieswere first discussed in[110]. Many good review articleson
the subject have appeared and we refer to [111] for anice pedagogical introduction
and to [112] for an extensive overview.

5.1 String soliton geometries

We want to take a closer look at the geometries of all kind of solitons appearing
as solutions to the low energy effective actions of string and M—-theory. Thisin-
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terest is motivated by the fact that the physics of p—branes can be described in
two (different) ways. On the one hand, when the target spacetime supergravity
(also called the bulk supergravity) is decoupled, the p—brane fluctuations can be
described by a (effective) worldvolume field theory living on the worldvolume of
the p—brane. In another, semiclassical, regime we are also allowed to describe
the physics of the p—brane by probing the p—brane background with supergravity
fields. A priori one might think these two descriptions are valid in completely dif-
ferent string theory regimes. However, in the previous chapter we encountered an
example of aworldvolumefield theory of N DO-branes which was ableto describe
gravitational physics. This suggests that there exist string theory regimes where
both descriptions describe the same physics. This is also suggested by the string
interactions of D p—branes, which from one point of view describe exchanges of
closedstrings leading to bulk supergravity physics, or from another point of view
describe vacuum diagrams of openstrings which lead to worldvolume (quantum)
field theory physics (see Figure 2.6).

We want to understand this phenomenon in more generality and detail. Asa
first step towards that understanding we will need to analyze the p—brane geome-
tries again. We want to study a string theory limit in which the bulk supergravity
decouples and which leaves us with a non-trivial worldvolume field theory. As
we will see this limit takes us into the near—horizon region of the corresponding
p—brane solution. Let ustherefore first discuss p—brane near—horizon geometries.

5.1.1 Near—horizon geometries of p—branes

Our starting point will be a dightly different action than the one given in (3.48).
We will replace the rank p+ 2 field strength in (3.48) by itsrank D — p— 2 Hodge
dual and look for p—brane solutions which are magnetically charged with respect
to the Hodge dual potential (so they are electrically charged with respect to the
rank p+ 1 gauge potential). Thiswill turn out to be useful aswe go along. Besides
that it will also be important to keep track of al factors of gs appearing in the
action. We refer to Appendix A for the details of how to obtain the appropriate
scalings with gs, but basically these can be read off from the exponential dilaton
factorsin the string frame action. Our action then is

o 1 4 , g e\
[ E gt o ot (6)
(5.1)
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where we introduced a parameter d and we will also introduce a parameter d,
which are defined by

. (5.2)

d = p+1 dimension of the worldvolume,
d = D-—d-2 dimension of the dua brane worldvolume.

We note that d + d = D — 2. Also notice the change in sign in the dilaton coupling
parameter a in (5.1), which is aresult of performing the Hodge duality transfor-
mation (3.49). We also introduced a parameter k, whichiisrelatedtoa,d and D in
the following way (see appendix A)

a 2

and which determines the scaling with gs of the rank d + 1 field strength. Notice
that when k = 1 the overall scaling with gs vanishes in front of the field strength.
This is the appropriate scaling for a Ramond—Ramond field strength. For k = 2
and k = 0 we find the appropriate scaling of Neveu-Schwarz field strengths and
their Hodge duals respectively.

We will consider the following class of “two—block” p—brane solutions of the
action (5.1)

d€ = H O 28dx 4+ HD 28 G, ,,

(D—2)a
e? — gSH—D4A , (5.4)

g2 WE = \/g*(dH Adxg A~ AdXg)

where * is the Hodge operator on D—dimensional spacetime. Thisis the magneti-

cally charged analog of (3.50) where we now took care of the appropriate scalings

with gs. The parameter A is the same asin (3.54), which expressed in terms of d

and d equals

D—2)a2 2dd
g (D=2

The function H is harmonic on the d + 2 transverse coordinates if d #0,—2 and
can be expressed using d as

Al

(5.5)

HU)=1+(%)J, (5.6)
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where rg is related to the charge (and mass) of the p—brane. Looking at (5.4) it
follows that the charge should scale as g{>~¥1. We note that codimension one
objects, which have d = —1 and are usually called domain—-walls, are included
in (5.4) as opposed to codimension 2 objects. The magnetically charged field
strength belonging to a domain—wall is arank O object, a cosmological constant.
In fact, the solution involving linear harmonic functions presented in (5.4) is not
uniquely defined for domain—walls. It will be useful to discuss these objects sep-
arately in section 4.1.2.

The Dp-branes and NS-branes in D = 10 and M—-branes in D = 11 are in-
cluded in (5.4), but also two—block p—branesin dimensions D < 10. These can
arise in string theory by considering string compactifications. We will mainly be
interested in two—block BPS p—branes which can be obtained from an intersection
of the basic BPS p—branesin D = 10 or D = 11. When the relative transverse di-
rections of such an intersection are all wrapped on atorus T" with r the number of
relative transverse directions, the result will be atwo—block p-braneinD = 10—r
(or D=11-r). Supersymmetry preserving BPS p—brane solutionsin any dimen-
sion are distinguished by having A = 4/n with n an integer (3.55) denoting the
number of participating (higher—dimensional) branes [38].

To discuss the near—horizon geometry of these p—branes, we want to consider
a limit in which the constant part in the harmonic function (5.6) is negligible,
which means

r > ry ford=-1,
r< r all other cases. (5.7)

The p-branesare positioned at r = 0 so thislimit brings us close to the brane when
d > 0. Whend = —1, so for domain—walls, this limit actually takes us far away
from the brane. We will still refer to this limit as a near—horizon limit. Strictly
speaking, because we are considering extremal BPS p—branes, near—* horizon” is
not good terminology even in those cases where d £ —1. This is because the p—
brane Einstein frame metric in (5.4) issingular at r = 0, except for some special
cases where the dilaton is constant (e.g. the D3-brane in D = 10 Type |IB su-
pergravity). Therefore it would perhaps be more suitable to call this a near—core
limit. We will soon see however that this singularity in the metric at r = 0 can be
removed by a conformal transformation (3.31) to a special frame called the dua
frame, in which the hypersurface at r = 0 has become a non—-singular horizon.

170 obtain natural units we still have to divide with the gravitational constant k, O @ (3.29),
giving the expected scaling of the charges and tensions of the different p—branes [ ggk.
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This can be understood by noting that e=® is singular at r = 0 as well and there-
fore we can perform a conformal transformation “canceling” the singularity in the
metric. Of course we are still left with asingularity in et®, but the limit (5.7) can
in this sense be referred to as a near—horizon limit.
In the limit (5.7) the Einstein metric and the dilaton can be written as
Mo ,A(%sz) 2, fo\ a0 2 ® "o e
dsé:(T) G + (r) olxOT+2 , e _gs(r) . (58

Let us now introduce the conformal transformation which will factor off the sin-
gularities in the above metric. The following conformal transformation will do

exactly that
eq; a/J
9% = <g> " (59)

where we divided by gs to not introduce (extra) gs dependence in the metric. This
conformal transformation will have the following effect on the action (5.1)

SD—/de ¥<§>5[RD+ (D) — ﬂ 2 .|, (510
- ' anp-2g2 \ os e 2d7 D1 o+
with (D-2) D—1 4

__WL—2sa _ Pl

5= o y_D_26 55 (5.11)

So the dual frame can be characterized by saying that all fields in the action are
multiplied with the same e® factor. We note that this would not have been true
if we had used €electrically charged potentials. Another special feature of this
frame, which explainsthe name dualframe, isthat Hodge dual (D — p—4)—branes
probing the p—brane background solution couple naturally to the dual frame metric
without a dilaton term.

The regular dual frame metric is given by

ds%:(rr—o)z(l )dxd—l—( )dr +13d032 . (5.12)

Notice that the size of the transverse sphere 1 no longer depends on r, it has
become constant with radius r,. Because the charge can be calculated by inte-
grating the flux over the transverse sphere, we conclude that the (dualized) field
strength in (5.4) can no longer depend on r either. Therefore we will not consider
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the solution for the field strength and just consider the metric and the dilaton ex-
pression. The metric in (5.12) generically describes ad + 1-dimensional Anti—de
Sitter spacetime times a d + 1-dimensional sphere. Let us next consider coordi-
nate transformations to connect the metric (5.12) to more standard and familiar
parameterizations of Anti—de Sitter spacetimes.

Consider the following coordinate transformation redefining the radius r as

(rr_o) —e Mo, (5.13)

which transforms the metric and dilaton into

0 = e 2 DN oehd 1 dA?+r3d0
(D—-2)ad

® = In(gs)— ANT
0

A. (5.14)
As aready mentioned the metric in (5.14) (generically) is a parameterization of
ad+ 1-dimensional Anti—de Sitter spacetime times a d + 1-dimensional sphere,
in shorthand notation AdS,, ; x S+1. The full p-brane geometry can therefore
be described as interpolating between an asymptotic flat Minkowski and a near—
horizon curved Ad§; | ; X §+1 geometry, connected by athroat as shown in Fig-
ure 5.1. This interpolating property of two—block p—branes (5.4) was first dis-
cussed in [41, 42] and generalized in [113, 114]. The only exception occurs when
1—2d/A = 0, because then the metric describes ad + 1-dimensional Minkowski
spacetime times the same sphere. Another specia case is when a = 0, giving
a constant dilaton background. A nice feature of the stereographic coordinates
(5.13), asthey are called, isthat the dilaton depends linearly on the radial coordi-
nate A.

We can also use horospherical coordinates to parametrise the AdSy, ; x 1
spacetime, which are defined as

rB
0

with the dimensionless parameter 8 given by

2d
p="4 -1 (5.16)

These coordinates clearly do not make sense when 3 = 0. Comparing with (5.14)
we see that thisis exactly when the near—horizon spacetime becomes Minkowski
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Minkowski

O,
Anti-de Sitter

Figure 5.1: The p-brane solutions interpolating between Minkowski and Anti—de Sitter
geometries.

and that is why the horospherical coordinates can only be used to describe AdS
Spacetimes.

We note that u carries dimensions of [I]~1 = [m], which defines an energy
scale. Thiswill have interesting consequences. Rewriting the dual frame solution
(5.12) using the horospherical coordinates we obtain

2
5 — 1f| wprog (i) wh e,

& gsr;(Daz)a(%)(uB)W(BEl). (5.17)

We will prefer these coordinates when analyzing the string limit in which the
worldvolume field theory decouples. In the metric (5.17) the u = 0 hypersurface
is a non—singular horizon and u — oo corresponds to the boundary of AdS We
will say more about some of the properties of Ad Sspacetimesin section 4.1.2.
Summarizing, we showed that in the dual frame, defined by (5.9), all p-branes
solutionsin (5.4) generically haveaAd g, ; X S+ near—horizon geometry and a
non—trivial dilaton. Special cases arise when 3 = 0 or when a= 0. The constant
sphere allows for a reduction of the D—dimensional fields. All the indices of the
non—trivial field strength lie on the sphere, so thiswill give rise to a cosmol ogical
constant in d + 1 dimensions and so does the curvature of the sphere. Therefore
the reduced solution (throwing away the sphere part), generically consisting of an
AdSmetric and a non-trivial dilaton, solves the equations of motion of an action
with a cosmologica constant. The reduced object indeed has p= (d + 1) — 2
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spatial extended directions and this is what we called a domain—wall. Before
actually performing a (truncated) reduction [115], we would first like to discuss
domain—wall solutionsin general.

5.1.2 Domain—wallsand Anti—de Sitter spacetimes

Domain—wall spacetimes [116] solve the equations of motion obtained by vary-
ing a (super)gravity action with a cosmological constant A and a dilaton. They
correspond to p—branes with worldvolume dimension d = p+ 1 which isone less
than the dimension D of the target spacetime they live in (this also means that
d = —1). Although domain—wall solutions do appear in (5.4), it turns out that
these are not the most general solutions one can write down. Because all p—brane
near—horizon solutions are described by adomain—wall in d + 1 dimensions (when
reduced over the sphere), it will be useful to study domain—-wall solutions more
carefully to make a connection with p—brane near—horizon solutions.

Again performing a Hodge dualization, which replaces the cosmological con-
stant A by arank d + 1 field strength ;. ; in (5.1), we can naturally discuss objects
of codimension one coupling to a d-form potential, defining a domain—wall. In
terms of the field strength F; . , the action is now given by

] 4 g4 k) sa®\P
Fam [ g R 10 e (&)
(5.18)

We introduced a different dilaton coupling parameter b to stress the difference
with (5.1) and k equals

(5.19)

which isjust the appropriate modification of (5.3) to this domain—wall case using
an electrically charged potential. The equations of motion following from the
action (5.18) can be solved using the general p—brane Ansatz (3.50) involving
harmonic functions, but not uniquely. The solutions are

4e —4ed
d2 = H @iy dXS + H @ Dlpy —2(e+1) dy?
—(d—1)be

e? = gSH 4ADW , (5.20)

g™ For.d-1y = \| A ayHE
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where € isnow an arbitrary parameter as opposed to € = —1 for ordinary p—branes
(when using electrically charged potentials). The parameter Ay, is defined by

d—1b> 2d
ADW:( 8) Td-1 (5.21)

whichisjust (5.5) withd = —1 and a— b.
The function H is harmonic on the 1-dimensional transverse space with coor-
dinate y and equals

Hly) = 1+Q,y Vy>0,
H(y) = 1+Q.y Vy<0, (5.22)

with Q_ constants and we fixed an arbitrary integration constant c to equal 1. The
equations of motion allow for a discontinuity and so Q, and Q_ do not have to
be equal?. It is understood that the domain-wall is positioned at the discontinuity
y=0. Thevalue of Q, on any side of the domain—wall can be expressed in terms
of amass parameter m,_ in the following way

Qe =my, (5.23)
where m, isrelated to the cosmological constant through the equation
-2
N, = M : (5.24)
Apw

So adomain—wall is an object which interpolates between two different cosmo-
logical constant vacua. The charge Q_. should not be associated with the physical
charge or mass of the domain—wall because it cannot be measured, which follows
from the dependence on the arbitrary parameter €. The physical mass and charge
of a domain—wall have to be proportional to the (discontinuous) change in the
cosmological constant. Thisisthe only way to detect such an object.

We saw that use of the Ansatz (3.50) allows for an undetermined parameter €
in the domain—-wall solution. The origin of this parameter is the fact that there are
coordinate transformations, labeled by ¢, that keep the solution within the same
Ansatz. The explicit form of these coordinate transformations is given in [20].
Another way of understanding this is that the Ansatz (3.50) is not a suitable one

2Strictly speaking thisis only true when using the rank d + 1 field strength formulation as we
did.
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in the domain—wall case because it does not uniquely specify the solution. This
also means that it should be possible to consider coordinate transformations that
get rid of the free parameter €.

We will now focus on one side of the domain—wall, let us say y > 0 and define
Q= Q.. (from here on we will aso drop the + subscript on all parameters related
to Q). Let us also assume that we are far away from the domain wall disconti-
nuity®. Thisiswhat we called a“near—horizon” limit in the previous section and
allows usto neglect the constant 1 in the harmonic function (5.22). We can get rid
of the free parameter £ by making the followingy — A coordinate transformation

Qy=e. (5.25)

The domain-wall solution in the new stereographic A coordinate reads

d2 = e"“(%) <e‘2”“(2ﬁ$)dx§+d)\2>

(d—1)bm
® = In(gs) +—2"). 5.26
(%) + - (5:26)

Thisisasolution of the action (5.18) with A given by (5.24). The overall termin
the metric can be removed by performing a conformal transformation to the dual
frame, which is now defined as

w_ (€))7 g 5.27
gD - g gE ’ ( )

whichisjust (5.9) withd = —1and a— b. Thesolutionin the dual frame becomes

2+0nw

d2 = e 2™ mow dxd + dA2
® — In(ge)+ 9-10M (5.28)
4'ADW

Thisisjust (5.14) withd = —1, m= 1/r,and a— b and generically the dual frame
domain-wall metric describes an Adg,, ; spacetime [117]. When A, = —2 the
metric becomes flat Minkowski spacetime, which is equivalent to taking 3 = 0,
d=—1anda— bin(5.14).

3We could also perform ashift coordinate transformation, but this would al'so shift the position
of the discontinuity changing the range of the transversal coordinatey.
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Near—horizon spacetimes of p—branes should fall in this category of domain—
wall solutions after the reduction over the sphere. To make this connection we
have to relate the original parameters of the p—brane solution a,d,d and r to the
parameters of the d + 1-dimensional domain—wall which are just b,d and m. Re-
ducing just the fields participating in the solution (5.4) in the dual frame will only
replace the field strength by a cosmological constant whose value is determined
by the Ricci curvature of the sphere and the charge of the original p—brane

1 ® ©
K, = / R /o B — T <‘; ) R+ (002 +g2A|. (529
This action should be atruncation of a gauged supergravity action which presum-
ably can be obtained by reducing the complete higher—dimensional supergravity
action on asphere [115]. To compare with (5.18) we have to perform a conformal
transformation to the Einstein frame and rescale the dilaton ® — @/c to obtain
the standard normalization of the dilaton kinetic term. The scale factor ¢ equals

)
= L (5.30)
A(d+1)—2d
We can then read off the domain—wall dilaton coupling parameter b
b—adtd o (5.31)
(d—1)d

Thisisall we needto expressAp,, (5.21) interms of the parameters of the original
p-brane*. Wefind
A —2dA
PV Ad+1)—2d”
Comparing the reduced p—brane solution in the Einstein frame with (5.26) we
conclude that mand r, are related as follows

(5.32)

m=—. (5.33)

As a consistency check we should find ¢ = 1,a = b,Ay,, = A and m= 1/r
when d = —1, in which case the original p-brane is aready a domain-wall. The
relations (5.30), (5.31), (5.32) and (5.33) indeed satisfy this requirement.

4The parameter A is only invariant under toroidal reductions and not under reductions on
spheres. This explainswhy Ap,y, # A.
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Using these relations we can express the value of the cosmological constant A
in terms of the original p—brane parameters. We just use (5.24) and plug in (5.33)
and (5.32). Thisgives
d [, - ad
42k
N=—|2 1)——1|. .

Thefirst term in this expression originated in the reduction of the D—dimensional
Ricci scalar and the second term comes from the reduction of the magnetically
charged rank d -+ 1 field strength curvature. Analyzing this expression we find
that all p-brane near-horizon geometries give a A > 0 (with 1 < d< (D —-3))
except for the domain-walls, which have d = —1 and a sign change occurs, giving
N < 0. We note that this is not in contradiction with the fact that al p—branes
(including the domain—walls) have AdS geometries, which are defined by having
A\ > 0, inthe near—horizon limit. The dilaton kinetic term in (5.18) will contribute
to an effectivecosmological constant which is always positive, as can be most
easily seen using stereographic coordinates when the dilaton is a linear function
of A (5.28)°.

So we have now related all near—horizon geometries of p—branesin (5.4) to
domain—wall solutions. In the dual frame the generic domain—wall metric de-
scribed an AdS§ ; spacetime, with one Minkowski spacetime exception when
Apyw = —2. Let us now discuss some of the special properties of AdSspacetimes,
for amore extensive discussion we refer to [118].

Anti—de Sitter metrics describe spacetimes of constant negative curvatures.
By considering ad + 1-dimensional Einstein—Hilbert action with a cosmological
constant term we find

Ruv_%guvR = NAQuy =
d+1
R = ——A .
i1 = (5.35)
N
Ruv = _ﬁguv-

So these spaces have the property that the Ricci tensor is proportional to the metric
tensor, which is the definition of Einstein spacetimes. When A > 0and d > 1 the
solutions describe spacetimes of constant negative curvature and to obtain Ad Swe

5As one might expect one obtains a flat Minkowski near—horizon geometry when the effective
cosmological constant vanishes.
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5.1. String soliton geometries

need maximal symmetry implied by demanding

R
Ruvps = m(gvagup —Ovpuo) - (5.36)

It is possible to embed AdS;, ; inad +2-dimensional flat space. The metric
of thisd 4+ 2—dimensional flat spaceis

nab:diag(_7+7+7"'7+7_)' (537)

Thed+ 2—dimensional spacetime therefore hastwo times, or signature (2,d). The
invariant distance or length (positive for timelike worldlines) is defined as

i=d

—12= _;W — ()%= (2. (5.38)

We note that thislength is preserved by ageneralization of the Lorentz group rota-
tionsinto SQO(2,d). AnAdS;, ;, embedded surfaceisthen defined asahyperboloid

with 12 = %2 = constant

i=d

~%* = ;W— (¥0)2 - (y*T2)2. (5.39)

The length scale % can be interpreted as the embedding radius of the Adg_ ,
surface. Through this embedding equation (5.39) theisometry group of an Ad$ 41
spacetime obviously is SQ(2,d), which has 3 (d + 1)(d + 2) generators®. Quantum
theorieson AdS  ; should therefore have an SQ(2,d) invariance. We note that the
group of conformal transformationsin d dimensionsisalso SQ2,d). TheAdg, 4
embedding equation (5.39) also impliesthe existence of closed timelike curvesin
the embedded surface. This can be avoided by considering the universal cover
of the Ad§, ; geometry (which means we introduce an infinite set of AdS, ;
geometries allowing timelike curves to pass through different AdS,, ; geometries
avoiding closed timelike curves).

We can now choose suitable coordinates on Ad S, ; satisfying the enbedding
constraint (5.39) and defining an induced Adg;, ; metric. For example let us de-

fine
U=y pyd | v=ytt2 oy (5.40)

6Notice that the number of generators is the same as the Poincaré group in d + 1 dimensions.
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Chapter 5. String solitons and the field theory limit

where we picked out y¢ as one of the spacelike coordinatesin (5.39). Also define
the left—over coordinates as

/

y“z%x“ pelol,...,d—1 (5.41)

and introduce a flat d—dimensional metric n,,, with usual Minkowski signature to
lower the Greek indices on the x coordinates. The induced (mostly plus) Adg,, |
metric isjust

ds’ = dydy, —dudv. (5.42)
Working out the differentials and expressing v in terms of u and x# through the
embedding equation (5.39) we obtain

2 U2 A
== xH — : 4
d (%> d dx“+(u,) du (5.43)
This can be recognized as the horospherical parameterization of Ad§,, ; (5.17) if
we identify u = ur3 and
ro  Arg
B 2d-A°
An important property of AdS, ; isthat it has a“projective boundary”. This
has the effect that in many (physical) situations Ad§,, ; spacetime acts as afinite
volume box. Lightlike trajectories can reach this AdSboundary in finite time as
opposed to timelike trajectories. Considering the embedding (5.39) and defining
new coordinates Ry with R very large, the boundary can be parametrized (ap-
proximately) as

(5.44)

2 i=d
(%) —o- S0 -r - (545

SincetRwith t € R isjust as good as R, we should consider the boundary as a
proj ective equivalence class defined as

i—d
0 =

3 (/)= (70— (/012
y ~ ty. (5.46)

We can use the scaling equivalence to fix one of the coordinates and this means
the boundary is a d—dimensional surface, as it should be. For example we can fix
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5.1. String soliton geometries

y'd+2 =1, |n that case we find that

i=d

1= le(x/‘)z— (Y9)?, (5.47)

which means the topology of the boundary is St x S¥-1 7. Considering the univer-
sal cover of AdS;, ; decompactifies the S*, avoiding closed timelike curves. An
important property of the boundary of AdS, ; isthat theisometry group SQ(2,d)
acts precisely as the conformal group on Minkowski space. The conformal group
consists of the usual Poincaré group together with the following conformal trans-
formations

¢ Dilations or scale transformations acting as

xH = AxH, A eR. (5.48)

e Specia conformal transformations acting as

xH — XH, suchthat
xH xH

Together with the Poincaré group these make up the group SQ(2,d). It is not
very hard to see that some infinitesimal SQ(2,d) isometries, namely infinitesimal
trandlations U — U + a (using horospherical coordinates (5.40)), indeed repro-
duce dilations on the boundary, which follows from the equivalence class condi-
tion (5.46) of coordinates on the boundary. For a more extensive discussion on
this point we refer to [111]. We conclude that SQ2,d) AdSisometries can be
identified with conformal transformations from the boundary point of view.

We found that generic p—brane near—horizon geometries have AdS metrics,
but the complete generic solution is also described by a nonrivial dilaton. A
non-trivial dilaton breaks the SQ(2,d) isometries of the complete solution. For
exampleinfinitesimal SQ(2,d) trandationswill not leave the value of €® invariant,
breaking the symmetry. From the boundary point of view this has to correspond
to broken conformal or scale invariance. Only when the dilaton background is

"This result only refers to the topology of the boundary and does not mean that the boundary
isacurved geometry. Rather the boundary is aflat Minkowski geometry which can be thought of
asthe infinite radius limit of a sphere.
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Chapter 5. String solitons and the field theory limit

constant do we expect the complete background solution to be invariant under the
SQ2,d) isometriesof AdS, ;- In that case we also find supersymmetry enhance-
ment in the near—horizon limit [41, 42, 119], meaning that a pure Ad Sbackground
solution preserves all of the supersymmetries, just like flat Minkowski space.

Let us end this section by discussing the two special near—horizon casesin the
dual frame.

e Flat Minkowski near—horizon spacetime. Thisrequires
B=0 or 2d=A. (5.50)

We will only consider supersymmetry preserving cases, which means A =
4/nwith naninteger. Itisimportant to note that the parameter disinvariant
under double dimensional reductions. This means that once we found a p—
brane satisfying the constraint (5.50), p—branes with r legs compactified
on aT" giving a p—r—brane in D —r dimensions, will also satisfy the
constraint (5.50). So we find families of solutions. Because d has to be
an integer solutions can only be found for n=1 and n= 2. Relating our
resultsto existing branesin string— or M—theory we find the 10-dimensional
p = 5-branesfor n= 1. When n= 2 wefind p = 5-branesin D = 9, which
can be obtained from reduction of D = 10 Kaluza—Klein monopoles in the
N = 1 supergravity theories.

e Pure Anti—de Sitter backgrounds. Thisrequires

2dd -
a=0 or %:(dm). (5.51)
This condition can be satisfied for the cases where we preserve some su-
persymmetry or equivalently A = 4/n. We summarized the results [41, 42,
120, 119] in Table 5.1.

The p—brane listed in Table 5.1 with A = 2 in D = 6 can be traced back to
an intersection of 2 Dp-branesin D = 10, hence the terminology. The same
holdsfor the p—branesin D = 5with A = 4/3, which are related to intersec-
tions of 3 M—branes. Finally, the O—brane or extreme Reissner—Nordstrom
black holein D = 4 isrelated to an intersection of 4 Dp—branesin D = 10.
Notice that only three possible values of 3 occur: %, 1 and 2. Remember

that 3 defines the ratio of the radius r, of the transverse sphere g1 1o
the radius /B of the embedded AdS ;. Considering D = 10 D p-branes
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5.1. String soliton geometries

D|B| Apyw | A Name
11| 3 [-125| 4 M5-brane

2| 3 4 M2-brane
10/ 1| 83 | 4 D3-brane
6|1 4 2 dl-brane
51| -4 | 43| ml-brane

2 00 4/3 mO-brane
411 00 1 | RN black hole

Table 5.1: The Table indicates the values of 3, Ay, and A for al p-branes that have a
pure Ad Snear-horizon background.

or their reduced intersections we always find this ratio to be 1. Considering
D = 11 M2-branes or M5-branes and their reduced intersections we always
find 2 and 1 respectively.

Finally notice that p = 0 is special because Ay, blows up and using (5.35)
we find that A = 0. However we can still consider maximally symmetric
Einstein spaces of constant negative curvature and the AdS, metric satisfies
these requirements.

This finishes our discussion on p—brane near—horizon geometries and their
relation to domain—wall and Anti—de Sitter spaces. We will next introduce a
string theory low energy limit which leads us into the p—brane near—horizon re-
gion, decoupled from the asymptotic Minkowski supergravity. From the p—brane
worldvolume theory point of view the same low energy limit also decouples bulk
Minkowski supergravity and leaves us with the non—trivial field theory living on
the p—brane. This will lead to the surprising and interesting conjecture that p—
brane field theories can be mapped to closed superstring theories on (p—brane
near—horizon) domain-wall backgrounds. By now the best understood and check-
ed example is that of N D3-branes in Type IIB string theory, which was first
discussed by Maldacena, together with the other pure Ad Sbackgrounds, in [110].
This was generalized to the other D = 10 Dp-branesin [108] and somewhat |ater
in [109] using the dual frame metric.
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Chapter 5. String solitons and the field theory limit

5.2 Thefield theory limit

In this section we will set up thelimit taking usinto the near—horizon region, fixing
the worldvolume field theory coupling constant and energy scale. We will work
out thislimit for the general class of p—branes described by (5.4). To obtain well—
behaved near—horizon background solutions we need a constraint on our p—brane
parameters. The result will be that dualities relating domain—wall supergravities
having a # 0O to large N worldvolume field theories are only well-behaved for
D p-branes and their reduced intersections. We will first try to be as general as
possible, only excluding the flat Minkowski near—horizon spacetimes, which will
not be treated in thisthesis.

5.21 Thegeneral setup

A string low energy® limit will alwaysinvolve
wva =0, (5.52)

as explained in section 2.2, where we substituted u for U to denote the natural en-
ergy scale. There aretwo waysto interpret thislimit (5.52). One usually considers
u— 0 and keeps o’ fixed. However one can equivalently consider fixed energies
u and consider the limit a’ — 0. We will use the last option and therefore consider
the limit

a’ — 0, (5.53)

keeping fixed anatural energy scale u. We will also assume that from the outset gs
issmall, in order for the p—brane soliton solution to make sense in a string theory
low energy limit.

In one regime the system we want to analyze consistsof N p-branes described
by aworldvolume theory, coupled perturbatively to a Minkowski bulk supergrav-
ity theory (so we neglect the back reaction of the N p-branes on the spacetime
geometry). The dynamics of the (effective) field theory on the corresponding p—
brane should be non—trivial. This means that at least one field theory coupling
constant should be fixed in the limit (5.53). The field content of the p—brane
worldvolume field theory determines the dimensions of the different coupling
constants (scalars have dimensions different from vectors), which can be easily
read off from the different kinetic terms. The dependence on gs is fixed through

8]t should be clear that when we consider M—theory we just replace the string length scale by
the Planck length scale and we lose the string theory coupling constant.
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5.2. Thefield theory limit

the scaling of the effective tension of the p—brane under consideration, which is
denoted by the parameter k (5.3). A p—brane soliton solution must be thought of
as a stack of N microscopic single p—branes. We will fix (generalized) 't Hooft
coupling constants?, which involve this integer N. In general we will assume the
following structure of a p—brane worldvolume ('t Hooft) coupling constant

g7 = cpNgE (Va')*, (5.54)

with ¢, some (dimensionless) constant. When considering M—theory branes, the
gs dependence is of course absent’®. We introduced the parameter x to denote the
dimension of the coupling constant, which is unconstrained (for now). Both ¢,
and x depend on the specific p—brane worldvolume theory fields under considera-
tion. When considering Yang—Mills coupling constants of D p—branes, x is equal
to p— 3. On the other hand, when considering scalar coupling constantsx = p— 1.
We want the coupling constant (5.54) to stay fixed in the limit (5.53). Depending
on the sign of x this has the following consequences

x<0 — NE~va =0
x>0 —  NE~vVa =, (5.55)

We will only be considering p-branes with k > 0. This is reasonable because
otherwise the effective tension would scale with a positive power of gs, saying
that in a weak string coupling limit the tension of such an object would vanish.
This implies the absence of solitonic solutions to the string effective equations
of motion which are only defined in a weak coupling limit, and so we arrive at
a contradiction because we do want to consider the existence of p—brane soliton
solutions. Positive k and gs < 1 imply that in order to keep g; fixed we need
s — Owhenx < 0and N — c when x> 0.

The non-trivial worldvolume field theory will be decoupled from the bulk
Minkowski supergravity theory when the gravitational coupling constant vanishes
inthelimit (5.53). The gravitational coupling constant in D spacetime dimensions
is proportional to

Gp O (Va')P~%¢¢, (5.56)
9These are called 't Hooft coupling constants after 't Hooft's idea to treat U (N) Yang-Mills
theories in a 1/N expansion. The suggestion was that these theories might simplify when the
number of colors N is large, because only planar Feynman diagrams contributein alarge N limit.
If one could solve the theory with N = o exactly, the hope was that one could analyze SU(3) QCD
beyond the perturbative weak coupling expansion by doing an expansionin1/N=1/3 < 1.
01 fact the a’ dependence also disappears in that case because the worldvolume field theories
are scaleinvariant.
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Chapter 5. String solitons and the field theory limit

which clearly vanishesin the limit (5.53) and u and g; fixed, aslong as we do not
consider taking gs — . We conclude that in the limit described above, which we
will refer to asthefield theory limit, we end up with abulk Minkowski supergrav-
ity theory decoupled from a non—rivial p—brane low energy effective worldvol-
ume theory.

Now consider the p—brane supergravity soliton solution (5.4). We have to de-
fine a natural energy scale with respect to the p—brane solution which coincides
with the one in the worldvolume field theory and which should be kept fixed in
the limit (5.53). We already encountered an energy scale when we discussed the
Ad§, ; horospherical coordinates, where we defined a parameter u with the di-
mensions of mass (5.15). This can be shown to be the natural energy scale associ-
ated to a massless supergravity field probing the p—brane near—horizon geometry
[121]. That energy scale could only be defined when 3 # 0 (5.16), so we will only
be discussing p-branes with AdS; , ; near—horizon geometries (in the dual frame).
The cases with B = 0, resulting in adual frame flat Minkowski near—horizon ge-
ometry, can be treated but we refer to [108, 109] and [122] to learn more about
the holographic duality conjecturesin these special cases.

We want to replace all quantities appearing in the harmonic function by the
fixed parametersin the field theory limit. All r dependence will be replaced by u
and we also need to expressr , in terms of the appropriate string theory parameters.
In Appendix A we deduce that

rd = (dpNE ) V", (557)

where we introduced a dimensionless constant dp. We can now rewrite the har-
monic function H(r) in terms of the fixed quantities u and g%, extracting powers

of a’ and gs which are left—over. This gives

2(k-1)

H=14 (V@) ¥ (095" |gf p)] (ﬁﬂw. (558)

Cp

Thefield theory limit will take usinto the p—brane near—horizon region when

x—d
B

The power of gs could still spoil this behavior, but we will soon constrain our
parameters in such away that this possibility is excluded.

<0. (5.59)
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5.2. Thefield theory limit

Let us for the moment assume that the constraint (5.59) is fulfilled and the
field theory limit takes us into the p—brane near—horizon geometry. We will use
the dual frame metric solution written in terms of horospherical coordinates and
we will not give the expression for the field strength, which is of lessimportance.
Expressing the p-brane near—horizon solution in terms of the fixed quantities,
removing al the a’ dependence in the dilaton, we find

d? = (dpNZM%9a [uB)zdxﬁ—i-(ulB) du?+dQ3, |

0281 ay/d ~22(5)
(D-2a,, ab—2)(d=Xx

We can rescale the metric to lose the factors (dpN gg_")z/OT and a’. This will

introduce (extra) a’ and (dpNg&~%)%/¢ dependencein the dual frame action (5.10).
Collecting all a’ dependence, we find the important result that all a”’s drop out.
All gs dependence nicely combinesinto the e®® in front of the dual frame action.
After the rescaling our action (5.10) becomes

1 ~ F2

2(dpN)2(d+ 1)1 4+

(5.61)
This means that if the dilaton expression is non—singular in the field theory limit,
we are left with a near—horizon supergravity theory with a finite Planck length
and a finite string coupling constant defined by €®! This strongly suggests that
in the field theory limit on the supergravity soliton side, we end up with a super-
string theory on the Ad§ ; x §+1 p-brane near—horizon background with new
(finite) parameters &’ and §s. The field theory limit decouples this near—horizon
superstring theory from the asymptotic Minkowski superstring theory we started
with.

The special cases a = 0 imply a constant dilaton and the supergravity back-
ground carries an unbroken SQ(2,d) isometry. This should match with a con-
formal symmetry group in the worldvolume field theory description, meaning the
fixed coupling constant (5.54) should be dimensionless or x = 0. Those cases
(which include the M—branes) do not require a parameter restriction and will be
discussed separately in 4.2.2. When a # 0 non—singular dilaton expressionsin the
field theory limit require a restriction on our p—brane parameters. We will now

= [ Px g (dN)© /962 Ry + y(0®)2 -
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Chapter 5. String solitons and the field theory limit

constrain our p—brane parameters such that the near—horizon limit (5.59) is guar-
anteed and the new string coupling constant e® is finite or independent of the old
string coupling constant gs.

In the analysis of the effect of the field theory limit on the supergravity soliton,
we defined afixed energy scale u. A priori there isno reason for this fixed energy
scaleto be the same asthe natural energy scalein the worldvolumefield theory. To
be able to compare both descriptions we need related or better, equivalent fixed
energy scales. To determine these relations we need to probe the system under
consideration in both descriptions by the same objects or fields. Suppose we are
dealing with N D p—branes probed by a single Dp-brane. Then we know how
to relate a natural energy scale in the D p—brane Yang—Mills worldvolume field
theory to the length of stretched strings, defining adistance scalein the bulk. Open
strings stretching from the probe brane to the system of N D p—branes correspond

to energy scales equal to i

a’’
which isjust the distance between the probe and the system of N D p—branestimes
the open string tension (see 1.1.5). Thisisobviously not the same asthe definition
of the energy scale u (5.17), which we kept fixed when considering thefield theory
limit in the supergravity soliton description. The two energy scales are related in
the following way

U= (5.62)

-2

xtd-a 41 (d D
uB=a'"s g: 5 <C—pg%> uk. (5.63)
p

Wewould likeu and U to berelated through fixed quantities only. Otherwisefixed
energy scales U in the worldvolume field theory would correspond to diverging
energy scales u in the supergravity soliton description and vice versa. Looking at
(5.63) thisis only possible when

k=1 , x=A-d. (5.64)

The first constraint k = 1 just confirms our restriction to Dp-branes in any di-
mension. The second constraint is interesting, because it tells us which coupling
constant in the worldvolume theory we should keep fixed. Until now we kept x as
afree parameter, but now we seewe haveto fix it in order to connect the D p—brane
supergravity soliton and D p—brane field theory energy scales. When D = 10 and
A = 4 wefind x = p— 3, telling us that we should keep fixed the 't Hooft Yang—
Mills coupling constant (5.54). The connection between the two energy scales
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was discussed extensively in [121]. There it was observed that u is the natural
energy scale for supergravity probes (instead of D p—brane probes), which could
also be obtained in the worldvolume field theory by considering the self—energy
of a point charge. The point charge is the interpretation of the stretched string
from the worldvolume gauge theory point of view, which has energy U. How-
ever, the self—energy is also proportional to the effective strength of the Coulomb
interaction and this will reproduce (5.63). To get the correct holographic relation
between the number of degrees of freedom on both sides of the duality [123], the
energy scale u should be used and therefore this parameter is also called the holo-
graphic energy scale. This also means that from the holographic point of view,
the supergravity fields are the natural holographic probes of the AdS geometry.
In [109] it was noted for the first time that the holographic energy scale u is the
natural energy scale coordinate for Ad Sspacetimes obtained as the near—horizon
geometries of Dp—branes in D = 10 in the dual frame. We have seen that this
phenomenon extends to p—branesin arbitrary dimensions.

Using therestriction (5.64) first of all dropsall gs dependencein (5.58), and the
power of a’ (5.59) becomes —A. Becausewe only consider A > 0, it is guaranteed
that the field theory limit takes us into the near—horizon region. Importantly, using
the constraints (5.64) we find the following expression for €® in the field theory

limit
1 oy )
e“’=—[(g%)1/x(uﬁ)< : )] : (5.65)

1/x
N Cp/

Remember thatx:A—(JTinthisexpron. Thisisfinite (at |east when we do not
consider N — o) and defines a new string coupling constant independent of the
old Minkowski string coupling constant gs. From (5.65) we conclude that this new
coupling constant is proportional to 1/N. Soinalarge N limit we obtain aweakly
coupled string theory and string theory quantum correctionsare 1/N effects.

We are now ready to state the conjecture naturally following from the above
analysis, restricting the parameters as in (5.64) when a # 0. Fixing an energy
scale u and a 't Hooft coupling constant g;, the low energy limit a’ — 0 decou-
ples Minkowski supergravity in both descriptions. We are left with a p—brane
worldvolume field theory on one side and awell defined domain—wall supergrav-
ity solution on the other side. Choosing a fixed energy scale and 't Hooft cou-
pling constant we can now either describe the system of p—branes by a closed
superstring theory on a domain—wall background, or by the p—brane worldvol-
ume field theory and both descriptions are conjectured to give the same results.
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Chapter 5. String solitons and the field theory limit

This automatically leads to the conjecture that closed superstring theory on a
DW,, ; X §+1 p-brane near-horizon background is dual to the d—dimensional
p—brane worldvolume field thearyhese kind of relations we will very often call
domain—wall/quantum field theory dualities (or in short DW/QF T dualities). The
suggestion to go beyond the supergravity approximation is based on the fact that

we found finite Planck length and string coupling in the supergravity anaysis.

Of course when considering M—branes we loose the dilaton (and thus the string
coupling) and we should replace “closed superstring theory on a QW x g+l

p—brane near—horizon backgrouhdy “M-theory on a pure A4S, x g+l M-
brane near—horizon backgrouhd

L et us explain what we mean when we say that the two descriptions are dualto
each other. Thiswill become clear when we start analyzing the regions of thefixed
quantities u and g; (and usually N) where the different descriptions are in their
perturbative, calculable, regime. We will first analyze the perturbative regime of
the worldvolume field theory giving a restriction on the quantities u and g; and
after that deduce the restriction needed on the quantities u and g; (and N) to bein
a perturbative closed string regime.

Although the field theory description is in principle defined non—perturbati-
vely, in practice we (almost always) need a perturbative expansion which is only
defined for small effective dimensionless coupling constant. This effective di-
mensionless coupling constant in the worldvolume field theory can be constructed
from the energy scale u and the coupling constant g% and should be much smaller
than one, giving

O = gFU* < 1. (5.66)

Depending on the sign of x the perturbative field theory description will either be
valid whenu < 1 or u>> 1. Thiseffective coupling constant determines the (clas-
sical) scaling of the supersymmetric d—dimensional quantum field theory under
consideration. We note that thisis the combination of u and g; that appearsin the
dilaton background (5.65).

The situation is different for the string theory (as explained in 1.1.6), which
first of al is only definedfor weak string coupling. Also the domain—wall back-
ground solution on which the string theory is defined can only be trusted as long
as the spacetime curvatures are small and finite size corrections can be neglected.
We can use a supergravity approximation (neglecting string loop diagrams) when
the string coupling and the curvature of the background are both small. Let us
investigate the regions in the p—brane near—horizon background solution where
we can trust this supergravity approximation.
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5.2. Thefield theory limit

Small curvature (as seen by closed strings) can be translated in demanding that
the effective tension in the dual frame times the characteristic spacetime length
is large. The characteristic spacetime length is determined by the dual frame
Adg ;X 1 metric and is of order one (in &' units). Calculating the effec-
tive string tension in the dual frame (using (5.9) and (2.1) we find small curvature
when

2/d
Ts— (deéz—k>“’) AT (5.67)

We note that we did not yet use the constraint k = 1 in the above expression.
Small string coupling, which is defined by the dilaton expression (5.65) after
the constraint (5.64), can be translated into the constraint

SR

xgl/d\ 71~ & \Bx
e® :ﬁ [gﬁff <B i )] < 1. (5.68)

Cp

This last constraint can always be satisfied for generic u (except for the special
points u — 0 or u — o) by taking N very large. This is a genera feature of
DW/QFT dualities, a supergravity approximation at least requiresalarge N limit.
We note that when wetakek = 1 in (5.67) the overall N dependence will drop out.
This means that generically we can only expect supergravity to be a good approx-
imation within afinite region of the complete background [108, 109]. Quantum-—
gravitational corrections can be included by taking into account string loop di-
agrams (which as we already mentioned can be identified with 1/N effects) and
this string loop expansion will be restricted to the same region on the domain—wal|
background.

Aswe will see, in most cases the region where supergravity isavalid descrip-
tion is not overlapping with the region in which the perturbative field theory is a
good description. This means that at a particular scale u and coupling constant
g; there only exists one perturbatively well—defined theory which, through the
conjecture, can be mapped to a non—perturbative regime in the other theory. So a
strongly coupled theory can be mapped to aweakly coupled (different) theory and
it is precisely in this sense that the theories are said to be dual to each other. In
fact we could have expected that, because sure enough we know that perturbative
qguantum field theory is very different from any (super)gravity theory.

This new kind of duality between large N SYM field theories and closed su-
perstring theories (including quantum gravity) can be used to study non—pertur-
bative physics on either side. First of al, athough we did not show this here,
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Chapter 5. String solitons and the field theory limit

in the procedure leading to the conjecture we can also introduce a small non—
extremality parameter (giving rise to some excitation energy) in the background
solution breaking the supersymmetry. This will correspond to a finite tempera-
ture configuration on the dual field theory side. Such abackground solution has a
true horizon and will Hawking radiate (a quantum process) towards thermal equi-
librium!t. Using the conjectured duality we can map this semiclassical gravity
result to aprocessin afinite temperature large N SYM field theory, which means
that Hawking radiation can be described by a unitary process associated with 1/N
effectsin the large N quantum field theory.

On the other hand we could also use the duality map to learn about large N
quantum field theory, using (semiclassical) supergravity. Let us also remark that
this duality is an explicit manifestation of the holographic principle [105, 106]. It
was shown in [123] that the number of degrees of freedom in Ad Sspace satisfy the
holographic bound of one per surrounding Planck area. The way the two theories
arerelated is by identifying the coordinate u on the domain—wall supergravity side
with the scale parameter in the quantum field theory. Moving from u = 0 to the
boundary at u = o in the Ad Sspacetime should be interpreted as going from the
infrared (IR) to the ultraviolet (UV) in the quantum field theory. This aso means
that large distances (IR) in the quantum field theory correspond to small distances
in the domain—wall supergravity (near the center) and vice versa. The specia
properties of AdSmetrics allow for this so—called UV-IR connection. Let us next
discuss more specific examples present in our genera setup. Along the way we
will give some more details of the duality map.

52.2 TheAdSCFT examples

In this subsection we will take a better look at the pure AdS examples, which
require a constant dilaton. This means that the dilaton coupling parameter a = 0.
Remember that we do not need the constraint (5.64) now. Also remember that we
want a = 0 to cover M—branes as well, in which case the string coupling constant
is non—existent and we should replace the string length scale by the appropriate
M-theory Planck length scale.

The complete background will have unbroken SQ(2,d) isometries, which will
correspond to invariance under the conformal group in the dual field theory. The

1For a black p-brane in Minkowski spacetime this means that the p—brane will evolve into
the extremal BPS p-brane. In Ad Sspacetimes, which act as finite volume boxes, the equilibrium
situation will be the one where the temperature of the black p—brane equals the temperature of the
surrounding gas of emitted Hawking radiation.
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dual field theory therefore has to be a superconformal field theory, which means
the parameter x should vanish (otherwise the coupling would classically run). For
A and B wefind in this case

d 2dd
= — A:—,,_
B d ’ d+d

Using these results we find that the harmonic function in the field theory limit can
be written as (5.58)

(5.69)

H=140)7% | ) (2] - (570

Cp

where we replaced the v/a’ by the appropriate fundamental length scale I+ under
consideration (which is the Planck length in M—theory and the string length in
string theory). Because d > 0 always, the field theory limit is guaranteed to take
us into the near—horizon region of the background solution. All the branes listed
in Table 5.1 are covered by this anaysis, which were studied in the paper by
Maldacena[110].
When embedded in a string theory we aways find 3 = 1, which also means
d =d and A =dthrough (5.69). Using (5.3) we can also concludethat k = 1, so the
branes under consideration have to be D—branes. This also means the constraint
(5.64) is satisfied and using (5.63) we find that u (1 U, so in this case the two
energy scalesare essentially equivalent. Thefixed conformal field theory coupling
constant is proportional to
92 O Ngs. (5.71)

This coupling constant has to be small if we want to obtain perturbative confor-
mal field theory results. In theories without supersymmetry classical conformal
invariance is usually broken by quantum effects, as is represented by the Wilso-
nian renormalisation group equations. In supersymmetric theories however the
conformal invariance can be maintained at the quantum level, which is necessary
for the ASCFT duality. Looking at the condition for small Ad Scurvature (5.67)
we find

s 0 (gsN)?/9 = (g2)?/9 > 1. (5.72)

The new string coupling constant can be written as gs = g2 /N, which has to be
small in a supergravity approximation. Combining these two requirements we
conclude that we need large N > g% > 1 for the supergravity approximation to
be a valid description. String quantum corrections are governed by the string
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Chapter 5. String solitons and the field theory limit

coupling constant and are therefore 1/N corrections, as we concluded before. The
size of the sphere 1 and the radius of the Ad Si;.1 eémbedding are both equal to
r, and therefore proportional (in @’ units) to

ro 0 (gsN) Y = (). (5.73)
We can use (5.34) to trandlate thisinto the value of the cosmological constant

d(d—1)
AD @ (5.74)

We clearly obtain small A < 1 or larger, > 1in the supergravity approximation.

Similar equations hold for M—branes. We loose the constraint of small string
coupling, gs disappears altogether and the fixed conformal field theory coupling
constant is just proportional to N. The only requirement for a supergravity ap-
proximation is now small curvature and this will involve taking a large N limit.
For M—branes the parameter 3 can take on two values. For M2—branes (or inter-
sections) we find 8 = 2 and for M5-branes (or intersections) we find 8 = % The
energy parameter u (5.15) can be written as

B

r

upg = - . (5.75)
(dpN)(B+D/d] (B+1)

When B = 1 this energy scale can be interpreted as the squareroot of the distance
scale between M5-branes times the tension of a membrane T,,, 0 1/13;. So in
the field theory limit we keep the length of stretched membranes fixed. Thisis of
course very similar to D p—branes in string theory and confirms the interpretation
of M5-branes astopological defects on which open supermembranes can end. For
B = 2 wedo not find such a nice interpretation.

Because of exact conformal invariance these dualities are not restricted to par-
ticular regimes in the AdSbackground. The coupling constants are independent
of the scale parameter u, and so the supergravity approximation constraints can be
satisfied on the complete Ad§, , ; x S+1 background by just considering alarge N
limit. Conformal invariance also makesit easier to perform tests of these dualities,
basically because some observables (like 2— and 3—point functions) satisfy very
stringent constraints because of conformal invariance. This ensuresthat some per-
turbative properties on the conformal field theory side can be extended to strong
't Hooft coupling. These results can then be compared with (semiclassical) AdS
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supergravity results to test the conjecture. Of course we need a specific relation
between the fields on both sides of the conjecture to be able to compare results.
The general ADSCFT duality map was first constructed by Witten in [124] and
was suggested earlier for D3—branes in [125]. These maps position the confor-
mal field theory on the boundary of AdS,, ; and couple boundary values of AdS
supergravity fields to conformal operators living on the boundary. The choice for
the boundary of AdSisanatural one because the Ad Sisometriesindeed act on the
boundary as ordinary conformal field theory transformations, as we discussed in
4.1.2.

A first requirement for the duality to be possible is that the symmetries match
on both sides. These can be checked case by case and should include the isome-
tries from the sphere ™1, giving a SO(OT + 2) global symmetry group on the
supergravity side. These global symmetries are indeed also found as the so—alled
Z—-symmetry group on the superconformal field theory side. Conformal sym-
metry and the number of supersymmetries also match up in all cases. Using the
duality maps many checks were made of the AASCFT conjecture, mainly for the
D3-brane and the self—dual string (aD1-D5 intersection) in D = 6. Especially the
D3-brane case, where the dual field theory isaD = 4 superconformal Yang-Mills
theory, attracted alot of attention. All these checks so far confirmed the AASCFT
conjecture and for more details we refer to the review paper [112] and references
therein.

The exampleswhich are not yet understood are the five— and four—dimensional
Reissner—Nordstrom extremal black holes. Those cases are conjectured to give
risetoan AdS x S? and AdS, x SYICF T, duality respectively. Thefield theoriesin
these cases should reduce to supersymmetric conformal gquantum mechanics mod-
els[126, 127], which are difficult to construct. An immediate problem that arises
is that, as opposed to higher dimensional field theories, a (conformal) quantum
mechanics model does not describe any internal dynamics if we have to assume
that all the BPS particleslie on top of each other. The same problem occursin the
conjectured dual AdS, supergravity description which displays amass gap, telling
us that small excitations of the AdS, supergravity fields can not exist. The dual-
ity conjecture therefore reduces to a map between two non—dynamical theories,
which does not seem very interesting. Another basic problem refers to the fact
that AdS, has two boundaries and the question then arises on which boundary the
dual conformal quantum mechanics model should live [128]. Another problem
was discussed in [129], where it was observed that the AdS, spacetime is not a
stable background vacuum solution, but instead can fragment into multiple AdS,
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spacetimes.

Although potentially these AdS,/CF T, dualities could teach usalot about (ex-
tremal) black hole dynamics, as advocated in in [130, 131], the situation at this
moment is not well understood. What has becomeclear isthat the AdS,/CF T, case
requires an understanding of what the duality conjecture means which is different
from all the higher—dimensional cases. More recent progress in constructing su-
persymmetric conformal quantum mechanics models and the interpretation of the
duality can be found in [132, 133, 134, 135] and in the review paper [136].

5.2.3 Non-trivial dilaton Dp—-branesin D = 10

Let usfirst discussall ten—dimensional D p—branes, except for the already covered
D3-brane. These werefirst discussed in [108, 109], except for the special case of
the D8-brane. The only difference with the pure AdScases is the appearance of a
non—trivial dilaton, forcing usto use the constraint (5.64) and signalling the break-
ing of the conformal isometry group of the complete background solution. The
non-trivial dilaton, turning the background solution into ageneric domain—wall, is
also responsible for the breaking of supersymmetry. The number of broken super-
symmetriesis obviously the same as the number of broken supersymmetriesin the
original D p—brane solution, which is % of the maximum number 32. Remember
that the pure Ad Svacuum solution preserved all of the supersymmetries and with
respect to the original p—brane soliton solution this represented supersymmetry
enhancement in the near—horizon geometry.

The string coupling constant will depend on the (radial) AdSenergy scale u
and therefore naturally represents a (classically) running coupling constant in the
dual field theory. Thisalso meansthat when we want to use a supergravity approx-
imation we will be forced into aregion (an energy scale uinterval) of the complete
domain—wall supergravity background where the string coupling is small. Simi-
larly the spacetime curvature of the background, when probed with strings, is no
longer constant because the dilaton scalar will now contribute as well. Therefore
it is non-trivial to find energy regions where supergravity will be a good approxi-
mation.

The constraint (5.64) for D = 10 and A = 4 gives k = 1 and more importantly
x= p—3. Thefixed 't Hooft coupling constant (5.54) therefore equals

& = coNasva’ " Y =Ny, (5.76)

which is the appropriate scaling for a coupling constant of a p + 1-dimensional
Yang—Mills gauge theory. We will keep this quantity fixed, which for p > 3 means
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we haveto take N — o if we want to be sure that the bulk supergravity decouples.
From the Yang—Muills theory point of view thisisthe 't Hooft limit of an infinite
number of colors. The supersymmetric Yang-Mills theory under consideration
will of course be the one obtained as a low—energy limit of D p—branes, which as
we discussed in section 2.3.2 can al be obtained from atoroidal reduction of the
D = 10 SYM theory. These include scalars which for p > 1 will be frozen into
their vacuum expectation values'? and will play no role in the actual dynamics.
Remember that even p D—branes are string solitons of I1A superstrings, whereas
odd p D-branes are part of 11B superstring theory.
Other D = 10 D p—brane parameters we will need are

B=35-p) , a=3(3-p). (5.77)

For p=5weseethat 8 = 0 and therefore the near—horizon geometry becomesd +
1-dimensiona flat space in the dual frame metric. This excludes the D5-branes
from our discussion. Also remember that the I1B D7-brane is excluded because
d = 0. The relation between the D p—brane energy scae U and the holographic
energy scale u now becomes

d
U>P=1(5-p)? <C—z> g? 2. (5.78)

Plugging in the different D = 10 D p—brane parameters the dilaton background
(5.65) becomes

o 1 L (A5 T
€ =N 3/5—pl(gf)72u W : (5.79)

Let us analyze for each D p—brane where we can trust a supergravity approxima-
tion on the one hand and a perturbative supersymmetric Yang—Mills gauge theory
approximation on the other hand.

The effective dimensionless coupling constant (5.66) in the perturbative Yang—
Mills theory equals

021 =gulP~3). (5.80)

Thisrepresentsthe classical scaling of the coupling constant which because of su-
persymmetry should not be affected by quantum effects in the field theory. Nec-
essarily a perturbative field theory analysis can only be trusted in the following

pyt differently, for p > 1 the positions of the N D p—branes are fixed and determine the gauge
theory vacuum.
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energy regimes
u > (@)FI Vp<3
U < (R)®9 Vp>3. (5.81)
In a supergravity approximation we need small curvature (5.67) and at the
same time small string coupling €® (5.79). Small curvature means'3
O (ggff)ﬁ > 1. (5.82)

Similarly small string coupling (5.79), when rewritten using g, ¢, gives the con-
dition
® 1 5 (7=p)
05 (067) P <« 1. (5.83)
Trand ating the conditions (5.82) and (5.83) into conditions on the energy scale u

we find
-1

u < (g9 Vp<3
u > (g%)ﬁ V3<p<5 (5.84)
u < ()T Vp>5,

for small curvature. Notice that these regimes are opposite to the perturbative field
theory regimes (5.81) for p < 5. For p > 5 these regimes overlap. Small string
coupling (5.83) trandlates into

(P—=3)(7—p

2 )
u > (gf)DSN P Vp<3
2 1 (p— )(7 p)
u < (g5)®3 P V3<p<5
2 p—3><7—p)
u > (g2)®3 -» V5<p<7 (5.85)

Y70
u < (gf)sz2 ; Vp>7.

Combining the conditions (5.84) and (5.85) to find the regions where supergravity
is a good approximation, will necessarily give a condition on N to be able to
satisfy both conditions at the same time (except for the D8-brane). We find

‘pS?p

N ‘>>1 Vp<T7. (5.86)

131n our analysis of small curvature and string coupling we suppress all constants of order 1,
e.0. p, cp and dp.
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S-dual SUGRA PQFT

gs>>1 R>>1

Figure 5.2: Different regimes in the energy plot for Dp-branes with 0 < p < 3 and
N > 1. The terminology should be self—explanatory and was discussed in the main text.

A supergravity approximation therefore alwaysinvolves alarge N limit. The only
exception being the D8-brane, but remember that in that case we had to take
N — oo anyhow to keep g% fixed and to decouple gravity. The D8brane was first
discussed in [107].

The D = 10 D p—branes can be divided into four types of qualitatively different
behavior [108, 109, 107].

e Dp-branes with 0 < p < 3. Summarizing the previous discussion we find
that the supergravity approximation isvalid in the IR when

~1 (p=3)(7—

) —
Uy = ()P IN 255 <u<ug=(g?)09, (5.87)

which implies large N. The perturbative quantum field theory description
appliesin the UV, when
u>> ug. (5.88)

We end up in astrongly coupled string theory regime when
U< Uy. (5.89)

In the inequality (5.87) we defined the two critical points uy and ug, where
the subscript refers to their (different) dependence on the fixed quantities.
The critical point ug describes the crossover from small to large curvature
(R> 1) in the string theory description and the transition from perturba-
tive (PQFT) to non—perturbative in the field theory description. The critical
point uy, describes the crossover from weak to strong string coupling. When
N = 1 the two critical points become equal and the separation between ug
and uy, increaseswith N, which motivates the subscript N on uy. We plotted
the different regimesin Figure 5.2.
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Depending on whether we are in Type IIA (p=0and p=2) or Type |IB
superstring theory (p = 1) we can invoke M—-theory or S—dual Type |I1B
theory respectively to try to obtain another weakly coupled description of
this system of Dp-branes in the far IR. The D p-brane background itself
should then aso be transformed. For the D2—brane the solution transforms
into the M—theory M2-brane, which we aready discussed in the AASCFT
subsection. It follows that the (2+ 1)—-dimensional field theory flows to a
conformal fixed point in the IR, which has adual description asthe AdS§, x
S’ M2-brane near—horizon supergravity in the large N limit [108].

The S—dual background for the Type |1B D1-brane is the fundamental (k =
0) Type 1B F1-brane, which has a curvature singularity at u = 0 and there-
fore a supergravity approximation isnot possiblein the far IR. However the
(1+ 1)—-dimensiona Yang-Mills gauge theory flows to a conformal fixed
point in the IR [75]. This suggests that the curvature singularity in the
S-dua F1 background is an artifact and is resolved by a description as a
conformal fixed point in the 1+ 1-dimensional gauge theory [108].

The S—dua DO-brane background is the M—wave, which just represents
D = 11 momentum. Wrapping the M—wave on a light-like compact direc-
tion with N units of momentum will give the N DO-branes near—horizon
solution [137]. The S—dua gravitational theory in the IR is therefore M—
theory on a compact light-like direction with N units of momentum. This
isthe strongly coupled region of the dual N DO-branes quantum mechanics
model. This quantum mechanics model is nothing but the Matrix model
and we now conclude that only the strongly coupled IR limit of the Matrix
model will describe DLCQ M-theory. We can now also understand why
we reached a different conclusion in section 3.1.1. When we “deduced” the
Matrix model we neglected the gravitational backreaction of the N units of
M—theory momentum. The agreement between perturbativeMatrix model
results and DLCQ M-theory (in a supergravity limit) should probably be
understood as a consequence of non—renormalisation theorems due to su-
persymmetry. The Matrix theory conjecture has now been reduced to a
special example of the more general DW/QF T correspondence [137, 138].
Although the above sketched scenario seems plausible, a remaining prob-
lem isthat we do not understand the duality map between quantum mechan-
ics models and DW, backgrounds very well. These problems were already
explained in section 4.2.2 where we discussed the AdS,/CF T, examples.

The established relation between the (uncompactified) Matrix model and
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PQFT SUGRA S-dual

R>>1 g S>>1

Figure 5.3: Different regimesin the energy plot for the D4-brane with N > 1.

the more general DW,/QF T, correspondence seemsto break down when we
consider Matrix model compactifications. According to the Matrix model
conjecture p+ 1-dimensional Yang-Mills theory defined on atorus Ty will
describe DLCQ M-theory on the T—dual torus. At first sight these Matrix
model conjectures can not be obtained as special examples of the DW/QFT
correspondence if p > 0. Supposedly a relation should exist [138], but a
detailed understanding seems to be missing so far.

e The D4-brane. The supergravity regime is defined in the UV by

3

Ug = (g) " <u<uy=(gf) *NZ. (5.90)

The D = 5 perturbative quantum field theory description appliesin the IR,
when
U< Ug. (5.91)

Strong string coupling is encountered in the far UV when
u>uy - (5.92)

We plotted the different regimesin Figure 5.3.

In the strong string coupling regime we can try to go to the S—dual de-
scription, which would be the M—theory M5-brane. In the UV regime
we therefore obtain the AASCFT duality between AdS, x S* supergrav-
ity and a (5+ 1)—-dimensional conformal field theory. This also means that
the (44 1)—dimensional gauge theory of the D4-branes should flow in the
UV to a (5+ 1)—dimensional conformal fixed point theory. This was also
suggested earlier in studies involving Matrix theory on T4 and T° [61, 62]
. To decouple gravity and to fix the 't Hooft coupling constant we men-
tioned that we had to take N — o and small gs. However in this case we can
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S-dual SUGRA

gs>>1 R>>1

Figure 5.4: Different regimes in the energy plot for the D6-brane with N > 1. The
question mark represents our lack of knowledge for both the QFT and the string theory
in the UV. When N — oo, uy, — 0 and the S—dual string theory region will shrink to zero

take gs — o0 and finite N to fix the coupling constant and decouple eleven—
dimensionabulk gravity to leave us with the (conformal) M5—brane world-
volume field theory. Classically this is a self—dual rank 2 gauge theory,
whose quantum version is not yet understood.

The D6-brane. In the IR there exists a valid supergravity regime bounded
by
Uy = (@) FNT <u<ug=(gh)7, (5.93)

which partially overlaps with the perturbative field theory regime, defined
by
U< Ug. (5.94)

At the same IR end of the energy spectrum, when
U< Uy s (5.95)

we end up in aregion of strong string coupling. We plotted the different
regimesin Figure 5.4.

The strong string coupling regime can perhaps be resolved by going to
eleven—dimensional M—theory. This will amount to considering Kaluza—
Klein monopoles, their near—horizon region and their worldvolume field
theory description. This time it is impossible to consider a limit gs — oo
and finite N to fix the worldvolume field theory coupling constant and de-
couple eleven—dimensionaravity. So the best we can do is consider the
limit N — . Essentially this excludes the appearance of a strong string

144



5.2. Thefield theory limit

PQFT )
SUGRA S-dual

R>>1 gs>>1

Figure 5.5: Different regimes in the energy plot for the D8brane with N > 1. The
guestion mark represents our lack of knowledge for both the QFT and the string theory.
When N — oo, uy, — o and the S-dual string theory region will shrink to zero size.

coupling regime and describes afree string theory limit. The DW/QFT du-
ality then suggests that in the IR a perturbative 't Hooft limit (N — ) of
the (6 + 1)—dimensional (non—renormalizable) gauge theory equalsa free
string theory on the domain—wall background. Different interpretations of
the correspondence in this D6-branes example, athough investigated in a
dightly different context, were pointed out in [108, 121].

e TheD8-brane. Thiscaseisrather specia, athough somewhat similar to the
D6-brane discussion. As we aready pointed out the supergravity approx-
imation does not need to involve alarge N limit and is valid in the energy
range

-1
U< ug=(gf), (5.96)

which becomeslarger in the limit of large N. The perturbative gauge theory
regime is bounded by
U< Ug, (5.97)

which isthe same energy range as in the supergravity approximation. Large
string coupling is encountered in the UV when

ol
ol

u>> uy = (g?) S NE, (5.98)

which getslarger when N isincreasing. We plotted the different regimesin
Figure 5.5.

Again we would like to go to M—theory to resolve this regime. We need
M9-branes for that but these solutions will still have large curvature in the
UV, so a supergravity approximation does not exist in that regime. Also the
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worldvolume theory of M9-branes is not yet well understood [20, 23]. As
in the case of the D6-brane it is again impossible to take the limit gs — o
and finite N to fix the worldvolume coupling constant and decouple eleven—
dimensionagravity. So we haveto consider thelimit N — oo, whichisafree
string theory limit. The analysisabove suggeststhat inthe IR a’t Hooft limit
of the (8+ 1)—dimensional (non—renormalizable) gauge theory can aso be
described by a free string theory on the domain—wall background.

Thisends our discussion on D = 10 D p—branes. We will now move on to their
six—dimensional analogues.

5.2.4 Non-trivial dilaton dp—branesin D =6

The examples in D = 6 were first discussed in [107]. The p—brane solutions in
D = 6wewill treat all have A = n= 2, where nistheinteger counting the (higher—
dimensional) constituents which make up the D = 6 p—brane solution. This can
be understood as follows. In ten dimensions one can consider intersecting or
overlapping D p-branes, let us say we consider a D p—brane intersecting with a
Dg-brane with p’ common worldvolume directions. These solutions are stable
and BPS, breaking 1/4 of the 32 supersymmetries, only when the number of rela-
tive transverse directions'* equals 4 [139, 140]. Reducing all 4 relative transverse
directions on atorus T# we end up in D = 6 with a p'—brane solution. Reducing
on the T# relative transverse space also means the constituent branes are delocal-
ized the solution can not depend on the relative transverse directions anymore.
All information of the D = 10 intersection is hidden in the 4 small compact direc-
tions, from the D = 6 point of view this can not be distinguished from an ordinary
p'—brane solution. To obtain a solution with just one harmonic functions we will
decide to identify the D = 10 Dp— and Dg-brane charges. This means we iden-
tify the number N, of Dp-branes and the number N, of Dg-branes to equal the
number N of p'—branes. The resulting D = 6 p'—brane can be found in our gen-
eral solution (5.4) if wetake D = 6 and A = 2 and inherits many properties of the
D = 10 Dp-brane parents, so we decide to call them dp’—branes. For example
their tension again scales as 1/gs, which is customary for D—branes.

It is also possible to give these string solitons an interpretation without re-
ferring to D = 10 Dp-brane intersections. Instead we can relate them directly
to D = 10 Dp-branes by considering K3 compactifications. A K3—-manifold is

14These are transverse directions of one of the constituent branes and worldvolume directions
of the other brane.
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T

Figure 5.6: Intersecting D—branes and some different open string excitations.

a4—dimensional Calabi—Yau manifold breaking 1/2 of the D = 10 supersymme-
tries. Compactification of Type IIA or Type 1IB superstrings on a K3—-manifold
gives a corresponding D = 6 superstring theory with 16 supersymmetries. String
solitons in this D = 6 theory will break another half and therefore correspond to
supergravity soliton solutions preserving 8 supersymmetries. When we consider
Dp-branesin TypellA or Type 1B superstring theory and compactify the theory
on aK3-manifold, the D = 6 dp’—branes with A = 2 will arise naturally.

The worldvolume theory of these dp/—branes can not be the same as their
D p-brane parents. For one thing they should preserve a smaller number of super-
symmetries. To construct them the easiest approach is to use their interpretation
as intersections of Dp—branesin D = 10. Open strings, which will determine the
worldvolumefield theory fluctuations, now have the possibility to stretch from the
D p-branes to the Dg—branes, see Figure 5.6. These will give rise to extra states
in the worldvolume field theory. Extra fermions and scalars denoting the relative
position in the intersection space (which is the space of relative transverse direc-
tions), called a supersymmetry hypermultiplet, will appear on both the D p—brane
and Dg-brane worldvolume theory. These scalars and fermions will transform in
the fundamental representation of the (different) gauge groups. The appearance
of the hypermultiplet will break the supersymmetry of the system to one preser-
ving only 1/4 of the maximum of 32 supersymmetries. Most important for our
discussion will be that the D = 6 dp’—brane worldvolume field theory will have
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extra hypermultiplet scalars which after identification of the number of branes
transform in a single fundamental representation of the U (2N) gauge group.

We aready encountered one example of aD = 6 dp-branein our AdS CFT
discussion, where we described the D = 6 self-dual string (p = 1) as the pure
AdS; x S® near—horizon geometry example which is dual to a 2—dimensional con-
formal field theory. The d2—brane is the specia flat Minkowski spacetime near—
horizon geometry example, the d3-brane has d = 0, so we will discuss the do—
brane and the (domain—wall) d4—brane as new examples of DW/QF T dualitiesin
D=6.

Interestingly enough the constraint (5.64) tellsusthat in this case

X=p-—1, (5.99)

which means that the dimension of the fixed coupling constant (5.54) isthat of a
scalar field theory®®. Thisisavery important difference as compared with the D =
10 Dp-branes. It means that the Yang-Mills coupling constant gy, — « in the
field theory limit. Generically the dp—brane worldvolume field theory will bein a
vacuum with non—zero vacuum expectation values for the hypermultiplet scalars,
which is called the Higgs branch®®. This will give rise to a Higgs effect giving
mass to all the vector bosons on the worldvolume proportional to the Yang—Mills
coupling constant. Because the Yang—Mills coupling constant divergesin thefield
theory limit, all vector bosons will become infinitely massive and decouple. The
effective field theory which is|eft—over is aworldvolume scalar field theory (with
the necessary fermions of course to make it supersymmetric). These kinds of
limits were discussed earlier in the context of Matrix theories [141, 142] and in
the context of the D = 6 self—dual string AASCFT duality in [110].

In principle the dynamics of the positions of the dp—branes, represented by the
vector multiplet scalars (as opposed to the hypermultiplet scalars) is now included
aswell, whichis called the Coulomb branch when the hypermultiplet scalars have
vanishing expectation values. In [141, 142] it is argued that the Coulomb branch
decouples and one should only consider the Higgs branch scalar field theory. We
will assume this conclusion to be correct and will only consider, when needed, the
Higgs branch of the corresponding dp—brane worldvolume field theory.

Let us now analyze the D = 6 supergravity near—horizon backgrounds. We are
mainly interested in the dilaton—expression which governs the analysis of where

BThisisof course consistent with the fact that the p = 1 case should be aconformal field theory.
16gtrictly speaking, this is only called the Higgs branch if the scalars in the vector multiplet
have vanishing expectation values, which means that all the dp—branes are on top of each other.
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5.2. Thefield theory limit

we will be able to use a supergravity approximation. We are going to repeat the
anaysis done for the D = 10 D p—branes, just replacing the D = 10 parameters by
the appropriate six—dimensional ones. Using that A =2 and D = 6 wefind

B=2-p , a=1l-p. (5.100)
The D-brane constraint (5.64) gives the following relation between the D—brane
energy scaleU and the holographic energy scale u

U?P=[2—p| (g—s) g2u. (5.101)

The singular case p = 2 is the one with the flat Minkowski near—horizon region,
asthe p=5casein D = 10. The effective dimensionless coupling constant equals

Gors=gfuP *. (5.102)

In terms of this effective coupling constant the dilaton background (5.65) can be
expressed as

(3=p)
1 (-1Ep [dpg2ec) 2ZP
e® — 12— pl e=on ( pce”> . (5.103)
p p

Thisisof course very similar to the expression in (5.83).
From (5.102) it follows that a perturbative field theory analysisis valid when

)P Vp<i
)&= Vp> 1. (5.104)

The supergravity approximation requires usto satisfy the following two conditions
simultaneously (we neglect constants of order 1, e.g. p, ¢, and dp)

1

s O (G5er) 2P >1

® 1,5, (3-p)
e O N (geff) 22-p) < 1. (5105)

It should be clear that the first condition represents small curvature and the sec-
ond condition represents small string coupling. Translating these conditions into

conditions on the energy u will give us the energy regimes where supergravity
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Chapter 5. String solitons and the field theory limit

S-dua SUGRA PQFT

gs>>1 R>>1

Figure 5.7: Different regimes in the energy plot for do—branes with N > 1. The termi-
nology should be self—explanatory and was discussed in section 4.2.3.

is a good description. For p = 0 these conditions can again only be satisfied si-
multaneously by taking a large N limit, whereas for p =4 alarge N limit is not
implied by (5.105). However, we need to take N — o in the d4—brane case to fix
the coupling constant (5.54) and to decouple the worldvolume field theory from
gravity.

Below we discuss the two D = 6 DW/QF T examples in more detail.

e The D = 6 d0-brane. A supergravity approximation can be used in the
following IR energy regime

Uy = g% N7 UKL Ug = g%, (5.106)

which can only be satisfied for large N. In the UV we can use perturbative
field theory
u> ug, (5.107)

which in this case reduces to a quantum mechanics model. We therefore
find the typical DW/QFT behavior that the supergravity regime and the
perturbative field theory regime do not overlap, avoiding inconsistencies. In
thefar IR, when

u< Uy, (5.108)

the string coupling becomes large and we could try to use an S—dual de-
scription. The different regimes are plotted in Figure 5.7.

The dO-brane is related to the D4—brane by considering a ll1A compactifi-
cation on a K3—manifold. It is conjectured (and by now well established)
that Type I1A superstring theory on a K3—manifold is S-dual to Heterotic
superstring theory on aT#[26]. On the Heterotic side the S-dual soliton so-
lution would be afundamental state (k = 0) and has a curvature singularity
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5.2. Thefield theory limit

PQFT )
SUGRA S-dual

R>>1 gs>>1

Figure 5.8: Different regimes in the energy plot for the dd—brane with N > 1. The
question mark represents our lack of knowledge for both the QFT and the string theory.
When N — oo, uy, — o and the S-dual string theory region will shrink to zero size.

at u= 0, so asupergravity approximation will not make sense. The situation
resembles the D1-brane casein D = 10 Type |1B theory. There the curva-
ture singularity in the S—-dual F1-brane solution was resolved by the strong
coupling conformal fixed point of the (1+ 1)—dimensional gauge theory.
It is suggestive to propose the occurrence of a similar phenomenon in this
case. It would therefore be interesting to determine the strongly coupled IR
limit of the corresponding guantum mechanics model. As mentioned in sec-
tion 4.2.2 and 4.2.3, we will have to deal with the problems involving the
interpretation of the DW,/QFT, correspondence if we want to understand
this dO—branes examplein al its detail.

e Thed4-brane. Just like the D = 10 D8-brane thisis a specia case, because
itisaD = 6 domain—wall solution. The supergravity regime is bounded
from above by

U< ug=(g?)3 (5.109)
and we do not need large N. The perturbative field theory isvalid in

U< Ug, (5.110)

so supergravity and perturbative field theory are valid in the same regime,
which seems implausible. Large string coupling is encountered in the UV
when L

u>> uy = (g7)3 N3, (5.111)

We plotted the different regimesin Figure 5.8.

Asin the D8-brane case however, we should remember that we had to take
N — oo to fix the coupling constant and to decouple gravity. So the state-
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Chapter 5. String solitons and the field theory limit

ment should be that the IR 't Hooft limit of the (44 1)—dimensional (non—
renormalizable) field theory can equivalently be described by a free string
theory on the corresponding domain—wall background. Again we can not
consider alimit in which we take gs — c and keep N finite to decouple an
S—dual gravity theory (like we could for the Type I1A D4-brane). In the
UV, after taking the limit N — o which shrinks the S—dual region to zero
size, a well-defined description is unknown. Thisis also suggested by the
non—enormalizability of the worldvolume field theory.

At the end of this subsection let us make the following remarks. We did not
present a detailed investigation of the dp—brane worldvolume field theories. Our
discussion was focussed on the dp—brane geometry in thefield theory limit and the
search for well-defined supergravity regions. We showed that the near—horizon
geometries of the D = 6 dp—branes indeed have regions where a supergravity ap-
proximation seemsvalid and the analysisis strikingly similar to that of the D = 10
D p—branes. We did make some general remarks on the nature of the field theory,
which is governed by scalar dynamics, presumably in the Higgs branch of the
p+ 1-dimensional gauge theory, consisting of supersymmetry vector multiplets
and hypermultiplets.

We should point out that other work was done on localizedD p—brane intersec-
tions and the field theory limit [143, 144, 145]. In these investigations a limit is
considered taking one into the near—horizon geometry of the lower—dimensional
D—brane in the intersection and the dual field theory should then also be the one
living on the lower—dimensional D—brane. Although the field theory limit in that
case fixes the Yang—Mills coupling constant, there could be a connection with the
results presented here in the sense that both investigations start off with the same
intersecting D—brane system.

The status of these DW/QFT dualities, in D = 10 aswell asin D = 6, is not
entirely clear at this moment because they are hard to check explicitly. Basically
this is because the supergravity approximation and the perturbative field theory
are generically valid in opposite energy regimes, making it very hard to perform
explicit checks of the duality conjecture. What can be checked of course are the
symmetries and it is not very hard to show that these match in al examples pre-
sented. However, the very general mechanism leading to these proposed dualities,
the explicit checks of the ASCFT duality and the string theory interpretation
of Dp-branes as discussed in 1.1.5, can all be considered strong circumstantial
evidence for the correctness of the DW/QFT duality conjecture.

This ends the chapter on string solitons and the field theory limit. In the next
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5.2. Thefield theory limit

concluding chapter we will summarize our results presented here and in the previ-
ous chapter and try to establish a common understanding of these results, appar-
ently teaching us that gravity and gauge field theories, as limits of an underlying
string theory, are connected in avery interesting way.
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Chapter 6

Emerging structure and discussion

To conclude it is useful to summarize and discuss the results presented in chapter
4 and 5 and, if possible, try to establish a common understanding. One of the
goals of thisthesis wasto try to convey the idea that string theory, regarded as a
natural extension of point particle theories, can be used as a tool to find interest-
ing relationships between point particle theories which were previously thought
to be very distinct. The correspondence between supergravities and large N su-
persymmetric gauge theories was the example we concentrated on in this thesis.
In chapter 4 we introduced Matrix theory as an example of a large N quantum
mechanics model capable of describing (certain aspects of) M—theory and, in a
low energy limit, D = 11 supergravity. In chapter 5 we discussed a limit which
incorporated the p—brane geometries in an important way and which led to the
conjectured DW/QFT correspondence.

First of al let us summarize our contributions. In the context of Matrix theory
we constructed additional (kinematical) evidence in favor of the conjecture. We
constructed intersecting BPS states in the Matrix model and concluded that all of
these BPS states can be mapped to corresponding intersecting BPS states in M—
theory. We also presented some arguments as to why some BPS states are missing
in Matrix theory, which is perhaps a consequence of the light—cone frame. Be-
sides the additional evidence in favor of the Matrix theory conjecture, the method
of constructing intersecting BPS states is interesting by itself and can be applied
to other cases aswell (e.g. higher dimensional supersymmetric Yang—Mills theo-
ries).

In the chapter on string solitons and the field theory limit we showed that
dualities between field theories on the one hand and domain—wall superstring the-
ories on the other hand can be derived systematically. This involved introduc-

155



Chapter 6. Emerging structure and discussion

ing the dual frame metric and aso the restriction to D—branes and their intersec-
tions (reduced over all relative transverse directions) when a non—trivial dilaton
background was involved. This led to new conjectures of DW/QFT correspon-
dences in 6 uncompactified spacetime dimensions, which are very similar to the
10-dimensional cases. We also presented some results of the correspondence
when considering D — 2-branes. We argued that the situation in those cases not
necessarily leads to contradictions because we explicitly have to take N — oo in
that case. In the case of the ASCFT correspondences many tests have been
performed which are all in support of the conjecture and in some cases one can
even go beyond the supergravity approximation, considering string theory on AdS
spacetimest.

We have to say that explicit tests of these DW/QFT correspondences (with
non—trivial dilaton) have not (yet) been made, mainly because generically the dual
descriptions are supposed to be valid in different regimes. We should also point
out that the DW/QFT correspondence is not well understood when the dual field
theory is asupersymmetric (conformal) quantum mechanics model. Although we
did describe flat near—horizon geometries, we did not discuss alimit taking usinto
the flat near—horizon region and leading to non-trivial worldvolume dynamics.
These limitsare described in[108, 109] and a more thorough investigation on (the
meaning of) the correspondence in those cases can be found in [122].

We noticed that the Matrix theory conjecture can be understood as embed-
ded in the more general DW/QFT correspondence. This has some consegquences
for the Matrix theory conjecture(s). Although we introduced the Matrix theory
conjecture as a limit of I1A superstring theory, in retrospect we have to conclude
that we neglected the effect of the limit on the (non—trivial) background of the N
units of momentum in DLCQ M-theory (or DO-branes in Type 1A superstring
theory). If we would not have neglected the background we could have observed
that the radius of the compact (light-ike) direction is not a constant, but instead
depends on the radial parameter of the background solution. In the context of the
DW/QFT correspondence thisthen led to the understanding that Matrix theory, or
the quantum mechanics of N DO-branes, is only describing DLCQ M-theory in
the far IR, where the quantum mechanics model is strongly coupled. Remember
that we do seem to understand how to construct DLCQ M-theory supergravi-
ton states in the Matrix theory, whereas we do not know the explicit map in the

LIn general this is very hard because the background involves non-trivial Ramond-Ramond
flux, which is hard to treat in a quantized closed string o—model approach. Progress has been
made in the case of AdS; x S® inwhich case the R—R rank 2 potential can be replaced by aNS-NS
rank 2 potential [146, 147, 148].
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DW,/QM correspondence. Perhaps the Matrix theory conjecture can teach us how
we should construct the DW,/QM map. Presumably similar considerations hold
for the tori compactified Matrix theory conjectures. We note that in the DW/QFT
correspondence we did not consider wrapping the string solitons on tori, so we
can not immediately compare with the Matrix theory conjectures.

The overall topic in this thesis were the relations between supersymmetric
(large N Yang—Mills) field theories and closed superstring theories, containing
gravity, on a particular BPS background. Although string theory was used to es-
tablish these relations, it is not impossible that these relations could have been
discovered without string theory. After al, in alarge N limit where string loop
corrections can be neglected, we are left with two particle theories on both sides.
In that case one would not have had any understanding as to the origin of these
relations between gravity and field theory. In that sense string theory naturally ex-
plains the appearance of these relations, understood by the covariance property of
the (stretched) string worldsheet relating closed and open strings in the presence
of D—brane solitons. This could be another strong theoretical argument in favor
of string theory, assuming these dualities and/or correspondences are actually cor-
rect.

Perhaps these relations are very dependent on supersymmetry. In fact a lot
of results and techniques were based on the fact that we were dealing with BPS
states. Recently there has been alot of activity in trying to get results beyond the
BPS states. Also in the context of the ADSCFT correspondence one is trying to
make contact with our real (non—supersymmetric) world, for example trying to
understand confinement in QCD from a dual string theory on a particular back-
ground [149, 150]. Another interesting approach is making use of the idea that
the DW/QFT correspondence tells us that one can think of the renormalization
group scalein field theories as a (specia) coordinate in a background solution of
a gravitational theory living in one dimension higher (the renormalization group
flow equations can then be deduced from the classical gravitational equations of
motion). In a cosmological context this can perhaps explain the smallness of the
cosmological constant in our D =4 world [151, 152, 153]. It issatisfying to notice
that these new techniques and ideas in string theory can be more directly applied
to D = 4 (theoretical) physics problems.

From our point of view string theory is an interesting theoretical structurein
which new ideas about space, time and quantum mechanics seem to be realized
in avery concrete and tractable way. The concepts of dualities, non—commutative
geometry and the holographic principle were al mentioned somewhere in this
thesis. Thisis just one among many other motivations to continue to investigate
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string theory and its consequences.
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Appendix A

String theory unitsand charge
conventions

In this Appendix we specify our units and charge conventions. In D = 10 and
lower we use the convention 12 = a’ which is understood to be replaced by the
Planck length |, in eleven dimensions.

In alow energy approximation of string theory we want to make a clear dis-
tinction between the field e® and the string coupling constant gs in order to deter-
mine the dependence of the low energy effective action on gs. Remember that gs
is defined as the constant part of €. This means that in alow energy, tree level
approximation of string theory, which naturally involves the string frame metric,
all gs dependence can be extracted from the field e®. We note that we do not want
these dependences to change when we perform a conformal transformation. Our
starting point for deducing the dependence of the action on gs will be the general
Einstein frame action (3.48), but with the rank d + 1 field strength replaced by its
rank d+ 1 Hodge dual. Next we perform a conformal transformation to the string
frame using

gy, =ev2g. (A1)

This gives the following string frame action
[4-(at )]

1 B —2
S [ Pxyase * [Ro+4(0@)? - ez(pﬁﬁil] . (A2

where we extracted an overall factor of e 2%. We can now read off the gs depen-
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dence by just extracting gs's from e® and writing the string frame action as
b\ —2

$= 701%(;2)93 [ Px.ys (i) Ry +4(00)?

4—2k D 42K
Us (e—> F2 ] (A.3)

S 2(p+2)! \gs d+1
1
where we used that k3 0 a’ 2(P~2) and defined the parameter k
a 2
k= >t 2 (A.4)

This parameter is useful because it is directly related to the scaling of the effec-
tive tension of the corresponding p-brane, which is equal to g5 and that can be
deduced by adding a p—brane source term to the supergravity action and using a
scaling argument [37]. So for D—-branes k = 1, for Neveu—Schwarz solitonsk = 2
and for fundamental branes k = 0, which are the only types of branes we will
encounter in string theory.

At this point we want this gs dependence to stay fixed under conformal trans-
formations, which means we should always perform conformal transformations

with the gs independent field £

o€ — (ﬁ)a :
H Os H

The mass Ty, per unit p—volume of a p—brane is given by the ADM—formula

1 d+1sm [ 4n b
T, = 275/5Ma+zd 5™ (3ymn — Ok, )
2d (d
A2 0
Ak3
where we plugged in the solution given in (5.4), in which r is an integration
constant with the dimension of length. On the other hand, the charge ip per unit

p-volumeisgiven, interms of the same integration constant r, by the Gauss-aw
formula

%)

. (A.5)

<

Q

d+1’ (A.6)

1

_ d+lsymp-—-m. (2K
up = %/(d Z) 1 d+1gé )le...m&+l

= i\/grp. (A7)
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Hence, the p—brane solution satisfies the Bogomol’ nyi bound

Tp= \/§|Hp|- (A.8)

Because the effective tension (A.6) should scale as gg ¥ we can now derive an
expression for r in terms of the string parameters |s and gs

r\d
(1) =t ¥, (A9

where dp, isjust anumber and N counts the number of p-branes.
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Samenvatting

Dacht men aan het einde van de 19de eeuw dat atomen de kleinste bouwstenen
waren, in de loop van de 20ste eeuw bleek al snel dat een atoom is opgebouwd
uit een atoomkern en daaromheen cirkelende elektronen. De atoomkern is opge-
bouwd uit protonen en neutronen en de protonen en neutronen zijn opgebouwd
uit de zogenaamde quarks, waarvan men nu aanneemt dat ze ondeelbaar zijn. Uit
bovenstaande blijkt dat wat men elementaire of kleinste bouwstenen noemt onder-
hevig kan zijn aan veranderingen in de loop der tijd. De theoretische elementaire—
deeltjesfysicais die tak van de natuurkunde die zich bezighoudt met het opstellen
en bestuderen van wiskundige modellen die de eigenschappen en wisselwerkingen
beschrijven van de kleinste bouwstenen der natuur.

De bewegingen van deze dedltjes in ruimte en tijd worden bepaald door de
eigenschappen van de verschillende deeltjes en hun onderlinge wisselwerkingen.
Zeer kleine en snelle objecten blijken zich op een fundamenteel andere wijze te
gedragen dan we gewend zijn van macroscopische objecten, waarvan het gedrag
nauwkeurig kan worden beschreven met behulp van de wetten van Newton. Bij
afstanden die de grootte van een atoom benaderen (~ 1019 meter) of bij snelhe-
den in de buurt van de lichtsnelheid (3.10% meter per seconde) dienen de wetten
van Newton aangepast te worden.

Microscopische objecten worden beschreven door de kwantummechanica. De
natuur laat zich volgens deze theorie bij zeer kleine afstanden niet meer precies
voorspellen. In plaats daarvan beschrijven de uitkomsten van kwantummecha
nische berekeningen slechts de kans dat een bepaald proces zich voordoet. Een
ander specifiek gevolg van de kwantummechanicais dat in veel omstandigheden
allerlei meetbare grootheden, zoal s bijvoorbeeld energie, slechts discrete waarden
aannemen. De toestanden die overeenkomen met deze discrete waarden worden
vaak aangeduid als kwantumtoestanden. Hoe kleiner de afstanden, des te doel-
treffender wordt de kwantummechanische beschrijving. Hoe groter de af standen,
des te meer komt de kwantummechanische beschrijving overeen met de klassieke
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mechanicavan Newton?.

Wanneer de snelheden van objecten de lichtsnelheid benaderen dient de me-
chanica van Newton te worden vervangen door de speciale relativiteitstheorie van
Einstein. De speciale relativiteitstheorie veronderstelt dat de lichtsnelheid ge-
meten door verschillende waarnemers die ten opzichte van elkaar met constante
snelheid bewegen, altijd dezelfdeis. Gebruikmakend van deze symmetrie kunnen
de relativistische bewegingswetten worden opgestel d?, waaruit bijvoorbeeld blijkt
dat de lichtsnelheid bovendien de maximaal bereikbare snelheid is. In de limiet
van relatief kleine snelheden vinden we de klassieke mechanica van Newton weer
terug.

De kwantummechanica en de speciae relativiteitstheorie zijn toepasbaar op
een groter gebied van afstanden en snelheden dan de mechanica van Newton en
in die zin beschouwen we deze theorieén as fundamentelere beschrijvingen. In
de huidige elementaire—deeltjesfysica wil men processen beschrijven die zowel
op kleine schaal als bij zeer hoge snelheden plaatsvinden. Dit vereist een verdere
aanpassing van de wetten der mechanica, namelijk één die de kwantummechanica
en de speciale relativiteitstheorie verenigt. Het resultaat wordt kwantumvel den-
theorie genoemd en deze theorie isin staat gebleken, althans formeel, vele eigen-
schappen van elementaire deeltjes en hun wisselwerkingen met grote precisie te
beschrijven. Zoals de kwantummechanica en de speciale relativiteitstheorie af-
zonderlijk fundamentelere beschrijvingen zijn vergeleken met de mechanica van
Newton, zo is kwantumveldentheorie wederom een fundamentel ere beschrijving
van de natuur, aangezien ze een nog groter bereik heeft.

De combinatie van kwantumveldentheorieén die alle waargenomen deeltjes
en hun wisselwerkingen beschrijven wordt het Standaard Model genoemd. In het
Standaard Model kan men onderscheid maken tussen materiedeeltjes (elektronen,
quarks en neutrinos, ook wel fermionen genoemd), waaruit alle macroscopische
objecten zijn opgebouwd, en krachten uitwisselende deeltjes (bosonen), die uit-
gewisseld worden wanneer er een interactie plaatsvindt tussen materiedeeltjes. Er
bestaan drie soorten krachten uitwisselende deeltjes in het Standaard Model. De
fotonen zijn verantwoordelijk voor de el ektromagnetische wisselwerking, de mas-
sieve vectorbosonen beschrijven de zwakke wisselwerking en de sterke wissel-
werking komt tot stand door uitwisseling van gluondeeltjes. De kwantumvel den-

11n sommige gevallen kan dit aangetoond worden, in andere gevallen is het zeer moeilijk (wis-
kundig) te bewijzen. In dat opzicht is de kwantummechanica nog geen gesloten (en zeker niet
begrepen) boek.

2Met al's absoluut meest bekende resultaat de equival entie tussen massa en energie, uitgedrukt
in de vergelijking E = mc.
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theorieén in het Standaard Model die deze deeltjes en hun interacties beschrijven
hebben de belangrijke elgenschap dat ze onveranderd blijven onder zogenaamde
ijktransformaties en worden kwantumijkvel dentheorieén genoemd.

Al meer dan twintig jaar beschrijft het Standaard Model met (veelal onge-
kende) precisie alerlei botsingsexperimenten tussen elementaire deeltjes in de
verscheidene experimentele versnelleringtituten, zoals CERN in Geneve (Zwit-
serland), SLAC in Stanford en Fermilab in Chicago (beide Verenigde Staten). In
dat opzicht is het Standaard Model een van de succesvolste natuurkundige theo-
rieén ooit eniser op dit moment zeker geen experimentel e noodzaak om theorieén
te ontwikkelen (of te bestuderen) die beter of fundamenteler, in de zin zoal s eerder
uitgelegd, zouden zijn dan het Standaard Model3. En toch zijn er velen die denken
dat er iets aan het Standaard Model mankeert.

Voor een fundamentele theorie die de kleinste bouwstenen van de materie
beschrijft, bevat het Standaard Model veel vrije parameters die bepaald moeten
worden door een experiment te doen. Velen binnen de theoretische elementaire—
deeltjesfysica verwachten (of hopen) dat een fundamentele theorie van de natuur
weinig mogelijkheden voor variatie toelaat, en dus een minimum aan vrije para-
meters bevat. Op die manier zou het heelal zijn zoals het is omdat er gewoon
geen andere mogelijkheden zijn, wat voor veel theoretisch natuurkundigen een
afdoende verklaring is. Aangezien dit voor het Standaard Model niet geldt, wordt
vaak verondersteld dat het Standaard Model slechts een effectieve beschrijving is,
geldig voor processen beneden een bepaalde energie. Voor processen boven die
energie (die ook wel de Grand Unified Theory (GUT)—energie wordt genoemd)
zou een fundamentel ere theorie geldig zijn die minder vrije parameters bevat. Dit
idee wordt ondersteund door experimentele data die laten zien dat de drie ver-
schillende koppelingconstanten, die de sterkte van de drie verschillende wissel-
werkingen tussen de elementaire deeltjes weergeven, als functie van de energie
naar elkaar toe bewegen bij hogere energie. Dit betekent dat het niet onmogelijk
is dat de drie wisselwerkingen hun oorsprong vinden in een theorie met slechts
eén koppelingconstante, een Grand Unified Theory. Omdat de GUT—energie ver
boven de bereikbare experimentele energieén ligt, kan dit idee niet direct getoetst
worden en is een veelgehoorde kritiek op de bovenstaande argumenten dat ze
gebaseerd zijn op esthetische principes die a priori helemaal niets met de werke-
lijkheid te maken hoeven hebben. Er zijn echter meer redenen om aan te nemen

3Hier dient te worden opgemerkt dat recentelijk experimentee! is aangetoond dat niet alle neu-
trino deeltjes massal 00s zijn, zoal s wordt verondersteld in het Standaard Model. De wijziging van
het Standaard Model die dit echter tot gevolg heeft zouden wij in de context van dit proefschrift
niet willen betitelen als een fundamentel e verbetering van het Standaard Model.
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dat er ietsmisis met het Standaard Model.

De opmerkzame lezer zal het opgevallen zijn dat in het lijstje van wisselwer-
kingen of krachten die opgenomen zijn in het Standaard Model de zwaartekracht
ontbreekt. De zwaartekracht wordt beschreven door de algemene rel ativiteitstheo-
rie die een extensie is van de speciae relativiteitstheorie, eveneens ontwikkeld
door Einstein. Het blijkt dat wanneer we steeds grotere massa’'s (of energieén)
beschouwen, de speciale relativiteitstheorie niet langer van toepassing kan zijn en
we over moeten stappen naar de algemene relativiteitstheorie. Speciale relativi-
teitstheorie moet dus worden opgevat als een redelijke benadering van algemene
relativiteitstheorie wanneer de energieén of massa’s niet te groot zijn. De alge-
mene relativiteitstheorie beschrijft met zeer grote precisie de processen die met
zwaartekracht te maken hebben, zoals bijvoorbeeld de banen van de planeten om
de zon, de afbuiging van licht door sterren en de evolutie van het heelal. De alge-
mene relativiteitstheorie en het Standaard Model vormen samen de hedendaagse
pijlers van de theoretische hoge—energiefysica en hebben, ieder in hun eigen ge-
bied van geldigheid, vele experimentel e toetsen met glans doorstaan.

Voor elementaire deeltjes speelt de zwaartekracht geen rol omdat de massa's
van deze dedltjes te klein zijn. Alle andere interacties zijn veel sterker en de
zwaartekracht is dus verwaarloosbaar. Maar omdat volgens de speciale relativi-
teitstheorie massa en energie equivalent zijn, zal op een bepaald moment wanneer
we de energieen van de elementaire deeltjes steeds groter maken de zwaartekracht
wel degelijk een rol gaan spelen. Hoewel deze energie, ook wel de Planck energie
genoemd, ver buiten het huidige experimentele bereik ligt moeten de energieén
een fractie na het ontstaan van het heelal (ongeveer vijftien miljard jaar geleden
als gevolg van een enorme explosie, de Big Bang) van vergelijkbare grootte zijn
geweest. Het is dus van (theoretisch) belang het effect van de algemene relati-
viteitstheorie op de elementaire deeltjes in het Standaard Model te bepalen. Dit
betekent dat gezocht moet worden naar een theorie die de algemene relativiteits-
theorie en de kwantummechanicaverenigt. Op algemene gronden kan men aanne-
men dat die theorie een graviton dient te bevatten, het deeltje dat verantwoordelijk
isvoor de gravitationele wisselwerking.

Er bestaan standaard (technische) procedures om een theorie te verenigen met
de kwantummechanica. Alhoewel dit in veel gevallen gepaard gaat met alerle
technische problemen, is het in het geval van het Standaard Model gelukt om een
betekenisvolle theorie (dat wil zeggen dat de theorie uitkomsten geeft die tussen
de 0 en 100 procent liggen) op te zetten*. Past men deze kwantisatiemethode

“Voor het oplossen van deze technische problemen in het Standaard Model kregen de Neder-
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echter toe op de algemene relativiteitstheorie dan is het resultaat een onzinnige
kwantumtheorie (dat wil zeggen dat men oneindigheden berekent). Hoewel dit
misschien slechts een technisch probleem lijkt, zijn er ook fundamentelere pro-
blemen bij het kwantiseren van de algemene relativiteitstheorie. De algemene
relativiteitstheorie beschrijft zwaartekracht as een gevolg van de kromming van
de ruimte en tijd. Kwantisatie van de algemene relativiteitstheorie is daarom het-
zelfde al's kwantisatie van de ruimte en tijd. Of aan dat |aatste een betekenisvolle
interpretatie kan worden gegeven is maar de vraag. De heersende opvatting is
dat een betekenisvolle constructie van een kwantumtheorie van de zwaartekracht
radicaal nieuwe natuurkunde zal bevatten.

In het Standaard Model worden de elementaire deeltjes beschreven als punt-
deeltjes, objecten die geen vorm of grootte hebben. Al indejaren’ 70 speelde men
met het idee om deeltjes al's de verschillende kwantumtoestanden van een snaar te
beschrijven. Deze resonantiemodellen, zoals ze genoemd werden, waren bedoeld
om een onderdeel van het Standaard Model, namelijk de sterke wisselwerking
waarvan men op dat moment nog weinig wist, beter te begrijpen. Deze modellen
werden al snel aan de kant geschoven omdat bleek dat bepaal de toestanden van de
snaar niet voorkwamen in de theorie van de sterke wisselwerking. Na een korte
stilte traden de snaarmodellen weer op de voorgrond, maar nu met een volstrekt
ander doel. Men was er namelijk achter gekomen dat een van de toestanden van
de snaar alle eigenschappen had van een graviton, het deeltje dat verantwoorde-
lijk isvoor de gravitationele wisselwerking. De snaartheorie bleek een consistente
beschrijving van de kwantum—zwaartekracht te kunnen geven in een benadering
waarin de zwaartekracht niet te sterk mag zijn.

In een snaartheorie worden alle elementaire—-materiedeeltjesen de deeltjesver-
antwoordelijk voor de uitwisseling van krachten beschouwd als de verschillende
(harmonische) toestanden van één enkele snaar. Voor de opzet van een beteke-
nisvolle snaartheorie is een aantal theoretische concepten vereist. Zo is het nood-
zakelijk om supersymmetrie in te voeren. Supersymmetrie is een symmetrie die
elementaire—materiedeeltjes (fermionen) en krachten uitwisselende deeltjes (bo-
sonen) met elkaar verbindt. In een supersymmetrische theorie heeft elk boson-
deeltje een fermion superpartner deeltje en omgekeerd. Om contact te maken met
het Standaard M odel moet worden aangenomen dat supersymmetrie een gebroken
symmetrie is omdat superpartners vooralsnog niet zijn waargenomen.

Alle consistente supersnaartheorieén zijn gedefinieerd in tien ruimte— en tijd-
dimensies. Om contact te maken met onze vierdimensionale ruimte en tijd, wordt

landers 't Hooft en Veltman in 1999 de Nobel prijs!

177



Samenvatting

aangenomen dat zes dimensies opgerold en zeer klein zijn, zodat we ze niet kun-
nen waarnemen®. Gebruikmakend van supersymmetrie en extra dimensies is tij-
dens de zogenaamde eerste supersnaar revolutie (1984-1985) aangetoond dat er
vijf verschillende supersnaartheorieén in tien ruimte— en tijddimensies bestaan. Al
deze supersnaartheorieén bevatten een betekenisvolle beschrijving van kwantum-
gravitatie en zijn daarnaast in principein staat om de verschillende kwantumijk-
veldentheorieén in het Standaard Model te beschrijven. Snaartheorie lijkt daarom
uitermate geschikt als kandidaat voor een geunificeerde elementaire—deeltj estheo-
rie.

Het grote probleem in supersnaartheorie is dat deze slechts bij benadering ge-
definieerd is. Dat wil zeggen aleen wanneer de snaarkoppelingconstante klein
IS, wat equivalent is aan niet a te grote zwaartekracht. Zeer waarschijnlijk ver-
hindert deze restrictie ons ook om direct contact te maken met het succesvolle
vierdimensionale Standaard Model. Reproduktie van het Standaard Model is na-
tuurlijk van uitermate groot belang voor snaartheorie al's serieuze kandidaat voor
een geunificeerde elementaire-deeltjestheorie. Het huidige onderzoek in snaar-
theorie is dan ook bijna volledig geconcentreerd op het begrijpen van het gedrag
van snaren wanneer de snaarkoppelingconstante groot is (het niet—perturbatieve
regime). De laatste tijd is er enorme vooruitgang geboekt op dit gebied door de
ontdekking van dualiteiten in snaartheorie.

Supersymmetrie zorgt ervoor dat sommige objecten, BPS-objecten genoemd,
massa’ s en ladingen dragen die geen correcties krijgen wanneer de koppelingcon-
stante groot wordt. Deze BPS—gegevens zijn dus volkomen onafhankelijk van de
perturbatieve definitie van snaartheorie. Het blijkt dat BPS—objecten veel voor-
komen in snaartheorie. Bovendien ontdekte men dat sommige van deze objec-
ten microscopisch beschreven konden worden met behulp van open—snaartheorie.
Door aan te nemen dat de eindpunten van een open snaar eindigen op een p—
dimensionaal vlak, bleek men in staat een BPS-Dp-braan® te beschrijven. Ge-
bruikmakend van de BPS—eigenschap van deze objecten kwam men erachter dat
er zeer waarschijnlijk allerlel verbanden bestaan tussen de vijf verschillende snaar-
theorieén en deze verbanden worden dualiteiten genoemd.

Het meest opvallend zijn die dualiteiten die een sterk gekoppel de snaartheorie
relateren aan een zwak gekoppelde (niet noodzakelijk andere) snaartheorie. Tij-
dens de zogenaamde tweede supersnaar revolutie (1994—1996) ontdekte men dat

SDenk aan een tuindang. Van dichtbij is deze tweedimensionaal, maar wanneer je er van een
flinke afstand naar kijkt begint de tuinslang steeds meer op een ééndimensionalelijn te lijken.

6Deze randcondities op een open string worden Dirichlet randcondities genoemd, vandaar de
naam D—branen.
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ale vijf de snaartheorieen verbonden zijn met elkaar en de verschillende pertur-
batieve (zwakke koppeling) limieten beschrijven van een unieke elfdimensionale
theorie die M—theorie wordt genoemd. Hoewel dit een enorme vooruitgang is’,
ontbreekt er tot op de dag van vandaag een microscopische formulering van M—
theorie. In dit proefschrift bestuderen we een voorstel voor een microscopische
definitie van M—theorie, Matrix theorie genoemd, en laten we zien dat Matrix
theorie in staat is het spectrum van BPS-objecten van M—-theorie grotendeels te
reproduceren.

Alsvervolg op deze ontwikkelingen, gebruikmakend van dezelfde technieken,
werden allerlel onverwachte relaties (wederom dualiteiten genoemd) ontdekt tus-
sen kwantumijkvel dentheorieén die, zoals reeds vermeld, ook onderdeel zijn van
het Standaard Model, en snaartheorieén gedefinieerd op Anti—de Sitter—ruimtes
(dit zijn oplossingen van de bewegingsvergelijkingen van algemene relativiteits-
theorie met een negatieve kosmologische constante). In een bepaalde limiet lei-
den deze dualiteiten tot de verrassende conclusie dat sommige kwantumijkvel-
dentheorieén tevens beschreven kunnen worden door supergravitaties gedefinieerd
op Anti—de Sitter—uimtes. A priori hadden deze dualiteiten ook ontdekt kunnen
worden zonder enige kennis van snaartheorie, maar in dat geval lijkt het onwaar-
schijnlijk dat dit zou hebben geleid tot het huidige begrip van dit verschijnsel. In
dit proefschrift laten we bovendien zien dat snaartheorie het mogelijk maakt deze
relaties tussen gravitatie en kwantumveldentheorie systematisch af te leiden en
presenteren we enkele nieuwe gevallen.

De laatste tien jaar bleek snaartheorie in staat ons alerlel diepe inzichten te
geven in de eigenschappen van kwantumgravitatie en kwantumvel dentheorieén.
Het lijdt nauwelijks twijfel dat deze resultaten ook hun invlioed zullen hebben bui-
ten de snaartheorie. Snaartheorielijkt namelijk bij uitstek geschikt om ons allerlei
concrete en handelbare voorbeelden te geven van nieuwe ideeén over ruimte en
tijd en kwantumveldentheorie, die bijvoorbeeld door theoretisch natuurkundigen
niet werkend aan snaartheorie geopperd zijn®. Het valt te hopen en te verwachten
dat er de komende jaren nog vele nieuwe ontwikkelingen zullen volgen.

"Voorheen waren er vijf ongerelateerde snaartheorieén en bestond er dus geen unieke geunifi-
ceerde theorie.

8Voorbeelden daarvan zijn het Holografische principe van 't Hooft en de niet—-commutatieve
meetkunde van Connes.
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