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Abstract

This thesis is a study of closed and open string theories in low dimensional space-
times, and the various relations between these theories. In particular, we focus on
the theory of the two-dimensional black hole.

We first study closed strings in the background of the Euclidean two-
dimensional black hole (SL2(IR)/U(1)) tensored with flat space, using the duality
relating these theories to non-critical superstrings described by the supersymmetric
sine-Liouville interaction on the worldsheet. We point out a subtlety in their geo-
metric interpretation, and clarify the symmetry structure of the theories based on
the understanding of these theories as near horizon limits of wrapped NS5-branes.
In one such example (cigar ><1R6), we use the brane description to understand the
enhancement of the global symmetry in the coset theory from U(1) to SO(3) under
which the sine-Liouville and cigar interactions are related. In the same example, a
worldsheet description of the moduli space IR* /Z5 is presented.

We then study open strings in the topologically twisted Euclidean two-
dimensional black hole which is equivalent to noncritical ¢ = 1 bosonic string theory
compactified on a circle at self-dual radius. These strings live on D-branes that are
extended along the Liouville direction. We present explicit expressions for the disc
two- and three-point functions of boundary operators in this theory, as well as the
bulk-boundary two-point function. The expressions obtained are divergent because
of resonant behavior at self-dual radius. However, these can be regularised and
renormalized in a precise way to get finite results. The boundary correlators are
found to depend only on the differences of boundary cosmological constants, sug-
gesting a fermionic behaviour. We initiate a study of the open-string field theory
localized to the physical states, which leads to an interesting matrix model.

Finally, we present evidence that the worldvolume theory of N unstable D-
particles in type IIB superstring theory in two-dimensions is represented by the
supersymmetric matrix model of Marinari and Parisi. This identification suggests
that the matrix model gives a holographic descriptions of superstrings in a two-

dimensional black hole geometry.
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Chapter 1

Introduction, Summary and Discussion

1. What is this dissertation about?

This dissertation is an investigation of a few related topics in the quantum
theory of one-dimensional objects - strings - living in certain spacetimes having the
feature that the strength of the string interactions - the string coupling - varies as
a function of one of the spatial directions. These theories are also known as non-
critical string theories, and there are many known examples with a small number
of dimensions (two or less). In particular, this thesis shall focus on a solution of
these theories which, from the spacetime point of view, looks like a black hole in
two dimensions. Since string theory is a consistent theory of quantum gravity, this
is exciting because it might throw some light on issues in the physics of black holes,
like the problem of information loss, i.e. understanding unitarity of the quantum
theory, and the origin of entropy.

Following this introductory chapter, this thesis consists of three chapters based
on the works [1-3]. The second chapter discusses the gravitational theory of closed
superstrings in various spacetime backgrounds in less than ten dimensions which
contain the two dimensional black hole geometry as the most important part. The
main focus is on the geometry of these backgrounds, and where these theories fit
into the space of solutions of superstring theory. The third and the fourth chapter,
motivated by the concept of holography as manifested by open-closed string duality,
study open strings in the black hole with the intention of getting information about
the closed string gravitational theories. The third chapter sets forth the quantum
field theory of open strings on D-branes in the topological Euclidean black hole.
The fourth chapter studies the tachyonic open string theory in the physical black
hole background and based on this, proposes a dual unitary quantum theory to
describe the black hole.

The current chapter has two goals. Firstly, it is meant to put this thesis in

perspective for the reader with a general interest in particle physics, gravitation
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and string theory by introducing the main ideas in the thesis along with some
relevant background. Secondly, for the reader with more specific interest in the
topics discussed — superstrings in low dimensions, the two dimensional black hole,
open-closed string duality and matrix models — a brief summary of results and
some discussion relating the various threads is provided towards the end of the
chapter. More detailed discussions are present in the corresponding chapters and
each chapter can be read as a logically independent unit with its own conclusions.

In view of this, there is no separate concluding chapter.

We shall begin with some general motivation to study the non-critical theories,
and the rest of the chapter is devoted to introducing the background material for
the three chapters to follow, and to explain some of the terms, ideas and concepts
appearing in the above paragraphs in a heuristic manner. A general reference for
the background material on string theory is [4]. All other references to topics at

hand are indicated in the chapters where they arise.

The motivation to study non-critical string theories is manifold, among the primary
ones are:

1. These theories are quantum theories of gravity, which are tractable, and in
some cases exactly solvable. They do not exactly model the world we live in;
nevertheless, they contain many lessons about a theory of quantum gravity in
four large spacetime dimensions, which has been difficult to understand so far,
despite a lot of progress along many directions.

2. The theory of strong interactions of particle physics — Quantum Chromo Dy-
namics (QCD) — which governs the force that holds a nucleus inside an atom
together has string-like excitations of the flux of ”glue”, the carrier of the strong
force. These flux tubes bind quarks to one another. The theory of these strings
of glue is very similar to the non-critical string theories that we will study. One
hopes to learn lessons about QCD by studying the non-critical string theories.

3. In recent years, it has been realized through many examples, that the theory
of strong interactions, and gauge theories in general, have deep connections
with the theory of gravity in certain spacetimes. This idea is part of a more
general set of ideas which together go by the name of holography, which relates

the quantum theory of gravity of a particular spacetime to non-gravitational
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theories like QCD, in a related spacetime of one dimension less. Non-critical
string theories are another fertile field to explore and extend this connection
further.

4. Non critical string theories admit solutions which resemble black holes in four
dimensions. The possibility of studying black holes via a holographic unitary
quantum theory is obviously very exciting towards understanding the issue of

unitarity, or information loss in a black hole.

We shall begin below with a brief introduction to string theory as a quantum
theory of gravity. Next we shall briefly describe the tool used to compute ampli-
tudes for processes in this theory which is the two-dimensional quantum field theory
living on the surface that a propagating string sweeps out in spacetime. We shall
then turn to general conditions that this theory must satisfy in order to make the
theory consistent and discuss the fact that if the spacetime has less than a certain
critical number of dimensions, then it cannot be flat. In the process of trying to
formulate a theory of strings in a few flat dimensions!, the string worldsheet devel-
ops another dynamical mode which can be regarded as an extra dimension along
which the curvature and the string coupling varies. This extra dimension, known
as the Liouville field is a hallmark of non-critical string theories.

Then follows a brief description of supersymmetry in string theory, a symmetry
which is a natural extension of the Poincare symmetries which we observe at low
energies, and at the technical level, is an ingredient which makes the theory stable.

As a quantum theory of gravity, string theory must be able to describe the
physics of black holes. We turn next to a brief discussion of black holes in string
theory, and the relation among black holes in two dimensions and the supersym-
metric non-critical string.

We next discuss the idea of a manifestation of holography as a duality between
open and closed string theories. This gives us a very precise set-up in which to
explore the idea of holography further and in particular, we shall discuss how the
setting of non-critical string theories is a natural environment in which this kind
of relation arises, and also, how due to their tractability, they hold the promise of

being a very important laboratory for testing these ideas.

1" One exmaple being the QCD string, which one might at first try to formulate in four

flat dimensions



In Chapters 2,3 and 4, we present detailed investigations along some of the
lines sketched above. In the rest of this introductory chapter, we shall point out

along the way where and how the three bulk chapters fit into the scheme of things.

2. String theory in general spacetimes

String theory is presently the best candidate for a quantum theory of gravity.
It is a quantum theory of one-dimensional objects (strings) which may or not have
a boundary (open/closed strings). The theory is perturbatively defined by a sum
(functional integral) over Riemann surfaces, analogous to the Feynman diagram
expansion in field theory. Different modes of vibration of the string are interpreted
as different particles with different mass, charge, spin and other quantum numbers.
A Riemann surface then corresponds to a dynamical process in spacetime where
some strings (particles) come in, interact with each other and some other particles
go out. The amplitude associated to such a diagram has a factor of the string

coupling constant g, for each vertex where three strings meet.

Fig. 1: The string worldsheet (left) naturally spreads the interaction over
a finite region of spacetime; point particle theory (right) has interactions
at one spacetime point.

One of the main reasons this theory is so attractive as a theory of quanutm
gravity is that the spectrum of vibrations of the closed string always contains a spin
two massless particle, i.e. a graviton, a quantum of the gravitational field. The fact
that the interaction between the strings is not localized to one point in spacetime

renders the theory perturbatively finite and consistent.
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To formulate a perturbative quantum theory of gravity, one thinks of fluctua-
tions around a given background for the metric and the other matter fields in the
theory. The theory must specify the interaction between these fluctuations. For the
sake of illustration, let us suppose that the background spacetime parametrized by
variables X*# is completely specified by the metric G, (X), that is to say that there
are no macroscopic sources which produce other background fields in the spacetime.
The string propagating in this spacetime describes a two dimensional surface X* (o),
known as the worldsheet of the string. Perturbation theory is then defined in terms
of a two dimensional quantum field theory living on the worldsheet parameterized

by the variables (o1, 02):

1
21/

S

/ 420/ PG (X)0a X" X", (2.1)

hap is the fluctuating metric on the two dimensional surface which has to be inte-
grated over, o’ is the one dimensionful parameter in the theory (Planck scale).
Extremizing this two-dimensional action describes the classical shape of the
worldsheet. The full quantum theory is defined by a path integral over the fields
describing the embedding of the worldsheet in spacetime, as well as the metric on

the worldsheet. For example, the partition function is
Z = / [DXH|[DhgpleSX" asl (2.2)

The perturbative expansion of this path integral gives a Feynman diagram-like

O &

expansion:

Fig. 2: The perturbative expansion over different genera



Fluctuations of the worldsheet about this stationary point are the dynamical
fields of the theory. As mentioned above, one of the fluctuations is the pertur-
bations of the metric itself, or the graviton. Along with the graviton, the string
spectrum contains other fields, which could be thought of as arising from matter
sources. For example, there could be sources corresponding to p—forms which are
the generalizations of the electromagnetic field strength. At low energies compared
to the string scale, the light modes should be observable and there is an effective
field theory governing their interactions.

Among the fields in the theory, there is always a scalar field ® called the dilaton
which is the trace of the metric tensor. The zero mode of this field couples to the
integral of the scalar curvature of the worldsheet, which is simply its Euler number.
In the perturbation theory of (2.2) in Fig[2], the dilaton is related to the string
coupling as g5 = e®. The interaction between the strings is, in this sense naturally
encoded in the topology of the Riemann surface.

In order to reproduce known physics at low energies, the two dimensional quan-
tum theory on the worldsheet is required to be conformal, i.e. invariant under local
changes of scale on the worldsheet. Conformal invariance of the theory plays an
important role in making the theory consistent. At the classical level (in the two
dimensional theory), any flat background is conformal. At the quantum level, the
background is required to satisfy certain conditions. The departure from confor-
mal invariance of the theory can be measured in terms of a number known as the
conformal anamoly, or central charge c. The theory on the worldsheet includes repa-
rameterization ghosts which contribute ¢ = —26. Thus the condition for conformal
invariance is that the matter theory which represents the spacetime has ¢ = 26.

Each spacetime dimension contributes to the central charge by one unit. The
conformal invariance condition is satisfied by 26 flat dimensions (for the bosonic
string — the supersymmetric string has more fields and satisfies the condition with
10 flat dimensions). More generally, any conformal field theory with central charge
c = 26 serves as a consistent background for the bosonic string. For more general
backgrounds with curvature and sources, the condition for conformal invariance
involves a relation between these sources and the curvature of the metric which, at
lowest order in o reduces to Einstein’s equations. In this fashion, string theory is a
well defined theory at high energies (distance scales of v/a/), and reduces to general

relativity at larger length scales where we know its veracity.
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3. Strings in low dimensions: Non-critical backgrounds

The spectrum of the bosonic string contains a scalar field called the tachyon,
which in general, is an unstable mode in the perturbation theory. A very simple
non-trivial background which is conformally invariant is one where the spacetime
in d dimensions has a flat metric and the only field which has an expectation value

is the scalar tachyon:

G (X) = s 0(3) = (5 ‘d)%xl

6a’

T(X) =exp(¢X?), ¢= (26_d)% B (2—d)%

6a’ 6o’

(3.1)

Translational invariance in this spacetime is broken by the background tachyon and
dilaton. Notice that the string coupling which is determined by the dilaton grows
indefinitely along the X! direction. If the number of dimensions d > 2, the theory
is unstable and there is really a tachyon in the spectrum. For d < 2, the tachyon
field is stable, (and the word tachyon is a misnomer).
Since the tachyon field has a background, it should be added to the worldsheet
action (2.1):
S = Sfree + /d% T(X) (3.2)

For d < 2, the tachyon field is real and the exponential potential suppresses the
path integral (2.2) in the strong coupling region. Thus it effectively acts as a
barrier and prevents strings from penetrating too deep into the strong coupling
region. Perturbation theory is thus valid in this theory in spite of the fact that the
string coupling diverges in a certain region of spacetime.

If the free field direction is compactified on a circle, the spacetime manifold is
a flat cylinder. Asymptotically, there is no potential, and the only non-trivial field
is the dilaton which varies linearly along the non-compact direction.

In fact, if one does not demand that the worldsheet theory be conformally
invariant, and instead thinks of the worldsheet theory as matter coupled to 2-
dimensional gravity, the measure in the path integral over metrics makes the scale
factor in the metric a dynamical field, known as the Liouville field which behaves
like the direction X' above, and supplies the additional central charge. This was

historically known as non-critical string theory.
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3.1. Supersymmetry

In order to look for a realistic (stable) theory of the world in more than two
dimensions, one must get around the problem of the tachyons described above. One
way to do that is to introduce fermions and supersymmetry in the theory. In addi-
tion to the bosonic degrees of freedom corresponding to the embedding dimensions,
one can consider theories with fermionic variables on the worldsheet. Instead of
two dimensional gravity coupled to matter, one has two dimensional supergravity
coupled to a supersymmetric matter theory.

If there are a sufficient number of fermionic degrees of freedom, (so that there is
N = (2,2) supersymmetry? on the worldsheet), one gets consistent supersymmetric
theories in spacetime which are stable and do not contain any tachyonic degrees of
freedom.

The theory now also contains reparameterization ghosts for the fermionic de-
grees of freedom, and they contribute with central charge ¢ = 11, so the critical
central charge for the superstring is ¢ = 26 — 11 = 15. Since each bosonic field
with ¢ = 1 has a fermionic partner with ¢ = 1/2, this corresponds to 10 flat di-
mensions. In lower dimensions, one can have supersymmetric generalizations of the
non-critical string (3.1). It turns out (as we shall study in detail in chapter 2), that
the N = 2 supersymmetric version that we are interested in has, in addition to the
Liouville coordinate p, an angular bosonic coordinate #, and two fermions v,, 9y
which are coupled to each other via the worldsheet interaction:

Sgine—Liouville — w,& e—%(p+ﬁ+i(9+é)) +c.c (33)

wnt

where ¢ = 1, +1i1)g is the superpartner of p+i6 and 1& is its rightmoving counterpart.

Supersymmetry ties the two fields together into a complex field which we shall
consider to have Euclidean signature in spacetime. The bosonic part of the in-
teraction is called the sine-Liouville interaction. The purely bosonic sine-Liouville
theory is classically unstable, the supersymmetric counterpart of course is well-
defined. Asymptotically, this theory also reduces to a linear dilaton theory on a
cylinder like the compactified bosonic d = 2 theory (3.1) considered above. How-

ever, the symmetries of the theory are different. The bosonic d = 2 theory had a

2 These numbers correspond to the number of fermionic supercharges in the theory, of

positive and negative chirality.



global U(1) x U(1) symmetry, one of the U(1)’s corresponding to the momentum
around the circle, the other to the winding of strings around the circle which is also
conserved. The sine-Liouville potential breaks the U(1) of momentum by giving an
expectation value to a momentum mode. We shall see the same phenomenon in

another, seemingly different context later.

4. Black holes in low dimensions

As a theory of quantum gravity, string theory should be able to describe pro-
cesses involving strong gravitational fields like black holes. String theory, or its low
energy limit supergravity, is known to admit solutions which are black, in the sense
that there is an event horizon which causally disconnects one region of spacetime
from another.

A particular example which is understood as an exact perturbative string back-
ground, and not just in the supergravity limit is that of a black hole in two spacetime
dimensions. The spacetime manifold can actually be thought of as parameterizing a
coset of the group SL(2,R) by a U(1) subgroup, and this symmetry can be exploited
to understand the solution to all orders in o', beyond the gravity approximation.
There is a discrete parameter in the solution which is a positive integer, and in fact,
for small values of the integer, the solution is highly curved and is well beyond the
regime of classical gravity.

If we perform a Wick rotation of the time coordinate into Euclidean space, the
region behind the horizon is excised and we have a smooth manifold which has the
shape of a cigar, labelled by the coordinates (p > 0,0 ~ 6 + %) The non-trivial

fields in spacetime are the metric and the dilaton:

ds® = dp? + tanhQ(@)dQQ;
2 (4.1)

_ Qp

o = —logcosh(T).
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Fig. 3: The Euclidean black hole or the cigar

This solution, apart from being of intrinsic interest as a black hole, arises in
many contexts in string theory - for example as the near-horizon limit of N.S5-
branes, and blow-ups of singular Calabi-Yau manifolds.

Asymptotically, the manifold looks like a cylinder with the dilaton varying
linearly along its length. This resembles the compactified d = 2 bosonic theory and
the sine-Liouville theory, both of which we encountered above. The cigar manifold
also has only a single U(1) symmetry of momentum around the cigar. Strings
winding around the circle can slip off the tip of the cigar and can unwind. The cigar
and the sine-Liouville solutions have the same behavior, that of a linear dilaton on
a cylinder and one of the U(1) symmetries of the cylinder being broken by the
behavior of the solution in the strong coupling region. In fact, it is easy to see that
asymptotically, the two solutions are related by a duality called T-duality which
takes a circle of small radius into a circle of large radius, and interchanges the
momemtum and winding of the strings.

It is a non-trivial fact that this duality is a true relation between the two
exact CFT’s. More precisely, the supersymmetric sine-Liouville theory and the
supersymmetric version of the cigar theory are related by a duality called Mirror
symmetry, which in the asymptotic region reduces to T-duality.

In chapter 2, we shall study the supersymmetric version of the 2-d black hole
using this duality and discuss the geometry of these solutions in detail, as well as
higher dimensional solutions which include the 2-d black hole as a part. We find that
there is a subtlety in the geometric interpretation of the higher dimensional theories
and that the spectrum is most naturally interpreted as couplings to currents in a
putative holographic boundary theory. We also explain how the symmetries of the
various theories can be understood as those of the near horizon limit of certain brane

configurations in superstring theory. Based on this understanding, we discover a
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certain global symmetry relating the sine-Liouville and the cigar worldsheet theories.
This throws some light on the duality between the two theories,

In chapter 4, we shall discuss a proposal for an exact non-perturbative de-
scription of the 2-d black hole using a duality between open and closed strings. In
chapter 3, we shall study the open string theory in the example of the bosonic two-
dimensional theory (3.1), (3.2). Apart from being a simpler example than the black
hole, this bosonic theory actually turns out to capture the topological aspects of the
2d black hole. As a build-up to these studies, in the next part of the introduction,
we shall discuss at an introductory level, the powerful open-closed string duality in

string theory.

5. Open-closed string duality, branes, holography

As we mentioned earlier, strings can be either open (with two endpoints as
boundaries), or closed loops. The closed string theory is a consistent quantum
theory of gravitons and other closed strings. The open string theory does not contain
gravitons in the perturbative spectrum and generally contains gauge bosons.

In closed string theory, there are solutions to the classical equations of motion
analogous to instantons in gauge theory, in the sense that their action is proportional
to 1/g2. There are also other solutions whose action is proportional to 1/gs. These
are called D-branes. They are sources for gravitons — meaning they have mass,
and curve space around them — and other closed strings (in the case of p-forms,
this means that they are charged under those potentials). They can be thought
of as a condensate of closed strings. It was realized by Polchinski in 1995 that D-
branes have another description in terms of open string theory as hypersurfaces on
which open strings can end. This realization led to a very important discovery of a
duality between gravitational theories in the presence of these D-brane sources, and
ordinary non-gravitational theories like gauge theories which live on these D-branes.

At the nuts-and-bolts level, this duality can be be understood by the following

simple observation:
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Fig. 4: Closed string exchange between two branes or equivalently, an open
string running in a loop.

The picture [Fig.4] can be understood as a closed string tree-level exchange between
the two D-branes, or as a open string one-loop diagram, where the open strings has
its ends on the two branes.

More physically, the duality between closed string (gravitational) theories, and
the corresponding open string (non-gravitational) ones can be understood as a real-
ization of holography - which is a paradigm which states that the degrees of freedom
of a gravitational theory in a certain region of spacetime live on the boundary of
that region. This has been a powerful paradigm to understand the entropy of black
holes as the well-understood entropy of the non-gravitational theories living on the
boundary of spacetime. A much-studied example of this is the duality between type
IIB superstring theory on AdSs x S° and N = 4 Yang-Mills theory on IR*. The
radial direction in AdS5 is understood as the energy scale in the Yang-Mills theory.

Another fertile field of examples of holography are the non-critical string the-
ories we discussed earlier. The Liouville direction, which is the scale factor in the
metric is naturally associated with energy scale of the worldsheet. If we choose a
gauge in which the time on the worldsheet is related to the time in spacetime, we
can understand that the Liouville direction is naturally associated with the energy
scale in spacetime.

In the early nineties, a lot of progress was made in understanding the non-
critical bosonic theories by discretizing the worldsheet, and performing a path-
integral over random surfaces. This procedure led to a non-perturbative formulation

of these theories as a quantum mechanics of square matrices of size N. These
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matrices have a self coupling k, and we need to take a special limit where N — oo,
and the coupling is tuned to a critical value kK — kg keeping a particular combination
(k — Kk)®N fixed® which corresponds to the string coupling.

This description of two dimensional closed string theory as a one-dimensional
(quantum mechanical) theory of matrices can also be thought of as holography.
Recently, it was realized that this duality can also be understood as a open-closed
string duality. The matrix model was realized as an effective open string theory
living on D-branes in the non-critical background.

This duality has recently been under intense study, and one tool which has
been added to the string theorist’s arsenal to understand closed string theories
in the background of D-branes is to study the corresponding open string theories
living on the branes. The complete theory of open strings on the D-branes can be
described by what is called open string field theory (OSFT). Sen has made a precise
conjecture that the full OSFT on D-branes is dual to the theory of closed strings
that the branes couple to.

In many cases, the cost one has to pay for completeness is complication - in
most examples, the open string field theory is only understood using approximations
like truncating the theory to a finite set of modes. In the case of bosonic d = 2,*
one actually has a handle on the full OSFT on branes in the theory.

In chapter 3, we enunciate and explore the open string field theory of the
compactified ¢ = 1 theory in some detail. We find that the OSFT reduces to a
model of matrices living on a two-sphere with coefficients depending purely on the
open string parameters. The form of the action also suggests that the branes can
be thought of as fermions in the theory.

In the cases where the full open string is not easily tractable, one technique
which has been often used successfully is to consider limits in which most of the
open string modes decouple and the open string theory reduces to something simple
(like the quantum mechanics of free fermions for bosonic d = 2).

In chapter 4, we shall use this technique to study the two-dimensional su-

perstring which, as we saw above is equivalently a theory of the supersymmetric

3 The number = depends on the particular non-critical theory in question
4 Because of the non-critical string interpretation, this is referred to, in the literature

as the ¢ = 1 theory.
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two-dimensional black hole. We present evidence that the theory of the black hole
is described by a certain supersymmetric quantum mechanics of large N matrices,

known as the model of Marinari and Parisi.

6. Discussion

A full quantum mechanical description of a black hole is obviously very exciting,
one would then hope to describe strong gravitational processes like formation of
a black hole and Hawking radiation in a unitary fashion. We have now quite a
few examples of black hole solutions in string theory, some of which even have
brane descriptions whose entropy can be microscopically counted. However, most
of them are at the level of supergravity, and the entropy counting can be really
done for solutions which (unrealistically) preserve a lot of supersymmetry. The
two-dimensional black hole, by virtue of its being an exact CFT overcomes these
limitations and is a system which certainly deserves a lot of attention.

One of the fundamental questions which must be asked is: what is the nature
of the true degrees of freedom of the black hole, or more generally of a gravitating
system like a closed string theory? One answer which has arisen time and again in

® is simple: open strings. If one accepts this, the natural question

different guises
to follow is: what is the theory which governs the dynamics of the open strings?
Two kinds of answers have arisen in previous examples: the first kind of theory is
when there is a special limit one must take which consistently focuses on certain
open string modes, decoupling most of the infinite degrees of freedom of a typical
string theory. The second kind is open string field theory - the quantum theory of
all the open strings present in the background in question.

Examples of the first kind have produced in many cases quantum field theories
which we understand well — analytically at weak coupling, and in principle on a
computer in general. These have been extremely useful to describe gravitational
theories in specific examples where there have been consistent limits which retain
interesting dynamics. Adding to this list of examples is an important task which
may help us understand some more general principles of this kind of duality.

The second kind of theories contain much more information in principle, but in

practice has proven to be hard to understand, because of the nature of these theories

> Eg: AdS/CFT, Matrix theory, Old matrix models, Topological models.
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— there are infinite modes, usually coupled to each other and with many derivatives
in spacetime and it is not clear what a good approximation scheme is. Examples
where open string field theories are tractable — even the first step of being able to

write down the action for all the modes — are rare and therefore very important.

In the setting of non-critical string backgrounds, the rest of the chapters of this
thesis take steps in the directions sketched above. We hope that it leads to a better

understanding of the various issues alluded to in this introductory chapter.
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Chapter 2

Non-Critical Superstrings in Various Dimensions

1. Introduction and summary

It has been known for a long time that consistent string theories can live in
low number of dimensions. These theories typically develop a dynamical Liou-
ville mode [5] on the worldsheet, and have been called non-critical string theories.
These theories can be thought of as Weyl invariant string theories in a spacetime
background which is one dimension higher, and contains a varying dilaton and a
non-trivial ‘tachyon’ profile which corresponds to the Liouville interaction on the
worldsheet. While the bosonic non-critical string is perturbatively consistent for
one or less spacetime dimensions, the authors of [6] constructed non-critical theories
with /' = (2,2) supersymmetry on the worldsheet, which have the N' = 2 super-
Liouville, also known as the sine-Liouville interaction, on the worldsheet giving rise
to consistent string theories with spacetime supersymmetry in all even dimensions
less than ten.

One aspect of this construction which has not been completely clear is the
geometric interpretation of these theories. Fateev, Zamolodchikov and Zamolod-
chikov [7] conjectured that the sine-Liouville theory is equivalent to the conformal
field theory describing the two dimensional Euclidean black hole or the cigar [8].
This conjecture was extended to the N/ = 2 supersymmetric case by [9] and proved
using the techniques of mirror symmetry by [10] (another derivation of the duality
was recently given in [11]) . String theory in the black hole background has been
previously studied by many authors [see e.g.[12]]. This duality provides a possi-
ble interpretation of the non-critical superstrings in d spacetime dimensions as an
(infinite) set of fields propagating on the cigar tensored with R analogous to
string theory in ten flat dimensions.

We shall study the non-critical theories in flat space for various values of d

using the above two dual worldsheet conformal field theories:
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1. The N' = 2 supersymmetric sine-Liouville theory tensored with flat spacetime®

R as defined by [6].

2. The N = 2 supersymmetric version of the cigar defined as the Kazama-Suzuki

[13] supercoset SLo(IR)/U(1), tensored with IR?~11.

More recently, it has been understood how these theories fit into the moduli
space of superstring theories. Motivated by the search for a holographic description
of these theories, [9,14] conjectured that the non-critical theories arise as a certain
double scaling limit of ten dimensional string theory. One approaches a point in
moduli space of string theory on a Calabi-Yau manifold where it develops an isolated
singularity, taking the string coupling to zero at the same time in such a way as to
keep a combination of the two parameters fixed. To study the theory of the singular
Calabi-Yau in the limit of g; — 0, one replaces the Calabi-Yau by its (non-compact)
form near the singularity. To study the double scaling limit, one smoothes out the
singularity by deforming the non-compact surface. The precise descriptions of the

non-critical theories defined above is:
2

3. Superstring theory on IR*™!"! tensored with the non-compact manifold Yoz

pu, n=(12—-d)/2, z €C.
A T-dual [15,16,17] of this description is given in terms of wrapped NS5-branes:

4. Superstring theory in the near-horizon background of NS5-branes with d flat
spacetime directions and 6 — d directions wrapped on Y ;27 = p.
The appearance of NS5-branes is not surprising considering that the near horizon
geometry of a stack of NS5-branes involves an infinite tube with the dilaton varying
linearly along the length of the tube. It has also been noted [18] that singular

geometries like (3) with 4 = 07 also involve an infinite tube for the winding modes.

6 d=0,2,4,6; d = 0 is interpreted as the pure sine-Liouville theory. For d = 8, the
extra two dimensions are flat, producing ten dimensional flat space string theory.

7 Note that all the four descriptions presented above are singular at u = 0 - the first
two descriptions in this limit have an infinite tube with a linearly growing dilaton, and
the latter two have geometric singularities at the point z; = 0. Turning on p resolves the
singularities - in (1), the sine-Liouville interaction is turned on, which provides a potential
preventing strings from falling into the strong coupling region; in (2), the topology of
the tube is changed to that of a cigar with the string coupling at the tip of the cigar
determined by g, thus eliminating the strong coupling singularity; in (3) and (4), the

geometric singularities are smoothed out by the deformation.
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In both the descriptions (3) and (4), some of the ten dimensions decouple in the
limit - roughly speaking, (3) describes the string modes which are localised near the
singularity and these only fluctuate in d + 2 dimensions.

In this chapter, we use the above four descriptions in order to study and clarify
some properties of the non-critical theories, in particular their geometric structure.
The worlsheet description (1) gives us a handle on perturbative calculations like
the spectrum. Using this, we find that there is a clear geometric interpretation in
terms of a set of fields propagating on the cigar (2) except for the appearance of
some discrete symmetries which are non-geometric from the cigar viewpoint. On
the other hand, we show that these symmetries are natural from the point of view
of descriptions (3) and (4). Indeed, they are simply the global symmetries of the
above 5-brane (or Calabi-Yau) configurations which do not decouple after taking
the limit described above. Our analysis also uncovers some new features of some of
the sine-Liouville—cigar duality.

As just mentioned, in general, the physical spectrum cannot be interpreted as
a set of fields propagating on a perhaps singular cigar-like manifold. From the point
of view of the worldsheet CFT, this is due to the fact that the chiral Z, symmetry
used in the GSO projection is not the naive one of changing the sign of the chiral
fermions, rather it acts by translation on the chiral part of the compact boson of the
cigar in addition to the above action on the fermions. This is the only consistent
choice for the GSO projection because the pure chiral rotation of the fermions on the
worldsheet is anamolous due to the curvature of the cigar, and the conserved chiral
U(1) current acts on the compact boson of the cigar in addition to the fermions.
This means that for a given field on the d + 2 dimensional geometry, its spin in
flat space is correlated with its momentum around the cigar. In the Green-Schwarz
picture, this is due to the fact that the conserved current corresponding to the
momentum around the cigar is a combination of the naive momentum and a piece
acting on the worldsheet fermions.

The theories we consider asymptote to a linear dilaton geometry and are con-
jectured [19] to have holographic non-gravitational duals. In agreement with this
statement is the structure of the target space supersymmetry in these theories;

the supercharges anticommute to the flat spacetime® momentum generators. We

8 In [6], the dilaton direction was interpreted as the time direction, and this was called

space-supersymimetry.
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demonstrate that the spectrum can be classified as current multiplets in the bound-
ary theory, as consistent with the holographic interpretation. The conserved U(1)
momentum around the cigar is part of the R symmetry in the boundary theory. We
shall exhibit this for the first few Kaluza-Klein modes for the d = 4 theory.

For d = 6, there is an explicit CFT interpretation as the near-horizon geome-
try of two parallel non-coincident NS5-branes [15]. The CFT describing the near-
horizon geometry of k > 2 coincident five branes is R>! x R x SU(2), [20]. There
is an infinite throat along which the dilaton increases indefinitely as one approaches
the location of the branes, and a trasverse 3-sphere. This theory on k coincident
NS5-branes has the global rotation symmetry SO(5,1) x SO(4). Separating the
5-branes in the four transverse directions in a ring-like structure partially smoothes
out the singularity, and the resulting theory has a symmetry SO(5,1) x U(1) x Zj,
and is conjectured to be string theory on IR%! x SLUZ((E”)’“ X Sg((f))’“ 910 In the case
k = 2, the bosonic sphere and the flux disappear and the deformed geometry is

precisely the one we want to study for d = 6.

This geometric description of the d = 6 theory reveals some new features of the
sine-Liouville-cigar duality. The moduli space of the theory is R* /Z5 corresponding
to the separation of the two 5-branes, and the global symmetry of this configuration
is SO(4) broken to O(3). We shall discuss these features in the conformal field
theory. We find that the action of the CFT in the curved directions is not purely
the sine-Liouville action, or the cigar action - only specific linear combinations of the
two preserves the global symmetry. The d = 6 theory thus is an example where the
duality between the sine-Liouville and the cigar is present already at the kinematic
level, giving a better understanding of the duality which was conjectured based on
dynamical reasons.

The plan of this chapter is the following: In section 2, we shall begin by re-
viewing the Euclidean black hole background and the non-critical superstring con-
struction. Then we shall lay down the general features of the construction for all
the dimensions. In section 3, we describe the special features of all the theories on a

case-by-case basis. In particular, we describe many interesting features of the d = 6

9 The GSO projection relates the different factors and so the product is not direct.
10" The WZW model corresponding to the sphere consists of bosonic SU(2) currents at

level k — 2 and fermionic currents at level 2.
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theory. We also make a short note on the N' = (4, 4) algebra in this case. In section
4, we present the explanation of the global symmetries of the various theories using
the embedding in ten dimensional flat space string theory. In Appendices A and
B, we record the spectrum and one loop partition function of the various theories.
Appendix C summarizes the details of the Green-Schwarz formalism, and Appendix

D discusses the details of the conformal field theory at second order.

2. Superstring theories on the Cigar

The spacetime directions are X% = p,0, X*, (p > 0,u = 0,1..d — 1). The

geometry in the string frame'! is that of a cigar tensored with flat spacetime:

Qp
2

)do* + dX"dX,, 6~ 6+ 4—”;

ds? = dp? + tanh?(
@ (2.1)

o =— logcosh(%), Ba, = 0.

with the string coupling g; = e®. This metric is a good one for string propaga-
tion because the dilaton obeys the equation 2D, Dy® + R,, = 0, where D, is the
spacetime covariant derivative, and R, is the spacetime curvature.

In the asymptotic region p — oo, the geometry reduces to R4 1! tensored
with a cylinder of radius R = % with the dilaton varying linearly along its length.
When d + 2 fermions are added to this theory, it also has N = 2 supersymmetry.

The currents of the cigar part of the theory in this region are

1 1 1 1
Teig = —5(30)2 - 5(39)2 - §(¢p3¢p + 1g0vg) — §Q32p

G = %(@bp +iv9)0(p F i) + %Q@(@, + itp) (2.2)
Jeig = —thptho + Q00 = iOH +iQ08 = id¢

In the exact cigar background the N' = 2 supersymmetry is preserved but the exact
expressions are more complicated. Away from the asymptotic region 0H and 06
cannot be extended to conserved currents but their leftmoving linear combination
D¢ is exactly conserved. The current which asymptotically looks like (j%(z), j%(%)) =
%(89,55) is conserved in the full theory and the corresponding charge P is the

1 We shall set o' = 2 throughout this chapter
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momentum around the cigar in units of the inverse radius. Since it is not purely
leftmoving, the winding number is not conserved.

We conclude that the exact theory on the cigar has three conserved currents.
0¢ is leftmoving, 5{5 is rightmoving and ;% has both a leftmoving and a rightmoving
component. In the asymptotic region where the theory looks like a linear dilaton
theory one can describe the operators in terms of H, H, 6 and 6. But in the full
theory it is better to use ¢ ~ H + Qf and ¢ ~ H + Q0.

When R? ! is tensored with the cigar, the currents T, Gdi, Jgq of the d free
bosons and fermions should be added to this CEFT. All the conserved chiral currents
now have additional pieces from the free CFT. The momentum around the cigar
as defined above is still a symmetry, and there are also d conserved momenta in
the flat directions. We can add the superconformal ghosts to this theory to form a
consistent string background. The central charge of this theory, ¢ = 2(1 + Q?) +d
should be set to 10 which gives @ = 1/3(8 — d).

To construct theories with spacetime supersymmetry, we need to introduce
supercharge operators. As seen above, the U(1) R current of the worldsheet algebra
in these theories involves the compact boson in addition to the worldsheet fermions.
This means that the standard R-NS construction of the theory yields a spectrum
which does not have a good spacetime interpretation as particles propagating in the
d+2 dimensional curved spacetime; the spin of a particle and its momentum around
the cigar are not independent. Rather, the theories have a natural holographic
interpretation as a non-gravitational theory living in d dimensions. As we shall see,
this feature is intimately related to the structure of supersymmetry in such curved
spacetimes.

To emphasize the above point, we shall first construct the bosonic Type 0
theories, and then generate the supersymmetric Type II theories as a Zs orbifold
of the former. The bosonic Type 0 theories have no surprises and we shall quickly
review the standard construction. We shall then see that the chiral GSO projection
to get to the Type II theories has a subtlety involved, and the spectrum looks
slightly unusual from the cigar perspective. We shall then present the classification
of the particles of the Type II theories as off shell operators in the d dimensional
holographic theory.
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2.1. Type 0 theories on the cigar xIR®

We first construct the chiral (left or right moving) part of the vertex operators
by demanding that they are physical operators in the theory. For example, in the
pure cigar (d = 0) case, the the form of the vertex operators in the asymptotic
region where all the worldsheet fields are free is (ignoring discrete states)

ONkS — e—go—l—inH—l—ik@—l—(—l—l—p)p
nrkp

OF  — o= dotilnt ) Hiko+(~1+p)p (2.3)
nkp

Here n € Z and p > 0, and ¢ is the bosonized superconformal ghost [21]. In
the higher dimensional theories, the operators are functions of the free fields as
well. Physical operators also obey the condition of BRST invariance. To form the
closed string theories, we put together the left and right movers with the following
conditions:

1. Modular invariance demands a diagonal GSO projection, i.e. the same bound-

ary conditions for the left and rightmoving fermions, together with

0A: (=) = (=)’" in NS, (2.4)

(—)’2*lin R,

~—~
\l/
<.
=~
I

where j r are the leftmoving and rightmoving fermion number currents.

2. The parity even combination of the lowest NS-NS winding operators (’)71:[ :SO,k: 11
(57]:] 2307 - is the interaction term in the sine-Liouville theory written in the
dual variables. The duality between the two theories shows that the spectrum
must have the above two NS vertex operators. Imposing locality of the rest of
the spectrum relative to these vertex operators, demanding that the Liouville
momentum of p and p must be the same, and the level matching condition
determines the spectrum.

At this point, we should make a remark concerning the nature of these op-
erators. In theories which asymptote to linear dilaton backgrounds, there is no
state-operator correspondence. Non-normalizable modes correspond to local oper-
ators in the theory, and the normalizable modes are the states, or vacuum defor-
mations in spacetime [22]. For the non-critical superstring theories with d < 4,

the sine-Liouville interaction is a non-normalizable local operator and can be put
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in the action. The cigar metric is normalizable for all the theories. For d > 4, the
sine-Liouville operator is normalizable as well. We shall not grapple with this issue
in the following, and shall study all the theories, including d = 6.

The Type 0 theories as defined above for all d have a straightforward inter-
pretation in terms of the cigar geometry. The spectrum can be classified as a set
of particles with increasing masses. Asymptotically, all the propagating modes are
determined by a free field propagating on the geometry, so that the particles have
all integer momenta and winding (which is not a good quantum number) allowed
by the equation of motion.

The lowest lying modes are a tachyonic scalar, and a graviton multiplet with d?
degrees of freedom in the NS-NS sector, and a set of massless R-R fields appropriate
to the particular dimension'?. The winding modes in the R-R sector have a possible
interpretation as Wilson lines of R-R potentials around the tube. This interpretation
is only valid asymptotically, where the field strength vanishes. The type 0 spectra
are presented in Appendix A with an example.

We can study the high energy behaviour of these theories and get an estimate
for the asymptotic density of states by a saddle point approximation of the partition
sum. The result for the mass density of states as a function of the spacetime
dimension d is (Appendix B):

~ m~d+2) exp(ﬁ), mo = (mVdo') (2.5)

p(m)
mo

As noted in [6], [23], this is unlike compactification to d dimensions wherein the
string at high energies does see all the ten dimensions. These string theories are in

this sense, truly d dimensional.

2.2. The chiral GSO projection and Type II theories

The symmetries of the 0A and 0B theories are the momentum around the cigar,
and naively two (vector and axial) U(1) R symmetries on the worldsheet. Only the
first one under which all the R-R fields pick up a negative sign and is the one used
in the type 0 projection, is a true symmetry of the theory. This is clear from the

sine-Liouville interaction £5% = zpzﬁ ¢~ @ (pHpti(0=0)) +c.c where ¢ = 1, + 11y is the

nt

12 For d = 0, there are no transverse oscillators and no graviton, there are only a few

field theoretic states in the spectrum.
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superpartner of p + 0 and @Z is its rightmoving counterpart. The chiral rotation of
the fermions is not a symmetry, the rotation of the left and right moving fermions
in opposite directions is. It is also clear that there is a conserved chiral U(1) current
which rotates the left moving fermion by an angle o and simultaneously translates
the left moving boson 6 by Qa.

From the cigar point of view, the non-conservation of the chiral rotation can be
understood as due to the anomaly at one-loop in the U(1) current j;, which rotates

only the left moving fermions caused by the curvature of the cigar:

Bajf = R(*” Dup 9p0), (2.6)
where R = —2D*D,® = % is the Ricci curvature of the cigar.
Ccos 5

Due to the special form of the curvature in two dimensions, we can define a new
current which 4s conserved. Changing to complex coordinates on the worldsheet,
this current is the sum of the chiral rotation and another piece proportional to the

left moving momentum:

Qp

djc = 0(jr + Q(tanh =5)00) =0 (2.7)

which reduces to the U(1) R current of the N/ = 2 SCFT (2.2) in the asymptotic
region.

We conclude that to perform a chiral Zs projection to get the type II theories,
we must use the Zy symmetry generated by the conserved current above, which

acts in the asymptotic region as
G = (—)iet@kr, (2.8)

This GSO projection is implemented by introducing the target space super-
charge in the twisted sector, as in [6]. For example, in the pure cigar case, we
demand that the OPE of the (1,0) operator

S = EHi3 (2.9)

with the physical operators is local. When IR? is tensored to this background,
S =e %+% and S = e~ 5% are each multiplied by spin fields which are spinors

of Spin(d) (for d/2 even these are conjugate spinors and for d/2 odd they are the
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same spinor). There is also a similar condition on the rightmoving side depending
on whether the theory is ITA or IIB.
The algebra of the supercharges can be deduced by examining the currents in

the asymptotic region. For d/2 odd or even, one has respectively
{Sa,Sp} = 295 5F 0, or  {Sa,S3} = QVZBP“' (2.10)

Note, in particular that it does not contain translation in 6. In fact, the symmetry

generator P? corresponding to the translation around the cigar is an R symmetry.
1
[P?,S,] = 5 [P?,Ss] = —=S4. (2.11)

This means that the fields in a given supersymmetry multiplet do not all have
the same value of momentum. Thus, the allowed momenta around the cigar of a
particle is correlated with its behaviour under Lorentz rotations in spacetime. For
instance, in the zero winding sector, the graviton has only even momenta, and the
tachyon'? has only odd momenta. The fermionic states which arise in the twisted
sector have half integer momenta. This means that they are antiperiodic around
the tube. This is the expected behaviour for spinors which are single valued on the
cigar (the spin structure which can be extended). We find also a discrete winding
symmetry which is not natural from the cigar perspective. This discrete symmetry
has its most natural interpretation from the Calabi-Yau or NS5-brane description
of the theories, as described later in section 4. The type II spectrum is presented
in Appendix A with an example.

In the Green-Schwarz formulation of the superstring, the states of the theory
are in a representation of the zero modes of the spinors which are the superpartners
of the bosonic fields. The quantization is treated in Appendix C. Here we point out
two features of these theories. The first one is how the above non-smooth spacetime
structure manifests itself in the Green-Schwarz formalism. In this description, the
conserved current which corresponds to momentum around the cigar is really a
combination of the naive momentum and a piece which acts on the worldsheet
fermions. The spin of a particle and the momentum around the cigar are thus not

independent of each other.

13 The tachyonic zero mode is projected out and the field is no longer tachyonic. The

type 1I theories are stable.
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The second issue regards the comparision to the 10-dimensional Green-Schwarz
string. In that case, in the light-cone gauge, the symmetry group SO(8) has the
property of triality relating the chiral spinor and vector representations which is
crucial in showing that the spectrum is the same as that obtained by the R-NS
formalism. In our theories in lower dimensions, there is no triality, but correspond-
ingly, the NS-NS ground state is not a graviton built out of left and right moving
vectors, rather it is the scalar (tachyon) field with one unit of momentum. There is

no need for triality in these theories.

2.3. Holographic interpretation

The bosonic spectrum of the supersymmetric theories cannot be organized as
multiplets of the d + 2 dimensional bosonic Poincare group, but the full spectrum
can be organized into multiplets of spacetime supersymmetry. This algebra (2.10) is
effectively d dimensional and the modes of the d+ 2 dimensional fields are naturally
classified as d dimensional off-shell currents (operators). This is consistent with the
holographic interpretation of such theories [19]. We shall illustrate this using the
d = 4 example.

The spacetime supersymmetry algebra of the theory is a four dimensional N' =
2 algebra with a U(1) R charge which we identified as the momentum around the
cigar R = 2P?. The six dimensional fields arrange themselves into multiplets of this
supersymmetry. The Kaluza-Klein modes with a certain value of momentum around
the cigar will be on-shell particles in five dimensions, and so they will fall into the
current representations of the four dimensional algebra [e.g. Table 1,2 below]. These
off shell four dimensional currents are conserved because of the gauge invariance in

five dimensions.

Table 1: Tachyon multiplet

6d rep: | (Ao)rr | (¥1,v2),

@1@2) (1, 7%), (Tw, Ty) Tachyon
4d rep: <VH7 D) <¢17 ¢2)7 (¢17 ¢2
1
2

) | (f1,07), (2, d3) | N =2 vector current

n=3R: 0 (1 1)7<_ _%) (1,-1,),(0,0)
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Table 2: Graviton multiplet

) (Flyp, F(i)>RR Graviton

W) | (0uD £ K2V, (V, (i)) N = 2 supercurrent
g

7) (1,-1),(0,0)

6d rep: (G, B, ¢)nsNs (06 Y, (X
4d rep: | (Tyuw, Buv, Ay Bu) | (6Yu), (X,
n=1R: 0 (3:5): (=3

Supersymmetry structure of the d = 4 spectrum: These are the first
two Kaluza-Klein modes of the six dimensional fields in the type ITA
theory. In six dimensions, these are the tachyon multiplet and the
graviton multiplet. They are classified by their properties under
the 6d Poincare algebra and the 4d SuperPoincare algebra. The
momentum around the cigar is proportional to the U(1) R charge.
The spinors are two component spinors in 2 and 2 of SO(4).

The details of the various type II theories differ slightly from each other. Some
of the higher dimensional theories have been studied in [24,25,26]. These authors
however, were interested in constructing modular invariant partition functions in
particular cases, and the spacetime picture is not dwelt upon. In Appendix B, we
present the modular invariant partition functions for the perturbative string spec-
trum for the various values of d. These are constructed by the standard technique
[4] of counting the physical momentum and winding forced by the above GSO pro-
jection in the light cone gauge. In the next section, we shall visit the various theories

and highlight the interesting features that each of them have.

3. Special features of the various theories
3.1. d=0

In the theory of the pure cigar, the spectrum looks smooth in that it can be
interpreted as a set of particles propagating on the cigar'*. There are no transverse
oscillators, and hence no infinite tower of states that we find in higher dimensional

theories. We can explicitly write down the all the vertex operators easily in this

14 This is loose usage of language - in two dimensions, there is no notion of a particle.
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case. In the IIB theory, we have (all operators with p = |k|):

o= PP HIN+3)(0—0)+(—1+|IN+5])(p+5) N =0,=+1,+£2, ...

o~ = 3P—FiH—i(N+1)(6+6)+(=1+N)(p+p) N=0,1,2..

o 3P~ ¢—FiH—i(N+3)(0+0)+(—3+N)(p+p) N=0,1,2.. )
o~ 39— 3P+ 3i(H+H)+iN(0+0)+(~14+N)(p+5) N =0,1,2...

In the NS-NS sector we have only winding modes of the scalar. In the NS-R and
the R-NS sector, we find spacetime fermions. As can be seen from the H and H
behavior of the vertex operators they both have spin —%. As mentioned earlier,
the half integer momentum is the expected behavior for spacetime spinors which
are single valued on the cigar. This agrees with the interpretation of a black hole
at finite temperature. From the R-R sector we find a spacetime boson which is
periodic around the tube. We interpret this boson as the R-R scalar of the IIB
theory. Note that the two fermions have only negative k and the R-R scalar has
only positive k.

In the ITA theory we find

o= PP TiI(N+3)(0—0)+(~1+|N+3])(p+7) N =0,+1,+2, ...

o~ 2P+ LH+IN+1)(04+0)+(—3+N)(p+7) N=0,1,2..

e3P BiH—i(N+5)(0+0)+(~ 3+ N)(p+5) N=0,1,2... (3.2)
e~ 39— 3P+ 3i(—H+HH)—i(N+3)(0-0)+(=3+N)(p+p) N =0,1,2...

o 3¢~ 3P+ 5i(H—H)+iN(0—0)+(~1+N)(p+p) N=0,1,2...

We again find only winding modes of the scalar in the NS-NS sector. The NS-R and
R-NS sectors lead to antiperiodic spacetime fermions. Their spins are +% and —%,
which is consistent with the spacetime parity of the ITA theory. The R-R sector
leads to winding modes which have an asymptotic interpretation as Wilson lines of
the R-R one form around the tube.

One aspect worth mentioning about this theory is that the physical spectrum
is extremely constrained due to the lack of transverse oscillators. There are no

gravitons, and the supercharges are not part of the spectrum. In fact, to obtain
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a modular invariant partition function[Appendix B], we cannot impose the Dirac
equation, and we need to demand it as a further condition to read off the physical
spectrum. Even when we do this, the bosons and fermions are not paired and so

the partition function does not vanish.

3.2.d=2

In the theories with d = 2,6, there is a further subtlety in the chiral projection
which arises because of the way the conserved fermion number current jo = j+Qkr
acts in these theories. The symmetry G = €™¢ has a Z4 (and not Z5) action on
the fields of the type 0 theories. The symmetry G; = (—)%¢ is a Z, subgroup of the
Z 4 symmetry in the type 0 theories. Orbifolding by GG gives another bosonic theory
which we call the type 0" theories. These theories has a Z4/Z5 = Z5 symmetry Go
by which they can be further orbifolded to get the supersymmetric type II theory.

In the d = 2 dimensional case, Q = v/3 which gives R = % The Z5 symmetry
in the type 0 theories is G; = (_)2JL+2\/§’<?L, The NS-NS operators have charge
(=)2V3kz and the R-R operators have charge (—)2V3*2 1 under this symmetry (This
is because there are only two spin fields in four dimensions). The construction of the
type 0 theories is implemented by demanding the presence of the R+ RF operators
in the 0’B and R + R+ operators in the 0’A with winding w = j:%. The chiral Z,
symmetry of these theories is (—)jL+\/§kL, orbifolding by which we get the type 11
theories. This is implemented as usual by demanding the supercharges to be present
in the spectrum. The supercharges in this theory have (n,w) = £(1 ﬂ:%).
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3.3. d=4

We have been presenting examples from the d = 4 theory above to illustrate
the various general features, and shall only make one remark here. The asymptotic
radius of the cigar is the self-dual radius. Asymptotically, the current 06 is a
physical current, but the currents ¢ 75% are not. The SU(2) symmetry of the free

boson is therefore not present in this model.
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3.4. d=06 or k=2 NS5-branes

This example is particularly rich because of the explicit geometric description in
terms of NS5-branes referred to in the introduction. We shall focus on three main
points:
1. The equivalence between the cigar and sine-Liouville theories. We shall see
that the two interactions are related by a symmetry.
2. The description of the moduli space of the theory, and
3. A discussion of the discrete Z, symmetries present in the various 5-brane and
cigar theories.
A quick review of the picture we shall use is the following: The conformal field theory
in the asymptotic region is that of two parallel NS5-branes. This can be explicitly
seen by fermionizing the angular coordinate 6 on the tube to two free fermions
et = %(@Dl + 1)), which along with the fermion 1y = 13 generates a left moving
SU(2)2.'> The theory has an SU(2); x SU(2)g = SO(4) symmetry generated
on the worldsheet by the rotation of the three leftmoving and three rightmoving
fermions. The worldsheet interaction which resolves the singularity at the origin
breaks the symmetry down to a global diagonal SO(3) corresponding to the rotation
of the three directions transverse to the two separated 5-branes.

The relationship between the cigar and sine-Liouville theories is a strong-weak
coupling duality on the worldsheet. For large k, the cigar has small curvature and
the classical description in terms of the metric is a good approximation to the full
theory. The sine-Liouville term decays much faster than the cigar metric asymptoti-
cally, and the sine-Liouville lagrangian is strongly coupled. For small k on the other
hand, the sine-Liouville term asymptotically dominates over the cigar metric which
has large curvature, and it is the sine-Liouville which is a better description in terms
of a weakly coupled worldsheet theory. For general k, the effective lagrangian in the
full quantum theory has both these terms, and the dominance of one of these terms

over the other is governed by the value of k. This has been confirmed by explicit

15 In this case, Q = 1 = R = 2 which is the free fermion radius.
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calculations of scattering amplitudes [e.g. [27] and refs. therein] where one sees
poles corresponding to both the terms which can be used to compute an explicit
relation between the two couplings.

In our theory with £ = 2, both the terms decay at the same rate. As we
shall see, they are related by a rotation in the SO(3) symmetry group mentioned
above. This gives an example where the kinematic structure determines explicitly
that both the terms are present in the lagrangian and also determines the relation
between the strength of the two couplings.

The three N/ = 2 invariant currents ;e ? (in the —1 picture) are in a triplet
under SU(2),. The meaning of these currents is better understood when expressed
in the 0 picture in the variables of the cigar: (1, Fitg)e PE?, (1,1bg +00)e " - the
first two terms are nothing but the sine-Liouville interaction, and the third term is
the first order correction from the cylinder towards the cigar metric. We can express

these currents in a manifestly SU(2) covariant manner as the fermion bilinears

the Clebsch-Gordon coefficients relating the 4 of the SO(4) and the 3’s of the left
and the right SU(2) (the 'tHooft symbols),
i i 05 o L ik
n/JV’ TI/J,V = 6[/46’4 :l: ifjkéuéy, (3-3)
we can write down the proposed interaction for the theory of the non-coincident

parallel NS5-branes. The matrix £, = nﬁ“ﬁgVAiflj is in the symmetric traceless

(9) of the SO(4), and the interaction
Sint = / d?z X' XL, (3.4)

corresponds to separating the branes in the direction X* with the center of mass
at the origin. A choice of X* breaks the SO(4) symmetry to an SO(3) rotation
symmetry. Changing the position of the branes by a SO(4) transformation leads to
a different SO(3) being preserved. This is reflected in the lagrangian by simulta-

neously conjugating the matrix £, by the same transformation. In keeping with
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the conventions used in the earlier sections, we shall relabel the four transverse
directions as pu = 6, ..9.

Since the two 5-branes are identical, the moduli space of the theory is R*/Z,
parameterized above by X*#. In the SLs(IR)/U(1) description of the theory, there
are only four independent (1,1) physical states. Two of the three chiral operators
A; (and correspondingly the rightmovers) are related by the spectral flow operation
by one unit in the SLo/U(1) theory. This means that only two of them are inde-
pendent states. The wavefunction of a state is in general a linear combination of
the wavefunctions of the states reached by spectral flow from a given state. The
coefficients of these wavefunctions depends on the given point in moduli space, be-
cause this determines the boundary conditions at the tip of the cigar [28,29]. The
above four states are in the representation 1+ 3 of the SO(3), corresponding to the
radial motion of the branes and the motion on the three-sphere of given radius.

In the subspace that preserves the momentum symmetry of the cigar and the
parity of the angular coordinate, there is only one exactly marginal deformation.
This was interpreted in [10] as the metric deformation. As mentioned above, this
interpretation is only correct for large k where it dominates - as we see here, the
spectral flow relation means that the deformation is a combination of operators as
given by (3.4).

In the lagrangian (3.4) proposed above, the fact that there are only four inde-
pendent operators is seen as a condition of second order conformal invariance of the
theory. In the linear dilaton background, all the nine operators are conformal. In
the background given by the interaction corresponding to say X6 # 0, X789 = 0,
only the operators Lg, remain conformal. To determine exactly marginal deforma-
tions, we add an arbitrary combination of the nine operators C,, L*” to the free
action, and find that the theory remains conformal iff C),, = z,z, [Appendix D]
which is exactly the four dimensional moduli space written above.

To summarize, there is no pure sine-Liouville or pure cigar theory, only partic-
ular linear combinations given by (3.4) are consistent with the SO(4) being broken

to an SO(3) rotation symmetry. The theory has a four dimensional moduli space
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R*/Z,.
We now make a few remarks:

1. The discrete winding symmetry in the theory is identified in the NS5-brane
picture as the rotation by 7 in a plane containing the two branes, exchanging
the two. This Zy symmetry completes the SO(3) into an O(3).

2. The separation of the branes means that the origin is not singular, and this
gives a unique spin structure in the transverse space. This forces the fermions
to pick up a phase of +i under the action of the exchange symmetry generator,
precisely as seen in the spectrum. The fermions also transform in the SU(2)
cover of the global SO(3).

3. We can make precise the relation of the cigar and 5-brane theories defined
by the various GSO projections. The type 0’ and II theories on the cigar
correspond to the type 0 and II theories on the two 5-branes. The Z, orbifold
by the exchange symmetry mentioned above takes us from the type 0’ to the
type 0 theory on the cigar. The smooth (but tachyonic) type 0 theory on the
cigar is identified with the theory of one 5-brane on R* /Z5 away from the
origin. This theory does not have the SO(3) symmetry.

4. To restate a point, the orbifold which gives the 5-brane theories from the Type
0 theory on the cigar does not have a geometric interpretation like changing
the radius. The type 0A(B) and Type IIA(B) theory on the 5-branes can
be obtained by quotienting by a chiral Z, either the type 0A(B) theory with
radius R = 2, or the type 0B(A) with radius R = 1 (which is produced from
the former 0B(A) by a geometric quotient).

3.5. A note on the N = (4,4) algebra in the d = 6 theory.

This small subsection is slightly outside the main flow of the chapter. The main
points in this subsection are the existence of an extended superconformal algebra
in the d = 6 theory, and a comment on the related D1/D5 system.

Consider first the theory of k£ = 2 coincident NS5-branes. In a physical gauge

where the lightcone directions along the NS5-branes are fixed, the degrees of freedom
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on the worldsheet are four free bosons (parallel to the branes) + four free fermions
which have an N' = (4, 4) superconformal structure with ¢ = 6, and a linear dilaton
(p) + four free fermions (1, = (,,1;)). There is also an N = (4, 4) superconformal
algebra involving the latter fields [20] of central charge ¢ = 6, which extends our
algebra (2.2). There are four fermionic currents and three R currents forming an
SU(2)1. The currents of the algebra are:

T = 2 (0p) ~ vy — 50%

Gy = —=10p + — o B T + =0

V2 6v/2 V2
Ji = %(wp%’ + %Gijkijk) = %nﬁ“’wuwy.

As shown above, when the branes are noncoincident, the moduli are pa-

Uu (3.5)

rameterized by the operators L,, constructed using the chiral operators A; =
(s — %eijkzpjwk)e_p = J;e~” and their right moving counterparts. These opera-
tors commute with the above algebra and the N' = (4, 4) superconformal symmetry
is preserved at all points in the moduli space. This is consistent with the fact
that there are 16 supercharges in spacetime even when the two branes are non-
coincident (but parallel). The SO(4) = SU(2) x SU(2) of the J;, J; is identified
with the rotation of the four directions parallel to the brane.

A fact worth pointing out is that for a system of &k NS5-branes, in addition
to the above algebra (3.5) with ¢ = 6, there is a second N = 4 algebra with
c = 6(k —1). The R currents of this algebra contains .J; and another piece from
the bosonic SU(2)i_2, and the slope of the dilaton is different. Both these algebras
have the same algebraic structure (called the ‘small’ NV = 4 algebra), and they are
both subalgebras of the ‘large’ N' = 4 algebra. This ‘large’ algebra contains both
the sets of SU(2) R currents and its generators do not contain the improvement
terms from the linear dilaton [20,30].

As explained in [30], these two conformal field theories are spacetime descrip-
tions of the short and long string excitations respectively in the background of

k NS5-branes and many fundamental strings.'® Equivalently, they describe the

16 In the gauge we have chosen, at distances where we are in the near horizon limit of the
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Coulomb and Higgs branches respectively of the gauge theory on a D1-brane in the
presence of D1-branes and Db5-branes in the IIB theory. In general, the slope of
the dilaton in the Higgs branch differs in sign and magnitude from the Coulomb
branch, and the symmetries of the two branches are different.

For the case k = 2, there is a symmetry mapping one theory to the other. In
this special case, both the chiral subalgebras have ¢ = 6, and the string couplings are
inverses of each other. There are two SO(4) = SU(2)1, xSU(2) g - one corresponding
to the rotation of the four directions parallel to the 5-brane and the other to the
rotation of the four transverse directions. In the Coulomb branch, the parallel SO(4)
generated by the J;, J; is preserved and the transverse SO(4) is broken to a global
diagonal SU(2) by turning on the moduli parameterized by 7i,ﬁ corresponding
to the separation of the branes. In the Higgs branch, the roles of J’s and Ts
are reversed (in this system, the moduli are the self dual NSNS B field and a
linear combination of the RR zero form and four form). Given the identification
of the long tube of the two branches as in [30], one can summarize the above by
saying that there is a symmetry relating the short and long string systems given by:
(p,¢,) — —(p,1,). Starting from the weak coupling end of either theory, turning

on the moduli to a non-zero value caps off the infinite tube to a semi-infinite cigar.

4. The global symmetries of the various theories

The global symmetries of the various theories are the following:

Table 3: Global Symmetry structure

Theory d=26 d=1414 d=2 d=0
Supersymmetry | AN = (2,0)or N = (1,1) N =2 N=(40)o0N=(22) |[N=2
Bosonic Symmetry SO(5,1) x O(3)r SO, 1) xU(1)r |SO(1,1)x (UQ1) x Z2)r |U(1)R

Only the Lorentz part of the full Poincare group in the flat directions
is written above. The supersymmetry algebra could be chiral or

5-branes but not near horizon of the strings, the theory of short strings in this background

is the same as the one we have been studying with 5-branes alone [14].
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non-chiral in d = 6, 2 depending on if the theory is ITA or IIB. The
fermions in the theories with d = 6,4, 2 transform in the Spin(d —
1,1) in the flat directions. They also transform in the spin cover
of the R symmetry group: In d = 6, they are charged under SU(2)
of rotation, they have half integer charge under the U(1)’s in the
d = 4,2,0 theories, and they pick up a phase of +i¢ under the Z,
generator in the d = 6,2 theories.

From the CFT description of the non-crtitical string theories, we saw in section
2 the appearance of all these symmetries. From the spacetime point of view, the
super-Poincare group in the flat directions is natural. As we saw earlier, the U(1)
part of the R symmetry group is interpreted as the conserved momentum around
the cigar. In the previous section, we saw using the NS5-brane picture, exactly
how all the symmetries of the d = 6 theory arise. The full R symmetry groups
for all the theories including the discrete Z, symmetries are naturally seen in the
singular Calabi-Yau or NS5-brane description, which is what the rest of this section
is devoted to.

As mentioned in the introduction, all the non-critical theories above are con-
jectured to arise as near horizon geometries of wrapped NS5-branes, which are dual
to string theory near the singularity of certain singular Calabi-Yau manifolds ten-
sored with flat space in a double scaling limit [9,14,15]. The global symmetries of
our theories are nothing but the symmetries of these brane configurations in the
near-horizon limit, or equivalently, those of the dual geometry whose action remains
non-trivial in the double scaling limit. We will now describe the T-duality between
the singular spaces and wrapped NS5-branes [[17], and refs. therein| and their re-
spective deformations, and track which symmetries survive in the scaling limit. A
linear sigma model analysis of this T-duality has been done in [31].

The non-critical theory in d dimensions is conjectured to be equivalent to string
theory on R % M10~d where M0~ is defined as the hypersurface Y, 22 =p

inC"™ where n = (12 —d)/2.}7 By considering as above non-compact geometries, we

17 For d = 0, we should consider the Euclidean theory, and in terms of the brane picture,

it is the theory of an Euclidean NS5-brane completely wrapped on a non-compact Calabi-
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have already taken the limit in which we zoom in on the singularity of the Calabi-
Yau. In terms of the dual 5-brane description which we present below, the branes
are stretched out to infinity even in the non-flat directions, describing deformed
intersecting surfaces in these directions for d < 4. The only global symmetries left
are the ones involving the directions fully transverse to the brane. Another way
to see this is that in the holographic dual which is the decoupled theory on the
brane world-volume, the degrees of freedom (D-strings in type IIB) are stuck near
the intersection of the branes and only have kinetic terms in the flat directions. All
the states in the theory are therefore singlets under internal rotations in the curved
directions.

0 2% 1 Forn=3and u=0,

Let us fix coordinates so that the flat ones are x
the above Calabi-Yau is just the ALE space IR? /Z5. This has an isometry which
rotates (22, z3) into each other. Performing a T-duality along this circle gives us
two NS5-branes at the origin of IR*. The deformation of the ALE space into a
two-center Taub-Nut is dual to the separation of the location of the 5-branes in the
IR*. This is the d = 6 theory. We can chose coordinates so that 28 is the circle
of isometry. This circle shrinks to zero size at the location of the singularity, and
thus in the brane picture, this grows to an infinite direction near the branes. The

separation of the branes is in the direction (2%, 28, 2%) at 7 = 0. The former three

7.8,9

coordinates can be rotated so that the branes are at = = 0 giving rise to the

SO(3) as in the previous section. The exchange of the two 5-branes 25 — —z9 is
the symmetry which has a non-trivial Z, action on the bosons.

For n = 4,5,6 which corresponds to the lower dimensional theories, we can
write the Calabi-Yau near the deformed singularity as 27 + 23 + 22 = p where
z? = 22+4..22. This should be thought of as an ALE fibration over the curve 22 = p.
We can perform the same T-duality as above, and we get an NS5-brane wrapped
on z2 = p. For p = 0, the curved part of the configuration is embedded in R2("—2)

5 .8 .9 6 .7

iz i % i
arameterized by z%...2° 28 29, and the coordinates z%, 27 are transverse to this

brane. When p is turned on, there is a deformation in the internal space R2("—2)

Yau 3-fold embedded in IRE.
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and in 2% which causes the brane configuration to posses a minimum size S™3.
Suppressing all the coordinates except the transverse directions (2%, z7), there are
two point-like branes at the origin of the plane for p = 0, and the deformation

separates them by p in this plane.

Let us now look at the global symmetries. As mentioned above, the only
global symmetries are those involving the transverse directions. First let us consider
the singular case p = 0. For d = 4,2,0 (n = 4,5,6), the symmetry is U(1) x
U(1) of momentum and winding around the circle that rotates the two transverse
directions (2®,27). We can identify the rotation of the transverse directions in
complex coordinates as z — e'®z, which is produced by z; — €*?z;. The deformation
preserves the U(1) of winding and breaks the rotation to the discrete rotation z —
—z. It is clear that, upto an SO(n — 2) symmetry rotating the branes, this is
equivalent to z3 — —z3 for odd n and to a trivial rotation for even n. That the

former is a rotation by 7 can be seen by looking at the projection of the curve to

(24, ..., zn) = 0 which is invariant under the above symmetry.

From the Calabi-Yau point of view, we can present the following argument.
At a particular value of the radius in the geoemtry, the bosonic symmetry group is
O(n) = SO(n) x Z5 for the theory specified by n. For odd n, the SO(n) commutes
with the Z5 and the product is really a direct product. In this case, the Z5 is
just that of parity, and wavefunctions of particles propagating on this manifold are
labelled by the quantum numbers of SO(n), and a sign. For even n, the SO(n) does
not commute with the Z,, and the good quantum numbers are those of the SO(n)
alone. The wavefunctions with non-zero spin are peaked away from the origin and
in the limit of going near the singularity, they decouple. Only the singlets under the
SO(n) remain, and only for odd n, there is also a Zs symmetry. This Z, symmetry
acts on the top form of the Calabi-Yau as 2 — —§2, which is equivalent to a rotation
of w. These facts can be checked in the cases that there are explicit metrics which
have been written down. For instance, in the conifold theory [see e.g. [32] and
refs. therein] , the angle ¢ has period 47 in the full conifold. Near the tip though,

a rotation by 27 along with a rotation in the sphere brings you back to the same
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point.
We end with two comments:

1. The difference between the d = 6 case and the lower dimensional ones is the
following: for n = 3, turning on u deforms the curve 253 = 0 in the directions
(8,2%) and in 2% just like the other cases. Because the curve in this case is a
pair of points, the symmetry structure is SO(4) — O(3). In the other cases,

because the two directions (x%,2°) are filled in by the brane, the symmetry

is U(1) x U(1l) — U(1l) x Z3. The deformation in the d = 4,2,0 theories
correspond to turning on the sine-Liouville term in the action. As we saw
earlier, the enhanced symmetry in the d = 6 theory could be seen from the
conformal field theory as well where the sine-Liouville and cigar terms are
related by the symmetry.

2. When n is even (d = 4,0), we saw that the there is only a rotation by 27 in the
curved directions of the brane that remains as a symmetry. The fermions pick
up a negative sign under this and this gives the discrete winding symmetry
which is equivalent to (—)fs for d = 4. For d = 0, the supercharges are
charged under this rotation by 2w, but because of the lack of flat directions,
the physical bosons and fermions are not paired by the supercharges. The
physical fermionic operators in the lists (3.1) , (3.2) are thus not charged under

the discrete winding symmetry.

Appendix A. Spectrum of the higher dimensional theories

The vertex operators become complicated as the mass in spacetime in-
creases. To construct the states at a general level, we can use the oscil-
lator algebra of the worldsheet fields which are free asymptotically. If we
fix the reparameterization invariance on the worldsheet by going to the light
cone gauge, we can write down the form of the general state in the the-

ory asymptotically in terms of worldsheet oscillators in d transverse directions.
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Table 1: Type 0 spectrum

Theory | Sector (n,w) Example (d = 4)
0B and 0A |NS+NS+ | (N,M) |Graviton multiplet (G, B, ¢)
NS-NS- (N, M) Tachyonic scalar T
0B R+R+ (N, M) | Scalar, two form (¢q, B5%)
R-R- (N, M) |Scalar, two form (¢2, B%9)
0A R+R- (N, M) Vector Al
R-R+ (N, M) Vector A2

The operators are labelled by the momentum n and winding w
(N, M integers). The =+ signs in the sectors are the naive chirality
on the worldsheet defined asymptotically. These are not good quan-
tum numbers, and they are only indicated to classify the spin of a
particle in the asymptotic region. The superscripts in the R-R sec-
tor indicate the (anti)self duality condition that the field strenghts
of the listed potential obeys. If there is no superscript, the field
strength is unconstrained.

Table 2: Type II spectrum (d =4)

Theory Sector (n,w) Example (d = 4)
1B and ITA | NS4NS+ 2N,2M), (2N + 1,2M + 1) (G, B, ¢)
NS-NS- 2N + 1,2M),(2N,2M + 1) T (non-tachyonic)
1B R+R+ 2N,2M), (2N + 1,2M + 1) (¢1, B3
R-R- 2N + 1,2M),(2N,2M + 1) (¢2, B39)
1A R+R- 2N,2M), (2N + 1,2M + 1) Al
R-R+ 2N + 1,2M),(2N,2M + 1) A2
11B R+NS-, NS+R- |(2N+%,2M — 1), (2N — 1,2M + 1) | (Supercharge,
R-NS+, NS-R+ 2N + 3,2M + 3), (2N — 1,2M — 3) | Photino, Gravitino)
IIA R+NS-, NS+R+ | (2N +3,2M — 1), (2N — 1,2M + 1) | (Supercharge,
R-NS+, NS-R- 2N + £,2M + 1), (2N — 1,2M — 1) | Photino, Gravitino)

The notation is as in Table 1.

Notice that the particles cannot

be described by an effective action, because not all the modes are

present.

The fermionic states are obtained by the action of the

supercharges on the bosons. Their Lorentz representation is correl-
lated with the momentum.
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Appendix B. Partition functions of the various theories

On the sphere, the partition function vanishes in all even dimensions due to
the presence of two extra fermionic zero modes on the cigar [6]. To compute the
torus partition sum, we shall go to light cone gauge. In this gauge in d dimensional
theories, the physical oscillators are o, &l , i, ~1{” I1=p0,1,2,..d—2.

A general state is built out of the raising operators acting on the vacuum, and
has momentum p, k, in the d + 1 non-compact directions and momentum n and
winding w around the circle. The left and right moving momentum around the
circle are given by k; = Q” + g, kr = @ — Z&. The physical state condition gives

us the mass of a state in terms of the oscﬂlators. In the left moving sector (the

right moving mass shell equation is defined likewise):
= d
Ly:=)» na',a +Zmp LYl (k2+k:L p)——=0 (NS
n=1

LO_Zna_nn+Zm¢f Yl 4+ (k5+k§—p2>=o (R)

The energy of the NS sector vacuum state (tachyon) can be understood as arising
from the presence of the dilaton, or the curvature of spacetime, as in the previous
sections.!® It can also be seen by adding the zero point energies of d free bosons
and d antiperiodic fermions on the worldsheet. The energy of the R sector vacuum
is 0.

The one loop partition sum is split into the integration over the non-compact
momenta, the sum over the allowed compact momentum and winding, and oscillator

sums; taking into account the GSO projection:

ddku _
L2 = Vd—|—2/ / (—1)Fsgtoghe (B.2)

27T

where ¢ = ¢ and the trace is over the physical Hilbert space of the theories.

18 As a reference, in the 10 dimensional string theory, the energy of the NS vacuum in

our units is —%.
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The definition of the © and 7 functions are:

(B.3)
o, ( )_q867rzab/2 H 1+67r1b n—(1— a)/2)(1+e mib q" (1—|—a)/2)

The modular invariance of the partition sum of the type 0 theories is straightforward
in all cases, relying on the transformation properties of the © functions defined
above.

The partition function for the type 0’ and type II theories is computed by
taking into account the GSO projection. We present below the modular invariant

partition sums for the theories as a function of the dimension.

B.1. d=0

In this case, fixing to light-cone gauge leaves us with no oscillators. As we found
in the text, there are only the few field-theoretic degrees of freedom in the pure black
hole, and we can compute the partition function purely as a sum over winding and
momenta, and integration over the dilaton direction. The type 0 partition function

1s:
[ee)

d>r wlm — wrl?
Zpz2 ~ Vs / > exp (%) (B.4)

m,w=—oo

which is equal to half the partition function of the two dimensional bosonic theory
[33].

In the type II theory, the sum over the NS-NS sector cancels the sum over the
spacetime fermions, and the RR field has all momentum and winding (we do not
impose the Dirac equation at this level). The full partition function is therefore half

of the type 0 partition function:

dr &S <—7r|m—w7‘|2>
L2 ~ V- /— exp| —— B.5
T2 2 7_22 Z p 279 ( )

m,w=—00
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B.2. d=2

The torus partition function of the type 0 theory is:

Pr 1l - —92 — wrl? 1
Zops ~ Vj 27 Z exp( w|m wT\)m y

TS T2 o 375 ()]
2 2 2 2 (B-6)
'@00(7‘) ‘@01(7‘) +'@10(T> - ‘@11(7‘)
n(7) n(7) n(7) n(7)
The partition function of the type 0’ theory is given by:
2
Tz ~ V4/ d°t 1 1 "
5 72 In(m)?
2 || @00l ?k B [o(r >e?k (37)|" [©10(r)@ sy (37) |

D

k=0

\_/

n*(7)
(B.7)
The modular invariance of the above function can be seen by noticing the identity

[34]

-1 -3
© ,%(3T> Zgﬁ,%(_)- (B.8)
The partition function for the type II theory is given by:

) 2

w3

N d27'i 1 y B00(7)O00(3) B B01(7)O01(3) B ©10(7)O10(
s Vi | ()] ‘ n(r)? n(r)? n(r)?
(B.9)

This function is modular invariant [34], and in fact, it vanishes, as it should for a

supersymmetric theory.

B.3. d=4

The type 0 partition sum is

d’r 1 = —mlm — wrl? 1
2o~ Vi [ o m,;j”( e ) n(r)E o)
‘@00(7‘)4 ’901(7)4—1—‘@10(7)4?’@11(7-)4 .
n(7) n(7) n(7) n(7)
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where the F sign is for the 0A and 0B theories respectively. The tachyon is contained

in the sum of the first two terms.

To fill a gap in the text, we will use this example to get an estimate of the high
energy behaviour of our theories. This calculation can easily be generalized to the

other cases. In the left moving R sector with no momentum, the partition sum is

n L 71+ 2 m
Zdnq = Trqg™° :4H ¢ ~g—1(1 —¢q)“exp (B.11)
n=1

1—g¢q

The chiral density of states d,, for large n can be estimated by a saddle point
approximation of the contour integral, and it is given by d9? ~ n=i exp(2my/n).

In the closed string, we have dC! = (d9P)2 ~ n~% exp(4my/n). Considering that

2

the mass of the string is related to the level as %/m = n gives the mass density of

states:

6exp(ﬁ), mo = (mV4a!) (B.12)

p(m) ~m o

The partition sum on the torus (for IIB and ITA) is

N Pt 11 O0(T) | ©81(1)) caur(r)  ©g(7) anu(7)
Zorz VG/ 3 732 In(7)[6 ‘(772(7) 772(7)) n(r) () n(r)

O3(1) _ ©31(7) cnr(r) _ O%(7) an(n)[*
+‘<n2(7> n2<r>> T I ey ]

2

(B.13)

where the functions «,,; are:

A1 ('T) = Z q(n+m/2)2 (m = O, 1) (B14>
nez

The partition function defined above vanishes as expected for spacetime supersym-
metric theories [26]. The first expression in the oscillator sum contains the tachyon
(with odd momenta) and the tachyno, and the second contains the graviton multi-

plet (with even momenta) and its superpartner.

44



B.4. d=6

The torus partition function of the type 0 theory is:

d*t 1 = —27|m — wrl? 1
Zyp2 ~ Vg | —— X
weV [T Y exp( ™ >|n<r>|12

PR mw=—co (B.15)
‘@00(7‘) 6 '@01(T> 6+‘@10(7) 6?'@11(7_) 6
n(7) n(7) n(7) n(7)

The partition function of the type 0’ theory (which is the type 0 theory on two
NS5-branes is given by:

2
Zors NVg/d 1 1 y ['@00(7)

75 g In(m)[ n(7)

8

[

The partition function for the type II theories is given by:

2 4 4 4
T ~ Vg/ d*t 1 1 = 5 ‘@OO(T) _ Opi(1)  Oip(7)

73 25 In(7) () ntr) ()

2

(B.17)

Appendix C. Quantization in the Green-Schwarz formalism (d = 4)

The six bosonic coordinates are X% = X+ X and their spacetime superpart-
ners are 0, 0, which are six dimensional Weyl spinors in the 4 or 4 of SU (4). We
shall work in light cone gauge where the coordinates are X! (I = p,0,1,2), and
Weyl spinors Sy, S, in the 2 and ga,g_a in the 2 or 2’ (IIB or IIA) of SO(4). In
the T-dual variables, the interaction is the sine-Liouville interaction:

S = / d’o (%auxfaﬂxf — 879, 8% — iS«9_5°
(C.1)
_e—%(pﬂe)szgz _ e—%(p—i9)§2§2 + e—ﬂp) .
In the above action, a specific choice of o matrices has been made which breaks the
U(1) symmetry which rotates the spinors S!, S? into each other.

The right and left moving Lorentz generators are given by:

1 . 1 1—
Ji2 - x1p2 _p2xly ~ 4 25°62 4 ~5'st
V22 2
712 _ w1p2  p2wl I 5> 1z 137a (€2)
— X1p? PRty g 5252 4 51
J + 7 25 S+ 25 S+,
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The rotation in the 1-2 direction is given the sum of the left and right moving
parts which also we shall call J'2. The only other physical symmetry of the theory
(consistent with the R-NS analysis) is:

Lstst - gy (C.3)

(5752 — §252) — :

In the cigar theory, this current is the conserved momentum which we saw earlier.
Note that in this formalism, the above conserved current is a combination of naive
momemtum around the cigar and a piece which acts on the worldsheet fermions.
The free action has eight leftmoving (and another eight rightmoving) super-
symmetries - four shifts of the spinors and four linearly realised supersymmetries.
The interaction preserves only half of the above symmetries - only shifts of S 1,§1
are preserved, and two of the linear supersymmetries (which are modified due to the

superpotential so that they are no longer purely left or right moving) are preserved.

These supercharges are charged under the currents J'2, w (here o2 = (_01 0)):

1
12 o 1 3 12 Aa 1 3 A
[J 7@]:_0 Qﬁv [J 7@]250 Qﬁ;
[le Q ] - _JaﬁQ > [J127@] = __O-aﬁQ
) o (C.4)
[vaa] = iQa7 [w7Qa] = _iQav
0, @ = 5@ Q7 =54

The ground state is annihilated by all bosonic and fermionic lowering operators,
and is in a irrep of the susy algebra which (for the left moving part alone) consists of
four states, all of vanishing energy. Below, we list the states and the charges under
the two conserved currents winding and the spacetime rotation J'2. We start with
a state which asymptotically obeys S [0) = 0]0) = 0, and build three other left
moving states of the same energy (and repeat the construction on the rightmoving

side):
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Table 5: Ground states in the Green-Schwarz formalism

State |[0) S°[0) §'[0) S°8'0) [|o) S2[0) Sty $281|0)
iz |0 - 0 0 - 0
w [0 - -1 0o 3 1

N[

1
2

N N[
N~ N~

N[

The closed string spectrum is built by tensoring these two together. The space-
time spin properties are given by the charge under J'2. At this level, we get 16
states with zero energy which form a scalar(tachyon) multiplet. The four tachyon

states have winding number —1,0,0,1. The conserved charges are the same as in

the NSR formalism.

The states with least non-zero energy F = % is built on states which obeys
SYl+1) =0, 6| £1) = :i:%| + 1) tensored with the rightmovers. This gives 64
states with spins corresponding to the graviton multiplet. The gravitons have zero
winding, and the conserved charges of all the states are the same as in the NSR
formalism.

The general state in the spectrum is constructed by the action of the raising
operators of the four bosons o, &’ and the eight fermions S, , 5", S’ﬁn,gz, on
the states annihilated by all the lowering operators with arbitrary integer or half
integer value of momemtum. The algebra of the conserved charges being the same
as in the NSR formalism, and the ground state being the same guarantees that the

full spectrum is identical as well.

Appendix D. Conformal invariance at second order in the d = 6 theory

The operators £ are all of dimension (1,1). The nine operators generate
other operators when they come close to each other, and the coefficients of these
operators should vanish for the theory to remain conformal.

1. As in the Liouville theory, we assume that in the OPE of eP'? with eP2P, the

operator that is generated is normalizable (p < 0) if e(P1+P2)? s,

2. Asymptotically, we can consistently choose to keep operators which decay

slower than a certain rate (i.e., p > po for some pg). In the five brane the-
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ory, we can think of this as an expansion in x?/r? where x is the separation of

the branes and r is the radial distance from the center of mass.

It can be checked to order e~”, that the are the only operators that preserve
N = (2,2) superconformal symmetry on the worldsheet and are not total derivatives
are the above nine. This means that the above set of operators are closed under
the OPE (upto perhaps change in the zero modes of fields).

We have then, A;(2)A;(0) ~ 5Le;xAr(0). The free field part of this OPE can
be explicitly computed, and the dilaton part - e~ with itself - gives again e™# with
a coefficient ¢; which we assume is non-zero. This relation is consistent with charge
conservation after taking into account the background charge of the dilaton.

If we consider separating the branes in the directions (X%, X?) alone, we turn
on only £ = CgeL% + Crr L7 + 2Cs7L57. At second order in the coefficients,
there are new operators generated - the contribution to the beta function by these
new operators is proportional to ((Ces + Cr7) L + (CeCr7 — Cap ) LW ) e =P =P,
Demanding that the second term vanishes gives us CggC77 — 0627 = 0. We get five
other such conditions for other separations.

The solution to these constraints is labelled by four parameters xz* such that
Cuv = x,x,. It can be checked that this is a good solution for the most general in-
teraction allowed. The interaction £ = z,,2, L' e™P~P generates at second order
a contribution to the beta function proprtional to (a:ua:”)ﬁmt which is equivalent
to a change in the zero mode of the dilaton. More precisely, the expectation value
of 70 is identified with (z,z"). The value of the dilaton at the tip corresponds to
the distance of the branes from the origin, and the other three operators correspond

to moving the branes on a sphere at constant radius.
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Chapter 3
Stable D-branes and Open String Field Theory

in Two Dimensions

1. Introduction

Non-critical string theories, describing strings propagating in two dimensions
or less, were instrumental in shaping our understanding of the behaviour of string
theory beyond the perturbative regime. The O(1/gs) nonperturbative effect, so
characteristic of D-branes, first emerged from the study of these systems[35]. Only
recently, thanks to the advancement in our understanding of boundary Liouville
dynamics[7-47] (following earlier work [48,49]), has a physical understanding of
the nonperturbative effects begun to emerge[50-55]. (See the review [56] for an
exhaustive list of references.)

In another development, the dynamics of tachyon condensation led Sen to pro-
pose a new duality between open and closed strings[57-59]. Noncritical string the-
ories are likely to be ideally suited for understanding this duality and indeed they
have already played an important role in the shaping of these ideas. Recently in an
interesting work[55], Gaiotto and Rastelli applied this philosophy to Liouville the-
ory coupled to ¢ = —2 matter. This system has certain topological symmetries|60]
constraining its dynamics. Using these symmetries the authors obtain the Kontse-
vich topological matrix model[61] describing the closed-string theory starting from
the open-string field theory.

Among the non-critical string theories, the theory of a single scalar field cou-
pled to worldsheet gravity has perhaps the richest structure. The matter theory has
central charge ¢ = 1, while the Liouville field with its central charge ¢ = 25 pro-
vides an interpretation as a critical string theory with two-dimensional target space.

Closed strings in this background have been studied in the past from quite a few
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different angles: matrix quantum mechanics (see Ref.[62] and references therein),
worldsheet conformal field theory[63-65], topological field theory[66-68] and topo-
logical matrix models[69-72] related to the moduli space of Riemann surfaces (see
[73] for a recent review). As shown in [67], this string theory actually captures the
topological sector of string theory on the Euclidean black hole that we studied in
the previous chapter.

The ¢ = 1 closed-string theory has a marginal deformation, corresponding to
changing the radius R of compactification of the scalar field. At a particular value
of this radius, R = 1 in our conventions, the theory is self-dual under T-duality
and an SU(2) x SU(2) symmetry gets restored as a result of which momentum and

winding modes become degenerate with each other.

In this chapter, we will consider the open-string version of this two-dimensional
string theory — more precisely, a scalar field compactified at the self-dual radius
on a worldsheet with the topology of a disc or an upper half plane, coupled to
the Liouville mode. Various types of branes are possible depending on the choice
of boundary condition on the fields. We will choose to work with (generalized)
Neumann boundary conditions on the Liouville field ¢. On the matter field X we
impose Dirichlet boundary conditions, as a result of which the brane is localised
in X and there are no momentum modes in that direction, only winding modes.
Because the radius is self-dual, one can equally well impose Neumann boundary
conditions in X and then there are momentum but no winding modes. The physics
is identical in the two cases.

The resulting branes are stable and are known as FZZT branes|[7-37]. We will
compute the two- and three-point disc correlation functions of the fields living on
the FZZT branes, as well as the bulk-boundary two-point function of such fields
with ‘bulk’ fields. The Liouville contributions to these correlators are non-trivial
and general expressions are available in the literature[7,41,40,47]. Some of them
are only known in the form of contour integrals. From the point of view of these
theories, the c;, = 25 Liouville field coupled to ¢ = 1 matter is at the ‘boundary’ of

the theories studied in Refs.[7--49]. In the specific case of interest, we take a careful
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limit to obtain the desired correlators. In particular we are able to evaluate the
relevant contour integrals in our case, leading to expressions that are much simpler
and more explicit than those previously given in the literature for the more general
¢ <1 case.

The resulting expressions satisfy the expected consistency conditions and other
recursion relations. When the Liouville theory is combined with matter, one gets a
massless ‘tachyon’ field!'? labelled by integer winding numbers. The matter contribu-
tion to the tachyon correlators are just winding number conserving delta functions.
In addition to the tachyons, there are discrete states at ghost numbers one and
zero[74,75]. The former are the remnants of massless and massive states of critical
strings and their correlators are determined by the SU(2) symmetry at the self-dual
radius. (The latter class of operators are characteristic of non-critical theories and
in particular, they form a ring on which the symmetry of the theory can be re-
alized in a geometric way|[76].) We have not attempted to study this ring in the
FZZT brane background (for general results on the ¢ < 1 boundary ground ring,
see Ref.[77]). As mentioned above, the expressions for these correlators are diver-
gent. As we will see, once we perform renormalizations of the bulk and boundary
cosmological constants, the divergence is a common multiplicative factor for both
the two- and three-point boundary correlators.

The simple and elegant form of the answers obtained is suggestive of a simple
physical interpretation, perhaps in terms of fermions, as we will see. The answers
share some of the properties of the (simpler) case of ¢ = —2[55], notably that they
are independent of the bulk cosmological constant. All this encourages us to try
and understand the corresponding open-string field theory, following the ideas in
Ref.[55]. Accordingly, in the last section of this chapter, we begin to study the
open-string field theory of the FZZT branes. Motivated by the fact that the disc

path integral describing classical processes of non-critical string theory localizes to

19 No operator in this chaper is truly unstable on the worldsheet. The FZZT boundary
conditions do not allow such modes. With this in mind, and since there is also no unstable

operator in the bulk, we use the word tachyon as is conventional.
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the BRS cohomology, we evaluate the action for the ‘on-shell’ states (tachyons and
the discrete states). This results in a theory of infinitely many matrices. We hope
to analyse this theory in more detail in the future.

The organisation of this chapter is as follows. Sec. 2 describes the background
and sets up notation. The Liouville contributions to the two- and three-point func-
tions are evaluated in Sections 3 and 4. In Sec. 5 we calculate the bulk-boundary
two-point function. Sec. 6 is devoted to string field theory. We end with some
comments in the final Sec. 7. Appendix A contains some properties of the spe-
cial functions that appear in the Liouville correlators. Some details of the contour

integral relevant for Sec. 4 are given in Appendix B.

2. Two-dimensional Open String Theory and the FZZT branes

The theory we are interested in is described by the worldsheet action?°

1

— | (0324 (99)* + QR + dmpuo 2%
47T D

| (2.1)
+

- (ka +27mpBo €b‘p> :
27T oD

where X, ¢ are the matter and Liouville fields and @, b are numerical coefficients. In
this action, D has the topology of a disc/UHP, R is the curvature of the (reference)
metric, K the induced curvature of the boundary and po and pp o are the (bare)
bulk and boundary cosmological constants respectively.

With the action above, the matter sector has central charge ¢ = 1 while the
Liouville sector has ¢y, = 1 4+ 6Q?. The coefficient b appearing in the exponents
satisfies ) = b+ %. Criticality requires the choice ¢;, = 25, from which we determine
@ = 2 and b = 1. Because of divergences that appear at b = 1, we will need to
carefully take the limit b — 1 and regularise the divergences appropriately.

On the field ¢, we will impose

i(0 — 0)p = dnup e, (2.2)

20 We work in o/ = 1 units.
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the generalized Neumann boundary condition.

The field X, which we take to be Euclidean is, in general, compactified on a
circle of radius R. We can impose a suitable boundary condition on the field X;
for instance, at a generic radius, we could impose Dirichlet or Neumann boundary
conditions (0 £ )X = 0 which, in conjunction with the boundary condition on the
Liouville field above, describe the non-compact D-instanton and DO-brane respec-
tively. As noted in the introduction, the two choices are physically equivalent at
self-dual radius.

In the bulk, the observables of the theory are a massless scalar field in the
two dimensional target space known as the ‘tachyon’ field, and an infinite set of
quantum mechanical states which arise at special values of the momentum, known

1

as the discrete states. The vertex operators?! corresponding to the tachyon field

take the following form at weak coupling:
Ty, = cc exp (ik(X £X) + (2 — [k])e) . (2.3)

The tachyon vertex operator on the boundary on the other hand carries addi-
tional indices (o7, 02) corresponding to the boundary conditions on the two ends of

the open string;:
Ty, = c [e*X Vﬁrm = c [exp (1kX + Bp)]7* 72, (2.4)

where the second expression is the asymptotic form. From this we see that (

labels the Liouville momentum, and the conformal dimension of the Liouville vertex

operator is A = (3(Q — ) where Q = b+ % = 2. Requiring that the full vertex

operator has dimension one, one finds the on-shell condition f = 1 — |k|. The

boundary label o is related to the (bare) cosmological constants 1o and pp o by:
cos 2mb (0 — Q) = B0 fsin mb2. (2.5)

2) = Vo
As we shall discuss later, the cosmological constants require renormalisation in the

¢ = 1 string theory.

21 We are only considering local operators, which correspond to non-normalizable modes.
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We are specifically interested in the theory at self-dual radius R = 1, where the
worldsheet theory is an SU(2)r x SU(2) g current algebra at level 1. The symmetry
of the closed-string theory is generated by (J*, J3) = (e**?¥X i0X) and their right

moving counterparts. The physical vertex operators at ghost number one are[76]:

mat
(

Zemm = V" (k,m)V"" (k,m)exp ((2 - k)p). (2.6)

where k is a non-negative integer or half integer; V™% (k, k) = ¢**X  and the op-
erators V™ (k,m < k) are defined by acting with the SU(2). lowering operator.
Hence m = k,k—1,---, —k. The corresponding right movers are defined in a similar
manner. The physical content of the theory can also be summarized as a massless
field 7 (0, ¢, ;) living on an S? times the non-compact Liouville direction.

The open string imposes a boundary condition relating the left and right mov-

ing currents J* and J“. The branes in the SU (2),, theory are labelled by a half-

n

integer J = 0,---, 5 which labels the conjugacy class in the group, and continuous
moduli which take values in SO(3) which label the origin of the 3-sphere viewed
as a group manifold[78]. The conjugacy classes are topologically 2-spheres in the
group manifold.

For our case, level n = 1, there are only two possible discrete labels J =
0,1/2 and the full moduli space is SU(2) which is topologically S3[79]. A brane
is simply a point on this sphere, which can be thought of as a degenerate S2. It
breaks the SO(4) = SU(2) x SU(2) symmetry of the 3-sphere to a diagonal SU(2)
symmetry group of the degenerate 2-sphere. The open-string modes are classified
as representations of this SU(2).

For example, the boundary states which correspond to Neumann and Dirichlet
for generic radii are labelled by the two poles on the S3, and are given respectively
by J¢ = +J". The generators of the diagonal SU(2) subgroup which is preserved
are J% + J". The allowed representations of the diagonal SU(2) are k + k where
both k and k are integer or half integer, so that the allowed representations of the

diagonal subgroup are integer. Note that half the representations of SU(2) (the

half-integer spins) do not correspond to physical operators.
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Thus the physical vertex operators of the open string at ghost number one are:
Y772 (k,m) = ¢ [V™(k, m)Vgrl’g2 =c [V (k,m)exp((1 — k)(p)]am , (2.7)

where, (k,m) are the usual SU(2) labels with spin k an integer and m = k, k —
1,... k.

3. Boundary Two-Point Function

In this section, we shall compute the two-point function of the Liouville vertex
operators Vﬁa 172 which enter the physical open-string vertex operators (2.7). The
two-point function of boundary operators in Liouville theory, of arbitrary central

charge ¢, = 1 + 6Q?2, is given by][7]:

) — d ,02)0(B1 —
<Vﬂ0;10‘2 (fL’)ngUl (O>> = (ﬁl + 62 Q) —|l_x|2(fﬁ|?-1 02) (ﬁl B2)’ (31>

where d((|o1, 02) is the reflection amplitude, the expression for which is given below.
The delta functions can be understood as arising due to the reflection from the
Liouville potential, and is not present in the higher-point functions. Every non-
normalizable operator in the theory is related to a normalizable operator by this
reflection, V77 = d(Blo1, 02)VJ5.

The reflection amplitude d(8|oy,02) is given by[7]:

d(Blo1,02) = Ay Az As,

A = (Mov(bz)bz_zb ) o

A — [y (26 — Q) (3.2)
27 T,(Q - 28)

Ay = Sp(2Q — 01 — 02 — B) Sp(o1 + 02 —ﬁ)'

Sp(B+ 01— 02) Sp(B + 02 — 01)

In the above, v(z) = I'(x)/T'(1 — z) and the special functions I',(z) and Sp(x) are
defined in [7,47]. We record the relevant details in Appendix A.
As mentioned above, to specialise to ¢ = 1 we must carefully take the limit

b — 1,Q — 2. This limit is singular and requires us first of all to renormalize both
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the bulk and boundary cosmological constants. In the first line in Eq.(3.2), we set

b=1— % and find that

Ay = (rpoy(1—2) 77 (33)
Using v(1 —¢) — ¢, we see that the above expression becomes finite if we define the

renormalised®? bulk cosmological constant by:
= 4mpg €. (3.4)

Using this and recalling from (2.7) that 8 = 1 — k with k& a non-negative integer, it
follows that the first factor in the two-point amplitude is:

A = (%)w - (%)% (3.5)

The renormalisation of the bare bulk cosmological constant gy performed above is
well-known, and leads to the result that the cosmological operator for ¢ = 1 closed
strings is not the naive one, ¢, but rather ¢ e2%.

Now coming back to Eq.(2.5) and taking b = 1 — § we have, for small ¢:

HB,0 HB,0
Cos 2o = /e —= = 2me —=, (3.6)
v/ M0 \/ﬁ

which means that we also need to define a renormalised?® boundary cosmological
constant up = 2me up,o. Hence finally the relation between the o parameter and

the renormalised (bulk and boundary) cosmological constants is:

1B

T

The parameter o can be real or imaginary depending on whether up < ,/u or

cos2mo =

(3.7)

pup > /i In what follows, we keep all the o; generic.

22 This differs by a factor of 4 from the normalisation used in Refs.[42,51]. However, it
is more natural as the area of a unit 2-sphere is 4.
23 Once again this differs (now by a factor of 2) from the normalisations of Refs.[51,42],

and is consistent with the length of a unit circle being 2.

56



The factor Ay depends only on 8 and not on o;. Using Eq.(3.2), we find:

'y (—2k)

A2 = T:1(2k)

(3.8)

This expression is actually divergent. However, we can regulate it by going slightly
off-shell. We can do this by shifting § from the integer value by an amount e:
k — k 4 € and extract the leading divergence. We could use a different regulator
and deform b away from 1 to 1 — € and we get the same answer. As detailed in

Appendix A, A is determined to be:

Ay = (=1)* ! (3.9)
> 7 (2m)2FD(2k 4 1)T(2k) e2k+1 '
Finally we turn to the third factor in Eq.(3.1):

S1(B+ 01 —02)S1(B+ 02 —01)
Now using the inversion relation S,(x)Sy(Q — x) = 1 and substituting § = 1 — k,
A3 can be rewritten as:

Si(o2+o1—B) Si(Q—B+01—02)
S1(-Q+pB+o2+01) Si(B+o1—02)

Si(=1+k+oo+01) Si(1+k+01 —02)
Sl(—l—k:—l—ag—f—al) Sl(l—k—l—Ul—Ug)‘

Az =
(3.11)

+

Next we define the combinations o= = o1 & 09 and invoke the recursion relation

(see Appendix A) Sy(x + 1) = 2sin7x S1(x) to write:

2k 2k
As = H (2sinm(ot +k—1—m)) H (2sinm(0” +k—1—n))
m=1 i (3.12)
= (4 sin mot sin 7m_)21C .

This can be rewritten in terms of the original boundary parameters o7 and os:

2k
Az = (2 (cos2may — cos 2ma2))? = (2 %) . (3.13)
Putting everything together, we finally get:
1 k . 2k
A(1  klpr . zm) = gy o 128) (3.14)

2FH1 (2m)2R T (2k + 1)T(2k)
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We will find it convenient to renormalize the open-string operators (2.7) as

Y7L = (2me) T (2k) Y, I172. (3.15)

k,m

This redefinition is different from the standard one found in the literature for closed
strings, as it has an additional factor of (2we)*. For the cosmological operator
(k = 0) this extra factor is absent and the renormalisation is the standard one.
The matter contribution to the two-point function being trivial, let us put the

renormalization factor in the Liouville vertex operator alone and define

VLo = (2me) T (2k) V7272, (3.16)

Expressed in these variables, the reflection amplitude is:

(—1)k (M2B - NIB)%
2k

d(1 = klp1p, pop) = (3.17)

Several features of this result are noteworthy. First, it is independent of the bulk
cosmological constant p. A similar feature was noticed[55] for the correlators of
¢ = 28 Liouville theory (corresponding to strings propagating in a ¢ = —2 matter
background). Second, the result depends only on the difference of the two boundary
cosmological constants pip, usp. We will see later that these features persist for
the boundary three-point function. They are reminiscent of the identification of the
extended B-type branes of topological field theories to fermions[80]. Finally, we see
that after renormalization, the reflection amplitude has a simple pole singularity (as
a function of €). Again this turns out to be the case for the boundary three-point
function as well. Later, when we use this in the string field theory action, we will

need to absorb this singularity by a redefinition of the string coupling constant.

4. Boundary Three-Point Function

The three-point function in boundary Liouville theory is defined by:

0203071
0203 1 0301 2 0102 3 _ 818203
(V7 (@) V)" (@7) V7 (%)) = |1 | A1 82 =B | [Bo T 85— A | [ AsF A=Ay

(4.1)
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An expression was found in Ref.[41] (see also Refs.[42,47] for subsequent discussions)

for the coefficient C' as a product of four factors:

O350 = B B, By By,
2\ 3(Q—B1—B2—Ps3)

B, = (W/W(bQ)bQ_Qb )

By — Ly (B2 + B3 — B1)6(2Q — B1 — Bo — B3)1%(Q — B1 — Bo + B3)[4(Q — B1 + B2 — 53)
Iy (Q) T'y(Q — 281) I'y (Q — 282) T'y (Q — 23)

By = Sp(Q — B3 + 01— 03) Sp(2Q — B3 — 01 — 03)

Sp(B2 + 02 — 03) Sy(Q+ B2 —0p —03)

1 [0 SbU+S
84_2/. ds HSbV-i-s

Y

—100—0
(4.2)
In the factor By, the quantities U;, V;, ¢ = 1,-- -, 4 are defined as follows:
Uy=o01+o02—0, Vi=2Q+02—03—01—fs,
Uy=Q—o01+ 02 — [, Vo=Q +03—03— 31+ 33, (4.3)
4.3

Us = B2 + 02 — 03, V3 = 209,
Uy =Q — B2+ 09 — 03, Vi=Q.

We want to compute the above for the values b = 1, §; = 1 — k; for our case of
¢ = 1. In this section, we choose the kinematic regime k3 > ki, ko > 0. We shall
later need to take a careful limit as k; approach integers. The first two factors are

evaluated as before, and we get

B 0 %(k1+k2+k3—1) \/ﬁ Ziki_l
= (%) -\ ’

DT+ > ki) Di(M+ kr 4+ ko —ka)Di (T 4+ ki — ko + ks)Ti (1 + kB — ko — k3)
['1(2) T1(2k1) Ty (2k3) Ty (2k2)

_ (Dlerkh)/2 T (145 k)

(2me)kaths—k 'y (2)

» Di(1+ky + ko —ks) T1(1 4+ Kk — ko + k3) T (1 — k1 + ko + ks3)

[y (2k1) T'1(2k2) Ty (2k3)

_ (=DleAke k2N Dy (1437, ki) =Ty (L4 3 ki — 2k))
 (2me)kaths—h I'i(2) 11 Ty (2k;) ’

J=1
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where |z is the integer part of z. We have used the properties of the special
function I'y (x) at integer arguments given in Appendix A to rewrite the last factor
in the numerator of Bs.

For the factor Bs, we insert the values of the parameters to write it as:

. Sl(l+l€1+l€2+01—03)31(3+]€1+]€2—O'1—03>

B
3 Sl(l—k2+0‘2—0'3)31(3—]€2—O’2—O‘3>

. (4.5)

It turns out that this simplifies when combined with a similar factor in By.
Finally we must evaluate the contribution B,. This is carried out in Appendix

B, where the contour integral in the last line of Eq.(4.2) is evaluated explicitly. That

is then combined with Bs of Eq.(4.5) above to give the following amazingly simple

result for the product:

= () {(52)7 ()77}

Putting everything together, we arrive at the three-point function (with 3; =

1—]{72')2

C s = B B2 Bs B

_ (DR et — g T (L 3 k) ﬁ Iy (L0, ki — 2ky)
(2776)14-21‘}61‘ a1 F1(2> i1 F1(2]€J) '

(4.7)
In terms of the renormalised operators defined in Eq.(3.15) and (3.16), the three-

point function becomes:

- - Lo 3
g _ (SO gt — gt Ty (14 3, k) 11 Ty (1 + 20 ki — 2k;) D(2k;)
f1.52,5 2me 21 I'(2) i I'y (2k;)
(4.8)
In the special case of tachyons, the momenta of the three operators obey ki +ko = k3,
and the three point function takes the simpler form

Siki/2|  2ki4+2ks . 2k1+2ko
Y2 3 1 _ (_1)L /2] Hog Hi3
B1,82,61+B2—1 — €

(4.9)
H21

Like the boundary reflection amplitude Eq.(3.17), the boundary three-point function

obtained here also turns out to be independent of the bulk cosmological constant,
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depends only on pairwise differences of boundary cosmological constants, and has
a simple pole singularity in e. We conjecture that these three properties also hold
for all n-point functions of boundary operators in this theory.

As a check, we consider the three-point function with momenta k1 = k, ko = 1
and k3 = k for the three operators. In this case the middle operator has § = 0 and
hence, if we choose 01 = o3 (which implies 15 = psg), it reduces to the identity.
Now the above correlator should reduce to the two-point function. From Eq.(4.7)
we find:

(=D* 2m 3y

CH2him _ . 4.10
1—k,1,1—k (27T€)2k—|—2 p(gk + 1)1“(2k;) ( )

Comparing with Eq.(3.14), we see that this is related to the (bare) reflection am-
plitude by:

1
Cr2eiiog = 9re d(1 — k|p1, p2). (4.11)

If we interpret 5= as the §(0) factor arising from §(81 — 32) in Eq.(3.1), we may
conclude that in the special case being considered, the three-point function indeed

reduces to the two-point function as expected.

5. Bulk-Boundary Two-Point Function

The bulk-boundary two-point function on the disc involves a boundary operator
V§? and a bulk operator V. This was computed in Ref.[40] (see also Refs.[42,47])

and the result is:

oo Als
Vol VT (0)) = e (5.1)

where,

Ags = C1CaC,

Cl =27 (77'/,60’7(()2)()2_2{)2)(Q_2a_6)/2

I(Q — B)T1 (2a — )T (2Q — 2a — ) (5.2)

Y

© = TQT(Q - 20T (B)T1 2a)T1(Q — 20)
L smie—qu St 5B+ —5Q) S (t+ 38 —a+3Q)
=i, e S (E—40—at3Q) S (-0 +a+1Q)
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We want to evaluate this in the ¢ = 1 string theory where, as usual, we need to take
the singular limit b = 1. Let us also recall that  =1—k and a =1 — %k — the
bulk and boundary windings are related due to the winding number conservation
condition from the matter sector. We will assume that & > 0. The first factor
Cy can be rewritten using the the by-now familiar renormalized bulk cosmological

constant:

Ci =2 (%)k_% , (5.3)

while the second factor is easily evaluated to be:

R G Vi
~2xD(2k) (D(k))?

Co (2me)2F 1L, (5.4)

Finally, we come to the third factor C3 which involves an integral similar to the one
encountered in the evaluation of the boundary three-point function. Specifically,

we have to evaluate

1,/200 ot oxp (dmi(o — 1)) SR 2) S (4 5) (5.5)
i J_ine Si(t+k+3)S (t+3)

For large imaginary values of ¢, the integrand falls off exponentially. This
makes the integral (5.5) convergent. In the kinematic region where k is negative,
all the poles of the integrand arising from the numerator are in the left half-plane
while those from the denominator are in the right half-plane. For other values of k
the integral is defined by analytic continuation described in detail in Appendix B.
Once again, the integral is dominated by its singular part, which comes from the
collision of the poles from the two half-planes. Denoting ¢ + % = n, the conditions

for collision are met for integer values of n between 1 — k and k. Evaluating the
(singular) residues at these poles we find
k

1 , . 1 sin(4mok)
Co= —— —2mio dmion _ ) 5.6
57 (2me)2ktl c Z c (2me)2k+l sin 270 (5:6)

n=1—k

Combining Eqgs.(5.3), (5.4) and (5.6), the bulk-boundary two point function of
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tachyons is found to be:

2k) (T ( ))2 Sin(27m)

(E)" s e () ()
(5.7)

_ (ﬁ)% ! . FE 1)k= sin(4mok)
(

Like the previous correlators, this too is conveniently expressed in terms of renor-
malised bulk and boundary operators, the latter being given by Eqn.(3.15) and for
the former we choose:

Z(k; m, ) = (m)—’f% 2k m, 7). (5.8)

Once again, this redefinition differs from the standard one and is chosen so as sim-
plify the form of the renormalized expression. Specialising to the tachyons (2.3),(2.4)

for simplicity,

<wa(k>7(k>> _ (@)2’“—1 (=1)*~" sin(rk) sin(drok) (5.9

2 €2 msin(27o)

Unlike the boundary two- and three-point functions, we see that the bulk-boundary
correlator does depend explicitly on the bulk cosmological constant u, through
o. It also lacks the translational symmetry in pp that we found in the boundary
correlators. (This was to be expected, since there is only one boundary operator Vge
and this is necessarily diagonal in the boundary cosmological constant. However,
we suspect that with more boundary operators too, the bulk-boundary correlators
will lack translational symmetry in the pp.) Finally, we see that this correlator
has a double pole singularity in e, unlike the simple pole found in the boundary
correlators.

Specialising further to k = 0 (the cosmological operators) we find:

(T7070) = (T 0TW)|, =~ 7w

(5.10)

Interestingly, in this case the correlator is non-singular.
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As a consistency check, the bulk-boundary two-point function, if correctly nor-
malised, should reduce to the bulk one point function when the boundary Liouville
momentum vanishes,  — 0. This corresponds to £ = 1 in our case. The bulk

one-point function of Liouville theory is given by|[7]:

Va(2,2))o = % (5.11)

where,

Us(a) =

SN

(mw(zﬂ))% I'(2ba — b*)T (270‘ — b% - 1)
x cos (7(2a — Q) (20 — Q)).

Due to the momentum conservation condition from the matter sector, this should

(5.12)

strictly be evaluated only at £ = 0. Nevertheless, let us keep k arbitrary at this
stage. Putting b = 1 in (5.12) and performing the familiar renormalization of
cosmological constants, as well as renormalization of the bulk tachyon as in Eq.(5.8),
the one-point function is:

k
0, (k) = — <4) (%@*%m. (5.13)

The bulk-one point function above is seen to satisfy the expected functional equation
UUJF% (k)-i—UO,_% (k) = 2 cos(mk) Uy (k) rather trivially[42]. Substituting k = 1 (hence

a=1-%=1) formally,

k=1 =—Y— , 14
Ol = 1) = - VI €22 (5.14)
On the other hand, Eq.(5.9) evaluated at k = 1 gives:
- ~ 2cos?2
<T“(1, 1)7(1)> - 4 y (5.15)

Recalling from Eq.(3.15) that T(1) = 2me T(1) we see that

<T““(1)7’(1)> _ Vi cos2mo (5.16)

2 me2

This agrees with Eq.(5.14) (upto a sign).
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6. Physical Correlators and Open String Field Theory

According to a recent proposal of Sen[57-59], open-string field theory on D-
branes in a certain background is dual to a theory of closed strings to which the
branes in that background couple. In most known examples, the complete string
field theory is extremely complicated, and lacking the necessary analytic tools, is
only accessible through approximation schemes such as level truncation. Having
examples of D-branes on which the full open-string field theory can be analysed is
clearly important. Non-critical string theories, with their relatively simple yet rich
physical content and high degree of symmetry, are string backgrounds where we may
further our understanding of this duality[58,59]. Indeed in Ref.[55], the topological
Kontsevich matrix model of topological gravity (equivalent to ¢ = —2 closed-string
theory) is shown to arise from the open-string field theory of the branes of ¢ = —2
matter coupled to Liouville theory.

In this section, we take the first step in this direction for the case of the N
FZZT branes in the ¢ = 1 theory compactified at R = 1. Open-string field theory
has an infinite number of fields, but it also has infinite gauge redundancy. The
closed-string sector of the ¢ = 1 theory at the self-dual radius, and indeed of all
non-critical string theories, possesses a topological symmetry due to which only
degenerate worldsheets at the boundary of the moduli space of Riemann surfaces
contribute to correlators. In other words, only physical (‘on-shell’) states in the
cohomology of the BRS operator (Jp contribute to quantum string amplitudes, at
all genus. This is the well-known topological localisation.

When D-branes, i.e. open strings, are included, we lack a direct proof that
this property continues to hold. However, an important source of intuition comes
from the relation of the bulk theory to the topological SL(2)/U(1) coset[67] and
the deformed conifold[81]. There has been progress in understanding localisation
in the open-string sector of the topological SU(2)/U(1) cosets[82], closely related
to the first description. On the other hand, a classic result due to Witten[83]
tells us that the open-string field theory on D3-branes wrapping a 3-cycle of the

deformed conifold localises to pure Chern-Simons theory (this considerably preceded
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the discovery of D-branes!). With this motivation, for the moment we simply assume
that the string field theory localises onto the physical states (as defined by the BRS
cohomology) and arrive at an action for these modes, postponing a detailed analysis
of localisation and the resulting model for future work?*.

Let the CFT Hilbert space of the states of the first-quantized string between
the 7th and the jth brane be H;; (4,7 = 1,---,N). The open-string field |¥;;)) is
a ghost-number one state in this Hilbert space. The action defining the classical

string field theory is
1 1
S ==, > (Y05, QB¥(0) — 300 D W Yor Y) » (6.1)
g 5O ik

where the quadratic and the cubic terms are given in terms of CFT correlators
and Qp is the BRST operator (see [84] for a review). The linearised equation of
motion of the theory Qp|¥) = 0 is the statement that the worldsheet configuration
is physical in the free theory — the cubic term then describes interactions.

Our task now is to compute the OSFT action (6.1) on the FZZT branes localized
onto the physical states. This amounts to the evaluation of correlators in the CFT
of ¢ = 1 matter plus Liouville plus the (b,c) ghosts. In Liouville theory, there is
no sense in which the string coupling is weak, therefore we cannot really regard the
cubic term as a perturbation. This is reflected in the fact that there is an infrared
divergence in the two-point correlators of the physical states. We shall use the same
regulator that we did earlier and see that the kinetic and the cubic term, evaluated
on the on-shell states, contribute to the same order.

We have seen earlier that the physical states of the background CFT are sum-

marized as an N x N matrix field living on a 2-sphere. The expansion of the

24 In [55], a powerful nilpotent symmetry of the gauge fixed quantum action of the
¢ = —2 noncritical string theory is exploited for localisation. The existence of such a
symmetry is stronger in that it takes into account the effect of worldsheet instantons. We
note, however, that the absence of compact two-cycles in the deformed conifold geometry

will forbid potential instanton correction.
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open-string field in terms of these states is:
W igy) = ZTij(k, m) ‘ff”(kﬁ, m)> , (6.2)
k,m

where |Y% (k,m)) is the ghost number one primary state in the boundary CFT
corresponding to the open string with ends on branes (i, j) transforming as spherical
harmonics V" (6, ¢) under rotations of S?. Under the assumptions described above,
the open-string field theory action reduces to an action for these matrices.

The coefficients of the string field in the OSFT action are determined by the
CFT correlation functions for primary operators. The matter and ghost contribu-
tion to the two- and three-point correlators are very simple. As we saw in section
2, the physical operators behave exactly like the spherical harmonics. For the
two-point function, the matter contribution is the condition k; = ko = k and the
conservation condition m; = —mso = m of the J3 component of angular momentum.
The full two-point function is:

)2k:

o L L (s —
Di;(k) = <Y”(/€,m),coY‘“(l€,—m)> = (=" (%

€2 2k (6:3)

where, we have introduced the notation up = 2. Let us note that for the special
case of the cosmological operators, both the terms in Eq. (3.1) contribute.
The full three-point function is determined from the SU(2) addition condition

from the matter sector and, using Eq.(4.8), its expression is:

Ciri(k1, k2, k3) = <?jk(l€1,ml)?ki(kz,mz)?ij(kS,m3)>

(—1)21*161‘/2 zJEkzkz _ zizlﬂ Fl(l + Elkz) f[ Fl(l + 2k — 2kj>r(2kj)
(2me) T, (2k;)

Zji
<[ d(eos)do V2 6.6)V760.6)V7206.6),

(6.4)
where V¥ (0, ¢) are the spherical harmonics of S2. Let us recall that the three-point
function is evaluated with the condition k3 > ki, ko, a choice made in evaluating
the Liouville correlators in Sec. 4. We would also like to point out that the ex-

tra divergence present in the two-point function (6.3) compared to the three-point
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function (6.4) is due to the delta function in (3.1), which can be understood as an
infra-red divergence arising from the volume of the target space.

It is now straightforward to evaluate the action (6.1) localised on the physical
states. The kinetic operator Qg simplifies to cgLg in the Siegel gauge. This has a
zero acting on the physical states |Y% (k,m)), (which are dimension zero primaries

of the underlying CFT):

<W (K, m'), QBW(k,m)> - <17ij(k',m’)

coLo )W(k,m>>
co (K +62(2— 62) — 1) ‘i/ji(k?am)>

Co ‘f/ﬂ(k,m)>

- <t{ﬂ'i (K, m’)

= 2ke <17ij(k', m’)

= 2ke Dw(k?) 6k,k’5m—|—m’,0~
(6.5)

This zero absorbs the volume divergence in the two point function. Using (6.3) in

(6.5), we get the coefficient of the kinetic term

<iﬂ'j(k;,m), QpY7i(k, —m)> — : (6.6)

which has a simple pole in €. The coefficient of the cubic term is simply the three-
point function (6.4) with the same singularity. Thus, the two terms in the action
(6.1) have an identical singular coefficient. Then we can renormalise the string
coupling as

9s = €750, (6.7)

to get a sensible matrix theory with a finite action. The novelty of this matrix
model, compared to the existing ones in the literature, is that it has the SU(2)
symmetry of the theory manifest from the beginning.

Let us note that the (singular) renormalisation (6.7) of the string coupling
was also necessary in Ref.[55] in order to get the Kontsevich model. It is actually
implicit in [55], where the 1/e€ singularity of the three-point function as well as the
delta-functions in the two-point functions have been suppressed[85].

The complete action involving all the modes in (6.2) is a little cumbersome.

However, if we restrict to the tachyons (thereby giving up SU(2) symmetry), we
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find the action S = Sy + S3, where

1 — -
S2 =3 D (DR T (k) (2 — z) TV (—k)
9s =0 ij
1 ZleCz+2kz _ Z2lk2+2k2 N o o
S3 = _395 Z (_1)kz1+k2 Z J e 7 le(kl)le<k2)Tz](_k1 B kz)
k1,k2 ijl

(6.8)

In terms of a matrix Z = diag (iz1, 22, - - -), the kinetic term may be written as
So~ Y T T(k) [Z, - [Z, T(k:)] . } . (6.9)
k

The fact that our Liouville correlators depend only on the difference of boundary
cosmological constants shows up as a symmetry of the above term under a shift
of the matrix T by an arbitrary diagonal matrix. This symmetry is shared by the

cubic term which can also be written down similarly.

7. Discussion

We have studied correlators of the boundary Liouville theory in the limit that
the Liouville central charge c¢;, tends to 25, or equivalently ¢ — 1. The results are
embodied in Egs.(3.14)—(3.17), (4.8)—(4.9) and (5.9). The principal motivation to
present these results is that they are far more explicit than the boundary correlators
known for the ¢ < 1 theory (as embodied in Eqgs.(3.2),(4.2) and (5.2)). The latter
are given in terms of special functions Sy(x),I'y(z) and some of the correlators are
known only as contour integrals over products of such functions. These contour
integrals can be explicitly evaluated for ¢ = 1 only, as far as we know, at the self-
dual radius?®. The boundary correlators we obtain in this way are all divergent, but
as we have noted, the divergence factors out from the two- and three-point functions
and can be absorbed in a rescaling of the string coupling leading to a well-defined

open-string field theory action.

25 Of course, rational multiples of this radius which correspond to orbifolds of the theory

also have a similar behaviour.
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The fact that the boundary correlators are independent of the bulk cosmological
constant is reminiscent of a similar fact in Ref.[55]. There, the dependence of the
two-point function on pp is crucial in recovering the Kontsevich model[61], where
the different pup; turn into the eigenvalues of the Kontsevich matrix. In similar
vein, our matrix model depends only on ;g ; which are the eigenvalues of a constant

matrix 2.

We did not find a proof that the boundary correlators at ¢ = 1 and selfdual
radius are all independent of the bulk cosmological constant. However, if we assume
this to be true, then we can see that the n-point tree-level boundary correlators must

scale with the boundary cosmological constant up as:
7,1 ki—n—+2
VDV (ha) -V (ko) ~ = (1)

where a factor of (k;—1) comes from each Liouville vertex operator and an additional
2 comes from the linear dilaton factor in the path integral. This scaling is satisfied
by the two- and three-point correlators that we computed. It is tempting to also
conjecture that the n-point correlators will depend only on the pairwise differences

(i; of boundary cosmological constants.

The natural matrix model that we might have expected to find from our compu-
tations, which is the analogue of the Kontsevich model for ¢ = 1 at self-dual radius,
is the model of Ref.[72]. But this is a one-matrix model, and here we find a model
with infinitely many matrices. Moreover the model of [72] incorporates amplitudes
for (closed-string) tachyon external states only, based as it is on the amplitudes
computed in Ref.[71] from matrix quantum mechanics, in which the other discrete
states have not yet been constructed. So there is in fact no candidate matrix model
presently available that incorporates the full SU(2) symmetry of the ¢ = 1 string at
self-dual radius. In contrast, the approach in the present chapter does lead to such
a model, presented in embryonic form in Eqgs.(6.4)—(6.6) More work is needed to

understand this model and confirm whether open/closed duality works as expected.
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Appendix A. Special Functions at c =1

The correlators of Liouville theory are expressed in terms of some special

functions[7,47]. In the case of ¢, = 25, i.e., b = 1, they are:

e [ (e )

. (A.1)
dt (sinh2t(l—z) 11—z
InSi(z) = — — - .
o ¢ 2sinh“ t t
Both are meromorphic functions and are related to each other via:
1 r
S (z) 1(2) (A.2)

T S(2-2) Ti(2-z)

where, we have also made use of the unitarity relation Sq(z)S1(2 — ) = 1. The
function I'y has poles at zero and negative integer arguments. Therefore, from
Eq.(A.2), Si(z) has poles at these arguments and zeroes at integers larger than 1.

The functions I'; () and S;(z) satisfy the recursion relations:

_ Vor
I‘l(az + 1) = m Fl(QZ), (A3)

Si(z+ 1) = 2sin(nx) S1(z);

where, I'(z) is the usual Euler gamma function. The values of these special functions
at (half)-integer arguments turn out to be of interest. In particular, we would need
the ratio I'y(—n)/I'1(n), which, as a matter of fact, is divergent. However, using
the recursion relations above, one can show that the leading divergence, near an

integer n is

Fl(—n) — lim F1<—n — 6)
F1(1’L> T e—0+ I‘l(n + E) A4
(—1)n(n+1)/2 1 (A.4)
 2m)nT(n)D(n+1) entl’
However, for half-integer arguments:
T _ 2m+1 -1 (m+1)(m+2)/2 9
) O v2 € Z, (A.5)

Dy (2t pmts (2m — DI (2m + 1)1
the corresponding ratio is finite.
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P (=)

Likewise, using the relations above, Si(1 — x) = N ETIIOR

finds that

Therefore, one

(_1)n(n—1)/2
(2we)r 7

2 1 -1 —n(n+1)/2
S1(1- nt = ( ) 1 3
2 22n+§ﬂ.n—|—§

Sl(l —TL) =

(A.6)

Y

for an integer n. Once again, the first of the above is to be defined as a limit.

Appendix B. Evaluation of a Contour Integral for the Three-Point Func-

tion

Here we will evaluate the contour integral

4

“+i00—0 )
B, = 1/ ds H M

: So(Vi - 5) (B.1)

—ic0—0 i=1
where U;,V; are given in Eq.(4.3). The definition of the contour integral as an
analytic function of the momenta is explained in Ref. [47]. We shall summarize
and use that prescription for our case in which k; approach positive integers, and
b — 1. We shall use an off-shell parameter ¢ here which is the deformation b away
from b = 1. As mentioned in section 3, an equivalent deformation is one where the
Liouville momenta is shifted away from integers.

For large imaginary |s|, the integrand decays exponentially, so the integral is
convergent in that region. Near the origin, the contour needs to be defined because
the integrand has poles which lie on the origin. We do this by shifting the contour
a little to the left of the imaginary axis.

Let us list the arguments of the functions S for our case:

Uy =—-1401+ 02+ ki,
Us=1—-01+02+ ki,
Us =1+ 09 — 03— ks,

U4:1+02_U3+k27

Vi=24 09— 03+ ki + ks,
Vo =24 09 — 03+ k1 — ks,
‘/3:20-27

Vy=2.
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The poles from the numerator and the denominator are at?®

s+U;=-n; and s+V,=2+m;,, (nij,m; =0,1,2,--+) (B.3)

respectively. For Re U; > 0 and Re V; < 2, the poles arising from the numerator
are all in the left half-plane and those from the denominator are in the right half-
plane?”. The imaginary axis is therefore a well-defined contour and thanks to the
asymptotic behaviour, the integral has a finite value.

For general values of k;, the integral is defined by analytic continuation of the
above prescription. Specifically, this means that as we vary k; (or equivalently,
U;,V;) smoothly, some of the poles from the LHP cross the imaginary axis and
enter the RHP, and vice-versa. In such a case, one deforms the contour such that
the poles from the numerator and the denominator are always separated by the
contour. Alternatively, this could be done by an equivalent deformation as follows.
Suppose, a pole of the numerator migrates to the LHP. The new (deformed) contour
now consists of two parts, one is the old one and another a small circle around the
‘migrating’” pole. The latter will pick up the residue of the integrand around that
pole. However, this also gives a finite contribution and will not be of our final
interest.

The integral diverges if two poles, one originating in numerator and another in
denominator, approach towards each other to coincide. In this case, the contour is
‘pinched between’ the two poles. Alternatively, the migrating pole hits another pole.
This divergence dominates over the finite piece and it is this which is of interest to
us. In order to extract the leading divergence in such cases, let us deform b away
from the value b = 1 by an amount € and make the circle around a migrating pole
very small. As it hits a would-be singularity at b = 1, we determine the divergent

residue as a power of e.

26 Here we have already plugged in b = 1, the general formula has simple poles at
s+ U; = —nb—mb~ . At b= 1, these simple poles coalesce to a pole of high order.

27 The Vj factor has a pole at the origin, but we have shifted the contour a little to
the left as indicated in (4.2). With this understanding, we shall continue to call it the

imaginary axis.
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The condition for collision between the poles (B.3) is s = —U; —n; = 2—V;+m;,

(ni,m; =0,1,2,--), i.e.,
V;i=U;=24+m, m=0,1,2,---. (B.4)
For generic o;, this can only happen when V; collides with Us or Us. Moreover,

Vi—Us=1+ki+ ko + ks =V, — Uy + 2k, so the divergence from the collision of

V1 and Uz dominates and it is sufficient to consider only that. Let
s+ (0o —03)=neZ. (B.5)
Then, a collision between the poles (B.3) happens when
14+n—ky=—ns, n+ ki1 + ks = mq, (ng,m; =0,1,2,--). (B.6)
This happens when —k; —k3 < n < ky—1. This set is non-empty for (k1, k2) # (0, 0).
The divergence of the integrand for a particular value of n, as defined in

Eq.(B.5) above, contributes an amount to the integral B, that we denote Bfln).

Hence,
Bi=Y 8" (B.7)

The range of values of n over which the sum is to be performed will be determined
below.

The net order of divergence of the integrand at a given value of n comes from
counting the poles/zeroes in Us, Uy, V; and V5 (keeping o; are generic), and (using
Eq.(B.5) and the formula for the divergence of the S;-function given in Appendix
A) is equal to:

—(n—ky)—(n+ko)+ 1 +n+ki+ks)+(1+n+k —ks)=2+2k. (B.8)

One of these poles is the migrant one with a circular contour around it, so the

divergent part of the residue?® is 1/(2me)?k1+1,

28 Let us see how the same result is obtained with the equivalent regulator in which
b = 1 but k is shifted away from an integer. The contour integral is about a pole of
higher order, say M = n + k1 + ks, if the migrant pole is from Vi. The residue is then
the (M — 1)th derivative of the other factor which has a pole of order 2k; + 2 — M. The
dominant singularity comes from differentiating this singular part, leading to the same

final answer.
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The finite piece of the residue is due to the other four S;-functions. Once again,

using (B.5), we can write the contribution Bfln) as:

(-DF Si(—1+n+k +o14+03)S1(L+n+k —o1+03)
(2me)2kr+1 Si(n+ 09 +03)S1(2+n — 09+ 03) ’

B = (B.9)

Combining Bs and Bfln) and using some inversions of 57 along the way,

By B — (—DF Si(—=14+n+ki+o01+03) Si(—1+ ks + 02 +03)
(27T€)2k1+1 Sl<—1—k3+0'1—|—0'3) Sl<n—|—0'2—|—0'3)
Sl<1+k3+0'1—0'3) Sl<—n—|—0'2—0'3)
Sl(l—n—kl-l-al—03)51(1—k2+02—03)
(—1)

= W (2 Sinﬂ'(Ul —|— 0-3))k1+k3+n(2 Sinﬂ'(O'Q + Ug))kz—n—l (BlO)

X (2sinm(oq — 03))

ks+n ko—n—
(D" (2 Hb “3B)k1+ " <2 M) T
(2me)2hr+t VH VH

Finally we have to sum over all these residues, since the contour is a disjoint

k1+k3+n( ko—n—1

2sinm(og — 03))

sum of all these circles at various values of s labelled by an integer n, which ranges

from —k; — k3 to ko — 1. This is a geometric series. Evaluating the sum, we get:

ko—1
B3 By = B3 Z Bfln)
n=—ki—ks
(B.11)
_ (=M <2u21)_1 (2,@3)2 b (2,“3)2 ks
(2me)?htt A Vi Vi Vi ’
where we have defined:
Wij = B — UjiB- (B.12)
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Chapter 4
Unstable D-branes in Two-dimensions

and the Supersymmetric Matrix Model

1. Introduction

Matrix models provide an elegant and powerful formalism for describing low-
dimensional string theories. Recently, it was proposed that the large N matrix vari-
ables can be viewed as the modes of N unstable D-particles in the corresponding
string theory, in a decoupling limit [86,44]. This proposal reinterprets the matrix-
model/string-theory correspondence as a holographic open-string/closed-string du-
ality, and suggests a search algorithm for more examples. It has been clarified
[87,88,43,89] and very recently extended to type O strings [90,91]. In this note, we
apply this perspective to shed some new light on the physical identification of the
supersymmetric matrix model of Marinari and Parisi [92].

This chapter is organized as follows. We begin by recollecting the basic features
of the Marinari-Parisi model and its proposed continuum limit. In section 3, we
review some of the target space properties of 2-d superstring theory. In section 4
we collect a list of correspondences between the two theories. Most notably, we find
that the open string spectrum on unstable D-particles of the 2-d string theory is
that of (a minor improvement of) the MP model, expanded around the maximum
of its potential. We also make a direct comparison between the vacuum structure
and instantons of both models. We end with some concluding remarks and open

problems. Some technical discussions are sequestered to appendices A and B.

2. The Marinari-Parisi model

The Marinari-Parisi model is the quantum mechanics of an N x N hermitian
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matrix in a one-dimensional superspace

O(7,0,0) = M(7) + 0¥ (1) + U(7)0 + 00F(T). (2.1)

The action is

S = —N/dT 9 do Tr{%ﬁ@D@ + WO(CD)}, (2.2)

where D, D are superspace derivatives. We can choose a cubic superpotential

1 1
Wo(®) = §q>2 — gA2<1>3. (2.3)

The Feynman graph expansion for the model generates a discretization of random
surfaces in superspace. Related work on supersymmetric matrix models includes
[93,94,95,96,97,98,99,100,101,102,103].

The model we will discuss is actually a slight modification of the original MP
model. We will take the derivatives appearing in (2.2) to be covariant with respect
to gauge transformations which are local in superspace; their form is described in
appendix A. In the case of the ¢ = 1 matrix model, its identification with the
worldline theory of D-particles made clear that the U (V) conjugation symmetry of
the matrix model should be gauged. As we will see, the same correspondence in our
case suggests that we should introduce a superfield gauge symmetry in the model
(2.2), which naturally effects the truncation to singlet states [95].

The model with superpotential (2.3) has two classical supersymmetric extrema

W{(®) =0. These are minima of the bosonic potential V(M) = M?(1 — A\2M )2

1

In addition, V' has an unstable critical point at M, = 535.

The quadratic form of

the action, when expanded near this non-supersymmetric critical point is (defining

Y =M - M,)

_ 1 2 s 1 2yv2 1
S = N/dTTr{2(DTY) FEDW 4 XY 16A2}. (2.4)

In the following we will argue that this action can be viewed as that of N unstable
D-particles, localized in the strong coupling/curvature region of the 2d string theory

background.
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In the MP model, the fermi level is not an independent parameter, in that it
is determined by the form of the potential [95]. Critical behavior arises instead in
this model through a singularity in the norm of the ground-state wavefunction [95].
We will discuss the ground states of the matrix model further in §4, but for now it

suffices to study an exemplary one, |fy), whose norm is given by

e =fol* = /Hdzz [z — 2)? e72"o); (2.5)
i i<j

this is a ¢ < 1 matrix integral. For odd W), there is an irrelevant divergence at

large |z| which we simply cut off. A critical limit arises by tuning the potential

Wy to the m = 2 pure-gravity critical point of [104], near which the tree-level free

energy is F o< K72, with k=1 = (XA — A\.)%/%N providing the string coupling.

This limit naively gives a supersymmetric sigma model on 1d superspace
(7,6,0) coupled to 2d Liouville supergravity. In [105], however, the following ar-
gument was presented against such a description of the continuum limit: the mat-
ter part of the action is necessarily interacting, and has a one-loop beta function
predicting that the coupling grows in the IR and that the matter fields become
disordered. This would seem to indicate that the superspace coordinates (7,8, 0)
become massive, and that spacetime does not survive in the critical theory. We
consider this conclusion premature. The reasoning assumes that the matter theory
and the worldsheet gravity are coupled only via the gauge constraints. This is not

the case for the supersymmetric string in two dimensions [106].

3. Two-dimensional Superstrings

We saw in Chapter 2 how to construct 2d superstring theory. We review this
briefly and move on to discuss some non-perturbative aspects of this theory.

To formulate 2d superstring theory, one starts from A = 2 Liouville theory
[107] and then performs a consistent GSO projection to obtain a string theory with
target space supersymmetry [106,108]. Unlike bosonic and N' = 1 supersymmetric

Liouville theory, the time direction 7 is involved in the N = 2 supersymmetry
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algebra, and it is involved in the A/ = 2 Liouville interaction as well:

Lok 7,[1@26_%(”4'5“(7_;)) + c.c. (3.1)

int —

with ¢ = ¢, +it),.

Interestingly, N'' = 2 Liouville theory has been shown [109] to be dual
to superstrings propagating inside the 2d black hole defined by the supercoset
SL(2,IR)/U(1) [8]. The semiclassical background is

ds? = dp? + tanh? pdr2, T=7T+2m,;
(3.2)
® = &y — log cosh p,
with g = €®.2? This explicitly shows that in the infrared region of small e”,

the 7 direction degenerates. The dependence of the string background on p can
be attributed to a gravitational dressing of the operators. This does however not
preclude the existence of a two-dimensional continuum description (c.f. the above
discussion of the scaling of the MP matrix model).

We now summarize a few properties of the target space theory. A good starting
point is the worldsheet description of the Euclidean theory, the fermionic cigar at
the free-fermion radius [108]. The string worldsheet theory on the cigar has three

conserved currents: the left-moving and right-moving chiral currents J and J, with
J = —tp +i207 = i0(H + 27), (3.3)

and a non-chiral current whose integral charge P; is the quantized euclidean energy,
i.e. the discrete momentum around the cigar. The chiral projection that defines the
type II theories is the condition that physical operators should have a local OPE
with the spectral flow operators, which in type IIB string theory takes the form

S — e-beritnian) § = emheriHian (3-4)

29 Type IIB string theory based on this CFT is also equivalent, via a more trivial T-
duality, to type ITA string theory on the circle of the inverse radius, with (3.1) replaced

by the corresponding momentum condensate.
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(here ¢ denotes the bosonized superghost current). Since the U(1) R current of the
N = 2 algebra involves the compact boson 7 in addition to the worldsheet fermions,

the symmetry generator P, is an R symmetry (here S = [dz S is the supercharge)

P,.8] = 35 7.8 =38, (3.5)

States in a given supersymmetry multiplet therefore do not all have the same energy.

The perturbative closed string spectrum in the euclidean IIB string theory
consists [108] of an NSNS (non-tachyonic) tachyon with odd winding modes, a left-
moving periodic RR scalar (the self-dual axion), and a right moving complex fermion
T with half-integer momenta. This is the expected behaviour for spinors which are
single valued on the cigar. Therefore, in the compact theory, a rotation 7 — 7+ 27
acts on the spacetime fields as e?™*F = (—1), where F, is the target-space fermion

number. There is another Zo symmetry (—1)f% which acts by
x——-x, T—T. (3.6)

The N = 2 Liouville which has primarily been considered in the literature has
a euclidean time direction. On the other hand, matrix quantum mechanics is most
easily described in a real-time Hamiltonian language. It will therefore be convenient
for us to hypothesize a consistent analytic continuation of this theory. However, this
analytic continuation needs to be understood better. Translating to a Minkowskian
spectrum, we find a left-moving scalar x and a complex right-moving fermion Y. In
addition to these propagating degrees of freedom, there are also discrete physical

states at special energies.
D-Instantons and Flux sectors

The physics of the RR axion is closely linked to that of D-instantons. Two-
dimensional IIB string theory, however, has some special features. First, the axion
is a self-dual middle-rank form; it couples both electrically and magnetically to the

D-instanton. One important implication of this is that the axion itself does not have
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a well-defined constant zeromode. Secondly, unlike the 10d case, where the BPS
D-instanton breaks sixteen supercharges and thus carries an even number of fermion
zeromodes, it seems that the 2d D-instanton only breaks one supersymmetry and
therefore carries only one fermion zeromode. It thus interpolates between sectors
with opposite fermion parity. A preliminary study of the D-instanton boundary
state in appendix B bears this out.

At this point it is natural to introduce the right-moving scalar field U via
bosonization T = eV, In this bosonized language, the entire field-theoretic spec-
trum of 2d type IIB can thus be reassembled into a single non-chiral scalar field
¢ = ¢r + ¢r with

oL = X, ¢r =U. (3.7)

Since ¢ = U is periodic with the free-fermion radius, it is natural to suspect that
the axion ¢; = Yy is periodic with the free-fermion radius as well.3° Note that
(—1)f* as defined above acts by (—1)fZ : ¢ — —¢.

The fact that the D-instanton has only one fermion zero mode means the
operator that creates it carries fermion number 1. This indicates that fv oU =1,
where v is a contour containing the instanton. Further, from the coupling of the
D-instanton to the RR axion, we expect that in the presence of a D-instanton fv ox
= 1. A natural candidate for the effective operator with the right properties to

create a D-instanton at the space-time location x is then

(@) _ Gil(@)+U (@) (3.8)

Instantons are tunnelling events that interpolate between perturbative sectors.
These sectors are characterized by an integer flux (here 3 denotes a space-filling

contour):

/ b=k kel (3.9)
>

30 This claim can be verified (or refuted) by computing the axion charge carried by a
D-instanton [110], or the axion flux produced by a decaying D-brane, along the lines of
[87,91].
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which is the quantized momentum dual to the constant zero mode ¢y of ¢ (¢ is
periodic with period 27). The integer k can be thought of as a slight generalization
of the “s-charge” of [111].3!

4. Dual Correspondence

We will now try match the physics of the Marinari-Parisi matrix model with
that of the two-dimensional type IIB string theory. Following the logic of [86,87]

we start by examining the open string spectrum of the unstable D-particles.
D-particles

In type II string theory, the boundary state for an unstable Dp-brane has the
form [113,114,115,116]

|Dp) = |[B,NSNS;+) — |B,NSNS; —). (4.1)

Here |B,NSNS;n) denotes a boundary state in the NSNS sector, satisfying
(G, —inG,)|B;n) = 0; G = Gt 4+ G~ is the gauged worldsheet supercurrent. The
boundary state describing an unstable brane with unperturbed tachyon contains
no term built on Ramond primaries. Experience with less supersymmetric Liou-
ville models suggests that branes localized in the Liouville direction correspond
to boundary states associated with the Liouville vacuum state, which we will call
|Bo;n). The defining property of these states is that the corresponding bosonic open
string spectrum (of NS-sector open strings for which both end-points satisfy this
specific boundary condition) have support only at Liouville momentum P = —i,
corresponding to the identity Liouville state.

Details regarding these boundary states appear in appendix B. Using the gen-
eral formula (4.1), the basic unstable D0O-brane of type IIB is represented by the

31 Since d,.¢ = 9., sectors with nonzero pr, are backgrounds in which flux quanta of

the RR axion are turned on. Backgrounds of two-dimensional type IIA strings with RR

flux were described in [112].
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boundary state |DO0) = |Bg: 4+) — |Bo; —). Study of the annulus amplitude for this
D-brane, detailed in appendix B, reveals that the open string spectrum on this
brane is precisely that of the Marinari-Parisi model, expanded as in (2.4), including
the gauge supermultiplet. This correspondence is the first strong indication that

the MP model describes the type IIB non-critical string theory.
Symmetry considerations

There are two prominent continuous symmetries of the MP model: there is the
conserved energy H, and there is the overall fermion number F = > @DZ-T 1;. In the
Hilbert space of the MP model, the quantum number F' takes N different values, for
which we take the CP-invariant choice —N/2,..., N/2. We would like to identify
(—1)¥s of the target space theory with (—1)¥" of the MP model. Further, as in the

bosonic and type 0 cases, we identify the Hamiltonians of the systems
H=PF.

The matrix model can also have a Zs R-symmetry. Its interpretation can be
understood as follows. Due to the coupling between the D-brane worldvolume fields
and the closed strings, the worldvolume fields transform under (—1)¥z. (—1)¥Z acts

by [114,117)

Y & =Y, ol (4.2)

We will see below that this is consistent with T « YT. Therefore (—1)* acts
as an R-symmetry in the matrix quantum mechanics: it acts on the superspace
coordinates as (—1)f : § «» 6. In order for this to be a symmetry of the worldline
action, Wy must be an odd function of Y. This implies that supersymmetry is
broken, since then none of the standard [118] candidate supersymmetric ground

states |0

) is normalizible.

Spectrum and ¢ = 1 Scaling
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In [95], it was shown that the supercharges act within the space of super matrix

eigenvalues as

Q=Y ul(xay + Thn ) @ =Tl - o) 69)

where

Z Wo(zk) N Z log(zk — 21)- (4.4)

k<l

These supercharges exactly coincide [119] with those of the supersymmetric

Calogero-Moser model [120][121]. The corresponding Hamiltonian reads

1 1-— Kij
H = V( W — Y 4.5
Z < pz + Zz) + = N O (Zz)d] dh) N2 o (Zz — Zj>2 ( )
where with p; = % W and k;; =1 — (¢; — zpj)(zpj - %T) is the fermionic exchange
operator [121]; it assigns fermi-statistics to the spin-down eigenvalues, and bose-
statistics to the spin-up ones (here we are using the terminology of appendix A).

The potential reads [95]

V(o) = 3 (Wol2)) ~Wole), (4.6)

where we used that for a cubic superpotential Wy one has ,_ j WZ;)%Z&(ZJ) =
(N —1)3, W (2:). We see that the Hamiltonian describes a system of interacting
eigenvalues. The interaction is such that eigenvalues always repel each other: it
represents a 2/r2 repulsion between the boson states with kij = —1, and although
it vanishes between two fermionic states with x;; = 1, such particles still avoid each
other since their wavefunctions are antisymmetric.

In the case all the eigenvalues have spin down, so that all x;; = 1, the
Hamiltonian reduces to a decoupled set of one-particle Hamiltonians. It is easy
to write the ground state wave function in this case. Let us introduce the nota-
tion A(i1, ..ix) = [ ;< je i, .ir)(%ij), the vandermonde of the k variables {z;, } (here

zij = 2z; — 7). In this notation:

[fo) = fol LL -+ 1) = e™oA@,2.n)] || -+ ). (4.7)
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This vacuum state represents the filled Fermi sea of the first N energy levels. In the
harmonic potential, this is a supersymmetric ground state. In the cubic potential,
there is a corresponding ground state in each well, only one of which is perturbatively
supersymmetric.

In the sectors with non-zero fermion number, there are no normalizable super-
symmetric ground states, even for the harmonic well. As described in Appendix C,
the groundstate eigenfunction in the fermion number k sector is:

k

| fr) = Z A(iy, .ig) H zm|f0 (4.8)

11 <i2<..<ik m=1
This wavefunction obeys the right statistics imposed by gauge invariance. From the
expression (4.8) we can read off that the energy levels of the spin up eigenvalues

are double spaced relative to that between spin down states [122].

T Wprobe

Fig. 5: The approximate probe superpotential, superpotential and bosonic

potential of the fo state. The fermi level of the perturbatively supersym-
metric ground state fo coincides with the minimum of the right well (left).
The ground state in the sector with k£ spin up eigenvalues fills up to the
N + k-th energy level, which in the double scaling limit approaches the
unstable maximum (right).

Now let us discuss the system with a cubic superpotential. The state fj is a
perturbatively supersymmetric state, with a filled fermi sea in the left well. It turns

out that the fermi level exactly coincides with the bottom of the second well, as
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indicated on the left of Fig. 1. Although the super-Calogero-Moser model with a
cubic potential has no known exact treatment, it seems reasonable to assume that
the super-eigenvalues in each of the two potential wells behave qualitatively similar
as for the single harmonic potential. This suggests that in the sector with £ up-
spins, the ground state is well-approximated by taking the single particle energy
spectrum, and fill the first N — k levels with the fermionic eigenvalues, and all levels
N —k+2m withm =1,...,k up to the N + k-th energy level. When k gets large
enough, this N + k-th energy level starts approaching the unstable maximum of the
potential, as indicated on the right of Fig. 1. Here we expect to find ¢ = 1 critical
behavior. Our proposal is that the double scaled eigenvalue dynamics near this
unstable maximum encodes the scattering non-perturbative physics of non-critical

IIB strings.
Matriz model instantons

Single-eigenvalue tunneling events in the matrix model interpolate between the
sectors with different number of up-spins: they relate the adjacent ground states
|fx) and |fr+1). Note that these sectors have opposite parity of fermion number.

The probe super-eigenvalue Z moves in the mean-field superpotential
1
Worobe(Z) = Wo(Z) = 5 Z In(Z — X;). (4.9)
There exists [95] a BPS tunneling trajectory:

0= 5¢ = ch — W,robe(zcl>' (4.10)

p

This trajectory breaks just one supersymmetry, and thus supports a single fermion
zero mode.

We propose to identify the vacuum of the matrix model with fermion number
k with the string theory vacuum with k& units of flux, as defined in §3. This iden-
tification is directly supported by the interpretation of the MP matrix model as
the worldline theory of the unstable branes and of the D-instantons with the tun-

nelling trajectories of the worldline tachyon field Y. Recall that an unstable type
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IT Dp-brane couples to the RR p-form potential C(,) via the gradient of its tachyon
according to [ C(,y A dW(Y) [123,115,124,125] with V(Y) = 2 W(Y) [126]. For
the unstable D-particle, this takes the form

Sljo D /X g V(Y) dt. (4.11)

Combined with our proposal, this coupling implies that the tunnelling trajectory
sources the RR axion. It can therefore be identified with a D-instanton, further

vindicating the prescient analysis of [127].

5. Concluding remarks

We have collected evidence supporting the conjecture that the supersymmetric
matrix model of Marinari and Parisi can be identified with the matrix mechanics of
N unstable D-particles in two-dimensional IIB string theory. This suggests that in
a suitable double scaling limit, the MP model, when viewed from this perspective,
provides a non-perturbative definition of the string theory. The two systems on
both sides of the conjectured duality, however, clearly need further study. We end

with some concluding comments.
Space-time fields

An important open problem is the proper identification of the space-time fields
in the MP model. It is reasonable to expect that, as for the ¢ =1 [128] and ¢ =1
cases, the spacetime fields arise from the matrix model via the collective fields
for the eigenvalue density. Possibly the supersymmetric collective field theory of
[129,96,97,98] is the correct framework, though it seems that some Zy projection
may be needed, since the target space boson y and fermions T are chiral with
opposite chirality. If T is linear in the fermionic component of the eigenvalue density
(e.g. a Laplace transform of it), then the matrix model action of (—1)¥% : 3 « 1),

is consistent with the action on closed-string fields T « Y.

Space-time supersymmetry
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Space-time supersymmetry should provide a helpful guideline in finding a pre-
cise dictionary. Expanded around the quadratic maximum of its bosonic potential,
the model (2.4) has many symmetries; indeed the small bosonic and fermionic fluc-
tuations are decoupled. It is not difficult to find fermionic operators which behave
as in (3.5). The more mysterious question is how to describe the matrix model

supersymmetry in the target space of the string theory.
D-brane decay

It should be possible to generalize the analysis of [86,87,88] to study the decay
of a single unstable D-brane. This will presumably involve a superfield version of
the fermion operator that creates and destroys the super-eigenvalues, and a super-
field bosonization formula along the lines of [130]. This analysis would allow an
independent determination of the compactification radius of the axion, along the

lines of [87,91], confirming that x is periodic at the free fermion radius.

Appendix A. The gauged Marinari-Parisi model

In this appendix, we describe two ways of introducing an auxiliary gauge field
for the supersymmetric matrix model. We show that the second method is equiva-

lent to the eigenvalue reduction of the MP model given in [95].

Gauged Model, Version I
The conventional method of gauging a supersymmetric action is to introduce
a real matrix superfield V, and replace the superderivatives in (2.2) with gauge-

covariant superderivatives of the form
D,® = eV D(e V), D = 0y + 00, (A.1)
D,® = *VDy(e V) D = 95+ 00; (A.2)
These derivatives are designed to be covariant under local gauge transformations

P - N @ Vis V+A (A.3)
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where A is an arbitrary real superfield. We can thus choose the gauge V = 0.
The presence of the gauge field still manifests itself, however, by means of the re-
quirement that physical states must be annihilated by the generator of infinitesimal
bosonic gauge rotations ® — UT®U. This invariance can be used to diagonalize,
say, the bosonic component ¢ of the matrix superfield. The off-diagonal fermionic

matrix elements, however, remain as physical degrees of freedom.

Gauged Model, Version I1
A second possible procedure is to introduce a complex superfield A and define

superderivatives
D, ®=Dd - [A, ], D,®=Dd - [A, D] (A.4)
covariant under local gauge transformations
P — N P A A+ DA, A— A+ DA (A.5)

with A an arbitrary real matrix superfield. In this case, the gauge invariance is not
sufficient to choose a gauge in which 4 and A are set equal to zero. However, since
A and A appear as non-dynamical fields, we can eliminate them via their equations
of motion

G=[o,II]=0, II=D,®. (A.6)
We will impose the physical state conditions in the weak form
G [Wpiye) = 0. (A7)

The space of solutions to this constraint is characterized as follows. Let U be the
bosonic unitary matrix that diagonalizes the bosonic component ¢ of the matrix

superfield. We can then define
(UBUNip = 21 + i + 00 0 + 00 f. . (A.8)

Here the z; are the eigenvalues of ¢. A straightforward calculations shows that the

gauge invariance conditions is solved by physical states that depend on z; and vy
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only. Since the physical state constraint (A.6) is a supermultiplet of constraints,
this guarantees that this subspace forms a consistent supersymmetric truncation
of the full matrix model. One can also verify directly that it is invariant under
supersymmetry transformations. After absorbing a factor of A = [],_ j (zi — %)

into our wave functions
U(z,9) = A(2)¥(2, ) (A.9)

the supersymmetry generators take the form (4.3).

It is convenient to think of the system of eigenvalues as N particles moving
in one dimension, each with an internal spin % degree of freedom, a spin “up”
or “down.” Accordingly, we can define the Hilbert space on which the fermionic

eigenvalues act by

Gilll - 1) =0, Vi; il D)=L LTl 1) ete (A.10)
N——

1—1

A general state in the physical Hilbert space is then
[fa) =D Fa(@)li) (A.11)
n

where 7 is a vector of N up or down arrows, and we have arranged the eigenvalues
in a vector z. Since it is possible via U(N)-rotations to interchange any eigen-
value superfield (z;,1;) with any other eigenvalue superfield (z;,;), the matrix
wavefunctions should be symmetric under this exchange operation.

However, since our wave-functions depend on anti-commuting variables, the
model will inevitably contain bosonic as well as fermionic sectors. Let us now define
a a fermionic interchange operation x;; with the property that it interchanges the 7
and j spin state, and also multiplies the overall wavefunction by a minus sign in case
both spins point in the up-direction. This minus sign reflects the Fermi statistics of
Y; and ;. Define the total exchange operation as the product of the bosonic and
fermionic one K;; = K;; k;; where K;; interchanges z; and z;. We now specify the

overall statistics of the physical wavefunctions by means of the requirement that
Kij [Wphys) = —|Pphys) for all i, j (A.12)
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The minus sign on the right-hand side ensures that the original wavefunction, before
splitting off the Vandermonde determinant (see eqn (A.9)), is completely symmet-
ric. The condition (A.12) implies that particles with spin “up” are fermions, while
particles with spin “down” are bosons. We can call this the spin-statistics theorem

for our model.

Appendix B. Boundary states for A’ = 2 Liouville

In this appendix, we will attempt to write down the boundary state for the
unstable D-particle of type IIB in the N' = 2 Liouville background. In doing this,
we will take advantage of the worldsheet N/ = 2 supersymmetry by expanding the
boundary state in Ishibashi states which respect the N’ = 2. In order to write the
Ishibashi states, we will need to recall some facts about the primaries on which they

are built, and their characters.
Characters of the N' = 2 superconformal algebra
The chiral N' = 2 characters are defined by

xv (g, y) = Tryqloe/?yJo, (B.1)

The trace is over an N = 2 module V. These representations are built on primary
states labelled by the eigenvalues h,w of the central zeromodes Lg, Jy. It will
be convenient to label our primary states by P and w, related to the conformal
dimension by h = (Q?/4+ P? +w?)/2 = (1+ P?+w?)/2. The Liouville momentum
P32 is determined by this equation up to choice of branch, both of which have the
same character.

These characters were written down in [131]. For the module associated with

a generic NS primary, labelled by [P, w], the character is

2940272 wY00(q,Y)
Xy (@, y) = ¢ 2y Bl (B.2)

32 Here we are defining Liouville momentum as P appearing in the wavefunction

e~ (Q/2+iP)p.
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In the R-sector, a primary is also annihilated by Gar or Gy, and this results in
an extra label ¢ = 4 on the character. For the primary with labels P,w, o, the

character is (let y = e2™)

P2%/2+4w?/2 yw—i—% V1,0(q,y) (B.3)

R
X (q,y) = 2cosmv q
[P,w,o] 773(Q>

We will also need the character for the identity representation

1 1—gq Y0.0(q, y). (B.A)

NS — g~
X1 (q,y) q (1—|—yq1/2)(1—|—y_1q1/2) 773(Q>

Modular properties of the characters

The modular transformation properties of the chiral characters of the NV = 2

algebra will be crucial for our study of D-branes in N' = 2 superLiouville. We

use the notation ¢ = 2™, § = e*>™ for closed string modular variables, and

q= e 2™/7 y = e™¥/7 for their open string transforms. The characters participate

in the following formulas [132][133].

/ dPdi S(p, @) x{y5(a,9) = x25 (¢, v) (B.5)

/ dPds S(p,0) X{53)(d, ) = X1 (4,9) (B.6)
o sinh? 7p

S(5,) (B7)

T2 cosh(mp/2 + imw/2) cosh(mp/2 — inw/2)
Note that these formulas (B.5)—(B.7) are relevant for the case that R-charge is not
quantized, on which we focus for simplicity in our study of boundary states. The
refinement of these formulas to the case of compact euclidean time follows from
(B.5)—(B.6) by Fourier decomposition. Further, these formulas arise by performing
a formal sum; a careful treatment of convergence issues reveals additional contribu-

tions from discrete states [133].

Ishibashi states for N' = 2
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Using this notation for representations of the A/ = 2 algebra, let us now study
Ishibashi states based on these representations®3. Such states [137] provide a basis
for D-brane states which respect the N/ = 2 algebra. They carry two kinds of labels:
those which specify the primary of the chiral algebra on which the state is built; and
those which specify the automorphism of the chiral algebra which was used to glue
the left and right chiral algebras. In our notation, we will separate these labels by
a semicolon. Only automorphisms of the N' = 2 which preserve the gauged N =1
subalgebra are allowed.

There is a Zy automorphism group of the A’ = 1 subalgebra (G = G+ + G™)
G — nG (B.8)

with 7 = 1. There is an additional Zy automorphism of the N/ = 2 algebra, which

commutes with (B.8), and which is generated by
Gt - G*,J — —¢J

with £ = £ [134] (the trivial map, £ = +1 is B-type, the nontrivial map £ = —1 is
A-type).
Let j label the N' = 2 primaries; it is a multi-index with three components:
NS
J= [hn,§ R+
R—
(recall that an R primary is further specified by whether it is annihilated by G{ or
Gy -) An A-type Ishibashi state satisfies

(Ln - En)bv Av 77>>7 (G? - Znéf)by Av 77>> - 07 (Jn - jn)|ja A777>> (B9>

where r is half-integer moded if |j) is an NS primary, and integer moded if |j) is

from an R sector.

33 Useful references include [134,116,135,136].
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In order to make type II D-branes from these states, we will need to know the

action of the fermion number operators on them. In the NS sector [116],

(=T, NS; €,m)) = |5, NS; €, —n)) = (=1)F |4, NS; €,7)). (B.10)

Note that the existence of the state with one value of 1 plus the conserved chiral
fermion number implies the existence of the other. In the R sector, the action is
more subtle because of the fermion zero modes. Since unstable branes may be built
without using RR Ishibashi states, we will not discuss them further.

Next we need to know the matrix of inner products between these states. The
inner product is defined by closed-string propagation between the two ends of a

cylinder:

(1 &m| D(G,9) 1525 §2m2)) = 641, J2) Oe1.60 X2 (G, mM2F) (B.11)

where D(q,7) is the closed-string propagator, twisted by the R-current. The delta-

function on primaries is obtained from the overlap of closed-string states:

6(j1,J2) = ((71] ® (J'~1|) lj2) ® |j2) (B.12)

The DO boundary state

We would now like to describe the boundary state for the unstable D-particle.
Since it is extended in the R-symmetry direction, it should be a B-type brane. To
construct consistent boundary states for N' = 2 Liouville, we will follow the strategy
which was successful for bosonic Liouville [138,139,140], and for A/ = 1 Liouville
[141,142]. Basically, the consistent boundary states are Cardy states [140]; their
jf?o [143].

To be more precise, suppose, as in [138], that we can expand the desired boundary

wavefunctions can be written in terms of the modular matrix U, (i) =

state in Ishibashi states for the non-degenerate (NS) representations of the NV = 2
algebra:
B = [ do [ dPUNPw) [P NS B, (B.13)
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In writing an integral over w in (B.13), we are focusing on the case when the time
direction is infinite in extent. To build non-BPS type II branes from these boundary
states, GSO-invariance requires U(P,w) = Ut(P,w) = —U~(P,w) according to
(B.10). We will therefore write

|D0) = |Bo,n = +1)) — |Bo,n = —1)). (B.14)

Next, we make the self-consistent assumption that the bosonic open-string spec-
trum should contain only states with Liouville momentum P = —i corresponding

to the identity state. Given (B.5) a solution to this requirement is [132][133]

sinh 7 P
cosh(mp/2 +imw/2)

U(P,w) = V2P . (B.15)

The phase ¢9(F%) ig not actually determined by the modular hypothesis. As we will
verify next, the D-brane with this wavefunction (B.15) indeed has only the identity

representation in its bosonic open-string spectrum.
Open string spectrum

The vacuum annulus amplitude between the boundary state and itself,
Alq) = (DO| D(q)| DO), (B.16)

determines the open string spectrum by channel duality. In this expresseion, D(§) is
the closed-string propagator, on a tube of length 7 = In ¢/27i. Given the expression
(B.13), it takes the form
Alg) = / dP dw U(P,r) UN(P,w) > mnz X{po (@ mme) xgn (41, m2)- (B.17)
o0 n1n2
Note that there are two sets of terms which are identical. This reflects the fact that
unstable branes are v/2 times heavier than BPS D-branes.
Using the modular transformation formulas above, and the wavefunction

(B.15), in the open-string channel this reads

Ag) =2 (% (a, 1) x5 (0, 1) + xT (0. 1) X (g, 1)) - (B.18)
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As usual for two-dimensional strings, the contribution from the N = 2 bc/3y ghost

system cancels all of the modular functions from each term, and we find

dt g dt

Z = 2—ttrq open :/Q_t [(q_1/2—2+...> —(l-l-...)} (B.19)

7 Deducing the mass of the states propagating in the open string

with ¢ = e~
loop is subtle because the time direction participates in the N' = 2 algebra, and the
analytic continuation needs to be understood better. We can however understand
the spectrum by looking at the large-t behaviour of the amplitude. The first term
in brackets is the contribution of the NS sector. The two contributions indicated
give rise to divergences and represent a tachyon Y, and a complex massless discrete
state, respectively. This is similar to the case of the unstable D-particle in the
bosonic ¢ = 1 string®* (g.v. the lovely appendix B of [87]) and in the ¢ = 1 type 0B
string [90,91].

The second term in brackets is the contribution of the R sector, which pro-
duces the fermions which were absent in the above examples. The term indicated
represents a massless complex fermion ),

This is the spectrum of the gauged Marinari-Parisi model (2.2) on a circle.
The appearance of non-quantized energies at intermediate stages can be remedied
[133] by employing characters of the N' = 2 algebra extended by the spectral flow
generators.

For the instanton-anti-instanton pair, the only difference is that we use A-
type Ishibashi states, which describe branes which are localized in the R-symmetry
direction. The spectrum of the BPS D-instanton is obtained from this by an open-
string GSO projection, and therefore has half as many fermion zeromodes, namely
one.

Clearly we have merely begun to study the interesting zoology of D-branes in

this system. Further development appears in [132][133].

34 ypon multiplying o’ by 2
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Appendix C. Ground states of the harmonic superpotential for arbitrary

fermion number

For a quadratic superpotential Wy(z) = %wzQ, the Hamiltonian we are inter-
ested in is:
1 — Ry
H = 521?1 +wz? +Z J +Zw¢w2 Ej. (C.1)
1<J
where p; = —ia%i and k;; is the fermionic exchange operator, and Ey = %N 2,

We introduce the notation A(iy, ..ix) = [, e, ) (% — #;), the vandermonde of
the k variables {z;, }.

We saw earlier that the supersymmetric ground state of this hamiltonian is

1fo) = folll -+ 1) = e WoA(L,2.m)| L] -+ |). (C.2)

We will show now that the groundstate eigenfunction in the fermion number & sector
is:

k
)= D Al i) szimfom---w. (C.3)

11 <tp<..<ig

This wavefunction obeys the right statistics imposed by gauge invariance:
Kijl fr) = —rij|fr)- (C4)

Conjugation by fy transformes the Hamiltonian to

N
1
=Z pz-l-wzza + wif 1) +Z mij>—zz(ai—aj)
! < w < C.5)
N (C.
= Hi+ Z Hij
=1 1<j
and the wavefunctions (C.3) transform to
N k
Fiy= >0 Aw.i) [Tl D). (C6)
11 <i2<..<ig m=1
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with the statistics
Kijl fx) = izl fr)- (C.7)

It is clear that |fk) are eigenfunctions of H;, we will show below that they are

also eigenstates of 7:22] To do so, we will show that

1 1
N (05— 0) A, i) = Y = (1= Ki) A, i) (C.8)
i#] i

Using (C.7), it follows that >_,_. Hijlfr) = 0.

For instance, it is easy to check that for k = 0,1, 2, the action of 2;;(9; — 0;)

on fy is identical to the action of (1 — K;;) thus verifying (C.8) term by term. For
a general value of k, we proceed as follows:
For a given k-tuple (i;...ix), let us denote by roman alphabets the variables which
are part of the k-tuple a,b... € (i1...i) and by greek alphabets the variables which
are not a, (... € (iy...ix)¢. We shall for now call A(iy,..ix) = A5, Let us now
analyze the terms in (C.8) according to whether (i,5) = (o, 8), (a,b) or (a, ).

Two identities we shall use are:

m

1

oAy = Y

Zaas
a1#ay. Fam#aj=1 "4

Ay (C.9)

2. If P(z,..2,) is a completely antisymmetric polynomial in n variables, then it

vanishes identically unless:

deg(P) > =n(n—1). (C.10)

N =

Now let us analyse the three cases:

1. (i,j) = (o, 8), Kop = 1. It is then trivially true that

1 1
ZOéﬁ ZOéﬁ

35 This is not the best notation because the function is not specified by k, but there is

no ambiguity in this context
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2. (4,7) = (a,b), Kgp = —1.

ZZb(a — 0y) Ak_zz—bz—ak

zZ
a<b a<b c#a ac

_Zz REEIN

a<b Zab btcta Zab Rac

(C.12)
= Z — + Z 2N, using (C.9)
a<b ab
a<b ab a<b Zab

where in going to the last line, we have used (C.10).

3. (i,7) = (a,a). In this case, for each «,

a ax a ac bt a,a Joo b+£a Zab
1 i WA
=D = (-2 X )" [

a ax m=0 a1 #as..Aam#a j=1 aaj
k m
s ) VDU C W | U
a m=1ai#az..£am#a j=1 "%
k
= _ Z Z(_zw)m—2agnAk, using (C.9).
m= 1 a
= Z Zaaa Ak - Z i(aa - aoz>Ak
(C.13)

In going to the last line, we note that all the terms except for m = 1 are

antisymmetric polynomials and hence (C.10) applies.

The hamiltonian H by virtue of its being supersymmetric, is positive semi-definite
for any superpotential (in particular, for w = 0). Since conjugation does not change

the spectrum of an operator, ﬁ(w = 0) is also positive definite, which means

N
H > Z(wzz(‘), + w@bjd}l) (Cl4>
=1
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In the sector with fermion number k, the antisymmetry property®® (C.10) tells us
that E > ($k(k — 1) + k)w = 3k(k 4+ 1)w. This tells us that |f;)’s are indeed the

ground states at fermion number k with energy 1k(k + 1)w.

36 The bosonic part of the right hand side (the Euler operator) has homogeneous poly-

nomials as its eigenfunctions.
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