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On the twisted sector of
Wess-Zumino-Witten models

William Stewart

Abstract

We introduce the required knowledge to understand the Wess-Zumino-Witten
(WZW) models of two dimensional conformal field theory. We focus on the inte-
grable representations of affine Lie algebras that appear in the spectrum of a WZW
model at positive integer level. The twisted sector of the WZW model is constructed
from outer automorphisms of the horizontal subalgebra, the resulting symmetry al-
gebra is a twisted affine Lie algebra. We analyse the restrictions iEE)sed by singular

vectors on the allowed modules in the twisted sector. For the sl(3), WZW model
at positive integer levels, we show that the allowed modules are restricted to the
integrable highest weight AgQ)—modules. We extend these arguments to a general
WZW model at positive integer level and propose that the allowed modules in the
twisted sector are likewise restricted to the integrable highest weight modules of the
corresponding twisted affine Lie algebra.
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Chapter 1

Introduction

The study of conformal invariance has been of significant interest in the development
of mathematical physics in the past thirty years. A conformal map is a transforma-
tion that preserves angles. The properties of such maps have been studied for many
years, with early contributions from Lie [1] and Boltzmann [2] dating back to the
1880’s.

In 1984, a landmark paper by Belavin, Polyakov and Zamolodchikov (BPZ) [3]
generated considerable interest in conformally invariant quantum field theories. This
paper showed that conformal invariance in two dimensions gives rise to an infinite
dimensional symmetry algebra, called the Virasoro algebra. They introduced the
conformal structure of theories that arise from considering the Virasoro algebra
as the symmetry algebra, these are called minimal models. In particular, they
showed that all the fields in these models could be grouped into a finite set of
conformal families, each corresponding to a highest weight representation of the
Virasoro algebra.

Since then, conformal field theory in two dimensions has found many important
physical applications. The properties of conformal invariance are central to statis-
tical mechanics as they allow one to predict universal quantities in many systems
at their critical point [4]. For example, this has led to results in condensed matter
physics [5]. In addition, conformal field theories provide a fundamental building
block to understand string theory [6], a candidate theory of quantum gravity.

The technique applied by BPZ led to the development of a much larger class
of rational conformal field theories, see for example [7]. In each of these cases, the
conformal field theory possesses an infinite dimensional symmetry algebra that in
some way contains a copy of the Virasoro algebra. One such conformal field theory
is the Wess-Zumino-Witten model, which we will study in detail in this thesis.

The Wess-Zumino-Witten (WZW) model is derived from the non-linear sigma
model, which was exactly solved by Polyakov and Wiegmann in 1983 [8]. However,
to fully realise the conformal symmetry of the model an extra term in the action was
introduced by Witten in 1984 [9]. This term is called the Wess-Zumino term after
the researchers who discovered it in 1971, in the context of Ward identities [10]. In
[9], Witten derived the commutation relations for the WZW symmetry algebra to
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2 Chapter 1. Introduction

show that it is given by an affine Lie algebra. Furthermore, Witten was the first to
present evidence that the WZW model demonstrated conformal invariance.

Knizhnik and Zamolodchikov are responsible for developing the conformal struc-
ture of the WZW model [11]. In particular, the conformal invariance of the model
is exhibited through the existence of an energy-momentum tensor via the Sugawara
construction. This construction originates in the 1960s from work done indepen-
dently by Sugawara [12] and Sommerfield [13] on the theory of current algebras.

The work done by Knizhnik and Zamolodchikov was extended by Gepner and
Witten [14], who determined the structure of the WZW primary fields. Gepner
and Witten construct the spectrum of the WZW model through the analysis of
affine singular vectors. These ideas were developed further by Felder, Gawedzki and
Kupiainen [15]. At positive integer levels, the spectrum of a WZW model is given by
the integrable highest weight representations of the corresponding affine Lie algebra.

In order to understand the WZW model, it is clearly important to understand
affine Lie algebras and their representations. Affine Lie algebras were discovered
independently by Kac [16] and Moody [17]. They first appeared in a physical context
through the study of the dual quark model [18], a precursor to string theory. Since
then there has been a multitude of research regarding affine Lie algebras, much of
this is described in textbooks such as that by Kac [19], Moody and Pianzola [20]
and Fuchs and Schweigert [22].

Kac was responsible for constructing the affine Lie algebras as centrally extended
loop algebras of the finite dimensional simple Lie algebras. Similar to finite dimen-
sional simple Lie algebras, they can also be constructed from a Cartan matrix via
the Chevalley-Serre relations. Moody demonstrated this procedure under more gen-
eralised requirements on the Cartan matrix. The broad class of matrices that arise
from a generalised Cartan matrix are referred to as the Kac-Moody Lie algebras.

The theory of finite dimensional simple Lie algebras underpins both these con-
structions. The concept of Lie groups and their corresponding algebras was in-
troduced by Lie in 1874, for a comprehensive history on the development of Lie
theory see [23]. A full classification of the finite dimensional complex simple Lie
algebras is attributed to Killing [24] and Cartan [25]. A fundamental result of this
construction is that all complex finite dimensional semisimple Lie algebras possess a
non-degenerate invariant bilinear form, called the Killing form. A basis of particular
importance to the finite dimensional simple Lie algebra is a Chevalley basis [26].

Chapter 2 of this thesis will summarise the important properties of the finite
dimensional complex simple Lie algebras and construct the affine Lie algebras as
centrally extended loop algebras. We introduce the twisted affine Lie algebras by
studying outer automorphisms of the finite dimensional simple Lie algebras and
present an explicit construction of the simplest twisted affine Lie algebra Agz). An
emphasis will be placed on results that are important for understanding subsequent
sections of the thesis.

In Chapter 3 we will outline the key concepts involved in the representations of
both the finite-dimensional simple Lie algebras and their affine extensions. A focus
will be placed on understanding the integrable highest weight modules since these



form a fundamental component of the WZW models.

Chapter 4 will introduce the basic constructions of conformal field theory, before
illustrating these concepts through some of the most well-known examples: the free
boson and the free fermion. This chapter will end with a detailed discussion of WZW
models. We focus on analysing the spectrum through the restrictions imposed by
the affine singular vectors as presented in [14] and [27].

Throughout the first three chapters, the concepts introduced will be illustrated
with examples that are important for later sections of the thesis. A reader unfa-
miliar with the topics introduced should pay particular attention to the examples
presented.

The concept of the twisted sector can be understood through the introduction
of boundary conditions to a conformal field theory. This concept was introduced by
Ramond [28] in the context of the free fermion model. The introduction of boundary
conditions leads to a symmetry algebra whose modes are indexed differently to the
original symmetry algebra, but satisfy the same (anti)commutation relations. We
introduce the concept of a twisted sector in Chapter 4 and use a generalised com-
mutation relation for the free fermion to determine normal ordering in the Ramond
(twisted) sector.

The aim of this thesis is to understand the twisted sector of the WZW models,
this will be the focus of Chapter 5. The twisted sector arises from automorphisms
on the horizontal subalgebra of the corresponding untwisted affine Lie algebra. In
particular, twisted affine symmetry algebras can be realised as non-trivial outer
automorphisms of the WZW fields through the appropriate boundary conditions:

J(ze”™) = o(J(2)). (1.1)

The goal of this thesis was somewhat inspired by a paper by Nepomechie [29].
In this paper Nepomechie proposes a construction of the Virasoro algebra from the
modes of a twisted affine Lie algebra, indicating the existence of a conformal field
theory with a twisted affine symmetry algebra. Here, we interpret Nepomechie’s
results as a twisted sector of an existing WZW model.

In Chapter 5 we introduce the concept of a twisted sector of the WZW models
and derive a generalised commutation relation to determine the normal ordered
product of two fields in the twisted sector. This formula also provides an expansion
for the Virasoro algebra (this method is different to that used by Nepomechie) in
terms of the modes of the twisted affine Lie algebra and we use this to determine
the conformal weight of a highest weight vector in the twisted sector.

We extend these ideas to determine the structure of the spectrum in the twisted
sector of the WZW model. We first deal with the simplest case of a non-trivial outer
automorphism, this arises from the Dynkin diagram automorphism of s[(3). This

outer automorphism gives rise to a twisted sector of the sl(3), WZW model. The

twisted sector has a symmetry algebra given by the twisted affine Lie algebra A§2>.
Making use of the WZW affine singular vectors, we determine that the spectrum
of the WZW in the twisted sector is restricted to the integrable highest weight
representations of AéQ) at k= 1.
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—

In the case of sl(3),, we show that this result generalises to any positive integer
level k. Finally, under any non-trivial automorphism of a WZW model at positive
integer level k, we propose that the spectrum is restricted to the integrable highest
weight representations of the corresponding twisted affine Lie algebra. We outline
an argument of this proposal, but have not completed all details of the proof.

The twisted sector of the WZW models has been determined by Li [30], who
presents his results in the context of vertex operator algebras. Since the mathe-
matical formalism of vertex operator algebras is beyond the scope of this masters
project, we will not attempt to interpret Li’s results here.

It should be noted that throughout this thesis an emphasis is placed on mak-
ing the material presented accessible to a graduate level student. For this reason
most ideas are introduced at a relatively fundamental level and the corresponding
theory built up from there. This does not mean that the content will be entirely
understandable to a graduate student as a stand alone document. It is highly rec-
ommended that a reader new to the concepts presented, work through the ideas
in conjunction with a textbook. References to relevant texts are provided at the
beginning of each chapter.

In the conclusion we will give an overview of the concepts introduced in this
thesis. We will also summarise the results found for the twisted sector of the WZW
models and indicate areas for potential future research related to this topic.



Chapter 2

Affine Lie algebras

This chapter will act as an introduction to the theory of affine Lie algebras. We will
briefly summarise the key concepts of finite dimensional simple Lie algebras. For
a thorough treatment of the theory of finite dimensional Lie algebras we refer the
reader to [31].

We will then introduce the broader class of Kac-Moody Lie algebras and the
special case of these Lie algebras which are known as the affine Lie algebras. We will
then construct the untwisted affine Lie algebras via the loop construction on finite
dimensional simple Lie algebras. The twisted affine Lie algebras are constructed in a
similar way, but the loop construction is performed with respect to a gradation on a
finite dimensional simple Lie algebra. In order to understand the relevant gradations
we introduce the class of automorphisms known as the outer automorphisms. The
section of most relevance to the material presented later in this thesis is the section
on twisted affine Lie algebras and specifically the example of A§2). For a detailed
treatment of the construction of affine Lie algebras the reader should refer to [19,
21, 22].

2.1 Finite dimensional simple Lie algebras

Lie algebra definitions

An algebra is a vector space endowed with a binary product that is bilinear. A Lie
algebra is an algebra g, over a field F'; whose binary operation [-,:] : g X g — g is
called the Lie bracket and satisfies the following criteria:

1. Alternativity:

[z,2] =0 for all z € g. (2.1)
2. Jacobi Identity:
[, [y, 2] + [y, [z, 2] + [z, [z, 9]l =0 forall z,y,z € g. (2.2)

>



6 Chapter 2. Affine Lie algebras

Since C is algebraically closed, the study of Lie algebras over the field C is
the easiest and most well known. Lie algebras over the field C are also physically
important and play a large role in the study of quantum physics [32]. For the
purpose of this thesis we will restrict our view to the case F' = C.

We define for any element x € g the adjoint map of z, ad, : g — g given by

y = ad(y) = [x,y]. (2.3)

If ad, is diagonalisable on g, then z is called a semisimple element.

Suppose g is a Lie algebra. A subspace h C g which itself is a Lie algebra is
called a Lie subalgebra. This is equivalent to g being closed under the Lie bracket.
A Lie subalgebra h C g is an ideal of g if [x,y] € h for all z € h and y € g. Or
equivalently

[h,g] C b, (2.4)

where [b, g] := {[z,y]|lz € b,y € g}

A proper ideal of g is an ideal that is neither {0} or g itself. A Lie algebra
that contains no proper ideals is called simple. A Lie algebra that can be written
as a direct sum of simple Lie algebras is called semisimple. We will now turn our
attention to the details of finite dimensional simple Lie algebras.

Example: An important series of finite dimensional simple Lie algebras is given
by

sl(n) ={A € M(n x n,C)|tr(A) = 0}, n > 2. (2.5)

A basis for sl(2), the space all traceless 2 x 2 complex matrices, is given by the

elements
1 0 0 1 00
S I P P »

With respect to this basis the Lie brackets of s[(2) are given by
[H,E] =2F, [H,F] = —2F, [E,F|] = H. (2.7)

It follows that the adjoint maps of the elements H, E and F' with respect to the
basis {H, E, F'} are represented by the matrices

00 0 0 01 0 —1 0
adg=102 0|, adg=|-20 0|, adp=[0 0 0|. (28)
00 —2 0 00 2 0 0
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Cartan subalgebra and roots

Every finite dimensional simple Lie algebra g has a Cartan subalgebra gy, which
is defined to be a maximal abelian subalgebra consisting entirely of semisimple
elements. The Cartan subalgebras of g are all related by automorphisms of g, which
implies that the dimension of all Cartan subalgebras is the same. This common
dimension is referred to as the rank of g:

r = rank(g) := dim(go). (2.9)

It follows from the definition of a Cartan subalgebra that the maps {ady|H € go}
are simultaneously diagonalisable. Hence, there exists a basis for g with respect to
which the maps adg are all diagonalised. For any x in this basis we have

ady(z) = [H,z] = a,(H)x VH € g, (2.10)
where o, € g is called the root of x € g. We define the root space of a € g as
0o ={z€g|[H ,z] =a(H)x VH € go}. (2.11)

We refer to the set of all non-zero roots with non-zero root spaces as the set of
roots or the root system of g, which we denote by ®. Every root space of a finite
dimensional simple Lie algebra is one-dimensional, so there exists an element E* € g
that spans g,. Hence, there exists a basis for g given by

B={H' H? . H'|r=rank(g)}U{E*|ac ®}. (2.12)

Any basis of this form is called a Cartan-Weyl basis of g. An important property
of a Cartan-Weyl basis is that

[gaagﬁ] g Ya+p VCY, 6 € gé (213)

Example: From the brackets (2.7) of s[(2), {H} forms a basis for a Cartan sub-
algebra of s[(2). Thus, rank(sl(2)) = 1. The Lie brackets (2.7) imply that the roots
of s1(2) are & = {+a}, where a(H) = 2. Furthermore,

s[(2), = span{E}, s[(2)_, = span{F'}. (2.14)
Example: We can define a basis for sl(3) by
1 0 0 00 0
Hy=|0 -1 0|, Hy=1{01 0|, E;fori#yj, (2.15)
0 0 0 00 —1

where Ej; is the matrix with a one in the i® row and j™ column and all other
entries are zero. Then {Hy, Hy} forms a basis for the Cartan subalgebra of sl(3),
rank(sl(3)) = 2 and

ady, = diag(0,0,2,-2,1,—1,—1,1), ady, = diag(0,0,—1,1,1,—1,2,—-2), (2.16)
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with respect to the basis {Hh HQ, Elg, Egl, Elg, Egl, E23, E32}.
Since rank(sl(3)) = 2, the root system of sl(3) is two-dimensional. From the
adjoint maps of the elements H; and Hj the root system of s[(3) is given by

O = {+a, 8, +0la = (2,-1),8 = (=1,2),0 = (1, 1)}, (2.17)

where the roots are given as vectors whose entries are determined by the values of
the root on the basis elements {Hy, Hy}.

We can construct a basis for the root spaces by defining F“ = F1o, E~% = Foy,
EP = Ey, E7° = B3, E° = Ei3, E=% = E3;. From now on the elements of sl(3)
will be referred to by their roots rather than their matrix entries.

Killing form
We define the Killing form on a finite dimensional Lie algebra g by
k(x,y) = tr(ad, o ady). (2.18)

Up to a multiplicative constant the Killing form is the unique bilinear, invariant
form (k([z,y],2) = k(x, |y, 2])) on g. There is a standard convention for setting this
multiplicative constant which we will determine later. The Killing form is a useful
tool in proving many important properties of finite dimensional simple Lie algebras;
in particular, the Killing form is non-degenerate if and only if g is semisimple.

For simple g the restriction of the Killing form to the Cartan subalgebra g
is non-degenerate. Hence, we can use the Killing form to define an isomorphism
between the Cartan subalgebra and its dual space g;;. All finite dimensional simple
Lie algebras satisfy span(®) = g, so this isomorphism can be defined in terms of
the roots of g. For each o € ® we can define H* € g, by

a(h) = cok(H®, h), (2.19)

where ¢, is some normalisation constant. There is a standard convention for setting
this normalisation constant that we will introduce later. We can use this isomor-
phism to define an inner product on g by

(a, B) = cqcpr(H®, HP). (2.20)

Example: The normalised Killing form on s[(2) with respect to the basis { H, F, F'}
1s

(2.21)

BN
I
oo
—= oo
oo

For sl(2) we have 2 = o(H) = k(H* H) and x(H, H) = 2 from which it follows
that a — H® = H. The inner product on the root system is determined by

(,a) = k(H,H) = 2. (2.22)
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Example: The restriction of the normalised Killing form on sl(3) to the Cartan
subalgebra is represented by the matrix

K= [_21 _21} : (2.23)

with respect to the basis {H;, Hy}. We take {«, 5} to be a basis for the two di-
mensional root system of sl(3). From (2.17) it follows that o — H® = H; and
B+ H? = H,. The inner product on the root system is given by

(o, ) = 2, (a, B) = —1, (8,B) =2. (2.24)

Note that (0,60) = (a+ 5,a + ) = 2.

Root space decomposition

Since g is finite dimensional it has finitely many roots, so there exists a hyperplane
‘H in gg, such that H contains no roots. Thus, H separates g into two sections
which we will denote by H... With respect to H we can define the positive roots of
g to be

O, =dNH,, (2.25)
and similarly the negative roots of g to be
O_=DdNH_=D\D,. (2.26)
From (2.13) we can define the following two subalgebras of g:
g+ = span{E%|a € O}, g_ :=span{E%|la € &_}. (2.27)
Since ® = &, UP_, g can now be expressed as the vector space direct sum
g=9-Dgo® g4 (2.28)

A decomposition of this form is called a triangular or Gauss decomposition of g. An
important property of a triangular decomposition is that [go, g+] C g+.

Example: Since sl(2) has a Cartan subalgebra of dimension one the only hyper-

plane is trivial. Choosing « to lie in the positive root space gives &, = {a} and
o ={—a}.
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Example: The root system of sl(3) is represented in the following diagram, with
the canonical choice of hyperplane depicted.

0
Hy
3
(%
\\\\)
H
6 —8

It follows that the positive roots are given by &, = {a, 3,0} and the negative roots
by ®_ = {—a, —3, —0}, this motivates our labelling of the roots earlier (2.17). Note
that the angle on the root space diagram is calculated using the inner product on
the root space, similarly all other angles between adjacent roots are 7 /6.

We define a simple root of g to be a positive root that cannot be expressed as a
linear combination with positive coefficients of other positive roots. Denote by ®,
the set of all simple roots. An important property of the root system is that all
positive roots can be written as a positive integral linear combination of the simple
roots. Hence, the set of all simple roots form a basis for gg. It follows that there
must be r = rank(g) simple roots which we denote by

®, = {aV)i=1,2,...,r}. (2.29)

It is a nice property of the simple roots that a® — a9 ¢ ® for all i # j.
With respect to a root space decomposition we define the highest root as the
root 6 € @, that satisfies

0+ag¢d Vaecd,. (2.30)

All finite dimensional simple Lie algebras possess a unique highest root. For s[(2) we
have # = « and for s[(3) we have labelled 6 so that it is the highest root with respect
to the positive roots defined above. The convention for normalising the Killing form
is to set (6,0) = 2.

Coroots and the Cartan matrix

For each root o € & we define the coroot by

v . 2c
a’l = (o) (2.31)

The Cartan matriz A of g is defined as the r X r matrix with entries given by

29,09 6 0

(V-
AT = (), o) = (@, a7,

(2.32)
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Example: sl(2) has one positive root «, so the Cartan matrix is A(sl(2)) = [2].

Example: sl(3) has two simple roots a() = a and o® = 8 and a third positive
root § = o + a?. The entries of the Cartan matrix are given by A'' = A2 = 2
and

2(a, )

AP =" =1 A= =—1, 2.33
(5.5) (@) 23
so that the Cartan matrix is given by
2 -1
A(sl(3)) = {_1 9 } . (2.34)

Chevalley-Serre relations
A Chevalley basis of g is a Cartan-Weyl basis that also satisfies the properties
[H*, E**] = £2E*, [E*, B~ = H* (2.35)
It has the nice property that H* is identified with its coroot via
a”(h) = k(H* h). (2.36)

Given a Chevalley basis it is useful to analyse the Lie bracket on the elements associ-
ated to the simple roots. To each simple root we associate the elements { £, E~*, H'}
such that E*' € g, ), H € g9 and together { £, E~*, H'} satisfy the relations (2.7)
of the standard sl(2) basis. For all 4,5 € {1,...,r} we have

[ 1] =0,
[H', BY] = £ AT B, .37

(adgy )~ B4 = 0.

These relations are known as the Chevalley-Serre relations and the set of ele-
ments { B* H'}7_, are known as the Chevalley-Serre generators, their importance
is demonstrated in the following theorem.

Theorem 2.1.1 A simple Lie algebra g with Cartan matrix A of dimension r X
r 1s isomorphic to the Lie algebra that is algebraically generated by the elements
{E* H'}:_| subject to the Chevalley-Serre relations.

This theorem implies that a simple Lie algebra g is fully determined up to isomor-
phism by its Cartan matrix and all simple Lie algebras can be constructed from a
Cartan matrix via the Chevalley-Serre relations. We will refer to this construction
as the Chevalley-Serre construction.
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Properties of a Chevalley basis

We now note some properties of a Chevalley basis that will be important in the
construction of twisted affine Lie algebras. Suppose that the Killing form of a Lie
algebra has been fixed and we wish to normalise a Cartan-Weyl basis to get a
Chevalley basis. The relations (2.35) can be shown to satisfy

1

E® E% = cok(EY, E"*)H* = H" N L — 2.38

(B, ] = caki( ) ¢ (B, E%) (2.38)
2

H® E* = +c k(H®, HY)E*®® = +2E* — ¢, =—"— . 2.39

[H, ] cak(H®, H) ¢ w(Ho, H) (2.39)

Equation (2.39) fully specifies the normalisation of ¢, in a Chevalley basis and (2.38)
determines an appropriate normalisation of the elements E*°.
Classification of finite dimensional simple Lie algebras

To fully classify all finite dimensional simple Lie algebras up to isomorphism it
remains to find all possible Cartan matrices up to permutations of the rows and
columns. The following proposition is important in achieving this classification.

Proposition 2.1.2 A finite dimensional simple Lie algebra g has a Cartan matriz
A that satisfies

1. A" =2

2. A1 =0 = A'"=0

co

Al S Zgo fOT’Z- 7éj

det A >0

O

A is indecomposable in the sense that it can’t be written as a block diagonal
matrix constructed from two or more matrices satisfying 1 - 4 by reordering of
the rows and columns.

The converse is also true in the sense that any matriz A of dimension r x r that
satisfies 1 - 5 also generates a finite dimensional simple Lie algebra of rank r via
the Chevalley-Serre construction.

For a table of Cartan matrices of finite dimensional simple Lie algebras see [22,
p117]. Furthermore, for any finite dimensional semisimple Lie algebra, the Cartan
matrix decomposes as per criterion 5, and the diagonal blocks are given by the
Cartan matrices of the simple ideals.

Another useful tool in the classification of finite dimensional simple Lie algebras
is the Dynkin diagram. Suppose g is a Lie algebra with Cartan matrix A. To g we
prescribe the Dynkin diagram as follows:
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1. Draw r = rank(g) vertices and label them 1,2...,7.
2. Connect each pair of vertices (i, 7) by max{|A¥|,|A”|} edges.

3. If |A¥] > | A7, then affix an arrow to the edges between i and j pointing from
1 to 7.

This is not the only convention for prescribing Dynkin diagrams, but we have chosen
this convention since it is adopted in [22]. In this way each Cartan matrix has
a unique Dynkin diagram and all finite dimensional simple Lie algebras can be
completely determined from their Dynkin diagram. For a complete list of Dynkin
diagrams for the finite dimensional simple Lie algebras see [22, p144].

Example: From the Cartan matrix of sl(3) (2.34) we can construct the Dynkin
diagram for s((3):

2.2 Kac-Moody Lie algebras

In the previous section we have observed that we can construct all finite dimensional
simple Lie algebras from matrices that satisfy the requirements of (2.1.2). This can
be seen through the Chevalley-Serre construction presented in Theorem 2.1.1.

In order to start developing a theory of infinite dimensional Lie algebras without
losing all the nice properties of the finite dimensional Lie algebras we can relax the
requirements on the Cartan matrix. A generalised Cartan matriz is a matrix A that
satisfies all of the requirements in (2.1.2) except for det A > 0. The class of Lie
algebras generated by the generalised Cartan matrices is called the Kac-Moody Lie
algebras.

Currently, the most important class of Kac-Moody algebras is obtained if instead
of completely removing the requirement detA > 0 we replace it with

det Ay >0 foralli=0,1,...,7. (2.40)

The notation Ay denotes the matrix obtained from A by removing the it" row
and column. The labelling convention for the rows and the columns has also been
changed so that the index starts from zero instead of one. The reasons for this
will become apparent soon. In this way A is an (r + 1) x (r + 1) matrix. The
above requirement implies that the Cartan matrix has rank at least r. Matrices of
this form are called affine Cartan matrices and their corresponding Lie algebras are
called affine Lie algebras.

The classification of affine Lie algebras can be achieved by finding all affine Car-
tan matrices [22, p125]. In the next section we provide an alternative construction
of the affine Lie algebras which will prove to be very useful in understanding the
root system as well as understanding many important applications of these algebras.
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2.3 Untwisted affine Lie algebras

The simplest class of affine Lie algebras to construct are the untwisted affine Lie
algebras, these are constructed via loop algebras of the finite dimensional Lie alge-
bras. This construction of the affine Lie algebras is called the loop construction. We
will first outline the loop construction of the untwisted affine Lie algebras before
determining important properties of the root system such as the simple roots and
the inner product on the root system.

2.3.1 Loop construction

In this section the Lie algebra which is the starting point of the loop construction
will be referred to as g. The Killing form on g will be denoted by k. The affine Lie
algebra that is the final goal of the loop construction will be denoted by g.

Loop Algebras

The loop algebra over g consists of the space of polynomial maps from the circle S*
to g and is denoted by giop. We can consider S' as the unit circle in the complex
plane with coordinate z = €2™*. The loop algebra is given by

Bloop = 9 ® Clz, 271 (2.41)
If {T%a =1,...,d} is a basis for g then the loop algebra has a basis given by
Bioop = {T¢a=1,....din € Z}, T :=T"®:z" (2.42)
This space is a Lie algebra when endowed with the Lie bracket inherited from g:
[Te,Th) = [T"® 2", T" ® 2™ := [T T") @ "™ (2.43)

The index n of T} is additive under the Lie bracket, hence the Lie bracket provides
a Z-gradation of gjop. Furthermore the subalgebra of g0, spanned by generators
of the form 7§ is called the horizontal subalgebra and is isomorphic to the original
Lie algebra g.

Central Extension

The construction of a loop algebra is well defined for all Lie algebras g. However,
the special case of taking g to be a finite dimensional simple Lie algebra will lead us
to a construction of the untwisted affine Lie algebras. First, we must also introduce
another element called the central extension.

For a finite dimensional simple Lie algebra, g, its loop algebra described in section
2.3.1 has no central element. In order to construct the untwisted affine Lie algebras
we must first introduce a central extension to giep. This element is denoted by K,
since it is central it has Lie bracket given by

[K,K]=0, [K,7=0 YT°€ giop. (2.44)
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The brackets of generators of gi,op are now altered to include a factor of K:

[T, T0) = [T, T") @ 2"*™ + f°, K, (2.45)

n’-m

where £ is a structure constant which is determined by the properties (2.1) and
(2.2) of the Lie bracket. Up to a multiplicative constant the result is

o = MbminoR™, (2.46)

where £ is the Killing form on the horizontal algebra g [22].

The derivation

To complete the construction we must introduce one further generator called the
derivation, denoted by D, that satisfies the following relations

[D,T% =nT°  [D,K]=0. (2.47)

In this way the generator D measures the index n of the generators 7. We call the
negative of this index the grade of the element T*. The role of D is similar to that
of Lo in the Virasoro algebra, see Section 4.1, and thus is often identified with L
in applications pertaining to conformal field theory. For this reason the operator D
will not appear in Chapters 4 and 5.

The affine Lie algebra g has is given by

d=9®cC[z,27'|®CK + CD. (2.48)

The Killing form

One of the important roles played by the derivation D is to make the Killing form
k on g non-degenerate. It can be shown [22] that the Killing form on g satisfies the
relations

K(T TP = Snypmok(T, T,

n’-m

K(D,K)=1=r(K,D), #(D,D)=0=x(K,K), (2.49)

where & is the Killing form on the finite dimensional simple Lie algebra g. Hence, the
non-degeneracy of the Killing form & on the finite dimensional simple Lie algebra
g implies that the Killing form on the affine Lie algebra g is non-degenerate. If
the derivation D was not included the Killing form would be non-degenerate since
k(K, X) = 0 for all basis elements of g except X = D.

2.3.2 The root system

To construct a Cartan-Weyl basis for the affine Lie algebra g we begin by choosing
a Cartan-Weyl basis (2.12) for g

B(g) = {H'i =1,2,..,r = rank(g)} U {E%|a € ®(g)}. (2.50)
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The corresponding Cartan-Weyl basis for the affine Lie algebra is given by
B(g)={H!|ic{1,...,r},n € Z} U{E%a € ®(g),n € Z} U{K, D}. (2.51)

The canonical Cartan subalgebra is given by go = span{H{, K, D]i = 1,...,1}.
Clearly this set of elements is commuting and their adjoint actions are diagonal with
respect to the Cartan-Weyl basis for g. This set is maximal since all other generators
have non-zero bracket with either D or at least one of the H{.

The adjoint action of the Cartan subalgebra basis {H¢, K, D]i = 1,...,7} on the
elements £ and HJ of g is given by

[Hy, B
[Hy, H;)

(H)EY, [K, B

a D, E°] = nE®, (2.52)
0, K, HY]

0,
0, [D,H!]=nH.. (2.53)

From (2.52) we represent the root of E* € g as («,0,n). From (2.53) we represent
the root of H’ as (0,0,n). It follows that the root system of § is given by

B(§) = {(a,0,n)|a € ®(g),n € Z} U{(0,0,n)|n € Z\{0}}. (2.54)

Since g is a finite dimensional simple Lie algebra we can separate the root space
®(g) into positive roots, ¢, (g), and negative roots, ®_(g). We can then define the
positive roots of g to be all those with positive index (i.e. n > 0) as well as the roots
(a,0,0) with v € & (g):

O, (g) :={(a,0,n)|a € (g) or a =0,n >0} U{(c,0,0)|ac € D (g)}  (2.55)

Furthermore, if o, ..., ") are the simple roots of g and 6 is the highest root of
g, then we can define the simple roots of g to be

D,(g) .= {(—0,0,1)} U {(a,0,0))i = 1,....7}. (2.56)

The root (—0,0,1) in the first set of this union is called the affine simple root of g
and the roots in the second set are called the non-affine simple roots. We label the
simple roots of g by a® := (—6,0,1) and o := (a?,0,0) for i = 1,...,r (clearly
this is an abuse of notation, but the context in which the root appears should make
it clear whether the root belongs to the affine Lie algebra or the corresponding finite
dimensional simple Lie algebra).

It is clear now that an untwisted affine Lie algebra that is constructed via the
loop construction from a finite dimensional Lie algebra g has r + 1 simple roots,
where r = rank(g). This explains why the simple roots are indexed from zero to
r. Furthermore, if the first row and column are removed from the Cartan matrix of
the affine Lie algebra, the remaining matrix is given by the Cartan matrix of g. In
order to be able to compute the Cartan matrix of an untwisted affine Lie algebra
we first need to introduce the inner product on the root system.
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Inner product on the affine root space

Suppose an isomorphism between go and gy as in (2.19) is fixed. For each a € ®(g),
denote by H® the element of the Cartan subalgebra such that o — H® under
this isomorphism. From the Killing form (2.49) on g, this isomorphism induces an
isomorphism between the root space of g and the Cartan subalgebra gy given by

(o, kyn) — HY + kD +nK. (2.57)

From this isomorphism it follows that the inner product on the affine root space is
given by

(o, kym), (oK' n")) = (o, & )g + E'm + 1k, (2.58)

where (-, )y is the inner product on the root space of g. Taking the inner product
of a root («,0,n) with itself gives

((a,0,n), (a,0,n)) = (e, ). (2.59)

Thus, all roots of the form (0,0,n) have zero norm, a root with this property is
called imaginary. All other roots have non-zero norm since the inner product on g
is non-degenerate.

As in the case of the finite dimensional simple Lie algebras we can define the
simple coroots of g by the formula (2.31) and the Cartan matrix by the formula
(2.32), with the inner product being defined in (2.58).

If the inner product on g is normalised as discussed in Section 2.1 then the
coroots of g are given by

a®’ =(=0,0,1), @ =(a®",0,0). (2.60)

From equation (2.36) the resulting Chevalley-Serre generators of g are
H’=—-Hj + K, E** = B,

0 L _ (2.61)

H'= H|, E*' = By, Vi=1,..,r

where { E*!, H'}I_, are the Chevalley-generators of g.

Coxeter labels

If A is the Cartan matrix of the affine Lie algebra then we define the Coxeter labels
a; and the dual Coxeter labels a; of an affine Lie algebra by requiring that

T

i @A =0=> A%a, (2.62)
j=0

=0
with the added normalisation condition

max {ay, ...,a,} = 1 = max{ay,...,a, (2.63)

eoy Lo e
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Such numbers exist and are unique since all affine Cartan matrices have eigenvalue
zero with multiplicity one. The Cozeter number g and dual Cozeter number g¥ are
defined as

g:= zr:ai, g’ = zr: a;. (2.64)
i=0 i=0

These numbers will be important in the representation theory of affine Lie algebras
as well as in the WZW models.

We can also observe the need to add a central element in the loop construction
by noting that all affine Lie algebras have a central element given by

K =) aoH, (2.65)
=0

where H? are the Chevalley-generators of the affine Lie algebra, they satisfy the
relations given in (2.37).

—

Example: sl(2)

The simplest case of an untwisted affine Lie algebra is 5/[(2\) . The Cartan-Weyl basis
elements are given by

{E,,H,,F,|n € Z} U{K,D}. (2.66)

—

With respect to the basis elements the non-zero Lie brackets of s[(2) are given by

[Ena Fm] = Hn+m + n5n+m,0Ku [Hna Em] = 2En+ma
[H,, Fin) = —2F,4m, [Hy, Hp] = 2n0p4m 0K,

as well as those defined in (2.44) and (2.47) for the central element K and the
derivation D respectively.

The canonical Cartan subalgebra has basis given by {Hy, K, D}. The roots of
the elements E,, F,, and H, are represented by («,0,n), (—a,0,n) and (0,0,n)

—

where o(H) = 2 is the simple root of s[(2). It follows that the root system of s((2)
is given by

¢ = {(£a,0,n)|ln € Z} U{(0,0,n)|0 # n € Z}. (2.67)

With respect to the Hy and D eigenvalue, the root system for grades between —3
and 3 is given in figure 2.1.

The hyperplane H in figure 2.1 is the canonical hyperplane used to separate the
root system into positive and negative roots. Using this hyperplane the simple roots
are

O, ={(—,0,1), («,0,0)}. (2.68)
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D-eig
o 3 o
. 2 o .
.. 1 o
2, \\\\ e 2, Hy-eig
. 1 \\.\‘*»
H
H_ e -2 .
o -3 o

—

Figure 2.1: Root system for sl(2) between grades —3 and 3.

With respect to the inner product defined in (2.58) the norm of both of these roots

is (o, ) = 2. By definition (2.31) the simple coroots of s[(2) are equal to the simple
roots:

a® =a®" = (=q,0,1), oV =a®’ =(a,0,0). (2.69)
Taking the inner product of the two simple roots gives
(@ o) = ((=a,0,1), (2, 0,1)) = —(a, @) = —2. (2.70)

Putting these results together, definition (2.32) implies that the Cartan matrix is

A(sl(2)) = {_2 9 } . (2.71)
Equivalently, 5/(2\) has the following Dynkin digram:
e o

2.4 Twisted affine Lie algebras

The twisted affine Lie algebras are constructed in a similar way to the untwisted
affine Lie algebras. However, the loop construction is now done with respect to a
gradation of a finite dimensional Lie algebra.
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Every automorphism on a finite dimensional simple Lie algebra gives rise to a
gradation of g. The automorphisms that are important in the construction of the
twisted affine Lie algebras are the outer automorphisms. Each outer automorphism
is associated with a non-trivial automorphism of the Dynkin diagram of g. We first
review a few results about automorphisms on finite dimensional simple Lie algebras,
before dealing with the specific case of outer automorphisms.

2.4.1 Automorphisms of finite dimensional simple Lie alge-
bras

An automorphism o of a Lie algebra g is a bijective linear map from g to itself that
obeys the Lie bracket

o([z,y]) = lo(x),0(y)]. (2.72)

The set of all automorphisms of g form a group under composition which will be
denoted by Aut(g).

An automorphism o is said to be of finite order if there exists N € N such that
o" is the identity map. In this case N is called the order of . If o is of finite order
N, then g can be written as the vector space direct sum of eigenspaces of o:

N-1
o=ay. 9y ={zcglo(®) ="z}, (2.73)
=0

The condition (2.72) applied to the two eigenspaces in the decomposition (2.73)
gives

(977, 9071] € Gji+s mod N)- (2.74)

Any decomposition of the form (2.73) that satisfies (2.74) is called a Zy-gradation
of g. Hence any automorphism of a Lie algebra of finite order N generates a Zy-

gradation of the Lie algebra. These gradations have a few important properties
[22].

Proposition 2.4.1 Suppose o is an automorphism of finite order N on a finite
dimensional simple Lie algebra g. Then

1. Only the eigenspace g with eigenvalue 1 is a subalgebra of g, this is often
called the fixed point subalgebra of o.

2. If k is a Killing form on g then k is invariant under o.
3. If x; € gy and x; € gy then the Killing form satisfies

(i+3)

N K(%‘,%‘)Cs(iﬂ',o mod N) (2-75)

k(x;,xj) = e
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Eigenspaces of outer automorphisms

Let {a®W]i = 1,...,r = rank(g)} be a basis of simple roots for a finite dimensional
simple Lie algebra g. Suppose w is a non-trivial automorphism of the Dynkin dia-
gram of g and thus can be extended to a map on the simple roots:

w(a;) = o, (2.76)

This Dynkin diagram automorphism w generates an outer automorphism o on g by

defining o to act on the Chevalley-Serre generator, E*, (2.1.1) for each simple root
by

o(EY) = E°9. (2.77)
The requirement (2.72) implies that
o(Ey=FE"°%9  o(H)=HY, (2.78)
The general form of the automorphism ¢ on an arbitrary root « is
o(EY) = eq 7, (2.79)

where e, = +1 and e, = e_,. The exact value of e, is determined by the Lie
brackets of g. For example, suppose o' and o’ are two simple roots which are
exchanged under the automorphism w, and are such that o = o' + o’ is an element
of the root system. Then w(a) = « and we find that e, = —1 by the calculation

o(EY) = o([E*, E¥]) = [E¥ ,E*] = —E°. (2.80)

The complete evaluation of all e, for a € ® is in general a difficult process, but
can be done without too much difficulty for simple Lie algebras of small rank or
by the use of computer programs. Having calculated these values we are able to
construct the eigenspaces of o.

From [22, p188], all outer automorphisms of the finite dimensional simple Lie al-
gebras, except for Dy, are of order two. Thus, we will assume ¢ has order two, under
which there are two eigenspaces gjg and g;; with eigenvalues 1 and -1 respectively.
In this case we can construct bases for gy and gj;) as follows.

1. Beginning with the simple coroots we have H' € gy if o(i) = i, otherwise
H'+ H°Y € gy and H' — H°Y € gy

2. Extending to a Cartan Weyl basis of g and making use of the constants e,.
The rest of g decomposes into eigenspaces as follows. If o(a) = o(a) then
E~ € g if e, = 1 and E* € gy if e, = —1. Otherwise E* + e, E7®) € g
and E* — e E°® ¢ o]

The treatment of the order three automorphisms of the Dynkin diagram for D, need
to be treated more carefully, but we will not consider this case.
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Example: Outer automorphism on sl(3)

The simplest Dynkin diagram with a non-trivial automorphism is that of s[(3). The
non-trivial diagram automorphism w corresponds to switching the two simple roots,
o and (:

w(a) =B, w(p) = a. (2.81)

This generates an automorphism o of s[(3) that has finite order 2 and satisfies
o(E**) = E**  o(E*f) = E*, o(H*) = H", o(H") = H?, (2.82)
o(E*) = o(£[E**, E*P)) = £[E*F E**] = —E*. (2.83)

Bases for the eigenspaces of o are given by

s((3) = span{H* + H’, E* + B, E~* + E~"},

2.84
sI(3)p) = span{H* — H?, E* — EF . E~* — E~% E° E~%}. 250

2.4.2 Loop construction with twisted boundary conditions

In constructing the untwisted affine Lie algebras we considered only polynomials
from S* to g. These satisfy the periodic boundary condition

P(e*™2) = P(2). (2.85)

To obtain the twisted affine Lie algebras we instead apply the twisted boundary
condition

TR P(e*2) =o(x) @ P(2) (2.86)

where ¢ is an outer automorphism of g with finite order N.
Using the properties of finite order automorphisms we know that o creates a
Zn-gradation of g whose eigenstates satisfy

2mij/Ny (2.87)

o(z;)=e

In order for the product of a map P with z; to satisfy the twisted boundary condi-
tions we require

P(e¥™z) = 2 I/NP(2). (2.88)
All such maps can be written as a series of the form
P(z) = Zaizﬂ%, (2.89)
kEZ

with coefficients a;. Suppose that we have a basis for g that respects the eigenspace
decomposition of o (i.e. all elements of the basis belong to an eigenspace of o):

B={TT¢ € gy;a=1,2,....,d = dim(g),j = 1, ..., N}. (2.90)
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From (2.89), we define the twisted loop algebra to be the space with basis

Bioop ={T¢,,IT¢ € gyya=1,2,...d;j=1,..N}, (2.91)
a .__ma k—&—l
b =T @ 2. (2.92)

Since the gradation of g with respect to o respects the Lie bracket (2.74), the
twisted loop algebra of g can be endowed with a Lie bracket via

a a n-rm ﬂ
Ty T = (17 Ty @ 2o, (2.93)
Note that this Lie bracket has the same form as the Lie bracket on the (untwisted)
loop algebra over g (2.43), except that the indices n of the elements 7/ are no longer
integer valued. Hence, we can express the Lie bracket on the twisted loop algebra
as

[T, Th] = [T T m, (2.94)
where T € gj;, T € g(j) implies that n € Z +i/N and m € Z + j/N.

To complete the construction of the twisted affine Lie algebra we must again
add a central extension, K, and a derivation, D, to the twisted loop algebra. This
process is the same as for the untwisted case, see Section 2.3. As such, the non-zero
Lie brackets on the basis elements of the twisted affine Lie algebra are

(T8, T0] = [T Ty + nE6 om0 KK, (2.95)
(D, T;] = nTy, (2.96)

where £ is a matrix representation of the Killing form on g with respect to the basis
(2.90). The resulting algebra is called the twisted affine Lie algebra of g with respect
to o and is denoted by g,-.

Root system

As in the untwisted case we will call the subalgebra spanned by elements of the
form T the horizontal subalgebra. Note that instead of being isomorphic to g the
horizontal subalgebra is isomorphic to gy, a subalgebra of g. From examining the
table of outer automorphisms appearing in [22, p215], the horizontal subalgebra is
always a semisimple Lie algebra.

Let by denote a Cartan subalgebra for gy and let {Hj, HS,...H{} be a basis for
Bo. Here r = rank(gp). Then a basis for a Cartan subalgebra of g, is

B={H}, HS,..H), K, D}. (2.97)

To deal with the root system in generality requires the use of representation
theory of finite dimensional semisimple Lie algebras, which appears in Section 3.4.
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We will briefly discuss this structure, before carefully demonstrating the root system
in the example of Ag).

Since gg is a semisimple Lie algebra, we can find a Cartan-Weyl basis. If £
is an element of this basis with root «, then the eigenvalues of E% (n € Z) with
respect to the Cartan-Weyl basis are

[H}, EY] = o(H")E, [K,E%] =0, [D,E%] = nE®. (2.98)

We thus represent the root of E by (a,0,n) where a € ®(gjg). Similarly the roots
of the elements H', where 0 # n € Z are represented by (0,0, n).
For j # 0, Proposition 2.4.1 implies

910} 9131] € 9[- (2.99)

In this way gj; forms a gjg-module under the adjoint action of gj;. We denote this
module by V(;). Since V) is finite dimensional, it decomposes into weight spaces
where the weights are linear functionals on the Cartan subalgebra of gp;: A € bo™.
Thus, if E* € g(;) with weight A, then the eigenvalues of E (n € Z + j/N) with
respect to the Cartan subalgebra (2.97) are given by

[Hy, Ep] = MH)E,,  [K,E)]=0, [D,Ey]=nkE,. (2.100)

Hence, the root of E is represented by (),0,n).
If we denote by W(;) the set of all non-zero weight spaces in the decomposition
of V(;), then the entire root space of g, is

®(g,) = {(a,0,n)|a € ®(gp)),n € Z} U{(0,0,n)|0 #n € Z}
U{\0,n)|j=1,..N—1L,Ae W,n€Z+j/N}.  (2.101)

2.4.3 Example: Ag)

Aéz) is the simplest case of a twisted affine Lie algebra and is constructed from the
outer automorphism on sl(3) introduced in section (2.4.1). It is of order two and
the eigenspace decomposition of sl(3) with respect to this automorphism is given
in (2.84). Since gjg has dimension three it must be isomorphic to s((2) and we can
normalise a basis of gjg to give the same brackets as the standard s[(2) basis (2.7):

g = {V2(E* + E”),2(H* + H) = H',V2(E~* + E7")}. (2.102)

A basis for a Cartan subalgebra for gy is {H'}. The adjoint action of H' on gy is
given by
[H', E) = 4E°, [H', E* — EF] = 2(E* — E°), [H',H* - H"] =0,
[H', B = —4E~° [H' E*—-E "= -2(E*—-E"),
(2.103)
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It follows that gpyj is isomorphic to the irreducible highest weight s[(2)-module with
highest weight 4, L4). The root system of AgQ) is

(AP = {(a,0,n)|a € D(s1(2)),n € Z} U{(0,0,n)[0 # n € Z}
U{(\,0,n)|NHY) € {—4,-2,0,2,4},n € Z+1/2}.  (2.104)

D-eig
. 2 . e
. . 32 e ’
. 1 ¢
. . 12 e ’
LT : 2 eCEE N . 2 __________ ; Ho-eig
.. a2 e
. -1 ¢
. . 3/2 e .
H_ . N )

Figure 2.2: Root system for A? for grades between -2 and 2.

The hyperplane H in Figure 2.2 is used to separate the negative and positive
roots. From this it is clear that the simple roots are

O, = {(~A,0,1/2), (c,0,0)}, (2.105)

where A(H') = 4 is the highest weight of gj;; when considered as a gjg; module and
a(H") = 2 is the positive gg root. The simple root vectors are £ and v2(E§+E})
2

with respect to ®,. The normalisations are chosen to give a Chevalley basis for AgQ).

We choose the normalisation of the inner product on Ag) by satisfying the
equations (2.38) and (2.39):

1
(M, k1,m1), (Ao, kg, mg)) = Z</\1, A2)si(2) + king + kany,
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where (-, -)g(2) is the normalised inner product on sl(2) (i.e. (o, )q2) = 2). It
follows that the coroots are

a® = 0@ = (=4,0,1/2), oW’ =4aM =(8,0,0).
The Cartan matrix for AgQ) is then
2 —4
2 "

The corresponding Dynkin diagram is

———o .



Chapter 3

Representations of Lie algebras

This chapter outlines the properties of important types of representations in the
theory of Lie algebras. Most relevant to this thesis are the integrable highest weight
modules. For example, the integrable highest weight representations of untwisted
affine Lie algebras are vital for understanding the untwisted spectrum of the Wess-
Zumino-Witten conformal field theories [14]. In order to analyse the twisted sector
of the Wess-Zumino-Witten models, which is the aim of Chapter 5, we must also
understand the theory of integrable highest weight modules for twisted affine Lie
algebras. The goal of this chapter is to present the theory of such representations.
We explicitly construct the components required to understand the representations
of A§2 which will be used in Chapter 5.

W introduce key definitions in Section 3.3 that will be used throughout the chap-
ter. In Section 3.2 we discuss in detail the representation theory of s[(2), which is
fundamental to understanding the representation theory of a much broader class
of Lie algebras, namely the Kac-Moody Lie algebras which are constructed from a
Cartan matrix via the Chevalley-Serre relations (2.37). The concept of integrable
highest weight modules are introduced in Section 3.3.2 and then applied to repre-
sentations of finite dimensional simple Lie algebras in Section 3.4. We then extend
these ideas to the case of affine Lie algebras in Section 3.5.

In Section 3.6 we develop a more detailed analysis of the mathematical structure
behind the integrable highest weight modules. We introduce important concepts
such as Verma modules and singular vectors before using these to provide an explicit
construction of the integrable highest weight modules. We will draw on some of these
results in Chapters 4 and 5.

For a concise treatment of the concepts introduced in this chapter the reader
is referred to Fuchs [22] (Chapters 13 and 14). A detailed treatment of the repre-
sentation theory of semisimple Lie algebras can be found in either of [31, 33]. For
detailed results on the representation theory of affine Lie algebras the reader should
consult [19, 20].

27
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3.1 Basic definitions

A representation of a Lie algebra on a vector space V' is a Lie algebra homomorphism
m:g — gl(V). In other words, 7 is a linear map that satisfies

m([z,y]) = m(2)m(y) — 7 (y)7 (@), (3.1)

for all z,y € g. Every representation generates a g-module structure by defining the
action of x € g on a vector v € V as

x-v=m(x)v. (3.2)

Thus, we can treat the representation theory of a Lie algebra g as a theory of g-
modules over vector spaces. This is the convention adopted in this thesis. Since we
are assuming that g is a Lie algebra over C, the vector spaces that we are dealing
with are complex vector spaces. The requirement (3.1) can be written as

[yl v=2-(y-v)—y-(z-v). (3.3)

From here on we will drop the parentheses and - in the above notation and it will
be assumed that the “product” zyv is the action of y on the vector v followed by
the action of x.

For clarity, we define the following algebraic concepts as usual. A submodule
W of a g-module V is a subspace of V' which is itself a g-module (under the same
action). This is equivalent to the subspace W being preserved under the action of
g, that is for all w € W and = € g we have zw € W. A submodule W of V is
proper if it is not zero or all of V. A g-module is irreducible if it contains no proper
submodules (this is also sometimes called simple).

If W is a subset of a g-module, then we call the intersection of all submodules
containing W the submodule generated by W. If h C g is a subalgebra of g and V'
is a g-module, then V' is endowed with a h-module structure under the Lie bracket
inherited from g.

Suppose V' and W are g-modules. A module homomorphism is a linear map
¥ : 'V — W that commutes with the action of g:

P(zv) = 2 (v) for all v € V. (3.4)

3.2 Representation theory of sl(2)

Finite dimensional representations of s[(2) are a fundamental building block for
understanding a much larger class of representations which includes all integrable
highest weight modules of affine Lie algebras. Recall from Section 2.1, that s[(2); has
a standard basis given by {E, H, F'} that satisfies the relations (2.7. We will present
the representation theory of s[(2) here and then draw on these results throughout
the thesis.
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Let V be an sl(2)-module. To begin with we assume that there exists a vector
vy with eigenvalue A with respect to the action of H:

HU,\ = )\’U)\. (35)
We define the A-eigenspace of H as
Vi :={veV|H(v) = \v}. (3.6)

We now wish to see how £ and F' act on this eigenspace. Consider the action of
H on the (possibly zero) vector Evy,

HEU)\ = ([H, E] + EH)U)\ = QEU)\ + )\EU)\ = (/\ + 2)EU)\. (37)

Hence, if non-zero, Ev, is an eigenvector of H with eigenvalue A 4+ 2. Similarly,
one can show that F'vy is either zero or an eigenvector under the action of H with
eigenvalue A — 2. Since this is true for all eigenvalues A, acting with E or F' multiple
times will continue to shift the eigenvalue by +2 or -2 respectively:

E"V\ C Vyion, F"Vy C Vi_op. (3.8)

Therefore, each non-zero eigenvector v, is part of a chain created by acting with
E and F' a possibly infinite number of times. This is summarised in the following
diagram:

H H H

. AV — T Vi /_\V .
’\72\/ A -~ /\+2\/
FE FE E

Suppose now that V' is irreducible, since each chain of the form above is invariant
under the action of s[(2) it follows that V' must be given by such a chain. In other
words, we can write V' as the vector space direct sum

V =P Viion

neL

Furthermore, each eigenspace must be one-dimensional; otherwise, V' would de-
compose into two chains, each invariant under the action of sl(2) (refer to Theorem
3.4.3). We are particularly interested in the finite-dimensional modules. For the
chain above to be finite there must exist an eigenvalue A and non-zero eigenvector
vp that is annihilated by the action of E:

E?}A = 0.
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It follows that V' is spanned by the elements {F"vp|n € Zso}. Thus, for the
module to be finite we require FNvy = 0 for some minimal N € N. If this is the
case then we obviously have EF™Nv, = 0. However it can be shown inductively that

EF"wy =n(A — (n—1))F" . (3.9)

Since N > 0 and FV~'v, # 0 by the minimality of N, the only way we can have
EFNyy = 0isif N = A+ 1. Since N € N this implies that A € Zso. In this
case V has a basis given by {F"v,|0 < n < A}. Hence, V has dimension A + 1 and
decomposes into one-dimensional H eigenspaces with eigenvalues A, A—2,--- , —A+
2. This finite dimensional irreducible s[(2)-module is denoted by L.

Of course, we began with the assumption that there exists a vector vy, with H
eigenvalue A. Since we are considering complex modules, if V' is finite dimensional
there exists at least one eigenvector for every linear operator on V', for example the
action of H. This assumption is thus justified for finite dimensional modules. Thus,
we can conclude that the finite dimensional irreducible sl(2)-modules are given by
Ly for A € Z>y.

3.3 Fundamental Concepts

This section will introduce the fundamental concepts of the representation theory
of Lie algebras such as weights and highest weight modules. We will introduce the
important concept of integrability and determine the implications of integrability
on highest weight representations.

The concepts introduced here apply to a large class of Lie algebras, in particular
to all Kac-Moody Lie algebras. In this section g will denote a Kac-Moody Lie alge-
bra. Recall from Section 2.2 that a Kac-Moody Lie algebra has a set of simple roots
and can be constructed from set of generators via the Chevalley-Serre construction
presented in Theorem 2.1.1. It follows that all Kac-Moody Lie algebras possess a
triangular decomposition (2.28).

3.3.1 Weights

Let V be a g-module. For A € g, a linear functional on the Cartan subalgebra, we
define the eigenspace with respect to A as

Vii={veV| Hv=AH)vVH € go}. (3.10)

If V\ # 0 we call \ a weight of the module V' and V), the weight space of X\. The set
of all weights is referred to as the weight system or weight space of V and is a subset
of g§. Recall from (2.20) that g is endowed with an inner product (2.20), which we
will denote by (-, ) to avoid confusion.

We have already dealt with a specific type of weight in detail, namely the roots
of g. These are the non-zero weights of g when considered as a g-module under the
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adjoint action (2.3) of g. The representation corresponding to this module is called
the adjoint representation of g.

In order to understand the action of g on the weight spaces we consider the
action of a root vector £ on a vector vy € Vj,

HEaU)\ = ([H, Ea] + EaHi)U)\ = ()\(H) + CY(H))EQU)\ = ()\ + Oé)(H)EaU)\.

Recalling that o € g (2.10), the action of E* increments the weight by a. Hence
for all @ € ® and \ € g we have

E*Vy € Vita. (3.11)

A class of g-modules of particular importance are those that can be written as a
decomposition of their weight spaces. That is, V' can be written as the vector space
direct sum

V=@V (3.12)

In this case we say V' is the direct sum of its weight spaces or simply V is a weight
module. This class incorporates a large number of physically and mathematically
important modules. These include all finite dimensional modules of finite dimen-
sional semisimple Lie algebras [33], the adjoint module of a Kac-Moody Lie algebra
and all highest weight modules of Kac-Moody Lie algebras [21] which we will define
later in this section.

Dynkin labels

Suppose that ®, = {a,....,a(M} is a set of simple roots for g. For every weight \
of V we define

A= (A, @), (3.13)

The \; are called the Dynkin labels of the weight A. The Chevalley-Serre generator
(2.37), H', satisfies

A = A(HY). (3.14)

Hence, a weight A is fully determined by it’s Dynkin labels and is often written as
vector of eigenvalues A = (Aq,...,\,) with respect to the Cartan subalgebra basis
given by the Chevalley-Serre generators {H'|i = 1,...,7}.

To analyse representations of Lie algebras we construct a useful basis for the
weight space. Let {A(1),..., Ay} be the dual basis of the coroots {a(l)v, s Oz(”v},
that is

Ay (a9 =5, (3.15)
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While Ay are technically elements of the dual of g, we can identify them as elements
of gj via

\ %

From here on we will recognise A ;) as elements of g called the fundamental weights.
In this way all weights can be written as a linear combination of the fundamental

weights,

A=) Nhp), (3.17)
i=1

where the coefficients are given by the Dynkin labels of the weight A. The Dynkin
basis of g is given by

B*:{A(Z-)’i: 1,...,7“}, (318)

is referred to as the Dynkin basis. Note that the Dynkin labels of the simple roots
are given by the rows of the Cartan matrix. Since these entries are integral, it follows
that all roots can be written as an integral linear combination of the fundamental
weights.

Highest weight modules

The study of highest weight modules is very important to the representation theory
of Lie algebras. They also possess significant physical importance since the highest
weight can be thought of as a lowest energy state in many applications such as
conformal field theory.

A non-zero vector vy € Vj is called a highest weight vector and A € gf a highest
weight if vy is annihilated by the action of all positive roots:

E%%), =0 Vaed,. (3.19)

Given a highest weight vector we would like to consider the g-module that it
generates. Suppose V is a g-module with highest weight vector vy, if v € V can be
written as

V= 21Tg " TpUy, (3.20)

for some n € Z>( and z; € g then we say v is a descendent of the highest weight
vector vy. The g-submodule of V' generated by v, is the span of all descendants of
vp and is denoted by (vs). If there exists a highest weight vector vy € V' such that
V' = (vp) then we say that V' is a highest weight module with highest weight A. If
a highest weight module is also irreducible we denote it by L.
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3.3.2 Integrable highest weight modules

For physical reasons related to bounded energy states we are interested in highest
weight representations. There is also a more subtle property of a representation
called integrability that is of significant physical importance. Since we will not
deal explicitly with the nature of this physical importance it suffices to say that
the property of integrability enables the local behaviour described by a Lie algebra
representation to be in some way ‘integrated’ to a representation of the global Lie
group from which the Lie algebra is derived [22].

Integrable modules

For our purposes we define an integrable module to be any g-module V' that is the
direct sum of its weight spaces and satisfies the following requirement: for every
v € V and every simple root o? there exists positive integers p and ¢ such that
(E")Pv =0 and (E~%)% = 0.
From (2.37), for each simple root the Chevalley-Serre generators {E~*, H', E'}
satisfy
(B, B~ = H', [H', E*'] = +26* (3.21)
Hence {E~%, H', E'} span a subalgebra isomorphic to s[(2).
Suppose that vy € V) has weight A\. Then for some p,q € N we have
H'(vy) = \vy, (E")Pvy = 0, (B9, = 0. (3.22)

This implies that the module generated by the action of { E~¢, H', E'} on v, is finite
dimensional and therefore must be isomorphic to an irreducible finite dimensional
5[(2)-module. Note that \; € Z for all \;.

We can summarise this result by saying that V' decomposes into finite dimen-
sional irreducible s[(2)-modules under the action of the elements { E~*, H', £’} for
alli=1,...,r.

Implications of integrability on a highest weight

Suppose now that vy € V is a highest weight vector with highest weight A. Then
for all i € {0,..,7} there exists a minimal positive integer N; such that

EiUA =0, HiUA = A;vq, (Eii)NiUA =0. (323)

Since {FE', H', E~"} satisfy the sl(2) relations (3.21), using our knowledge of the
representation theory of s(2) (see (3.9) in Section 3.2)) we have

E'(E "y =n(A; — (n— 1))(E7)" oy Vn. (3.24)
So if (E~%)Niy, = 0 we require
Ni(A; — (N; — 1)) (EH)Ni7tyy = 0. (3.25)

Since N; is minimal, (E~")"i~lv, # 0 which implies A; = N; — 1. As N; € N this
implies that A; € Zx( for all i. We summarise this result with the following theorem.
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Theorem 3.3.1 Let g be a Kac-Moody Lie algebra with simple roots o, .. o).
Let V' be a g-module with a unique highest weight vector vy with Dynkin label A;
with respect to the simple root «V. Then V is integrable if and only if \; € Z>q and

(B~ tlyy =0, (3.26)
for alli € {1,....r}. Moreover, in this case V is irreducible, so that V = L,.

We have only shown the forwards implication of this theorem, the converse is
more difficult to prove, but has been done, for example, in [19].

3.4 Finite dimensional simple Lie algebras

We now turn to the analysis of finite dimensional modules of finite dimensional
simple Lie algebras. These modules all decompose into their weight spaces [33].
Furthermore, since V is finite and the action of E*' shifts the weight spaces by
+a® it follows that V must also be integrable.

We will restrict ourselves initially to the case where V' is irreducible. Since there
are finitely many weight spaces there must exist a highest weight vector vy with
highest weight A. Since V is irreducible, V' = (v, ). Furthermore, it is a well known
consequence of irreducibility that the dimension of Vi must be one [33].

We will now introduce a method to construct the weight system of the irreducible
highest weight representations of the finite dimensional simple Lie algebras. This is
most easily seen through examples, but first we will outline the general approach.

Since V' is integrable every vector vy € V) belongs to an sl(2) module with re-
spect to the action of each set of Chevalley-Serre generators, { £, H', E~'}. Hence,
beginning with the highest weight A we construct a sequence of weight spaces cor-
responding to the finite dimensional s[(2)-module generated by the action of the
generators { £, H', E~} on the highest weight vector. Specifically, for each 4 these
weights are given by

{A —na;ln € {0,1,...,A;} }, (3.27)
since for integrability (and irreducibility) we require
(E~HA Ty, = 0. (3.28)

Each new weight space then has a new non-zero vector which belongs to a finite
dimensional sl(2)-module with respect to each simple root. In this way we construct
the weight spaces of V iteratively by constructing the weight spaces of the sl(2)-
modules of each new weight with respect to all the simple roots. This procedure
continues until it terminates when all the new weight have negative Dynkin labels.
This process terminates in the case of the finite dimensional simple Lie algebras,
but not in the case of the affine Lie algebras [21].
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Example: Consider s[(3) whose Cartan matrix is given by

2 -1
) o)
There are two simple roots whose Dynkin labels are described by the rows of the
Cartan matrix, a(t) = 2A 1) —A(2) and a? = —A@)+2A(). Figure 3.1 demonstrates
the weight space for two irreducible highest weight sl(3)-modules, L1y and L 1.
Notice that the weight space for L) has the same structure as the root space
of sl(3) (except (0,0) is not included as a root) shown in Section 2.1. Hence, the
representation corresponding to L ) is isomorphic to the adjoint representation.

Ap) Ap)
| Aq) (—1., 2) ! (17.1) Aq)

\/+// (27—1). /:./ .(27_1>

(07_1) el o —+— @

§ (-1-1)

|

|

|

|

|

|
v v

Figure 3.1: Weight space diagrams for the irreducible highest weight sl(3)-modules
with highest weight A = (1,0) (left diagram) and A = (1,1) (right diagram).The
left pointing arrows indicate the action of E~! (the negative root vector of the first
simple root a(!) while the other arrows indicate the action of E~2 (the negative
root vector of the second simple root a(?).

It should be noted that while this method is useful in constructing the weight
spaces of integrable highest weight modules it does not determine the dimension
of V) for each weight A\. For example, in the L) s[(3)-module we know from
the adjoint module that the weight space for A = (0,0) has dimension two, while
all other weight spaces have dimension one. To determine the dimension of each
weight space requires the introduction of more complex representation theoretic
concepts such as the character of a representation. The resulting formula is called
Freudenthal’s multiplicity formula, but we will not introduce it here. For more
information the reader can consult any textbook on the representation theory of Lie
algebras including [34].

Having demonstrated how to construct the finite dimensional g-modules we finish
the section with a few important theorems about the properties of finite dimensional
representations. Proofs of these theorems are omitted, but can be found in most
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textbooks on the representation theory of Lie algebra such as [31, 33]. Firstly we
summarise our results in the following theorem.

Theorem 3.4.1 If V is a finite dimensional irreducible g-module, then V = L
where the Dynkin labels of A are non-negative integers.

It is not immediately obvious that the converse of this theorem is true. This
requires that applying the process described above will always terminate (and that
the multiplicities are finite) and thus yield a finite dimensional module.

Theorem 3.4.2 Let g be a finite dimensional simple Lie algebra with simple roots
a® .. ol Let A be a weight with Dynkin labels that satisfy A; € Z for all i.
Then Ly is finite dimensional.

With a bit more work the results of Theorem 3.4.1 can be generalised to any
finite dimensional g-module.

Theorem 3.4.3 (Weyl’s Theorem) Let g be a finite dimensional simple Lie alge-
bra g. LetV be a finite dimensional g-module. Then there exists weights At --- | A"
such that

V=@EpLy. (3.30)
=1

Furthermore, the A* are unique up to permutation.

3.5 Affine Lie algebras

We now generalise our results for finite dimensional simple Lie algebras to affine Lie
algebras. Since all affine Lie algebras can be constructed from Cartan matrices via
the Chevalley-Serre relations, the concepts introduced in Section 3.3 apply to affine
Lie algebras. The process that we introduced in Section 3.4 can also be applied to
construct the weight spaces for integrable highest weight representations of affine
Lie algebras.

Hence, we focus now on the subtleties of a highest weight representations of affine
Lie algebras that make them from the integrable highest weight representation of
finite dimensional Lie algebras. The section finishes with a detailed discussion of
integrable highest weight AgQ)-modules, these modules will be fundamental to the
analysis presented in Chapter 5.

3.5.1 The role of the derivation

From the loop construction of an affine Lie algebra, g, in Section 2.3 we know
that each affine Lie algebra has simple roots a(®, o, ... (") and that the Cartan
subalgebra is spanned by the elements {H}, HZ,--- , H}, K, D}. Hence, we can see
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that the Cartan subalgebra has dimension one greater than the number of simple
roots and so there will be difficulty equating the fundamental weights with a basis
for the dual of the Cartan subalgebra. This difficulty and also the subtlety of the
affine weight space can be explained by the derivation, D.

Consider a highest weight represented by (A, k,ng) € g5, where A is a weight
of the horizontal subalgebra whose Cartan subalgebra is spanned by the elements
{H} HZ --- Hj}. Assuming k # 0, we may set D — D — (ng/k)K which gives

Duy — (D — (no/k)K)va = (ng — ng)va = 0. (3.31)

Since K is central, this map doesn’t change the commutation relations of g, so we
are free to set ng = 0. Thus, a highest weight is completely determined by the
eigenvalues of the elements H} and an eigenvalue k of the element K. Since K is
central, it commutes with all other elements and so the K eigenvalue is the same
for all elements in an irreducible module. We call this value the level of the highest
weight module. Furthermore, the module is graded with respect to the action D.
Consider an element 7 vy, then

DT vy = ([D, T2, + T¢,D)vy = —nT?, vx. (3.32)

Hence, the action of an element 7, decreases the D eigenvalue by n. In particular,
the action of the negative simple untwisted affine root vector, E?,, decreases the D
eigenvalue by 1. We refer to the negative of the D eigenvalue as the grade (or energy
when D is identified with the Virasoro operator Ly in the context of conformal field
theory) of a particular vector in a highest weight module.

In this way the derivation endows a highest weight module of an untwisted affine
Lie algebra with a Zxo-gradation. The rest of the structure is fairly similar to that
of the finite dimensional Lie algebras. Suppose we have a weight (A, k,n) then the
action of an element £ on this weight space satisfies

E?n‘/(/\,k:,n) g ‘/()\—&-oz,k,n—i-m)' (333)

By analysing the action of the simple root on each weight space we can decompose
an integrable module into finite dimensional sl(2)-modules with respect to the simple
roots. However, this process will no longer terminate (provided the highest weight is
non-zero) as it did in the case of finite-dimensional simple Lie algebras. This can be
seen through the action of the negative imaginary roots, these root vectors will act
infinitely many times without annihilating a vector if k # 0. This also implies that
there is no upper-bound on the grade of the eigenvectors appearing in an integrable
highest weight module. This makes it difficult to draw a diagram for the weight
space, so we usually restrict the weight space diagram to the first few grades.

3.5.2 Untwisted affine Lie algebras

We will illustrate an integrable highest weight module for an untwisted affine Lie
algebra through the example of s1(2). First we determine the fundamental weights
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in more detail, this will provide a useful formula for the level of a highest weight
module.

Suppose V is a highest weight g-module with highest weight A = (A, k,0). The
fundamental weights (3.16) of the untwisted affine Lie algebra are determined by
solving

Aoy, (=0,0,1)) =1, (Ag, (@?”,0,0)) =1, (3.34)
<A(0)7 (a(i)\/’ Oa 0)> = 07 <A(z)a <_07 07 1)) 07 (335)

for all ¢ € {1,...,r}. In terms of the fundamental weights, /_X(Z-), of the horizontal
subalgebra, g, we find that the fundamental weights of g are

A(0) - (07 17 0)7 A(Z) - (A(Z)J a'z/a 0)7 (336>

where a are the dual Coxeter labels of g as defined in (2.62) .
Since we have enforced the grade of the highest weight to be zero, it follows that
all highest weights can be written in the form

A=) NAg = (A aA;,0), (3.37)
=0 =0

where A is the highest weight of the horizontal algebra with Dynkin labels given by
Ay, ..., A,. This gives a formula for the level k of a highest weight representation:
k=Y alA;. (3.38)
=0
The requirement that the module be integrable enforces A; € Z>( for all i €
{0,1,...,7}. Furthermore, the dual Coxeter labels of an affine Lie algebra are always
positive integers. Therefore, the level of an integrable highest weight g-module must
be a non-negative integer.
For the module to be integrable it must again satisfy (3.26). To illustrate the

above ideas we provide an example of an integrable highest weight s[(2)-module.

Example: 5/[(?) has Cartan matrix given by
A= {_22 _22] : (3.39)
All of the dual Coxeter labels are one so we have
Aoy = (0,1,0), Aqy = (1,1,0), k= Ay + As. (3.40)
Expressing the simple roots in terms of the fundamental weights gives
ol =20 —20a), oV = —2A() +2A). (3.41)

Since there are only two fundamental weights, whenever we write a fundamental
weight with respect to its Dynkin labels it will only have two entries. The weights,
up to grade three, of the integrable highest weight module with Dynkin labels of the
highest weight given by (0, 1) is shown in Figure 3.2.
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grade
(27 _1)%(07 1) 0
(2, —1)>(0, 1) 1
\
(=4,-3)—(-2,-1)——(0,1)———(-2,3) 2
~
(=4,-3)—(-2,—-1)——(0,1)———(-2,3) 3

—

Figure 3.2: Integrable highest weight sl(2)-module for highest weight A = (0, 1).
The weight space is shown for grades from zero to three. The left arrows indicate
the action of the non-affine negative simple root, while the downwards right pointing
arrows indicate the action of the affine negative root (note that this action increases
the grade by one). All weights are written with respect to their Dynkin labels.

3.5.3 Twisted affine Lie algebras

From Section 2.4.2 we know that a twisted affine Lie algebra is constructed from
a finite dimensional Lie algebra g and an outer automorphism o of g. Recall the
definition of the eigenspaces gj; for an automorphism from Section 2.4.1. N denotes
the order of the automorphism o.

The theory of integrable highest weight modules of twisted affine Lie algebras
is almost identical to that of the untwisted case. The derivation, D, provides a
gradation of the module. The fundamental weights are defined as a dual basis to
the coroots and the requirement of integrability enforces the Dynkin labels of the
highest weight to take non-negative integral values. The main difference is that the
affine simple root is now (—A;,0,1/N), where A; is the highest weight of gj;; when
considered as a gjp-module under the adjoint action.

Hence, the action of the negative affine root vector Ef} /N Increases the level
by 1/N, so that the gradation is now over non-negative integer multiples of 1/N.
The formula for the fundamental weights will no longer be the same as in section
3.5.2, we demonstrate this through a specific example rather than deriving a general
formula. This example constructs the integral highest weight representations for
A§2) and is fundamental to the results that are presented in Chapter 4.

3.5.4 Integrable highest weight A§2)—modules

Consider the twisted affine Lie algebra A;Z) which was in Section 2.4.3. We found
the Cartan matrix to be given by

A= [ 2 _4] : (3.42)
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k | Integrable highest weight A§2)—modules
0| (0,0)

11 (0,1)

2 1(0,2),(1,0)

3 1(0,3),(1,1)

4 1(0,4),(1,2),(2,0)

51 (0,5),(1,3),(2,1)

Figure 3.3: The highest weights in terms of their Dynkin labels for the integrable
highest weight Agz)—modules at integer levels £k = 0,1, ..., 5.

grade
(1,-1)—(0,1) 0
(2,-3)—(1, —1>$(—L3) 5
<2,—3>m<—1,3> !
(3, =5)——(2,=3)——(1, 1) —=(0,1) ——(~1,3)—(-2,5) 3

Figure 3.4: Weight space for the integrable highest weight Agz)—module for A = (0,1)
at grades from zero to 3/2. The left arrow indicates the action of the non-affine
negative simple root vector, while the downward right arrow indicates the action of
the negative affine simple root vector (note that it increases the grade by 1/2).

The simple coroots were given by a(®) = (—4,0,1/2) and o) = (2,0,0). Recall also
the formula for the inner product on the root space of A§2) given by (2.106). We
solve the system of equations given in (3.16) to find the fundamental weights

A(O) - (07 27 0)7 A(1) = (17 17 O) (343)

A formula for the level k in terms of the Dynkin labels (Ag, A1) of the highest weight
is then given by

k= 2Ag + Ay (3.44)

Figure 3.3 lists the highest weights of the integrable highest weight modules for
integer levels k = 0,1,...,5. In Chapter 4 we are most interested in the integrable
highest weight modules at level £ = 1, there is only one such integrable module and

we provide the weight space diagram in Figure 3.4 for grades 0, %, 1, %
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3.6 A general construction

We now present a more rigorous mathematical framework to understand the con-
cepts introduced in this chapter so far. To begin we define the universal enveloping
algebra associated to a Lie algebra, this is useful tool in the analysis of modules of
Lie algebras. We then introduce the concept of Verma modules and singular vectors.
These ideas are used to summarise a specific construction of the integrable highest
weight modules for Kac-Moody algebras.

3.6.1 Universal enveloping algebras

A module of a Lie algebra g generated by a vector v consists of all descendants
(3.20) of v, that is all elements of the form

T1X9... TV ne€lsy x; €9 Vi (3.45)

We would those like to construct a useful way of thinking about elements of the
form xy25...x,. To do this we construct an associative algebra called the universal
enveloping algebra of g.

The n'" tensor power of a Lie algebra g is denoted by g" := g®". It’s elements
are of the form r; @1, ® - - - @ x,, where x; € g. At the moment g®" is nothing more
than a vector space. We define the tensor algebra of g as the direct product of all
n'" tensor powers of g,

T(s) :=Po", (3.46)

where g° = C since for our purposes g is a complex vector space. The tensor product
endows the space T (g) with a natural multiplication that satisfies g" ® g™ C g"*™.
In this way 7 (g) is an associative algebra graded by Zs,.

Being an associative algebra we can endow 7T (g) with a Lie bracket, namely
that defined by [z",y"] = 2" ® y™ — y™ ® x™, where 2" € g" and y™ € g™. To
ensure relation (3.3), we need to identify the element [x,y] € g' with the element
r®y—y®x € g°. Hence, we define the subset [ = {z @y —y @z — [z,y]|r,y € g}
of T(g). Since all elements of this set should be set to zero, we would like to take
the quotient of 7 (g) with I, but I is not yet an ideal. Hence, we define Z as the
smallest ideal of T(g) containing I, this is

T:=T(g)®I27T(g) (3.47)

The universal enveloping algebra is the associative algebra given by the quotient of
T (g) with Z,

U(g) :=T(a)/1. (3.48)
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To observe the implications of this quotient space we consider an element of U(g)
given by £1 Qx,® - - Qr; QX111 Q- - - ®x, and we now wish to permute the elements
x; and x;1. Making use of the relation in I we get

$1®$2®®1’1®$1+1®®3§'n

From here on we will drop the ® from our expressions and simply write the tensor
product of n elements as x1xs - - - .

Example: Consider the basis for s(2) given by {E, H, F'} as introduced in (3.21).
By commuting the order of the s[(2) elements we find that

EF =[E,F|+ FE=H+ FE,

o B 9 (3.50)
EF°F=FH+ FEFE=-2FE+2HFE + FFE~.

Notice that by permuting elements and applying the Lie brackets we are able to
express these elements as linear combinations of elements of the form E'H’F*,
(1,7, k € Z>p). This is in fact a very important result that holds for all Lie algebras
with a countable basis. It is known as the Poincaré-Birkhoff-Witt theorem, we state
it now and outline its importance through the following corollaries and examples.

Theorem 3.6.1 (Poincaré-Birkhoff-Witt Theorem) Let g be a Lie algebra with
a basis {T"|i € I} where I is a totally ordered set. Then a basis for U(g) is given by

B=A{T%T"...T%|a; € I such that ay < as <--- < ag, k € Z>o} (3.51)
Corollary 3.6.2 The canonical map of g into U(g) is an inclusion.

In other words, g can be considered as a subspace of U(g). Furthermore, the
Lie bracket defined on U(g) restricted to g is equivalent to the Lie bracket on g:
[T, Ylug =@y —y®ax = [r,y]; € g. This means that the universal enveloping
algebra is an extension of g to an associative algebra. It follows that every U(g)-
module V| determines a unique g-module structure on V. The universal enveloping
algebra has the additional property that every g-module extends to a unique module
of the universal enveloping algebra. This result indicates the importance of the
universal enveloping algebra to the representation theory of a Lie algebra, it is
summarised in Theorem 3.6.4.

Example: Consider the basis {F, H, E'} for s[(2). Applying the Poincaré-Birkhoff-
Witt Theorem, a basis for U(sl(2)) is given by

{FIHIE"|i,j,k € Zso}. (3.52)

In particular this means that U(s((2)) = U(sl(2)_n) @ U(sI(2)o) @ U(sl(2),) for the
triangular decomposition of sl(2) presented in (2.14). This result can be generalised
to any Lie algebra that admits a triangular decomposition.
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Corollary 3.6.3 Suppose that g is a Lie algebra that admits a triangular decompo-
sition, g = g_ D go ® 9+. Then the universal enveloping algebra decomposes as

U(g) =U(g-) @U(go) @ U(g+ ). (3.53)

Theorem 3.6.4 Let g be a Lie algebra as in Theorem 3.6.1. There is a bijective
correspondence between U(g)-modules and g-modules.

3.6.2 Verma modules

Having introduced the concept of highest weight modules in Section 3.3, we now use
the universal enveloping algebra to study the properties of highest weight modules.

Let V' be a g-module of a Lie algebra g with triangular decomposition (2.28).
Suppose there exists a highest weight vector vy € V. By definition we have that
g+ (va) = 0 and that each element H € gy acts on v, as scalar multiplication by
some eigenvalue A(H). If we consider V as a U(g)-module then Corollary 3.6.3
implies that

U(g)va =U(g-) @U(go) @U(gy)va = U(g-)va. (3.54)

Note that by definition (3.20), (va) = U(g)va. In the case that V' is a highest weight
module generated by va, we have V' = U(g)vy = U(g_)va. It follows that V is
generated by the action of the elements of U(g_) on wvy.

The Verma module V) is the highest weight module generated by v, such that
none of the non-zero elements of ¢(g_) annihilate vy. This module can be thought
of as the largest possible highest weight module generated by vy, in the sense that
each element in a basis for U(g_) generates a linearly independent vector in Vj.

Example: Consider a highest weight s[(2)-module with highest weight vector vy.
By definition Hvy = A(H)vp where A(H) € C and Evy = 0. The Verma module
V) then has a basis given by

{Fn’UA|’I’L S Zzo}. (355)

3.6.3 Singular vectors

Let A be a highest weight of a Lie algebra with triangular decomposition and Vj be
the corresponding Verma module. A singular vector is a non-zero element, s € V,,
such that s has weight A\ £ A and is annihilated by all positive root vectors of g:

gis=0. (3.56)

Notice that this is similar to the definition of a highest weight vector, except,
instead of generating the Verma module, s is a descendent of the highest weight
vector. Not all Verma modules contain singular vectors, but we will demonstrate
the existence of singular vectors in certain Verma modules of Kac-Moody algebras.
The existence of these singular vectors is a crucial tool that we will use to analyse
the allowed modules of the WZW models in Chapters 4 and 5.
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Example: Let A = n be the highest weight of an s[(2)-module as introduced in
Section 3.2. To find a singular vector we consider the action of E on these basis
elements (3.55). Recalling equation (3.9), for EF™v, to be zero we require m = 0
or A —(m —1) = 0. Setting m = 0 returns the requirement Fvy = 0, however
enforcing the second requirement gives m = A + 1. Thus, V, has a singular vector
given by FA+1y,.

We now construct a general example of a singular vector which will prove very
powerful in constructing the integrable representations of a Kac-Moody Lie algebra.
Suppose we have a Lie algebra g with triangular decomposition and simple roots
a® ... o where r = rank(g). Let A = (Ay,---,A,) be a highest weight and
vp be a highest weight vector of weight A. For each simple root, a¥, we have the
Chevalley-Serre generators {E%, H', E~'} C g that satisfy (3.21). For 1 <i <r, we
have shown in section 3.3.2 that

E(E)"wy =n(A; — (n —1))E)" oy Vn € Zs, (3.57)
so if A; € Z>( then for n = A; + 1 we have
EN(EHA Ty, = 0. (3.58)

Furthermore, from the Chevalley-Serrre relations (2.37) we have [E/, E~Y] = 0 for
all j # i. This gives

ENE 'y = (E7)"Elvy =0  Yn € Zso. (3.59)

Hence (E~")Ai*1y, is annihilated by all the simple root vectors. Since these generate
all of the positive root vectors, it follows that (E~%)"v, is a singular vector in the
Verma module V), provided that A; € Z>,.

If A; € Z> for all 7, then the Verma module contains r singular vectors given by

si= (BNt Vie{1,2,..,r}. (3.60)

These need not be all the singular vectors contained in a Verma module with
non-negative integral Dynkin labels, but they are the most important ones, in the
sense that every other singular vector is a descendent of at least one of the singular
vectors in (3.60) [19]. We use this information to construct the integrable highest
weight modules.

3.6.4 Irreducible integrable highest weight modules

To construct the irreducible representations we consider submodules generated by
singular vectors. By the definition a singular vector, the action of U(g) on s is given
by

U(g)s =U(g-) @U(go) @U(g4)s =U(g-)s.
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Hence, the submodule generated by s is given by (s) = U(g_)s. Since s ¢ V}, (s) is
a proper submodule of Vj.

Given a submodule of Vj, we may define a new module by taking the quotient
of Vi by that submodule. Furthermore, the quotient of a module by a maximal
submodule yields an irreducible module. The construction of the integrable highest
weight modules is based on the following non-trivial arguments. If the highest weight
has non-negative integral Dynkin labels then all singular vectors are contained in a
module of the form (s;). The module formed by taking the sum of all such modules
is a maximal submodule of V. We summarise these results on the construction of
the irreducible integrable highest weight modules through the following theorem. It
is attributed to Kac [16] and can be found in [19].

Theorem 3.6.5 Let g be a Kac-Moody Lie algebra with r simple roots oM, ... a7,
Suppose V) is a Verma module such that the Dynkin labels of A satisfy \; € Z>.
Then Sy = >_i_,(si) is a mazimal submodule of V. Moreover, the irreducible
integrable highest weight module with highest weight A is given by

Va

EA:S—A.

(3.61)
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Chapter 4

Conformal field theory

This chapter will begin by introducing the basic concepts of two dimensional con-
formal field theory. For a detailed overview of conformal field theory the reader
is directed to the comprehensive text [7]. These concepts will then be illustrated
through the well-known examples of the free boson and the free fermion conformal
field theories. We do not introduce the concept of primary fields or vertex oper-
ator algebras, but rather treat the spectrum of a conformal field theory from the
perspective of representations of the symmetry algebra (see Section 4.2.7).

We will also introduce the concept of the twisted sector in the context of normal
ordering (Section 4.2.3) and illustrate how to analyse the properties of a twisted
sector through the use of a generalised commutation relation in the free fermion
theory (Section 4.4).

Finally, we will introduce the Wess-Zumino-Witten (WZW) models as conformal
field theories with symmetry algebras given by untwisted affine Lie algebras. We will
not present their derivation from a physical action as introduced by Witten [9], for
this the reader should see Chapter 15 of [7]. We will present the concept of singular
vectors in the WZW models and outline how they restrict the modules that appear
in the spectrum of a Wess-Zumino-Witten model at integer level k.

4.1 Conformal invariance in two dimensions

In two-dimensions the property of conformal invariance gives rise to an infinite
dimensional symmetry algebra. This is the Virasoro algebra. We first introduce the
Virasoro algebra and then motivate the reasons behind its appearance in conformal
field theory.

47
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The Virasoro algebra

The Virasoro algebra is a complex Lie algebra defined by the basis elements {L,|n €
Z} U{C} and the relations

1
—n(n® = 1)84moC, [Lm,C] = 0. (4.1)

LnyLm: - an
[ ] =(n—m)Ln +12

This algebra plays a pivotal role in the analysis of conformal mappings in two di-
mensions and consequently conformal field theory. We will show how a copy of this
algebra arises from considering infinitesimal conformal transformations on the plane.

Generators of infinitesimal conformal transformations

It can be shown [7] that an infinitesimal transformation on the plane is determined by
a holomorphic and an antiholomorphic function under an appropriate transformation
of variables. Any holomorphic infinitesimal transformation can be written in terms
of an infinitesimal Taylor expansion

o0

2 =z+¢(2), e(z) = Z cn2" (4.2)

—0o0

for some coefficients ¢, € C. Similarly with an antiholomorphic infinitesimal trans-
formation we have (for some ¢, € C)

7=z+e(z), z)=) et (4.3)

Applying these transformations to a function ¢(z, z) on the plane gives

d(z,2) = p(2,2) — e(2)0.9(2, Z') — e(Z)0z (2, Z'), (4.4)
- 0 = —€(2)0.0 — €(2)0:¢ = — Z[ann+1az¢ + En§n+162¢]' (4.5)

Hence the generators of the infinitesimal conformal transformation on ¢ are
I, = —2""19,, I, = —2z""10;, (4.6)

where n € Z. These operators satisfy the commutation relations

Lo bl = (0= M)y [rln] = (0= M)y [lsdn] = 0. (4.7)

Hence, these generators form two commuting copies of the Virasoro algebra with
C = 0. The values of C' is called is called the central charge of the conformal field
theory. Here C' = 0 because we have considered a function in its classical sense.
However, it is a hallmark of quantum systems that the central charge is non-zero.
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In a general two dimensional conformal field theory the conformal generators form
two commuting copies of the Virasoro algebra for some value C' € C.

Since the two copies of the Virasoro algebra commute the field theory decomposes
into a holomorphic and antiholomorphic sector. In general the properties of these
two sectors are related and so we will restrict our view to the holomorphic sector,
and express our fields only in terms of the holomorphic component: ¢(z).

4.2 Formalism of conformal field theory

The formalities of conformal field theory are complex and detailed. Here we build
up the fundamental concepts of a conformal field theory from the perspective of
operations on a space of fields. We emphasise connections between operator products
of fields and the properties of the symmetry algebra. The concept of an untwisted
and twisted sector is introduced in the context of normal ordering. We also introduce
important concepts such as singular vectors and outline their restriction on the
spectrum of a conformal field theory.

4.2.1 Fields

A generating field is an expression of the form
A(z) = Zanz*"*h“, (4.8)

where the coefficients a,, are elements of a graded algebra over C called the symmetry
algebra and h 4 is a real number called the conformal dimension of A(z). The labels
n of the elements a, will be referred to as the modes of A(z) and usually range over
integral or half integral values. The above definition is also equivalent to the set of
relations given by

_ n+hg—1 dz
0 = 7§ A(g)zmiat 2 (4.9)
For the purposes of this thesis we will primarily consider the case where the
symmetry algebra is a infinite dimensional Lie algebra. However, in many cases,
the symmetry algebra may have a more complex structure. The only case we will
consider outside of the infinite dimensional Lie algebras is that of the free fermion.
For this reason we will assume from here on that the symmetry algebra is an infinite
dimensional Lie algebra. We will provide the required extensions of the theory when
we deal with the free fermion in Section 4.4.
Under the operations of addition and scalar multiplication these fields generate
a vector space. We can also define the derivative on any of these fields in the usual
way

(A=) = Y (0 = ha)auz M (4.10)

n
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It follows that taking the derivative increases the conformal dimension by one. The
space of fields is also equipped with an identity field 2 = 1.

There another operation on the space of fields, called the normal ordered product
of two fields (see Section 4.2.3). This describes how to order the modes of two fields
A(z) and B(z) when taking their product. Under these operations we call all the
fields generated by the generating fields the space of fields. Firstly, we need to
introduce some rules which govern the behaviour of these fields.

4.2.2 Operator product expansion

One of the motivating reasons for studying a field theory is to understand how fields
interact. The way this information is encoded in a conformal field theory is through
an operator product expansion. For a conformal field theory to behave nicely (we
will not define what this means precisely since it is beyond the scope of this thesis)
the operator product expansion must satisfy certain properties.

Before we define these properties we must introduce the concept of radial ordering
which is analogous to the property of time ordering developed in the analysis of
quantum field theory. In the case that the symmetry algebra is a Lie algebra the
radially-ordered product of two fields is defined as

A(z)B(w) 2] > |w,

Blw)A(z) |uw] < || (1)

R{A(2)B(w)} = {

In the context of this thesis, for a conformal field theory to be well defined, all
fields A(z) and B(w) must have an operator product expansion (OPE) of the form

R{A(2)B(w)} = Y (w)(z —w) ™, (4.12)

where NN is an integer and j sums over integers strictly less than N. The elements
¢ (w) must also belong to the space of fields.

Through the definition of radial ordering it can be seen that the singular part of
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(4.12) is equivalent to the commutation relations of the symmetry algebra:

dz dw
n+hA—1 m+hp—1
UL 7{]{ v 27 27i
ff n+hA 1wm+hB 1 dz dw
27 270
= %7{ A(2) B(w)z"tha=tymths=1 dz dw
0 \z|>|w| 27TZ 271'2

ff BwAZ)n+hA1m+hBledw
|z|<|w]

21 21

- [7{ 7{ Sl 7{ 74 _RIAG B}t i

7{ ]{ R{A(z) B(w)}sm+ha-Lym+hs—1 42 W (4.13)

i 2mi

The equivalence between commutation relations and operator product expansions
is a fundamental property of conformal field theory. For this reason we outline the
steps taken. The first step of the derivation is an application of the definition (4.9)
and the commutator. Line two involves a simple contour manipulation and three
is given by the definition of radial ordering. Step four follows from the contour
manipulation outlined in Figure 4.1.

Figure 4.1: Contour manipulation used in (4.13)

Since we always assume that the product of two fields is radially-ordered, we will
often write R{A(z)B(w)} as A(z)b(w), in which case radial-ordering is implicitly
assumed. Because the singular terms of the product (4.12) determine the commu-

tation relations of the symmetry algebra we will often summarise the OPE of two
fields as

A (w)

A(2)B(w) ~ )

=1

(4.14)

Since this expansion fully specifies the commutation relations between the modes of
the symmetry algebra, we may also define a field theory to be generated by certain
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fields that satisfy OPEs of the form (4.14). In this case we will refer to these fields
as the defining fields of the field theory.

4.2.3 Normal ordering

When we introduced the operator product expansion in (4.12) we required that all
the ¢/ (w) terms belonged to the space of fields. We have seen that the commuta-
tion relations of the symmetry algebra determine the singular part of the operator
product expansion, but this still leaves the ¢/(w) terms for j < 0, that form the
regular part of (4.12). To understand these terms we introduce the notion of normal
ordering. We define the normally-ordered product of two fields A(z) and B(w) as
the analytic part of the operator expansion

cA(z)B(w) @ 1= Zc’(w)(z —w) . (4.15)

J<0
Taking an expansion of the field : A(z)B(w) : about the point z = w gives
s A(z)B(w) : = A(w)B(w) : + : 0,A(w)B(w) : (z —w) + -+ . (4.16)

We thus define the normally-ordered product of two fields, A(w) and B(w), with
the same argument, as the constant term in the operator product expansion of the
two fields

cA(w)B(w) = (w). (4.17)

From the OPE (4.12) it is clear that an explicit formula for the normally ordered
product is given by

A(2)B(w) dz

z—w 27

: A(w)B(w) : :jé (4.18)
This formula proves very useful if the modes of the fields satisfy certain properties.
We are thus lead to define two different sectors of a conformal field theory.

The untwisted sector of a conformal field theory satisfies the property that all
generating fields are of the form

A(z) = Z apz " hA, (4.19)

neZ—hy

The fields in this sector may all be written as power series in z and 27!, The twisted
sector of a conformal field theory occurs when any of the generating fields do not
satisfy (4.19). Such a sector may not exist and there could also be multiple different
twisted sectors corresponding to different mode values. It is important to note that
despite taking different mode values the commutation relations in the untwisted
and twisted sector have the same form. The terms untwisted and twisted sector are
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often replaced with Neveu-Schwarz [35] and Ramond [28] sector when the fields are
fermionic.

Since a conformal field theory is described by the relationships between the fields,
it is possible for a conformal field theory to have both an untwisted sector and a
twisted sector. In general the untwisted sector is the easy sector to work with since
nice formulas hold in this sector, see Appendix A. The primary aim of this thesis
is to understand the twisted sector of the Wess-Zumino-Witten models. For this
reason we will focus on the properties and formulation of the twisted sector which
will be introduced in Sections 4.3 and 4.4. Firstly, we outline the formulas that
determine normal ordering in the untwisted sector.

Normal ordering in the untwisted sector

In Appendix A we derive the following important formula for the normal ordering
of two fields in the untwisted sector.

LA()B(): = Y [ 3 bt Y bm_nan}z-m-hA—hB. (4.20)

meZ—hp—hyg n<—hap n>—hg

It is natural to define the normal-ordering of modes by

(4.21)

Sapb, 1 =

anby, ifn < —hy,
bna, ifn>—hu.

In this way we have

cA(2)B(z): = Z Z by, 1 2TV TmThE (4.22)

meEZ—hp n€EZ—hx

Some nice consequences of these expressions for normal ordering are outlined in
Appendix A, in particular, equation (A.17) determines an easy method to calcu-
late operator product expansions using the commutation relations of the symmetry
algebra.

Normal ordering in the twisted sector

In the twisted sector the derivation of the normal ordering formula (4.20) no longer
applies, see Appendix A. In order to determine the normally-ordered product of
two fields a more general approach is required. This method will be introduced in
Section 4.4 in the context of the Free Fermion. We shall apply this is in Chapter 5
for the WZW model.

4.2.4 The energy-momentum tensor

So far we have introduced the idea of a space of fields arising from some generating
fields with coefficients taken from a symmetry algebra. However as motivated in
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Section 4.1, conformal invariance of a two dimensional field theory is equivalent to
the existence of a copy of the Virasoro algebra. Specifically, this corresponds to the
existence of a field called the energy-momentum tensor denoted by T'(z)

T(z) =) L,z "7 (4.23)

nez

whose coefficients are the operators of the Virasoro algebra described in Section 4.1:

En(n? = 1)dnimos (4.24)

Ln7Lm: - an
L L] = (1= ) L+

where ¢ € C is called the central charge of the conformal field theory. Note that
the conformal dimension of the energy-momentum tensor is necessarily 2. It can be
derived from (4.13) that the operator product expansion of the energy-momentum
tensor with itself is given by

c/2 2T (w) N T (w)

T T (w) ~ (z—w)* (z—w)? z—w

(4.25)

The existence of an energy-momentum tensor is the requirement of a conformal
field theory that is responsible for conformal invariance. Since an OPE is equiva-
lent to the commutation relations (4.13) of its modes the existence of an energy-
momentum tensor is equivalent to the existence of a field that satisfies (4.25).

4.2.5 The state-field correspondence

So far we have considered the operations of fields upon themselves and other fields.
Now we would also like to analyse the action of these fields on vector spaces and thus
the possible modules related to a conformal field theory. To do this we introduce a
particularly important module of the symmetry algebra (the vacuum module) and
a map from the space of fields to this module (the state-field correspondence).

The vacuum module belongs to the untwisted sector of the conformal field theory,
hence the generating fields are of the form (4.19). We define a vector |0) called the
vacuum with the following properties

a,|0) =0 ¥V n>—hy, (4.26)

where a,, are the coefficients of the generating fields. The universal vacuum module,
denoted by Vg, is the largest module generated by |0) under the action of the
symmetry algebra. It consists of all elements of the form

{z129 - - - 2,|0)|z; € symmetry algebra}. (4.27)

In particular, if the symmetry algebra is a Lie algebra g, then the universal vacuum
module consists of all descendants of the vacuum and is given by U(g)|0) subject to
the relations (4.26). U(g) is the universal enveloping algebra of g, see Section 3.6.1.
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We define a map called the state-field correspondence between the space of fields
and elements of the universal vacuum module

A(z) — lli% A(2)|0). (4.28)

On the right-hand side of this map, A(z) is taken in the untwisted sector since the
vacuum module is in the untwisted sector. Fields with conformal dimension h4 then
map as follows

A(z) — a_p,|0). (4.29)

Of importance to this thesis is the mapping of a normal ordered product:

P A(2)B(2) 5 (D nbnasngnt Y Bhaths-nan)|0) = a_p,bopy]0).  (4.30)
n<—hg n>—hg
It is also important to note that this map is linear and so the zero field is mapped
to the zero vector. The state-field correspondence also has an inverse map from the
vacuum module to the space of fields which is injective [36]. These facts will prove
to be very important in the discussion of singular vectors.

4.2.6 Singular vectors

Elements of the universal vacuum module that are particularly important are the
singular vectors. A vector |s) in the vacuum module is called a singular vector if it
is not a multiple of the vacuum and it satisfies

amls) =0 VYn>0. (4.31)

The module consisting of this vector and all of its descendants under the action of
the symmetry algebra is a submodule of the universal vacuum module. We will call
this module the singular module generated by |s) and it will be denoted by (s). In
order to obtain a physically consistent conformal field theory we shall set all the
singular vectors to zero, if we set a singular vector to zero it follows that we must
set the entire module (s) to zero.

The importance of this identification can be seen through the state-field corre-
spondence. Suppose |v) € (s) is a descendent of a singular vector. Since the state
field correspondence is bijective there exists a field A(z) that maps to |v). Since
the state-field correspondence is linear, by identifying |v) with zero we must also
identify A(z) with zero. In this case we call |v) a null vector and A(z) a null field.

In Section 3.6.4 we discussed the procedure of setting singular vectors to zero
in terms of quotient modules in the context of irreducible integrable highest weight
modules. We will use these results in Section 4.5.5 when we discuss the general
structure of the universal vacuum module of a Wess-Zumino-Witten model. For
now it is important to note that once all singular vectors have been identified with
zero the remaining vectors in the vacuum module form an irreducible module which
is called the irreducible vacuum module, denoted by L.

In order to understand the importance of singular vectors we must first introduce
another component of a conformal field theory, namely the spectrum.
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4.2.7 The spectrum

For a conformal field theory to provide useful information (e.g. measurements of
observables) we would like to know how the fields act on vector spaces. Suppose we
have a vector space V, then for an element |v) € V' a generating field A(z) will act
upon |v) as

A()[0) =) anfo)z "

Hence, we can consider the action of A(z) on V' by considering V' as a module of
the symmetry algebra.

Now we can realise the importance of null fields. If A(z) is a null field, then it
must act on every vector in V' as the zero field. In other words A(z)|v) = 0 for all
|v) € V. We summarise this result in the following proposition.

Proposition 4.2.1 Let |s) be a singular vector and |a) € (s). Let A(z) = > anz"""h4
be the field that maps to |a) under the state-field correspondence. If V' is a module
of fields then

an|v)y =0 Vn. (4.32)

We call any module of the symmetry algebra that satisfies all requirements of the
form (4.32) for all null fields an allowed module. For the purposes of this thesis we
define the spectrum of a conformal field theory to be the set of all allowed irreducible
highest weight modules.

The spectrum of a conformal field theory is closely related to the space of states.
The space of states is a Hilbert space constructed from all the allowed modules of
a conformal field theory and describes all the possible states of the conformal field
theory. Its construction is non-trivial and usually involves tensoring holomorphic
and antiholomorphic copies of allowed modules subject to certain constraints. This
is beyond the scope of this thesis and so we will restrict our view to the allowed
modules.

Since the symmetry algebra takes different mode values in the untwisted and
twisted sector, the allowed modules will be different in each of these sectors. We
have already been introduced to one allowed module in the untwisted sector, namely
the irreducible vacuum module. Hence, the spectrum of every conformal field theory
contains the irreducible vacuum module as an allowed module in the untwisted
sector. The aim of this thesis is to determine the allowed modules in the twisted
sector of the Wess-Zumino-Witten conformal field theories, this will be the focus of
Chapter 4. Before we are able to do this we will highlight the concepts introduced in
Section 4.2 through the example of the free boson and the free fermion conformal field
theory. We will describe how to determine normal ordering of fields in the twisted
sector of the free fermion conformal field theory via a generalised commutation
relation.
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4.3 The free boson

The current algebra for the free boson conformal field theory is given by the Heisen-
berg algebra whose central element is the scalar one. The Lie brackets are

[, Q) = N0 0- (4.33)

In the untwisted sector the generating field is given by

O(z) =Y anz ", (4.34)

neL

where the partial derivative is motivated by physical connections to an action [7].
By (4.13), it follows that the operator product expansion for this field theory is

b
(z —w)*

()W) = — 1 () O(w) : ~

(2 —w)?

To show that this field theory is conformal we must find a field that satisfies the
requirements of the energy-momentum tensor (4.25). For this we consider the field

(4.35)

T(z) = % R0 = 3N a2, (4.36)

mEZ neZ

where the second equality holds only in the untwisted sector. Using Wick’s Theorem
[7] the operator product expansion of T'(z) with itself gives

1/2 2 (w) | OT(w)

T T(w) ~ (z —w)* * (z—w)?  (z—w)

(4.37)
It follows that a copy of the Virasoro algebra with central charge ¢ = 1 is given by

1
Ly =3 D anlmn (4.38)

ne”

By the Poincaré-Birkhoff-Witt Theorem (Theorem 3.6.1) the universal vacuum
module is spanned by elements of the form

Mgk gRt0), (4.39)

a—nl —n2 -

where ny > no > -+ >n; > 0and ky, ko, ..., k;, L € N. It is a well-known result that a
Verma module of a Heisenberg algebra is irreducible and hence the universal vacuum
module contains no singular vectors. Thus there are no null fields (excluding the
zero field) in the free boson conformal field theory.

The spectrum of this conformal field theory contains all highest weight modules
of the Heisenberg algebra. Let |p) be a highest weight vector of weight p, that is

aolp) =plp),  aulp)=0  Vn>0. (4.40)
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In order to calculate the conformal dimension of the highest weight vector we use
the normal ordering formula (4.20) for Ly

1 1
Ly = 3 ; CApl_y, o = §a0a0 + Z A Q. (4.41)

n>0

Apply Ly to a highest weight vector |p) gives

Lolp) = %aoaolm = %pQ p)- (4.42)
Hence, the conformal dimension of the highest weight vector |p) is %pZ. The irre-
ducible module generated by the highest weight |p) consists of all descendent vectors,
this is the Verma module for the Heisenberg algebra with highest weight p. We de-
note this module by V,. Since the field theory should provide physically meaningful
results we restrict p to the real numbers. The untwisted spectrum of the free boson
conformal field theory is given by {V,|p € R}.

4.4 The free fermion

The free fermion is an example of a conformal field theory whose symmetry algebra
is endowed with an anticommutation relation. In this case the fields in the conformal
field theory can be fermionic or bosonic. The formalism we have introduced so far
applies only to bosonic fields. We will introduce the formalism for fermionic fields
as required. In order to relate anticommutation relations with operator product
expansions we need to define the radial ordering of two fermionic fields by

A(2)B if
—B(w)A(z) if |z| < |w|.
Now the formula (4.13) can be replaced by
(s b} = f ]f R{A(z)B(w)} 2 +ha-tgmhe1 42 00 (4.44)
o Jw 2mi 2mi’ '

The free fermion has defining field ¢(z), with conformal dimension 3, which
satisfies the operator product expansion

P(2)P(w) ~ (4.45)

Z—w

The field T'(z) = 5 : O1(2)1(2) : then satisfies the operator product expansion

1 2T(w)  OT(w)
(z—w)‘*jL (2 — w)? T

(4.46)
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Hence, the central charge of the free fermion theory is ¢ = % Equation (4.44) implies
that the modes of the symmetry algebra satisfy

{bn, b} = Bnmo- (4.47)

Since the fields have conformal dimension % in the Neveu-Schwarz (untwisted) sector,
the modes of the fields must take half integral values

P(z)= Y bR (4.48)

ne€L+3
Defining the vacuum vector as usual, the state-field correspondence implies that
U(z) — b_%|0). (4.49)
A basis for the universal vacuum module consists of elements of the form
bopyb_py by, |0), (4.50)

where n; € Z + %, ny > ng > ---n, > 0 and k € Zsg. Each term may appear
only once due to the anticommutation relation {b_,,b_,,} = 0. This phenomenon is
referred to as the Pauli Exclusion Principle [32]. There no singular vectors in the
universal vacuum module. As there are no zero modes in the Neveu-Schwarz sector,
the irreducible vacuum module, £|g), is the only allowed highest weight module.

In the Ramond sector the modes of the fields take integer values

1

W(z) = Z bz "2, (4.51)

A vector |p)r, which we assume to have no parity, is a highest weight vector in the
Ramond sector if it satisfies

bolp)r = plp)r,  balp)r =0 ¥n >0. (4.52)

Since {bg, bo} = 2boby = 1, it follows that p = i\/ig and so the only allowed highest
weight module in the twisted sector is that generated by | £ \%)T We would like to
be able to compute the energy of this highest weight vector and its descendants. To
do this we need to be able to find an expansion for Lg. In order to describe normal
ordering in the Ramond sector, we will derive a new formula called a generalised

commutation relation.

4.4.1 Generalised commutation relation

A generalised commutation relation is a formula derived from a double contour
integral involving the operator product expansion of two fields. To illustrate a useful
generalised commutation relation for the Free Fermion we begin with the expression

# 4 REG@m e w2 (453)
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By inserting the OPE of the two fields we may compute this integral directly:

1 — dz d
M[z — (@) (w)  + D)) < 4] R (- w) P
1 3 1 d
- 7{ 51+ D)+ " B ()
= %(n + g)(n + %)&H—m,()"’ : a¢¢ ‘n+m
P il )] Cile k) Stmo- (4.54)

8

Here we have made use of the fact that : ¢(w)i(w) : = 0 and the expansion

cOY(w)(w) @ = Z LY, W (4.55)

In a similar fashion to the derivation of the commutation relation in (4.13) we
can apply the definition of radial ordering to compute a relation in terms of the
modes from (4.53). We will make use of the sums:

o
if |z] > |w| : (z—w) %= Z'r’z’r’le’l,
r=1
o0
if |z < |w| : (z—w)?=— Zrzr_lw_r_l.
r=1

The integral (4.53) then becomes

n+ m—1i S —r—1 r—1ﬁd_w
7€7|{z>|w|w(z)w(w)z ) e e

r=1
- dz dw
RO E e S
0 v |z|<|w] ; 211 21
- 1 dZ 3 dw
— n— r+7 m+r—2 Y
— ;7’ ]gw(z)z 57 ?{w(w)w 5 o
. o3 dw nrsd 42
- Z %¢ 271 1/)(2) 27‘(@
= Z 7 [bn—rs10mir—1 + b 10y 1]
r=1
= Z(T + 1)[bn—rbm+r + bm—r—2bn+r+2]‘ (456)

ﬁ
Il
o
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Combining equations (4.54) and (4.56) we arrive at a generalised commutation re-
lation,

> 2n+1)(2n + 3
Z(r + 1)[bnfrbm+r + bmferbn+r+2] = aww ‘n+m +< )8( )6n+m,0-
r=0

(4.57)

Since T(z) = 3 : 9Y(w)Y(w) :, the above formula provides an expansion for the
Virasoro operators,

(2n+1)(2n + 3)
16

1 0o
n+m = 5 Z T‘ + 1 n r m—|—7" + bm r— an+r+2] 5n+m,0~ (458)
r=0

Note that these formulas hold in both the Ramond and the Neveu-Schwarz sector.

In the Ramond sector, by setting m = 1 and n = —1, we can write Lj as
1 o 1
Ly=3 ;(7’ + Db+ boabep] + 1 (4.59)

If we act with Ly on the highest weight vector |p)r, all the positive modes act on
the right annihilating |p)7, leaving only the constant term:

1
Lolp)r = 1¢Ip)r- (4.60)

Thus, the conformal dimension of the twisted highest weight state is 1/16.

4.5 Wess-Zumino-Witten models

We first introduce the operator product expansions and energy-momentum tensor of
the Wess-Zumino-Witten (WZW) model. These derivations are not produced here
since they are quite lengthy, more detailed explanations of these derivations can be
found in [37] or [7]. This thesis focuses much more heavily on the representation
theory aspects of the WZW model. In Section 4.5.2 we determine the singular
vectors that appear in the universal vacuum module. Sections 4.5.3 and 4.5jl\apply

the restrictions imposed by the singular vector to the specific WZW models s[(2) and

5/[(3\) at level k£ = 1. Finally, we present a theory for the spectrum of a general WZW
model at non-negative integer level k. The final result is that the allowed modules in
the spectrum are the integrable highest weight modules of the corresponding affine
Lie algebra.

4.5.1 Operator product expansions

A WZW model is a conformal field theory whose symmetry algebra is an untwisted
affine Lie algebra. Recall from the construction of the untwisted affine Lie algebras
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in Section 2.3 that an untwisted affine Lie algebra g is constructed from a finite
dimensional Lie algebra g. The elements of g have Lie bracket given by

(T2 T2 ] = [T I nsm + 1m0k K, (4.61)

n»“m

where K is a central element of g, & is the Killing form on g and [J¢, J?] is the Lie
bracket of g on the elements J% J* € g. The level of a WZW model is the value k
that satisfies K|0) = k|0) and we denote by g, the WZW model associated to the
affine Lie algebra g at level k.

The generating fields are constructed as series expansions of the elements of g,

JUz) = Z Jezmh (4.62)

The operator product expansion of these fields is given by

e, I w) | kR

J(2)Jb(w) ~ w G

(4.63)

If we take the basis B = {J%|la = 1,...,dim(g)} of g such that the Killing form is
orthogonal with respect ot this basis, % = §?, then the energy-momentum tensor
is given by the Sugawara construction in the form [7]:

T(z) =7 Z cJY2) T (2), v = !

Il (4.64)

where g is the dual Coxeter number of g (2.64). Evaluating the operator product
expansion of T'(z) with itself gives
5 2T(2) JT(2) _ kdim(g)

T(2)T(w) ~ e —2w)4 + G w) + — c= g (4.65)

It follows that in the untwisted sector the elements of the Virasoro algebra can be

expressed as
L,=x Z Z o (4.66)
JeeB n
4.5.2 Singular vectors

We will consider the universal vacuum module for a general WZW model g at
integer level k. By definition, the vacuum vector satisfies

JU0y=0 V¥n>0, VJ'eg (4.67)

The requirement (4.67) implies that |0) is a highest weight vector in an a g-module.
Let § have simple roots o®, o™, ... o . Suppose |0) has weight A, then writing
A in terms of Dynkin labels for g gives

A= (Ao, Ar,--A,), A= (@@ A). (4.68)
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Equation (4.67) implies that the E; ot ) = 0 for all non-affine simple roots (i.e.
i =1,2,...,r). Hence, the Dynkin label A; = 0 for ¢ € {1,--- ,r}. By equation
(3.38) this implies that & = Ay. In summary, |0) has weight given by the Dynkin
labels (k,0,...,0).

From Section 3.6.3 we know that the element (EY)**1|0) is annihilated by all the
positive simple roots of g. By definition (4.31), (E?,)*"1|0) is therefore a singular
vector of the universal vacuum module.

A particularly important descendent of this singular vector is the null vector

(E7))*0). (4.69)

This vector can be seen to be a descendent of (E? )**1|0) by acting with (E; )¢+,
or by analysing the structure of the g-module generated by the action of the hori-
zontal subalgebra on (E?,)**1|0).

By equation (4.30) the state-field correspondence maps

LB 2) s e (BT 0), (4.70)

where : (E~%)**1(2) : is the normal ordered product of k+1 copies of E~%(z). Hence,
: (E79%1(2) 1 is a null field. If V is an allowed module, by Proposition 4.2.1 we
require

(BT )y =0 Vn, V) eV (4.71)

In order to determine the allowed highest weight modules in the untwisted sector
we must analyse the implications of (4.71). We will do so for specific examples in
the next two sections before developing the theory for the generalised case in Section
4.5.5. These examples will form the basis for our approach to understanding the
allowed modules in the twisted sector in Chapter 5.

4.5.3 Allowed highest weight modules: s[(2),

Recall the construction of 5/[(2\) in Section 2.3. The simple roots are given by a(?) =
(—a,0,1) and o™ = (a, 0, 0) where a is the positive root of the horizontal subalgebra
which is isomorphic to s[(2). Since « is also the highest root of the horizontal
subalgebra, we have § = a.. The null vector from (4.69) is given by

(EZ1)%10). (4.72)

Under the state-field correspondence : E~%(2)E~%(z) : + (E~{)?0) so that the
corresponding null field is : E=%(2)E~%(2) .

Let us consider an s[(2)-module V. Applying the formula for normal ordering in

the untwisted sector (4.20), the requirement (4.71) for V' to be an allowed module
becomes

(Y EES, 4> B E ) =0  VmeZ V) eV (4.73)

n<—1 n>0
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This provides infinitely many requirements on every element of the module V. For-
tunately, we only need to consider this requirement for certain values of n on specific
vectors of V' to fully determine the allowed modules. We will show through this ex-
ample which requirements are important and in Section 4.5.5 provide a discussion
about why these conditions suffice.

A highest weight vector |\) € V with weight A satisfies the requirements

EjIN) = E.%N) = Hi I\ =0 V>0,  EFIA) =0,
H[A) = MlA), K[A) = k|A),

where A has Dynkin labels (Ag, A\1). By equation (3.38) it follows that A\g = k — A;.
Hence, for k fixed there is only one degree of freedom in the possible Dynkin labels
of |A).

Setting m = 0 in the requirement (4.73) with |v) = |\) we find

E;“Ey“|A\) = 0. (4.74)

By the analysis of sl(2) representations in Section 3.5.2 this requirement implies
that Ay =0 or \; = 1. So there are two possible allowed highest weights

A) = (1,0) and |\) = (0,1)

The first weight is that of the vacuum vector for £ = 1 and the second is the highest

—

weight of the other integrable highest weight s[(2) module at k& = 1.

We have shown that E;® acts a finite number of times on the highest weight
vector |A). We now consider whether or not £, must act a finite number of times.
For A = (1,0), from Section 3.3.2 we know that the singular vector (E%;)?|\) satisfies

JYE*)? Ny =0 VYn > 0.
Hence, requirement (4.73) gives
Ey“Ey*(E*)?*|I\) = 0. (4.75)

If |\) has Dynkin labels (1,0), then (E,)?|\) must have Dynkin labels (—3, 4) since
o = 2A ) — 2A(). If (E2))?|\) is non-zero, E;® will be able to act on (E%;)2|\)
at least four times without annihilating. This contradicts (4.75) and so we require
(E2))?|\) = 0. From our study of integrable highest weight representations in
Section 3.3.2, this implies that the only allowed highest weight module with highest
weight Dynkin labels (1,0) is the integrable highest weight module. This is the
irreducible vacuum module L.

We now repeat this process for the highest weight vector, |A), with Dynkin labels
(1,0). Applying (4.73) to the singular vector E%,|\) gives

Ey“Eg*(E%)|A) =0. (4.76)
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The Dynkin labels of (E%,)|\) are (—1,2). We require (E%)|\) = 0, otherwise E;“
will be able to act two times upon (E%;)|\) without giving zero. Therefore, the
only allowed highest weight module with highest weight Dynkin labels (0, 1) is the
integrable highest weight module.

To summarise, we have shown for 5/[(2\) , that the allowed highest weight modules
are restricted to the integrable highest weight modules at level £ = 1. This is true
for all WZW models at any integer level k, these results will be presented in Section
4.5.5. First, we will repeat this process to determine the allowed highest weight

modules in the 57(3\) WZW model at level one. This example will be important

when we determine the allowed modules in the twisted sector of 5/[(3\) in Chapter 5.

4.5.4 Allowed highest weight modules: 5?(5)1

From Section 2.3 we know that 5/[(3\) has simple roots given by a(® = (—6,0,1),
al = (,0,0) and o® = (5,0,0). Here a and 3 are the simple roots of the
horizontal subalgebra which is isomorphic to s[(3) and § = o+ 3 is the highest root.

The coroots of 5/[(3) are all one so that (3.38) implies that a highest weight module
with highest weight Dynkin labels (Ag, A1, A2) has level & = Ao + A1 + As.

From (4.70) the 5/[(3\)1 WZW model has a null field given by
CET)E7(2) (4.77)

Applying the normal ordering formula (4.20) in the untwisted sector, the requirement
that : E=%(2)E~%(2) : is a null field can be written as

(Y EES 4> ESLE ) =0 VmeZ, Yp)ev, (4.78)

n<—1 n>0
where V' is an allowed module. If we let |v) satisfy the requirement
Jelv) =0 VYn > 0, (4.79)
then equation (4.78) for m = 0 gives
E;'E;%v) = 0. (4.80)

Requirement (4.79) includes all elements in V' that are generated by the action

of the horizontal subalgebra of 5/[(3) on a highest weight vector |\). Since the
horizontal subalgebra is isomorphic to sl(3), it follows that the module generated
by the action of the horizontal subalgebra on |\) is an s[(3)-module. Furthermore,
it must satisfy the requirement (4.80). The only highest weight s[(3)-modules that
satisfy these requirements are the integrable highest weight modules with highest

—

weights A = (0,0), A = (1,0) and A = (0,1). Extending to an sl(3) highest weight
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module at £k = 1 the highest weight vector has three possible weights with Dynkin
labels

A=(1,0,0), A=(0,1,0) or A=(0,0,1). (4.81)

To show that only the integrable highest weight modules are allowed, for each
highest weight it remains to show that the singular vector (EY,)**1|\) is set to
Zero:

(E? ) THA) = 0. (4.82)

From Section 3.6.3 we know that J¢(E?,)**1|\) = 0 for all n > 0. Thus (E%,)**+|)\)
must also satisfy (4.80),

(E3")*(BL) ) = 0. (4.83)

The weight of (E?,)**|\) is given by A — (Ao +1)a(®. Since a(®) = (2, -1, —1) with
respect to the fundamental weights, it follows that the Hl = HS + Hj eigenvalue
of (E? )*F1|\) is A; + Ay +2(\g + 1). This is clearly greater than one for all of the
above highest weights and so in order for (4.83) to hold Xe\require (4.82). Thus, the

only allowed modules are the integrable highest weight sl(3)-modules at level k£ = 1.

4.5.5 Allowed highest weight modules: general case

We now present the general case for sl(3), Wess-Zumino-Witten model at positive
integer level k. The universal vacuum module contains the null vector

(E? )% 10). (4.84)

Under the state-field correspondence this vector corresponds to the (k + 1)-th nor-
mally ordered product of E~%(z)

(BTN (2) (4.85)

By iteration of the normal ordering formula this gives the following requirement on
a highest weight vector:

(Eg )N = 0. (4.86)

It follows that the module generated by the action of the horizontal subalgebra on
the highest weight vector |\) is isomorphic to an s[(3)-module with highest weight
A = (A1, A), where Ay, Ay € Z>g and Ay + Ay < k. The second requirement comes
from the fact that the H = Hg + Hg eigenvalue on A must be less than or equal
to k. The possible weights of the highest weight vector |A\) in a highest weight

—

s[(3)-module at level k are therefore

{(k‘ — /\1 — /\2, /\1, /\2)|/\1, /\2 - ZZ(),Al + AQ S k’} (487)
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To show that the only allowed modules are the integrable ones the singular vector,
(EY ) *L|\), associated to each weight A must satisfy

(E? )T\ = 0. (4.88)
Since it is a singular vector, (4.71) implies that
() B )TN = 0. (4.89)

The Dynkin labels of the weight of the vector (E?,)**L|)\) are (—=Xg — 2, \; + Ao +
1, 2+ Ao+ 1). The HY eigenvalue is the sum of the second two Dynkin labels,

M+ A +2(N+1). (4.90)

Since this is clearly greater than k for all weights in (4.87), the requirement (4.89)
implies that (4.88) must hold. Therefore, the only allowed modules at level k are
the integrable highest weight modules.

We now present some theorems that are important in determining that we have
considered all requirements imposed on the allowed module by the null fields of the

—

s[(3), model. We have considered only the requirement from (4.71) corresponding
to n = 0. The following theorem which is a result of [38] implies that this is the
only requirement we need to consider.

—_

Proposition 4.5.1 If V' is a highest weight module of sl(3), with highest weight
vector |\) that satisfies the requirement : (E=9)*1 .o |\) = 0, then the requirement
D (E-OkL o) = 0 is satisfied for all [v) € V and n € Z.

Furthermore, we are only considering one null field (4.70) in our analysis of the
allowed modules of the spectrum. However, if this null field behaves as zero on an
allowed module, all other null fields behave as zero [14].

Proposition 4.5.2 Suppose |[v) € ((EZY)5*1|0)) and let A(z) be the field associated
with |v) under the state field correspondence. Then A(z) is a null field, and for any

vector |w) in a highest weight sI(3), module we have
A(2)pJw) =0 VneN if S(ETO(2)  lw) =0 VneN (4.91)

The properties of representations of affine Lie algebras as presented in [19] ensure
that ((E-9)*1(0)) = ((E?,)**!0)) in the universal vacuum module. Hence, by
considering only the requirements arising from the null field : (E~%)**1(z) :, the
requirements imposed by all other null fields are satisfied. We have arrived at the

conclusion that the allowed modules of the s[(3), model for positive integer values

—

of k are the integrable highest weight sl(3)-modules at level k.
In fact, a similar argument holds for all WZW models at positive integer levels
[9, 27]. We conclude this section with the following theorem.

Theorem 4.5.3 Let k € N and g be an untwisted affine Lie algebra. Then the
allowed highest weight modules in the untwisted sector of the WZW model given by
g, are exactly the integrable highest weight modules of g at level k.



68

Chapter 4. Conformal field theory




Chapter 5

Twisted sector of
Wess-Zumino-Witten models

This chapter will introduce the twisted sector of the WZW models and analyse
the allowed modules in the twisted sector at positive integer levels. We will intro-

duce this process for the g(?) , model and derive the result for level k& = 1 before
generalising to all positive integer levels.

Central to these calculations is the generalised commutation relation which de-
scribes the normal ordering in the twisted sector. We will highlight the consequences
of this formula at level k£ = 1 to determine that the only allowed highest weight mod-
ule in the twisted sector is the integrable highest weight Aéz)—module. We use the
generalised Wick theorem to extend the generalised commutation relation to ar-
bitrary numbers of normally ordered fields under certain conditions. This will be
sufficient to restrict the allowed highest weight modules at each level to the inte-
grable highest weight Ag)—modules.

This method can then be extended to any grx WZW model, where the finite
dimensional simple Lie algebra g has a non-trivial automorphism of its Dynkin
diagram. We will outline this approach and determine the requirements needed to
conclude that the only allowed modules in the twisted sector of a WZW model,
for a given positive integer k, are the integrable highest weight modules of the
corresponding twisted affine Lie algebra.

5.1 Introduction

Consider the WZW model, g; of the untwisted affine Lie algebra g at level k. We
have seen in the untwisted sector of the WZW model that the generating fields take
integral mode values:

JUz) = Z Jez L

nez

We would now like to consider whether a twisted sector of the WZW model
exists. For this to be the case we require some of our fields to have non-integral
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indexed modes, but the Lie brackets must have the same form as the original affine
Lie algebra g.

We may construct the twisted sector via an automorphism of the finite dimen-
sional Lie algebra g from which the affine Lie algebra g was constructed (see Section
2.3). Let 0 : g — g be a Lie algebra automorphism of finite order N. As shown in
Section 2.4.1, this automorphism creates a decomposition of g into the vector space
direct sum of o eigenspaces:

N-1
0=y, gn={zrecgol@) ="}, (9,97 €86+ moam- (5.1)
j=0

By extending to a loop algebra and adding a central extension, we construct an
affine Lie algebra, which we will denote by g,, that is spanned by the elements

{JalJ" € gym € Z+ .} U{KD, (5.2)

where J? := J* ® z". The non-trivial Lie bracket on g, is given by

[T T8 = [T I s + 10nsm ok K, (5.3)

n»“m

where k% = k(J?, J?) is the Killing form on g. Hence, the Lie bracket on g, is the

same as the Lie bracket for the untwisted affine Lie algebra g (4.61). Thus, we are
able to define a twisted sector of the WZW model g, where the generating fields are
given by

Jz)= > Jiz"h It egy

n€Z+%

Since this construction holds for every automorphism on g, it is a reasonable
question to ask: “Which automorphisms will yield a reasonable twisted sector?”.
The answer to this question is not entirely obvious. However, if we recall from
Section 2.4.1 that the outer automorphisms (i.e. the automorphisms generated by
Dynkin diagram automorphisms) generate the twisted affine Lie algebras, it is a
natural question to ask what the spectrum in the sector defined by these automor-
phisms looks like. Since no other automorphisms generate new affine Lie algebras, it
should be the case that the entire twisted sector can be understood from analysing
the twisted sector corresponding to the outer automorphisms.

Before we continue along these lines it is worth noting that any twisted sector
can be related to an automorphism ¢ on the Lie algebra g via the identification

T2 = o (J)uz (5.4)

In this way, we highlight the correspondence between boundary conditions on the
twisted sector and automorphisms on the Lie algebra g.
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5.2 Generalised commutation relation

In order to analyse the properties of the twisted sector, we first need a relationship
that describes how modes are expanded in a normal ordered product of fields. As
shown in Section 4.4.1, one way of doing this is to determine a generalised com-
mutation relation. We now determine a generalised commutation relation for the
WZW models using the same method as for the free fermion in Section 4.4.1. We
can write the operator product expansion of two fields J%(z) with J°(w) as follows

7ab . J[a,b]
R o)

() 1 (w) = (z —w)? Z—w

4 Jw) S (w) : + O((z — w)).

The normal ordered product : J%(w)J’(w) : is given by the constant term in the
OPE above. To derive an equation involving this term we evaluate the contour
integral

dz dw
R{J*(2)J" —w) e = — 5.5
$ § BT -0y e S (5.5)
Following the same process as for the free fermion, we arrive at the relation
0 —abk, 1
Z[Jz—rjfn-i-r + J&—r—l‘]s-i-r-i-l] = - ‘]an ‘n+m +%6m+n,0
r=0
d
+ D) T (5.6)
c=1

This is a generalised commutation relation for the WZW models, it holds in both
the twisted and untwisted sectors. Notice that in the case of n = —1 we retrieve the
usual normal ordering formula for the untwisted sector:

[e.9]

: Jan ‘m—1 = Z[Jfr_ngHr + Jg@—r—l‘];}L

r=0
= =Y YT (5.7)

r<-—1 r>—1

Application: Virasoro modes

For this section we will assume that the automorphism o is of order 2. This is a
reasonable assumption since only one Lie algebra, namely D,, has an outer automor-
phism that is not of order 2 (see Table X on pg. 188 of [22]). We now outline some
important calculations that can be performed with the generalised commutation
relation. Recall that the energy-momentum tensor (4.64) is given by

T(z) = 72 s JY2)JY2) L

Y= Wt g) (5.8)
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where the summation of J® is over a basis of g which is orthonormal under the
Killing form on g. By Proposition 2.4.1 the Killing form satisfies (g0}, gpy) = 0.
Hence, the summation in (5.8) can be separated into a summation of elements from
gjo] and another summation of elements from g

() =7 Y JU2)J2) 4y D TY2) (=) : (5.9)

J“Eg[ol J“Eg 5]

Note that this is an abuse of notation since we are only summing over the basis
elements from each of the eigenspaces g and g(;), not the entire space. For simplicity
we will tolerate this abuse of notation. We can find an expansion for the Virasoro
modes by expanding each of the normal ordered products using (5.6).

We already have an expansion for the fields from the gy sum given in (5.7). So
it remains to find an expansion for the normal ordered product of : J*J%(2) :, where
J* € gpy). Since J¢ is taken from an orthonormal basis with respect to the Killing
form, we have R = 1. The generalised commutation relation (5.6) gives

- kn(n +1
ANA ‘nt Z[‘Jz r‘]na’b—i-r + ‘]7?1—7‘—1‘]7?—&—7"—%1] - %57714‘”70' (510)
r=0

We can now construct the Virasoro algebra in terms of modes of the affine Lie

algebra A§2). Setting n = —% and m = % we find

k
L JOJ =2 TS (5.11)

TEN—§
This gives an expansion for the Virasoro operator L

(SIS g+ g S Ry e g’}) (5.12)

Jregp r<—1 r>—1 Jeegn  r>1

We can now compute the conformal weight of a given state. Suppose |A) is a highest
weight vector in a highest weight module of the twisted affine Lie algebra. Then
H§|A) = A*|A) for all Cartan subalgebra elements H® that are included in the
summation over the basis for gjg and J¢|\) = 0 for all n > 0. The conformal weight
of |\) is given by

Lo|v) = ~( Z AN+ Z (5.13)

H‘LEQ[O] J“Eg
_ ZHaeg[O](XI)Q n dlm(g[l])k (5 14)
2(k +g) 16(k+g) '

Here, g is the dual Coxeter number of g. The reader interested in these results
should compare this equation with equation (15.87) in [7]. We now move on to
analyse the structure of the spectrum in the twisted sector.
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5.3 Twisted sector for sl(3),

The simplest Lie algebra with an outer automorphism is sl(3). This outer automor-
phism acts by switching the two simple roots, the twisted affine Lie algebra that it
generates is AéQ). For a review of the structure of this Lie algebra see Section 2.4.3
and for a construction of its integrable highest weight modules see Section 3.5.4 .
Correspondmgly, the simplest WZW model with a twisted sector has symmetry

algebra 5[(3) and the twisted sector will have symmetry algebra A( To begin with

we will analyse the allowed A2 %) _modules in the twisted sector at k = 1. Once we
have done this we generalise the process to any positive integer level k£ by using
induction.

5.3.1 Level k=1

Recall from Section 4.5.2, that the universal vacuum module for sl(3), contains a
singular vector given by

E° E? |0). (5.15)
By the state-field correspondence
CEBY(2)E°(2) : — EY E°,|0), (5.16)

so that : EY(2)E?(z) : is a null field. Thus for any vector |v) in an allowed module

(in the twisted or untwisted sector) of s[(3), we have
CE°EY o, vy =0 Vn. (5.17)

We have seen that in the untwisted sector this relation implies that the allowed
highest weight modules are the integrable ones.

Let us now analyse the restriction (5.17) on the allowed modules in the twisted
sector, to do this we will use the generalised commutation relation (5.6) to expand
the normal ordered product : E?E? :,,. Note that OPE of E?(z) with itself is non-
singular, that is

E°(2)E®(w) ~ 0, (5.18)

so that generalised commutation relation (5.6) for EY(z) with itself is given by

MBS B A+ E) L EN )= E'E (5.19)
r=0
Applying this to (5.17) yields

o0

M IE) LB, +E) BN, =0. (5.20)

r=0
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Suppose |v) is an element of a highest weight module in the twisted sector such
that |v) is annihilated by all positive modes

Jiv) =0 Vn>0. (5.21)
Setting n = m = —1 the requirement (5.19) on |v) reduces to
E? L E% 1 |v) =0 (5.22)

If we consider the submodule generated by the action of EY ; upon |v), the require-

2
ment (5.21) and (5.22) imply that this module is isomorphic to an sl(2)-module
with dimension one or two. Since EY, is the negative root vector of the affine root

2
a® of AgQ) it follows that the affine Dynkin label of |v) is either zero or one. So if
the vector |v) has A§2) Dynkin labels, (vg,v;), then requirement (5.22) implies that
vo=0or vy =1.
Suppose that |A) is a highest weight vector in an A§2)—module:

JIA)y =0 Vn >0, E5|\) =0, (5.23)

where E} is the non-affine simple root vector of Ag) in a Chevalley basis (2.35).
Consider the module generated by the action of the horizontal subalgebra of Ag) on
|A). We call this module the zero grade module and all vectors in this module zero
grade vectors (note that all zero grade vectors satisfy (5.21)). Since the horizontal
subalgebra is isomorphic to s[(2), this module is a highest weight s[(2)-module gen-
erated by the action of E; ' on |\). If |\) has highest weight A then the weight space
of this module is given by the following diagram.

Byt Byt E;!
. /\./\./—\.
A —2aM A —a® A

If A has Dynkin labels (Mg, A1) then requirement (5.22) implies that \g = 0 or Ag = 1.
Since the formula for the level (3.44) is given by k = 2Ag + A;. This means that the
possible highest weights are (0,1) or (1, —1).

In the case of (1,—1), the non-affine Dynkin label is —1 and E;' will not anni-
hilate |\). Since o) = —Ag) + 2A(1), the affine Dynkin label of the weight A —
is 2. However, E;'|)\) satisfies (5.21) indicating that it should have affine Dynkin
label 0 or 1. Thus, the highest weight (1, —1) is not allowed.

This leaves only (0,1), in this case the integrable s[(2)-module generated by
the action of E;' on |\) has dimension two. The weight of the vector E;'|)\) is
given by (1,—1) which is allowed since its affine Dynkin label is one. We must
set (Ey1)2|\) = 0, since the affine Dynkin label of the weight A — 2V is two.
Furthermore, (5.22) also implies (E?, /2)2|)\> = 0, the only way this can occur with
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Ao = 0 is if Efl/2|)\> = 0. Hence, the only allowed module is the integrable A§2)-
module with highest weight A = (0, 1).

We remark now that the condition of integrability arose from requirement (5.22).
This enforced that the affine Dynkin label of all weights in the zero grade module
must be non-negative integers less than k£ + 1. Since the action of the non-affine
negative simple root vector increases the affine Dynkin label, it may only act a
finite number of times (in fact it may act at most k times) without annihilating the
highest weight vector. Requirement (5.22) also implies that we can only act with the
negative affine root vector a finite number of times (again at most k times) before
annihilating the highest weight vector. Thus, the module most be integrable. We
will use this idea to extend our analysis to higher integer levels.

5.3.2 Positive integer levels

At level £ = 1 we had a singular vector in our universal vacuum module given by
E? E?,|0),which corresponded to a null field : E(2)E%(2) :. For a general positive
integer level k the 5/[(?) . universal vacuum module has a singular vector (E?,)*1|0).
The corresponding the null field is : (E£%)**1(2) :, the normal ordered product of k+1
copies of E?(z). Thus, in order to extend our analysis of the twisted sector to all
positive integer levels we require a formula for the normal ordered product of an
arbitrary number of copies of E%(z).

Extending the generalised commutation relation

In order to determine a formula for : E¥*1(z) : we start by noting that E%(2)E?(z) ~
0. By the application of the generalised Wick Theorem in Appendix B, this implies
that

E%(2) : (BE))"(w): ~0, (5.24)

for all n € N. This is very useful since we can apply this to evaluate the contour
integral

§§ ECLEV®) s £

w z—w 211 2
ff&ﬂwwwmwwlm%wzm
= 2w —
0 Jw z—w 2my 2me

:7{: (E%)F1(2) :wn-l-m—f—k:d_U)‘
0

271
= (Ee)’ngl ‘ndm -
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The last line follows since the conformal weight of : (E?)**1(z) :is k + 1. If we
instead calculate the contour integral by applying radial ordering we get

Ee . 0k :
y{j{ (Z) (E) (w) Zn+1wm+k_1£d_w
0Jw Z—Ww

21 2me

=> f B(2) L (B ) s w1 2L

p— 2w Jy 2m
- dw dz
. E9 k . m+kr2_%E0 n+l+r 7%
D R ) A=

:Z[Ez—r : (Eg)k mepr (Ee)k(w) ‘m—r—1 Ez+r+1]‘
r=0

Thus we have an iterated version of the generalised commutation relation:

o0

: (Eg)k—H ‘ntm= Z[EZ—r : (Ee)k im0 (Ee)k(w> ‘m—r—1 Ez+r+1}' (5.25)

Allowed modules at positive integer levels

Following the steps taken at level £ = 1 we would like to analyse the action of
: (E%)*1(2) : on a zero grade vector |v). We make the hypothesis that

(EYH o o) = (7)) (5.26)

This is obvious in the case k = 0 and has already been proved for £ =1 (5.22) . In
order to proceed inductively we also make the assumption

(BN o) =0, (5.27)
for all n > # This is also readily verified for £k = 1 from the generalised
commutation relation (5.19). We make the inductive hypothesis that for any given

k, (5.26) and (5.27) hold for £ — 1. We may now apply the iterative generalised

commutation relation (5.25) with n = —1 and m = —%

CEY L o) = By (B0 o) = (52,4 o).
Similarly for n = —% and m > —g we find
(B o) =0,

for all m' > —@. Thus by induction (5.26) and (5.27) hold for all k£ € N.
We may now use formula (5.26) to analyse the allowed action of EY, on a zero

2
grade vector. For k € N the null field : (E?)**1(2) : implies

(Ef%)k+1|v> =0. (5.28)
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Suppose the zero grade vector |v) has weight given by the Dynkin labels (vg,v;)
in a highest weight A{’-module. Then (5.28) means that the Dynkin label vy €
{0,1,2,...,k}. Hence, all the weights in the zero grade submodule must have affine
Dynkin label from {0, 1,..,k}. In particular if |A) is a highest weight vector whose
weight A has Dynkin labels (Ao, A1), we must have Ay € {0, 1,2, ..., k}. Furthermore,
the zero grade module is an s[(2)-module with highest weight A;. Since the simple
root a' = —A() + 2A(y) it follows that the Dynkin labels of the Af) weights of the
zero grade module are given in the diagram:

. 0/\./\./\.
(Ao +2, A — 4) Ao+ 1,A1 —2) (Ao, A1)

The fact that the affine Dynkin labels of all the weights in the zero grade module
must take values from {0, 1,2, ..., k}, enforces that

(Eg D)2t N\ =0, = (E;H)MTA) =0 and A\, € {0,1,....k — Xo}.  (5.29)
We also have the requirement

(Ef%)’““M) =0, = (Ef%)““|)\> =0 and X\ € {0, 1, ..., k}. (5.30)

By Theorem 3.3.1 these two requirements imply that the highest weight Ag)—module
generated by |A) must be integrable.

Of course, we must remember that not all highest weights that satisfy these
requirements are allowed at level k. The level of the highest weight module is given
by k = 2\g + A1. However, it is clear from this formula that all integrable highest
weight AéQ)—modules at level k satisfy the requirements (5.29) and (5.30). Thus, for
integer level k we have restricted the allowed modules in the twisted sector of the

—Z

s[(3), model to the integrable highest weight Ag)—modules at level k.

5.4 A general twisted sector for WZW models

Having completed an analysis of the twisted sector of the sf(?) r, WZW model at
positive integer levels we would now like to construct a general theory for the twisted
sector of WZW models at positive integer levels. We begin by making the following
proposition.

Proposition 5.4.1 Suppose that g is a Lie algebra with an outer automorphism
o. Let g, be the twisted affine Lie algebra corresponding to o. Then the g, WZW
model for integer level k has a twisted sector whose allowed modules are the integrable
highest weight g,-modules at level k.
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In order to prove such a proposition we will follow the steps taken for sl(3),.
The key to determining the allowed modules in the twisted sector was analysing
the action of the negative affine root vector EY , on the zero grade elements of the

N

highest weight A§2)—modules.

Firstly note that the generalised commutation relation (5.6) is derived in gener-
ality and so holds for all WZW models. So does the iterated version of this formula
for E%(z) in equation (5.25). Thus, if we can prove that E%(z) € gpyj with respect
to o, then we can apply this formula to determine the action of the negative affine
root vector on the zero grade elements of the g, highest weight modules.

Conjecture 5.4.2 Let g be a Lie algebra with highest root 6. Let o be an outer
automorphism on g. Then E° € g with respect to the gradation of g generated by
.

The proof of this is not yet complete. We know that as an automorphism of the
Dynkin diagram, o preserves the comarks of the simple roots so that ¢(0) = 6. This
proves that EY is an eigenvector of o, we are yet to prove that it must belong to the
eigenspace gj;). Since all outer automorphisms on finite dimensional Lie algebras are
known, it should just be a matter of computation to check that this property holds.
So far we have checked the simplest cases of Ay A3, A4 and As.

Given that EY € gp) we may repeat the analysis of Section 5.3.2. Letting N be
the order of o, for a zero grade element |v) this yields

B o) = (B2 o) (531

At integer level k the vacuum module of g has a singular vector given by (E?,)¥+1]0),
which maps under the state field correspondence to the null field : (E?)k*1(2) ..
Applying (5.31) then gives

(B2 ) v) =0. (5.32)

This implies that |v) has affine Dynkin label vy, where vy is a non-negative integer
less than k. In particular a highest weight vector |\) must satisfy

Ao € {0,1,..., k} (5.33)

The action of the non-affine negative simple root vectors upon |\) generate the
zero grade module. Since the untwisted affine algebra is simple, or equivalently the
Dynkin diagram is connected, it follows that if any negative simple root can act
infinitely many times the Dynkin labels of all simple roots will be unbounded. This
can be seen by applying induction on the simple roots connected to a simple root
whose negative root vector can act infinitely many times. However, as shown above
the Dynkin label of the affine root is bounded on the zero grade module, hence the
non-affine negative simple root vectors may only act a finite number of times upon
the highest weight. Since the affine root may also only act a finite number of times
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on the highest weight by (5.32) this is enough to ensure that the module must be
integrable.

So, short of proving the conjecture, we have proved that all the allowed modules
must be integrable. However, Proposition 5.4.1 also asserts that all integrable mod-
ules at integer level k are allowed. The proof of this is a bit technical and has not
been verified for all twisted affine Lie algebra, but we present an outline of it here
for completeness. Combining some formulas from [22], we propose a formula for the
level of a twisted affine Lie algebra as a sum of the highest weight Dynkin labels,

N T
k== al\, (5.34)
% =0
where a) are the dual Coxeter labels for g, and N is the order of o. Furthermore,
the dual Coxeter labels, a;, of the affine Lie algebras are all positive integers. We

can also write the highest root € of g in terms of the dual Coxeter labels

r

0=> ala?’ (5.35)

1=1

Hence the HY eigenvalue of |)\) is given by
(6,0 => a/\. (5.36)
i=1

Now, if Conjecture 5.4.2 is true, then the action of E;” on |\) generates an sl(2)-
module with highest weight (6, A). The vector in this module that is annihilated by
Ey? is also annihilated by all other non-affine negative roots and thus is a lowest
weight vector of the zero grade module. It will therefore have the highest affine
Dynkin label since the action of any negative simple root vector increases or doesn’t
change the affine Dynkin label. So to show that a given integrable module is allowed,
it suffices to show that this vector has affine Dynkin label less than or equal to k.
By (5.35) the affine Dynkin label of 6 is given by

0=> al|A", (5.37)
=1

where A is the Cartan matrix of g. It follows that the affine Dynkin label of the
lowest weight vector is

Ao+ (6,0)) a)|A”), (5.38)

=1

but from (5.34) we have

N < N
b= N+ — > al N = No+ —(0.). (5.39)
0 5—1 0
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To show (5.38) is less than or equal to k it suffices to show

Ev > af|A").
o i=1
But this is easily verified to be true by checking the Dynkin diagrams of all the
twisted affine Lie algebras, see [22].

This completes our discussion of the spectrum in the twisted sector of the WZW
model. In the conclusion we will summarise the results found and indicate areas for

future exploration.



Chapter 6

Conclusion

We began in Chapter 1 with an overview of the fundamental concepts of finite dimen-
sional simple Lie algebras and an introduction to Kac-Moody Lie algebras. Impor-
tantly every finite dimensional simple Lie algebra can be determined from a Cartan
matrix via the Chevalley-Serre construction (Theorem 2.1.1). The Kac-Moody Lie
algebras are a more general class of Lie algebras generated via a Chevalley-Serre con-
struction on a generalised Cartan matrix. The untwisted affine Lie algebras are a
special example of a Kac-Moody Lie algebra and can be realised via a loop construc-
tion on a finite dimensional simple Lie algebra. The twisted affine Lie algebras are
also constructed via a loop construction, but this time with respect to the gradation
of a finite dimensional simple Lie algebra imposed by an outer automorphism.

In Chapter 2 we introduced the fundamental concepts of representations of the
class of Kac-Moody Lie algebras. In particular we introduced the concept of in-
tegrable highest weight modules. We showed that if A is the highest weight of
an integrable highest weight module then each Dynkin label, A;, of A must be a
non-negative integer and furthermore that

(E~HA Ty, = 0. (6.1)

In the case of finite dimensional simple Lie algebras all finite dimensional modules
can be decomposed as a direct sum of integrable highest weight modules. We also
determined the structure of an integrable highest weight module in tlwse of affine
Lie algebras and gave examples for the untwisted affine Lie algebra s[(2) as well as
the twisted affine Lie algebra Af) .

In Section 3.6 we introduced the concepts of the universal enveloping algebra,
Verma modules and singular vectors. We showed that for a highest weight module
with non-negative integral Dynkin labels the vector

(E=)AH oy, (6.2)

is a singular vector of the Verma module V). We completed the section by intro-
ducing a theorem by Kac [19] that states that the quotient of the Verma module
by the module generated by all singular vectors of the form (6.2) is the irreducible
integrable highest weight module with highest weight A.

81
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In Chapter 3 we began by motivating the existence of an infinite dimensional
symmetry algebra called the Virasoro algebra in two dimensional conformal field
theory. We then introduced the fundamental concepts of two dimensional confor-
mal field theory such as the operator product expansion and normal ordering. In
particular, we introduced the concept of an untwisted sector where the fields are
Laurent polynomials in z and z~! and a twisted sector where some of the fields have
expansions in non-integral powers of z. We illustrated these concepts through the
examples of the free boson and free fermion. Of importance was the use of a gener-
alised commutation relation in the free fermion theory to describe normal ordering
in the twisted sector.

In Section 4.5 we introduced the Wess-Zumino-Witten models which are a class
of conformal field theories with symmetry algebras given by the untwisted affine Lie
algebras. We used the results of Chapter 2 to show that a WZW model at level &
has a singular vector in the universal vacuum module given by

(EZ))*0) (6.3)

In the case of 5/[(2\) and 5/[(3\) at level £ = 1 we demonstrated that this singular
vector restricts the allowed modules in the spectrum to the integrable highest weight
modules. We completed Chapter 3 by summarising a general approach to determine
that the allowed modules of the WZW models at positive integer levels are given by
the integrable highest weight modules of the symmetry algebra.

In Chapter 4 we introduced the twisted sector of the Wess-Zumino-Witten model
gr. We showed that the twisted sector corresponds to automorphisms on the Lie
algebra g and that the twisted symmetry algebra is the affine Lie algebra constructed
from the gradation imposed by these automorphisms. We then focused on the
outer automorphisms which generate the twisted affine Lie algebras. We derived a
generalised commutation relation for the WZW models and used this to construct a
copy of the Virasoro algebra in terms of the modes of the twisted affine Lie algebra.

Using the singular vector from (6.3) and the generalised commutation relation

we determined that the allowed modules in the twisted sector for s((3), are restricted

to the integrable highest weight module of the twisted affine Lie algebra A§2). We
used the generalised Wick Theorem (Appendix B) to show that this result holds for
all positive integer levels.

We finished by arguing that this result holds for all WZW models at positive
integer levels. In particular, if we can show that E? € gy for all outer automor-
phisms on a finite dimensional simple Lie algebra then our argument is complete.
This result may be able to be proved directly or could be determined by explicitly
computing the eigenvalue of E? for all outer automorphisms since there are a finitely
many series of outer automorphisms, see pg. 188 of [22] for a list. The result of these
computations will either consolidate the arguments made in this thesis or provide
examples where we may expect to see some more complex behaviour. This would
be a good starting point for further research in this area.
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Future work

For further investigation into the twisted sector of WZW models I suggest starting
by considering the case of an automorphism other than the outer automorphisms.
From the construction in Section 5.1 there is no reason that a general automorphism
should not give rise to a twisted sector. It would be interesting to determine whether
the twisted sector of a general automorphism exists, and if it does: “What does its
spectrum look like?”. The spectrum of a general automorphism should be able to
be explained in terms of the allowed modules of the untwisted and twisted affine Lie
algebras. How this occurs is not particularly obvious and is a question that needs
to be answered in order to fully determine the twisted sectors of the WZW model.

As mentioned in Chapter 3 there are standard representation notions that have
not been introduced here, such as characters of modules, which act as generating
functions for dimensions of weight spaces. Understanding and computing these
functions for the integrable highest weight modules of twisted affine Lie algebras
will give a more complete understanding of the twisted sector.For example, in the
untwisted sector the WZW characters span a unitary representation of SL(2,7Z). It
is unclear whether this is still true if the twisted characters are included.

It is important to mention that we have restricted ourselves to considering the
allowed modules enforced by a the existence of a singular vector in the universal
vacuum module. To construct a conformal field theory there are other concepts that
must also be determined. For example, to construct a space of states we must work
out a fusion product that allows us to tensor copies of allowed modules together.
This product is know for the untwisted case, but if this product can be carried over
to the twisted case would need further investigation.
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Chapter 6. Conclusion




Appendix A

Normal ordering in the untwisted
sector

We assume here that the symmetry algebra is a Lie algebra and so the definition of
radial ordering is given in (4.11). From (4.18) the definition for normal ordering is
given by

R{A(:)B(w)} dz A

Z—w 211

: A(w)B(w) : :]{
In the untwisted sectors the fields A(z) and B(w) have the expansion

A(z) = Z apz A B(z) = Z bz " hE (A.2)

neEZ—h n€Z—hpg

These expansions are made with respect to the point z = 0 and so the coefficients
a, and b,, are really functions of z evaluated at z = 0. However, this point is not
special and we can instead expand our fields as series about an arbitrary point z = x.
Expanding both these fields about this arbitrary point gives

Az)= Y an@)(z—2)™ " B(zx)= > by(x)(z—x)"". (A3)

neEZ—ha neZ—hpg

Using the definition of radial ordering the integral in (A.1) becomes

’R{A w)} dz _ A(z)B(w) dz B(w)A(z) dz A
7{ %zbw 7|{<w| o B

i z—w 27 z—w 27

Dealing with the first term we expand the fields A(z) and B(w) about an arbitrary
point z satisfying |w| < |z| < |z|. In this annulus we have the following sum

—_Z Z_xl+1 (A.5)

>0
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The first term on the right hand side of (A.4) can then be evaluated as

d
% —Z‘ —l—-m— hB( —I)_n_l_hA_l(ln(I)bm(.T)—Z,
21> |wl

271
mezZ— hB neZ— hA >0

S S a (@)ba(2) 6o

meEZ—hp n€Z—ha 1>0

o> w—a) e e (a)b, (). (A.6)

meZ—hp n<—hag
The contour integral has a pole at w = x provided that n + [ 4+ h4 = 0, this occurs
when n + hy = —l € Z<o. This implies that the modes of A(z) satisfy n + hs € Z
which is a requirement of the untwisted sector. Hence this analysis will only work
for arbitrary fields A(z) and B(w) if we are in the untwisted sector. In the twisted
sector, any field A(z) that doesn’t satisfy these requirements will produce branch
cuts in the complex plane and so calculating the normal ordered product is much
more difficult using this method.
Dealing with the region |z| < Jw| in a similar manner gives

B(w)A(z) dz e
7|{Z|<w| ﬁQﬂ"L - Z Z by (z)an (). (A.7)

meZ—hp n>—hy

Putting the two halves of equation (A.4) together we find

A BW): = Y 1Y au@baz) = Y ba(z)an(@))(w — a) ek

meEZ—hp—ha n<—hy n>—hg
= Z :AB i, (w — x) M haThE, (A8)
meZ—ha—hp

By equating terms we have

tAB = > anby+ Y buan. (A.9)

n<—hag n>—hg

Consequences of normal ordering in the untwisted sector
It is natural to define the normal-ordering of modes by
anby i n < —hy,
by = s (A.10)
bna, ifn>—hy.
Summarising these definitions we have

cA(z)B(z) : = Z - AB :,, 2 " ha=hs

mEZ—hp—ha

. 7m7h —h
= E E anm n - ATEE

meZ—hg—ha n€EZ—hy

= g E S Qpby, 1z Tha e

meZ—hp n€EZ—h
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Furthermore, if we have a field A(z) as given in (4.8), then we define the following
notions

Alz)- = Z apz A A(z)y = Z apz " hA, (A.11)

n<hag n>ha

It is clear that A(z) = A(2)- + A(2)+. Applying normal ordering gives

cA(z)B(w) : = Z L Qpby, @ 2 AT hE (A.12)
— Z Zanbmz’”’h*‘w’m’@ + Z meamz’”’h*‘w’m’@
n<—hg m n>—hag m
(A.13
= A(2)_B(w) + B(w)A(z). (A.14)

Suppose |z| > |w| then we have

It follows that the singular part of the OPE is given by

A(z)B(w) ~ [A(2)4, B(w)]  where [z] > [uw],

= [B(w), A(2)_] where |z| < |w|. (A.17)

These equations provide a useful tool in calculating the operator product expansions
of specific conformal field theories.
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Appendix A. Normal ordering in the untwisted sector




Appendix B

The generalised Wick theorem

Here we develop a method for calculating the operator product expansion of multiple
fields. This technique is called the generalised Wick theorem and will be the topic of
this appendix. Of most importance to the thesis is the application of the generalised
Wick theorem that is discussed at the end of this appendix. During this appendix
we will use

A(2) B(w), (B.1)

to denote the singular terms in the OPE of A(z) with B(w) (4.14).

For many calculations we would like an expression for A(z) : B(w)C(w) :, the
operator product expansion of a field with a normally ordered product of two fields.
Applying the definition for : B(w)C(w) : we find

-, (B.2)

r—w 27 T —w 211

A(2) : B)Clw) : = A2) 74 B@)C(w) dz_ jg A(2)B(x)C(w) da

so it is important to understand the expansion of three fields. We may assume
without loss of generality that |z| > |z| > |w| so that the fields are radially ordered.
We will restrict ourselves to bosonic fields, in which case we can permute the order
of the fields using the commutation relations of the symmetry Lie algebra. Using
the definitions introduced in Appendix (A) we find

A(z)B(z)C(w) = : A(2)B(z)C(w) : + A(2)B(x) C(w) + B(x) A(z)C(w) (B.3)
+ A(z)- B(z)C(w) + B(z)C(w) A(2)+. (B.4)

N J S

If the fields are free then the coefficients of their singular OPE terms are constants
and (B.4) reduces to
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This is a version of generalised Wick theorem that can be applied to free field
expansions such as in the Free Boson of Free Fermion conformal field theories. Since
the fields in conformal field theories of interest, such as the WZW models, are not free
we seek a generalised generalised Wick theorem. Substituting (B.4) back into (B.2)
we can evaluate the contour integral on each term. Since the first term in (B.4) has
no poles the contour integral just replaces « with w. The terms containing B(z)C'(w)

—

only depend on z though poles at # = w, hence by multiplying by (x —w)™! and

taking the contour integral these terms vanish. We thus arrive at the generalised
Wick theorem

A(z) : B@)C’(w) D= % [A(2)B(z) C(w) + B(x) A(z)C(w)]QdT&; (B.5)

r—w

Having found a formula for the operator product expansion of A(z) : B(w)C(w) :
it is natural to extend this to operator products of a larger number of fields. It is clear
from the presentation of generalised Wick theorem that this can be done inductively.
Of particular importance to the calculations in this thesis is the following application.

Application: Suppose A(z) is a field that has a vanishing singular OPE with itself
A(2)A(z) ~ 0.

Computing the operator product expansion of A(z) with : A(w)A(w) : yields

AR Aw)AW): ~ § ——ARAE) Alw) + Al) AR Aw) 55 = .
Furthermore, by the inductive hypothesis that
A) s A™(w) s ~0,
we find that
AR A ) s~ T [AG)AG): A7) s +A) AR) : A(w) I35 = 0.

Hence, the singular part of the OPE of A(z) with the normally ordered product of
any number of copies of A(w) is always zero.
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