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Abstract

The main purpose of this thesis is the study of the structure and representation
theory of simple vertex operator algebras L(kAg) of affine type at admissible
levels k. To do this, it is crucial to obtain knowledge of the singular vectors which
generate the maximal submodules, with respect to which these vertex operator
algebras appear as irreducible quotients, and therefore a substantial part of the
text is devoted to this matter. We study in particular the simple vertex operator
algebras associated to sl(3, C)™ with half-integer admissible levels, and especially
the one with the minimal admissible level —%.

We tackle the problem of describing singular vectors in Verma modules for
affine Lie algebras by providing a novel way of realizing the ideas presented in an
article by E. G. Malikov, B. L. Feigin and D. B. Fuchs. Our approach is based
on the rigorous construction of a broader algebraic framework by means of Ore
localization in the universal enveloping algebra and via the introduction of certain
conjugation automorphisms. We are able to express operators corresponding to
those of Malikov et al. and to partially extend to our setting their main result
regarding whether or not these operators represent elements of the enveloping
algebra.

Using this knowledge about singular vectors we deal with the problem of
finding the irreducible modules in the category O for vertex operator algebras
L(kAo), when the level k is admissible. Applying the theory of Zhu’s algebra,
the highest weights of these modules are characterized as the zeros of a polyno-
mial ideal determined by the single singular vector generating the maximal proper
submodule of the generalized Verma module N(kAg). For the vertex operator
algebra L(—3Ag) associated to 5[(3,C)™, we prove that these highest weights
are precisely the four admissible weights of level —%, and moreover that any
L(—%AO)-module in the category O is completely reducible. We also show that
there are no nontrivial intertwining operators between these irreducible modules,
except those deriving from the module structures. Furthermore, we demonstrate
how the Sapovalov form can be employed to gain insight into the polynomial
ideal, if merely the weight of the corresponding singular vector is known.
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Popularvetenskaplig
sammanfattning

Idén om et sirskilt slag av algebraiska strukturer, kallade “vertexoperator-alge-
bror”, uppstod pé 1980-talet. Dessa algebror anvinds for att formulera fenomen
inom fysikens stringteori. Nirmare bestimt beskrivs partiklar inom denna teori
som vibrerande linjer (eller slutna 6glor) snarare in punkter, och algebrornas op-
eratorer avser att visa hur tva sddana stringar kan slas ihop till en, vilket sker
i en “vertex”. Oberoende av den fysikaliska teoribildningen uppkom och vi-
dareutvecklades dessa algebraiska strukturer ocksd inom den rena matematiken
i skdrningspunkten mellan oindlig-dimensionella Lie-algebror, teorin om dndliga
grupper och talteori.

I avhandlingen studeras strukturen och representationsteorin for enkla ver-
texoperator-algebror av affin typ pé si kallade “tilldtliga” nivder. Sirskilt intresse
dgnas it halvtalsnivier, i synnerhet nivin —3, for en viss sorts vertexoperator-al-
gebror.

Tillvigagingssittet inbegriper en rigords konstruktion som for avhandlin-
gens syften omformulerar tidigare resultat till ett utvidgat algebraiskt ramverk.
Utvidgningen medger att man, nir det giller de ursprungliga elementen, kan ar-
beta med kvoter och i viss min allminna exponenter.

Ett huvudproblem ir att finna irreducibla representationer f6r den typ av ver-
texoperator-algebror som ir centrala f6r avhandlingen. Dessa representationer
karakteriseras av “vikter” som bestims av polynomekvationer. For den ovan speci-
ficerade vertexoperator-algebran pé nivin —% visas att det finns fyra irreducibla
representationer som samtliga ir tillatliga. Sammanflitningsoperatorerna mellan
dessa representationer bestims ocksd. Det bevisas dven hur man kan hirleda ett
allmint villkor for polynomekvationerna for alla de i avhandlingen aktuella ver-
texoperator-algebrorna.
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Introduction

The concept of vertex operator algebras arose as a new kind of algebraic structure
in the beginning of the 1980s. Its main inspiration came from the development of
string theory in physics, but it also emerged in pure mathematics in the contexts of
infinite dimensional Lie algebras, finite groups, and number theory. Vertex opera-
tor algebras, although immensely more complicated, are to some extent analogous
to Lie algebras. The principal subject of this thesis is the study of vertex operator
algebras, but a substantial part of it deals exclusively with infinite dimensional Lie

algebras.

We will start by giving a brief, and by necessity very selective, overview of the field
of study at the core of this thesis, focusing on notions of basic importance. This
is followed by a detailed account of the contents in each chapter.

Lie theory was originally conceived in the 1870s by the eponymous Norwe-
gian mathematician, as a means to study geometric objects by “linearizing” the
action of transformation groups. In this way, the local behavior of these continu-
ous groups could be entirely translated into an algebraic structure, the Lie algebra.
The ideas of Lie proved very fruitful, and over the following decades they were
further elaborated and applied, giving rise to novel thoughts in mathematics as
well as in physics. The study of Lie algebras from a purely algebraic point of view
also contributed to this development.

At the foundation of the study of Lie algebras are the (finite dimensional)
semisimple Lie algebras, a fact that can be partially explained by the rich repre-
sentation theory they afford. Their relevance is further made clear by the Levi
decomposition, which demonstrates that every finite dimensional real Lie algebra
can be decomposed as a semi-direct product of a solvable ideal and a semisim-
ple Lie algebra. The complex semisimple Lie algebras were completely classified
by W. Killing and E. Cartan by the end of the 19th century into four infinite
series and five exceptional cases. At the core of this classification and to the
representation theory of these algebras as a whole is the notion of weights, i.e.
one-dimensional representations of a maximal commutative subalgebra (a Cartan
subalgebra), under which modules split up into simultaneous eigenspaces. An-
other fundamental aspect of the study of semisimple Lie algebras is that their
finite dimensional representations are completely reducible, which means that to



Introduction

every submodule there is a complementary submodule; hence it suffices to con-
sider simple representations.

In the mid-1960s, ].-P. Serre showed that a complex semisimple Lie algebra is
uniquely determined by its Cartan matrix through the Chevalley—Serre relations.
A couple of years later, and independently of each other, V. G. Kac, R. V. Moody
and I. L. Kantor studied the Lie algebras that are determined by the relations of a
suitably generalized Cartan matrix. The resulting, in general infinite dimensional,
Lie algebras, now known as Kac—-Moody algebras, turned out to provide a natural
generalization of the semisimple Lie algebras. While retaining many important
properties of the semisimple theory, Kac—Moody algebras also give rise to new
phenomena. A certain class of these algebras, called the affine Lie algebras, have
been extensively studied since they admit of explicit constructions from corre-
sponding semisimple Lie algebras.

Due to its construction, a Kac—-Moody algebra g comes equipped with a nat-
ural triangular decomposition g = n_ @ bh @ ny (where b denotes the Cartan
subalgebra) and a corresponding finer gradation by weights (or roots) with re-
spect to h). Hence it is natural to consider weight space representations of g, and
in particular highest weight representations, i.e. modules generated by a weight
vector that is annihilated by the upper triangular subalgebra n... Submodules of
a highest weight module are likewise generated by vectors that lie in the kernel of
the action of n4. Finding these so-called singular vectors is a crucial and often
challenging task. For a weight A € b*, two highest weight modules of high-
est weight A are particularly important: the universal highest weight module, or

Verma module, M (), and its irreducible quotient L(\).

By considering arbitrary quotients and submodules, as well as finite direct
sums and tensor products, of highest weight modules, one arrives at the suitable
class of modules for g known as the category O. A notable feature in the research
on the modules in this category is the study of their formal characters, i.e. the
power series expressing the graded dimensions of the modules. Arguably, the most
important highest weight modules are those with a dominant integral highest
weight. In the classical semisimple theory, it was proved by H. Weyl that the
character of the module L(\), where A is dominant integral, can be expressed
in a simple and appealing way. Later this character formula was generalized by
V. G. Kac to the case of symmetrizable Kac-Moody algebras.

In 1982, V. V. Deodhar, O. Gabber and V. G. Kac introduced the so-called
admissible weights [DGK82]. By construction, these weights are devised so
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that highest weight modules with admissible highest weights should share struc-
turally important properties with their counterparts with dominant integral high-
est weight. In [KW88], V. G. Kac and M. Wakimoto managed to extend the
character formula for symmetrizable Kac—Moody algebras to include admissible
highest weights. Thereby they were also able to establish essential information
about the singular vectors of the corresponding Verma modules.

Next to be presented is the concept of vertex operator algebras. The first time
“vertex operators” appeared in a purely mathematical context, was in a paper by
J. Lepowsky and R. L. Wilson [LW78]. They presented an explicit realization
of the affine Lie algebra s[(2,C)™ as an algebra of differential operators on the
polynomial ring (or Fock space) C[x1, x3, . ..]. More specifically, this algebra is
spanned by the following operators: the identity operator, all left multiplication
and partial differentiation operators L(xy) and 0/0z}, (which are defined to be
of degree —1 and 1, respectively), and finally the operators Y}, obtained as the
homogeneous components of the expression

Y = —% exp (Z L(4xk/k)> exp ( - Z(a/axk))

(where the sums run over all positive odd integers). Notice that although Y
consists of an infinite expression, it gives rise to a well-defined operator. This is a
characteristic feature of vertex operator algebra theory, as is the appearance of the
intricate operators Y as components in “generating functions”.

It was noticed by H. Garland that the above formula for Y displays a strik-
ing similarity to the concept of vertex operators as used by theoretical physicists.
These vertex operators are designed to represent interactions of elementary par-
ticles in quantum mechanics. More specifically, in string theory, where particles
appear as lines (or closed loops) rather than as points, these operators realize the
merging of two such strings into one at a “vertex”. This line of thought gives rise
to various quantum field theories. An essential feature of these theories is the so-
called operator product expansion, which determines the composition of vertex
operators, and serves as the basis for the introduction in physics of an algebraic
structure known as chiral algebras.

Within pure mathematics, the article [LW78] was followed by further repre-
sentations of affine algebras involving “vertex operators”. These expressions also
appeared in the final stages of the classification of finite simple groups, during
the study of the largest sporadic finite simple group, the Monster group. This
group had been realized by R. Griess as a group of automorphisms of a certain
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intricate algebra. In works by I. Frenkel, J. Lepowsky and A. Meurman, and
R. E. Borcherds, this algebra was extended to a module for vertex operators, and
this module was in turn tied to advanced number theoretic results on modular-
invariant functions (cf. monstrous moonshine and the Conway—Norton conjec-
tures). The knowledge of vertex operators from mathematics and physics was
eventually summarized in [Bor86] so as to define the structure of vertex alge-
bras; the slightly different notion of vertex operator algebras was then introduced
in [FLM88].

Essentially, a vertex (operator) algebra consists of a vector space V' equipped
with an infinite number of “multiplication” operators. For u € V/, the corre-
sponding operators (U, )nez are expressed in the form of a formal Laurent series
Y(u,2) = Y ez tnz "1 where Y: V. — End(V)[[z, 271]] is called the
vertex operator map. The multiplication components generate V' from a distin-
guished vector 1 € V, and they are subject to an infinite set of involved relations
summarized in the so-called Jacobi identity, which declares that

22— 2

zal5<zl — ZQ)Y(u7 21)Y (v, z9) — zal(;(

20

)Y(v, 29)Y (u, 21)

_ZO

= z2_1(5<21 — ZO)Y(Y(U, 20)v, 22),
22

for all u, v € V. From the point of view of physics, this identity encapsulates the
operator product expansion as well as other phenomena.

For an affine Lie algebra, the generalized Verma module N (kAg), which is
a quotient of the Verma module M (kAg), can be given the structure of a vertex
operator algebra. Here, Ao denotes a specific weight, and k € C is called the
level of the vertex operator algebra. Any (nonzero) quotient module of N (kAg),
in particular the irreducible quotient L(kAg), is endowed with an induced ver-
tex operator algebra structure. While any highest weight module with a highest
weight of level k has a natural structure as a vertex operator algebra module for
N (kAy), this is no longer true when passing to a quotient of N (kAg). In for
instance [FZ92] and [MP99] it is shown that if the level k is a non-negative in-
teger, then L(A) is a module for L(kAg) only when A belongs to the finite set
of dominant integral weights at this level. Moreover, these vertex operator alge-
bras L(kAg) are rational, which means that their N-gradable weak modules are
completely reducible.

In [Ada94], D. Adamovi¢ studied the module structure of the vertex operator

)

algebras L(kAg) associated to affine Lie algebras of type C" and at admissible

4
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levels with denominator 2. It is proved that the irreducible modules, which belong
to the category O as affine Lie algebra modules, are precisely those L(\) for
which A is an admissible weight at the given level, as well as that the L(kAo)-
modules in this category are completely reducible. The analogous statement was
then proved to be true in [AM95] and [DLM97] for all admissible levels % in
the case of the vertex operator algebra L(kAg) associated to s[(2,C)~. From
this basis, in [AM95] D. Adamovi¢ and A. Milas advanced the conjecture that
for admissible levels £ and all affine Lie algebras, the modules in the category O
for the vertex operator algebra L(kAg) are completely reducible or, shortly put,
that L(kAp) is rational in the category O. It was proved by O. Perse in [Per07]
and [Per08] that this conjecture is true at certain half-integer levels k for vertex

operator algebras L(kAg) of type BY and AV,

Chapter 1 is preliminary and is devoted to a general discussion of Kac—Moody
algebras, introducing related concepts and settling notations to be used in the
rest of the thesis. Section 1.1, presents the construction of Kac—Moody algebras
from generalized Cartan matrices, and defines the modules in the category O. In
Section 1.2, the explicit realization of affine Lie algebras is explained, including a
detailed exposition of the case of s1(3, C)™.

Chapter 2 is concerned with singular vectors in Verma modules. The point of
departure is the article [MFF86] by E. G. Malikov, B. L. Feigin and D. B. Fuchs,
which introduces a way to interpret monomials with complex exponents in the
universal enveloping algebra 2/(g) of a Lie algebra g. In the context of symmetriz-
able Kac—Moody algebras, they show that if the exponents are suitably chosen,
the resulting expressions give rise to singular vectors when applied to the highest
weight vector of a Verma module. Considering only expressions which they can
prove to lie in 2(g), the authors manage to avoid defining a broader algebraic
framework for the calculations.

The present thesis provides a rigorous setting in which these ideas are realized
in a different manner, and partially extends the results of [MFF86] to this context.
The construction includes Ore localization in ¢/(g) and the introduction of cer-
tain conjugation automorphisms. Section 2.1 deals specifically with Ore localiza-
tion, and extends a theorem in [RCW84] by proving that, for an affine Lie algebra
g, the set S = U(n_) \ {0} is not only an Ore set in U (n_), but in the whole
of U(g). In Section 2.2, we construct automorphisms of ¢(g) S~ representing
complex powers of the inner automorphisms induced by the Chevalley generators
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fi of n_. The following section is a digression, in which it is demonstrated that
it is possible to extend U(g)S™! to an algebra containing half-integer powers of
the elements f;. In Section 2.4, we analyse the precise arrangement of powers in
the Malikov—Feigin—Fuchs-operators, and show that corresponding expressions
can be defined in U(g)S~! with the help of the automorphisms described in
Section 2.2. It is verified that these operators give rise to “singular vectors” in
Verma modules localized with respect to S. Theorem 2.19, finally, establishes
that the main theorem of [MFF86], which proves that their expressions produce
elements of U(g), also holds in our setting in certain nontrivial cases. Section 2.5
is dedicated to the admittedly long and intricate proof of Theorem 2.19.

Chapter 3, about vertex operator algebra theory, is to be regarded as the core
of the text, and this subject matter was also the original motivation for the thesis.
Its main objective is to gain insight into simple vertex operator algebras of affine
type at admissible levels, with special regard to those associated to s[(3, C)™ and
whose admissible level have denominator 2, and in particular the one with the
minimal admissible level —%. The principal aim is to study the module structure
of these vertex operator algebras, and to examine if the results are in line with
the above-mentioned conjecture by D. Adamovi¢ and A. Milas. We prove that
the irreducible modules of the vertex operator algebra L(—3A) associated to
s((3,C)"™ are indeed the very L(A), where A is one of the four admissible weights

of level —%. The chapter concludes with a discussion about fusion rules.

In Section 3.1, we give the definition of a vertex operator algebra, along with
some corresponding notions of modules. The next section explains the structure
of vertex operator algebras of affine type. Section 3.3 contains basic definitions
and results regarding the theory of Zhu’s algebra. In Section 3.4, we introduce
the concept of admissible weights and recount some associated results concerning
the structure of highest weight modules and complete reducibility. Using the
comprehensive classification of admissible weights in [KW89], we also provide a
description of the admissible weights related to the affine algebras of type AY
(n > 2), and give a detailed listing of the admissible weights with denominator 2
associated to s((3,C)™.

In Section 3.5 we use the theory as developed in the previous sections to study
the module structure of simple vertex operator algebras of affine type at admis-
sible levels. Using the theory of Zhu’s algebra, the highest weights of irreducible
L(kAp)-modules in the category O are characterized as the zeros of a polynomial
ideal 7(R) determined by the single generator v(9) of the maximal proper sub-
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module of N(kAg). Where possible, the account is kept in general terms, but
is otherwise focused on the series of simple vertex operator algebras associated to
s[(3,C)" at admissible level k € —3 + N. For the level —3, the singular vector
v is calculated in accordance with the procedures advanced in Chapter 2, and
the weights determined by the ideal 7(R) are shown to coincide with the entire
set of admissible weights at this level. It is concluded that the corresponding sim-
ple vertex operator algebra is rational in the category O. Section 3.6 describes how
the Sapovalov form can be employed to gain insight into the ideal 7(R), if merely
the weight of v(?) is known. In this way we are able to calculate one polynomial
in m(R) for each of the simple vertex operator algebras associated to s[(3, C)™ at
admissible level k£ € —% + N. It is observed that the resulting constraints on the
weights of irreducible modules in the category O agree with the Adamovi¢—Milas
conjecture.

Section 3.7, finally, deals with intertwining operators and fusion rules. We
describe the theory for computing fusion rules via bimodules for Zhu’s algebra,
as put forth in [FZ92]. The results of this article are transcribed to the context
of vertex operator algebras of affine type at admissible levels. We are then able
to show that, excepting those intertwining operators deriving from the module
structures, there are no nontrivial intertwining operators between the irreducible
modules in the category O for the vertex operator algebra L(—%AO) associated to

5((3,C)™.

Unfortunately, at a late stage of the work on the thesis, we learned that O. Perse
had already shown in [Per08] that the conjecture of Adamovi¢—Milas was true for
the vertex operator algebra L(—3Ag) associated to 51(3, C)~. Consequently, in
the present thesis this case should not be viewed as a new result, but just as an
exemplification of the theory.

In a very recent result, appearing in a preprint in August 2012, T. Arakawa
shows that the Adamovi¢—Milas conjecture is generally valid [Aral2]. Regrettably,
this information arrived too late to be discussed in the present work.






Chapter 1

Some graded infinite
dimensional Lie algebras

In this chapter we will introduce some basic definitions regarding Kac—Moody
algebras in general and affine Lie algebras in particular. In the process we will
establish notations that will be employed in the rest of the thesis. This exposition
is in no way intended to give a self-contained introduction to the subject matter,
but merely to settle the terminology and make sure that the objects to be treated
later on are unambiguously defined. For a thorough account of the topic of Kac—
Moody algebras, the reader is referred to [Kac85] or to [MP95].

Throughout this chapter and the entire thesis, we will let N and 7% denote
the non-negative and positive integers, respectively.

1.1 Kac-Moody algebras

To be able to define what we mean by a Kac—Moody algebra, we proceed as
follows. Let K be a field of characteristic 0, let J be an arbitrary nonempty index
set, and define A to be the J X J-matrix with entries in K given by

A = (aij)ijeg € K7

A realization of A is a triple R = (b, 11, 1Y), where b is a vector space over K,
where the sets

N={a;:i€J} and IIV={a/:i€J}
are linearly independent subsets of h* and b, respectively, and where

(i, o) = ag.
In case that 7 is a finite set, then the realization is said to be minimal if § is of
minimal dimension; if card(J) = n € ZT, this implies that dimbh = n +
codim(A).
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We regard b as an abelian Lie algebra, and let a be the free Lie algebra on the
set of generators given by

{ei,fi:iej}.

Consider the free product 0 = a * b of the Lie algebras a and . Let m be the
ideal of 9 determined by the relations

[h, ei} = (Ozi, h>€Z
[hafz] = _<al7h’>fz 5
lei, ] = dijeyf
forh € hand i, j € J. We call the quotient algebra
u=u(4,R)=0/m

the universal Lie algebra corresponding to the realization R of the matrix A. If &
denotes the subspace of 0 defined by

&= Kfioha ) Ke,

ieJ eJ
then & is mapped isomorphically, as a vector space, by the quotient map 0 —

0/m; we identify & with its image under this map. There is a natural triangular
decomposition of u given by

u=u_>ohduy,

where u_ and u are subalgebras that are freely generated by { f; : i € J } and
{e; 1€ T}, respectively.

We define the radical of u, denoted by rad u, to be the maximal ideal of u
whose intersection with b is trivial. The quotient algebra

g=9(A,R) =u/radu

is then called the radical-free Lie algebra corresponding to the realization R of the
matrix A. Again, the subspace & is mapped isomorphically to the quotient, and
we consider G to also be a subspace of g. The elements e;, f; (i € J) generate
the derived algebra [g, g] (cf. (1.2)), and are called the Chevalley generators. The
triangular decomposition of u naturally carries over to g, and we write

g=n_>ohdn,.

10



1.1 Kac-Moody algebras

The subalgebra § is called the Cartan subalgebra whereas n; and n_ are called
the upper and lower triangular subalgebras, respectively.

There are a few aspects of the structure of g that we want to point out. Let @)
and @)+ denote, respectively, the free abelian group and semigroup generated by

{a; i€ J}inbh* ie.

Q=Y Za;, and Q.= (ZNai) \ {0}
ieJ eJ
Under the adjoint action of h on g we obtain a weight space decomposition of g,

i=( P s)obo (D u),

aEe—Q4+ acQ+

given by

where

go={z€g:hz]=(ah)z, foralh€h}.

and h = gg. There exists a natural anti-involution ¢ on g, which is determined
by the conditions

o(ej) = fi, forallie J, and oly =1idy. (1.1)

This shows, for instance, that dim g, = dim g_,, for all @ € Q. The set of roots
A of g is defined as

A={aecQ\{0}:dimgs #0},

and the set of positive roots is given by Ay = A N Q. We call the group () the
root lattice of g. Similarly the coroot lattice Q" of g and the subset QY C QY
are defined as

QY :ZZa;/ and QY = (ZNOJ;/) \ {0}

ieJ eJ

The elements of IT are called the simple roots of g, and those of IT" are called the
simple coroots of g. We denote the K-spans of Q C h* and Q¥ C b by Qk and
Q. respectively. The derived algebra is then given by

[9,9] =n_ & Qg ®ny. (1.2)

11



Chapter 1

If a;; # 0, the subalgebra of g generated by {fi, ), e;} is isomorphic to
s[(2,K), and if; in particular, a;; = 2, an explicit isomorphism is given by

fo (00 v (10 (01
i 10) @ 0 -1 ) © 00/

Assuming that a;; = 2, it turns out that ad e; (or equivalently ad f;) is locally
nilpotent in g if and only if

aj; € —N and Qj; = 0= Qjj = 0,
forall j € J with j # 7. This motivates the following definition.

Definition 1.1. The matrix A = (a;;)ijes € K7*7 is called a generalized
Cartan matrix if, for all 4, j € J with ¢ # j, the following three conditions are
satisfied:

o ay =2
oaijE—N;
<>aij=()2>aj,~:0.

The contents of a generalized Cartan matrix may alternatively be described
by its Coxeter—Dynkin diagram. This is defined as the directed multigraph (i.e.
a graph which is permitted to have multiple directed edges) with vertices indexed
by the set J and —a;; edges from vertex % to vertex j for ¢ # j. The matrix A
is said to be decomposable or indecomposable according to whether the Coxeter—
Dynkin diagram is disconnected or connected.

We are now in a position to define what we mean by a Kac-Moody algebra.

Definition 1.2. Let A be a generalized Cartan matrix of finite dimension, and
let R be a minimal realization of A. The Lie algebra g(A, R) is called the Kac—
Moody algebra corresponding to the realization R of the matrix A.

Remark 1.3. Our definition of a Kac—-Moody algebra coincides with the one
in [Kac85]. In the language of [MP95], what we have defined corresponds to
a minimally realized radical-free Kac-Moody algebra. In [MP95], any quotient
algebra u(A, R)/s, where s C rad u is an ideal satisfying o(s) = s, and where

12



1.1 Kac-Moody algebras

A is a generalized Cartan matrix and R is any realization of A, is called a Kac—
Moody algebra if only ad e; is locally nilpotent for all i € J. For this to be the
case it is necessary that the ideal t given by

t=((ade;) " (e)), (ad fi) " () i, j € T i # J)

is contained in s. If A is symmetrizable, we actually have that t = radu, and
hence, in this case, this definition of Kac—-Moody algebras essentially agrees with
the one we have adopted.

Now, let g = g(A, R) be a Kac—-Moody algebra, where A is of dimension
n xn (n € Z). If the matrix A is decomposable, then g naturally breaks
up into a direct product of the Kac—-Moody algebras corresponding to the con-
nected components of the Coxeter—Dynkin diagram. Hence, in any classification
of Kac—Moody algebras, one may restrict attention to those related to indecom-
posable generalized Cartan matrices.

The matrix A (and also the algebra g) is said to be symmetrizable if there exists
an invertible diagonal matrix D = diag(ey, .. ., €,) such that DA is a symmetric
matrix. Without loss of generality, we may as well require that ¢, € QT, for
¢ =1,...,n. The condition that A is symmetrizable is equivalent to the existence
of a nondegenerate symmetric invariant bilinear form on g. If A is symmetrizable,
we let (-, -) denote a specific bilinear form of this sort, which we will now briefly
characterize (in terms of D). Let

v: Qf — Qr

denote the linear isomorphism determined by the condition that

I/(Oél\/) = €; (4,

fori =1,...,n. On QY X b the form (-, -) is defined by
(h1, h2) = (v(h1), ha),

and by symmetry this also determines the form on ) x Q. To extend (-, ) to
the whole of h x b, we let the form be defined by an arbitrary symmetric bilinear
form on a complementary subspace of Q% in h. To see how the form is defined
on the rest of g, let z € g, and y € gg where o and 3 are nonzero roots. Then
(+,-) is defined by the equations

(2,9) =0, ifa+B#0,

13
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whereas

[z,y] = (z,y)v }a), ifa+B=0.

In particular, the form is nondegenerate on b, which means that it can be carried
over to h* by means of the linear isomorphism ) — h* given by

h+— (h,-).

We let the corresponding form on h* also be denoted by (-, -).
Let r; be the reflection of h* in o; € II given by

ri(B) =B — (B0 )au.

We call this reflection a simple reflection, and the subgroup #” of GL(h*) gener-
ated by all the 1, fori =1, ..., n, is called the Weyl group of g. The dual Weyl
group #¥ C GL(h) is analogously defined in terms of the reflections ;" in .
The mapping r; — r;/, fori =1, ..., n, gives rise to an isomorphism from #
to #'V, by which we identify these groups. If g is symmetrizable and o € h* is
nonisotropic with respect to (-, ), we let 7, denote the orthogonal reflection in

2(8, )

(a; @)

Q, l.e.

ra(B) =B —

Q.

In this case it follows that 7; = rq,.
We fix a particular weight p € h* such that ,0(04;/) =1,fori=1,..., n.
For any w € GL(h*), we define its p-shift w”: h* — h* by

w’(B) = w(B +p) —p.
This determines a group action of GL(H*) on h* in the sense that (wjw2)? =
wiw, for w, we € GL(H*).
Turning to modules, let M be a g-module. If M has a weight space decom-
position with respect to the action of ), we denote it by

where P(M) C b* is the set of weights of M, and

M,={veM:hv=pu(h)v,foralheh}

14



1.1 Kac-Moody algebras

is the weight space corresponding to the weight 1. A general class of modules
(which do not necessarily have a weight space decomposition) are the restricted
modules, which are defined as follows.

Definition 1.4. Let M be a module for g (or its derived algebra). Then M is
called a restricted module if for every v € M, it holds that gov = 0 for all but
finitely many positive roots a.

We will be chiefly concerned with modules in the category O, which we define
next.

Definition 1.5. Let M be a g-module which decomposes into finite dimensional
weight spaces under the action of . Then M belongs to the category O if there
exists a finite number of weights \; € h*, ¢ =1, ..., ¢, such that

y4
P(M)C | J{x-8:8€Qsu{0}}.

i=1

Remark 1.6. In the language of category theory, the objects of the category O
are the modules defined in Definition 1.5, and the morphisms are the g-module
homomorphisms between these modules.

We call a weight vector v € M), a singular vector if it is annihilated by n,;
if, furthermore, M is generated by v, then the module M will be called a highest
weight module of highest weight p1. Given A € bh*, we let M () denote the
Verma module corresponding to A, and we let v be a fixed generator of M (\).
This module is the universal highest weight module of highest weight A, in the
sense that it is characterized (up to isomorphism) by the property that every other
highest-weight module of the same highest weight is a homomorphic image of
the Verma module. The Verma module M () has a unique maximal submodule
M1 (), and the corresponding irreducible quotient will be denoted by

LX) = M(N\) /M (N).
As a left n_-module, the Verma module M () is naturally isomorphic to U(n_).

Here and further on we let U denote the functor associating a Lie algebra with its
universal enveloping algebra.

15
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1.2 Untwisted affine Lie algebras and in particular s((3, C)~

In this section we will establish some notations for untwisted affine Lie algebras, as
well as for the particular untwisted affine Lie algebra s((3, C)™, which will figure
prominently later on in the thesis. The affine Lie algebras (of which there are two
kinds, twisted and untwisted) are a class of Kac-Moody algebras, which, apart
from their specification as Kac-Moody algebras in accordance with the previous
section, can also be realized more explicitly. We will show how these two descrip-
tions correspond for untwisted affine Lie algebras in general, and then review the
case of §1(3, C)™ in more detail.

Let g be a symmetrizable Kac—-Moody algebra defined by an indecomposable
generalized Cartan matrix A, and let D be a diagonal matrix with positive rational
diagonal entries, such that DA is a symmetric matrix. Since there are positive
numbers on the diagonal of DA, we see that one of the following three cases will
occur:

(i) DA is positive definite;
(i) DA is positive semidefinite;
(iii) DA is indefinite.

The generalized Cartan matrix A is, in turn, referred to as being of finite, affine
and indefinite type, respectively. Generalized Cartan matrices of finite type are
called just Cartan matrices, and the Kac—Moody algebras related to these matrices
are precisely the finite-dimensional simple Lie algebras. When the generalized
Cartan matrix is of affine or indefinite type, the corresponding algebras are infinite
dimensional. The generalized Cartan matrices of affine type have codimension 1,
and the algebras they give rise to are known as the affine Lie algebras.

We will now describe how the untwisted affine Lie algebras are constructed
from finite-dimensional simple Lie algebras. (The twisted affine Lie algebras can
be realized in a similar fashion, but in this case the construction involves a certain
“twisting” by an outer automorphism of the simple Lie algebra.)

Let g be a finite-dimensional simple Lie algebra, and let the notation of the
previous section be applied to g, i.e. g is viewed as a Kac-Moody algebra g( A, R)
corresponding to a generalized Cartan matrix A of finite type. We start by form-
ing the loop algebra L(g) corresponding to g, which is defined as the tensor
product algebra given by

L(g) =C[t.t" "] &c g,

16



1.2 Untwisted affine Lie algebras and in particular s((3,C)™

where C[t, 1] denotes the algebra of Laurent polynomials in the indeterminate
t. For every x € gand k € Z, we will denote the element t* ® = in the loop
algebra by z (k).

Next, we will make a central extension of L(g). Let ¢ be the bilinear form
on L(g) which satisfies

Y(x(k),y(l)) = kdrge0(z,y), forz,y € gandk, l € Z,

where (-, ) is a fixed nondegenerate symmetric invariant bilinear form determined
by a diagonal matrix D = diag(ey, .. ., €y), as described in the previous section.
The form (-, -) is uniquely defined up to a nonzero constant, and we will specify
our choice of this form in a moment. (From the theory of semisimple Lie algebras,
it follows that (-, -) is a multiple of the well-known Killing form.) The form 1) is a
2-cocycle on L(g), and hence it gives rise to a one-dimensional central extension

of the loop algebra which we denote by
g = L(g) @ Ce.

This central extension turns out to be universal in the category of central exten-
sions of g, and furthermore it is a covering of L(g) in the sense that [g, §] = §.
To arrive at the affine Lie algebra which we are aiming for, the construction
needs one final component. Let d be the derivation of C[t, 1] given by
- . d
d=t—.
dt
Identifying d with d ® idy, we get a derivation of L(g), which in turn is extended
to a derivation of g by the condition that d(c) = 0. We then adjoin the derivation
d to g, i.e. we form the semidirect product of the one-dimensional Lie algebra Cd
and §, and obtain )
g=Cdxg.
This Lie algebra is called the untwisted affine Lie algebra associated with the finite-
dimensional simple Lie algebra g. In short, it is defined as

g= ((C[ﬂfl] Qc g) ® Cea Cd,
with Lie bracket determined by the equations

[2(k), y(0)] = [z,y](k + £) + kbkre0(z,y)c and [d,z(k)] = kx(k),

17
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forx,y € gand k, £ € Z, and
[c, 8] = 0.

We now proceed to show how g appears as a Kac—-Moody algebra. Let the
associated simple Lie algebra g be identified as a subalgebra of g by means of the
mapping ¢ determined by

g —>9,

x —— z(0).
Define b to be the abelian subalgebra of § given by
h=hdCed Cd. (1.3)

The set of roots of g are then identified as elements of h* by the requirement
that @ € A satisfies a(c) = a(d) = 0. Furthermore, let 0 € h* be defined by

dlpece = 0 and 6(d) = 1. We then obtain a root space decomposition of g with
respect to B, where the set of roots A C h* are given by

A={a+ni:acAnecZ}uU{nd:necZ\{0}}.
The corresponding root spaces are given by
atns = Ct" ®¢ go, fora € Aandn € Z,

and

gns = Ct" ®c b, forn e Z\ {0}.

Together with §o = b these subspaces clearly span all of §.

Let 6 denote the unique root of g of maximal height, let 8V be the corre-
sponding coroot, and let z9 € gg and x_g € g_g be root vectors such that
[r9, x_g] = 0V. It then follows that

(z9,2_9) = 0.0)

Let ag be the root of g given by

a0:5—9,
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1.2 Untwisted affine Lie algebras and in particular s((3,C)™

and let ey € gqo, and fo € g—q, be defined by
co = o(l) and fo=s(~1)

Letting Oz(\)/ denote the element

2
OZ(\)/ = [eOafO] = (0 9)6_0\/3

we then obtain that (v, agf) = 2.

We now augment the matrix A by adding a row and a column indexed by 0,
and thus creating an (n 4 1) x (n + 1)-matrix A = (a;;)o<i j<n. This is done
by letting

a0 = <Oéi,a2)/> = _<ai,9\/> and ag; = <0[07O‘;’/> = _<97 O‘;'/>’

for i, j € {0,1,...,n}. From the fact that 6 is the highest root of g, and
from the positive definiteness of the form (-, -) on g, it readily follows that Aisa
generalized Cartan matrix.

We are now ready to describe § as a Kac—Moody algebra. The triple R =
(b, I, T1V), where IT = TTU {ag} and TTY = 1Y U {ay }, is clearly a realization
of the matrix A. It can then be shown that the untwisted affine Lie algebra § is the
Kac—Moody algebra corresponding to the realization R of A (cf. Theorem 7.4 in
[Kac85]). In particular, the Chevalley generators for g are given by e, €1, ..., e,
and fo, f1, ..., fn. (Recall that, fori = 1, ..., n, we have that e; = €;(0) and
fi = fi(0) are the Chevalley generators of g.)

We express the triangular decomposition of g as
g=f_ohan,
where the upper and lower triangular subalgebras are given by
iy = (tC[t) ®c (n— @ h)) ® (C[t] ®c ng.) (1.4)

and
a_ = (t"'Ct N ec (ny @h)) @ (Ct ' ®@cn_). (1.5)

Remark 1.7. Notice that the meaning of a tilde symbol written above the notation
for a Lie algebra depends on the Lie algebra in question. Only when g is a simple
finite dimensional Lie algebra, is g to be interpreted as the result of the “affiniza-
tion” described above. The effect of the tilde symbol applied to the constituent
Lie algebras of a triangular decomposition is explained by (1.3), (1.4) and (1.5).
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We now fix the symmetric invariant bilinear form on g. From the definition
of A, we see that if we let

. 0,0
D = diag(eop, €1, ..,€n), where €y = (6,9)

then DA becomes symmetric. Moreover, the resulting form (uniquely defined as
in the previous section except on Cd x Cd) is the only extension to § of the form
(+,-) on g, which has the required properties. Thus, we extend the notation (-, -)
to also denote the form on § defined by the diagonal matrix D and the additional
condition that (d,d) = 0. This form on g is then determined by the original
form on g, which we fix by requiring that

0,0) = 2.

The resulting form on g is called the normalized standard form. In view of the
definition of the Lie bracket on g, we see that changing the form (-,-) on g
may be interpreted as rescaling the central element c. Thus, the condition that
(0,6) = 2 may alternatively be expressed by specifying that Ag(c) = 1, where
Ag is the weight in h* dual to ag-

Define the integers a; and a;’, fori = 0, ..., n, by the condition that

n n

Y

0= E aja; and c= g a; o .
i=0 =0

If we let v and v¥ be the column vectors given by v = (ag,...,a,)T and

v = (ay,...,a.)7, then vTA = 0 and AvY = 0. In particular, since A
is an invertible matrix, it follows that A is singular with codimension 1. The

integers g and h given by

hzzn:ai and g:zn:a;/
i=0 =0

are called the Coxeter number and the dual Coxeter number of g, respectively.
We conclude our general discussion of untwisted affine Lie algebras by mak-
ing some remarks on their representations. Let M be a module for g or g. If ¢
acts on M by the scalar ¢, we say that M is of level £. Let \, 11 € h* and consider
the g-modules L(\) and L(yt). Regarding these modules as g-modules, it is clear
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1.2 Untwisted affine Lie algebras and in particular s((3,C)™

that they are isomorphic if and only if A — o € C4. On the other hand, for any
restricted §-module IV of level ¢, where ¢ # —g, there exists an operator on N
through which the representation can be extended to g. In the study of vertex
operator algebras, this operator (which will be denoted by —L(0)) gives a natu-
ral action of the element d € g, and hence in this context it suffices to consider
g-modules.

Now we apply the above exposition to the special case of the Kac—-Moody
algebra s[(3,C)™~. This is the untwisted affine Lie algebra associated with the
simple Lie algebra s[(3, C) consisting of traceless 3 x 3-matrices over C. The
Cartan matrix and affiliated Dynkin diagram for s((3, C) are given by

2 -1 a1 Q2
Ay (_1 2) uoo

and the corresponding root system is expressed by

Q2 a1 + a2

—Q1 — 2 — Q2
As above, we write the maximal root vy + 9 as
0= a1 + ao.

We fix the following basis for s((3, C):

01 0 0
Ty =00 0| za=1[0
000 0

0
Tooy = | 1
0
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1 00 00 0
haoy =1 0 =1 0 hay =1 0 1 0
0 00 0 0 -1
In addition, we let
hg = hay + hay-

This notation is chosen so that g belongs to the root space sl(3, C)g for every
root 3, and the Chevalley generators are given by e; = z,, and f; = z_,,, for
i = 1, 2. Furthermore the subalgebra generated by {x 3, hg, z_g} is isomorphic
to s[(2, C), with the generators mapped in accordance with

L0 Lo (10 L(00
6 0oo0) " 0o -1 ) *F 10/

Following the general case discussed above, we see that 5[(3,C)™ is the Kac—

Moody algebra over C corresponding to the affine matrix and Coxeter—Dynkin

diagram of type Aél) given by

9 -1 —1 a0
AW -1 2 -1 ii
-1 -1 2 a1 Qo

The normalized standard form is obtained by letting the symmetrizing diagonal
matrix be the identity 3 x 3-matrix (and by defining (d, d) to be equal to 0).
Alternatively, this is the form obtained from the specification above, by starting
with the form on s[(3, C) given by

(xz,y) = tr(xy), forz,y € sl(3,C),

where tr is the trace function on 3 X 3-matrices.

To conclude this section we specify how the Chevalley generators and simple
coroots are expressed in the notation for s[(3, C)™ just introduced. The identifi-
cation is given by

eo > 1_9(1), o <> c—he(0), fo< ze(—1),
and

ei < T0;(0), @ <> ho (0), fi <> 7_4,(0), fori=1,2.
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Malikov—Feigin—Fuchs-
operators

In line with [MFF86] we make the following observations. Let § be the free Lie
algebra on the set of generators {g1, g2, . . ., gn }. By the Poincaré-Birkhoff-Witt
theorem it is clear that for 71, ..., Yn € N we have that

o0
®—j (n)_j
Y — 2 J n
gill’-‘-‘gzji,v— E , Pj (9155 Gn)9] Fegy T @2
jl:"'7j’n:0

where

="

ij=k

for k = 1, ..., n, and where the expressions P, ;. = Pj,. . (91,---,9n)
(for j1, ..., jn € N) denote uniquely determined elements in ([, f]) (of which
all but finitely many are equal to zero). It turns out that these P}, ... ;, actually de-
pend polynomially on 71, ..., yn. Furthermore, using that the elements Pj, ;.
are defined for a free Lie algebra, we may apply the universal mapping property
of free Lie algebras to extend the notation (2.1) by substitution to any Lie algebra
g. Thus, we let g be a Lie algebra containing elements denoted by g1, ..., gn.
Since P}, j, € U([g,9])[71,--.,7n], we can formally consider equa-
tion (2.1) for arbitrary complex numbers 71, ..., yn. In [MFF86] the authors
then regard this formula to “make sense” if the following two conditions are satis-

fied:
i) v® eN, fork=1,...,mn

(ii) if jp > y*) then Pj, ;. (g1,---,9n) = 0.
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When (i) and (ii) hold, the resulting (finite) sum is naturally interpreted as an
element of U(g). These considerations are then exploited for symmetrizable Kac—
Moody algebras in [MFF86] to produce singular vectors of the form

gl ;YA]]V’U)\ (22)
in the Verma module M ().

In this chapter, we will give meaning to expressions of the form (2.1) in a
different manner. One reason for doing this is to obtain a setting in which these
objects can be manipulated more freely. We restrict the scope to the case where g
is an affine Kac—Moody algebra.

To begin with, we will extend U(g) to include elements of the form f;!
(where f; refers to the generators of the lower triangular subalgebra n_). This is
accomplished in Section 2.1. To give meaning to more general expressions, we
will make use of the observation that the sequence of exponents ; in (2.2) is
characterized by a certain kind of symmetry. This will lead to the introduction
of a class of “conjugation automorphisms” in Section 2.2. When we employ the
developed theory in the study of a specific vertex operator algebra later on, all
the exponents 7; will belong to %Z. In Section 2.3 we therefore show that it is
possible to use our results to construct an algebra which functions as an extension
of U(g) with elements of the form fii1/2.

Throughout this chapter we let g = g(A, R) denote a Kac—Moody algebra
over C, and adopt the notation of Section 1.1 to g. Excepting the initial segments
of Section 2.1 and Section 2.4, and Example 2.24, we will furthermore assume
that g is a Lie algebra of finite or affine type, and we will then let the index set J
be equal to {1,...,n}. Moreover, we let S stand for the set given by

S =um_)\ {0}

2.1 Localization in the enveloping algebra

Adjoining the inverses f;* to U(g) is achieved by localizing. We start by de-
scribing how localization in a noncommutative ring, so called Ore localization, is
defined (cf. [Lam98, pp. 299-308]). Throughout this section we assume that all
rings and all homomorphisms between them are unital.

Let R be aring and let T" be a multiplicative subsetof R, i.e. T-T CT,1 € T
and 0 ¢ T'. Furthermore, let us say that a ring homomorphism ¢: R — L is
T-inverting if 1)(T) is contained in the multiplicative group of units of L. Then
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2.1 Localization in the enveloping algebra

a ring R’ is called a right ring of fractions with respect to T if there exists a ring
homomorphism ¢: R — R’ such that

(i) ¢ is T-inverting;
(i) R ={p(a)p(t)t:ac RteT)
(iii) ker¢p ={a € R:at =0forsomet € T }.

(The notion of a left ring of fractions is analogously defined muzatis murandis.) 1f
R’ exists as above, it is determined up to isomorphism by the following universal
mapping property: For any T-inverting ring homomorphism ¢: R — L there
exists a unique ring homomorphism x: R' — L such that ¢ = x o ¢. The

diagram below illustrates this.
|\

R ——L
X
It is easily seen that a necessary condition for the existence of R’ is that

al'NtR # @, foralla € Randallt €T. (2.3)

Now assume that 7" contains no left zero divisors. It then turns out that (2.3)
is actually sufficient for R’ to exist, and when (2.3) holds we let RT~! denote a
canonical right ring of fractions. If, furthermore, there are no right zero divisors
in T either, then by (iii) ¢ is injective, and we may consider R to be a subset of
RT~!. In this case, i.e. if T contains neither left nor right zero divisors and (2.3)
holds, the set T" is called a right Ore set in R. Similarly we have the notion of
a left Ore set and the corresponding left ring of fractions T~ R. A set which is
both left and right Ore is simply called an Ore set.

Remark 2.1. In our applications of Ore localization, we will work with sets that
are both left and right Ore. By universal mapping properties it is clear that the two
choices of localization that then arises yield rings that are canonically isomorphic.
Thus we will identify the left and right rings of fractions. This identification is
described in the diagram below, where €,: R — T 'Rande,: R — RT !
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denote the T'-inverting inclusion homomorphisms.

R
N

TR — RT!

The following simple lemma will be referred to later.

Lemma 2.2. Let R be a domain and let T and T be right Ore sets in R such that
Ty C Ty C R. Then Ty is a right Ore set in RT; ' and (RT; Y)Ty ' = RT, .
(An analogous result holds with “left” replaced by “right”.)

Proof. Leta € R, t; € T and ty € Ty. Since T is a right Ore set in R, there
exist th, € Ty and r € R such that aty = tor. Hence (at]1)(tith) = ath =
tor € (atl_l)TQ N tQRTl_l, which proves that 75 is a right Ore set in RTl_l.
By the universal mapping property of right rings of fractions, it is clear that
any T-inverting homomorphism on R can be uniquely extended (in two steps)
to (RT; 1Ty . Thus by the uniqueness of a right ring of fractions, we obtain
the wanted isomorphism. O]

If T is a right Ore set in R and B is a right R-module, we define the module
of fractions BT 1, of B with respect to T, by extension of scalars as

BT '=B®p RT. (2.4)

For basic results about this construction, see e.g. [Ste75, pp. 57-59]. Retaining
the notation from this paragraph, we have the following proposition.

Proposition 2.3 ([Ste75], Corollary 3.3). Let ji: B — BT~ denote the natural
R-module homomorphism. Then

kerpy={z € B:at =0 forsomet € T }.

The corresponding notions and results with “left” in place of “right” are in-
troduced analogously.

We now return to the consideration of a Kac—Moody algebra g. When g is
finite-dimensional, it is well known that the set of all nonzero elements of U(g)
constitutes an Ore set in U(g), which means that we can form the skew field of

fractions U(g) (U(g) \ {0})71. This can be proved by exploiting the fact that
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U(g) in this case is a (left and right) Noetherian ring. For a presentation of this
construction, see e.g. [Dix77, pp. 117-125] or [Jac62, pp. 163—167]. Turning to
a general Kac—Moody algebra, let M; ( € J) denote the multiplicative monoid
generated by f;, and let M be the monoid generated by all the M;. In other
words,

Mi:{f?:’yeN}, (2.5)
fori € J,and

M = {fl1 f;y]\]fv :vx € Nand i € J,fork=1,..., N }. (2.6)
By elementary arguments we obtain the following proposition.
Proposition 2.4. The monoids M; (i € J) and M are Ore sets inU(g).
Proof. Let x € U(g) and i € J. By induction we get for any ¢ € Z™ that
off = fir! + (—ad fi)'(),

for some 2’ € U(g). Since ad f; is locally nilpotent on U(g) we thus have
that xfF = f;2", for some k € Z* and some " € U(g), which implies that
xM; N fU(g) # 2.

Now assume that f € M is such that xM N fU(g) # D, say xm = fy,
where m € M and y € U(g). Let j € J. By what we have just proved, there
exist s € Z" and y”” € U(g) such that yfi = f;y". Hence

amf; = fyf; = ffy" € xM O (ff;)U(g),

which shows that M N (f f;)U(g) # @. If, in the above reasoning, we have
that f, m € M; and i = j, then this also proves that xM; N (f f;)U(g) # @. By
induction on the “length” of a monomial in M or M;, we thus get that M and
the M; are right Ore sets in U(g). Analogously it is obtained that these sets are

also left Ore sets in U(g). O

Since the elements of M are homogeneous with respect to the root lattice
grading of U(g), we can extend this grading to U (g) M ! by letting

deg(z/m) = degx — degm,

forx € U(g) and m € M.

27



Chapter 2

By Proposition 2.4 we see that we may introduce the f; ! by localizing with
respect to M. This localization is however not satisfactory for our purposes. For
instance it does not allow us to commutate f;l and f;l in the denominator
(fifi) = fj_lfi_l, if i # j. For a more essential reason why it will not be
enough to localize with respect to M, see Remark 2.12 below.

From A. Rocha-Caridi and N. R. Wallach we have the following result.

Theorem 2.5 ([RCW84], Theorem 1.10). Let g be an affine Lie algebra over C.
Then theset S = Un_) \ {0} is an Oreset inU(n_).

Remark 2.6. The proof of this theorem depends on the fact that affine Lie algebras
admit a Z-gradation where the dimensions of the graded subspaces are polynomi-
ally bounded. Thus, it does not seem possible to use the idea of this proof to gain
insight into whether or not the conclusion of the theorem holds for Kac—-Moody
algebras of indefinite type. On the other hand, the line of proof of the theorem
applies without changes to the case when g is a finite-dimensional Kac—-Moody
algebra. However, in this situation, the conclusion of the theorem is also easily
obtained by using the construction of the full skew field of fractions of U(g) in
conjunction with the Poincaré-Birkhoff—=Witt theorem.

For the rest of this section we will let g denote a Kac—Moody algebra of finite
or affine type. According to the theorem we can define the following division
ring:

Kn_)=Um_)s™%
The next proposition gives a means of extending an Ore set to a bigger subring.

Proposition 2.7 ([BR75], Lemma 4.2). Let R be a ring and let U be a subring of
R. Assume that T is a right Ore set in U. Then the set

R ={reR:*TNtR# D forallt €T}

is a subring of R. (An analogous result holds for “left” instead of “right”.)

Retaining the assumptions and notation from this proposition, we get the
following lemma.

Lemma 2.8. Let 7 € R be such that for any t € T there exists y € RT such that
rt =tr4+vy. Thenr € RT.
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Proof. Fort € T, lety € RT be such that rt = tr + 3. Since yT NtR # @,
there exist ' € T and 1’ € R such that yt’ = ¢r'. Hence

rit’ = trt’ +yt’ = trt’ + tr' = t(rt’ +17),
which implies that 7T NtR # @. Thusr € RT. ]

The following theorem combines the previous three results.

Theorem 2.9. Let g be a Kac—Moody algebra of finite or affine type. Then the set
S =U(n_)\ {0} isan Oreset inU(g).

Proof. By Theorem 2.5, S'isan Ore set inU(n_). Forany h € handany s € S
it is clear that hs = sh + y for some y € U(n_). Hence Lemma 2.8 implies that
b C U(g)®. Furthermore, for any generator e; of n; and any s € S we have that

€;s = se; +w,

where w € U(n_)ayU(n_). Since af € U(g)®, Proposition 2.7 implies that
Un_)aYU(n_) C U(g)®. Hence we get from Lemma 2.8 that e; € U(g)”.
Thus we have shown that h) as well as all the f;, ¢;, fori = 1, ..., n, are contained
in U(g)®. Hence it follows from Proposition 2.7 that U(g)® = U(g). O

Now we have shown that ¢/(g)S ™! exists, and have thereby created our de-
sired extension of U(g). It is easily seen that a C-basis for U(h & n,) becomes
a (left or right) K (n_)-basis for U(g)S~1. We introduce a Q-graded subalgebra
gr (U(g)Sil) of U(g) S, which extends U(g) as a graded algebra, as follows.
Given a € Q), let

U5, ={zecU(g)S " [hz]=a(h)zforalheh}  (2.7)
be the homogeneous component of degree v, and let
er (U(@)s™) =P U@s™), cul@s. (2.8)
BEQ

Ifz € U(g)p, and y € U(g)p, NS, it is straightforward to check that zy~1 €
@S 5,_g,
Given a left U(g)-module W, we may introduce the module of fractions
STW as
STIW =U(g)S ! @y W,
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where we, in accordance with Remark 2.1, have identified U(g)S~! with
S~1U(g). Now assume that W = M () is a Verma module. Then W is isomor-
phic to U (n_) as a left U (n_)-module, and there are no zero divisors in U (n_).
Hence it is clear from Proposition 2.3 that M () is naturally embedded as a
U(g)-submodule in S~ M (\):

M(X\) c STLM(N). (2.9)

2.2 Conjugation automorphisms

We now proceed by giving meaning to expressions of the form ]z f; ” fory € C
and z € U(g)S™L. This is accomplished in an indirect manner by introducing a
sort of 4 power of inner automorphisms of the form x ~— f;zf; 1. By doing
this we obtain automorphisms which can be thought of as x — fzf; 7.

To this end, let 9; (¢ = 1, ..., n) denote the inner automorphism of

U(g)S~" induced by f;, i.e.
eiz) = fixf7 T
forz € U(g)S 'andi=1,...,n. Then we get that
@) = 7w fi = 7 (2 il + fix) = (L= £(f7 1) ad fi) (). (2.10)

Here and further on we use the following notation: for a ring R, and x € R, we
let £(z) and R(x) be the operators denoting left and right multiplication by x in
R, respectively. From (2.10) we observe that, if £(f; 1) ad(f;) (or, equivalently,
ad(f;)) were a locally nilpotent operator on U(g)S~*, we would have had that

wiz(l—ﬁ(fi adfl iﬁ 4 adfz ,
k=0
and thus
i = exp (log (1—L(f; 1) ad(f;) ") = exp (—log (1 - L(f; 1) ad(f:))),

where the exponential and logarithm functions are defined by their usual power
series. The operator £(f; 1) ad(f;) is however not in general locally nilpotent on
the whole of U(g)S™1, as the following example shows.
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2.2 Conjugation automorphisms

Example 2.10. Assume that a;; = aj; = —1 for some j # 4. Then
i, i, 1511 = U5 U5 fill = 0,
while [f;, f;] # 0. It follows that
ad(f;)"(f;71) = (1)l ;" fi f5]" # 0,
forall n € N. Hence £(f; ") ad(f;) is not locally nilpotent on ¢4 (g)S~".

To get around this complication, we therefore introduce, fori = 1, ..., n,

the Subﬂngu(g)(i) of U(g)S~! generated by U(g) and f;lz
U)™ =U(e)(f;7") CUg)S™

Notice that U(g)(® is equal to the ring U(g)M; * defined in Lemma 2.2. On
U(g) it is clear that £(f; ") ad(f;) is locally nilpotent, and we may define the
operator D) given by

L(f7F)ad(fi)F

Z

| =

DY = —log (1 —£(f7")ad(f;)) =)
k=1

on U(g)®. The following proposition, which is stated in a general context for

clarity, shows that D) is a derivation of U(g)®.

Proposition 2.11. Let R be a unital ring and let x be a unit in R. Assume that
L(z~YYad(x) is a locally nilpotent operator on R. Then the operator D defined by

D= —log (1—L(z~ il ") ad(z)"

B

is a derivation of R.

Proof. Let 1 be the inner automorphism of R induced by z. As was noted in the
beginning of this section, this means that v is the operator on R given by

Yp=(1-LNad(@) =) L

Jj=0
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It follows that

=0 =0
Thus, for y, 2 € R we get that

o0

Dy)= +yD(=) = D(y)z + > ~ya " ad(x)"(2)
n=1
= D)z + Y o () ad ()" (2)
n=1
= D(y)z + Z Z % <n +j B 1) 2~ ) ad(2) (y) ad (2)™(2)
n=1 j=0
_ == 1 m—1\ _, k m—k
= 0w+ 33 (M) ad@ e
=3 e ad(e)"(y)2
m=1
oo m—1 1 m
+ — ™ ad(z)" (y) ad(x)™*(2)
% X (i )ematot
- = (™) a7 ad(@)* () ad (@)™ (2)
33 () et
=3 L ad@)" (y2) = D(y2)
m=1

where we have changed the summation variables according to

m = n+j
E =7

to obtain the fourth equality, and thereafter used the identity
1 m—1\ _1/m
m—k k ~ m\ k
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Since the exponential of a locally nilpotent derivation is an automorphism,

we now get that for any 7 € C, the map Agi) given by

Agi) = exp(’yD(i)) = exp ( - vlog(wi_l)) (2.11)

is an automorphism of U(g)(®). From the general properties of the exponential
function we also obtain that
i) i) A i)y~ i
AV = AD AW and (AD)71 = A (2.12)

By Lemma 2.2 we see that we can identify ¢(g)®S~" with U(g)S~!. Under

this identification, let €;: U(g)® — U(g)S~" denote the natural inclusion map.
Since €; 0 A(j ' u (9)) — U(g)S~ is S-inverting, it follows from the universal
mapping property of a right ring of fractions that Agi ) extends to an automor-
phism of the whole of U(g)S~1. This is illustrated in the diagram below, where

the bottom arrow denotes the extension of A(j ol (g)S~ L

U(g)W

€

U(g)S™ —=U(g)S™!

From now on we will consider Ag) as an automorphism on the whole of
U(g)S~L. Clearly, the properties expressed in (2.12) still hold for the extended

automorphisms.

(@)

Remark 2.12. Notice that, in order to define the automorphisms Ay’ on the
localized ring, it was crucial to localize with respect to the set .S and not just to

the monoid M (see (2.6)), because, in general, M is not closed under A,(yi).

For ¢ € Z, the automorphism Agi) of U(g) S is expressed by

AN (@) = flaf (2.13)

forallz € U(g)S~!. Equation (2.13) immediately follows from the construction
if z € U(g)®, and is quickly verified for general elements of 2(g)S~'. For all
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~v € C, we have that Agf), as an automorphism ofU(g)(i), is given by

A = exp (= ylog (1 - L(f7 ) ad(f)) = (1 = £(f7) ad(f;))
=St et wat

=S (T eu e .19

In subsequent sections, when we need to make explicit calculations involving the
automorphisms A,(YZ ), we will mostly make use of the formula in (2.14). However,
there is also an equivalent way of writing these automorphisms in terms of “right
operators”, which we will find useful in the proof of Theorem 2.19 in Section 2.5.
To obtain this second expression for Agz), we start out with the opposite algebra
of U(g)S~! instead, and then review the corresponding steps in this framework.
The following proposition records these two parallel ways of expressing A(WZ ) asa
series of operators.

Proposition 2.13. Fori =1, ..., nand v € C, the automorphism Agi) satisfies

i S (y+k—1 _
AP lygo = ( . )ﬁ(fi 5y ad(f;)" (2.15)
k=0
and
i)\ —1 40
(A9) ‘L{(g)(i) = A—’Y‘U(g)(i)

=S (T ROt e
k=0

Proof. The first formula has already been proved in (2.14). To prove the second
formula, let B,(yi) denote the automorphism which is analogous to Agyi ), but is
obtained in the context of the opposite algebra of 1 (g)S~!. The inner automor-
phism induced by f; in the opposite algebra is given by ¥; . In view of (2.11), it

follows that
Bgl) ’L{(g)(i) = exp (— vlog(¥)),
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and hence we get that

7 i)\ —1 7
B0 = (49)" = 40

It is now clear that equation (2.16) is obtained in the same way as (2.15) by

applying the corresponding arguments to B,(yi) in the opposite algebra. O

We end this section with a simple lemma, which collects some properties
about the automorphisms A,(YZ ),
Lemma 2.14. Fori=1,..., nand y € C, the automorphisms Agi) of U(g)S™1
satisfy the following properties:

(i) the restriction of Agi ) 10 gr (U(g)S™1) is homogeneous of degree 0;
(i) if @ € U(g) is such thar (ad £;)+1(z) = 0, then AY (z) € f7FU(g);
(iii) A(VZ)((B]) = 6j — (5,~j’yfi_1(ozz\-/ + Y + 1),fb7j = 1, Lo Ny

(iv) AV (h) = h+you(h), forany h € b.

Proof- All these results are direct consequences of formula (2.15) in the previous
proposition. O

2.3 Extending U(g) by half-integer powers of f;

In this section we will use the theory developed in the previous two sections to

extend U(g)S~! with elements of the form fiil/2 (i =1, ..., n). The resulting
algebra, to be denoted by U(g)¢, is a freely generated right module over ¢4 (g) S~1.
The study of the specific case in which f; have half-integer exponents was orig-
inally motivated by the consideration of vertex operator algebras associated to
affine Lie algebras at admissible level with denominator 2. The algebra U/(g)®
will, however, not be used in the rest of the thesis. In the general exposition in the
following sections, we do not want the range of exponents to be limited to 5 +N,
and hence we must anyway write expressions in terms of the automorphisms A(WZ ),
Nonetheless, the construction of U(g)¢ provides an explicit application of these
automorphisms, and indicates that they have been properly defined.

To define U(g)¢ we proceed as follows. First, we introduce the automor-

phisms 3; ofU(g)Sfl, fori =1, ..., n, by letting

_ 40)
Bi = A1/2'
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This means that 32 = 1); and hence ; is a “square root” of the inner automor-

phism 1);. We then define V' to be the free right ¢ (g)S~!-module with basis

1/2 -1/2 1/2 . ) :
{1}U{Fi1 Fo B ckeZ i e{l,...,n} i # i )
The idea is to introduce a left module structure on V' that will correspond to the
left regular representation of the ring we intend to construct. To achieve this,
we define a representation 7: U(g)S~t — Endy(g)5-1(V), with action on the
basis given by
1/2 /2 1/2 1/2 5—1 1

Here Endy(g)s-1(V') denotes the ring of endomorphisms of V, considered as
a right U(g)S ~L_module. Furthermore, fori = 1, ..., n, we specify operators

fil/ 2, fi_l/ e Endy(g)5-1(V), acting on basis elements according to

@9 i

1/2 11/2 /2 7T(J‘}')F~1/2---FA1/2 ifi =iy
fIF S R =
7 21

i FPEP R 4
and
f—1/2F1/2‘_'F1/2_ Fz'12/2"‘Fil,€/2 ifi =i,
i i1 i = SWp2p12 g2 s
m(fi )E; iy if i # i1

The interaction of these operators is described in the next lemma.

Lemma 2.15. For i = 1, ..., n, the following identities among operators in

Endy (51 (V) are satisfed:
M ()2 ==(f);
) (f; %) =m(f71)
i) £72f7 = idy
@) ;22 =idy;

) £ m(@) ;1 = w (Bil).
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Proof.
(i), @ # i1:
(fi1/2)2F211/2 o i1k/2 _ fz'l/ze'l/ZFill/2 N 'Filk/z
1/2 1/2
(fz) ’ Fik >
1 =11:

1/2\2 21/2 1/2_ 1/2 1/2 /2
(i) E/ " i m (R E,T - F,

_ fl/zFl/z...Elk/%k (... (8; (ﬁ)) )
_F1/2 . lwzlk/Q zk ( ( Z;(fz) )
= FY B (L (BB ) )
r(f)F - R
Hence (fi1/2)2 = 7(fi)-
(ii), @ # i1:
(FTVRREMR L EYE Ve e LRV Ll
_ f_1/2F1/2F<1/2 . -F.l/QB-_l(--- BB )
=B BN (BUTY) )
=7(f; 1)F~1/2"'F‘1/2’

i1 ik
1= il:
—1/22 1.1/2 12 —1/2 ,1/2 1/2

B 1\ p1/2 1/2

=7(f; )Fi1 sz .
Hence (f; /)2 = 7(f71).
(i), 4 # i1

fil/in_1/2Fill/2 PN Fli/2 = fi1/27r(fi_1)Fi1/2Fi11/2 PN F”le/Q

_ f-1/2F1/2F1/2 . "Fi1;€/2ﬁi;1(‘ 3 (ﬁﬂl(ﬁfl(fi_l))) y )
w(f)E - EE (8 UD) )
(fz) (f ) 1/2 . F1/2 F1/2 ) F-1/2,

i1 1k
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1/2 p=1/2 p1/2 /2 p1/251/2 1/2
£ f R FS = R F
F1/2 P2

(77

Hence fil/in_l/Q =id

(iv), 1 # 41
~1/2 4172 p1/2 12 p—1/2 p1/2 51/2 1/2
f; /fi/Fil/ "'Fz'k/ =f /Fi/Fil/ "'Fz'k/
1/2 1/2
:Fh/ "'Fz'k/’

I i SRS SRS T (VAL v
:fiil/zFilf ’ inmﬁzk ('“(51'2 (fi))"')
c(fTOE? - FPBN (851 (87N ()) )

—n(f; ) (f)F, 1/2 . F1/2 F1/2 Pl

(7

Hence f; 1/2fl/2 idy.

V), @ # i1:
fil/zﬂ(x)fiflﬂﬂllm ' 1/2 :f1/2 ( fl_l)Fll/QFhl/Z.”Filk/Z
1 2 1 2 1 2 ]. 2
1

T(f)F, 1/2 : Fifzﬂzk <-- <6
—F1/2 ..Filk/Qﬂ

(/3- (f ))) )
(o (B ) B (B (B @ 7))
_Fw CEPEN (8 8T @) )
— FM2. ..Fllk/%% (- (B (Wi (B @)))) ---)
_Fl/2 ..lek/Qﬁfl( (B (

= n(Bi) Y B,
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1= il:
1/2 —1/2 1/2 /2 _ ,1/2 1/2 1/2
[ () f; Fi1 sz = f; 7r(3:)FZ-2 Flk
= (PRSP (L (8 @) )
12 1/2 - _
=F2 BN (8N @) )
R B 6 @) )
= 77(62( )) 1/2 ’ Fz‘lk/z-

Hence fi1/27r(w)f_1/2 7(Bs()). O
LetU(g)¢ denote the subalgebra of Endyy(g)5-1 (V') generated by f; £1/2
1,...,n, and 7(U(g)S™1). From Lemma 2.15 we see that every element of
U(g) can be written in the form »_ f 1/Zfl/Q et fl-lk/QW(x). Letting U (g)®

acton 1 € V, we see that we may identify 7(U(g)S 1) with ¢(g)S~!, and that
U(g)¢ then becomes a free right U (g)S ™ -module with basis

(U { PR P ket e {1, n)iy #ijn }. 217)
We have now constructed our desired extension of U(g) in two steps:
U(g) CU(g)S™" CU(g)".

Given a left U(g)-module W, we can define a left U(g)®-module W€ as the
induced module obtained from SV, i.e.

W =U(9)" Sy(g)s-1 S—lw.

Notice that S~ may naturally be considered as the U/ (g).S ~!-submodule C1®
STIW of W€. In particular, if W = M () is a Verma module, we get from (2.9)

an extension of modules in two steps:
M\ C ST'M(N\) € M(N)E.

€ notice

For the inner automorphism of U(g)€ given by = — fl/2 f-_l/2 W

that its restriction to ¢(g)S ™! coincides with ;. Thus, using Lemma 2.14 (iii)
and (iv), we get for any v € lZ and h € b that

b, £ = f7 — 70 = 17 (A% (h) — h) = —yeu(n) 17, (2.18)

39



Chapter 2

and
le, /1] = e 17— fle; = 17 (A (ej) —e;) = 67 f7 (@) —y+1). (2.19)

With definitions analogous to those in (2.7) and (2.8) we also introduce a graded
subalgebra gr (U4(g)¢) of U(g)¢ such that

U(g) Cegr (U(g)S™) C gr (U(9)°),

where gr (U(g)°) is graded by Q.

2.4 Singular vectors in Verma modules

We begin this section by showing how the authors in [MFF86] use their theory
to calculate singular vectors in Verma modules. Then we continue by explaining
how these results can be translated and interpreted in the setting developed in this
chapter.

Let g denote a symmetrizable Kac—Moody algebra. Given A € h* and w €
W , the authors of [MFF86] proceed in the following way. Write w as a product of
simple reflections, say w = 74, .. .-7;,, and define the sequence Ao, ..., Ax € b*
recursively by letting

Ao = )\, (2.20)
and
Ak = Tfk()\k—l) = (Mp—1+p) — ()\k—l + P)(Oéiv,ﬁ)aik —p
= Ap—1 — ()\k_l(a;;) + 1)0[1']C (2.21)
fork =1, ..., N. Then let the numbers 7, € C be determined by the equation
Ak — Ak—1 = VrQiy» (2.22)

which means that
—k = Me—1(a,) + 1.

Finally, define F'(w; \), construed in the setting of [MFF86] as explained in the
introduction to this chapter, by

Fw;X) = f;0% - f (2.23)

iN i
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In view of the equations
[h, f]] = —yai(h)f], forh € b, (2.24)

e, £ =0y oy =~y +1), fori,je{1,...,n}, (2.25)

we see that the exponents —7, are chosen so that F'(w; \), when applied to the
highest weight vector vy € M (\), may give rise to a singular vector in the Verma
module. (Notice that, if v ¢ N, then the equations in (2.24) and (2.25) must
constitute parts of some larger expressions in order to have a meaning according
to the definitions of [MFF86].) Consequently, we have the following lemma
in [MFF86].

Lemma 2.16 ([MFF86], Lemma 4.1). Provided that F(w;\) ‘makes sense”, the
vector F'(w; N)vy is a singular vector of the module M (\).

Notice that if F'(w; \) “makes sense”, it is a homogeneous element of degree
wPA — X € Q. In particular, if w is a reflection in a real root ¢, then this means
that for some m € Z

(A +p) (@) =m,
or equivalently

200+ p) (v (@) = m(, ).

In the case when «v is a positive real rootand m € N, this is the condition obtained
from the Sapovalov—Kac-Kazhdan determinant formula for symmetrizable Kac—
Moody algebras ([KK79, Theorem 1]). The main theorem given in [MFF86] is
the following.

Theorem 2.17 ([MFF86], Theorem 4.2). Let g be a symmetrizable Kac—Moody
algebra, ler o be a positive real root of @, and let X € W*. If, for some m € N,

20+ p) (v~ (@) = m(a, a),
then F(rq; N) ‘makes sense” and F (1o N)v is a singular vector in M ().

We will now show how these results can be expressed in our setting. We will
not be able to prove Theorem 2.17 in its most general form. However, our line
of proof is more explicit than that given in [MFF86], and it also suggests that a
generalization of Theorem 2.17 to non-symmetrizable algebras is possible.
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From now on, we assume as the scope of our setting that g is a finite or
affine Kac—Moody algebra over C. First we introduce notations needed in order
to describe the equations defining the numbers v, as a system of equations. For
any generalized Cartan matrix A of dimension 7 X n, and any K-tuple J =

(s -y Jx) € {1,2,...,n}, we let C be the K x K-matrix with entries
given by
-1 0 0 . 0 0
—(lj17j2 —1 0 0 0
J Q1,53 —Qjy,j3 -1 0 0
CA = . . :
Q51 T ogirk—1 T35 -1 0
—qj 5K “ja,iK T3,k s TQhg gk 1

From (2.21) and (2.22) we have that
Ak = A+ M + .+ Yy,
and hence, fork =1, ..., N, that

Yo =—(Ak—1 +p) () = =N+ p+ 7, + . A Yr—1i, ) ()
= (A+p)()) = =M, — - — Ve-1Gi_ i — Yk

Thus, we see that, with I = (i1,...,iy), the equations defining the 74
(k=1,..., N) can be expressed as

" O+ )(ay)
ol ’}22 _ (A + l?)(o%g) ' (2.26)
. (A +p)(a),)

We now impose the condition that w is a reflection of the form r,, where « is a
real root of g. We write « as

Q=T .- 'riMﬂ(aiM)' (2.27)
The reflection 7, is then given by
Tq =

Ty, ] . =T -..T Tir/Ti R P
TiqTipr_ 1 (Qips) 11 tM—1" it i —1 i1
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This means that the N-tuple I now is of the form

I = (/il)'"77:M717Z'M77’-M717"'77:1)>

where N = 2M — 1. Let us, for any set {2, call an N-tuple (wy,...,wy) € Qv
palindromic if it is fixed under the order reversing permutation, i.e. if wy =
WN_k+1, for k = 1, ..., N. The fact that [ is palindromic will be of great
importance in what follows. We also introduce the two M-tuples I; and I by
letting

Il == (’L'l,. ,lM) and IQ == (iM,...,il),
which means that /1 and [ are approximately the first and second “half” of I,

respectively. Notice that in accordance with (2.27), I; is a sequence describing
how « is related to a simple root by simple reflections.

Next, we define the numbers s, € Z, for k = M, ..., 1, in a way similar
to how the vj, were defined above. Given the expression for av in (2.27), we
introduce ™), oM-1) 1) e A by letting

M
a( ) —] ai]\/[’

and

k) _ ri, (a(k—i-l)) _ a(k+1) o a(k—i—l)(a\/ )Oéik,

(
o i

fork =M —1, ..., 1. The numbers s, are then defined by letting

syp =1, (2.28)

and
S = —a(kﬂ)(az\;), (2.29)
fork = M —1, ..., 1. (The introduction of s); = 1 is admittedly somewhat

redundant, but it serves to make the exposition more consistent.) This means that
k+1)
oD = SMQy T .. T Sp10G,

and hence that
(—aiM’Z-k)sM 4+ ...+ (_aik+1fik)5k‘+1 — s =0, (2.30)
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fork=1,..., M — 1. This, in turn, can be written more succinctly as
SM -1
I SM—1 0
Cy ) = _ . (2.31)
S1 0

In the proof of Theorem 2.19, we will need to assume that the integers s
are all non-negative. This is the same as requiring that the sequence of roots

(M)
o\
accomplished by choosing the expression for av in (2.27) properly (see e.g. Propo-
sition 14, Ch. 4.1, in [MP95]). Thus, this provision, which amounts to a property
of the sequence I, does not limit the applicability of Theorem 2.19.

, oY) is of increasing height. It is well known that this can always be

We now show how the N x N-matrix Cj can be expressed in terms of the
M x M-matrices Cil and Cﬁf (recall that N = 2M — 1), and an auxiliary
N x N-matrix R given by

That is to say that R has entries equal to 1 on the main diagonal and lower half
of the counter-diagonal, while every other entry is zero. We notice that when we
multiply an N X N-matrix P by R on the left, the result is that the first M — 1
rows in P are mirrored in the M*® row and added to the last M — 1 rows. The
last sentence also holds true if we change “left” to “right”, “row” to “column”, and
interchange “first” and “last”. We now use the matrices Cil and Cff as blocks to
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2.4 Singular vectors in Verma modules

define the matrix E by

ch P
Ey= i, gy HE
0 clz

where the two blocks have one entry (equal to —1) in position (M, M) in com-
mon. All entries of £} which are outside the blocks defined by C'f‘l and Cif are
equal to 0. More precisely, if we write C'il and Cff as

Cil = 0 and Cff =

then E is given by

P i0i 0
By = | P ik 0
0 q Q

It is now straightforward to check that
Ch = RELR.

The following lemma explains the structure of the solutions 7, to (2.26).
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Lemma 2.18. If [ = (i1,...,i0—1,iM, M1, ---,%1) is @ palindromic tuple
then Y
" A+ o))
YM-1 A+ 0, )
Ch M = (A+n(a),)
YMSM—1 — YM-1 A +p)(a, )
YMS1 — M (A4 p) ()

In other words, Yonr—i, = YmsSk — Yk fork =1,..., M — 1.

Proof. By definition we have that

" (A+p) ()
chl | = : : (2.32)

Y (A +p)(ey),)

Using this and (2.31), and retaining the notation introduced before the lemma,
we obtain that

M n 0 ]
YM—1 YM-1 0
Ch T — RELR 0 F | s
YMSM—-1 — YM—-1 —YM-1 SM—-1
TMS1T — 71 L -7 S1 i
i 7 0 T
YM -1 0
— RFE 0 +ym | sm
0 SM—1
i 0 51 _
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2.4 Singular vectors in Verma modules

[ (A+p)(ey) 0
A+ p)aY, ) 0
=R || A+p)ag,)+vm |+ | —1
0 0
L 0 6 .
A+ p)(a) A+ p)(a)
A+ )Y, ) A+ p)al, )
=R (A+p(a,) = A+p)(a,) |,
0 A+ o)l )
0 (A + p)(a)

O]

which proves the lemma.

This lemma shows that in the setting of [MFF86], the operator F'(rq; \)
(cf. (2.23)) is given by
F(ra; \) = fiI'YA/151+’Yl . fi;7f18A171+7N171 fi;;yM z‘;]ﬁil "'fz‘_’h- (2.33)
If F(rq; \) “makes sense”, it is homogeneous of degree
A=A =—-A+p)(aV)a € —Q5.

But we also have that
N

rPA— A= Z Vi,
k=1
=M1 + . YM—1Qhy YMOGy,
+ (YMSM—1 — YM—1)0iy , + .o+ (Yars1 — 7)o,

=ym(s104, + ...+ Sm—104,,_, + iy,) = YmQ.

Thus, we get that for some m € N,

i =—(A+p)(a’) =-m.
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This means that

. __ pmsi+m MSp—1+YM -1 —YM-1 -1
F(ra’)\)_fi .“fi]\/l—l Z\L/Ifi]tl—l f'Ll >

and from this expression we are lead to introduce a corresponding operator in our
setting, which is given by

F(Ih’y) = fmS1A('11)(...fWSMAA(iM,l)( m ))

21 ¥ TN—1 TM -1 133
= (L(fmen) A g (e AT DY () € Uno) S

It will be convenient to express F'(I1,7) more uniformly as

F(I1,7) = (L(f) AU g (frem) Al (1),

? g2t M YM

The M-tuple v = (71,...,Ym—1, —m) is determined by (2.32). If, say
ig = i for some g and 7 such that 1 < g < r < M, then the g™ and 7" row
of (2.32) gives that

A+ ) () = (=ai i) + -+ (=i, i) V-1 = Yoo
and that
A+ p)(ed) = (=aiy i) + -+ (=i, ) %1 — 2%
+ (= Cigr,in)Vg+1 + -+ (=03 ) V=1 — e
Together these equations show that
Vo = (Zigyrip Va1 + -+ (=00 ) V-1 = s (2.34)

On the other hand, if I} = (i1,...,ip) and v = (y1,...,YMm—1, —M) are
such that for any g and r, with 1 < ¢ < r < M, we have that ¢y = %, implies

that (2.34) holds, then it is clear that there exists A € §* such that (2.32) is

satisfied. For the moment we therefore consider F(I1,7) € U(n_)S~! as an

operator which only depends on the tuples
I = (i1,...,in) € {1,2,...,n}M (2.35)
and

vy=(1, ) = (V1y- -y YM—1,—T) € cM-1 w7, (2.36)
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without any reference to a positive real root o or weight A € h*. We let (C) be
the condition on the pair (I3, ) just described, i.e.

(© ig =1, forl<g<r<M,

- 7(1 = (_aiq+17iq)’7q+1 +.ot (_aiT,l,’L'q)’Y’rfl - Yr-

Our goal is now to show that if (C) is satisfied then F'(I1,vy) € U(n_). Although
this is essentially proved by [MFF86] in their setting (see Theorem 2.17), we will
not be able to prove this for general I; and y. However, our line of proof can
be directly generalized to any Kac—Moody algebra g, for which we can prove that
S =U(n_) \ {0} is an Ore set in U(g). The theorem below states the further

conditions on I; and 7y which we require.

Theorem 2.19. Assume that Iy and ~ are M-tuples as expressed by (2.35)
and (2.36), respectively, such that (11,7) satisfies condition (C). Furthermore, as-
sume that no three entries of 11 are equal, and that the integers sy, (defined with
reference to 11 by (2.28) and (2.29)) are all positive. Let T' be the set given by

T ={(q,r):iqg =iy wherel <q<r <M}
and suppose that the following three restrictions on T" hold:
o (gM)eT = m=1;
o (qr) €T = s, =1;
o (q,r), (¢, eT = r<q orr’ <qor(q,r)= ().
Then F(I1,7v) € U(n_).

Since the proof of Theorem 2.19 is rather long and intricate, we postpone it
to the next section.

Our next result shows that there exists a factorization of F'(I1,7) into m
factors, where —m is the last entry of 7. As a consequence of this factorization it
follows that, if the last entry of I; is distinct from all other entries of 17, we may
in the proof of Theorem 2.19 assume that m = 1 without loss of generality.

Proposition 2.20. F(I1,) factorizes inU(n_)S~1 as

F(Il77) = F(Iluv(l))F(Iluv(Q)) ’ F(Ibfy(m))’
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where
Y® = (71 + (m—k)s1, ..., y—1 + (m — k)spr—1, —1).

Furthermore, if iq # i for ¢ = 1, ..., M — 1, then condition (C) holds for
(I1,7) if and only if it holds for (Il,v(k)),forsome ke{l,...,m}.

Proof. To exhibit the factorization, we argue by induction on the length of I;.
Assume that such factorizations exist for tuples of length less than M. Let Iy, ¥
and ﬁ(k) be the (M — 1)-tuples obtained from I1, v and ’y(k), respectively, by
deleting their first entries. We then have that

F(I,7) = F(L,4")F(1,4P) - F(1, 7).
Using the fact that Agi) is an automorphism and that
FAD () = AY), () £

forany ¢ € Z and x € U(g)S~! (cf. (2.13)), we obtain that

it ) = £ AR () = 204 ([T 1)
e (HA(H F(I,,7 ))))
H i) fyz11+(m k)sl( (I1,7® H (I,

To prove the statement about condition (C), we notice that the last entries of the
M -tuples I, v and ~¥) do not affect this assertion. In view of the definition of
'y(k), it follows from the linear nature of condition (C) that it is enough to verify
that the pair of (M — 1)-tuples

((il,...,iM_l),<81,...,SM_1)) (237)

satisfies this condition. Thus, assume that 7q = ¢, where 1 < ¢ <r < M —
1. Analogous to how condition (C) was derived in (2.34), we obtain from the
definition of the sy, integers in (2.30) that

(—@ipgir)sm + oo+ (=i iy i) )Srg1 — Sp =0
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2.4 Singular vectors in Verma modules

and that
(—aiM’iq)sM + ...+ (—air+l7iq)ST+1 — 25,
(=i )81+ ¥ (=i i) Sgr1 — Sq = 0.
Combining these equations yields that
8q = (—Qigi1ig)Sq+1 + -+ (=i, ig)Sr—1 = S,

which shows that condition (C) holds for the pair in (2.37), and hence implies
the equivalence of condition (C) for (13, 7) and (I7, 7). O

Remark 2.21. 1f the pair (11, y) satisfies the premises of Theorem 2.19, it follows
that the factorization in the above proposition takes place in /(n_). This is to
say that F'(I1,~y) as well as F'(1, ’y(k)), fork=1,...,m,all belong to U(n_).

We now return to the point of view that F'(I1, ) is defined with reference to
a positive real root o and a weight A € h* such that

A+ p)(a”) = m.
Recall that this means that

F(I1,7) = (L) Al (e Aoy (1),

2 71 M

where It = (i1, ...,4p) is determined by a fixed representation of « of the form

=71 ... Ty (Qhy,)s

and where (v1,...,7y) € CM and (s1,...,s1) € NM are, respectively, given
by the systems of equations

o0 (A +p)(e)
chl + | = : (2.38)
Y (A +p)(af),)
and
SM -1
I SM—1 0
CA2 . = . . (2.39)
S1 0
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The reason why F'(I1, ) is defined in this way is of course that it should produce
a singular vector in the Verma module M (\). We have seen the heuristic argu-
ment for this to be true in the setting of [MFF86] for the corresponding operator
F(ra; A), and their result was formulated in Lemma 2.16. We now set about to
show that the analogous conclusion holds in our setting.

Proposition 2.22. Let \ € b* and assume that vy satisfies (2.38). Then, in the
module of fractions ST M (N),

e; F'(I1,v)vy =0,

for j =1, ..., n. In particular, if F(I1,v) € Un_) then F(I1,7v)v) is a
singular vector in M ().

Before we proceed with the proof of this proposition, we introduce some
additional notation and prove a simple lemma. We let

Frya(L,y) =1, (2.40)
and, fork =M, ..., 2,1, we put
Fy(I1,7y) = L(f") AU (Fiepa (I, 9)). (2.41)
Furthermore, when the reference to /1 and -y is understood, we let
Fy, = Fi,(I1,7), (2.42)
which in particular means that F;} = F'(I1,7).
Lemma 2.23. Forevery k € {1,..., M} the following holds:
(i) F} is homogeneous of degree

—(mskag, + ...+ mspo,,);

(1) #f Fry1 € U(n_) and iy, # g for £ > k, then Fi, € U(n_) and

o= [X (T eu e ) . 4

J=0
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Proof. (i) This is immediate from Lemma 2.14 (i).
(ii) Apparently this holds for £ = M. If k < M then, by definition, s, is given
by

S = (—aik+17ik)sk+1 + ...+ (—aiMﬂ‘k)SM. (244)
Considering the fact that (ad f;, )~ ®eix T (f;,) = 0, for £ # k, the first part of
the lemma together with (2.44) clearly imply that

(ad fi, )™ (Fy1) = 0.
From (2.15) we obtain (2.43), which in turn shows that Fy, € U(n_). d

Proof of Proposition 2.22. To prove this we will commute e; through the operators
making up F'(I1, ). In this process we will repeatedly make use of the results of
Lemma 2.14 (iii) and (iv), which state that

A (ej) = ej — Gy f; M o +v+1)
and that

Agi)(a;/) = aj +vyay.

We will show by downward induction, for k = M, ..., 2,1, that

M /-1
eij = erj + Z Ué(k) (al\z + 1+ Z’yraihie =+ ’yg), (245)
=k r=k

for some elements Ue(k) € U(g)S_l 0=k, ..., M). Fork = M, we we get
that
ejFar = eifft, = fin (ej = Gy i (—=m) f;, (o, = m+ 1))
m—1
M (067\;/”[ + T™M + 1)’

whence (2.45) holds in this case. Now assume that 1 < k < M. Then

= Fuej + 6i1b17jm

eij = ejﬁ(f:;:%)AS;:) (Fk+1)
- E(fz?::Sk)A'(fkk)((ej — biy g (—=msk — ) f; (g, — msg — 3 + 1)) Fiy1)

= L(f;*)AGH (e Fii1)
+ 8iy g (msk + W) LU AT (0, — mse — i + 1) Frpa).

(2.46)
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We consider the two terms making up the expression in (2.46) separately. By
induction, the first of these terms can be written as

LOf) AGR (e Frin)

1k Tk
-1
_£(fms’“)A( )<Fk+1ej—|— Z ngH)(ozule—l— Z %alhu+w>)
(=k+1 r=k+1

= ﬁ(ffzs'“)A(ik) (Fis1) (e — iy g i, (o, + 6 + 1))

+ Z E msk zk)(U(k+l))

(=k+1

-1
: (Oé;/e +1+ Z Vri, i, + Yo+ ’Ykaik,ig)
r=k+1
= Fyej — i i L(fF 1)A§kll (Frg1) (af, + 7k +1)
M 1

30 LA (k) (ag +14 ) et + w)- (2.47)

(=k+1 r=k

The second term of (2.406) is given by

Oiy.,j (Msk + ) L(FEE ) Al ((04 —msk — Yk + 1) Ft1)

27 Yk
= 0, i (msg + ) L( f;jjsﬂ)

A( )(Fk+1< —-—msp— v+ 1+ Z erasz)>
r=k+1

= 85 g (ms + ) LA (Frpa (o), — i + 1))

1k

= 81y (mse + ) L0 AGE (Fien) (a0, = + 1+ 23)

K

= Gipg (msy, + 1) LU 1>A“k>(Fk+1)<aik+w+1>, (2.48)

K

where the first equality follows from Lemma (2.23) (i), and the second equality
is a consequence of the definition of the s, integers (cf. (2.39)). Adding together
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2.4 Singular vectors in Verma modules

the results of (2.47) and (2.48), we obtain that

M /—1
eFi = Fiej+ Y LUT)AGR (U;) (Oéivz + 14D Wiy, + W)
0=k+1 r—k

+ 05, LU (s + ) AGD (Fin) — A (Fign)):
(o), + 9w+ 1)

M /-1
k
= Frej + Y U, )(a,\; F 14 ) et + w>,
=k r=Fk

where

k ms i k
U = LR AR (U,

for{ =k+1,..., M, and
U® = g, sL(fmet A (Fyy) — AU (F
& i LS ) ((msg + ) ASF (Fia) — AL (Frg)).

Thus, equation (2.45) is true for all k € {1,..., M }. The defining equations of
the parameters 7y (cf. (2.38)) state that

V1 Qiy,ip — oo = VO=1Qiy_q iy — VO = (A+ P)(az’ve)
—1
= Mog)) + 14 Z%«aim@ +7 =0,
r=1

for/ =1,..., M. Hence, with k = 1, it follows from (2.45) that
e;j F(I1,v)vy = e;Fivy = 0. O

We conclude this section with an example, which suggests that it may be
possible to generalize the method described in this section for obtaining singular
vectors to the case of non-symmetrizable Kac—Moody algebras. Indeed, the only
obstruction to such a generalization is the fact that, if g is non-symmetrizable,
then the ring of fractions ¢ (g)S~! has not been proven to exist.

Example 2.24. Let g be the non-symmetrizable Kac-Moody algebra with gener-
alized Cartan matrix A and affiliated Coxeter—Dynkin diagram given by
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2 —1 -2 o
A= -1 2 -1 A
-1 -1 2 ai a2
We consider the situation in which the index tuple I is of the form
I=(i,...,in) =1(2,1,0,1,2),
which means that I1 = (2,1, 0) consists of distinct entries. We get that
@ = Tay(ra; (a0)) = Tay (a0 + 1) = ap + a1 + 3o,

and hence that
82:1 and 81:3.

We let the middle exponent be equal to 1, i.e.
v =73 = —1.

The matrices C| and Cil are given by

-1 0 0 0 0
1 -1 0 0 0 -1 0 0

ch = 1 1 -1 0 0 and CI = 1 -1 0
1 -2 1 -1 0 11 -1
-2 1 2 1 -1

By Lemma 2.18 the equations determining y; and 7y, are then expressed by

-1 0 0 0 O M (A +p)(ag)
1 -1 0 0 0 Y2 A+ p)(ay)
1 1 -1 0 0 —1 = A +play) |,
1 -2 1 -1 0 1y A+ p)(a))
-2 1 2 1 -1 —3—m (A +p)(ay)
which can be written more succinctly as
00 0\ [ m A+ p)(a)
1 -1 0 v | =1 A+p)()) |. (2.49)
11 -1 1 A+ p) ()
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With I; = (2,1,0) and v = (71,72, —1), we now define F; = F([1,7) as it
would have been defined if we had shown that .S is an Ore set 2(g). Since all the
indices in I are distinct, it is clear from the outset that defining F} in this way
will yield an element in U/(g). Putting quotation marks around expressions which
are not well-defined for the present Lie algebra g, but serve as motivations for the
definition, we let F'; be given by

u£ A(Q)EflA(? ”(f()) —

= (Z (% e 1>£f§’j(ad £2)'):

j=0 J

(B (7)o

j=0 J

This means that

R =L AL L A () =LAD" (nfo + (1) s o
= st ()t gl + () Bttt (1) 2L A
(1) (2) et i+ 2(" ) e il S

- <M+ )fol[f27[f27f0H <71;1> <f;2>f2[f27[f27[f17f0]]]

+ 3<71 N 2) [Far Fillfor [Fos fol]
() (0 )t Lo Lol

Now we show that, for j = 0, 1, 2, we have ¢;F1vy = 0, if A € h* is such
that (2.49) holds.
For j = 0 we get that

coFroy = &V 3 fros + & £ fa, filva,

where

A =Aay) = - =A+p)a) =7 -2 —1,
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& = yA\a) + 7 =y — 2(71 N 1)
=mnMag) + 1=y — (M +1)) =1\ +p)(ag) = —22—1).
For j = 1 we obtain that
erFioy = &V £3 foon + &SV £31fa, folva + &5 falfa, [fa, folloa,
where

cgl) =Ma)+ 14+ —m=A+p)(a]) =+ 2

(1) =nA) + 271 + 112 — 2(%; 1)
=1\ a)) + 247 — (11 +1) =n(A+p)(a)) =71 +72),
0= (3 Y na )+ (5 o)
(12“> V)43 492 — (1 +2)
_ ( 12+1>((A+p)(a¥)—%+72>-

Finally, for j = 2 we get that

esFrox = &V 3 1 fous + ¢ 1311 folon + 52 fal fo, U1, folJva
+ cff’) [f2, f1]lfas folua + c§,3>f2f1 [fa, folon + e fol fos il foun
+ 07 ) Fulfos [f2s folloa + Cs [fa oy L1y Follluas

where
& = 3A(Y) + (=14 1+3) + 91 + 271 = 3((A+ p)(a¥) + ),
) = 39A(a¥) + 72(=1+ 1 +3) + 37192 = 332((A + p)(a¥) + ),

+1
Y o >72(1 +3)

= 2n7eM(e) + Mye(-1+1) + ( 5

= 27172((A + p) (@) +71)5
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1 1 2
c§3):2<’”2+ )A(ag)—z(“; >+3<71;L )(0+2)

—2(" Do - 1em 2 =2(" T+ o) + )

1 1
¢ = 29 A () + 71 (—1+ 1) +2<%;L ) + (71; )(0+2)

=271 (A + p) (@) + ),

+2
¥ = 2 A(a) + 1 (~1+1) + 2(713 ) -2

=2m((A + p)(az) +m),
¥ = (71; 1>A(ag) + (71; 1) (=1) +3<’“;2) 1

- (" e -1 = (M@ e+,

+1 +1
& = (M e+ (5 e -0

+2 +1
+ (713 )72(—1+1+3) = (712 )72(A(a¥)—1+71+2)

= ("5 et o)+ )

In view of (2.49) we see that 9 — 0 for all i and J.

i

2.5 Proof of Theorem 2.19

We start this section by proving a preparatory lemma which describes an ob-
servation that is fundamental to the proof of Theorem 2.19. Since the formal
statement of this lemma turns out to be a rather complicated way of expressing a
simple principle, it is useful to start with a brief exemplification of its basic idea.

Let g be the Kac—Moody algebra in Example 2.24 at the end of the previous
section, and let € U(n_) be given by

x = [f2, [fo, 11 /3 f1llfos [fo, fl], ful
= [fa, (ad fo) ()15 f1l(ad fo)*(f2), fu]-
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Notice that the occurrences of fj in the expression making up x are either written
as (ad f())k(fj) (for j = 1,2 and k € N) or in the form f(’f (k € N). Consider
the locally nilpotent action of ad fy on(n_), and recall that ad fj is a derivation
of U(n_), both with respect to associative multiplication and the Lie bracket.
Letting (ad fo)* act on z, we thus obtain that

%ﬁ.u[(ad J0)*(£2), (ad fo) (F1)] 3 (ad fo)(f1)-

[(ad fo)*(f2), (ad fo) (f1));
whereas (ad fo)*(x) = 0 for k > 4.

We will now specify this reasoning in more precise and general formulations.

(ad fo)!(2) =

Let Z be the set given by
Z={1,...,n} xN,

and let G be the free abelian group on Z. Define f to be the free Lie algebra on
the set

k .
{6k €2},
Giveni € {1,...,n}, we then let x;: U(f) — U(n_) be the algebra homomor-
phism determined by

k
milf;”) = (ad £ ()
for (j, k) € Z, which clarifies the idea behind the construction of §f. We regard §

as a G-graded Lie algebra in the natural way. Fori € {1,...,n},let7,: G - Z
be the group homomorphism satisfying

. max{—a;; — k,0} ifi#£j
Ti(],k):{ { OJ } ifz'ij' .

Then 7; induces a Z-gradation of f, which, via the mapping ;, is evidently related
to the nilpotency of ad f;.
Retaining the notation just introduced, we have the following lemma.

Lemma 2.25. Leti € {1,...,n} and p € N, and consider the diagram

U —2~u(

Ulno) 5 Un)
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where ¢; is the algebra homomorphism determined by

max{—a;;,k
@(f](k)) _ f]( {—ai; })’
for (4, k) € Z. Assume that y € G is given by
y= Z C2%,
for some c; € N, and let U(F), denote the homogeneous subspace of U(F) of degree

y- 1If
(i) p> 7i(y) then ((ad fi)? o K;) (), 15 the zero map;

(i) p = 7i(y) then ((ad f;)P o k;) lu(p, = ay(Ki © ¢, where a, € ZF
is the multinomial coefficient given by

7i(y)!
[Lez (7(2))™

(Zy:

Proof. Since ad f; is a derivation of U(n_) (both regarded as an associative al-
gebra and as a Lie algebra), this result follows immediately from the fact that
(ad f;) "% t1(f;) = 0, for i # 7, and some elementary combinatorics. O

We are now ready to prove our main theorem concerning the question of
whether F'(I1,7) belongs to U(n_). Throughout the proof we will employ the
simplified notation for F'(I1,) and its constituting components, which was in-

troduced in (2.40), (2.41) and (2.42).

Proof of Theorem 2.19. We will prove this theorem by induction on |T'|. If |T'| =
0 the result follows immediately from repeated application of Lemma 2.23 (ii).

Assume that |T'| > 0, and let (g, ) be the pair belonging to T" such that
q=min{¢ : (¢,r") € T for some 1" }.

If we prove that F; € U(n_), then Lemma 2.23 (ii) shows that F also belongs to
U(n_). Without loss of generality, we therefore suppose that ¢ = 1. If (¢, M) €
T for some ¢, then m = 1 by assumption. On the other hand, if (¢/, M) ¢ T for
any ¢/, then Proposition 2.20 provides a way to reduce to the case when m = 1.
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Thus, we assume that m = 1. (Throughout the rest of the proof, special note
should be taken to check that the arguments hold in the particular case when
r=DM.

By induction, assume that F;.y; € U(n_). The assumptions on the set T’
and Lemma 2.23 (ii) then implies that we also have that > € U(n_) and that

Fy = (L(f2) AW - L(fm)AST)) (Frpa)

-5 () e s s

=2 §=0
Since s, = 1, we obtain that

LA = £(f;,) AU = R(f;)A) ) = R(fi (AN )7L

and, in view of (2.16), this implies that

Fy = L(f)AYD (Frya) = Frgi fip + (=3 — D)(—ad f,) (Frp1)- (250)

Let @y) be the operator given by

@y) _ (W +;’ - 1>£(ffz_j)(ad fiz)j’

and, fork =2, ..., r — 1, let J; denote the set

Jk:{(jk,...,jrfl):ng{O,...,Sg}}.

Then we can express F}; as

r—1 Sy r—1

F = (H [Z @5”])(11) - ( 3 [H @%)(FT). (2.51)
=k j=0 (Fkyesdr—1)€Jy  £=k

We will write Fy, for k = 2, ..., 7 — 1, as a sum of terms in a certain way.

This will be done by successively expanding products of the form
r—1
[H 65?} (FT)’ Whel‘e (]kv s ajrfl) S Jk, (2.52)
l=k
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2.5 Proof of Theorem 2.19

according to a specific algorithm. We will now describe how to do this. Let X be
the set

X = { [flkv[fzwflr“ ke {2,...,7“— 1} }’
and let L be the ideal of U (n_) generated by X, i.e.

L=(X)cCU(n_).

The terms that are to make up Fj, will be determined modulo L. They will
be of four different types, called (A), (B), (C), and (D), respectively. Terms of
type (A) will belong to the set U/ (n_) f;, . Additionally, the terms of type (B) and
(C) will be further subdivided into the types (By) and (Cy), for £ € {k,...,r—
1}, respectively.

Assume now that we have expressed Fj,y1, modulo L, as a sum of terms of
the above-mentioned types. To obtain the terms of F}, we have to let operators of

the form @y}:), where 0 < ji < s, act on the terms of Fj 1, and decide how to
express the result as a sum of terms and of which types these terms will be. This
is done as follows.

We write the result of the action of ©%*) on a term of type (By), (Cy) or (D)

Jk
as a single term, and define it to again be a term of the same respective type. To
g g p p

determine how @;’Z)
we have for every integer j > 1 that

transforms a term of type (A), we observe that, by induction,

(ad fi Y (yfs, + L) = (ad £, () fir = 3 (el i, Fi. ) (0 £~ ()
+ j[flm fir](ad fik)j_l(y) + L,

for any y € U(n_). Thus, when jr > 1 we let the result, modulo L, of the
(k)

action of © jlz on a term of type (A) of the form y f;, be the three terms

<’Yk: +j"7].f ) 1) fis:_jk (ad i )jk ) fi,»

ik <7k +j?: - 1) £ ad[fiy, i ])(ad fi P ()

and

i <% e 1) S fi £, ) (ad £, ) ().
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We define these terms to be, in order, of type (A), (By) and (C}), respectively.
Similarly, when ji = 0 we also let a term of type (A) produce one term each
of the types (A), (B) and (Cf) when @;IZ) acts on it, but we let the terms of
type (By) and (Cf) be equal to 0 in this case.

Now we have described how to go from the representation of Fj as a sum
of specific terms modulo L to the corresponding representation for Fj. In view
of (2.50) we define F}. to consist of one term of type (A) given by

FT-‘rlfi,n

and one term of type (D) of the form

(= = D(=ad fi,) (Frta).

The discussion above then gives a recursive definition of Fy, fork =r—1,...,2,
as a sum of terms modulo L of types (A), (By), (Cy¢) and (D), where £ €
{k,...,m —1}.

A term of Fj resulting from the expansion of (2.52) will be called a
(Jk, - - -, jr—1)-term. By convention, we define a (ji, . . ., jr—1)-term to be equal
to 0 if jo > s for some ¢ € {k,...,r — 1}. From the description above, we
see that for every £ € Jy, the expansion of (2.52) gives rise to one {-term each of
the types (A) and (D), and a total of 7 — k &-terms of the types (B) and (C),
respectively. Furthermore, we see that the type (A) (jk, - .., jr—1)-term is given
by

([ﬁ @%)} (Fr-i-l))fiT; (2.53)
=k

while the type (D) (j, - - ., jr—1)-term is of the form

r—1
(102 ((— - D ad ) (). (2.54)
=k

We now organize the terms of Fj, into collections of terms. Given { =
(Jky -y Jr—1) € Jk, we define the {-collection of terms to consist of all the
&-terms of types (A), (B) and (D), together with each type (C¢) (ji, .., j¢ +

1,...,jp—1)-term, for { = k, ..., 7 — 1. (Recall the convention mentioned
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2.5 Proof of Theorem 2.19

above.) In particular, the terms of F3 are organized into collections. Thus we can
write F5 as

F=)Y Ac+z, (2.55)
§EJ2
where z € L and A¢ is the sum of the terms in the &-collection.
Finally, in order to obtain F we let £( fil)A,(yill) act on Fy. We write this
operator as R(f*) (A(il) )~1, and expand it as a series of “right operators” in

11 —Y1—S1
accordance with (2.16). From Lemma 2.23 (i), we know that F is homogeneous

of degree
—(82042'2 + ...+ SMaiM)~

Since (1,7) € T and s, = 1, we have that

M

M
$1= Y (=i i)sk = =24 Y (=i, i)k
k=2 i

In view of the assumption that no three entries of I are equal, it follows

that (ad f;,)*1™3(F2) = 0. Consequently, we obtain that the action of
R(ffl)(A(_ZlW)l_sl)_l on Fj is given by

s1+2 v — s i1 A
e = Z < E ; ’ >R(fi81_])(_ ad fil )j' (256)
j=0

For ease of reference, we introduce the notation

0, = (ﬂ - o 1>R(ffl_j)(— ad fi ), (@257)

forj =0,..., s1 + 2, so that for any y € U(n_) we get that

by) = > Bi(y). (2.58)

We will now show that the result of the action of ® on F} is equal to zero
modulo U (n_). Clearly, we have that

O(y) = @5y 41(y) + Psy42(y)  (mod U(n-)), (2.59)
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forany y € U(n_).

First we consider the part of F belonging to L. Let F» be represented by the
expression in (2.55). By Lemma 2.25 (i), we see that @5, 12(z) = 0. Likewise,
Lemma 2.25 (ii) implies that @, +1(2) is of the form 2’ fal, where 2’ is contained
in the ideal generated by all

[(ad fil)_aie’il (fU)? (ad fi1 )_aw’il (fw)] =0,

for ¢ =2, ..., — 1, which in turn shows that ®, ;1(z) = 0.

Next, we examine what we get modulo ¢/ (n_ ), when @ acts on a collection of
terms from F; of the sort described above. To this end, let £ = (j2,...,jr—1) €
Ja, and let u, vy, wy and x be the terms of type (A), (By), (Cy) and (D),
respectively, belonging to the §-collection. Also, let A¢ be the sum of all the
terms in this collection. Since u € U(n_) f;,, it is immediately clear that

Py, 41(u) €U(n-),
while Lemma (2.25) (i) implies that
Py, 12(ve) = Py 2(wp) = Py 42(x) =
Thus, modulo /(n_), we have that
D(u) = Py, 42(u),
whereas
O(vg) = Psy41(ve), P(wy) = Psy41(wy) and P(z) = g 41(x).

Since w is given by the expression in (2.53) (with k = 2), we get from
Lemma 2.25 (ii) that

By

| ((=aiy i)™\ s1+2
k#r

(T8 )i 2.0
=2

(I)51+2(u)
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where @;-g) is the operator given by

(I e (- wa g (1))

j |
, (ad ((—ad fi,)en (fiz)))ﬂ

and R
Fryr = (—ad fiy ) (Fry).
Let @ be given by

- ([T18¢) ) 2
(=2

Considering the similarity in the structure of v, and u, we get from another ap-
plication of Lemma 2.25 (ii) that

_ (s1 4+ 1)! o M\, s
Pon) = (<—aik,il>!)8k(_“”’“)<sl+1)( . (262
k#r

Furthermore, if we assume that j, < sy, which means that the above-mentioned
convention does not apply to wy, analogous reasoning also yields that

(s1+1)! (—71) ‘ Yo+ Je -
) wy) = —Q;,; s+ 1 ( - )u
() 1L ((_aik7i1)!)5k( i) s1+1 Ge+1) Je+1
k#r
(s1+1)!

- 5 (—%n)< o )('v + Jje)i.  (2.63)
H%ﬁ:ﬁ ((—aip,i)) s 41)0 T

To obtain the above expression for @, 1 (wy) we have used the fact that

1 . o .
i—[ (% +Jk—1+5k,z> _ <W +Je>h ('Yk +]k_1>
Jk + Ok Jje+1 ' '

k=2 k=2 Jk

(Notice that wy is a (jo,...,j¢ + 1,..., jr—1)-term.)
Finally, as z is given by (2.54) (with k& = 2), we get from Lemma 2.25 (ii)
that

a0) = o OO (5 i) (7)) e

= 5M
Hi;? ((_aikﬂ'l)!)Sk l=r+1 sitl
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Since i1 = 4, we have that

M M
Y (—aia)se= > (—aii)se= s =1,
{=r+1 l=r+1

and hence that

B (s1 4+ 1)! e (T W
Pan () = [Tils ((—aii)!)™ <31 + 1>( = 18 (269
k#r

Thus, under the assumption that j; < sp for ¢ = 2, ..., r — 1, we get
from (2.60), (2.62), (2.63) and (2.64) that the action of ® on A¢ is equal to ci
modulo U(n_), where

(s1+2)! (—71 + 1>

C =

ey ((—agi)1)™ \ s1+2
k#r
r—1

(s1+1)! < A > .
; ;y:Q ((_aik,il)!)sk £521 51 + 1

k#r

r—1

(s1+1)! o |

* (—@ig,i) o 41 (Ve + je)

M
= i (o))

(514 1)! AV
+H;3M¢g(<—ai,c,il>!)5k( >< ¥ =1)

_ (s1+1)! ( -m )
H]l]z:[:éQ ((_aik,il)!)Sk s1+ 1

) T Z(_aim&)(—jz + v+ Je) — v — 1)

(=2

[ay

-1 +1
s1+ 2

(e

(s1+1)! ( M ) —
- Sk -t (_aiz,i1)7 — 7). (2.65)
Hj}z\%% ((—aik’il)') s1+1 ( ! Z; ¢ )

Since condition (C) is satisfied and i; = %,., we have that

= (_ai27i1>72 +.o+ <_air7177:1)77‘_1 - Yr-
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Hence we see that ¢ in (2.65) is equal to 0, which means that this collection of
terms does not produce anything nonzero modulo U(n_) in F}.

We now notice that if j, = sy and a;,;, = 0, then the terms v, and wy
above are both equal to 0. This follows from the fact that v, contains a factor of
the form [f;,, fi,] = 0, while wy = 0 by convention. From this observation we
see that the calculation in (2.65) also holds if the collection satisfies the condition
that jp, = s = a;,4, =0, fork=2,...,7r— 1.

It remains to consider the situation in which the (ja,. .., jr—1)-collection is
such that j = s; and a;, ;;, < 0 for some k. Assume that this is the case for
k = p. We then obtain that u = 0. To see this, notice that u is of the form

([H@ } r+1) )fz (2.66)

Since s, = 1, we have that

[H@} 1)

{=p+1
is homogeneous of degree

M
— Z SpQg,.

t=p+1
b#£r

Furthermore, because a;, ;; < 0 implies that a;, ;, < 0, we see that

M M
Sp = Z (—@ipi,)50 > Z (—aigi,)Se-
l=p+1 (=p+1
bF£r
It follows that
r—1
[H@ Fr)fi = <vp+sp > ad s, ([ T1 ©9)F ) fi
{=p+1
=0,

whence also u = 0. We then obtain from Lemma 2.25 (ii) that & = 0 (cf. (2.61)
and (2.66)). From above, we know that @, yo(u), Ps,41(ve) and Ps, 11(x) are
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all multiples of 1, and hence equal to 0. If jy < s this is also true for @5, 11 (wy),
whereas if j, = sy then w;, = 0 by convention. Consequently, ®(A¢) =
modulo /(n_) in this case as well.

We have now seen that none of the collections of terms in F5 make any
contribution to F; modulo ¢ (n_), and that this is also true of the part of I
belonging to the ideal L. Thus, we conclude that £} = F(I1,7) e U(n_). O
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Vertex operator algebras

The principal aim of this chapter is to study the irreducible modules in the cate-
gory O for simple vertex operator algebras of affine type at admissible levels. Our
main instrument is the theory afforded by Zhu’s algebra. We will start, however,
by presenting the required preliminary definitions and results concerning vertex
operator algebras and their modules, as well as the concept of admissible weights.

3.1 Definition of vertex operator algebras and their mod-
ules

In order to define what a vertex operator algebra is, we need to first establish
some notation and conventions about formal series in one and several variables.
Thus, our aim is only to briefly discuss certain aspects of formal series that are
relevant for this thesis. A thorough exposition of this topic can be found in for
instance [LLO04].

To this end, let A be an associative algebra over C, and let A[[z, 2] be the
vector space of formal Laurent series over A, i.e.

Allz, 27 Y] = { Zanz" tap € A } 3.1)
ne”Z

A sequence of elements of A[[z, 271]] can not in general be multiplied together.
To determine if the product of the sequence of series

a(z)(z) = E a,(f)z”, fori=1,...,m,
neZ
is defined, one considers the tentative expression

aMz)-..a™(z) = Z ( Z a](:l) . agnn))z”. 3.2)

nez k1,..okm EZ
ki+..+km=n
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If the coefficient of 2" on the right-hand side of (3.2) amounts to a well-defined
element in A for every n € Z, then the product exists and is given by (3.2). (It
is important to consider products of sequences of elements of A[[z, z71]], since a
“subproduct” of a well-defined product does not necessarily exist.)

Examples of multiplicative substructures of A[[z,z7!]] include the ring
A((z)) of lower truncated Laurent series over A (i.e. those elements of (3.1) with
an, = 0 for all sufficiently large negative n), the ring A[[2]] of formal power series
over A, the ring A[z, 27!] of Laurent polynomials over A, and the ring A[2] of
polynomials over A.

Now, let B be a (left or right) A-module, and consider also the formal series in
the vector space B[[z, z~1]]. The product of a sequence of elements of A[[z, 271]]
with an element of B[[z, 27!]] (to the left or right as appropriate) is interpreted
in the obvious way as a generalization of formula (3.2), and, as above, it may or
may not yield a well-defined element of B[[z, 2 1]].

The definitions just introduced readily carries over to formal expressions in
more than one variable. An important aspect of series in several variables is what
is called the expansion convention, which we will now describe. Let K be a field,
and recall that the field of fractions of the power series ring K[[2]] is naturally
identified with the field of lower truncated Laurent series K((z)). This reason-
ing may be applied recursively to the field of fractions of the power series ring
K[[#1, .., zn]] in the following way. Let Ko = K, and define K; inductively, for
t=1,...,n,by

Ki = Ki—1((2))-

This provides an isomorphism of the field of fractions of K[[z1, ..., z,]] with
K., and thereby an embedding into the vector space K[[z1, 27, zn, 271]].
The ordering of the formal variables 21, . .., 2, is of course essential, and different

orderings yield different embeddings. The expansion convention stipulates that,
whenever the ordering of the variables is relevant, this should be clear from the
way expressions are written. In the present context, the expansion convention
will only be used for binomial expressions in two variables, whence it is essentially
characterized by the two equations

(21 + 22) :Z(k)zl Fohand (22 + 21) :Z<k>22 ko,

keN keN

forn € Z.
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A particular formal series playing an important part in vertex operator algebra

0(z) = Zz" e C[[z]]

nez

is

Particularly relevant are expressions of the form

5(M) (3.3)

20

The expansion convention makes it clear how (3.3) is to be interpreted as a formal
series.

We now turn to the context which is relevant for vertex operator algebras. Let
V be a complex vector space. The theory of formal series that we have briefly
sketched will be applied to the algebra End(V'), as well as to V' regarded as a
left End(V')-module. Naturally, both V' and End (V) are also considered as C-
bimodules.

In order to give meaning to certain infinite sums in End(V'), the following
convention is employed. Let (f;)je; € End(V') be a set of endomorphisms.
If, for each v € V, the element f;(v) is nonzero for only finitely many j € J,
then the sum of the family (f;);je is defined in the obvious way. In the theory
of vertex operator algebras, this convention is frequently used to establish the
existence of products in (End(V))[[z, 27 1]].

We have now laid the groundwork necessary to state the definition of a vertex
operator algebra.

Definition 3.1. A vertex operator algebra consists of a quadruple
V.Y, 1,w), (3.4)
where V' is a vector space,
Y:V — (End(V)[[z, 27 Y]] (3.5)

is a linear map called the vertex operator map, and where 1 and w are distin-
guished vectors in V' referred to as the vacuum vector and the conformal vector,
respectively. The image of «w € V under Y is denoted by

Y (u,z) = Z Upz "L, (3.6)
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and Y (u, z) is called the vertex operator associated with u. The constituents of a
vertex operator algebra are required to satisfy the following conditions.

The vector space V' is Z-graded,

V=B Vi, (37)
nez
with
dimV(,) < oo foralln € Z, (3.8)
and
Viny = {0}  for all sufficiently large negative n € Z. (3.9)

The gradation of V' is said to be given by weights, and the weight of a homoge-
neous element v € V' is denoted by wt v.
For all u, v € V the truncation condition holds, which means that

up,v =0 for all sufficiently large n € Z, (3.10)

or, equivalently,

Y(u,z)v € V((2)). (3.11)

The vacuum vector 1 satisfies the vacuum property given by
Y(1,z) =idy, (3.12)
and, furthermore, for every u € V
Y(u,2)1 € V[[z]] and u_11=u, (3.13)

which is referred to as the creation property. The conformal vector w is homoge-
neous of weight 2, and, with its vertex operator expressed as

Y(w,z) = anz_"_l = Z L(n)z "2, (3.14)

neL nez

the components L(n), n € Z, satisfy the Virasoro algebra relations given by

Wﬁ-—Tn

[L(m), L(n)] = (m —n)L(m +n) + =

Om+nocy, form,n €Z,
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where ¢y € C is called the central charge of V. In addition, the operator L(0)
acts semisimply on V', and its eigenvalues correspond to the grading of V, i.e.

L(0)v = nv, forn € Zandv € V). (3.15)

Moreover, the operator L(—1) satisfies the L(—1)-derivative property given by

d
Y(L(-1)u,2) = de(u, z) foruelV. (3.16)
z
Finally, the vertex operator algebra satisfies the Jacobi identity, which states that

22 — 21

20_15<Zl — Z2)Y(u, 21)Y (v, z9) — 20_1(5<

20

)Y(v, 29)Y (u, 21)

—20

- 22—15<212—220)y<y(u, 20)v, 22), (3.17)

forallu,v e V.

Remark 3.2. 1f the assumptions about the grading of the vector space and the
existence and properties of the conformal vector are removed from the above def-
inition of a vertex operator algebra, the resulting algebraic structure is instead
called just a vertex algebra. It can be shown that this definition of a vertex algebra

is equivalent to the original axioms of a vertex algebra, as they were formulated by
R. E. Borcherds in [Bor86] (see e.g. [LLO4, pp. 90-91]).

We now fix a vertex operator algebra (VY 1,w), which will simply be re-
ferred to as V. Next, we will define some different notions of modules for V.

Definition 3.3. A weak V-module consists of a pair
(W, Yw),
where W is a vector space and
Yiy: V. — (End(W))[[z, 27|

is a linear map. The image of u € V under Yy is denoted by

Yw(u,z) = Z Upz ", (3.18)
and the following conditions are satisfied:
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(i) the truncation condition:

Yw(u,z)w € W((z)) forallu € Vandw € Wj (3.19)

(ii) the vacuum property:
Yiw(1,z) =idw; (3.20)

(iii) the Jacobi identity:

Z1 — & 29 — Z
0 0T ) Vi 20)Yiw (0, 22) — 20 (2% ) Yo (0, 22) i, 21)

== 0 )Y (Y (w z0)u, 22), (3.21)

forallu,v € V.

Next we define the structure which in the literature is commonly called a
vertex operator algebra module, without any further denomination. Since we
will mainly focus on weak modules in the subsequent sections, and also to avoid
linguistic misunderstandings, we will refer to these modules as ordinary modules.

Definition 3.4. A weak V-module (W, Yyy ) is called an ordinary V-module if
Ly acts semisimply on W with finite-dimensional eigenspaces such that for every
h € C the subset of the spectrum of Lo contained in h + Z is bounded from
below. In other words, (W, Yjy/) is an ordinary V-module if

W = W, (322)
heC
where
W(h) = {U) e W : Low = hw }, (3.23)
and foreach h € C
dim W) < oo (3.24)
and
Wihin) = {0}, (3.25)

for all sufficiently large negative n € Z.

The modules which are classified by Zhu’s algebra (cf. Section 3.3) are the
N-gradable weak V'-modules, which are defined as follows.
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Definition 3.5. An N-gradable weak V-module is a weak V-module (W, Yyy)
on which there exists an N-grading,

W =P W, (3.26)
neN

such that for all k € Z and u € Vg,
umW(n) - W(nJrk,m,l) forall m, n € Z, (3.27)

where by stipulation W,y = {0} forn € —Z*. If W # {0}, then the subspace
W(t), where
t=min{neN: W, #{0}}, (3.28)

is called the top level of W with respect to the grading in (3.26).

In the general discussion, it will be convenient to have a fixed gradation for
the modules just introduced, and therefore we adopt the following principle.

Convention 3.6. If W is an N-gradable weak V'-module for which no particular
N-grading has been specified, we will assume that W is endowed with a grading
expressed by (3.26) such that (3.27) is satisfied, and with the top level given by
W(O)

Remark 3.7. As the following reasoning shows, every ordinary V-module W =
Drec Win) is an N-gradable weak V-module. First, as a consequence of the
grading of W by Ly-eigenvalues, we have that equation (3.27), generalized to
allow that n € C, holds for W. Secondly, let

K={heC:dimWy #0and dimWy,_;y =0},  (3.29)

and for n € N let

W(n) = P Winsn)- (3.30)
hex

Then the decomposition W = @, .y W (n) clearly shows that W is an N-
gradable weak V-module.

Definition 3.8. A vertex operator algebra V' is called rational if every N-gradable
weak V-module decomposes as a direct sum of irreducible N-gradable weak V-
modules.
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3.2 Vertex operator algebras associated to affine Lie alge-
bras

In this section we will give the basic definitions for vertex operator algebras associ-
ated to affine Lie algebras, and mention some results with regard to their modules.
We employ the notation of Section 1.2, and start with a simple finite-dimensional
Lie algebra g and a g-module U. Let ¢ € C, and extend the action of g on U to
(C[t] ®c g) ® Cec, by letting tC[t] @c g act trivially and letting ¢ act by £. Then
form the induced g-module M (¢, U) defined by

M(€,U) =U(8) ®ecgace U-

As was mentioned in Section 1.2, any restricted §-module of level ¢, where ¢ #
—g, can be regarded as a g-module in a way which is natural in the context
of vertex operator algebras. We will describe this in a moment, and assume it
temporarily.

Now let U be a highest weight module with highest weight A € h*. The
resulting g-module M (¢, U) is then the restriction to § of a highest weight g-
module, whose highest weight is determined modulo C6 and can be expressed by
A+ ¢Ag. If we let U be the trivial g-module L(0) = C, then we denote the g-
module M (¢, C) by N(¢Ag). This module is obtained from the Verma module
M (€Ao) as the quotient given by

N(£Ag) = M(£A) / 3" UE) fi(0)ven,-
=1

Next, we will show how N (¢A() can be endowed with the structure of a vertex
operator algebra.

The vacuum vector 1 of N (¢Ay) is given by the highest weight vector vgp, .
For a € g, the vertex operator of a(—1)1 is defined by

Y(a(-1)1,2) =Y a(n)z™"". (3.31)
nez

As a result of the Jacobi identity (cf. (3.17)), the vertex operator map Y (-, z) must
satisfy the so-called iterate formula which states that

)Y(a, 21)Y (b, z2)

21 — 22

Y (Y (a, 29)b, z2) =Res,, <zo_15(

<0

_ 2515(22_;021)1/(17, 2)Y (a, z1)>, (3.32)
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3.2 Vertex operator algebras associated to affine Lie algebras

for all a, b € N(¢Ag). On the other hand, since 1 generates N (¢Ag) as a g-
module, it follows from repeated application of the iterate formula, that there
exists at most one way to define the vertex operator map such that (3.31) and the
vacuum property (cf. (3.12)) both hold. It turns out that this process does indeed
give rise to a well-defined map Y'(-, 2).

Next, we define the conformal vector of N(¢Ag). Let the vectors v for
i =1, ..., dimg, constitute an orthonormal basis of g with respect to the non-
degenerate symmetric invariant form (-,-). (Recall that this form was fixed in
Section 1.2 by the condition that (0, 8) = 2.) Assume that the level / is different
from —g, where g is the dual Coxeter number of g. The conformal vector w of
N (¢Ap) is then defined via the so-called Segal-Sugawara construction by

dim g
1 4 .
— @ (—1)@® (=
w= U+ ) ,;_1 v (=1)v"(=1)1. (3.33)

The components L(m) of the vertex operator Y (w, z) then satisfy the commu-
tation relations

[L(m),a(n)] = —na(m +n) forallm,n € Zanda € g. (3.34)

We can now state the following important existence theorem for vertex opera-
tor algebras associated to affine Lie algebras (cf. e.g. [LL04, Theorem 6.2.18]
or [FZ92, Theorem 2.4.1]).

Theorem 3.9. Let { € C and assume that { # —g. Then the quadruple
(N(€Ao),Y,1,w), where 1 = vyp, and w is given by (3.33), has a unique struc-
ture as a vertex operator algebra such that the vertex operator map Y satisfies (3.31).
The Z-grading of N (¢Ao) follows from the relations

[L(0),a(k)] = —ka(k), fora € gandk € Z,
and the central charge of N ({\g) is given by (dim g)¢/ (¢ + g).

From now on we will regard N(¢Ag) as the vertex operator algebra defined
by Theorem 3.9, and we will assume that £ # —g whenever N (¢Ag) is under
consideration. It is clear that g-submodules of N (¢A() coincide with vertex op-
erator algebra ideals. Thus, we also view any nontrivial quotient of N (¢Ag) as a
vertex operator algebra via the induced structure.
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We now look at modules for the vertex operator algebra N (¢Ag). Assume
that W is a restricted g-module of level £. We may for example consider W =
M(¢,U) for any g-module U. To turn W into a weak module (W, Yyy) for
N (¢Ay), we proceed as above and let

Y (a(—1)1,2) = Z a(n)z"""', fora € g. (3.35)
neZ

As in the case of the vertex operator map for N (¢A(), there is a unique way to
extend Yy to the whole of N(¢Ag), and we have the following result (cf. e.g.
[LL04, Theorem 6.2.12]).

Theorem 3.10. Let W be a restricted §-module of level ¥, and assume that £ # —g.
Then the pair (W, Yy ) has a unique structure as a weak module for N ((Ag) such
that Yyy satisfies (3.35).

Henceforth, we will consider restricted g-modules of level £ as weak vertex
operator algebra modules for N (¢Ag) in accordance with Theorem 3.10. There
is also a converse to this theorem. If we assume that (W, Yyy) is a weak N (¢Ag)-
module and that (3.35) holds, then W is a restricted g-module of level ¢, with
the action of g expressed by (3.35) (cf. [LL04, Proposition 6.2.6]). In this way we
will also regard weak N (¢Ag)-modules as restricted g-modules, without further
comment. Notice that for modules of this kind there is no need to distinguish
between g-submodules and weak N (¢Ag)-submodules.

Let W be a restricted g-module of level £, and let the action of the conformal
vector w be described by Yiy (w, z) = 3, o L(n)2"""2. Then the relations
in (3.34) still hold with respect to the module action on W. This shows in par-
ticular that W may be extended to a g-module by letting d act as —L(0). From
now on, we will regard any restricted g-module as a g-module in this way. In
particular, we notice that the highest weight of the g-module N (¢A) (which was
previously only determined modulo C0) is indeed equal to ZAy.

Let 2 denote the Casimir operator of g with respect to (-, ). If we regard U
as the subspace 1 @ U of M (¢, U), then the action of L(0) on U is given by

1
(Hg)Q

If © acts on U as a scalar, we see that M (¢,U) obtains a Q-grading by L(0)-
eigenvalues, and a slight shift of this grading clearly provides M (¢,U) with

(3.36)

L(0)|o = 5
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an N-gradation. Since this grading is decided by the action of L(0), it fol-
lows that (3.27) holds. Consequently, we have the following corollary to The-
orem 3.10.

Corollary 3.11. Let U be a g-module and assume that the Casimir operator of g
with respect to (-, -) acts on U by a scalar. Then M ((,U) is an N-gradable weak
module for N ((Ao).

Unless otherwise stated, we will assume that the N-grading of the module
M(£,U) in Corollary 3.11 is determined according to the paragraph preceding
the corollary, in such a way that M (¢,U) ) = U. In particular, this means that
U is the top level of M (¢,U).

Now let U be a highest weight module with highest weight A € h*. Recall
from the theory of semisimple Lie algebras that the action of the Casimir operator
Qon U is given by (A, A + 2p). Thus, in view of (3.36), we see that the highest
weight of the g-module M (¢, U) is given by

(A A +2p)

A+ A -
+ £Ag + 20 +9)

J. (3.37)
Recall also that the irreducible g-module L(\) is finite dimensional if and only
if A is dominant integral, ie. A(aY) € N, for i = 1, ..., n. We have the

following classification of irreducible ordinary N (¢Ag)-modules (cf. e.g. [LLO4,
Theorem 6.2.23]).

Theorem 3.12. Let N € b* be a dominant integral weight and let A € b* be
the weight given by (3.37). Then L(A) is an irreducible ordinary N (Ao )-module.
Furthermore, every irreducible ordinary module for N ((\g) can be obtained in this
way.

In our study of the module structure of the irreducible quotient vertex op-
erator algebra L(¢A) in the subsequent sections, we will have occasion to use
the following result which occurs (in a more specialized form) as Lemma 26 in
[Per07].

Lemma 3.13. Let V' be a quotient of N (€Ao) with the induced vertex operator alge-
bra structure, and assume that V' has only finitely many irreducible ordinary modules
in the category O. Then every ordinary module of 'V belongs to the category O.

Parallel to Definition 3.8 we also introduce the following terminology.
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Definition 3.14. A vertex operator algebra V' associated to an affine Lie algebra is
called rational in the category O if every V-module in the category O decomposes
as a direct sum of irreducible V' -modules in the category O.

3.3 Zhu's algebra

In the doctoral thesis of Y. Zhu [Zhu90], an associative algebra A(V) is intro-
duced for any vertex operator algebra V. The algebra A(V'), called Zhu’s al-
gebra, has the property that there is a one-to-one correspondence between irre-
ducible A(V')-modules and the irreducible N-gradable weak V' -modules. In the
present thesis we will apply theorems involving Zhu'’s algebra that are contained
in [Zhu90] and [FZ92].

To define Zhu’s algebra, we proceed as follows. Let * be the binary operation
on V defined on homogeneous elements u, v € V by

(2: + 1)wtu

u*v:Resz(
z

Y (u, z)v) (3.38)

and on the whole of V' by bilinear extension of (3.38). Define O(V') to be the
subspace of V' spanned by all elements of the form

(Z + 1)Wtu

Res. ( LY (u, z)v), (3.39)

z

for homogeneous u, v € V. Let A(V') be the quotient space
A(V)=V/OV). (3.40)

Under the quotient map V' — A(V), we let the image of an element u € V/
be denoted by [u], and the image of a subspace V/ C V' be denoted by [V'].
Theorem 2.1.1 in [Zhu90] contains the following result.

Theorem 3.15. The binary operation * induces a multiplication on A(V'), under
which A(V') becomes an associative unital algebra with multiplicative identity [1].

Furthermore, we have the following proposition concerning quotient vertex
operator algebras.

Proposition 3.16 ([FZ92], Proposition 1.4.2). Let I be an ideal of the vertex
operator algebra V', such that 1 ¢ I and w ¢ 1. Then [I| is a two-sided ideal of
A(V) and A(V/I) is isomorphic to A(V') /[1].
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3.3 Zhu's algebra

A specific calculation in Zhu’s algebra is contained in the following lemma
(cf. Lemma 2.1.7 in [Zhu90]).

Lemma 3.17. Let w, v € V and assume that u is homogeneous of weight 1. Then
[u] * [v] = [v] * [u] = [ugv].

Let w € V be a homogeneous element and let W be an N-gradable weak
V-module. Then the component u,, of Yy (u, ) is a homogeneous operator on
W of degree wt u — n — 1. In particular, tyt—1 is homogeneous of degree 0.
We let o(u) denote the restriction of ¢+, —1 to the top level W (g, i.e.

o(u) = Ut u—l‘W(o)- (3.41)
Extending linearly to the whole of V', we obtain a linear function
0: V — End(W(q)). (3.42)

One of the main results of Y. Zhu’s thesis is given by the following theorem (cf.
Theorem 2.1.2 and 2.2.2 in [Zhu90]).

Theorem 3.18. The linear function o factors through O(V'), and induces a repre-
sentation of the algebra A(V') on W (o). This gives rise to a bijective correspondence
between irreducible N-gradable weak V -modules and irreducible A(V')-modules.

Now we concentrate on the case of vertex operator algebras associated to affine
Lie algebras. We have the following description of Zhu’s algebra for the vertex
operator algebra N (¢Ao).

Theorem 3.19 ([FZ92], Theorem 3.1.1). Ler g be a finite-dimensional simple Lie
algebra, and assume that { € C is not equal to the negative of the dual Coxeter
number of §. Then the associative algebra A(N (¢Ny)) is isomorphic to U(g) and

an explicit isomorphism is given by

T: A(N(LAo)) — U(g),

[al(—il — 1) . an(—z’n — 1)1)ng] il) (—1)i1+"'+i"an A

where aj € gand iy €Nforj=1,...,n.
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Retaining the assumptions of the previous theorem, let ¢: U(g) — U(g) be
the extension to U(g) of the natural identification of g in § given by a — a(0),
for a € g. The following proposition makes explicit the action of Zhu’s algebra
in terms of the isomorphism in Theorem 3.19.

Proposition 3.20. Let W be an N-gradable weak N (¢ Ao )-module and let
T - L(U(g)) — End(W(O))

be the representation induced on W o) by regarding W as a §-module in the natural
way. Then
00U = o © L.

Proof. Since o([a(—1)vp,]) = mo(a(0)), we find that
(00 U™ H)(a) = (mo 0 1)(a),

for a € g. Since g generates U(g), and since o, UL 7y and ¢ are all algebra
homomorphisms, the proposition follows. O

Retaining the assumptions and notation from the previous theorem, we have
the following result which is along the lines of Theorem 3.1.2 in [FZ92].

Theorem 3.21. Let J be the ideal of the vertex operator algebra N ({\o) generated
by the set {v; 1 i € I}, and assume that vy, ¢ J and w ¢ J. Then V([J]) is
equal to the two-sided ideal of U(g) generated by the elements V¥ ([v;]), for i € 1.

Proof. Considering the fact that J is the g-submodule of N(¢A¢) generated by
{v; : i € I}, this theorem follows immediately from Proposition 3.16 and the
definition of W. O

3.4 Admissible weights

We will now define the class of weights for affine Lie algebras called admissible
weights. In order to motivate this definition, and to show in what ways the results
depend on it, we will start with a general discussion. For the original accounts of
this theory cf. [DGKS82], [KW88] and [KW89]. An exposition of the matter is
also given in Sections 6.7 and 6.8 in [MP95]. We also refer to the just mentioned
sources for any notions not defined in the present text.
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To begin with, assume that g is a symmetrizable Kac—-Moody algebra. In order
to describe the structure of a Verma module M (), it is important to know for
which weights © € h* that L(u) occurs as a subquotient of M (). Motivated
by the Sapovalov—Kac—Kazhdan determinant formula (see Theorem 3.39), we
introduce the relation >— on h*, which is defined by the condition that A >— p
ifand only if t = X or

ptw=A—na, forsomen€Z anda € Ay, (3.43)

such that
2N+ p,a) = n(a, a). (3.44)

Let >— denote the transitive closure of the relation >—. Then it can be proved
as a corollary to the determinant formula, that () is a subquotient of M () if
and only if A >— p.

For any subset H C bh*, let ~p be the transitive and symmetric closure in
H of the relation >—. In other words, A ~p 1 means that there exists a finite
sequence A = dg, 01, ..., O = p of weights in H such that, fork =1, ..., r,
either §;,_1 >— 0 or 0 >— O0p_1.

Now, assume that (3.43) and (3.44) holds for a real root . Then (o, @) > 0
and (3.44) can equivalently be expressed as

A+p,a’)=n.
It is thus natural to consider the set of coroots given by
Ay ={a" e AV :(\a")eZ}.

This set constitutes a subroot system of A (cf. Chapter 5 in [MP95]). Its Weyl
group # is given by

W= ({rov:a” € AY}),

and we let IT} denote the base with respect to which the positive roots of AY are
given by AY N QY. If g is finite dimensional and hence only has real roots, it is
straightforward to show that the equivalence classes of ~« are characterized by
the condition that

s A <= p=w’()), forsomew € ¥#j. (3.45)
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To obtain a similar description when g is of infinite dimension, we restrict the
set of roots under consideration to accommodate for the existence of imaginary
roots.

To make the geometry of h* transparent, we temporarily assume that the base
field of our discussion is R. Let C' be the subset of h* consisting of all weights A
satisfying the following two conditions:

(1 <)\,042/> >0,fori=1,...,n;
(i) (A\,a)#0,ifa € Ay and (a, ) = 0.

Geometrically, C' is the fundamental chamber with respect to II excepting some
lower dimensional cones consisting of boundary points. Let K be the orbit of C
under the Weyl group, i.e.
K = U w(C).
weW
It can then be shown that if A € —p + K and A >— p, then p € —p + K.
Furthermore, for weights A and p in —p 4+ K, we obtain an analogue to the

condition in (3.45) given by
p~(prr)y A = p=wl(N), forsomew € #).

Considering again C as the base field, we adopt the following convention to
obtain an ordering of the set of complex numbers.

Convention 3.22. We let C = R X R be ordered lexicographically with respect to
the usual order relation on R. Considering R as the subset R x {0} of C, this
relation extends the ordering of R, and we retain the standard notation for the
extended relation.

Applying this convention to condition (i) in the definition of C, the just
mentioned results still hold.

The Weyl-Kac character formula for irreducible modules of dominant inte-
gral highest weight can be generalized to include certain weights in —p+ K which
can be described as dominant integral with respect to the base IIY of the subroot
system AY.

Theorem 3.23 ([KW88], Theorem 1). Let g be a symmetrizable Kac—Moody al-
gebra, and let \ € —p + K be such that (\ + p, o) > 0 for & € II} (¢f
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Convention 3.22). Then

chL(X) = > det(w)ch M(w’())).
wEW

We will later make use of the following related result.

Theorem 3.24 ([KW88], Corollary 1). Assume that the conditions of Theorem 3.23
hold. Then
L) =M/ 3 U@,
aVelly

where v is a singular vector in M(\) of weight Th(N).

Given a subset of weights H C h*, we say that a g-module M in the category
O is of type H if for every irreducible subquotient L(11) of M, the weight
belongs to H. We let O denote the full subcategory of O, whose objects are the
modules of type H. Furthermore, we say that H is a characteristic set if M (\) is
of type H for every A € H. In the discussion above, we have seen that —p+ K is

a characteristic set. We have the following general theorem regarding sets of this

kind (cf. Theorem 2.12.4 in [MP95]).

Theorem 3.25. Let g be a Kac—Moody algebra, let H C §* be a characteristic set,
and let H denote the set of equivalence classes of H under ~p. If M is a g-module
in the category Om, then M decomposes as a direct sum

M =DM
\eH
where My, is the unique maximal submodule of M that belongs to the category Os,.

Later we will make use of the following result on complete reducibility, which
is a slightly more general version of Theorem 4.1 in [KW89].

Theorem 3.26. Let g be a symmetrizable Kac—Moody algebra, and let M be a g-
module in the category O_ . k. Assume that for every irreducible subquotienr L(11)
of M, the weight |i satisfies that

(n+p,a’y ¢ =7, foranya’ € AY. (3.406)

Then M is completely reducible.
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Proof. Since —p + K is a characteristic set, Theorem 3.25 applies, and we use
the notation of this theorem with H substituted by —p + K. Let A € h* and
consider the submodule My of M. Since A = {w?()\) : w € #, }, we may
assume, without loss of generality, that A is chosen so that

(A +p,a¥) >0, foralla” € IIY.

Let L(jt) be a subquotient of My. Then 1 ~(_ 4 k) A, and hence p + p =
w' (X + p) for some w’ € #,. Furthermore, from (3.46), we also have that

(p+p,a¥) >0, foralla” €TIy.

It follows by elementary results about root systems (here applied to the root system
of h* dual to AY with Weyl group #)), that w’ fixes XA + p, and hence p1 = .
It is now clear that M5 is generated by the homogeneous subspace of weight
A, and that every vector of this weight space is singular. Moreover, we see that ev-
ery highest weight submodule of M5 must be isomorphic to L(\). Consequently,
My, is a sum, and hence a direct sum, of submodules all of which are isomorphic
to L(A). Thus M is completely reducible. O

We now define the class of admissible weights. From now on we will work
with affine Lie algebras, and in particular those of the untwisted kind. Thus,
we will employ the notation introduced in Section 1.2 for untwisted affine Lie
algebras. For statements concerning affine Lie algebras in general, we will, without
further comment, use the same notation for the corresponding notions for twisted
affine Lie algebras.

Definition 3.27. Let g be an affine Kac—-Moody algebra. A weight A € h* is said
to be admissible if the following holds:

o (A4 p,c) > 0 (cf. Convention 3.22);
o (A+p,aV) € ZT, foralla¥ € TIY;
o the Q-span of AY is equal to the Q-span of AY.
If A is an admissible weight and (A, ¢) = ¢, then ¢ is called an admissible level.

It is easily verified that, in the context of affine Lie algebras, the requirement
that A belongs to —p + K is equivalent to the first condition in Definition 3.27.
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The second condition of this definition is the same as the additional assumption
needed in order to prove Theorems 3.23 and 3.24. Notice that the second and
third condition of Definition 3.27 imply that an admissible weight A takes ra-
tional values on the coroot lattice Q. In particular, an admissible level must be
a rational number. As we will soon see, it turns out that the “denominator” of
the admissible level (A, ¢) (i.e. the positive integer w satisfying that u(\, c) € Z
and that w and u(), ¢) are relatively prime) is an important characteristic of the
admissible weight A.

In [KW89], all admissible weights for every affine Kac-Moody algebra are
classified. This is accomplished by first describing the admissible simple sets,
which are defined as follows.

Definition 3.28. A finite subset S of AY is called an admissible simple set if it
occurs as the base IIY of the subroot system AY for some admissible weight .

If S is an admissible simple set, then the following clearly holds:
(i) ifa, B € S, thena— ¢ AY;
(ii) the Q-span of § is equal to the Q-span of AV.

The classification in [KW89] begins with a characterization of all the finite subsets
S of Ai satisfying (i) and (ii) above.

We will now briefly explain the structure of the admissible simple sets when g
is an untwisted affine Lie algebra. Given a simple coroot ", express IT" \ {aV}

as
H\/ \ {aV} — U HV,
k=1
where IT), for k = 1, ..., , are the indecomposable components of IT" \ {"'}

with respect to the corresponding Coxeter-Dynkin diagram. Then ZII) N AY
is a finite root system. Let 6 be the highest root of this root system and define

. € QY by
nk:C—ek,

fork=1,...,r. Let S4v be given by

Sov ={m,...,m} U (HV \ {av}).

Denote by # the Weyl group of g, and consider #’ as a subgroup of # in the
natural way. Then we have the following description of admissible simple sets.
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Proposition 3.29 ([KW89], Proposition 1.1). Let § be an untwisted affine Lie
algebra, and let S be an admissible simple set. Then there exists oV € 1V such that

S=w(S,v) (mod Zc),
for some W € V8

Theorem 2.3 in [KW89] gives a more explicit description of the admissible
simple sets of an untwisted affine Lie algebra. This theorem also specifies the
corresponding admissible weights. Since the formulation of this theorem is rather
intricate, we will not recount it in its full generality. Below we restate the theorem
for the special case when g is a Lie algebra of type AY (n > 2). (Recall that 6
denotes the highest weight of the associated simple Lie algebra g, and that g is the
dual Coxeter number of g.)

Theorem 3.30. Ler g be an untwisted affine Lie algebra of type AW Foran integer
teJ={0,1,...,n}, let Jy = J\ {t}. Given a triple (t,k,u), wheret € J,
k= (kiies, € N and u € L, define the set S, ., by

S(t’];u) ={kic+a):icJ}U{uc— 06}

Then every admissible simple set S is of the form

S = U_)(S(t’];’u)),

for some W € v,
Form € Q, let P™ be the set of all admissible weights \ of level m such

(t.F,u,m)
that 11 = w(S Then P is nonempty if and only if the following
holds:

(t,E,u)>' (t,k,u,w)

o w is the ‘denominator” of 'm, i.e. wm is an integer which is relatively prime ro
U;

< ZieJt ki <u—1;
o u(m+g)—g=>0;
o w(S

(t,/?,u)) C AY.
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If the above conditions are satisfied, then |1 € 'P(T Fou) if and only if

=0 (s + > (0 — kilm + g))(Ai — Ay))
i€Jy
for some tuple (n;)ic, € N7* such thar
Zni <u(m+g)—g.
i€y

In the next proposition we specialize the contents of Theorem 3.30 to the case
of the affine Lie algebra s[(3, C)™ and to admissible weights with “denominator”
2. The proof of this proposition consists of elementary computations, and is
omitted.

Proposition 3.31. The admissible levels for 51(3, C)™ of the form § + Z are given
by the subset —% + N. The associated admissible simple sets are given by Sy, for
0=0,1,2,3, where, for t =0, 1, 2 and {{,m,n} = {0,1,2}

\Y \ \% \% \Y%
S = {20&2 + o, + anvam)an}’

and
Vv \Y Vv Vv Vv \Y
Ss={ay +ai,a) +ay,af +as}.

The corresponding admissible weights at level k € —% + N are given by the sets 77?,
for 0 =0,1,2, 3, where, for £ =0, 1, 2 and {{,m,n} = {0, 1,2}

Pr={(k—s—t)Ar+shn+th,:5teEN0<s+t<2k+3},
and
Pi={(-k—2+s+t)Ao+ (k+1—8)A1+(k+1—1t)As:

s teN,0<s+t<2k+3}.

3.5 Admissible levels

In this section and the next, we will be concerned with vertex operator algebras as-
sociated to affine Lie algebras, and with the corresponding modules. More specifi-
cally, we will study the simple vertex operator algebra L(mAg), where m is an ad-
missible level. The main objective is to obtain information about the irreducible
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modules in the category O for L(mAg). As mentioned in the introduction, it was
conjectured by D. Adamovi¢ and A. Milas in [AM95] that for admissible levels m
and all affine Lie algebras, the L(mAg)-modules in the category O are completely
reducible. This conjecture also implicitly assumes the expectation that the highest
weights of the irreducible L(mAg)-modules in the category O are precisely those
belonging to the finite set of admissible weights of level m.

We will examine in detail the series of simple vertex operator algebras associ-
ated to s((3, C)™, whose admissible levels have denominator 2. In particular, we
will consider the vertex operator algebra with the minimal admissible level —3. As
far as possible, the results will be presented in a general context, and then they will
be applied to the vertex operator algebras of the just mentioned series by means
of concrete calculations. We start by setting up the general framework.

Let g be an untwisted affine Lie algebra, and consider admissible weights with
denominator w. From Theorem 3.30 (if g is of type AP or, in general, from
Theorem 2.3 in [KW89], it follows that there exists a minimal admissible level
mg with this denominator such that

moZg—g
u

(where g is the dual Coxeter number of g). Moreover, notice that if, in Theo-
rem 3.30, we putt = 0, k = (0,...,0), and w = idy+ (or if we make the
parallel assignments in Theorem 2.3 in [KW89]), then we obtain the admissible

simple set Sy given by
Sp = QI)(S

(L) = S0.0u) = {a/ :i=1,...,n}U{uc—6}.

Let m € Q be an admissible level with denominator u, and notice that the weight
mAy is an admissible weight corresponding to Sp.

Let By € AL be the root corresponding to the coroot uc — 6, ie. By =
uc — 6. From Theorem 3.24, we obtain that the maximal proper submodule of
M (mAy) is generated by singular vectors v, for i = 0, 1, ..., n, where, for
i=1,...,n, the weight of v is rh; (mAg) = mAg — o, and v(0) s of weight
TEO (mAyg). These singular vectors can all be determined in accordance with the
theory in [MFF86]. The vectors v@ fori = 1, ..., n, are of course already
well-known, and we fix them by letting 0@ = F (Tays MAQ)VmAy = fiVmn,-
The quotient given by

N(mAg) = M(mAo)/ Y U(@)o",
=1

92



3.5 Admissible levels

is then the generalized Verma module giving rise to the vertex operator algebra
N(mAp). Thus, we see that the maximal proper submodule of N(mAg) is gen-
erated by the single singular vector v(0) = F(rg,, mAg)vyma,, and hence that
L(mAo) = N(mAo)/U(g)v.

We now set about to examine the representation theory for L(mAg). More
precisely, we are interested in finding the irreducible N-gradable weak modules for
L(mAo) which belong to the category O as g-modules. Our main instrument in
this study is Zhu’s algebra, and in particular we will make use of the conclusions
of Theorems 3.18 and 3.19.

Consider the image [0(9] of v(©) in Zhu's algebra A(N(mAo)), and recall
the definition of the isomorphism ¥: A(N(mAg)) — U(g) in Theorem 3.19.

0)

Since v(%) is a singular vector in N (mAg), we have in particular that

eiv(o) =0, fori=1,...,n.
In view of Lemma 3.17 this implies that
[es(—1)vmag] * [0 = O] * [ei(~1)vma,] = [eiv ] = 0,
fori =1, ..., n. Applying ¥ we get that
e, U([0ON)] = e () = T([ e = 0. (3.47)

Consider U(g) as a g-module under the adjoint action of g, and let J denote the
submodule generated by W ([v(?)]). Let 7 be the weight of ¥ ([v(9)]). Then (3.47)
implies that J is a highest weight module with highest weight 1. We make the

following observation concerning the weight 7).
Proposition 3.32. The weight 1 of W([v\9)]) lies in Q4.

Proof. Consider N(mAg) as a g-module (by means of the usual inclusion of
gin §). Let N’ = U(g)v(®) be the highest weight submodule generated by
the singular vector v(9) of weight 7. With respect to the vertex operator algebra
grading of N (mAy), it is clear that N is contained in a homogeneous subspace of
N(mAy). Thus, N’ is finite dimensional. According to the theory of semisimple
Lie algebras, 7 is a dominant integral weight. The proposition now follows from
the fact that a dominant integral weight has positive rational coordinates in the
basis a1, ..., ay. This is established, for instance, in Exercises 8 and 9, p. 72
in [Hum?72]. O
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Let R be the two-sided ideal of ¢ (g) generated by ¥ ([v(9)]), i.c.
R =U(g)¥([v""])U(g).

By Theorem 3.21 we know that Zhu's algebra A(NN(mAy)) is isomorphic to
U(g)/R. Let W be an irreducible N-gradable weak module for L(mAg) which
belongs to the category O as a g-module. By Theorems 3.18 and 3.19, and
Proposition 3.20, it follows that this is true if and only if the top level W) of W' is
an irreducible highest weight module for Zhu’s algebra A(L(mAy)) = U(g)/R.
Thus, we now proceed to find the modules of the form L(\) for U(g)/R.

Let 7 be the projection
m: U(g) — U(D)

induced by the decomposition

U(g) =U(h) & (n-U(g) +U(g)ny ).

It is clear that 7 is a U(h)-bimodule homomorphism, and hence that 7(R) is an
ideal of the polynomial algebra U (h). For p € U(h) and A € b*, we let p(A)
denote the polynomial evaluation of p at A. Moreover, for any subset 7' C U(h),
we let V(T') C b* be the algebraic variety defined by 7. The next theorem
characterizes modules for U (g)/R in terms of 7(R).

Theorem 3.33. The irreducible highest weight module L(\) is a module for

U(@)/R if and only if
A € V(n(R)).

Proof. Clearly, the module action of U (g) on M () induces an action of U(g) /R
on L(), precisely if the submodule RM (\) is contained in the maximal proper
submodule of M (\), or equivalently if

RM(X) # M(N).

This, in turn, is equivalent to the condition that

vy & RM(N). (3.48)
Since RM () = Ruy, it follows that (3.48) is true if and only if

vy & T(R)vy,
which proves the theorem. O]
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The next proposition relates the ideal 7(R) to the module J, and thereby
gives us a description of 7w(R) which is more suitable for our purposes.

Proposition 3.34. The ideal m(R) is equal to U(h)(J).

Proof. Notice first that R = U(g)J. WritingU(g) asU (n_)U (h)U (n4) we then
find that

n(R) = n(U(g)J) = m(UMm_UOU(nL)T) = 7(Un_)UDH)])

which proves the proposition. O]

Recall that 77 denotes the weight of ¥ ([v(%)]). We fix a basis u, ..., ug for
the homogeneous subspace U(n_)_,. Then we have the following corollary to
the previous proposition.

Corollary 3.35. The ideal w(R) is generated by the polynomials
m(ad(uw) (T ([0)), fori=1,....¢

Proof. Since ¥ ([v(?)]) generates the highest weight module .J, we get from Propo-
sition 3.34 that

m(R) =U(W)m(J) = U(b)r (ad (U(n-) ) (¥([0])),
which proves the corollary. O

We now apply the theory just developed to the series of simple vertex operator
algebras associated to s[(3, C)™, whose levels are admissible with denominator 2.
In the process we will employ notation developed in Section 2.4 concerning the
representation of singular vectors. By Proposition 3.31, we see that the vertex
operator algebras under consideration are of the form L(mA), withm € —2 +
N. Moreover, this proposition (or the discussion at the beginning of this section)
shows that the admissible weight mA is associated to the admissible simple set

So = {af, a3, 20§ +af + oy }.
The root By is thus given by

Bo = 2ap + a1 + o,
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and can be expressed as
Bo = Tag (Tag (1)) = Ty (01 + a2) = 200 + a1 + aa. (3.49)

Form € —3+N, let 0l be the generator of the maximal submodule of N (mA)
given by
vl = F(rgy, mAo)vma,- (3.50)

m

From (3.49), we see that F'(rg,, mAg) may be defined by letting F'(1,, mAg) =
F(I;,mAp), where

I = (0,2,1).

Furthermore, equation (3.49) then shows that
so=1 and s1=2.

The matrix Cil (where A = Aél)) is given by

-1 0 0
ch=( 1 -1 o],
11 -1

and hence the numbers 71, 2, 3 are determined by the system of equations

-1 0 0 M (mAo + p) (o) m+1
-1 0 Y2 | =1 (mAo+p)(ay) | = 1 ,
1 1 -1 3 (mAo + p) () 1

which gives that
yy=—-m-—1, %9=-m—2, and 3 =-2m—4.
Consequently, we get that

F(rﬁm on) _ F(Il, on) _ f(i]’)m+7f2m+2f12m+4f2m+2f6n+1

(L8 A0 (24D (). (31

—m—1
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We now consider the case when m = —%. Then we have

+ S0~ 1) s (~1)2 0y (0) = 370(~1) 3 (0} (1)
— (= Dha(=1) = ey (~D)zas(~1) + Sza(~2).

Since F(rg,, —3M\o) will act on V_(3/2)A0 € N(—3Ap), we express it as

F(rs0:~ 380) = 20(~1)% e (02, (0) ~ Sa(~1)o(0)

+ 50(~ 1)y (1), (0) + 50~ Dhay(~1)

— 570~ s (- 1203 (0) — J0(~1)ho(~1)

— S (< 1)ay (1) + Sp(-2).
Hence in N (—3Ag) we have

o), = (50(~Dhay(~1) ~ Fo(~1)h(~1)
L (D) (1) + 0(-2) o,
Clearing fractions, we consider instead the singular vector 80} . The image of
80 ] € A(N(=3A)) under W is given by
[81)9:,2/2] N 4ha,xg — 2hory — 620y Ta, — 3Tp. (3.52)

From (3.52), we see that the weight of \P([Svg)gﬂ]) is equal to a1 + a2, and

hence Corollary 3.35 implies that 7(R) is the ideal of U/(h) generated by the two
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polynomials p; and p2 given by

pr = m(ad(@_o) ¥ ([0 ,))

and

pr = 7(ad(@_q,) ad(z_a,) (80" ,])).

Computing p; and p2, we get from (3.52) that

pL = 7r( ad(z_g)(4ha,xo — 2hgxg — 620y Tay — 3569))
= 71(—4hayhg + 2h3 — 6Ty oy + 3hy)
= —4ho,hg + 2h3 — 6he, + 3hg
= —4ho, (hay + hay) + 2(hay + hay)? = 6hay + 3(hay + Pay)
= 2h2 + 3ha, — 2h2, — 3hq,
= (hay — hay)(2ha, + 2ha, +3), (3.53)

and that

p2 = m(ad(z_a,) ad(z_a,)(4hayzg — 2hgTo — 620yTa, — 3T9))
= 7(ad(z—qa,)(—4hayTa, + 2h9Ta, + 6hayTa, + 32a,))
= 4hayhay — 2hoha, — 6hayha, — 3ha,
= 4hayhay — 2(hay + hay)ha;, — 6hayhay, — 3hay
= —4ha,hay — 282, — 3hay = —ha, (2ha, + 4ha, +3).  (3.54)

We now readily obtain the variety V(7 (R)) for the admissible level —3. Interms
of the coordinates of the basis of h* dual to the basis (hq,, ha,) of b, we have
that

V(r(R)) = V(o)) = {(0.0), (—2,0), (0.2), (~5.,—5) }. 359

In view of Theorems 3.18, 3.19, 3.33 and Proposition 3.20 we know that the
irreducible N-gradable weak modules from the category O for the vertex opera-
tor algebra L(—%Ao) are precisely those whose top level are irreducible highest
weight g-modules with the highest weight belonging to the finite set in (3.55). If
L(\)isan L(—%Ag)—module, then A is necessarily of level —% (ie. AM(c) = —%).
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It follows that the just mentioned correspondence is bijective, and we easily ob-
tain from (3.55) that the L(—%Ag)—modules that we are looking for are of the
form L(\) where

3 3 3 1
AE { - §A07 _§A17 _§A27 _5/7} (356)

Comparing with Proposition 3.31, we see that the set in (3.506) coincides with the

set of admissible weights of level —% for s[(3, C)™. Thus, we have the following
theorem.

Theorem 3.36. The irreducible N-gradable weak modules from the category O for
the vertex operator algebra L(— %Ao) are given by the modules L(\), where X belongs
to the set of admissible weights of level — %, which are listed in (3.56).

Combining Theorem 3.36 and Theorem 3.26, we immediately obtain our
next result, which shows that the conjecture of Adamovi¢-Milas is true in the
case of the vertex operator algebra L(—%AO).

Theorem 3.37. Let M be a module for L(—3 No), which belongs to the category O
as a §-module. Then M is completely reducible.

Considering ordinary modules for L(—32Ay), we can draw the following con-
clusion.

Theorem 3.38. The only irreducible ordinary module for L(—3Mo) is its adjoint
module, and every ordinary L(—3No)-module is a direct sum of a finite number of
copies of this module.

Proof. From Theorem 3.36 we obtain that the only irreducible N-gradable weak
L(—3Ap)-module belonging to the category O with a finite dimensional top
level is given by L(—%Ao) itself. Thus, the theorem follows immediately from
Theorems 3.12 and 3.37 together with Lemma 3.13. O]

As pointed out in the introduction of this thesis, the contents of Theo-
rems 3.36, 3.37 and 3.38 already appear in the article [Per08] by O. Perse. These

conclusions are therefore only to be considered as a confirmation of his results.
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3.6 An application of the Sapovalov form

In this section we show how the Sapovalov form naturally occurs in connection
with the ideal 7(R) introduced in the previous section, and how its determinant
can be used to obtain information about the algebraic variety V(7 (R)). We start
by defining the Sapovalov form.

Let g be a Kac—Moody algebra. The Sapovalov form B is the symmetric
bilinear map

B:U(g) xU(g) — U(h) (3.57)

defined by
B(z,y) = m(o(z)y), forz,yecU(g), (3.58)

where o is the anti-involution of g given in (1.1) extended to an anti-involution
of U(g). Notice that B is also bilinear when we consider U(g) as a right U(h)-
module, and hence, in this sense, B is a bilinear form over ¢ (h). Thus, if
D C U(g) is a free right U (h)-submodule of finite rank, then the determinant of
B|pxp is defined up to a nonzero complex number, which depends on the choice
of a basis for D. In this case, we let det(B| px p) denote this determinant with re-
spect to some basis—it will be irrelevant which basis we choose. It is clear that the
root-lattice grading of U(g) provides an orthogonal decomposition with respect
to B. We let BW denote the restriction of BtoU(n— @ h)_, x U(n_ & h)_,,
which means that the determinant det(B®) is defined according to the just
mentioned convention.

For every Verma module M ()), the Sapovalov form induces a symmetric
bilinear form

By: M(A) x M(\) — C, (3.59)
which is given by

Ba(xzvy, yvy) = (B(w,y))()\), forz,y € U(g). (3.60)

It is easy to show that the radical of B, rad(B)), is equal to the maximal sub-
module of M (). We let Bg\“) be the restriction of By to M (A)x—, X M(X)x—p.

An explicit formula for the determinant det(B®) for symmetrizable Kac—
Moody algebras was given by V. G. Kac and D. A. Kazhdan in [KK79]. This
formula generalizes the formula proved by N. N. Sapovalov for finite-dimensional
semisimple Lie algebras in [Sap72], and shows that det(B(*)) factorizes into lin-
ear factors in U (h).
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In order to express this result, it will be convenient to introduce a set which
repeats the positive roots according to their multiplicity. Thus, we let AT | be
given by

AT

mult

{(,0):ac AL, l=1,...,dimg, }.

Let K: Q — N denote the Kostant partition function. For 8 € Q, K() is
defined as the number of sequences (14 ¢)) of non-negative integers indexed by

A+
B = Z M(a,0) Q-

mul
(,0)eAT

mult

. such that

In particular K is identically equal to zero on the complement of Q). The next
theorem gives the Sapovalov—Kac-Kazhdan determinant formula.

Theorem 3.39 ([KK79], Theorem 1). Let g be a symmetrizable Kac—Moody alge-
bra. Then for every B € Q4 U {0}, the determinant of B\®) is, up to a nonzero

constant, given by

(v, oz))K(ﬁfna)'

det(8%)= [ H(V_l(oz)—l-p(u_l(a))—n .

(@0ery, =1
We will now show how the Sapovalov form appears in relation to the study
of modules for simple vertex operator algebras associated to affine Lie algebras.
To this end, we adopt the framework introduced in the previous section. Recall

that U ([v(9]) is homogeneous of weight 7 € Q. , and that we have fixed a basis
ut, ..., ug (0= K(n)) ford(n_)_,. We now write ¥([v(?)]) as

U([0O)) = qro(u1) + ... + qo(ug) +r, (3.61)

where g1, ..., ¢¢ € U(h) and r € n_U(g) are uniquely determined. The follow-
ing theorem explains the structure of the polynomial ideal w(R).

Theorem 3.40. Assume that U ([v(0)]) is expressed by equation (3.61). Ler M be
the matrix of B with respect to the ordered basis (uy, . . ., uy), and let v be the
column vector (q1, . ..,qe)T. Then the ideal w(R) is generated by the entries of the
column vector M.
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Proof. Let T be the anti-involution of U(g) determined by the condition that
T —x, forz €gCU(g). (3.62)

Corollary 3.35 applied to the basis 7(u1), ..., 7(up) of U (n_)_, then shows that
7(R) is generated by the polynomials

m((ad 7(u;)) (T([0]))), (3.63)
fori =1, ..., ¢. Note that

m((ad 7(z))(y1)y2) = T(y12y2), forx € n_and y1, y2 € U(g),

and hence, by induction and linearity, that
m((ad7(u))(y)) = m(yu), forueU(n_)andy € U(g).

Note also that the set n_2/(g) is invariant under the adjoint actlon of n_. By
means of these observations, and using the expression for ¥ ([v(9]) in (3.61), we
obtain that the polynomial in (3.63) is equal to

¢
S w((ad m(u:)) (g0 (uy))) + m((ad 7(us))(r))
7j=1

l
ZT&' o (uj)u;) qu o (uj)u;) qu uz,uj

J=1
which proves the theorem. ]

Theorem 3.41. Assume that U([v\0)]) is expressed by equation (3.61). Then
V(r(R)) € V({det(BM)}) UV ({ar, - ach).

Furthermore,

V({ar, - a}) S V(m(R)).
Proof. We adopt the notation of Theorem 3.40. By this theorem, it is clear that
if A € V(m(R)), then either ¢;(A) = 0, fori = 1, ..., £, or the matrix M gives
rise to a singular matrix when its entries are evaluated at A. The latter is the same
as saying that det(B)(\) = 0. If ¢;(\) = 0, fori = 1, ..., £, then it is again
clear by Theorem 3.40 that A € V(7(R)). O
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Remark 3.42. Notice that it is clear from the definition of the polynomials
q1, --.> qe in (3.61) that the variety V({ql, . ,qg}) is independent of how the
basis u1, ..., uy is chosen.

The next proposition shows that the ideal 7(R) is not equal to the trivial ideal
{0}, or, in other words, that every irreducible §-module L(A) (A € h*) is not a
weak L(mAg)-module. According to Theorem 3.41, this is the same as saying
that the polynomials g1, ..., g¢ in (3.61) are not all equal to 0.

Proposition 3.43. The ideal 7(R) is nontrivial, or, equivalently
V(n(R)) #b".
Proof. Let b*, denote the hyperplane in h* consisting of weights of level m, i.c.
b, ={A€b*: Ac)=m}.

For any \ € b*, identify M (\) with U(1_) by means of the linear isomorphism
given by uvy +— u for u € U(n_). With this identification, we let ¢ be the
mapping defined by

¢: b, — UR_),
PN () _1vy,

where (v(o)),l = Res, Y0 (U(O), z). Regard 6* and U (n_) as normed linear
spaces with respect to some norms. The topologies induced on h¥, and the finite-
dimensional vector space ¢(h*) are independent of the choice of norms. It is clear
that ¢ becomes a continuous map in relation to these topologies.

From the determinant formula in Theorem 3.39 we see that the Verma mod-
ule M () is irreducible for all A € h*, except those lying in a countable union
of hyperplanes. Furthermore, this union of hyperplanes does not contain the hy-
perplane b%,. To prove this, assume that the linear polynomial ¢ — m € U(h)
is a factor in the polynomial det(B(%)) in Theorem 3.39, for some 3 € Q..
Since (¢, ¢) = 0, we see from the factorization of the determinant det(B(?)) that
this implies that ¢ — m = ¢ + p(c). But this is impossible because —p(c) is the
negative of the dual Coxeter number of g and is hence different from m. Thus,
there exists a sequence (A, )nen of weights of level m such that

An — mAg, asn — oo,
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and such that M ()\,,) is irreducible for all n € N.

Now assume that m(R) is equal to the trivial ideal {0}. By Theorems 3.18
and 3.33 it follows that any irreducible highest weight g-module can serve as top
level in an irreducible L(mAg)-module in the category O. In particular, this
implies that M (\,,) is an irreducible L(mAp)-module for every n € N. Hence
we obtain that

Y]\/[()\n)(v(o)7 z) =0, forn €N,

whence ¢(\,,) = 0 for all n € N. However, ¢(mAg) # 0 since, by the creation
property of vertex operator algebras, the image of (v(9)) _jv,a, in N(mAg) is
the nonzero vector v(?). Hence we have arrived at a contradiction to the continu-

ity of ¢. This shows that 7(R) # {0}. O

Remark 3.44. Notice that Proposition 3.43 implies that the weight 77 of W ([v(?)])
must belong to the subset () of the root lattice, which was also proved in Propo-
sition 3.32.

We now turn back to the class of simple vertex operator algebras associated to
sl(3, C)™ with admissible level belonging to the set —% + N. Let 7y, denote the

weight of \IJ([USS)]). According to (3.51) this means that
Nm = (2m + 4)0&1 + (2m + 4)Oé2~

As we have seen in (3.52), for level —2 we have that ‘11([82)(_0?2/2]) is given by

v (80"

“3/2)) = 4hay g — 2hgxy — 6T 0y, — 329

= 6%y Tay + (—2hay + 2ha, — 3)Tp.
Regarding this as an instance of the expression in (3.61), we get in this case that
V({ar,. .- ac}) = V({~6,—2ha, + 2ha, — 3}) = 2,
and hence, by Theorem 3.41, that
V(r(R)) € V({det(B-92))).

The next proposition shows that the corresponding statement is true for all m €
—32 + N. Unlike the previous results in this section, the proof of this proposition

depends on the explicit structure of \Il([vﬁ,g)]) obtained from (3.51).
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Proposition 3.45. Let 1)y, denote the weight of \I/([vr(,g)]). Then
V(r(R) € V({det(BO)),

Proof. Let
{0}cUpcUrC...cU;C...CcU(g)

denote the standard filtration of (), and let (U;);en be the corresponding fil-
tration of U(g). In accordance with the notation in the proof of Theorem 2.19,
we let

Fy

I
5
"
Q
V)
©
o
3
+
W~
N—
N
©
N
~
—
5
t_/

and

Fi = (L(zo(~1)*" )4 ) (F).

It is then clear that for some constant ¢; € Q \ {0}, we have that
— 2m+4 2m-+4 3
Fy = c12_4,(0) ZT—a, (0) (mod Usm17). (3.64)
Likewise, it is clear that
P = cpad (29(—1)) " (F)  (mod zp(—1)U(5)), (3.65)

for some co € Q\ {0}. Combining (3.64) and (3.65) we obtain that there exists
a constant c3 € Q \ {0} such that

F1 = 320, (1) 2, (=12 (mod U7 +29(—1)U(E)). (3.66)
Let T be the mapping given by
T:U(g) — Ulg),

w s U ([uvmag])s

which means that Y (F) = \I/([v,(fl))]). From the definition of ¥ in Theorem 3.19
we see that Y(U;) = U;. (Note, however, that a monomial in /(g) of length n
with respect to the standard filtration, is in general mapped by T to a sum of
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monomials in 2(g), whose lengths are less than or equal to n.) Thus, we get

from (3.66) that
U([00)) = ez 422+ (mod Uy 7 + U(g)z0). (3.67)

m a2 a1
Consider the basis elements for n_ introduced in Section 1.2, and let < be
the ordering of them given by
T_pg <T_g <T_qy- (3.68)

Let {u1,...,ue} be the basis for U(n_)_,, , obtained as a subset of the
Poincaré-Birkhoff-Witt basis for /(n_) corresponding to the order relation <.
Let u1 be the basis element given by

up = :UQ_TZ;L4QU2_TZ;L4.
0 . . .
Express \If([vﬁn)]) in terms of uy, ..., uy as in equation (3.61) and compare the

result with (3.67). We then find that the polynomial ¢; € U(h) is equal to the

nonzero constant c3, and consequently

V({ql, . ,Qe}) = @.

In view of Theorem 3.41, this proves the proposition. O]

We apply Theorem 3.39 to calculate the Sapovalov determinant for the Lie
algebra 51(3, C). For 1 = k11 + kaaa, with k1, k2 € N, we obtain

k1
det(B™) :( T[] (hey +1 - j)min{kl—j,kg}ﬂ)

Jj=1
ko

] <H(ha2 11— j)min{kl,kg—j}+1>

j=1
min{ky,ko}
H (hay + hay + 2 _j)min{kl—j,kg—j}—l—l).
j=1
Specializing to 7, = (2m + 4)a1 + (2m + 4)ae (m € —% + N), which is the
weight of \IJ([UT(S)D, we get that

2m-+4 ]
det(B™)) = T ((hay +1=3)(hag +1=)(hay +hay+2—3)) "7,
j=1
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3.7 Intertwining operators

When comparing this polynomial with the explicit description of admissible
weights for s((3,C)™ given in Proposition 3.31, we see that the restriction to
b of the admissible weights of level m are zeros of det(B(7)), i.e.

(det(B@)))(A\) =0, for X e P, (3.69)

This is of course in agreement with the conjecture of Adamovi¢—Milas mentioned

carlier. In fact, the assertion in (3.69) is not true if we replace det(B(")) in this

equation with any divisor of det(B("m)) with fewer distinct irreducible factors.
In the particular case when m = —%, we have that

det(B(alJraQ)) = hoy haz(ha1 + hay + 1)'

Comparing with the generators p; and p2 of the ideal 7(R) obtained in the
previous section (cf. (3.53) and (3.54)), we find that

1 1
det(B(a1+a2)) = *ghalpl - g(hoq + hay)p2,

and hence that det(B(-3/2)) € (R). In general, for m > — 3, the only conclu-
sion along these lines that we can draw from Proposition 3.45 is that det(B(mm))
belongs to the radical of 7(R).

3.7 Intertwining operators

In this section our objective is to examine the intertwining operators of the ir-
reducible N-gradable weak L(—%Ao)—modules, determined in Theorem 3.36.
Our approach is to use the theory of bimodules for Zhu’s algebra developed by
I. Frenkel and Y. Zhu in [FZ92]. In their article they apply this theory to the
case of vertex operator algebras of affine type at positive integer levels, but in the
present case we have to make some modifications in order to consider admissible
levels.

In the study of intertwining operators we have to consider yet more general
formal series than the ones previously introduced. For any vector space A, we let

A{z} denote the space
A{z} = { Zanz” DGy, EA}.
neQ

Intertwining operators of modules of a vertex operator algebra are then defined as

follows (cf. e.g. [FHL93]).
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Definition 3.46. Let V' be a vertex operator algebra and let (WZ, Y;) be weak
V-modules for i = 1, 2, 3. An intertwining operator of type (WI{V;VQ) is a linear
map

Y: W — (Hom(W? W?)){z},

w — E wpz "L
neQ

which satisfies the following conditions:

(i) the truncation condition:

forw® e W i=1,2, wMw® =0, forsufficiently large n € Q;
(i) the L(—1)-derivative property:
d 1
V(L(—Dw,z) = Qy(w,z), forallw € W+

(iii) the Jacobi identity:

20_15(21 Z_o =2 ) Y3(v, Zl)y(w(l), ZQ)’UJ(2)

510 (2 Y, )Y (v, 2)w®

—20

= 5 5(F ) V(v 20, ),

forallv € V, wM € W and w® € W2,

The vector space of all intertwining operators of type (WYV;,Q) is denoted by
7z (WYVSVQ), and is called the fusion rule of corresponding type.

We notice that if (W,Yyy) is a weak V-module, then Yy is clearly an
intertwining operator of type (VWW)' Moreover, there exist certain skew-
symmetry constructions, which give rise to linear isomorphisms between the
spaces I(WYVSVQ) and I(WZVSW)‘ The result of the following proposition is
obtained as a direct generalization of the arguments in Proposition 7.1 in [HL95]
to the case of weak modules.
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3.7 Intertwining operators

Proposition 3.47. Let V be a vertex operator algebra, and let W' be weak V -
modules for i =1, 2, 3. Then

) w3 . w3
dunI(VV1 W2) = dlmI(W2 Wl).

Next, we will show how to create a bimodule for Zhu’s algebra from a weak
vertex operator algebra module. The definitions and basic results are in many
ways analogous to corresponding statements about Zhu’s algebra. Indeed, for the
adjoint module of a vertex operator algebra, the following construction is just a
reformulation of the definition of Zhu'’s algebra.

Let V' be a vertex operator algebra and let W be a weak V'-module. Introduce
left and right actions of V' on W (both denoted by *) by letting

wtu
u * w = Res, (Y(u, z)&w» (3.70)
z
and -
w * u = Res, (Y(u7 z)&w), (3.71)
z

for w € W and homogeneous u € V, and extend to all of V' by linearity. Also,
define O(W) to be the subspace of W spanned by all elements of the form

(z + l)Wt“w)’

Res. (Y(u, 2) s

for w € W and homogeneous u € V. Let A(W) be the quotient space given by
AW) =W/O(W).

As in the case of Zhu'’s algebra, we use the notations [w] and [IV’] to denote the
images of an element w € W and a subspace W/ C W, respectively, under the
quotient map W — A(W).

The space A(W) is an A(V')-bimodule in accordance with the following

result.

Theorem 3.48 ([FZ92], Theorem 1.5.1). Let V' be a vertex operator algebra and
let W be a weak V -module. Then the binary operations denoted by * in (3.70)
and (3.71) induce on A(W') = W/O(W) the structure of a bimodule for A(V') =
V/O(V).
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The next result explains the effect on the bimodule A(W) when we transfer
to a quotient of W (cf. Proposition 3.16).

Proposition 3.49 ([FZ92], Proposition 1.5.4). Retain the assumptions of the pre-
vious theorem, and let W be a submodule of W. Then W] is a submodule of the
A(V)-bimodule A(W), and the quotient AW ) /[W1] is isomorphic to the bimod-
ule A(W /WYY associated to the quotient V -module W/W*. Moreover, if T is an
ideal of V, 1, w & I and IW C W' (i.e. upw € W, forallu € I, w € W and
n € 7), then [I|A(W) C (W] and the induced A(V/I)-bimodule A(W) /W1
is isomorphic to the A(V /I )-bimodule associated to the V| T module W /W,

We now consider fusion rules again. For¢ = 1, 2, 3, let W' be N-gradable

weak V-modules, and let Y € 7 (W‘{V;)VZ) be an intertwining operator. Further-
more, assume that there exists 7; € C such that L(0) acts on W(in) by the scalar
ri +n, fori =1, 2,3 and n € N. Then, if we express Y (w, ) as

y(w’ Z) — Z wnz—n—l—m—m-‘rm’

nez

it follows that if w is homogeneous, we have that
w, W2\ C W3
n*(m) =" (m+wtw—n—1)*

In particular, we see that Wyt —1 maps W(QO) into W(%). As in the case of Zhu’s
algebra, we thus introduce a linear function

0: W — Hom(W,, Wpy),

by letting

o(w) = wwtwaw(zo),

for homogeneous w € Wt and extending linearly to the whole of Wi,

The next theorem, which is parallel to the first statement in Theorem 3.18,
shows how intertwining operators are connected to the previously introduced bi-
modules via the map o (cf. Lemma 1.5.2 in [FZ92]).

Theorem 3.50. The linear map o factors through O(Wl) and induces an A(V')-
bimodule homomorphism from A(W?') to Hom(W2,, W2.), where the A(V)-

(0)* 77 (0)
bimodule structure of Hom(W(QO), W%)) is determined by Theorem 3.18.
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3.7 Intertwining operators

For rings R and S, use the notations g Mg and rNg to specify that M and
N are (R, S)-bimodules, and let Hom®% (M, N) denote the space of (R, S)-
bimodule homomorphisms from M to N. We then have the following result,
which is a generalization of e.g. Proposition 2.2, Ch. 9, in [CE56]. The proof
consists of simple verifications and is omitted.

Proposition 3.51. Let K be a commutative ring, let R, S and T be associative
K-algebras, and let RMg, sN1 and rPr be bimodules as indicated. Then, as
K -linear spaces,

Hom%(M ®s N, P) = Homg (N, Hompg(M, P)) (3.72)
and
Hom% (M ®g N, P) = Hom3, (M, Hom” (N, P)). (3.73)
The conclusion of Theorem 3.50 is that there exists a linear map ¢ deter-
mined by
oz V) s How ™) (AGWY), Hom(W3, W)
AW W2 A(V) ’ (0)» "7 (0)/ />
V(- 2) 5 0.

We will now rewrite the codomain of ¢ with the help of Proposition 3.51. Con-
sidering (3.73) with R = S = A(V), T =C, M = A(Wl), N = W(20) and

P = W(%), we obtain a linear isomorphism

AV
Q: Hom Agvg (AW"), Hom(W3), W) —
Hom () (AW™) @4y Wiy Wipy)-

We have thus arrived at a linear map m = €2 o ¢, where

WS
™ I<W1 W2> — Homygyy (AW!Y) @40y Wiy, Wiy),  (3.74)

and is given by
(ﬂ(y))(w(l) ® w(2)) — (O(M(l)))(w@))’

for ¥ € Z(y, ), w® € AW and w® € W,
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The following theorem contains results from Proposition 2.10 and Corol-
lary 2.13 in [Li99], which show that the map 7 (or, equivalently, ¢) can give
extensive information concerning fusion rules.

Theorem 3.52. Ler V' be a vertex operator algebra and let W be irreducible N-
gradable weak V -modules, for i = 1, 2, 3. Then the linear map © in (3.74) is

injective. Furthermore, if 'V is rational, then T is a linear isomorphism.

Remark 3.53. The first statement in the above theorem amounts to a slight re-
formulation of Proposition 2.10 in [Li99], which is proved by rather straightfor-
ward arguments. However, the second statement is a corollary of Theorem 2.11
in [Li99], which is a much more elaborate result.

We now turn our attention to fusion rules for vertex operator algebras asso-
ciated to affine Lie algebras, and adopt the notation developed in Section 3.2.
The arguments used to prove the second statement in Theorem 3.52 can eas-
ily be modified to obtain the following variation of that result (cf. Remark 2.14
in [Li99]).

Theorem 3.54. Assume that the vertex operator algebra V.= L(kAo) is rational in
the category O, and let W' = L(N;) (A; € b*) be irreducible L(kAg)-modules in
the category O, fori =1, 2, 3. Then the map m in (3.74) is a linear isomorphism.

For A € h*, we consider L(A) @clU(g) as a left tensor product g-module, and
also as a right g-module with the action induced by its right component ¢(g). In
other words, for u @ © € L(A\) ®c U(g) and a € g, we let

auz)=au®r+u®ar and (u®zr)a=1u® za.

The following theorem is analogous to Theorem 3.19, and explains how the struc-

ture of the bimodule A(M (k, L()))) can be identified with that of L(\) ®c
U(g)-

Theorem 3.55 ([FZ92], Theorem 3.2.1). Let \ € b* and regard L(\)®@cU(g) as
an A(N (kAo))-bimodule by means of the isomorphism ¥ : A(N(kAo)) — U(g)
(¢f Theorem 3.19). Then A(M (k,L(\))) and L(\) @c U(g) are isomorphic as
A(N (kAo))-bimodules, and an isomorphism is given by

Y: AM(k,L(\)) — L(\) ®¢c U(g),
[a1(—i1 — 1) ... an(—in — 1)v] = (=1)1TTin(y @ ay ...a1),

wherev € L(\), and a; € gand i; €N, for j=1,..., n.
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We now restrict our consideration further to the case of vertex operator alge-
bras at admissible level. Let A + kAo (A € h*) be an admissible weight, and let
P, be the set given by

Py={T([v"]) : o’ € I 1y, } C L(N) ®c U(g),

where the vectors v* are (the images in M (k, L())) of) the singular vectors gen-
erating the maximal submodule of M (XA + kAy), as described in Theorem 3.24.
We define I'y to be the sub-bimodule of L(\) ®@c U(g) generated by Py, i.e.

Ly = (Py).
For later use, we also express the element Y'([v?]) € L(\) @c U(g) explicitly as
T([v) = > iy @ ul?), (3.75)
jeJ(¥

where ul) € U(g), fori =1,2and j € J,.
Applying Proposition 3.49, we immediately obtain the following result, which
is a more general form of Theorem 3.2.2 in [FZ92].

Theorem 3.56. If \ + kAo (X € b*) is an admissible weight, then the map Y of
Theorem 3.55 induces an A(N (kAo))-bimodule isomorphism

T2 A(L(A+ kAo)) — (L(X) @c U(g)) /T

Furthermore, if L(\ + kAo) is a weak L(kNo)-module, then the ideal ([v(")])
of A(N(kNo)) acts trivially on A(L(X\ + ko)), and the induced bimodule
for A(L(kAg)) = A(N(kAo))/{([v)]) is the bimodule associated to the weak
L(kAo)-module L(\ + ko).

Provided that L(A + kAg) is an L(kAp)-module, the above theorem tells
us that the A(L(kAg))-bimodule A(L(A + kAg)) can be identified with the
U(g)/R-bimodule (L(X\) ®cU(g))/T 5. Now assume that the weights ; + kAq
(A € b*), fori = 1, 2, 3, are admissible, and that W* = L(\; + kAg) are
L(kAo)-modules. Then Theorem 3.52 implies that the map 7 in (3.74) takes

the form of an injective linear mapping (which we continue to denote by ) given

by

L(A3 + kAo) ) (3.76)

T I(L(Al + kAo) L(\g + kAg)
Homy(g)/r ((L(A1) @c U(9)) /T, Qug)/r LA2), L(X3)).
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In order to attain a better understanding of the fusion rule above, we will express
the codomain of the injection 7 somewhat differently. Consider the map 7 given

by
T: L()\l) Qc L()\Q) — (L()\l) Qc Ll(g)) ®L{(g) L()\Q), (3.77)
U1 X U2 — (u1 ®1)®U2,
for u; € L(\;), i = 1, 2. Clearly 7 is an isomorphism of vector spaces. Now,
regard the domain of 7 as a tensor product module for g, and let the codomain be
equipped with the g-module structure obtained from its component L(A;) ®c
U(g). Then we have that
T(a(u1 & UQ)) = T(au1 R ug +up & CLUQ) =
(au1 @ 1) @ua+ (u1 ® 1) @ aug = (au; ® 1) @ ug + (U1 ® a) R ug =
(au1 @1 +u ®a) @uz = a((u1 ® 1) @ uz) = a7(u1 @ uz),
fora € g,and u; € L()\;), i = 1, 2. Thus, 7 is a g-module isomorphism.

We can now give our desired characterization of the fusion rule between three
irreducible L(kAg)-modules with admissible highest weights.

Theorem 3.57. Fori = 1, 2, 3, let \j + kAo (N\; € b*) be admissible weights,
and assume thar L(N; + ko) are L(kAo)-modules. For o € TIY ;. use the
notation of (3.75) to define the subspace Uy, C L(A\1) @c L(\2) by

Us = Y Culvy, @c ullP L(Ng).
J€Ja

Then there exists a linear injection

_ L(\3 + kAo)
A
T <L(>\1 4 kAo) L(Ma + kA0)> -

{ f € Homy (L(A1) ®c L(A2), L(A3)) : flu, =0, fora” € I 4 pa, }-

Furthermore, if the vertex operator algebra L(k o) is rational in the category O, then
T is an isomorphism of vector spaces.

Proof. The mapping 7 in (3.77) induces a g-module epimorphism

7: L(A1) ®@c L(A2) — ((L(A1) ®c U(9)) /Tx;, Quig)/r L(X2).
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It is clear that the image of Iy, ®y(q) L(A2) in (L(A1) ®c U(g)) ®u(q) L(X2)
is generated, as a g-submodule, by the subspaces

U, = (CT([UOC]) Ot (g) L()2),

for ¥ € TIY | 15, Since Uy corresponds to U, under the isomorphism 7, it
follows that the kernel of 7 is generated by the subspaces U, (" € Hxl kA
Thus, 7 induces a linear isomorphism

¥ Homy(g)/r ((L(M) @c U(9)) /T, @ug)/r L(A2), L(A3)) —
{ f € Homg (L(A\1) ®c L(X2), L(A3)) : flu, =0, for ¥ € TIY i, }-

Let @ = % o m, where 7 is the map in (3.76). The asserted properties of 7
in the statement of the theorem then follow immediately from Theorems 3.52

and 3.54. O

We will now focus on the case of the vertex operator algebra L(— %Ao) related
to the affine Lie algebra g = s((3, C)™ and at admissible level —%. Theorem 3.37
established that L(—3 A¢) is rational in the category O, and its four irreducible N-
gradable weak modules from the category O were determined in Theorem 3.36.
With the help of Theorem 3.57 we will be able to compute the dimensions of the

fusion rules between these modules.

Theorem 3.58. Let W, fori = 1, 2, 3, be irreducible N-gradable weak modules
from the category O for the vertex operator algebra V.= L(—3 ). Then

1 if W=V and W2 =Ww3
1 fW2=Vand W =W3 .

0 otherwise

3
dimI(VV1 W2> =

Proof. According to Theorem 3.36, the vertex operator algebra L(—3Ag) is ra-
tional in the category O, and its irreducible N-gradable weak modules are those
L(\) where A € h* is admissible of level —3. The corresponding top levels of
these modules are the g-modules of the form L(u), where it € h* belongs to the
set of weights in (3.55). In the coordinates of the basis of h* dual to the basis
(hay s hay) of b, we express these weights as

3 3 1 1

po=(0,0), 1 =(-5,0), p2=(0-3) and pz= (-5 —3)
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The simple roots o1 and a are, in the same basis, given by
a1 =(2,-1) and a2 =(-1,2).
From Theorem 3.57, we know that for any i, j, k € {0, 1,2, 3}, the fusion rule

I( L(p — 3A0) )

L(pi — 5M0) L(pj — 3A0)

is linearly isomorphic to a subspace of Homg (L (1) ®c L(p;), L(pu)). The
weight f1; + 1 is a maximal weight for the g-module L(1;) ®c L(ft;) in the
sense that every other weight is of the form p; + p1j — 3, for some 8 € @+ U{0}.

In order for a nonzero g-module homomorphism from L(y;) ®c L(ft;) to the
simple module L( ) to exist, it is therefore necessary that

i 4 i — pu € Q4 U {0}.

Considering the occurrences of half-integers in the coordinate representations of
11, (2 and p3 above, we immediately find that

i+ pj — p ¢ Q
if
¢ the indices 7, j, k are all different and one is equal to 0 (18 cases);

o two of the indices 7, j, k are equal and the remaining one is not equal to 0
(27 cases);

o 1=j=k#0 (3 cases).
With ¢ = j # k = 0, the expression j1; + pj — fux, gives rise to 3 cases:
M1+ p1 — po = —2aq1 — g
p2 + po — po = —oq — 20
M3+ 13 — po = —01 — Q2

If the indices i, j, k are all different and none is equal to 0, we obtain a further 6
cases:

p1+ e — 3 = po + 1 — U3 = —ap — Qg
M1+ p3 — 2 = p3 1 — p2 = —aq
M2+ p3 — p1 = p3 + H2 — p1 = —0
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3.7 Intertwining operators

In all the instances considered so far 1; + p1; — pu, ¢ Q+ U {0}, and hence the
corresponding fusion rules have dimension 0. The remaining possibilities occur
when ¢ = kand j = 0, or when j = k and ¢ = 0. In these 7 cases we obrtain that

pri + iy — px = 0.

It follows that the corresponding fusion rules have dimension at most 1. These
fusion rules are of the configurations

w w
I(W V> and I(V W)’

where V = L(—3Ao) and W = L(p; — 3Ao), for some i € {0,1,2,3}. From
Proposition 3.47 we obtain that

w w
. _ o >
dlmI(W V) d1mI(V W) >1,

which completes the proof of the theorem. O]
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