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Chapter 1

Introduction

In this book, we give an exposition of the theory of Borcherds-Kac-Moody Lie
algebras and of the ongoing classification and explicit construction project of a
subclass of these infinite dimensional Lie algebras. We try to keep the material
as elementary as possible. More precisely, our aim is to present some of the
theory developed by Borcherds to graduate students and mathematicians from
other fields. Some familiarity with complex finite dimensional semisimple Lie
algebras, group representation theory, topology, complex analysis, Fourier series
and transforms, smooth manifolds, modular forms and the geometry of the
upper half plane can only be helpful. However, either in the appendices or within
specific chapters, we give the definitions and results from basic mathematics
needed to understand the material presented in the book. We only omit proofs
of properties well covered in standard undergraduate and graduate textbooks.

There are several excellent reference books on the above subjects and we
will not attempt to list them here. However for the purpose of understanding
the classification and construction of Borcherds-Kac-Moody (super)algebras the
following are particularly useful. Serre’s approach to the theory of finite di-
mensional semisimple Lie algebras in [Serl] is conducive to the construction of
Borcherds-Kac-Moody Lie algebras as it emphasizes the presentation of finite
dimensional semi-simple Lie algebras via generators and relations. For a first
approach to automorphic forms and the geometry of the upper half plane, the
book by Shimura may be a place to start at [Shi].

We also do not replicate the proofs of properties of Kac-Moody Lie algebras
that are treated in depth in the now classical reference book by Kac [Kacl4].

Borcherds-Kac-Moody Lie algebras are generalizations of symmetrizable (see
Remarks 2.1.10) Kac-Moody Lie algebras, themselves generalizations of finite
dimensional semi-simple Lie algebras. That this further level of generality
is needed was first shown in the proof of the moonshine theorem given by
Borcherds [Borc7], where the theory of Borcherds-Kac-Moody Lie algebras plays
a central role. So let us briefly explain what this theorem is about.



2 1 Introduction

1.1 The Moonshine Theorem

The remarkable Moonshine Theorem, conjectured by Conway and Norton and
one part of which was proved by Frenkel, Lepowsky and Meurman, and another
by Borcherds, connects two areas apparently far apart: on the one hand, the
Monster simple group and on the other modular forms. Any connection found
between an object which has as yet played a limited abstract role and a more
fundamental concept is always very fascinating. Also it is not surprising that
ideas on which the proof of such a result are based would give rise to many new
questions, thus opening up different research directions and finding applications
in a wide variety of areas.

1.1.1 A Brief History

The famous Feit-Thompson Odd order Theorem [FeitT] implying that the only
finite simple groups of odd order are the cyclic groups of prime order, sparked off
much interest in classifying the finite simple groups in the sixties and seventies.
The classification of the building blocks of finite symmetries was completed in
the eighties [Gor]: there are 17 infinite families of finite simple groups and 26
which do not belong to any families and are thus called sporadic [Bur]. The
Monster M [Gri] is the largest sporadic simple group. It has about 10°* elements
or more precisely

246 320 59 76 112 133.17.19.23.29.31.41.47.59.71

elements. Evidence for the existence of the Monster were first found by B.
Fischer and R.L. Griess in 1973. Based on Conway and Norton’s conjecture
that the dimension of one of its representations is 196883 Fischer, Livingstone
and Thorne computed the full character table of M [FisLT]. We remind the
reader that a group representation is a group homomorphism from the group
to the isomorphism group of a vector space. Then, McKay noticed that the
dimensions of its two smallest representations, 1 and 196883, are closely related
to the first two coefficients of the Fourier expansions of the normalized modular
invariant

J =j—T44.

Since j(7 + 1) = j(7) for 7 in the upper half plane H = {x +iyly > 0}, we can
write j as a function of ¢ = e2™7. Moreover j is holomorphic on H. So, as a
function of ¢, J has a Laurent series in the punctured disc of radius 1 centered
at 0:

J(q) = j(q) — 744 = ¢~ +196884q + ... = Z c(n)g™
n=-—1
and ¢(—1) = 1, ¢(1) = 196883 4+ 1. This is the Fourier series of J. Further
details can be found in [Ser2].
At the time it was thought unlikely that there would be any connection
between modular forms and the Monster group. Shortly after, McKay and
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Thompson found that other coefficients of the g-expansion of J are also sim-
ple linear combinations of the dimensions of irreducible representations of the
Monster group M [Th]. Now, the dimension of an M-module is the trace of
the action of the trivial element 1 of M on it, and any M-module is completely
determined by its character, i.e. the trace function. So based on this observa-
tion, McKay and Thompson’s insight was to forecast that for all n € Z there is
an M-module V(n) (later called a head representation of M) of dimension c¢(n)
with character H,, such that for all g € M,

T(9)= > Hul9)q"

n=-—1

would be an interesting function. When ¢(n) was a known linear combination,
the M-modules V(n) were to be taken to be the sums of the irreducible rep-
resentations whose dimensions appeared in the linear combination. Like in the
case of V(1), the head representations are obviously not just sums of the trivial
module.

Thus their work suggested these series, now known as the McKay-Thompson
series, were worth investigating. For g = 1, as already noted, we get the function
J. Furthermore, they conjectured that M has a natural infinite dimensional
representation

V= @nezv(“)

with graded dimension J(g). It came as a surprise that the most natural module
of a finite group was infinite dimensional.

1.1.2 The Theorem

In 1979, Conway and Norton calculated the first 11 coefficients of the McKay-
Thompson series for all g € M. Based on these calculations and other observa-
tions, they made the following remarkable conjecture [ConN]:

Moonshine Theorem. There exists a graded M-module V such that for all
g € M, the series T(g) is a normalized Hauptmodul for a genus 0 discrete
subgroup of SL(2,R) commensurable with SL(2,Z), where T : M — C is the
graded character of the module V.

Thus the Moonshine Theorem reveals a surprising connection between Haupt-
moduls and the Monster group (or more precisely its conjugacy classes since
characters are class functions) via its head representations.

We remind the reader of the definitions and properties necessary to under-
stand the statement of the theorem. For details, see [Shi]. Two subgroups G
and H of SL(2,R) are commensurable if both | H : GNH |and | G: GNH | are
finite. For any discrete subgroup G of SL(2,R) commensurable with SL(2,Z),
H*/G is a compact Riemann surface, where H* = H U {cusp points of G}. A
cusp of G is a point in R U {ico} fixed by a parabolic subgroup of G, i.e. a
subgroup with a unique fixed point in R U {ico}. The group G is said to be of
genus 0 if the corresponding Riemann surface is of genus 0. When this is the
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case, there exist bijections F' from H* /G to the Riemann sphere CUoo, and any
meromorphic function on H fixed by G is a rational function of F. If further-
more F(ico) = oo, then F is called a Hauptmodul, and in this case there is a

(1) ;) € Gandso F(r+7r) = F(7).

The Hauptmodul F' can thus be written as a function of ¢ = e and has
a Laurent expansion (see Corollary C.2.7) in a punctured disc centered at 0:
F(1) = > ez anq". As G is of genus 0, it can be shown that F' has a simple
pole at co. Hence a, = 0 for all n < —2. The Hauptmodul F' is said to be
normalized if ag = 0 and a_; = 1.

Conway and Norton not only conjectured that the graded traces T(g) (for
all g € M) were Hauptmoduls, but based on the calculation of the first few
coefficients, they gave a list of these Hauptmoduls [ConN]. So in order to prove
the conjecture, one needs to first construct a Z-graded M-module (whose ex-
istence was conjectured by McKay and Thompson), and then show that the
traces associated with it are equal to the given Hauptmoduls.

In 1983, Frenkel, Lepowsky and Meurman [FrenL.M1,2] proved the first part:
They constructed a new natural M-module V with graded dimension J, which
they called the moonshine module. It has a very rich algebraic structure. They
thus proved the Thompson-McKay Conjecture. In particular, it is the sum of
two vector spaces acted on by a certain involution of the Monster group — one
summand being a subspace of the lattice vertex algebra V7, (see section 4.3) and
the other of a twisted version of Vy,, where L is the Leech lattice. In particular,
the centralizer C' of this involution preserves the sum. As a result, their work
also yields the traces T'(g) for all elements g € C' and thus proves the Moon-
shine Theorem for all conjugacy classes of elements in the subgroup C. However,
most elements of the Monster group do not belong to any of these conjugacy
classes. In 1992, Borcherds [Borc7] gave a very beautiful proof of the second
part — namely finding 7}, for all g € M and not just for g € C' — which, together
with Frenkel, Lepowsky and Meurman’s work, explains how the modular forms
and the Monster group are related and leads to new interesting questions and
directions of research worth investigating.

The principal ingredients in Borcherds’ proof are vertex algebras (see Defi-
nition 4.1.13) and Borcherds-Kac-Moody Lie algebras (see Definition 2.1.7). In
[ConN], Conway and Norton had put forward the idea that there may be a Lie
superalgebra which in some way “explains” the Moonshine Conjecture (see also
Chapter 27 in [ConS3]). The construction of the Monster Lie algebra — the most
well known and simplest example of a Borcherds-Kac-Moody Lie algebra which
is not a Kac-Moody Lie algebra — (and thus the proof of the conjecture) is based
on Frenkel, Lepowsky and Meurman’s construction of the Moonshine module,
in particular the fact that it has the structure of a vertex algebra acted on by
the Virasoro algebra with central charge 24 (see Chapter 4 for definitions). For
a more detailed history, see [Lep2] and [Ray4] and for a detailed study, see[Gan].

The two principal items in the classification of some Borcherds-Kac-Moody
Lie (super)algebras, apart from the Lie (super)algebras themselves, are general-

smallest positive real number 7 such that (

27iT [T
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izations of two main ingredients in the proof of the moonshine theorem, namely
vector valued modular forms and G-graded vertex algebras, where G is a finite
abelian group. Let us first give an idea of what these infinite dimensional Lie
(super)algebras are like.

1.2 Borcherds-Kac-Moody Lie Superalgebras

Borcherds-Kac-Moody Lie algebras were constructed by Borcherds as a gener-
alization of Kac-Moody Lie algebras. They are (mostly infinite dimensional)
Lie algebras generalizing the notion of a finite dimensional semisimple Lie alge-
bra. A fundamental aspect of Lie’s work on continuous transformations groups
was his realization of how infinitesimal transformations could be used to study
the former. Thus Lie algebras were originally constructed to study Lie groups.
However it is worth noticing that the generalization to infinite dimension has
come first through Lie algebras and associated infinite dimensional Lie or al-
gebraic groups were constructed later [Gar2, KacP3,4,5,6,8, Kacl13, KacWanl],
[Ti1,2,3,4] and for Borcherds-Kac-Moody Lie algebras, this has not yet been
completed.

Kac-Moody Lie algebras were constructed concurrently but independently
by Kac [Kacl,2] and Moody [Mo2]. Moody generalized a characteristic as-
pect of finite dimensional semisimple Lie algebra, namely their construction
via Chevalley-Serre generators and relations from Cartan matrices to a more
general class of matrices. Kac, in his study of Z-graded Lie algebras having
polynomial growth (see Definition 2.1.24) found that apart from the finite di-
mensional Lie algebras and the simple Lie algebras of polynomial vector fields,
there is only another type of contragredient Lie algebras (see Definition 2.1.21)
with this property, namely Lie algebras which he called affine [Kac2]. The latter
were also independently constructed by Moody in [Mo3], where they are called
“Euclidean Lie algebras”. They are in some sense the first level of generaliza-
tion to infinite dimension and are a sub-class of Kac-Moody Lie algebras (also
defined in [Kacl]). The affine Lie algebras have since then been successfully
applied in several areas of mathematics and physics.

We give a brief history of the steps that led Borcherds to generalize further
and define Borcherds-Kac-Moody Lie algebras. In his Ph.D. thesis, published
in 1985, Borcherds studied properties of the Leech lattice (for elementary defi-
nitions concerning integral lattices, see section 3.1) [Borcl]. This is the unique
unimodular even lattice of rank 24 without any vectors of norm 2 discovered by
J. Leech in 1965 and extensively studied by Conway and Sloane [Con1,2, ConPS,
ConS1,2,3]. Borcherds found that the multiplicities of all the norm -2 vectors
of the even unimodular Lorentzian lattice Ils5 1 with signature (25,1), which
is the direct sum of the Leech lattice and of the unimodular even Lorentzian
lattice 11 1 of rank 2, are always less than 324 and in most cases equal to 324.

At about the same time in 1985, Frenkel constructed hyperbolic Kac-Moody
Lie algebras of rank at most 26 as Lie subalgebras of the quotient of a space on
which vertex operators act, this quotient having the structure of a Lie algebra
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[Fren]. Hyperbolic Lie algebras are Kac-Moody Lie algebras (see Definition
2.1.7) with an even Lorentzian root lattice, i.e. a lattice of signature (n,1).
Their study, as will be seen in greater detail in sections 5.3 and 5.4, is of interest
for various geometric and number theoretic reasons. Frenkel’s insight was to
apply the Goddard-Thorn No-Ghost Theorem [GodT] of 1972 from the theory
of dual resonance in theoretical physics to this context in order to find upper
bounds for the multiplicities of the roots of a hyperbolic Kac-Moody Lie algebra
of rank 26 — the critical dimension in the No-Ghost Theorem (see section 5.5).
These upper bounds can be expressed in terms of a function of the norm of
the roots. More precisely, for a root «, mult(a) < pos(1 — (o, @)/2), where
pa4a(n) is the number of partitions of n into parts of 24 colours. For a root «
of norm -2, we get precisely 324 (= p24(2)). Note that a root in the context
of infinite dimensional Kac-Moody Lie algebras does not necessarily describe a
reflection symmetry across a hyperplane whereas this is always the case for finite
dimensional semisimple Lie algebras. However for Kac-Moody Lie algebras this
is still true for the simple roots generating the root lattice, but no longer in the
context of Borcherds-Kac-Moody Lie algebras. See section 2.3 for details on
roots.

Furthermore, as was shown by Conway, the Dynkin diagram of this hy-
perbolic Kac-Moody Lie algebra of rank 26 is the Leech lattice [Con3]. More
precisely, each point of the Dynkin diagram (i.e. each simple root) corresponds
to a point in the Leech lattice in such a way that the edges between any two
points of the diagram only depend on the distance between the corresponding
two points in the Leech lattice. Note that in this case there are infinitely many
simple roots though this is not true in general for infinite dimensional Kac-
Moody Lie algebras (e.g. affine Lie algebras). Conway and Frenkel’s results led
Borcherds to become interested in investigating this hyperbolic Kac-Moody Lie
algebra on the one hand and vertex operators on the other. He thus arrived at
his definition of lattice vertex algebras and the construction of the Fake Monster
Lie algebra from them and in particular put the No-Ghost Theorem to its full
use [Borch]: The real simple roots of this Lie algebra generate the hyperbolic
Kac-Moody Lie algebra of rank 26 and the multiplicities of the roots of the Fake
Monster Lie algebra are precisely the upper bounds given by Frenkel — so we get
an equality and not just a bound. Studying this Lie algebra led him to the idea
of imaginary simple roots. The Fake Monster Lie algebra F' is graded by the
function poy. For each integer n, let F), be the Lie subalgebra generated by the
vector subspaces of degree at most n. It can be shown that the Fake Monster Lie
algebra is generated by root vectors of degree n orthogonal to F;,_1 (see section
2.5). The corresponding roots are thus the generating — or rather the simple
— roots of the root system of F' and some of them have non-positive norm, i.e.
are imaginary. It is then only one step to generalize the class of Kac-Moody
Lie algebras to that of Lie algebras today known as Borcherds-Kac-Moody Lie
algebras or generalized Kac-Moody Lie algebras [Borc4].

Finite dimensional Lie algebras have natural automorphisms induced by the
symmetries of their Dynkin diagrams — or equivalently of bijections of the in-
dexing set of simple roots leaving the Cartan matrix invariant—, called diagram
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automorphisms. This remains the case for Kac-Moody Lie algebras. Another
reason to go one step further in the generalization process stems from the fact
that the class of Lie subalgebras of Kac-Moody Lie algebras fixed by a finite
group of diagram automorphisms is not in general a Kac-Moody Lie algebra but
a Borcherds-Kac-Moody Lie algebra (see Exercise 2.2.4).

The class of Borcherds-Kac-Moody Lie algebras was enlarged to include Lie
superalgebras in 1994 [Ray1]. This also generalizes the class of Kac-Moody Lie
superalgebras constructed by Kac [Kac6]. This larger class of Lie superalgebras
is needed because hyperbolic reflection groups are, in general, Weyl groups of
Borcherds-Kac-Moody Lie superalgebras with non-trivial odd parts (see Defi-
nition 2.1.1). This is the case for one of the most interesting known examples
constructed by Scheithauer: the Fake Monster Lie superalgebra [Sch1,2].

Borcherds-Kac-Moody Lie superalgebras are special cases of contragredient
Lie superalgebras previously constructed by Kac in [Kac6], and they are the Lie
superalgebras to which many of Kac’s results on Kac-Moody Lie superalgebras
can be extended.

We next give a short introduction to the other two main ingredients in the
classification project.

1.3 Vector Valued Modular Forms

Modular forms are a central concept in mathematics developed first in the con-
text of elliptic functions, one of whose characteristics is double periodicity. They
are complex valued holomorphic functions (see Definition C.2.1) on the upper
half plane which transform “nicely” under the action of the isometry group of
H (see section 3.2), namely the group SLo(Z). They can be generalized to holo-
morphic functions on the upper half plane with values in a vector space, which
transform under the action of the metaplectic group (see section 3.3) — i.e. the
double cover of SLy(Z). The vector space in question is a representation space
of the metaplectic group. Some of the most important examples of ordinary
modular forms are theta functions of positive definite unimodular lattices. Sim-
ilarly some of the crucial examples of vector valued modular forms are theta
functions of indefinite lattices. These in particular lead to the construction of
the theta transform of a vector valued modular function.

This is described in sections 3.3 and 3.4, where we give the basis for the
theory developed by Borcherds in [Borc9,11]. Modular forms are not only central
to the moonshine questions but more generally to the theory of Borcherds-Kac-
Moody Lie algebras with Lorentzian root lattice.

1.4 Borcherds-Kac-Moody Lie Algebras
and Modular forms

The aim is to classify the “interesting” Borcherds-Kac-Moody Lie (super)
algebras. By “interesting” we mean those whose structure can be explicitly
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described in some concrete manner. Finite dimensional simple Lie algebras
and affine Lie algebras are the two classes for which this is so far possible.
Calculations seem to indicate that it will be very hard to do so for Kac-Moody
Lie algebras which are neither affine nor finite dimensional.

The root lattices of finite dimensional simple Lie algebras are positive def-
inite and that of affine Lie algebras are semi-positive definite (see Exercise
2.3.12). There is good evidence indicating that a class of Borcherds-Kac-Moody
Lie superalgebras which should be as explicitly describable have Lorentzian
root lattices. The two Borcherds-Kac-Moody Lie algebras at the origin of the
general theory of Borcherds-Kac-Moody Lie superalgebras, namely the Monster
and Fake Monster Lie algebras, have Lorentzian root lattices (Examples 2.3.11,
2.6.40): the even unimodular Lorentzian lattices I3 1 and I 25 of rank 2 and
26 respectively.

Basically, the idea is to try to classify all the Borcherds-Kac-Moody Lie
algebras to which one can associate a vector valued modular form which is holo-
morphic on the upper half plane in such a way that this modular form will
contain — or rather induce — all the essential information on the correspond-
ing Borcherds-Kac-Moody Lie algebra and lead to a complete description of it.
This was done by Borcherds in [Borc9,11] though Lepowsky and Moody and
later Feingold and Frenkel were the first to suggest a relation between hyper-
bolic Kac-Moody Lie algebras — namely Kac-Moody Lie algebras whose root
lattice is Lorentzian — and Hilbert modular forms and Siegel modular forms
or Jacobi forms respectively [LepM, FeinF]. In particular, the case of Ejg is of
special interest [KacMW]. Modular forms were already known to be connected
to some Borcherds-Kac-Moody algebras since they play a prominent role in the
representation theory of affine Lie algebras [FeinL, KacP1,2, KacWakl,2].

More precisely, the (highest weight) representation theory of Borcherds-Kac-
Moody Lie superalgebras leads to an equality called the denominator formula
(see section 2.6). This formula is central to the theory of these Lie superalgebras
as it contains the essential information on the structure of the Borcherds-Kac-
Moody Lie superalgebra it is related to. In the case of finite dimensional simple
Lie algebras it is the classical Weyl formula and for affine Lie algebras it is
equivalent to the famous Macdonald identities [Mac], [Dys]. The latter equiv-
alence is proved in [Kac5], where the Weyl-Kac character formula for arbitrary
integrable highest weight modules over symmetrizable Kac-Moody Lie algebras
is computed and the denominator formula derived from it. Thus, a connection
between modular functions and infinite dimensional Lie algebras first appears in
[Kach]. Moody in [Mob] independently pointed out that Macdonald identities
are equivalent to denominator identities for affine Lie algebras, though he did
not prove the character or denominator formulae.

For some Borcherds-Kac-Moody Lie algebras with Lorentzian root lattice,
when this formula is known explicitly it gives an infinite product expansion
of a function on a hyperbolic space transforming nicely under the action of
its isometry group — i.e. an automorphic form on a Grassmannian — with the
property that the exponents of the product factors are coefficients of a modu-
lar form. Roughly speaking, this automorphic form is the exponential of the
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theta transform of the modular form. This is how Borcherds-Kac-Moody Lie
algebras are associated to automorphic forms and vector valued modular forms
(see section 5.3). The basic literature for this material can be found both in the
original papers by Borcherds [Borc9,11] and in the survey articles [Borc10,12],
[Kon].

1.5 [I'-graded Vertex Algebras

Given a non-degenerate lattice, one can construct its Fock space, which is an
infinite dimensional vector space with the following characteristic: to each of its
elements, one can associate an infinite family of linear maps satisfying a set of
axioms. In other words, the Fock space can be given the structure of a vertex
algebra.

The generating formal functions of these families of linear maps are called
vertex operators. They were originally defined in theoretical physics, more pre-
cisely in the theory of dual resonance, where vertex operators are known as
quantum fields. They were introduced by Fubini and Veneziano in 1972 [Man]
in dual resonance theory. They first occurred in the mathematics literature in
1978 in the work of Lepowsky and Wilson [LepW] on the basic representations of
affine slp. A construction of the basic representations for all affine Lie algebras
using untwisted vertex operators was done by Frenkel and Kac [FrenK] in 1980.
Lepowsky and Wilson’s work was extended to all affine Lie algebras by Kac,
Kazhdan, Lepowsky and Wilson [KacKazLW] in 1981. Part of the vertex alge-
bra structure first appear in the work of Frenkel and Kac [FrenK] and Frenkel’s
work. The complete axioms for vertex algebras were then given by Borcherds in
[Borc2], a definition heavily influenced by the ideas in [FrenK] and [Fren|, and
shortly after for vertex operator algebras — structures that defer slightly from
vertex algebras — by Frenkel, Lepowsky and Meurman in [FrenL.M2] with a dif-
ferent emphasis (see the introduction of [FrenLM2] for a detailed history). The
axiomatic side has been studied by the above but also by several others, among
whom H. Li [Li2], [LepL] and Y.-Z. Huang [Hua3], [FrenHL]. The simplest de-
finition of a vertex algebra, equivalent to Borcherds’, which is now sometimes
used, was given by Dong and Lepowsky in [DonL)].

The construction of I'-graded vertex algebras is a generalization given by
Dong and Lepowsky in 1993 [DonL] of Borcherds’ construction of lattice vertex
algebras [Borc2]. These more general structures are fundamental in the con-
struction of the Fake monster Lie superalgebra, hence in the case when the odd
part of the Borcherds-Kac-Moody Lie superalgebra is non-trivial.

1.6 A Construction of a Class of
Borcherds-Kac-Moody Lie (super)algebras

Classifying all the Borcherds-Kac-Moody Lie (super)algebras whose structure
can be obtained from an associated vector valued modular form is only a first
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step. We want not only to find a way of describing these Borcherds-Kac-Moody
Lie superalgebras but to construct them in a “concrete way”, i.e. in as explicit
a manner as the affine and finite dimensional semisimple Lie algebras.

The vertex operator representations of affine Lie algebras inspired a construc-
tion of the simply laced finite dimensional Lie algebras, i.e. of type A, D, E, all
of whose roots have the same norm [FrenK]. The point of this construction is
that it yields an explicit Chevalley basis [Serl] for the Lie algebra (see Definition
2.1.7). The least complicated Borcherds-Kac-Moody Lie algebra that is not a
Kac-Moody Lie algebra is the Monster Lie algebra (Example 2.2.11). However
it is not the most typical example and has a very complex and rich structure
[FrenLM1,2], which will not be discussed in this book. All the other known
Borcherds-Kac-Moody Lie superalgebras can also be constructed from lattices
but to find an explicit basis for the Lie superalgebras in question, the procedure
is more complicated and indirect and their construction is based on other ob-
jects: lattice vertex superalgebras for the Lie algebra case and I'-graded vertex
algebras for Lie superalgebras with non-trivial odd parts. This is in particular
the case for the Fake Monster Lie superalgebra constructed by N. Scheithauer
[Sch1,2]. The latter — together with its twisted versions [FucRS], [Sch3] — is
the only known example of a Borcherds-Kac-Moody Lie superalgebra with non-
trivial odd part.

More precisely, in all known cases (except the Monster one), a Borcherds-
Kac-Moody Lie algebra can be realized as a quotient of a particular subspace
of the (bosonic) lattice vertex algebra derived from its root lattice when the
lattice is even. There is a natural action of the Virasoro algebra on this vertex
algebra and the subspace in question is determined by it. The Lie superalgebra
bracket on the quotient is given by the linear maps associated to each element
of the vertex algebra and in order to show these are Borcherds-Kac-Moody
Lie algebras, the Goddard-Thorn No-Ghost Theorem [GodT] is needed. The
application of this result from theoretical physics in the context of Lie algebras
is a highly exceptional insight of Frenkel [Fren] and Borcherds [Borc2]. For
more details, see section 5.5. When the root lattice is odd, know examples
can be constructed from the tensor product of the bosonic and of the fermionic
lattice vertex superalgebras. This time, we need to use the action of the Neveu-
Schwarz superalgebra on it (the Virasoro algebra is the even part of this Lie
superalgebra) and the construction in this case is also possible because of the
No-Ghost Theorem.

The next three chapters are independent from each other and present the
background material to the classification: Borcherds-Kac-Moody Lie (super)
algebras, vector valued modular forms, and I'-graded vertex algebras. In the
fifth chapter, we first explain how to associate a vector valued modular form to
some Borcherds-Kac-Moody Lie algebras with Lorentzian root lattice and show
there is a low upper bound on their rank. In fact, this gives good hope that the
classification and construction project can be completed. In sections 5.2-5.4,
in order not to present technical tools of greater complexity, we assume some
restrictions on the Lorentzian root lattices. The more general case is left as
exercises. In section 5.5, we give the method for constructing these Borcherds-
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Kac-Moody Lie algebras from even lattice vertex algebras. We do not consider
the case of odd lattices or more generally of Borcherds-Kac-Moody Lie superal-
gebras with non-trivial odd parts in chapter 5 as the technical complications do
not serve the purpose of a book aimed at introducing the reader to the above
topics. Some of these questions are left as exercises in chapter 4 and section 5.5.
The generality in which the material of chapters 2 and 4 is presented gives the
reader the background to proceed in this direction, in particular to understand
the construction of the Fake monster Lie superalgebra given by Scheithauer in
[Sch1,2].



Chapter 2

Borcherds-Kac-Moody Lie
Superalgebras

In this chapter we define Borcherds-Kac-Moody Lie superalgebras and explain
what their structure is. We will abbreviate this name to BKM. We will take C
to be the base field instead of R as in [Bore4]. It is necessary to do so for the
construction of BKM Lie superalgebras with non-trivial odd parts (see [Sch1,2]
for the construction of the Fake monster Lie superalgebra) and also for that
of Lie superalgebras closely related to BKM superalgebras, for example affine
Lie superalgebras (see Example 2.1.26). BKM algebras were first defined by
Borcherds in [Borc4]. The interested reader can also read an account of the
theory of BKM algebras in [Kacl4, Chapter 11] and in [Jurl,2], where some
oversights are corrected. We do not repeat proofs that remain the same as in
the Kac-Moody Lie algebra case and are presented in [Kac14].

2.1 Definitions and Elementary Properties

So what is a BKM superalgebra? First of all it is a Lie superalgebra.

Definition 2.1.1. A Lie superalgebra is a Zs-graded algebra G = G ® Gy with
a Lie bracket satisfying

[a,0] = —(=1)"*®[b,a] and alb, )] = [la,b]c] + (~1)" O [a, o],

where for any homogeneous element x € Gz, n = 0,1, d(x) := 7. The subspace
Gy (resp. Gy) is called the even (resp. odd) part of G.

Therefore a Lie algebra is a Lie superalgebra with trivial odd part. The most
obvious example of a Lie superalgebra is that of linear maps on a Zs-graded
vector space.

13
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Example 2.1.2. Let V = V5 ® V7 be a Z,-graded vector space. Consider the
associative algebra gl(V') of endomorphisms of V. It has a natural Zs-grading:

gl(v)ﬁ = {f € gl(V) : f(vﬁ) g Vﬁaﬁ € ZQ}a

gl(V)g ={f €gl(V): f(Vz) C Vizg. 7 € Zo}.
The Lie bracket is defined as follows:

2, y] = xy—yx, ifz or yegl(V)y
= 2y + ya, if 2,y € gl(V)y.

Note that for any « € gl(V), ifx = (io,o io’l > with respect to a homogeneous
1,0 T1,1

basis (i.e. a basis vy,---,v, such that vy, - v, € V5 and vpq1,-0 v € V1),
the supertrace of x is defined to be

str (x) == tr(zoo) — tr(z,1).

In particular any Lie superalgebra G is a Lie sub-superalgebra of gl(G) via
the adjoint action ad, where G is considered as a Zs-graded vector space.

As mentioned in the introduction, the best way to think of a BKM super-
algebra is to consider it as a generalization of a finite dimensional semisimple
Lie algebra. So let us consider the characteristic properties of the latter and
see how these can be weakened in a natural way without losing their essence,
so as to apply to a larger class of Lie superalgebras. We start by reminding the
reader of some basic facts about finite dimensional Lie algebras.

Definition 2.1.3.
(i) A sub-superalgebra I of a Lie superalgebra G is an ideal if [I,G] < I.
(13) A Lie superalgebra is said to be simple if its only ideals are (0) and itself.
(#i1) A semisimple Lie superalgebra is a direct sum of finitely many simple Lie
superalgebras.

Definition 2.1.4. The Killing form on a finite dimensional Lie superalgebra G
is defined as follows: for x,y € G,

K(z,y) = str(ad (z)ad (y)).

Exercises 2.1.2 and 2.3.12 tell us that a finite dimensional semisimple Lie
algebra can be characterized in two different ways.

Lemma 2.1.5. Let G be a finite dimensional Lie algebra. The following prop-
erties are equivalent.

(a) The Lie algebra G is semisimple.
(b) The Lie algebra G is generated by elements e;, f; (called Chevalley gener-
ators), 1 < i < n satisfying the Chevalley-Serre relations:
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(@) [ei, f3] = bijhis
(ZZ) [hj, Ei] = aijei, [hj, fz] = —aijfi where aij = K(hi, hj) iS th@
symmetric Cartan matriz;
2a;; _ 2a4
(iii) (ad (e;))' i e; = 0 = (ad (f))'~ =+ fy.
(¢) The Killing form is non-degenerate on the Lie algebra G.

The generalization from finite dimension to infinite dimension was made via
property (b) in [Kac2] and [Mo2]. Later, the generalization from Kac-Moody
Lie algebras to BKM algebras is again via property (b) in [Borc4]. Thus, the
definition of a BKM superalgebra is based on the Chevalley-Serre construction
of finite dimensional semi-simple Lie algebras by generators and relations. In
section 2.2, we will consider the characterization via property (c).

Let I be either a finite set, in which case we often identify it with {1,---,n}
or a countably infinite set, in which case we sometimes identify it with N. Let
S C I be a subset of I.

The set I will be indexing the simple roots (or equivalently generators) of
the BKM superalgebra and S will be indexing the odd generators.

Let Hgr be a real vector space with a non-degenerate symmetric real valued
bilinear form (.,.) and elements h;, ¢ € I such that

(i) (hi; hy) <Oif i g,

(ii) Tf (hi, hs) > 0, then Z35) € Z for all j € 1.

(iii) If (hi, h;) > 0 and i € S, then Ehih) €Zforaljel.

Let H = Hr ®r C. Let A be the symmetric real valued matrix with
entries Q5 = (hz, h])

Remark 2.1.6. The elements h; of the subspace H need not be linearly inde-

pendent, nor even distinct. If the matrix A is non-degenerate, then elementary

linear algebraic arguments imply that the vectors h; are linearly independent.
The vector space H may be considered as an abelian Lie algebra.

Definition 2.1.7. The Borcherds-Kac-Moody Lie superalgebra G = G(A, H, S)
associated to the matriz A and the abelian Lie algebra H is the Lie superalgebra
generated by the abelian Lie algebra H and elements e;, f;,i € I satisfying the
following defining relations:

(1) les, f3] = dijhi;

(2) [h,ei] = (h, hi)ei, [h, fi] = —(h, hi) fi;

(3) dege; :O—degfl ifi €S, degeZ = 1 =deg f; ifi € S;

(4) (ad (e))'~ =0 wej=0=(ad (PN 5 5 if age > 0 and i # j;

(5) (ad(el>) e e] =0= (a‘d(fl>) I f] Zfl € S (273 > 0 a/ndZ 7&.7}

(6) leiej] =0=1[fi, f;] if ai;=0.
The matriz A is called the generalized symmetric Cartan matriz of the Lie su-
peralgebra G and H is a generalized Cartan subalgebra of G. If a;; > 0 for all

i €I, then G is said to be a Kac-Moody Lie superalgebra.
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When S = (), G = G(A, H,S) is a Lie algebra and for simplicity’s sake we
will write G = G(A, H). The next Corollary on the derived Lie sub-superalgebra
of a BKM superalgebra follows immediately from Definition 2.1.7.

Corollary 2.1.8. Let G = G(A, H,S) be a BKM superalgebra, then its derived
Lie sub-superalgebra G' = |G, G] is the BKM superalgebra G(A, (h; : i € I),S).

The more one generalizes, the lesser the restrictions imposed on the gener-
alized Cartan matrix. For finite dimensional Lie algebras, the Cartan matrix A
is positive definite (see Proposition 2.2.8) and this forces a;; > 0 for all ¢ €
and |a;;| < 3. For Kac-Moody Lie superalgebras, a;; > 0 and 2a;;/a;; € Z for
all 4,5 € I. For BKM superalgebras, a;; < 0 is allowed and the corresponding
rows and columns can be random.

Remark 2.1.9. Note that in some research papers, in the definition of a BKM
superalgebra, the bilinear form on H is not supposed to be non-degenerate. In
that case, condition (2) of Definition 2.1.7 implies that the kernel of the bilinear
form on H in contained in the centre of the BKM superalgebra G. So we can
just quotient out G by its centre to get a BKM superalgebra according to the
above definition.

In the original definition of a Kac-Moody Lie algebra [Kacl,2], the elements
h; are assumed to be linearly independent by definition. As we will see later
this is not the case for the most interesting BKM algebras that are not Kac-
Moody Lie algebras, in particular for the Fake monster Lie algebra (see Example
2.6.41).

Hence, in the case of Kac-Moody Lie algebras, the above definition is more
general than the one in [Kacl4] though according to both the bilinear form on
H must be non-degenerate (see chapters 1,2 in [Kacl4]). This subtle difference
is well illustrated in the next example.

Example 2.1.10. Let E; and F; be the Chevalley generators of the sim-
ple Lie algebra sls. The corresponding loop algebra has underlying space
G = C[t,t ' ®c sly and Lie bracket defined as [t"®z, t™ ®y| = "™ ® [z, y] for
xz,y € slo. It is generated by the element e; = 1 Q@ F1,e0 =tQ Fy, f1i =1 F
and fy =t~ ® E satisfying the defining relations given in Definition 2.1.7 with

hy = [e1, f1] = —[ea, f2] = —ha.

Thus G = G(A, H), where
H=Ch

and the generalized Cartan matrix is

2 =2
A= (_2 : ) |
Hence, the bilinear form being non-degenerate on the generalized Cartan sub-

algebra, the loop algebra G is a BKM algebra. Since a;; > 0 for ¢ = 1,2, it is
therefore a Kac-Moody Lie algebra according to Definition 2.1.10. However it
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is not a Kac-Moody Lie algebra according to [Kacl4] since the vectors h; and
ho are not linearly independent.

The Affine Lie algebra associated to sly is the central extension of G by
a l-dimensional centre generated by c. Its generalized Cartan subalgebra is
isomorphic to H & Cc and condition (2) of Definition 2.1.7 implies that Cc
is the kernel of the bilinear form. Therefore, the latter is degenerate and so
the affine Lie algebra is not a Kac-Moody Lie algebra. This follows from the
uniqueness of the triangular decomposition given in section 2.4.

To get the extended affine Lie algebra G given by the simple Lie algebra
slo, a derivation d is added to the previous central extension. It is defined as
G = G(A,H'), where H is isomorphic to H & Ce & Cd. The vector hy € H
is as above a generator of the vector space H and hy € H is now equal to
hy = ¢—hy. The bilinear form on H given by the above matrix 4 and (¢, d) = 1,
(¢,c) =0=(d,d), (d,hy) =0.

For details about this example, the reader is referred to [Garl] where the
derivation d was first introduced in the context of untwisted affine Lie algebras,
to [GarL] where an appropriate family of d operators are given in the general
case, and to [Kacl4, Chapter 7).

Remark 2.1.11. In Definition 2.1.7, the generalized Cartan matrix A is as-

sumed to be symmetric. The reader may be more familiar with the definition

in which the positive diagonal entries of the matrix are all equal to 2. In this

case, the generalized Cartan matrix — let us call it B — satisfies the conditions

(i) bi; <0 if i # j;

(ii/) bij cZ if b; = 2;

(Z’LZ/) if bl’j = 07 then bji = O,

(iv) there exists a diagonal matrix D with positive entries such that the matrix
A = DB is symmetric.

Condition (iv) says that the matrix B is symmetrizable. The definition of the

Kac-Moody Lie algebra G(B, H, S) corresponding to the matrix B in [Mo2] is

similar to Definition 2.1.7. Tt is the Lie algebra with generators H, e}, f! such

that
hi = le3, fil,
[hiy €] = by [hi, f]] = —bji

AR
(ad (e7))! "€} = 0= (ad (f})' " f7.

However, we may as well take the symmetric version of the generalized
Cartan matrix for reasons of simplicity since the generators of G(B, H, S) are
multiples of those of G(A, H,S) and thus both Lie superalgebras are isomor-
phic (see Exercise 2.1.3). Obviously there can be several symmetric matrices
equivalent to the matrix A (e.g. any positive multiple of A). For example
the “usual” Cartan matrix for the simple finite dimensional Lie algebra C5 is

2 =2 -2

-1 2 -2 4

Condition (4¢)" for the matrix B is indeed equivalent to condition (i) for the

matrix A. To see this, set d; to be the (4,4)-th entry of the diagonal matrix D.

and one of its symmetric versions is (
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From the above definition, We get a;; = dibs; for all 4,5 € I. In particular if
b;; = 2 then, a;; = 2d; and so =24 = =b;; € Z.

The definition of the generahzed Cartan matrix of an arbitrary Kac-Moody
Lie superalgebra as given in [Kac7,14] only satisfies conditions (¢')-(¢ii’) and is
not necessarily symmetrizable. However, in this case there is no bilinear form
on H given by the Cartan matrix. There are as yet no known examples of a
non-symmetrizable Kac-Moody Lie algebra though some important results have
been proved in the non-symmetrizable case by Kumar [Kuml,2]. The bilinear
form on H induces a non-degenerate invariant symmetric bilinear form on G
and without the existence of such a bilinear form, it is hard to get results on its
structure and representation theory. The two most important classes of Kac-
Moody Lie algebras (known so far), namely the finite dimensional semisimple
and the affine Kac-Moody Lie superalgebras, both have symmetrizable Cartan
matrices (see section 2.2 and for more details [Kacl14, Chapters 1,2,6,7,8] for the
Lie algebra case and [Kac3,4] for the more general Lie superalgebra case).

Remark 2.1.12. Keeping the notation of Remark 2.1.11, the Cartan matrix
of a finite dimensional simple Lie algebra has the following property: for i # j,
either b;; = —1 or a;; = —1. Hence, in this case the graph with nodes labeled

2
by the indexing set I and with b;;b;; = a4a;’ edges linking the i-th and j-th
i @jj
node with an arrow pointing towards the i-th node if ‘aij‘ > 1 contains all the
information given by the Cartan matrix. This graph is the well known Dynkin
diagram.

It can be generalized to Kac-Moody Lie superalgebras. If ¢ € S, then the
corresponding node is set to be black and if ¢ ¢ S, it is white. However there

> 1.
So the i-th and j-th nodes are linked with one edge labeled by the ordered pair

2|aij ij ij

—— (resp. Tu) ifi ¢S (resp. i € 5) and 2 (resp. ?) if j €5 (resp.
j € S). So this generalized Dynkin diagram contams the same information as
the corresponding generalized Cartan matrix.

However, in the more general context of BKM superalgebras, there may be
indices ¢ € I such that a;; < 0 and then the scalar 2;—7 can take any real value,
not necessarily an integer, and in the case when an“: 0, it is not defined. So
we cannot associate any useful Dynkin diagram type graphs with most BKM
superalgebras.

may exist indices 7,j € I for which both the integers # > 1 and }

U

The next result explains Conditions (4) and (5) of Definition 2.1.7. Set
G =G(AH,S)

to be the Lie superalgebra generated by the Lie subalgebra H and elements e;,
fi, i € I satisfying relations (1) — (3) of Definition 2.1.7.
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Proposition 2.1.13.
(1) Suppose that a;; #0. Ifi € I\ S, then the Lie subalgebra

of the BKM superalgebra G is isomorphic to sly and if i € S, then the Lie
sub-superalgebra S; = C[f;, fi]® Cf; ® Ch; ® Ce; @ Cley, e;] is isomorphic
to sl(0,1). Moreover, for all i € I\S (resp. i € S) such that a; >
0, considered as a S;-module via the adjoint action, the vector space G
decomposes into finite dimensional S;-modules if and only if condition (4)
(resp. (5)) holds.

(i4) Suppose that a;; = 0. Then, the Lie (sub)-superalgebra S; =C f;®Ch, ®Ce;
is isomorphic to the three dimensional Heisenberg algebra (resp. superal-
gebra) if i € I\S (resp. i € S).

Hence a Kac-Moody Lie superalgebra is generated by copies of the 3-
dimensional simple Lie algebra sly, one for each even simple root, and of the
5-dimensional simple Lie superalgebra sl(0,1) (see Proposition 2.1.23 for the
definition), one for each odd simple root, and the adjoint actions of each of
these sly’s and si(0,1)’s on G decomposes into finite dimensional represen-
tations. A BKM superalgebra is generated by copies of sls, sl(0,1), and of
the 3-dimensional Heisenberg (super)-algebra, and the action of these sly’s and
s1(0,1)’s decompose into finite dimensional representations if and only if they
correspond to positive diagonal entries in the generalized Cartan matrix.

From now on, we will assume that the generalized Cartan matrix A is inde-
composable. The general case easily follows but would make the statement of
definitions and properties less clear without adding any new ideas or technical
difficulty. So let us remind the reader of the definition of an indecomposable
matrix and justify our assumption:

Definition 2.1.14.
(1) A square matriz A is said to be indecomposable if there do not exist square
matrices B and C such that A = <§ g) .
(1i) The indexing set I is said to be connected if it cannot be written as the
ungon of two subsets Iy and Iy such that (hi,hj) = 0 for all i € I and
j € L.

Lemma 2.1.15. Let Hy, Hy < H be subspaces of H such that Hy + Hy = H.
Suppose that there exist subsets I, I < I such that ZWUIy =1, (h; :i € I;) < H;
for j = 1,2, and (hi,hj) = 0 for all i € I, j € Is. Then, the generalized
Al 0
0 A,
A; is a generalized symmetric Cartan matrices with indexing set I;; and

symmetric Cartan matriz A = (hi, hj)ijer, A= , where fori=1,2,

G(A,H,S) =G(Ay,H1,51) + G(Ay, Ha, S).
If moreover Hy & Hy = H, then
G(A,H,S) =G(A,Hi,5,) ® G(A1, Hy, S2).
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We leave the proof of this result for the reader to check.

Remark 2.1.16. In many natural examples, the sum H; + Hs is not direct.
This is trivially the case for the Heisenberg algebras (resp. superalgebras).
These are BKM algebras (resp. superalgebras) with H = Ce, [ = Z, S = ()
(resp. I =85) h;=cforallie I, and A=0.

The assumption that A is indecomposable eliminates the most degenerate
cases: if a column or a line of the matrix A is uniformly 0, then A = 0. In
this case, I = {1} and the derived Lie superalgebra G’ is the 3-dimensional
Heisenberg (super)algebra.

Kac defined a Kac-Moody Lie algebra as a quotient of the Lie superalgebra
G by the unique maximal ideal intersecting the Cartan subalgebra trivially. The
Gabber-Kac Theorem shows that this definition is equivalent to the original one
of Moody by generators and relations [GabK, Chapter 9 in Kac14]. The same
remains true in the more general context of BKM superalgebras [Ray2]. Here
we only state this result as we need to develop some representation theory for
this (see Exercise 2.6.4).

Theorem 2.1.17. The ideal ofé genemted by the elements
(6) (ade) =" e,, (ad fi) 7 Tfi, forag > 0,4 €1\ S;

(7) (ade;) T e;, (ad f;) =i wi f], fora; >0,i€8; and
(8) [e“ej] [fl)f]] ZfCL” =0

is the maximal ideal R intersecting the Cartan subalgebra H trivially.

This Theorem is crucial for the structure of G. An immediate consequence
is the following important result, without which for example the fundamental
fact that generalized Cartan matrices uniquely characterize BKM superalgebras
(see section 2.4) would not hold:

Corollary 2.1.18. The centre of the BKM superalgebra G is contained in the
generalized Cartan subalgebra H.

Also, Theorem 2.1.17 together with exercise 2.1.5 give the well known trian-
gular decomposition of a BKM superalgebra [Kacl4, Theorem 1.2 and Borc6].

Corollary 2.1.19. G = N_ & H & N, as vector spaces, where Ny (resp. N_)
is the Lie sub-superalgebra generated by the elements e; (resp. fi), i € I.

Definition 2.1.20. Keeping the notation of Corollary 2.1.19, the Lie sub-
superalgebra By = H ® N4 (resp. B_ = N_ @ H) is a (generalized) positive
(resp. megative) Borel sub-superalgebra.

Finite dimensional and affine BKM superalgebras

The finite dimensional simple Lie superalgebras were classified by Kac in the
70s in [Kac3]. For details, the reader is referred to this paper. Some are sub-
superalgebras of finite dimensional general linear Lie superalgebras (see Exam-
ple 2.1.2). All finite dimensional semisimple Lie algebras and affine Lie algebras
are BKM algebras. However this is no longer true for most finite dimensional
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and affine Lie superalgebras. Some do not even have associated Cartan ma-
trices. Some can be defined via generators of the same type as in Definition
2.1.7 and Cartan matrices but in general the Chevalley-Serre presentation given
in Definition 2.1.7 is not sufficient. When the odd part is non-trivial, there
are usually more relations [LeiS]. In general they have more than one (non-
equivalent) Cartan matrix (see Definition 2.4.1), i.e. non-equivalent Dynkin
diagrams (see section 2.2) and these Cartan matrices do not satisfy conditions
(i)-(iil) of generalized Cartan matrices given above. The list of the finite di-
mensional contragredient simple classical Lie superalgebras and for each, all the
possible Dynkin diagrams is given in [Kac3, §2.5]. Those with non-trivial odd
part are of type A(m,n), B(m,n), C(n), D(m,n), D(2,1;a), F(4) or G(3).
As a Dynkin diagram contains the same information as the corresponding gen-
eralized Cartan matrix, from this list, it is easy to find those that are BKM
superalgebras [Ray3]. Before stating this result, we first define contragredient
Lie algebras. These are constructions introduced by Kac in [Kac6], of which
BKM superalgebras form a subclass. They allowed him to construct the most
important examples of simple finite-dimensional Lie superalgebras.

Definition 2.1.21.
(i) A Lie superalgebra G is Z-graded if G = ®;ezG;, where [G;, G| < Gy ;.
(i) For any matriz A indexed by the set I, a contragredient Lie superalgebra
G = G(A,S) is the minimal Z-graded Lie superalgebra such that the vector
space G_1 (resp. G1) is generated by the elements f; (resp. e;) satisfying
conditions (1) — (3) of definition 2.1.7 and Gy = [G1,G_1].

In the above definition, minimal means that G is the epimorphic image of
every Z-graded Lie superalgebra with G_;, Gy and G of the above type.

Lemma 2.1.22. A BKM superalgebra whose generalized Cartan subalgebra is
generated by the vectors h;, i € I, is the quotient of a contragredient by a central
Lie subalgebra (C Gy).

Proof. This result follows from Theorem 2.1.17 by setting deg(e;) = 1 and
deg(f;) = 1. L

Corollary 2.1.23. A simple finite dimensional Lie superalgebra G is a BKM
superalgebra if and only if G is contragredient of type A(m,0) = sl(m + 1,1),
A(m,1) = sl(m + 1,2), B(0,n) = osp(1,2n), B(m,1) = osp(2m + 1,2),
C(n) = osp(2,2n — 2), D(m,1) = osp(2m,2), D(2,1;a) for a # 0,—1, F(4),
and G(3).

Proof. The above do have a Cartan subalgebra H and elements h;, i € I with
respect to which the generalized Cartan matrix is respectively:

o -1 0 . 0 0 -1 0 ... 0 0
-1 2 -1 0 0

-2 -l 0 0 -1 2 0 0

0 -1 2 0, ' ,

0o 0 0 5 0 0 0 2 -1
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L1 o 0 0 -1 0 0 0
-1 2 -1 0 0

-2 - 0 0o -1 2 0 0
0 -1 2 ol | . . ’

; 0 0 0 2 -1
0 0 0 2 0 0 0 -1 1
0 -1 0 0 0 2 0 -1 0 0
-1 2 -1 0 0 0 2 -1 0 0
0 -1 2 0 0 -1 -1 2 0 0
0 0 0 2 -2 0 0 0 2 -1
0 0 0 -2 4 0 0 0 -1 0
2 -1 0 0 -1 0 0 0 -1 0

1 2 2 0

-1 0 —a|fora>1, 0 -2 4 -9 -1 2 =3,
0 —a 2« 0 -3 6

0 0 -2 4
where in all cases i € S if and only if a;; =0 or 1.

The converse is left as an exercise for the reader. ]

Note that the above list of generalized Cartan matrices together with the
uniqueness of the generalized Cartan matrix except for A(1,0) (see Theorem
2.4.8) imply that the only finite dimensional simple Kac-Moody Lie superalge-
bras with non-trivial odd part are of type B(m, 1) whereas all finite dimensional
semisimple Lie algebras are Kac-Moody Lie algebras.

Affine Lie algebras are well known and have several definitions. Affine BKM
superalgebras are defined following the original construction of affine Lie alge-
bras via their growth rate [Leu, Kac7].

Definition 2.1.24. A Z-graded Lie superalgebra G = ®;czG; is of finite
or polynomial growth if there is a polynomial p such that for each v € Z,
dim G; < P(M)

Definition 2.1.25. An affine Lie superalgebra is a contragredient BKM super-
algebra of infinite dimension but finite growth.

The affine Lie algebras have been classified by Kac in [Kac3]; in particular,
it follows from his paper that affine Lie algebras are BKM algebras and in
particular Kac-Moody algebras (i.e. a;; > 0 for all ¢ € I). This does not remain
true in the Lie superalgebra setup [Leu]. The affine Lie superalgebras have been
classified by van de Leur in [Leu], using the methods developed in [Kacl].

Proposition 2.1.26. An affine BKM superalgebra is either a Kac-Moody Lie
superalgebra or has degenerate generalized symmetric Cartan matriz A = (0).

We reproduce the list of affine Kac-Moody Lie superalgebras given in [Kac7].
They are of type BM(0,n), BM(0,1) A®(0,2n — 1), n > 3, AR)(0,3),
C®n+1),n>2 C2?2), AD(0,2n), n > 2, and A (0,2). The first six
respectively have Cartan matrices
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4 -2 0 0
-2 2 0 0
) ) <4 —2>
N 5 -9 1
0 0 2 -1
0 0 -1 1
2 0 -1 ... 0 0
0 2 -1 ... 0 0
1 -1 2 0 0 2 —-1.0
) . . R -1 1 -1/,
N . . 0 -1 9
0 0 0 2 -1
0 0 0 -1 1
1 -1 0 0
-1 2 0 0
. ) (1 —1)
. : T, . . ’ -1 1 ’
o 0 ... 2 -1
0o 0 ... -1 1

where ¢ € S if and only if a;; = 1. The last two matrices with S = {1} are the
Cartan matrices of A®(0,2n), n > 2, and A (0,2) respectively.

We next construct an example of an affine Lie superalgebra. It is not a BKM
superalgebra but shows that when the odd part is non-trivial, we have to be
careful about the base field taken.

Example 2.1.27. The extended affine Lie superalgebra sl(l)(l,n) is con-

structed in the same way as the extended affine Lie algebra slél) (see Example
2.1.10) as the central extension of the Loop superalgebra

Clt,t ] ®c sl(1,n)

with an added derivation.
Let Ey,...,E, and F1, ..., F,, be the generators of sl(1,n) with 1 € S.
Then the generators of si()(1,n) are e, ..., e, and fo, ..., fn, where

Let 6 be the root of si(1,n) of maximal height. It has norm 0. Therefore
the simple root vectors ey and fj of sl(l)(l, n) are defined as follows: let Fy €
sl(1,n)g be such that

(w(Fo), Fo) = 1/(0,a1)

and not as (w(Fp), Fo) = 1/(0,0) as in the affine Lie algebra case since 6 has
norm 0. So calculations show that

FO = i[el...[enfhen]]
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and we have to take C as our ground field and cannot work over R. Then
Ey = w(Fp) and
co=t®Fy and fo=t"'1® F,.

Before closing this section, we define two basic automorphisms of BKM
superalgebras as they map the subspace NV, onto the subspace N_ and whose
existence follow from Exercise 2.1.5.

Proposition 2.1.28. There is an automorphism w of period 4 acting on the
BKM superalgebra G, called the Chevalley automorphism given by:

w(ei){fi ifies,

—fiy, otherwise.’

w(fi)=—e; Viel,wh)=—-h VheH.

There is an antilinear automorphism wqy of period 4 acting on the BKM super-
algebra G, called the compact automorphism given by:

{fi ifi €S,

wo(e:) = —f;,  otherwise.’

wo(fi) =—e Vi€ I,WO(h) =—h Vh € Hg.

We remind the reader that wy is antilinear on the complex vector space G if
wo(cx) = ewp(x) for all x € G and ¢ € C. The need for the antilinear map wy
will be seen in Corollary 2.2.6. When the BKM superalgebra G is a Lie algebra,
w (resp. wp) is the usual Chevalley (resp. compact) involution. As will be seen
in section 2.4, when G is a finite dimensional simple Lie algebra, w is an inner
automorphism, but this is no longer the case in infinite dimension.

Proposition/Definition 2.1.29. Suppose that G is a BKM algebra. The
set {x € G : wo(x) = x} of fized point of the automorphism wy is a real Lie
superalgebra C(A) of the BKM superalgebra G such that G = C ®@g C(A). It is
the compact form.

Proof. The result follows from the fact that e; — f;, i(e; + f;) and ih, for all
h € Hg, are vectors in C(A). L]

Exercises 2.1
1. Show that a finite dimensional Lie superalgebra L is semisimple if and only

if it has no non-trivial abelian ideal.

Hint: you may use induction on the dimension of L to show that the non-
existence of a non-trivial abelian ideal is a sufficient condition.

2. Let L be a finite dimensional Lie superalgebra.



2.1 Definitions and Elementary Properties 25

(i) Prove that the Killing form K on L is an invariant bilinear form, i.e. for
all z,y,z € L, K([z,y],2) = K(z,y, 2]) and K is bilinear.
(#4) Deduce that the kernel of the Killing form is an ideal of L.
(#i7) Suppose that L is a Lie algebra. Deduce that the Killing form is non-
degenerate if the Lie algebra L is semisimple.
(iv) If the Killing form is non-degenerate on L, prove the Lie superalgebra L
is semisimple.

Hint: you may use Fxercise 1.

3. Let B be a symmetrizable matrix satisfying conditions (i) — (iv) of Remark
2.1.11. We keep the same notation as in Remark 2.1.11.

(i) Show that for 4,5 € I, (hi, h’) = d;ldjflaij, where d; is the (4,7)-th entry

of the diagonal matrix D.
(ii) Deduce that the Lie superalgebras G(A, H, S) and G(B, H, S) are isomor-
phic.

We remind the reader that the generalized Cartan matrixz is assumed to be in-
decomposable.

4. Show that the centre of the BKM superalgebra G is the subspace
{he H:(h,h;)=0 Viel}.

Deduce that if H = (h; : i € I) and the form is non-degenerate on H, then the
BKM superalgebra G is simple.

5. Consider the Lie superalgebra G ~ ~
(i) Show that G = N_ @ H ® N, as vector spaces, where Ny (resp. N_) is
the Lie sub-superalgebra generated by the elements e; (resp. f;), i € I,
satisfying properties (1) — (3) of Definition 2.1.7.

Hint: Show first that G is the sum of the above three Lie sub-superalgebras. To
show that the sum is direct, construct for each A € H* (the dual of H), an
action of G on the tensor algebra T(V) of a vector space with a basis indexed
by I and consider the action of 0 = f +h+e on 1 € T(V), where f € N_,
ee Ny, and [e, f] = h.
(ii) Deduce that the Lie sub-superalgebra Ny (resp. N_) is freely generated
by the vectors e; (resp. f;), i € I.
(iii) Deduce that the automorphisms w and wq defined in Proposition 2.1.28
are well defined.

For a solution see [Kac14, Theorem 1.2] or [Borc6].

6. Let G = ®;czG; be a Z-graded Lie superalgebra. Show the existence of a
minimal Lie superalgebra generated by G_1 + Gy + G1.

For a solution, see [Kac6, Proposition 1.2.2] and [Kacl, Proposition 4]

7. Let G be the Lie superalgebra generated by the subspace H containing
vectors hyj, 1,5 € I with hy; # 0 if and only if ay; = ay; for all k£ € I, satis-
fying (hi;, hjj) = a,j, and elements e;, f;, ¢ € I satisfying relations (1) — (6) of
Definition 2.1.7. and the following extra ones
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(7) [eis £3] = hj,
(8) [hij,ek] =0= [h”,fk] if’i 7é ]

(i) Show that G is the universal central extension of the BKM superalgebra
G given in Definition 2.1.7.
(ii) Deduce that a Kac-Moody Lie superalgebra is its own universal central
extension.
(iii) Deduce the a BKM superalgebra is the semi-direct product of G /Z, where
Z is a central subalgebra of G and of an abelian algebra having the gen-
erators e; and f; of G as eigenvectors.

For a solution, [see Borc6]

2.2 Bilinear Forms

In Section 2.1, we saw that BKM superalgebras were defined by generalizing
one of the defining properties of finite dimensional semisimple Lie algebras,
namely Lemma 2.1.5.b. In this section, we consider the equivalent characterizing
property 2.1.5.c. When the Lie algebra G is infinite dimensional, the Killing
form obviously makes no sense as the trace is no longer definable. Furthermore,
note that when G is a finite dimensional BKM superalgebra, Lemma 2.1.3.c
may not hold.

Lemma 2.2.1. The Killing form on a finite dimensional BKM superalgebra is
trivial if and only if it is of type D(2,1, ).

To generalize the Killing form to BKM superalgebras, let us consider its
essential characteristics. First some more definitions.

Definition 2.2.2. Let (.,.) be a bilinear form on the Lie superalgebra L.

(i) (.,.) is said to be supersymmetric if (z,y) = (—1)*®)4W) (y 2) for all ho-
mogeneous elements x,y € L.
(1) (.,.) is said to be consistent if (G, G7) = 0.
(iii) (.,.) is said to be invariant if ([g,z],y) = (g,[z,y]) for all elements
g,z,y € L.

Lemma 2.2.3. Let L be a finite dimensional Lie superalgebra and K its Killing
form. The form K is bilinear supersymmetric, invariant, and consistent.

These properties are well known and we leave it for the reader to check.
Though Lemma 2.1.3.c. does not hold in general for finite dimensional BKM
superalgebras, they have non-degenerate bilinear forms satisfying Lemma 2.2.3.

Lemma 2.2.4. There is a non-degenerate, invariant, supersymmetric, con-
sistent bilinear form (.,.) on the BKM superalgebra G. Moreover, if the Lie
superalgebra G is perfect (i.e. equal to its derived Lie subalgebra), then this
form is unique up to multiplication by a non-zero scalar.
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In the rest of this chapter, (.,.) will denote a non-degenerate, invariant,
supersymmetric, consistent bilinear form on G.

As a consequence of Lemma 2.2.1, for finite dimensional BKM superalgebras
of type D(2, 1, a), the non-degenerate forms are not multiples of the Killing form.
However these properties of a bilinear form are too weak to characterize BKM
algebras, let alone BKM superalgebras. Even in finite dimension, there are
nilpotent Lie algebras with non-degenerate invariant symmetric bilinear forms
(see Exercise 2.2.2). To find a characterization of BKM algebras via bilinear
forms, we need to consider the compact antilinear automorphism.

Lemma 2.2.5. Let G be a BKM superalgebra. The compact antilinear auto-
morphism keeps the bilinear form invariant.

We first consider the case when G is a Lie algebra. Usually a Hermitian
form on a complex vector space is considered to be linear in the first argument.
Here it is more suitable to define them to be linear in the second variable and
antilinear in the first. This is due to requirements arising in the more general
context of BKM superalgebras (see Remark 2.2.18).

Corollary 2.2.6. Let G be a BKM algebra. The form (.,.)o defined by

($7y>0:_(w0(x)7y)7 1‘,y€G

is Hermitian and contravariant, i.e. ([g,z],y)o = —(x, [wog,y])o for all g,x,y €

G.

Proof. We will only prove that the form (.,.)o is Hermitian. The contravariance
property is left for the reader to check. We apply Proposition 2.1.29. Let
x =z +iry € G and y = y; +1iys € G, where z;,y; € C(A) for i = 1,2. Then,

(y,2)o = (y1 — ty2, 1 + 1x2) = (x1 — iz, y1 + iy2) = (2, Y)o.
L]

In the above result, for the form (.,.)o to be Hermitian, the map wy has to
be assumed to be antilinear.

The following property of the form (.,.)o for finite dimensional semisimple
Lie algebras is classical. For a proof, see Exercise 2.6.6.

Proposition 2.2.7. If G is a finite dimensional semisimple Lie algebra, then
the bilinear form (.,.)o is positive definite on G.

This result is clearly false in this strong form for arbitrary BKM algebras
since the generalized symmetric Cartan matrix A may have non-positive diago-
nal entries. As mentioned earlier, Kac-Moody Lie algebras were first constructed
in the context of a study of Z-graded Lie algebras and this basic property also
needs to be taken into account. Note that the nilpotent Lie algebras carrying
non-degenerate invariant bilinear symmetric forms constructed in Exercise 2.2.2
are not Z-graded.
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Theorem 2.2.8. Let G be a BKM algebra. Then:
(i) G is graded: G = ), .,G; dimG; < oo for all i # 0, and
(G, Gj] < Gy
(i1) there is an antilinear involution wy of G such that wo(G;) = G_; and wy
1s multiplication by —1 on Gogr;
(#i7) the form (.,.)o is a contravariant Hermitian form and it is positive definite
on all the spaces G; with i # 0. Furthermore (G;,Gj)o =0 if i # j.

Proof. Set degh = 0 for all h € H and dege; =i = —deg f; for i € I. This
induces a Z-gradation of the Lie algebra G satisfying (7). By definition, the
compact involution wy given in Proposition 2.1.28 satisfies (i¢) since h; € Hgr
and GO =H.

(iii) follows from Exercise 2.6.6 as it requires the use of some representation
theory. This part proved in [KacP3], is called the Kac-Peterson Theorem. L]

It is important to note that the i-th pieces are all finite dimensional except
possibly the 0-th piece. As Exercise 2.2.3 shows there are Lie algebras which
satisfy all the other conditions but are not BKM algebras.

The above properties characterize BKM algebras. In other words, the con-
verse to Theorem 2.2.8 holds. It is essential in Borcherds’ proof of the Moonshine
Theorem where it is needed to show that the Monster Lie algebra is a BKM
algebra.

Theorem 2.2.9. Let L be a Lie algebra satisfying the following conditions:

(1) L is graded: L = > .., L; with dimL; < oo for all i # 0 and
[Liy Lj] < Litj;

(i1) there is an antilinear involution wy of L such that wo(L;) = L_; and wy
1s multiplication by —1 on Lor;

(ii2) there is a contravariant Hermitian form (.,.)o on L, invariant under wq
and positive definite on all the subspaces L; for i # 0. Furthermore
(LiyLj)o =0 if i # j.

Then the kernel R of the Hermitian form is contained in the centre of L and

L/R is a BKM algebra.

We split the proof of this result into several parts. L will denote a Lie algebra
satisfying conditions (i)-(iii) of Theorem 2.2.9.

i€z

Lemma 2.2.10. The Lie subalgebra Ly is abelian.

Proof. For any hq,he € (Lg)r, condition (i) gives [h1,hs] € Lg. Hence by
COIlditiOIl (11), 7[h1,h2} = wo([hl,hg]) = [wo(hl),wO(hg)] = [hl,hg], and the
Lemma follows. L]

Lemma 2.2.11. The kernel R of the Hermitian form is contained in the centre
of L.

Proof. Let £ € R. There exists s > 0 such that k; € L;, —s < j < s and

k= Zk]

j=—s
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So,

by (iii). This implies that s = 0 since the Hermitian form (., .)o is non-degenerate
on L; for i #0. So k = kg € Ly and thus
R< L.

Also, for any j > 0 and any = € Lj,

([kvx]ay)() = *(k, [WO(x)7y])0 =0

for all y € L;. Hence
[k, z] =0

as [k,x] € L; by (i) and (.,.)o is non-degenerate on L;. Therefore as Ly is
abelian, k is contained in the centre of L. L]

Lemma 2.2.12. Suppose that R = 0. For any integerr > 0, set M, to be the Lie al-
gebra generated by the spaces L, |Z| <randV,={v € L, : (v,x)g = OVz € L,}.
Then, L, = V. ® (M, N L,.) as vector spaces and there exists a basis B, of the
vector space V,. consisting of pairwise orthonormal eigenvectors {e;} for L.

Proof. As the Hermitian form (.,.)o is positive definite on L, the direct sum
follows.
Now, [Lg, Vi,] < Vi,: indeed, for any h € Lo,z € VEr, y € M,,

([hvx]ay>0 = _(.’17, [wO(h)7y])0 =0

by definition of Vi, since [wo(h),y] € M,.
Hence there exists a basis of V,. consisting of eigenvectors for Ly. And so, as
the Hermitian form is positive definite on V;., there is an orthonormal set {e;}

of elements in V,. consisting of eigenvectors for L. L]

We keep the notation of Lemma 2.2.12. For all i, set
fi=—wo(e;) and h; = [e;, fi].

By (i), h; € Lo. The following consequence is immediate.

Corollary 2.2.13. Suppose that R = 0. The set B = (U2, B,) U (U qwo(Br))
together with the Lie subalgebra Ly generate the Lie algebra L.

Let A = (a;;) be the matrix with entries a;; = (h;, h;j)o. We next show
that the matrix A satisfies conditions (i)-(iii) of a symmetric generalized Cartan
matrix, that its entries are real, and that the generators e;, f;, and H = Gy
satisfy relations (1)-(6) of Definition 2.1.7 of a BKM algebra.

Lemma 2.2.14. Suppose that R = 0. For all i,j, [e;, f;] = 0 if i # j and
[h, ei] = (h,hi)oei, [hs fi] = —(h, hi)ofi-
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Proof. Let i # j. We first show that [e;, f;] = 0. Without loss of generality,
we may assume that e; € Ly, f; € L_4,5 > ¢t > 0. Hence by Lemma 2.2.12,
e; € Vs. Soforall z € Ly,

([eis f5], 7)o = —(es, [e5, 7] )o- (1)
Since 0 < s —t < s, x € M,. We show that
([ei, fi], 7)o =0 (2)

for all x € Ly_;. If t < s, then f; € M, and so [ej,x] € M. In this case, (2)
follows from (1) since the subspaces M, and V; are orthogonal by Lemma 2.2.12.
If t =5, x € Lo and so the vector [e;, z] is a multiple of the vector e; since e;
is an eigenvector for Ly. Hence (2) again follows from (1) by orthogonality of
the generators e; and e; (see Lemma 2.2.12).

For s —t # 0, the form (., .)o is positive definite on Ls_;, and so equality (2)
forces [e;, f;] = 0.

For s = t, because of equality (2), [e;, f;] € R since by condition (iii),
(less f5],2) =0 for all x € L,, r # 0. Hence, [e;, f;] = 0 by the assumption that
R=0

For any h € Ly, [h,e;] = ce; for some scalar ¢ € C as e; is an eigenvector for
Lo, and

c=c(ei,ei)o = ([h,ei],ei)o = —(h, [fi,eil)o = (h, hi)o-
Similarly [h, fi] = —(h, hi)o fi. U
Lemma 2.2.15. a;; € R for all i,j and if i # j then, a;; < 0.

Proof. For any 1, j,

(hivhj)o = (les fil, [€j7fy])0
= (fi, [filej, fill)o
= (fi,lejlfis f5]])o by Lemma 2.2.14
=(

(5, fil: [fi, fil)o-
This is a non-positive real because of condition (iii). L]
Lemma 2.2.16. If a;; =0, then [e;,e;] =0 and [f;, ;] =0
Proof. Suppose that i # j.
(leisejl, lesses])o = (e, [filei, €5]])o
= —(ej,[hi,ej])o by Lemma 2.2.14
= —a;j(ej,e;)0 by Lemma 2.2.14
0.

As the Hermitian form is positive definite on each space L for s # 0, [e;, e;] = 0.
Applying the involution wy to this bracket, we get the second equality. L]
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Lemma 2.2.17. Ifa; > 0 and i # j, then 25—4 €Z_ and

2

(ad (e) " % e; = 0 = (ad (1)) 50 f;.

Proof. Suppose that ¢ # j and a;; > 0. The Lie subalgebra S; = (e;, h, fi)
isomorphic to sly acts on L via the adjoint action. If the S;-module gener-
ated by f; is finite dimensional, then the result follows since by Lemma 2.2.14,
[6ia f]] =0.

So we only need to show that the S;-module generated by f; is finite dimen-
sional. For any positive integer n, as the Hermitian form is contravariant,

((ad fi)" f;, (ad £i)" f;)o ((ad )"~ 5, leq, (ad fi)" f5])o

= (" s+ ag)(ad £ f Gad £ S

Hence, (adf;))"f; # 0 if and only if ”glaii + a;; # 0 and
((ad f;)" 1 f;, (ad f;)" "1 f;)o # 0. Therefore the result follows as the Hermitian

form is positive definite on the space L, for s > 0. L]

This shows that the Lie algebra L/R is the BKM algebra with Cartan matrix
A and Cartan subalgebra H = Lg/R, proving Theorem 2.2.9.

Theorems 2.2.8 and 2.2.9 assume that G is a Lie algebra. So the imme-
diate question that comes to mind is: Do properties (i)-(iii) of Theorem 2.2.8
characterize BKM superalgebras? Though in many cases a Lie algebra fails to
be a BKM algebra because there is no suitable Z-grading with finite dimen-
sional pieces, a most important aspect of the characterization given in Theorem
2.2.8 is the positivity of the Hermitian form (.,.)o . However, positivity is not
a natural concept in the context of Lie superalgebras. Indeed, when the odd
part is non-trivial, (Hermitian) supersymmetry is the natural concept replacing
(Hermitian) symmetry. If the form (.,.)o on a Lie superalgebra G is Hermitian
supersymmetric, then for any = € Gy,

(z,2)0 = —(x,2)0

and so positivity implies that (z, z)g is purely imaginary (i.e. in iR). Hence, for
a characterization of BKM superalgebras in terms of an almost positive definite
bilinear form, we need the form to be Hermitian symmetric. As this is rather an
artificial construction in the framework of Lie superalgebras, from the outset it
appears unlikely that BKM superalgebras can be characterized in this manner.
Let us take a closer look at this question.

Remark 2.2.18. When G is a BKM algebra and the base field in taken to
be R instead of C, the form (.,.)o is defined as (x,y)o = —(z,w(y)) in [Borc4],
where (.,.) is the Hermitian form on G induced by the generalized symmetric
Cartan matrix A defined in Lemma 2.2.4. As the Chevalley automorphism w is
an involution,
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(w(z),y) = (,w(y)),

so it does not matter whether w acts on the first or second component.

When S # (), the above equality no longer holds. Therefore, we have to be
careful with the definition of the form (.,.)o. If we keep Borcherds’ definition
given above, then for i € S

(eis€i)o = —(eswole;)) = — (€, fi) = -1 <0

by Lemma 2.2.4, and so the form (.,.)o is not positive definite. This suggests
that the definition of the form (.,.)o should be

((,E7 y)o = —(w(x)7 y)

over R, and
(z,y)o = —(wo(z), )

over C, as given in [KacP3] and [Kac14, §11.5] instead of the one given in [Borc4].
It is in fact why the Hermitian form needs to be antilinear in the second factor.

Corollary 2.2.19.

(i) The form (.,.)o on the BKM superalgebra G is consistent.
(i1) ([g,2],9)0 = (=1)H D) (2 [wo(g), y])o, where wy is the compact automor-
phism.

Proof. We only prove (ii).

([g’ 'T]v y)O = _([w0(9)7 wo(x)], y)
— (1)) (o (), [wolg),y]) by invariance of the form (.,.)

(=) 79U (&, [wo (9), y])o-
[

We will say that a Hermitian form on G satisfying Corollary 2.2.19.(ii) is con-
travariant. As expected, the next result shows that only a few BKM superalge-
bras can be characterized in terms of almost positive definite bilinear forms.

Theorem 2.2.20. Let L be a Lie superalgebra satisfying the following condi-
tions:

(i) L is graded: L = >
[Lis Lj] < Lit;
(ii) there is an antilinear automorphism wo of L of period 4 such that
wo(L;) = L_; and wg is multiplication by —1 on (Lo)r;
(#ii) there is a contravariant Hermitian form, invariant under w, (.,.)o on L,
which is positive definite on all subspaces L; with i # 0. Furthermore

(Li, Lj)o = 0 if i # j.

iez Li with dimL; < oo for all i # 0 and
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Then the kernel R of the bilinear form is contained in the centre of L and L/R
is a sum of BKM algebras and Lie superalgebras of type A(n,0) or B(n,0),
A(00,0), B(c0,0), or BN(1,2n).

We prove this result in a few steps. In what follows, we keep the nota-
tion used in the proof of Theorem 2.2.9 and L will denote a Lie superalgebra
satisfying Theorem 2.2.20.

Lemma 2.2.21. The Lie sub-superalgebra Lq is abelian and its odd part (Lo)t
is contained in the centre of L.

Proof. Replacing wy with w2 in the proof of Lemma 2.2.10, it follows that the
Lie sub-superalgebra L is abelian.

For any integer s > 0, consider an arbitrary eigenvector x € L, for Ly. For
any h € Ly N Ly, there is some scalar ¢ € R such that

[h, 2] = cz.
Now,
2[h, [h, x]] = [[h, hlz] = O
as h € Ly and Ly is abelian. However, [h,[h,z]] = c?z. Therefore, as x # 0,

c = 0. It follows that h is a central element, proving the Lemma.

Lemma 2.2.11 clearly holds as well. From Lemma 2.2.21, it immediately
follows that there is a basis of V,. consisting of homogeneous elements. Hence
the form (.,.)o being positive definite, we can take the elements e; to be homo-
geneous elements:

Corollary 2.2.22.  Suppose that R = 0. For any integer r > 0,
L, =V, ® (M,NL,) as vector spaces and there exists a basis B, of the vector
space V,. consisting of pairwise orthonormal homogeneous eigenvectors {e;} for
L.

As usual, we let I be the indexing set for the subscripts i of the generators
e; € L, and S be the subset giving the odd generators. Without loss of general-
ity, we may assume that the set I is connected. Lemma 2.2.15 and 2.2.16 clearly
holds and so does Lemma 2.2.17 for the even generators of the Lie superalgebra
L. Moreover,
Lemma 2.2.23. Ifi € S, a;; > 0 and i # j, then % € Z_ and

aij 1_0,,”

(ad (€)' ey = 0= (ad ()7 1.

Lemma 2.2.24. The Lie superalgebras L is a BKM superalgebra with |S| =1.
Furthermore, for alli € S, a; > 0 and if a;; = 0 then [e;, e;] = 0.

Proof. Let i € S, j € 1.
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—(= 1) (eJ, [filessej]])o

([ei, 5], [eis e5])o

_ (—1)Hea)( (ej, [hi,ej])o ifi#j

2(ej, [hj, €4])o ifi=j (*)
= { (— )d(eJ aij(ej ej)o ifi#j

2a;;(ej,€j5)o0 ifi=jy

Since the form (.,.)o is positive definite on the space Ls, if j € S (resp. j & 5),
then [e;,e;] # 0 if and only if a;; > 0 (resp. a;; < 0). In particular, for all
i €S, a; >0 and a; =0 if and only if [e;, e;] = 0.

So for i € S, a;; > 0, E; = [e;,e;] # 0 and w(E;) = F; = [fi, fi] # 0. This
gives

([Eiresl, [Bivesl)o = —(=1)"(e;, [F[Es, e5]))o
4a;;(—1)") (e}, [hi, 5])o
A(=1)4Daza,i(es,e4)0

= —dagaij(ej,€j)o-

Hence since the form (.,.)o is positive definite on the spaces Lg, a;; < 0. So
from (x), it follows that for all j € S a;; = 0.

Hence, the set I being connected, if there exists i € S such that a;; > 0, then
S = {i}. Also, Lemmas 2.2.15, 2.2.16, 2.2.17, 2.2.23 together with (%) imply
that L is BKM superalgebra.

Next suppose that i # j € S and a3 = 0 = a;;. If a;; > 0, then
from (%), the even vectors E = [e;,e;] # 0, F = [f;, f;] # 0. Suppose that
there exists k € I — {i,j} such that ajp # 0. If k € S (resp k ¢ S), then
agr, = 0. Since [ej,ex] is an even (resp. odd) vector, from (x), we can deduce
that a;x > 0 (resp. a;x < 0) and aj, > 0 (resp. ajr < 0) and on the other hand
ai, + a;r < 0 (resp. a + ajr > 0). This contradiction and the connectedness
of the indexing set I imply that |S| < 2. Moreover, by Lemmas 2.2.15, 2.2.16,
2.2.17, 2.2.23 and equalities (x), L is a BKM superalgebra and if |S| = 2, then
L is finite dimensional. The list of finite dimensional BKM superalgebras given
in Corollary 2.1.23 together with Theorem 2.4.8 on the uniqueness of the gen-
eralized Cartan matrix forces L to be of type A(1,0) when ‘S| = 2. However in
this case there is another non-equivalent generalized symmetric Cartan matrix

(_01 _21) associated to L and the corresponding subset S has cardinality 1

(see Example 2.4.7). L]

We can now assume that L is a BKM superalgebra with S = {1} and a;; > 0.
For details on roots, see §2.3.

Lemma 2.2.25. Let I be a finite connected subset of I such that 1 € I; and
L1 be the BKM sub-superalgebra of L indexed by 1. FEither dim L1 < oo or L is
an affine Kac-Moody Lie superalgebra of type osp™(1,2n). Moreover all roots
of L have mon-negative norm.

Proof. Let Lg be the even BKM subalgebra generated by the even generators
e, fi, i € I\ S. We first show that all the roots of Lg have positive norm. Let «
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be a root of Lg such that (o, «) < 0. Without loss of generality, we may assume
that (a, 1) < 0. Then 8 = o+ 3 is an odd root and by Lemmas 2.2.23 and
2.2.24, (8,0) < 0. Hence, by Lemma 2.3.15, for any 0 # eg € Lg, [eg,e5] # 0
and

([eg el lessesl)o = 2(ep, [[w(ep),eples])o
= (%%)0(657 (e))(B;3)
= 2(ep,ep)5(8, B)-

This contradicts the fact that the form (., .)q is positive definite and in particular,
the Lie superalgebra L has no odd roots of negative norm. If there are roots
of Lg of non-positive norm, then there is a root « such that (o, «) < 0 and
(o, 1) # 0. Hence, the above shows that if the set I is finite, then dim Ly < oo.
If a;; = 0, then the result follows from Corollary 2.3.34.

Assume next that a;; > 0. Lemma 2.2.23 implies that the Lie subalgebra
L, generated by Lg and the elements [eq, e1], [f1, f1] remains a BKM algebra.
If all roots of L, have positive norm, then again dim L; < oo as before.

So suppose that the BKM algebra L, has a root o of non-positive norm. We
claim that

(o, ) = 0.

From what precedes, 1 € Supp(«). By Lemma 2.3.21 (ii), we may assume that
(o, 05) <0 for all j € I. Then, (o, a1) = 0 for otherwise the finite dimensional
representation theory of sla (see [Kacl4, §3.2]) implies that a + a3 is an odd
root of L and as its norm is negative, we get a contradiction to the above. Since
a;j <0 for all j € I, it follows that a;; = 0 for all j € Supp(c), contradicting
the connectedness of the support of the root « given in Proposition 2.3.8.

If (o, ;) < 0 for some j € I, then o + a; is a root of L of negative norm
since a;; > 0. However, we have just shown that all roots of non-positive norms
have norm 0 and so

(,a;) =0 Vjel.

Moreover as the indexing set I is connected, I = Supp(a). Therefore the Kac-
Moody Lie algebra L, is an affine Lie algebra [Kacl4, §4]. As L is a Kac-
Moody Lie superalgebra with no roots of negative norm, from the list of affine
Kac-Moody Lie superalgebras given [Kac7] we can deduce that L is of type
ospM(1,2n). L]

We can now finish the proof of Theorem 2.2.20.

Proof of Theorem 2.2.20. It only remains to show that when S = {1} and
the BKM superalgebra L has finite dimension, it is of type si(1,n) or osp(1,2n).
Since all roots have non-negative norm, the list given in Corollary 2.1.23 shows
that these are the only possibility. L]

The converse to Theorem 2.2.20 holds:

Lemma 2.2.26. The Lie superalgebras of type A(m,0), B(0,n)(= osp(1,2n)),
A(c0,0), B(0,00), and BM(0,n) satisfy conditions (i)-(iii) of Theorem 2.2.20.
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Proof. Let G be a BKM superalgebra a type stated in the Lemma. In each
case, there is a unique simple odd root «;. For the automorphism wg, we can
take the compact automorphism. The Hermitian form (.,.)p is defined as in
Remark 2.2.18. We only show that the Hermitian form is positive definite on
root spaces, the other properties being easily verified. As the Lie subalgebra G,
generated by e;, f; for i > 2 and [e1, e1], [f1, f1] is a BKM algebra, Theorem
2.2.8 shows that the Hermitian form (.,.)q is positive definite on the root spaces
of this BKM subalgebra. Hence, we only need to show that (.,.)q is positive
definite on root spaces G, not contained in G,. This is the case for a positive
root a only when there is an even positive root § such that 5+ a1 = a and for
any x € G, there exists y € Gg such that x = [e1, y] # 0. Therefore,

($7 1’)0 = _(ya y)O(B? al)'
Since (8, 1) <0, it follows that (z,z)¢ > 0, proving the result. L]

Remark 2.2.27. The finite dimensional and affine Lie superalgebras that are
not BKM superalgebras do not have an almost positive definite contravariant
form since any Lie superalgebra satisfying Theorem 2.2.20 must be a BKM su-
peralgebra. In particular, non-twisted affine Lie superalgebras sl (1)(1, n) do not
have such a form even though the finite dimensional Lie superalgebras si(1,n)
do.

It is important to notice that we want the Hermitian form (., .)o to be positive
definite on the root spaces and not on the whole of G. The difference between
sl(1,n) and osp(1,2n) is that in the first case (.,.)o is not positive definite on G,
whereas it is in the second case. Indeed si(1,n) has roots of norm 0, i.e. there
is an element h € H such that (h,h)y = 0, whereas osp(1,2n) does not. This
is the reason why there is a Hermitian form satisfying Theorem 2.2.20 on the
affine Lie superalgebras osp'(1,2n) but not on sl (1,n).

Example 2.2.28. The Lie superalgebra sI(1)(1,2) (see Example 2.1.27 and for
details see [Kac7]) is generated by vectors e;, f;, ¢ = 0,1,2, where e;, f; are odd

vectors for i = 0,2. Setting h; = [e;, fi], the matrix giving the bilinear form
0 -1 1
(hiyhj)is | =1 2 —1 |. Hence for the vector z = [[eg, e1][e1, e2]],
1 -1 0
(SC,I)Q = 7([61362]a[Hanfl][60761“[61762]])0

—([e1, 2], [h1 — ho, [e1, e2]])o
= —([e1,e2],[e1,e2]])o

[[fo; f1]; [eo e1]] = —[[ho, fi]e1] + [eo[fo, ha]] = h1 — ho.

Therefore the form (.,.)o cannot be positive definite on the root spaces.

From Theorems 2.2.9 and 2.2.20 together with [Kacl4, §4], we can deduce
the following result.
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Corollary 2.2.29.

(1) A finitely generated Lie superalgebra L satisfies Theorem 2.2.20 and the
bilinear form (.,.)o is positive definite on L if and only if L is the sum of
finite dimensional simple Lie algebras and copies of sl(1,n).

(i) A finitely generated Lie superalgebra L satisfies Theorem 2.2.20 and the
bilinear form (.,.)o is semi-positive definite on Lq if and only if L is the
sum of finite dimensional simple Lie algebras, copies of sl(1,n), affine Lie
algebras and copies of ospM(1,2n).

Exercises 2.2

1. Let G = G(A4, H, S) be a BKM superalgebra.

(i) Construct a non-degenerate, invariant, bilinear, consistent, supersymmet-
ric form (.,.) on G such that (e;, f;) =1 for all ¢ € I and (h;, h;) = a;;.

Hint: Find a proper Z-grading for G and use induction. For a solution, see
[Kac1{, Theorem 2.2].

(ii) Show that for any root a, 8 € A, (G, Gg) =0 unless a + 3 = 0.

(iii) Show that the form (.,.) is left invariant by the Chevalley automorphism.

(iv) Show that when H = (h; : ¢ € I), any other invariant symmetric bilinear
form on G is a multiple of the form (,.).

2. Let £, be the filiform Lie algebra spanned by the elements e, e1, - - -, e, with
only non-trivial brackets [eg, e;] = e;41 for all 1 <i<mn—1.
(i) Construct a non-degenerate bilinear symmetric form on the Lie algebra
L.
(ii) Show that the Lie algebra £,, cannot be Z-graded.

3. Let L be an extended affine Lie algebra and consider the Lie algebra:
G = C[t™',t] @ L with bracket given by [f(t)z,g(t)y] = f(t)g(t)[z,y] for all
f(),g(t) € R[t71,t] and x,y € L.
(i) Show that there is a Z-grading of G and an antilinear involution w such
that w(G;) = G_; and w(h) = —h for all h € Gogr.-
(ii) Show that there is a contravariant Hermitian form on G (with respect to

w), positive definite on each piece G; for i # 0.
(iii) Show that G is not a BKM algebra.

4. Let G be a Kac-Moody Lie algebra. Let D be a finite group of diagram
automorphisms of G, i.e. for all d € D, there is a bijection d of the indexing set
I satisfying

aa(i)a(j) = Qjj v 1,7€l,
such that for i € I, d(e;) = €5y and d(f;) = fa(iy- Let Gp be the Lie subalgebra
of elements fixed by D:

Gp={x€G:dx)=2 Vde D}
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Show that the Lie algebra G p is a BKM algebra but need not be a Kac-Moody
Lie algebra.For a solution, see [Borc4].

(ii) Does (i) remain true for BKM superalgebras?
Hint: Consider affine BKM superalgebras.

5. Show that the BKM algebra G is finite dimensional if and only if the Her-
mitian form (.,.)o is positive definite on G. Show that the BKM algebra G is
an affine Lie algebra if and only if it is semi-positive definite on G.

2.3 The Root System

The generalized Cartan subalgebra H acts semisimply on the BKM superalge-
bra G via the adjoint action. Hence to know the structure of G, it is worth
finding its eigenvalues and eigenspaces. It is most natural to take the eigenval-
ues in the dual space H*. In order to do this without any complications, the
elements h; are assumed in [Kacl4] to be linearly independent. However, in the
most well known and important examples of BKM superalgebras, namely the
Mounster Lie algebra (see Example 2.3.11.) and the Fake Monster Lie algebra
(see Example 2.6.40), that are not Kac-Moody Lie algebras, the elements h, are
linearly dependent. So in the general case, one has to be very careful about the
definition of roots or more precisely what set we take them to be elements of.

Definition 2.3.1. The formal root lattice Q) is defined to be the free abelian
group generated by the elements oy, i € I with a real valued bilinear form given
by (ai,aj) = a;;. The elements o; i € I are called the simple roots.

Note that @ may not strictly speaking be an integral lattice (see Definition
3.1.1) since in general the indexing set I of a BKM superalgebra is countably
infinite in which case the rank of @ is not finite (see Example 2.3.11 of the
Monster Lie algebra).

For reasons of simplicity, we shall keep the same notation (.,.) for the bi-
linear form on @, H or H*. From the triangular decomposition of the BKM
superalgebra G given in Corollary 2.1.19, the following definition of eigenspaces
makes sense.

Definition 2.3.2. For a =Y 7_, a;, € Q, the root space Gy (resp. Go) is the
subspace of G generated by the elements [e;,[...[ei,, i, ]]] (resp. [fi,[.--[fin, fi]]])-
A non zero element « of the formal root lattice Q is said to be a root of G if
the subspace G, is non trivial. The dimension of the root space G, is called the
multiplicity of the root .

The simple root spaces are easily described. Moreover, there is a concept of
positive and negative roots.

Proposition 2.3.3.
(i) Foralliel, G,, = Ce; and G_,, = Cf;. In particular,

dimG,, =1=dimG_,,.
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(i@) If the element o € @ is a root, then either o or —«v is a sum of simple
T001S.

(i77) A root space G is either contained in the even part G or odd part of G
of the BKM superalgebra G.

Definition 2.3.4.

(1) A root « is said to be positive (resp. negative) if o (resp. —av) is a sum
of simple roots.
(i1) A root v is said to be even (resp. odd) if Go < Gy (resp. G1). We then
write d(a) =0 (resp. d(a) =1).
(#i7) The height of a root a« = 3 k;«y; is defined to be Y k; and is written ht («).
(iv) The support of o is the set {i € I : k; # 0} and is written supp(a,).
(v) A base of the set of roots A is a linearly independent subset II such that
foranya e A, a= Zﬁel‘[ kgf, where for all B € 11, either all the scalars
kg €Zy orallkg e Z_.

Proposition 2.3.5. For any root a € A,
multa = mult(—a).
Proof. From Proposition 2.3.3 we get w(G,) = G_,, for any root o € A, where

w is the Chevalley automorphism defined in Proposition 2.1.28. This proves the
result. L]

We can immediately deduce the following.

Corollary 2.3.6. A root a in A is negative if and only if —« is a positive root.
Hence the set A decomposes into the set Ay of positive roots and the set —A
of negative roots:

A=A, U(-AL).

This together with Corollary 2.1.19 shows that the Cartan decomposition
holds for BKM superalgebras:

Corollary 2.3.7. The BKM superalgebra G = G(A, H, S) is a triangular direct
sum:

G = (@QGA+ Gfa) 2] H S2] (@QEA+GQ)'
This is called the generalized Cartan decomposition of the BKM superalgebra G.

The following is a basic property of roots, well known to hold in the Kac-
Moody case. The proof remains the same and is a direct consequence of condi-
tion (5) in Definition 2.1.7 of a BKM superalgebra. Hence we leave it for the
reader to check.

Proposition 2.3.8. The support of every root « is connected.

The indexing set I of most of the BKM superalgebras with a “nice” con-
struction that are not Kac-Moody Lie superalgebras and that we are primarily
interested in this book (see chapter 5) is countably infinite. Therefore their for-
mal root lattice has countably infinite rank. However, the Z-lattice generated
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by the elements h; of their Cartan subalgebra has an interesting structure. So,
instead of artificially making the roots linearly independent by taking them as
elements of the root lattice @), it is more natural to consider them as vectors
in the Cartan subalgebra H or its dual H*, and hence to consider the integral
root lattice as being embedded in H or H*. This lattice has in many cases
very interesting properties. This is the case for the class of BKM superalge-
bras that we want to classify (see Chapter 5). Note that as the bilinear form
in non-degenerate on the Cartan subalgebra H, it makes no difference whether
one considers the roots in H or its dual H*. If the roots are taken to be in the
Cartan subalgebra H, then the elements h; are called the simple roots.

Set fo (resp. gg) to be the natural map from @Q to H (resp. H*) taking o
to h; (resp. the linear functional 8; in H* mapping h to (h,h;)). These maps
extend to linear maps from C ®z @ to H and H*.

One has to be very careful when roots are taken to be in H or H* for these
maps from @ to H or its dual H* are not in general injective as the elements h;
are not necessarily linearly independent. This is what happens in the most well
known examples of BKM algebras that are not Kac-Moody Lie algebras such
as the Monster Lie algebra (see Example 2.3.11). There may be n > 1 simple
roots in @ of non-positive norm with the same image in H (resp. H*) if the
generalized Cartan matrix A has equal distinct columns.

Proposition 2.3.9.

(1) faleu) = folay) if and only if go(ai) = gq(ay).
(1) fo(as) = foley) implies that the i-th and j-th columns of A are equal.

If the roots are taken to be in H, then the root space of the root h € H is
Gp={zeG: [N,z =(W,h)z, h' € H}.

It is important to note that as a consequence of Proposition 2.3.9 when roots are
considered to be in the Cartan subalgebra H or its dual H* instead of the formal
root lattice @, the simple root spaces are no longer necessarily of dimension 1.

Corollary 2.3.10. For alli € I, G,, < Gp,.

When a root is considered in the generalized Cartan subalgebra H, its height
can be defined in a way similar to that of Definition 2.3.4 (ii). It clearly has the
same value as its pre-image in the root lattice Q.

Example 2.3.11. 1. The Monster Lie algebra.

Let ¢(n) be the coefficients of the g-expansion of the normalized modular
invariant J (see section 3.2), i.e. ¢(—1) =1and J(g) =¢ '+, c(n)g". Let
I be the countably infinite set B

{_17 117 127 ceey 1c(l)a 21a ey 26(2)7 }7

where each integer i occurs c(i) times. Let I ; be the unique (up to isomor-
phism) even unimodular Lorentzian lattice of rank 2 (see section 3.1). In other
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words, it is the free abelian group Z2? with bilinear form given by the matrix

0 -1
-1 0
with respect to the standard basis (1,0),(0,1). Let H = II1; ®z C be the

complex space given by the lattice I1; ;. To avoid confusion, the bilinear form
on H will be written “.”. For 1 < j < ¢(i), set

hi, = (1,4).

The Monster Lie algebra M is the BKM algebra with generalized Cartan sub-
algebra H and generalized symmetric Cartan matrix A indexed by the set [
and with (ij, k;)—th entry equal to h;;.hy, = —i — k. Thus A is the following
symmetric matrix with a countably infinite number of columns:

2 0 - 0 -1 - —1 -2
0 -2 -+ -2 -3 ... -3 —4
0 -2 —2 -3 -3 —4
-1 -3 3 -4 —4 -5
-1 -3 3 —4 —4 -5
—2 —4 —4 -5 -5 —6

We will show later that the multiplicity of the root (m,n) is ¢(mn) (see Exercise
5.2.2).

2. Consider T = {1,2,3}, S = {1}, G = G(A,H,S) with H = Rhy @ Rha,
h3 = hl and

A=|-1 2 -1

Then both ey, e3 € G, since hy = hs. Therefore, G, is not contained in either
the even nor the odd part of the BKM superalgebra G.

The latter example shows that the concept of an odd or even root may
not make sense when roots are no longer considered to be in the formal root
lattice Q). However the aspect to be particularly careful about when the roots
are taken to be elements of the generalized Cartan subalgebra H or its dual is
the problematic notion of positivity for the simple roots h; € H are in general
linearly dependent. This is in particular the case when the indexing set [ is
infinite and the generalized Cartan subalgebra is finite as in the BKM algebras
we will study in Chapter 5 (see for example the above Example 2.3.11.1 of the
Monster Lie algebra).
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The situation may be more complicated than in the previous example for the
non-positive norm root spaces. Part of a non-positive norm root space — but not
necessarily the full space — may be generated by simple root spaces. Hence we
may need to differentiate between the multiplicity of a root — i.e. the dimension
of the root space — and the codimension of its maximal subspace generated (as
a Lie superalgebra) by simple root spaces.

Definition 2.3.12. The element h € H is said to have root multiplicity n if
n = dim G}, and restricted simple root multiplicity m if there are m simple roots
a; € Q such that the simple root spaces G, (or the spaces G_p,;) generate (as
a Lie superalgebra) the root space Gj,.

The above result can be rewritten in terms of roots in the dual space H* by
taking the image of h in H*.

Proposition 2.3.13.

(i) The restricted simple root multiplicity of a root h € H s the codimension
of the mazimal subspace of G}, that can be generated (as a Lie superalgebra)
by root spaces Gy, (or G_p, ).

(i4) Suppose that the restricted root multiplicity of h is strictly less than its
root multiplicity, then the maps fg and gg are not injective.

This distinction between the multiplicity of a root and its restricted simple
root multiplicity is essential for a natural class of BKM subalgebras of the
Monster Lie algebra ([Ray2]).

Examples 2.3.14. 1. For r € N, the Lie subalgebra M, of the monster Lie
algebra M generated by the subspaces M(,, ,n), m,n € Z is a BKM algebra
with the same Cartan subalgebra H = I, ®z R as M. It is hard to show
this from the definition of a BKM algebra given in Definition 2.1.7 but it follows
easily from Theorem 2.2.9.

Assume that r > 1, in other words that M, is a proper Lie subalgebra of M
and consider its root space Mz o,). As stated in Example 2.3.11.1, its dimension
is ¢(4r). We calculate the restricted simple root multiplicity of the root (2,2r)
of the BKM algebra M,..

We first need to find the positive roots (m;,rn;), 1 < i < s distinct from
(2,2r) such that Y ;_ (mi,rn;) = (2,2r). As the root (m;,rn;) is positive,
the integer m; > 1. This follows from the description of simple roots given in
Example 2.3.11.1 And so s = 2,

and ny + ny = 2. Since r > 1 and ¢(I) =0 for [ < —1, we get n; > 0. So

Clearly (1,7) is a simple root of the BKM algebra M,. Thus the restricted
simple root multiplicity of the root (2,2r) is equal to the codimension of the
subspace
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[M1,my, M ]

in the root space M3 2,). So we now compute the dimension of this subspace.
Let e, 1 < j < c(r), be a basis for the subspace M ). Then [ej, ex], j <k,
are linearly independent vectors in M5 o,y. Indeed if ¢j; € R, for scalars

> cjkles. e =0,
7.k, i<k

then for the smallest integer 1 <1 < r for which some ¢, # 0,

> clfilej,ex]] =0

Jik,3<k

— Z clk[hl,ek] =0.

i<k

implies that

Thus,
— Z Clkhl-hkek =0.
k,l<k

As hy = hy = (1,r), hi.hy = —2r. This implies that

Z crer = 0,

i<k

forcing ¢;, = 0 for all k > [ as the vectors ey are linearly independent, contra-
dicting the above assumption.

Hence the dimension of the subspace [M(; ), M(; ] is the cardinal of the
set {(a,b) : 1 <a<b<e(r)}ie.

c(r)—1
i . c(r)(e(r) —1
dim{M,r), M,n] = i= %
=1

Therefore (2,7n) has root multiplicity ¢(4r) and restricted simple root multi-
plicity
-1
o) — S 1)

This is a non-trivial integer strictly less than c(4r) (see [Rad]). For example
c(4) = 20245856256 and ¢(1) = 196884.

2. Let G = G(A, H) be the BKM algebra with indexing set I = {1,2,3}, a two
dimensional generalized Cartan subalgebra H with basis hi, he and such that
hs = h1 + hy and non-degenerate bilinear form given by the matrix

(5 5)
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Thus the generalized symmetric Cartan matrix of G is

2 -3 -1
A= -3 2 -1
-1 -1 -2

Then the restricted simple root multiplicity of hg is 1, whereas its multiplicity
is 2. Indeed the root space G, has dimension 2 since

th = R[el,eg] @ Res.

In this last example, ho = h3 — hy. This shows that one may have to be
careful about the concept of positive and negative root when the roots are taken
to be in H or its dual.

When we will be speaking of roots without mentioning the space they belong
to, it will mean that the statements hold whichever they are taken to be elements
of. When we will talk of positive or negative or even or odd roots, we will mean
that either the roots are considered to be elements in the formal root space @)
or else if they belong to H or H*, these concepts have no ambiguity.

Before going further, we give a very useful result involving the bilinear form
and Chevalley involution.

Lemma 2.3.15. Let a € A and h,, € H be such that for allz € G, and h € H,
[h,x] = (ha,h)x. Then, [z,y] = (z,y)hq for ally € G_,.

Proof. For any h € H, ([z,y] — (z,y)ha,h) = —(z,[h,y]) = (z,y)(ha, h) =0
by definition of h,. The result follows from the non-singularity of the bilinear
form (see Exercise 2.2.1).

Roots of Finite and Infinitety Type
We first make some elementary observations.

Lemma 2.3.16. Let L be a Lie superalgebra. For any x € L, [z[z,z]] = 0 for
allx € L.

Proof. Let x be a homogeneous element.
e[z, 2]] = [[z, 2]a]+ (1)@ [2[z, 2]] = = (1) [z[z, 2]]+ (1) ") [z[z, 2]] = 0.
L]

There are two types of roots:

Definition 2.3.17. A root « is said to be of finite type if all elements in the
root space Gy act locally nilpotently on G, i.e. for any x € Gy, y € G, there
is a non-negative integer n (depending on x and y) such that (adx)"y = 0.
Otherwise it is said to be of infinite type.

The reader may be more familiar with the usual notions of real and imaginary
roots. It makes sense in the context of BKM algebras but as we shall see below
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this is less so in the larger framework of BKM superalgebras. The next result
about odd roots though elementary is very helpful.

Lemma 2.3.18. If a € Ay, then for all x € G,, [z,z] # 0, in particular
2a € Ay, unless « is a root of norm 0 and finite type.

Proof. Let @ € Ay and 0 # = € G,. Suppose that [z,z2] = 0. Let y € G_,
be such that (x,y) = 1 (by Exercise 2.2.1 such an element y exits). Then, by
Lemma 2.3.15, 0 = [y[z,z]] = 2(x,y)(a, a)x. Hence, (o,a) = 0 and for all

z € G, [z]z,2]] = §[[x,z]z] = 0, proving the result. Ll

When a root has non-zero norm, there is a nicer definition of finite type,
given by the length of the root chains they give rise to.

Lemma 2.3.19. Let « be a root of non-zero norm and finite type and
x € G4 be locally nilpotent on G. Then, the Lie sub-superalgebra S, = (z,w(x))
(generated by the vectors x and w(xz) as a Lie superalgebra) is isomorphic to
the 3-dimensional simple Lie algebra sly if d(x) = 0 and to the 5-dimensional
simple Lie superalgebra osp(1,2). Moreover, as a S,-module G is a direct sum
of finite dimensional S;-modules.

Proof. We only consider the case when x € Gy as the even case is well known
(see [Kacl4, Proposition 3.6]). In this case, [z, z] # 0 by Lemma 2.3.18. Hence,
by Lemma 2.3.16, S, has basis z, [z, 2], w(z),w([z, 2]), [z,w(x)] and as a;; # 0, it
is therefore isomorphic to osp(1,2) (see Corollary 2.1.23). To prove the second
part, it suffices to consider the case x € Gj. The result then follows from
Exercise 2.3.2 ]

Together with Lemma 2.3.15 and the finite dimensional representation the-
ory of sly, Lemma 2.3.15 yields the following result.

Proposition 2.3.20. A root o of non-zero norm is of finite type if and only
if for any B € A, na+ B € A only for finitely many integers n, in which case,
n € [—a,b]NZ, where

a_b:{Z(Ot,ﬂ)/(Oé,O() Zfd(.%‘):g
(a, 8)/(e, ) if d(x) =1

Proof. Let o € A be a root of finite type such that (a, ) # 0. We only
check that for e, € G, N Gy and eg € G for which [e_,,eg] = 0, where
e_q € G_, satisfies (eq,e—q) = 1, [en,ep] # 0 implies that [[eq,eq]es] # 0
for then the result follows from Lemma 2.3.19 and the finite dimensional rep-
resentation theory of sly. Suppose that [[eq, eq]es] = 0. Then, [eq]eq,es]] = 0.
From Lemma 2.3.15, we get

0= [e—alealeasegl]l = ((—a,a + B) — (—a, B))[eas es] = —(a, @)[eq; ep].
Hence, by assumption on the root ¢, [eq,eg] = 0. ]

Simple odd roots «; with norm 0 behave strangely since the action of the cor-
responding root vector on a root space G, does not depend on the inner product
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(i, ). This is why the structure of BKM superalgebras is more complex than
that of a BKM algebra.

Lemma 2.3.21. If a;; = 0 and e; € Gt, then (ade;)?x =0 for all x € G.

Proof. Let a;; = 0 and e; € Gy. Because of Condition (6) of Definition 2.1.7
of a BKM superalgebra, [e;, e;] = 0. Hence, using the Jacobi identity, we then
get [eiles, 2]] = L[[es ei]z] =0 for all z € G. L]

In spite of this result, simple odd roots a; of norm 0 may not satisfy Propo-
sition 2.3.20 for if a;; < 0, then there may well be simple roots oy, € @ such
that f(arn) = f(na; + a;) for countably infinite integers n > 0. Furthermore
this may not happen for consecutive integers n and so the root «; would neither
satisfy Theorem 2.3.33, characterizing infinite type roots as roots with unbro-
ken root chains in at least one direction. This is why we do not use Proposition
2.3.20 as the definition of roots of finite type.

Applying Proposition 2.3.20, Lemma 2.3.21 and the representation theories

of slo and of the 3-dimensional Heisenberg algebra, the type of a simple root
can easily be deduced from its norm and parity.

Proposition 2.3.22.

(i) Suppose that a;; > 0. Then the simple root «; is of finite type. If moreover,
1 €85, then 2c; € A is an even root of finite type.
(#3) Suppose that a;; = 0 and ¢ ¢ S. Then the simple root «; is of infinite
type.
(#i7) Suppose that a;; = 0 and i € S. Then the simple root o; € Q is of finite
type and so is h; € H if and only if G, N Gy = 0.
(iv) Suppose that a;; < 0. Then the simple root «; is of infinite type.

To study arbitrary roots, we need to introduce a most important object
in the theory of BKM superalgebras, namely their (even) Weyl group, which
controls the essential of their structure. It makes sense to define the reflection
r along a hyperplane perpendicular to a when « is an even (resp. odd) root
of finite type and non-zero norm. It is well known that for all weights 8 € H or

C Xz Qv
8 g2 ifd(a)=0
Ta = y — -
B— E42a ifd(a)=T

For i € I, the reflection r,, will be written r;.

Definition 2.3.23. The even Weyl group Wg is defined to be the group gen-
erated by the reflections r;, i € I such that a;; > 0. The Weyl group W is
generated by all the reflections ro, where a € A%V is a root of finite type with
NON-2ero norm.

Note that the even Weyl group of the BKM superalgebra G is the Weyl
group of the Kac-Moody Lie sub-algebra of G generated by the vectors e; and
fi for i € I\'S and [e;,e;], [fi, fi] for ¢ € S such that a;; > 0. Hence it is a
Coxeter group [Kacl4, §3.13].
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It is well known that in the case of Kac-Moody Lie superalgebras, the groups
Wg and W are the same. This remains true for all infinite dimensional BKM
superalgebras but not necessarily for finite dimensional ones. Indeed a finite
dimensional BKM superalgebra may contain roots of negative norm and they
are necessarily of finite type since the dimension of the BKM superalgebra is
finite.

Example 2.3.24. The exceptional Lie superalgebra F(4) (for details, see
[Kac3]; for its generalized Cartan matrix see Corollary 2.1.23) has four sim-
ple roots, S = {1} and a;; = 0. The set of even simple roots as,as, ay
generates the set of positive roots of the simple finite dimensional Lie algebra
F, . However, there is one positive even root not generated by them, namely
2a1 + 3as + 2a3 + g, containing 1 € S in its support and with negative norm.

Theorem 2.3.25. If the derived BKM superalgebra [G,G] is isomorphic to
A(m,1), B(m,1), G(3), F(4) or D(2,1,«) for a > 1, then the Weyl group W
is isomorphic to Wg X Zy. Otherwise, Wg = W. In particular, Wg = W for
all BKM superalgebras with infinite dimensional derived Lie sub-superalgebras.

We leave the proof of this result for later as it requires further properties of
the root system. It is a direct consequence of Theorem 2.3.44.

The next technical result is well known in the Kac-Moody setup, and will
be often used.

Lemma 2.3.26.
(1) (w(a),w(B)) = (a,B), for all roots a, 3.

(1) Let o be a positive root of non-positive norm and minimal height in Wg(a).
Then (o, ;) < 0 for alli € I. Furthermore if (o, ) = 0, then either the
root « is simple or for all i € Supp(«), (o, ;) =0 and a;; > 0.

(#i1) If « and B are positive roots of non-positive norm, then (o, 3) < 0.

Proof. (i) follows from Proposition 2.3.20.

Suppose that @ € Wg(a) is of minimal height. Let ¢ € supp(«). If a;; < 0,
then (o, ;) < 0 since in this case a;; < 0 for all j € I. Hence, (o,0;) > 0
implies that a;; > 0. By Lemma 2.3.22 (i), «; is therefore a root of finite type
and so from the finite dimensional representation theory of sls, ;(«) is a root,
contradicting the minimality of . Hence (o, ;) <0 for alli € I. If (o, ) = 0,
then this implies that for all i € supp(a) such that a; <0, (o, ;) = 0 for all
j € supp(a). So (ii) now follows from the connectedness of root supports (see
Lemma 2.3.8).

(iii) follows from (ii). Ll

We next show that roots of finite type are conjugate under the action of the
even Weyl group W to simple roots or “nearly” simple ones.

Proposition 2.3.27.

(i) For any a € A™, if a has positive norm, then there exits w € Wg, such
that w(a) or fw(e) is a simple root.
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(i) If a is an odd root of norm 0 of finite type, then there exits w € Wg such
that w(a) is a simple root.

Proof. We only prove the second part. Let o be a positive root of finite type
and norm 0 of minimal possible height in Wga. Suppose that the root « is
not simple. Then by Lemma 2.3.27, supp(«) gives rise to a Kac-Moody Lie
sub-superalgebra; and so, from Exercise 2.3.5, the root « is of infinite type,
contradicting assumption.

In part (i), the half factor is needed for some even roots 2« such that « is
an odd root. For example if ¢ € S and a;; > 0, then § = 2q; is a root that is
not necessarily conjugate to any simple root, but % [ is simple.

Proposition 2.3.27 has several interesting consequences. The above example
F(4) (see Example 2.3.24) is an illustration of the following result.

Corollary 2.3.28. Suppose that G is a finite dimensional BKM superalgebra
and that o is an even root containing an index i € S in its support such that
a;; = 0. Then the norm of « is negative.

Proof. Let a € AT be an even root containing in its support an index i € S
such that a;; = 0. The root « is not conjugate to a simple root under the action
of the even Weyl group Wg, for otherwise it would necessarily be conjugate to
a;, which is not possible since the root « is even, whereas «; is odd. Hence,
Proposition 2.3.27 (i) implies that (a,a) < 0. If (a,«) = 0, then by Lemma
2.3.26 (ii) and Proposition 2.3.27 (ii), we may assume that for all i € supp(«),
ai; > 0, contradicting assumption. Hence, (o, a) < 0. L]

Whether roots of non-negative norm are of finite or infinite type can now be
easily deduced.

Corollary 2.3.29.

(i) All roots of positive norm are of finite type.
(i) If the norm of the even root « is positive, then ka is a root if and only if
k= +1.
(iii) All roots of norm 0 and finite type are odd.

We next study roots of infinite type.

Corollary 2.3.30. If « is a root of infinite type, then (o, ) < 0 and for all
w € Wg, w(a) > 0 if and only if a > 0.

Proof. The first part follows from Corollary 2.3.29.(i). Suppose that « is a
positive root having non-positive norm. If r;(a) < 0, then o — ca; < 0 for some
scalar ¢ € Z. Hence, a < ca; and so its norm is positive. This contradiction
proves the Corollary. L]

Lemma 2.3.31. Let a,8 € A" be positive roots with non-positive norm and
such that (a, B) # 0. If the root a or B has norm 0, then assume that it is of
infinite type. Then, for all non-trivial vectors e, € G, ez € Gg, leqa,e3] # 0
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unless a« = 8 and eg is a multiple of e, or oo =20 (resp. B = 2a) and [eg, eg]
(resp. [eq,eq]) is a non-trivial multiple of eq (resp. eg).

Proof. Assume that the result does not hold for e, € G, and eg € G, where
a, 8 € AT, with (o, ) <0, (8,8) <0 and

(ar, B) # 0. (1)

So
[ea,es] = 0. 2)

When a = 3, eg is not a multiple of e, by assumption. Since neither root is of
finite type and with norm 0, by Lemma 2.3.18, we may assume that both «,
are even roots. Let e_, € G_,, (resp. e_g € G_g) be such that (eq,e_q) =1
(resp. (eg,e—g) =1).
Case 1: a=g.

Equality (2) and Lemma 2.3.15 imply that

a([e—a; epl)ea = [[e—as eslea] = —(a, a)ep.

Hence, as e, is not a multiple of eg, (o, ) = 0. Without loss of generality, we
may assume that « is of minimal height in Wg(«), Hence, by Lemma 2.3.26 (ii),
ai; > 0 for all i € supp(«) and the elements e;, f; with i € supp(«) generate an
affine Kac-Moody Lie superalgebra (see [Kacl4, Chapter 4] and [Kac7]). Their
structure contradicts (2). Hence the result holds when a = .
Case 2: o # (5.

Since (a, 3) # 0, equality (2) implies that [en,e—_g] # 0. Hence o — (3 is a
root. Without loss of generality, we may assume that the root o — ( is positive.
Lemma 2.3.26 (ii) and 2.3.30 allow us to assume that

(Boai) <0 ¥V iel (3)

since (o, a)) < 0.
Claim: (adeg)"(e—q) #0 VYn € Zy.

Suppose this equality does not hold. Let n € Z, be the minimal integer
satisfying

(ades)"™ (e—a) = 0. (4)
Making the operator ad(eg) act on this equation and using (2), we get
n

So the assumption that («, 3) # 0 gives

(a,6) <0 and (f,0) <O0. (6)
By minimality of n, nff —a € AU{0}. Since

(nf —a.B) = 3(8.8) <0, (")
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nB—a>0 (8)

because of (3). Hence
n>1 (9)

since otherwise (8) becomes 3 — a > 0, contradicting assumption. Also
(nB —a,a) #0. (10)
Otherwise,
(nB—a,a—0F)>0 and (nB—a,nf—a)=nnf—a,b)<0
from (7). And so by Lemma 2.3.26 (iii),

0<(a=p,a—p)=(a,a) =2, 3) + (8,8) = (n — 2)(a, B) + (8, B),

which is false because of (9) and (7). Now [eq, (ad eg)"e_o] = 0 by (9). There-
fore,
nB —2a € AU{0}.

Moreover, (5) can be written as (nf8 — 2a,3) = 0. Suppose first that ng — 2«
is a root. So from (3) and Lemma 2.3.26 (ii) we can deduce that (5, a;) = 0
for all i € supp(nf—2a). Hence, for all j € supp(8) such that j & supp(nf—2a«),
(aj,) = 0. As supp(f) is connected (see Proposition 2.3.8), either
supp(8) = supp(nS — 2a) or supp(8) Nsupp(nB — 2«) = (. If the former holds,
then (8, ;) = 0 for all ¢ € supp(8), and so (3, 8) = 0, contradicting (7). The
latter cannot hold since o > 8 and n8 — a > 0 imply that supp(«) = supp(f3).
So
nf = 2a.

Suppose that n is even. Then, h = (adeg)?e_, € H. By minimality of
n, [h,eg] # 0. From Lemma 2.3.15 we know that [h,eg] = (h, hg)eg, where
hg = [es, e_g]. However

(hﬁvh) = (ﬁaﬁ)(eﬁ’ (adeﬁ)%_le—a) =0

unless n = 2, in which case a = 3, contradicting assumption. Hence, the integer
n is odd and
n+1
es = (adeg) 2 e_q #0.
2

Then, h = (adeg )™ e_, # 0 for otherwise same arguments as before imply that
2

%(a,ﬁ) = é(ﬁ, () for some integer | < n — 1, whereas %(a,ﬁ) = %(B,B) since
nB = 2a, and so | = 2n contradicting the assumption on [. Then, the same
argument as in the even case applied to 3/2 instead of 3 implies a contradiction

since n > 1 by (9). This proves the Claim.

Hence for n large enough,

nB—ae€At, (nf—a,nf—a)<0, (nf—a,a) <0, [eq, (ades)e_q] = 0.
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So, n3—2a € AU{0}. For n >> 0, n8 —2a > 0. Therefore applying the above
Claim with ng8 — « replacing « and « replacing 3, it follows that for n >> 0,

nf —ma € AU{0}

for all integers m > 0. So for all o, a; in the support of o, nl; — mk; < 0 if
and only if nl; —mk; < 0. Therefore k;l; = lik;, and 8 = £ 3. Loy = Fa
for some I; # 0. It follows that for any integer r > 0, if m = k;r and n = [;r,
then n3 — ma =0 and so 0 # (ade_,)™ *(adeg)"e_o = h € H. For r >> 0,
[e—a,h] # 0 and m >> 0 and hence we get a contradiction as above. This
proves the Lemma. L]

Lemma 2.3.32. Let o be a positive root with non-positive norm and of minimal
height in Wg(a). If (a,a) = 0, assume that « is of infinite type. Let 3 be a
positive root such that (o, 3) # 0 and (3,8) > 0. Then, a4 € A.

Proof. By Lemma 2.3.26 (ii), (o, ) < 0 since a and [ are positive roots.
Hence o + 3 € A by the finite dimensional representation theory of sis. L]

The next two result on the length of root chains induced by roots of infinite
type and justifying the term “infinite type” is immediate from the previous two
Lemmas.

Theorem 2.3.33. Let « be a positive root with non-positive norm. If (a,a) = 0,
assume that o is of infinite type. Let B be any positive root. Suppose that if
B has norm 0, then it is of infinite type. Then, na+ 6 € A for all n € Z,
more precisely (adey)"(eg) # 0 for any linearly independent vectors e, € G,
eg € Gg or —na+ (3 € A for alln € Z, more precisely (ade_q)"(eg) # 0 for
any non-trivial vectors e_o € G_qo, eg € Gg. If the latter holds, then (o, 5) >0
and (8,3) > 0.

Corollary 2.3.34. Consider the roots as elements of the lattice Q. Let « be a
root of infinite type. Then, there is a Toot 3 such that for any non-trivial vector
x € G, there exists a vector y € Gg such that (adx)™y # 0 for all integers
n > 0. In particular, na + B is a root for all integers n > 0.

Proof. Without loss of generality, we may assume that the infinite type root
« is a positive even root. Suppose that there exists a positive root 8 such that
(o, ) # 0 and g & {a, 2a, %a} and if (8, 3) = 0 then § is of infinite type. Then
the result follows from Theorem 2.3.33.

So suppose that no such root 3. We show that this leads to a contradiction.

Since the generalized Cartan matrix A is indecomposable by assumption, it
then follows that supp(«) = I. Since the root « is of infinite type, it is not of
the type «a;, 2ay, %ai for then I = {«;} and the derived Lie superalgebra G’ is
finite dimensional by Lemma 2.3.16. In particular the root « is of finite type,
contradicting assumption. Hence,

(o, ) =0 (1)

unless ¢ € S and a;; = 0. Suppose that 7 € I and a;; < 0. Then, unless
j € S and a;; = 0, (1) implies that a;; = 0 for all ¢ € I, contradicting the



52 2 Borcherds-Kac-Moody Lie Superalgebras

connectedness of supp(a) (see Proposition 2.3.8). Hence, for all i € I, a;; > 0
or i € S and a;; =0. Let x € G, be a non-trivial vector.
Case 1: for all i € I, a;; > 0.

In this case, (o, ;) = 0 for all ¢ € I and for all ¢ € I, e;, f; generate an
affine Kac-Moody Lie superalgebra and their structure (see [Kacl4, §4,6,7,8]
and [Kac7]) leads to a contradiction of the above assumption.

Case 2: There exists i € S, a;; = 0.

Without loss of generality, assume that a;; = 0.
Claim 1: [z,e;] =0 for all i € I.

Suppose this statement is false and [z, e;] # 0. Then, a+«; € A. If a;; =0,
then, (o, o+ o) < 0 and (a + oy, + ;) < 0 and so by Theorem 2.3.33, our
assumption is again contradicted. Thus a;; > 0. As the generalized Cartan
matrix is assumed to be indecomposable, it follows that there exists a positive
root € A with 1 € supp(f3) such that a4+ 8 € A. Since 1 € supp(s), (8,5) <0
by Proposition 2.3.27 (i). Hence, the previous argument applied to 5 instead of
«; leads once more to a contradiction. As a result, our Claim holds.

Claim 2: The root « is the root of maximal height in A.

Suppose that there is a positive root 3 such that 8 £ «. If for all i € supp(f),
ai; > 0, then as the matrix A is indecomposable, there is a root v > 3 such
that 1 € supp(y). So we may suppose that there exists 1 € supp(8). Then,
(o, 8) < 0. From Claim 1, we can deduce that o+ 3 is not a root. Hence, o — 3
is a root and so @ < 3. However, Claim 1 also implies that there are no such
roots, proving Claim 2.

Hence there are only finitely many roots and as dimGg < oo for all 8 € A,
the derived Lie subalgebra G’ is finite dimensional. In particular the root « is
of finite type, contradicting assumption and proving the result. L]

In the above Corollary, the statement can be easily rewritten in terms of
roots belonging to the subspaces H or H* but it is slightly more cumbersome.
The next example illustrates why the length of the root chains through infinite
type roots may be sometimes finite or more precisely why in Theorem 2.3.33,
we have to exclude the case when [ is a root of finite type and norm 0.

0o -1 -1
Example 2.3.35. Let A= | -1 1 0 |, where S = {1,2}. The root
-1 0 -1
a = ag+as is aroot of infinite type since na+ag is a root for all positive integers
n. This follows from the representation theory of sly. However, (o, 1) < 0 but
« + a1 is not a root. Indeed,

[le1, ea]er] = —[[e1, ex]ea] + [er[er, e2]] = [e1[eq, e2]]
by Lemma 2.3.21; and so
[[61, 62]61] = 0

We can now explain the reason why the terminology real and imaginary
roots makes sense if one restricts oneself to BKM algebras. It is due to the
following equivalences.
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Proposition 2.3.36. Suppose that G is a BKM algebra. Assume that the
derived Lie algebra G’ is not the 3-dimensional Heisenberg algebra. Then the
following three properties are equivalent:
(a) For any B € A, B+ na € A only for finitely many integers n;
() (o) > 0;
(c) There exists an element w € W such that w(ca) is a simple root of positive
norm.

Proof. (b) implies (c) by Proposition 2.3.27 (i) and (c¢) implies from (a) by
Corollary 2.3.29. We check that (a) implies (b): Suppose that « is a positive
root satisfying (a) and (a, @) < 0. Since G is a Lie algebra, by Theorem 2.3.33,
(o, ) =0 for all § € A. In particular, (o, ;) = 0 for all i € supp(a). Therefore
from [Kacl4, Chapter 4], either supp(«) generates an affine Lie algebra and «
is a root of infinite type, or I = {1}, a1 = 0 and @ = ay. This contradicts
assumptions. L]

However, as Example 2.3.24 or more generally Corollary 2.3.28 show, Propo-
sition 2.3.36 does not hold for all finite dimensional BKM superalgebras. Ex-
ample 2.3.24 goes further and illustrates the fact that a finite dimensional BKM
superalgebra with S # () may have roots of negative norm and finite type. For
infinite dimensional BKM superalgebras, a slightly altered version holds.

Corollary 2.3.37. Suppose that the G is a BKM superalgebra such that the
derived sub-superalgebra G' has infinite dimension. Then the following three
properties are equivalent:

(a) For any B € A, B+ na € A only for finitely many integers n;

(b) (a,) >0 and if (o, ) = 0 then the root a is odd and 2c & A;

(c) There exists an element w € W such that w(w) is a simple root of non-
negative norm.

To prove this result, we only need to show that for infinite dimensional BKM
superalgebras, roots having negative norm are necessarily of infinite type (see
Theorem 2.3.44). Some prerequisites are required for this. First notice that for
BKM algebras, all real roots give rise to reflections and so contribute to the
Weyl group. However this is false both for finite or infinite dimensional BKM
superalgebras as they may have odd roots of norm 0 and finite type. Hence,
in the larger context of BKM superalgebras, it is best to differentiate between
roots by using the essential characteristic of real roots, namely the lengths of the
root chains they give rise to. Since the generalized Cartan matrix is assumed to
be indecomposable, Theorem 2.3.33 can be rewritten in terms of roots of finite
type having negative norm.

Corollary 2.3.38. Let a be a root of finite type and negative norm. Then,
(i) T = Supp(a) and
(ii) VB € A, (a,8) =0 unless § € {%a,a,Qa} or B is of finite type and has
norm 0.

Therefore there are very few roots of finite type having negative norm.
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Corollary 2.3.39. There are at most two positive roots of finite type having
negative norm in the set of roots A, one even root o and one odd root %a.
Moreover, the corresponding root spaces have dimension 1.

Proof. Let a and 3 be positive roots of finite type having negative norm. Then
by Corollary 2.3.38, supp(a) = supp(8) contains i € S such that a;; = 0 and
for all ¢ € I such that a;; # 0, (o, ;) = 0. Hence, (o, ) < 0 and so § = %a or

a or 2« as desired and the dimensions are stated (see Theorem 2.3.33). Ll

For a more in depth study of the influence of these negative norm roots
of finite type on the structure of BKM superalgebras, we need to consider au-
tomorphisms on G induced by the Weyl group. As in the Kac-Moody setup,
there is an inner automorphism (see section 2.4) of the BKM superalgebra cor-
responding to a reflection r; when a;; > 0. For reasons of simplicity, we will
keep the same notation for the reflection and the inner automorphism.

Definition 2.3.40. For a;; > 0, the inner automorphism corresponding to the
reflection r; is defined to be

S {(expad(fi))(expad(ei))(expad(fi)% ifieI\S
v (expad ([fi, fi]))(expad (—[e;, ei]))(expad ([fi, fi]), ifie S

The next well known result in the context of Kac-Moody Lie algebras clearly
still holds.

Proposition 2.3.41. For alli € I, ri(Ga) = Gy, (a) for any root a.

Corollary 2.3.42. If « is a root of positive norm, then the root space G, has
dimension 1. This is also the case for roots of norm 0 and finite type when the
roots are assumed to be in the formal root lattice Q.

Proof. Let o be a root of positive norm. By Propositions 2.3.27 and 2.3.41
we may assume that the root « is simple. Since all the non-diagonal entries of
the matrix A are non-positive, if a; and a; are simple roots in @ of positive
norm, then f(a;) = f(a;) implies that ¢ = j. The result follows since the same
arguments clearly hold when « is a root of norm 0 and finite type and the roots
are taken to be in Q. L]

Corollary 2.3.43. Let G, be the (even) Lie subalgebra generated by the ele-
ments

ei>fi7i€I\S7 [ehei]a [fzaf’t]77l€5

Then Wg is the Weyl group of Gp,. Moreover, if Gy, is finite dimensional and
if the set {i € S : a;; = 0} is finite, then the derived Lie superalgebra [G,G] is
finite dimensional.

Proof. Suppose that dimG, < oo. Since for all ¢ € S such that a;; # 0,
[e;, e;] # 0, all the simple roots of G are of finite type and there are finitely many
roots of non-zero norm. Furthermore, by Exercise 2.3.9, Wg is a finite group.
Hence, by Corollary 2.3.27 (ii), there are only finitely many roots of norm 0. The



2.3 The Root System 55

result now follows from Corollary 2.3.39 since the latter implies that there are at
most two positive roots of negative norm, «, %a, and dim G, = dim G%a <1

L]

We are now ready to prove the main result on roots of finite type having
negative norm.

Theorem 2.3.44. Suppose that the BKM superalgebra G contains roots of
finite type and negative norm. Then, the Lie superalgebra G' = [GG] is a finite
dimensional Lie superalgebra of type A(m,1), B(m,1), G(3), F(4) or D(2,1, @)
fora>1;

Proof. Let a be a positive even root of finite type having negative norm.

Claim: All roots of G are of finite type.
Let 8 be a root of infinite type. By Corollary 2.3.29 (i),

(8,8) <0.

Without loss of generality, we may assume that the root § is of minimal height
in Wgp. From Lemma 2.3.38 (ii),

(@, ) = 0.
From Corollary 2.3.39 and Lemma 2.3.26 (ii), (o, a;) < 0 for all ¢ € I and so
(@,0;) =0 (1)

for all ¢ € supp(B). Since I = supp(«) by Lemma 2.3.39 (i), it then follows that
for ¢ € I —supp(f), a;; = 0 for all j € supp(F). Since supp(a) is connected by
Proposition 2.3.8, this forces I = supp(3) and so equalities (1) give (a, ) = 0,
contradicting the definition of the root a. This proves our Claim.

Consider the even Lie subalgebra G, of G generated by the elements e;, f;,
i € I\S and [e;, e, [fi, fi],© € S. The above Claim implies that G, is a Kac-
Moody Lie algebra (i.e. its simple roots have positive norm) all of whose roots
are of finite type. Hence by Proposition 2.3.36, all its roots have positive norm.
Furthermore as I = supp(«), the indexing set I is finite. Therefore the Lie
algebra G, is finite dimensional [Kac14, Proposition 4.9]. Therefore by Corollary
2.3.43, dim[G, G] < o0,. Then the list given in Corollary 2.1.23 together with
the uniqueness of the generalized Cartan matrix (see Theorem 2.4.8) proves the
Theorem.
Ll

Theorem 2.3.44 together with Corollary 2.3.37 allows us to deduce Theorem
2.3.25, i..e when the group Wg = W and when it is a proper subgroup. Another
consequence of Theorem 2.3.44 is that infinite dimensional BKM superalgebras
contain roots of infinite type:

Corollary 2.3.45. Suppose that the indexing set I is finite and that all roots of
the BKM superalgebra G are of finite type. Then, the derived Lie superalgebra
[G, G| has finite dimension.
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Proof. If there is a root of negative norm and finite type, then the result
follows from Theorem 2.3.44. So suppose that all roots have non-negative norm.
Consider the BKM subalgebra generated by the elements e;, f; for i € I\ .S and
les,eil, [fi, fi] for ¢ € S. Then, it is finite dimensional and the Weyl group W
of G is finite by Exercise 2.3.9. Therefore by Proposition 2.3.27, the number of
roots of norm 0 is finite and so the result follows from Corollary 2.3.41. L]

In Lemma 2.3.31, we considered root chains induced by non-positive norm
roots through roots that are not in its orthogonal hyperplane. We next study
what happens when the root a has non-positive norm and the root 3 is or-
thogonal to «. When (3, 8) > 0, applying the finite dimensional representation
theory of sly, one can easily conclude.

Proposition 2.3.46. Let a and 8 be orthogonal roots of non-positive norm,
both positive or both negative. Then either 3 = na for some integer n > 0 or
supp(a) Nsupp(B) = 0, (o, ;) = 0 for all i € supp(B) and (B,a;) = 0 for all
i € supp(a). Assume further that when both o = 3 has norm 0 and is of infinite
type, o is an even root. Then the corresponding root spaces commute.

Proof. Let a and (8 be positive orthogonal roots of non-positive norm. Without
loss of generality, by Corollary 2.3.31, we may assume that the root « is a root
of minimal height in Wg(«a) and so by Lemma 2.3.26 (ii), (a,a;) < 0 for all
i € I. As a consequence

(,) =0 Vi € supp(f), (1)

and so due to the connectedness of the support of a root (Proposition 2.3.8),
either supp(«) Nsupp(B) = @ and a+ 8 is not a root or supp(«) = supp(3) and
supp(a) generates an affine Kac-Moody Lie superalgebra (see [Kacl4, Chapter
4] and Kac7]). The result then follows from the theory of affine Kac-Moody Lie
algebras [Kac14, Chapters 6-8]. L]

Before concluding this section, we define the Weyl vector which, as will be
seen later sections and chapters, plays a fundamental role in the theory of BKM
superalgebras.

Definition 2.3.47. A Weyl vector is defined to be a vector p either in the dual
of the space C ®z Q or in H or in its dual H* satisfying

1
(p, i) = 5(0%011‘) forall i€l

foralliel.

Remark 2.3.48. There may be no Weyl vector in the space C ®z @ since the
bilinear form may not be non-degenerate on the formal root lattice. This is for
example the case for affine Lie algebras (see Example 2.1.10). It exists in both
H and its dual since the bilinear form on the generalized Cartan subalgebra
H is assumed to be non-degenerate by definition. It is therefore also uniquely
defined in H.
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Note also that the fundamental Weyl chamber in the BKM superalgebra
setup is defined to be the subset {h € Hg : (h,h;) > 0, Vi € I, a;; > 0} of the
real subspace Hgr. Hence it only depends on the simple roots of positive norm
and is equal to the fundamental Weyl chamber of the Lie subalgebra G, (see
Corollary 2.3.43 for its definition). The Weyl chambers are the conjugates of
this set under the action of the Weyl group W.

Example 2.3.49. For the monster Lie algebra M (see example 2.2.11.1), (1,0)
is the Weyl vector in H = C ®z 11, since

(1,0).(1,n) = —n=(1,n).(1,n), VYn>-1.

Exercises 2.3

1. Prove that the support of a root is always connected.

2. Show that for i € I such that a;; > 0, considered as a S;-module, where .S; is
the Lie sub-superalgebra of the BKM superalgebra generated by the elements
e; and f;, G is a direct sum of S;-modules.

3. For r € N, show that the Lie subalgebra M,. of the monster Lie algebra M
generated by the subspaces My, rn), m,n € Z is a BKM algebra with the same
generalized Cartan subalgebra H = C ® I, 1, as M.

4. Suppose that G = G(A, H, S) is a Kac-Moody Lie superalgebra. Prove that
if the restricted simple root multiplicity of the root h € H is non-trivial, then
it is equal to the multiplicity of h and mult(h) = 1.

Show that there are Kac-Moody Lie superalgebras for which the map fg is not
injective. However, if the elements h; are assumed to be linearly independent
then show that the map fg is injective.

5. Let G be a BKM superalgebra and the root o € A satisfies I = supp(«) and
(o,a;) =0 for alli e I.

(i) Show that the matrix with entries given by the bilinear form (o, ;) with
1,7 € supp(a) is the generalized Cartan matrix of an affine Lie superalge-
bra.

(ii) Show that in affine BKM superalgebras the roots of norm 0 are of infinite

type.
(iii) Deduce that the root « is of infinite type unless a = «; for some i € S.

Hint: For a solution see [Kacl/, Chapters 4,6] and [Kac7].

6. Prove that all roots of positive norm are conjugate to a simple root of positive
norm under the action of the group Wg. Deduce that they are always of finite

type.

7. Enumerate the roots of the BKM superalgebra F'(4) and calculate their
norms.
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8. Let a € Q be a root and hy = fo(a). Show that [x,y] =
x € Gqg, y € G_q. Deduce that for all 0 # x € G, [z, w(z)] # 0.

9. Show that the derived BKM superalgebra [G, G] is finite dimensional if and
only if its Weyl group is finite.

(z,y)hq for all

Hint: for a partial solution, see [Kacl4, Proposition 4.9].

10. Show that if all roots of the BKM superalgebra G have non-negative norm,
then the derived Lie superalgebra G’ is either finite dimensional simple or affine.
In particular, if the norms are all positive then deduce that the Lie superalgebra
G is finite dimensional and simple.

11. Set
K={aeQ:(a,a;) <0,VieI,supp(e) connected},

where Q1 ={a € Q:a=>, ki, ks > 0Vi e I}.

(i) Let @ € K be such that supp(a) does not contain any index i € S with
a;; = 0. Show that « is either a root or a = ja; for some ¢ € I such that
a;; < 0 and some integer j > 2.

Hint: Consider the positive root 3 of maximal height such that § < «. Show that
0 = « by applying Theorem 2.83.33 and using the theory of affine Kac-Moody
Lie superalgebras.

(ii) Does (i) hold for elements a € K containing an index ¢ € S such that
ay; = 07 Either prove this statement or find a counterexample.
(iii) Deduce that when S = (), the set of positive roots of infinite type is

U w(K) — Uj>2j1ly,
wew

where II,,, = {a; : ¢ € I,a;; < 0} but that this is not necessarily true for
BKM superalgebras.

12. Let G be a finite dimensional semisimple Lie algebra.

(i) Show that G is the direct sum of a maximal abelian Lie subalgebra H and
its eigenspaces (with respect to the adjoint action).

(ii) Studying the roots of G with respect to H, show that G is generated by
Chevalley generators satisfying the Serre-Chevalley relations.

For a solution, see [Serr1].

2.4 Uniqueness of the Generalized Cartan
Matrix

Obviously a BKM superalgebra can have distinct generalized symmetric Cartan
matrices. So let us start by defining clearing what we mean by this.
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Definition 2.4.1. Two symmetric matrices A and B are said to be equivalent
if they can be obtained from one other by a permutation of rows and by positive
scalar multiplication.

It is fundamental to know that different Cartan decompositions give rise to
the same generalized symmetric Cartan matrix (up to equivalence). This is well
known in the context of Kac-Moody Lie algebras and as expected still holds in
the more general setup of BKM superalgebras. For this, the conjugacy of Cartan
subalgebras under the action of inner automorphisms, also a classical result in
the context of Kac-Moody Lie algebras [KacP6] must continue to hold in our
larger framework. First let us define the group Inn(G) of inner automorphisms.
For details, see [KacP4] and [Hum]|. We keep the notation used in [KacP6].

Consider the root spaces G, as abelian groups. Let G* be the free product of
the groups G, for all @ € A with (o, &) > 0 with inclusion maps i, : Go — G*,
i.e. the group G* is the disjoint union of the groups G, and the only rela-
tions are those in the subgroups G,. Let V be an integrable G’-module (see
Definition 2.6.29) and 7 : G’ — gl(V') the corresponding representation. Let
7™ : G* — GL(V) be the homomorphism given by 7*(iox) = exp(n(x)) for
x € Gy. Set N = kern*, where the intersection is taken over all integrable
G’-modules.

Definition 2.4.2. The Lie group associated to the BKM superalgebra G is the
group G = G*/N. Forxz € G, with (a, ) > 0, write exp(a) := N+ (io(x)) € G.
The group of inner automorphisms of G, Inn(G) is the image of the group G
under the homomorphism Ad : G — GL(G) given by Ad (exp(z)) = exp(ad (z))
forx € G,.

Theorem 2.4.3. All generalized Cartan subalgebras of the BKM superalgebra
G are conjugate under the action of inner automorphisms.

To prove this, a little preparation is necessary. First we need some more
notation and then we state an obvious fact.

Set
J:{iEIZa“‘>0}

and, for any subset K of the indexing set I, set Gx to be the Kac-Moody Lie
superalgebra generated by the elements e; and f; for i € K. Define U™ (resp.
U~) as the Lie sub-superalgebra generated by the root spaces G, where the
support of the root & € A" (resp. —a € A1) contains at least an index i € T
such that a;; < 0.

The next result is immediate from the generalized Cartan decomposition
given in Corollary 2.3.7

Lemma 2.4.4.
G=Ut®(G;+H)aU"

as a direct sum of vector spaces.

Proposition 2.4.5. If the generalized symmetric Cartan matriz A is indecom-
posable and the derived BKM superalgebra |G, G| is infinite dimensional, then
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(i) The adjoint action on G of an element of the generalized Cartan subalgebra
H is locally finite;
(i) every element of G with locally finite action on G via the adjoint action
s contained in the Lie sub-superalgebra Gy + H;
(iti) all generalized Cartan subalgebras of G are contained in the Lie sub-
superalgebra Gy + H .

Proof. (i) is an immediate consequence of the fact that the Lie superalgebra
G is generated by eigenvectors for H. So we prove (ii) and (iii). Suppose that
K is a generalized Cartan subalgebra of G. By definition, K is an even Lie
subalgebra of G.

Since K is a generalized Cartan subalgebra, it acts on G in a locally finite
way, i.e. for any element x € K and y € G, there is a finite dimensional subspace
of G containing (adz)™y for all n € Z,. Let x be an element of K not contained
in Gy + H. By Lemma 2.4.4, there are elements vt € Ut, v~ € U~ and
v € Gy 4+ H such that

r=ut+v+u.

We first assume that u* # 0. So there exists positive roots 31, ..., 3, € A such
that for all 1 <4 < r, 3i; € supp(f;) satisfying a;,;;, < 0, and root vectors

u; € G, such that
T
U+ = Z Uj-
i=1

From Proposition 2.3.27 we can infer that (3;,5;) < 0 for all 1 < ¢ < r. Since
the Lie subalgebra K is even, the roots 3; are even for all 1 < ¢ < r. Hence the
roots f3; must be of infinite type by Proposition 2.3.27 (ii) and Corollary 2.3.30.
Therefore, applying Corollary 2.3.34, there exists a root (3 such that n; + 3 is
a root for all integers n > 0 and for some vector y € Gg, (adu)"y # 0 for all
integers n > 0.

We claim that infinitely vectors in the set {(ad 2)"(y) : n € Z} are linearly
independent. We can choose j € {1,...,7} to be such that §; is of maximum
height with the property that 3; + 8 is a root. Then for each positive integer
n, (adu™)™(y) is the sum of root vectors, exactly one of which corresponds to
the root nf3; + 3. Hence there are infinitely many linearly independent vectors
(adx)™(y), n € Z,. Indeed for all n € Z, the component of (adz)™(y) in the
nf + [-root space cannot be a linear combination of components of (adz)"(y),
r < n — 1 since all the components of u~ belong to negative root spaces and
those of v belong to root spaces generated by simple roots of positive norm and
to the generalized Cartan subalgebra H. It follows that the claim holds. This
contradicts the fact that K acts in a locally finite way. So

ut =0.

Similarly,

and so
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proving (ii). This forces the Cartan subalgebra K to be contained in G; + H
as desired in (i). L]

We are now ready to prove Theorem 2.4.3.

Proof of Theorem 2.4.3. We first suppose that the derived Lie superalgebra
[G, G] is infinite dimensional. Let H; be a generalized Cartan subalgebra of G.
Then,

H, <H+Gy

by Proposition 2.4.5 (iii). Let K be a finite subset of the indexing set J and
Hy = HiN(H+Gg). The Lie subalgebra H is a generalized Cartan subalgebra
of the BKM superalgebra H+G . Write Z for the centre of the Lie superalgebra
H + Gg. By Corollary 2.1.18, Z < Hg.

Claim: The vector space Hx /Z has finite dimension.

Fori € K, let e; and f; together with H be the usual generators of H+G .
In particular the vectors e; and f; are eigenvectors for the Lie subalgebra H .
By Definition 2.1.7, for h € Hg, [h,e;] = 0 = [h, f;] if and only if (h, h;) = 0,
where (.,.) is the bilinear form on Hg. So,

Z - mieKZi,

where Z; = {h € Hk, (h,h;) = 0}. Elementary arguments from linear algebra
imply that the subspaces Z; are hyperplanes in H, i.e. subspaces of codimen-
sion 1. From this, we can deduce that the subspace Z has finite codimension in
H g since the set K is finite.

Let the vector space L be a complement of Z in the vector space Hgx. As

L is finite dimensional, with obvious modifications for the superalgebra case,
the Conjugacy Theorems of Peterson-Kac for Kac-Moody Lie algebras [KacP6]
can directly be extended to L + Gg. Thus, the subalgebra L of H + G is
conjugate to a subalgebra of H under the action of some inner automorphism
g of the BKM superalgebra G. Since Z is central in H + G and contained in
H, it follows that Hy is conjugate to a subalgebra of H under the action of
this automorphism g. A symmetric argument applied to H implies that Hg is
conjugate to H under the action of g. Similarly Hy is conjugate to H; under
the action of some inner automorphism. Hence Hx = Hy since Hx < Hy, and
H and H; are conjugate under the action of some inner automorphism.

When the derived Lie superalgebra [G, G] is finite dimensional, the argument
above shows that we may assume G to be finite dimensional. The result is then
a well known result in the Lie algebra case (see [Serrl]) and has been proved in
[Sergl] in the more general context of Lie superalgebras. L]

The proof of Theorem 4.2.3 by Kac and Peterson for Kac-Moody Lie algebras
(used in the above proof) relies on the representation theory of Kac-Moody Lie
algebras, and so we leave it as an exercise in section 2.6. The uniqueness of the
Cartan matrix is a classical result in the framework of finite dimensional simple
Lie algebras. However as the next example shows, it does not necessarily hold
in the larger context of BKM superalgebras.
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Example 2.4.6. Both

and

(01 _21> with S = {1}

are generalized Cartan matrices of A(1,0) (see Corollary 2.1.23).

In general, when the odd part is non-trivial, a finite dimensional BKM super-
algebra may also be decomposable as the sum of eigenspaces for an abelian Lie
subalgebra H in such a way that it is generated by H and eigenvectors e;, f;
satisfying Serre-Chevalley relations (though these may not be sufficient for a
presentation) and the matrix of the bilinear form with respect to this decom-
position is not a generalized Cartan matrix according to definition 2.1.7. For
example,

0 -1 0

-1 2 -1

0 -1 0

is a generalized Cartan matrix for the Lie superalgebra A(1,1); and the latter
also has a decomposition with respect to which the bilinear form is given by the
matrix

Before stating the uniqueness result, we need to study the conjugacy of bases
under the action of the Weyl group.

Theorem 2.4.7. Ifdim H < oo and }A| = 00, then all bases of A are con-
jugate to the base II or —II under the action of the Weyl group W, where
IT = {a;,i€I}.

Proof. By Corollary 2.3.45, W = W since |A| = 0o. Let II; be another set
of simple roots in A with respect to which the generalized symmetric Cartan
matrix is B = (b;;), and AT the set of positive roots with respect to II;. Since
the matrix A is indecomposable, so is B by Lemma 2.1.15. By Corollary 2.3.46,
the set of roots A contains roots of infinite type. We consider two cases.

Case A: All roots of infinite type have norm 0.
Let a be a root of infinite type and assume that « is of minimal height in
W (a). Hence (a, ;) = 0 for all i € supp(«) and so

Vi € supp(a), a; >0 (1)

(see Exercise 2.3.5). Suppose that there is an index ¢ € I — supp(«). Then as
the set I has been assumed to be connected, we may assume that («, a;) < 0.
Hence a + o is a root. If a;; < 0, then the root o + «; has negative norm and
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so by Theorem 2.3.44, it is of infinite type, contradicting assumption. Therefore
a;; > 0 and

Q(Oéa ai)
at+a,a+a;) =(——+1)(a;, ;) <0
( 2 1) ( (0(7],0@) )( (3 1,) =~
since ?((;j‘gl)) is a non-positive integer by above assumption on the simple root

«; and definition of a generalized symmetric Cartan matrix. The previous ar-
gument thus forces
(a4 aj,a + ;) = 0. (2)

Since j € supp(«), a;j; > 0 by condition (1), Proposition 2.3.27 (ii) implies that
the root a+ «; is not of finite type. Therefore as (o, @+ ;) < 0, from Theorem
2.3.33 we can deduce that 2a+a; is a root. Equality (2) shows that this root has
negative norm and thus this again contradicts assumption because of Theorem
2.3.44. As a consequence,

I = supp(a).

By Exercise 2.3.5, the matrix A is thus the generalized Cartan matrix of an
affine BKM superalgebra. So the result holds by Exercise 2.4.2.

Case B: There exists a root of infinite type having non-zero norm.

Claim 1: The roots of non-positive norm in A* are either all in Af or all in
_AT

Let a € AT be a root having negative norm. By Theorem 2.3.44 it is of
infinite type. Without loss of generality, assume that o € Af. Let 8 € At be
a root of non-positive norm. Lemma 2.3.26 (iii) gives («, 3) < 0. It also shows
that if (o, 3) < 0 then, 3 € A since a € Af. Suppose that (o, 3) = 0. By
Proposition 2.3.47, either 3 is a positive multiple of o and so is in Af, or else
the supports of « and § are disconnected and (o, ;) = 0 (resp. (8,a;) = 0)
for all ¢ € supp(B) (resp. i € supp(«)). In the latter case, as the indexing
set I is connected there exists a root of infinite type and negative norm
v = a+ a; +..q; such that (o,7) < 0 and (v7,5) < 0. So the above ar-
guments applied to the roots o and + imply that v € Af and then applying the
same reasoning to the roots v and 3, we can again deduce that 3 € A7 .

Without loss of generality, we may assume that all roots of non-positive
norm are in Af. Suppose that ¢ € J and «; € (—Af). Then, a;; > 0.
Claim 2: |IIN (—=AT)| < o0

Claim 1 implies that any submatrix of the generalized Cartan matrix A
induced by finitely many simple roots in the set IIN (—A]) is positive definite.
Therefore, the elements h; in IIN(—A7) are linearly independent, and so Claim
2 follows since dim H < oo.

TN (—AT)| < [N (=AT)] since for j # i, a; € Af if and only if
ri(a;) € Af. Hence Claim 2 implies that there is some w € W such that
w(Il) < Af. We can then conclude from Definition 2.3.4 (v) of a base that

The uniqueness of the generalized (symmetric) Cartan matrix now follows.
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Theorem 2.4.8. Assume that dim H < co. Let G = G(A,Hy,S4) be a BKM
superalgebra. If the derived sub-superalgebra [G, G| is finite dimensional, then
assume that it is not of type A(1,0). If B is a generalized symmetric Cartan
matriz and G = G(B, Hg, Sg), then the matrices A and B are equivalent.

Proof. By Exercise 1, for any h € H,i € I and x € G1,,,
[Ad (9)h, Ad (g)(z)] = Ad (9)ad (h)(Ad g) " (Ad g)(x) = £(hi, h)Ad (g)(x).
Hence the result is an immediate consequence of Theorems 2.4.3 and 2.4.7. [

Remark 2.4.9. It is important to note that for a finite dimensional BKM
superalgebra G = G(A, H, S), there may well be bases with respect to which
the “Cartan” matrix B is not equivalent to the generalized Cartan matrix A.
However in this case the matrix B would not be a generalized symmetric Cartan
matrix, i.e. would not satisfy conditions (i)-(iv) given section 2.1. Example 2.4.6
illustrates this subtlety.

Theorems 2.4.3 and 2.4.7 also imply the following classical property of Borel
sub-superalgebras.

Theorem 2.4.10. Suppose that dim H < co and dim G = co. The number of
conjugacy classes is precisely two.

It is well known that all Borel subalgebras of finite dimensional Lie algebras
are conjugate under the action of inner automorphisms. For infinite dimensional
Kac-Moody Lie algebras, there are two conjugacy classes of Borel subalgebras
as shown in [KacP6]. The above result generalizes this property to the context
of infinite dimensional BKM superalgebras. Most finite dimensional BKM su-
peralgebras with non-trivial odd part have more than two conjugacy classes of
Borel sub-superalgebras [Sergl] except B(0,n) that has one as all its roots have
positive norm and B(1,1) that has two. For example, if G is of type A(1,0),
then there are three conjugacy classes of Borel subalgebras [Exercise 2.4.2].

Hence for finite dimensional simple Lie superalgebras, the situation differs
much from the Lie algebra one. This suggests that the structure of infinite
dimensional BKM superalgebras is closer to that of Kac-Moody Lie algebras
than to finite dimensional Lie superalgebras with non-trivial odd part.

As a consequence of Theorem 2.4.8, the rank and the Kac-Moody rank are
well defined concepts.

Definition 2.4.11. Suppose that dim H < oco. The rank (resp. Kac-Moody
rank) of the BKM superalgebra G = G(A, H,S) is defined to be the dimension
of the subspace generated by the elements h;, i € I (resp. i € J).

Corollary 2.4.12. If dim H < oo, then the rank and Kac-Moody rank are well
defined.

Automorphisms of BKM superalgebras

The above results allow us to give the decomposition of an arbitrary auto-
morphism of the BKM superalgebra G. We suppose that dim H < co.
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Note that the Weyl group W acts on the subspace of H generated by the
elements h;, ¢ € I, in a natural way. For each ¢ € I, set

Li={jel:ay=ar, Vkel}

This set labels all the columns equal to the i-th one.
We choose a set of representatives from each class of indices I;:

I={iel:i<j VYjel}

The vectors e; (resp. f;), j € I, form a basis of Gp, (resp G_j,). For each
i € I, for each bijective linear map p; of the vector space G, ® G_}, satisfying

Iui(Ghi) = Ghi? :ui(G—hi) = G—hm and [,uz(ej)vlul(f])] = Hi([ej, f]]) for a‘u.] € Iia
let (7; be the automorphism of G given by

AN /J,i(ej), itjel
fiile;) = {ej, otherwise

fii(f5) = {?jffj% gtﬁefvfiise
For each i € I, we choose an ordering of I; = {j1, ..., jn, }, where n; = dim G},
and write egs) = e;, and fi(s) = fj.. Each bijection d of the indexing set I
satisfying a ;) = ai; for all 4,j € I and d(S) = S gives rise to an automor-
phism d of G called a diagram automorphism and satisfying d(egs)) =¥

T Yd®)
d(fi(s)) = fg(ifg) forallieland 1<s<n;.
We write AutG for the group of automorphisms of the BKM superalgebra
G.
Theorem 2.4.13. Suppose that dim H < oo and |A| = 0.

(i) Let ¢ be an automorphism of the BKM superalgebra G. Then there is a
diagram automorphism ¢1, an inner automorphism ¢z of G, and for each
i€ I —J, automorphisms p; of G such that

o= H pi)w'd1go  for some integer 0 <i < 3.
iel—J

and

This decomposition (in the given order) is unique.
(ii) Let A; = {fi; : u; € GL(Gp,)}. This is a group isomorphic to the general
linear group GL(n;), where n; = dim Gy, ; and

AutG =< w > x(Do<(|_|A; x In(G))).

The proof follows from Exercise 2.4.3.

Remark 2.4.14. In the above definition of diagram automorphisms, we could
have as is more usual included the maps p; by considering the entire indexing set
I rather than . However, roots are more naturally considered as elements of the
Cartan subalgebra H than of the abstract root lattice @ (see Example 2.3.11.1
of the Monster Lie algebra) and so the above statement is more convenient.
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Exercises 2.4.

1. (i) Show that Inn(G) = G/Z, where Z is the centre of G.

(ii) Let V be an integrable G’-module and 7 : G — g¢l(V) the correspond-
ing representation. Write also 7w for the representation of G given by
(N +g) = 7*(g) for g € G*. Show that 7(Ad (9)z) = m(g)m(z)7(g)~! for
re€Gandgeg.

2. Suppose that G is a finite dimensional BKM superalgebra and that S # ().
In each case, find the number of conjugacy classes of Borel sub-superalgebras
under the action of inner automorphisms.

3. Suppose that dim H < co. Let ¢ € Aut(G).

(i) Show that there exists an automorphism 7 € Inn(G) such that ¢ = ¢!
fixes the subalgebra H.
(ii) Deduce that there are automorphisms ¢; € Inn(G), d € D and an integer
0 <1 < 3 such that ¢ w!'d(Gy) = Gy for all roots o € H.
) Deduce the decomposition of the automorphism ¢ given in Theorem 2.4.13.
) Show that the group of Inn(G) is normal in Aut(G).
v) Deduce the decomposition of the group Aut(G) given in Theorem 2.4.13.
) Show that the Chevalley automorphism is an inner automorphism if and
only if G is a finite dimensional simple Lie algebra or is of type B(0,n).

4. Show that Theorem 2.4.7 holds for affine BKM superalgebras.

2.5 A Characterization of BKM Superalgebras

It is usually very hard to apply Definition 2.1.7 in terms of generators and
relations to a given Lie superalgebra in order to find whether it is a BKM
superalgebra or not. Hence it is useful to find different characterizations of
BKM superalgebras. Theorem 2.2.9 that gives a characterization in terms of
an almost positive definite contravariant bilinear form is very powerful as it is
needed in the proof of the Moonshine Theorem to show that the Monster Lie
algebra [Example 2.3.11.1] is a BKM algebra. However, as shown in Theorem
2.2.20, this result applies to all BKM algebras but only to a restricted class
of BKM superalgebras. Even in the case of a given Lie algebra, though there
might well exist a bilinear form and an involution with the adequate properties,
it may not be easy to construct them. Note that even if one finds a contravariant
bilinear form with respect to some involution, the said involution may not be an
adequate one. Hence it is important to find different characterizations. Here we
give one based on properties of the root system and spaces. It is helpful when
a given Lie superalgebra is constructed from a root lattice to find whether it is
a BKM superalgebra or not. And it so happens that so far, most of the known
concrete examples of BKM superalgebras that are not Kac-Moody Lie algebras
are constructed in this manner, via vertex algebras (see section 5.4).
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We start by selecting the typical properties of root systems and spaces of
BKM superalgebras.

Lemma 2.5.1.
(i) The Cartan subalgebra H is self-centralizing.
(i) There is an element h € H such that Cg(h) = H, where Cg(h) is the
centralizer of h in G.

Proof. (i): Let x € G — H be such that [x,h] = 0 for all h € H. Then,
(w(z),z],h) = (w(x),[z,h]) = 0 for all h € H, where w is the Chevalley au-
tomorphism. Hence [z,w(z)] = 0 since [x,w(z)] € H and the bilinear form in
non-degenerate on H. However, for any o € A, if x € G, then [z, w(z)] # 0 by
Exercise 2.3.8. This proves the first part.

(ii): Consider the simple roots as elements of the dual space H*, i.e.
a;(h) = (h,h;) for h € H. As the bilinear form is non-degenerate on H, for
any i € I, Ker(a;) # H. Therefore, since the indexing set is either finite or
countably infinite, U;er Ker(a;) # H. Any element in H —U;c; Ker(a;) has the
required property.

Definition 2.5.2. Any element of the Cartan subalgebra satisfying condition
(ii) of Lemma 2.5.1 is said to be regular.

The following is an immediate consequence of Lemma 2.2.9.

Lemma 2.5.3. Suppose that there are only finitely many indices i € I such
that a;; > 0. The norms of the roots of a BKM superalgebra are bounded above.

Lemmas 2.5.1-2.5.3 together with Lemma 2.3.26 (iii) and Proposition 2.3.46
and the existence of a non-degenerate supersymmetric consistent bilinear form
essentially characterize BKM superalgebras [Borc8, Ray3].

Theorem 2.5.4. Any Lie superalgebra L satisfying the following conditions is
a BKM superalgebra.

1. L has a self centralizing even subalgebra H with the property that L is
the direct sum of eigenspaces of H, and all the eigenspaces are finite di-
mensional. A root of G is defined to be a nonzero eigenvalue of H (roots
belong to the dual space of H).

2. There is a nondegenerate invariant supersymmetric bilinear form (.,.) de-
fined on L.

3. There is an element h € H such that Cq(h) = H and there only exist
finitely many roots o of L with ’a(h)‘ <r foranyr € R. Ifa(h) >0
(resp. a(h) <0), « is called a positive (resp. negative) root.

. The norms of roots are bounded above.

. Let a and B be both positive or both negative roots of non-positive norm.
Then, (o, 3) < 0. Moreover, if (o, 3) =0 and if x € G, and [z,G_] =0
for all roots v such that 0 < v(h) < a(h), then [z,Gg] = 0.

G B~

We prove Theorem 2.5.4 in several steps. L will denote a Lie superalgebra
satisfying conditions (1) — (5) of the preceding Theorem. For any subspace U
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of the Lie superalgebra L, we will write U; for U N Ly (i = 0 or 1), i.e. for the
even and odd parts of U. We write L, for the a-root space and A for the set
of roots. We take o« € H*.

The existence of regular elements in H allows the use induction. The method
of proof is then similar to that of Theorem 2.2.9.

Let h € H be a fixed regular element. If = is a homogeneous element of L
in the root space of a € A, then we define the degree of = to be: degz := a(h).
This gives a gradation of L:

L= EBTERLT-

Let r € R be a given real number, and P and M be the Lie sub-superalgebra of
L generated by the subspaces L for fs| < r and |s| < r respectively. Assume
that P is a BKM superalgebra. To prove Theorem 2.5.4 it suffices to show that

M is also a BKM superalgebra. We start with basic properties of the bilinear
form.

Lemma 2.5.5.

(i) If o, 8 € AU{0}, then (Lo, Lg) = 0 unless o+ § = 0. In particular the
bilinear form (.,.) is non-degenerate on H.
(i) The bilinear form (.,.) is consistent.

Proof. Let o, € AU{0}, 2 € L, y € Lg. Then,

a(h)(@,y) = ([h,2].y) = (z,[h,y]) = {O_ﬁ(h)(x,y) ﬁz 2 fg

and so (z,y) = 0 unless a + 5 = 0 since by definition of the regular element h,
a(h) # 0. Hence condition 1 implies that (.,.) is nondegenerate on H.

Ifz e LoNLyandy € L_o N Ly, then [x,y] € H and so [x,y] = 0 since H
is an even subspace by condition 1. Therefore,

0= ([l‘,y], h) = (Z‘, [ya h]) = Oz(h)(a:,y),
giving (z,y) = 0. And so the form is consistent.

Lemma 2.5.6. There exists a set of linearly independent elements {e;}icr and

{fi}ier in M, satisfying (e;, f;) = 6ij, and (ei,e;) = 0 = (fi, fj) for all i,j,
such that together with a basis of H, they generate M as a Lie superalgebra.

Proof. Since H is an even subalgebra, the homogeneous subspaces
(Ly);, i = 0,1 are eigenspaces for H. Let (U,); = PN (G, );, ¢ = 0,1. Similarly
for U_,. Set

(Vi) =A{z € (Lr);: (z,y) =0,Vy € P}.

Similarly for V_,.. Let K be the kernel of the restriction of the bilinear form to
P. By Lemma 2.5.5 (i) and as the Lie superalgebra P is a BKM superalgebra,
by Theorem 2.1.17, K = 0 since it intersects H trivially; and so
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Moreover, H leaves (V;); invariant since for any z € (V,.);, y € P, z € H,
([z,2],y) = —(x,[2,y]) = 0 since [z,y] € L.

Hence, for i = 0, 1, there exists a linearly independent set of elements in (V;.);
of eigenvectors for H, which are orthogonal to P. Let {e;} be this set (they
form a basis for (V;.);). Furthermore, since the form is consistent by Lemma
2.5.5 (ii), there exists a linearly independent set of elements in (L_,.); — L of
eigenvectors of H, which is dual to the set {e;} with respect to (.,.). We denote
this set {f;}. We then add these elements to the set of elements e;, f; already
chosen as generators of the derived Lie superalgebra [P, P].

In the rest of the Proof, {e;}icr, and {f;}ier will denote fixed sets of genera-
tors, as described in Lemma 2.5.6. We denote by «; € H* the root corresponding
to e;. Set

hij = [ei7fj]a h; = hy;,
and let A be the real matrix with entries a;; = (h;, h;). We next show that the
matrix A and the above generators satisfy Definition 2.1.7 of a BKM superal-
gebra.

Lemma 2.5.7. The matriz A is symmetric. ]

Proof. This result follows since H is an even subalgebra and the form is super-
symmetric. L]

Lemma 2.5.8.

(i) [hisej] = aijey, and [hi, f3] = —ai; fj.

(ZZ) [fl 7éj then hij = [ei,f]‘] =0.
Proof. (i): Since e; is an eigenvector of H, there is some scalar ¢ € R such
that [h;, e;] = cej. Hence

c = (cej, f) = ([hi,ej], f3) = (hi, [ej, £5]) = (hi, hy) = aij.

Similarly [h;, f;] = —ai; f;, proving (i).
(ii): If e;, f; € P, then this is true by assumption. So, assume that e; € V..
If f; € P, then [e;, f;] € Ls where s < r. Let € L_, so that

([eis f5],2) = (es, [fj,2]) = 0

as [fj,x] € P and e; is orthogonal to P by definition. So [e;, f;] = 0 since (.,.)
is nondegenerate on Ly @ L_,.

Now suppose that f; € V_,. Hence [h,[e;, f;]] = 0. Thus since H is the
centralizer of h in L, [e;, f;] € H. So since (e;, f;) = 0 by duality of the sets
{e;} and {f;}, for any z € H,

([ehfj}vz) = (eiv [f]yz]) =0.

Therefore as (.,.) is nondegenerate on H, h;; = 0.
The case f; € V_, and e; € L is dealt with in a similar manner. L]

We next consider roots of positive norm.
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Lemma 2.5.9. Suppose that a;; > 0.

(i) If, e, fi € Ly, then 2%% s a non-positive integer. — Moreover,
1 Zig - 1 Zij
(ad (c)' ™ T e; = 0; and (ad ()~ f; = 0.
(ii) If e, fi € Ly, then 22 is a non-positive integer. Moreover,

(ad (€)' % e; = 0; and (ad ()" 7271 f; = 0.

Proof. (i): The Lie superalgebra S; generated by the elements e; and f; is
isomorphic to slp. Consider the S;-module generated by the element e;. If the
result does not hold, then the representation theory of sly implies that no; + o
is a root for all integers n > 0, contradicting condition 4. The second part of
(i) can proved in a similar fashion.

(ii): The element E; = [e;,e;] # 0, for otherwise

0 = [filei, ei]] = [[fi, eiles] — [eilfi, e]] = 2aqe4.

Similarly F; = [f;, fi] # 0. The Lie superalgebra S; generated by the elements
E; and F; is isomorphic to sly and now (ii) follows from arguments similar to
those in (i). L]

Lemma 2.5.10. If a;; =0, then [e;,¢;] = 0 = [f;, fj].

Proof. If either a;; > 0 or a;; > 0, then the result follows from Lemma 2.5.9.
Otherwise it is a direct consequence of condition 5. L]

This proves Theorem 2.5.4.

When there are infinitely many simple roots of positive norm, there may
not necessarily be an upper bound for the norms of the roots. We can replace
Conditions 4 and 5 of Theorem 2.5.4 by root type conditions so as to be sure
to include all BKM superalgebras.

Corollary 2.5.11. Any Lie superalgebra L satisfying the following conditions
is a BKM superalgebra.

1. L has a self centralizing even subalgebra H, L is the direct sum of
eigenspaces of H, and all the eigenspaces are finite dimensional. A root
of G is defined to be a nonzero eigenvalue of H (roots belong to the dual
space of H ).

2. There is a nondegenerate invariant supersymmetric bilinear form (.,.) de-
fined on L.

3. There is an element h € H such that Cg(h) = H and there only exist
finitely many roots a of L with ’a(h)| <r foranyr € R. Ifa(h) >0
(resp. a(h) < 0), a is called a positive (resp. negative) root.

4. A root is either of finite type (according to Definition 2.3.17) or else it is
said to be of infinite type.

5. Let a and 3 be either infinite type roots or of norm 0, both positive or both
negative. Then, (a,8) < 0. Moreover, if (o, 3) = 0, then for all x € G,
satisfying [x,G_4] = 0 for all roots v such that 0 < |y(h)| < |a(h)],
[l’, Gﬁ] =0.
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The proof of this result is similar to that of Theorem 2.5.4.

Remark 2.5.12. 1. If the first part of condition 5 of Corollary 2.5.11 only
holds for roots of infinite type, then L is either a BKM superalgebra or a finite
dimensional simple classical Lie superalgebra or an affine Lie superalgebra. The
latter are not necessarily BKM superalgebras since they may not have “Cartan”
matrices with all non diagonal entries non-positive.

2. As the next example shows, even though it would be more satisfying, char-
acterizing a Lie superalgebra solely in terms of root chain lengths would include
too large a class of Lie superalgebras: when the simple root «; is of infinite type,
it would not follow that a;; < 0. Therefore, Theorem 2.5.4 and Corollary 2.5.11
are better characterizations.

Example 2.5.13. Let G(A, H) be the Lie algebra satisfying properties (1) and

(2) of Definition 2.1.7 and with A = _21 _31
type, and the root s is of infinite type in the sense of Theorem 2.3.33, though

it has positive norm.

. Then, the root «; is of finite

Open Problem. The above two characterizations given in §2.2 and 2.4 are
useful in some contexts but not in all. So, it would be worthwhile to find other
characterizations of BKM superalgebras in order to be able to tell when a given
Lie superalgebra is a BKM superalgebra.

Exercises 2.5.

1. Show that the even part G of a BKM superalgebra is a BKM algebra.
Hint: Show that the conditions of Corollary 2.5.11 hold for the Lie algebra Gj.
2. Suppose that L is a Lie superalgebra satisfying conditions 1-4 of Corollary
2.5.11. Let « and 8 be either infinite type roots or of norm 0. If x € G,
satisfying [z, G_,] = 0 for all roots 7 such that 0 < |y(h)| < |a(h)|, [z,Gg] = 0.
Let the Lie superalgebra M and the reals a;; be defined as above.

(i) Show that if a;; = 0 implies that a;ja;, > 0 for all j, k then M is a BKM

superalgebra.
(ii) Suppose that there is some ¢ such that a;; =0, a;; < 0 and a;; > 0.

(a) Show that the roots a; of M with non-zero norm are of finite type
and that if a;; = 0, then [e;, e;] = 0.

(b) Show that all non-zero norm root spaces of M have dimension 1.

(¢) Show that all norm 0 root spaces have finite dimension.

(d) Deduce that the Lie superalgebra M is contragredient and has finite
growth.

(iii) Deduce that the Lie superalgebra M is a direct sum of a BKM superalgebra
and of finite dimensional classical Lie superalgebras with symmetrizable
Cartan matrix (see [Kac3]).
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For a solution, see [Ray3].

3. Let G be a BKM superalgebra with a finite dimensional Cartan subalgebra
H. Let Q be a finite group of diagram automorphisms of G. Assume that when
the Cartan matrix of G has a principal submatrix of affine type C(Z)(n + 1),
n > 1, all elements of 2 act trivially on the corresponding sub-superalgebra.
Show that the sub-superalgebra G of G of elements fixed by Q is a BKM
superalgebra.

Hint: Use Exercise 2. For a solution, see [Ray3].

2.6 Character and Denominator Formulas

Highest weight representations form an important class of representations of
BKM superalgebras. They lead to the denominator formula, which is central
to the theory of BKM superalgebras because it not only contains the essen-
tial information about the corresponding Lie superalgebra but also because it
provides the link with automorphic forms (see Chapter 5). This denominator
formula plays an essential role in the proof of the Moonshine Theorem.

We start with universal enveloping algebras as they are basic objects in rep-
resentation theory but do not give proofs as they are well known standard ones
(for details see [Jac]). The first result defines the structure of a Lie superalgebra
on a Zs-graded associative algebra.

Lemma 2.6.1. Let L be a Zy-graded associative algebra. If x,y are homoge-

neous elements,

[2,y] = xy — (=1)* Wy

gives the structure of a Lie superalgebra to L.
This allows us to now define the tensor superalgebra of a Lie superalgebra.

Definition 2.6.2. Let L be a Lie superalgebra. The n—th-tensor product T,,(L)
of L is the vector space spanned by the elements 1 ® -+ @ &y, x; € L. It is an
induced Zy-grading. The tensor Lie superalgebra is the Lie superalgebra T (L)
with underlying vector space | [>T, (L) with associative structure given by

(fc1®-~-®aﬁn)(y1®~--®ym)=x1®-~-®xn®y1®-~-®ym

and Lie superalgebra structure given by Lemma 2.6.1.

We next give the definition of the universal enveloping superalgebra and
show how it can be constructed from the tensor Lie superalgebra.

Definition 2.6.3. A universal enveloping superalgebra of the Lie superalgebra
L is an associative Zo-graded algebra U(L) with 1 together with a linear map:
p: L — U(L) satisfying

plz,y]) = wy — (1) "Wy (4)
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and such that for any other associative algebra V(L) with 1 and any linear map
q: L — V(L) satisfying (), there is a unique homomorphism of Zs-algebras
f:U(L) — V(L) such that fop=q and f(1) =1.

Proposition 2.6.4. The universal Zs-graded algebra is uniquely defined. Let
K be the two-sided ideal of T(L) generated by the elements

[z,y] —z @y — (—1)"IW)y @ 5,

where x,y € L are homogeneous elements. Then, U(L) =T(L)/K.
Lemma 2.6.5. The map p: L — U(L) is injective.

This last result allows us to identify the Lie superalgebra L with its image
p(L) in U(L). The Poincaré-Birkhoff-Witt Theorem holds [Jac, pp. 159-160].
As the proof remains the same as in the Lie algebra case, we leave it for the
reader to check. Note simply that if y is an odd element of the Lie superalgebra
L, then y* = 1[y,yly in U(G) and that [y,y] is an even element.

Theorem 2.6.6 [PBW Theorem)]. Let L be a Lie superalgebra and 1, ...Tm,
(resp. yi,...,yn) be an ordered basis for the even part Ly (resp. odd part Ly),
then the vectors

gl oyl iy eZy ¥ 1<k<m, 0<j<1 V¥V 1<i<n

form a basis for U(L).

Together with Corollary 2.1.19, the PBW Theorem allows us to give the
structure of the enveloping Z,-graded universal algebra of the BKM superalge-
bra G.

Corollary 2.6.7. The universal enveloping algebra of the BKM superalgebra G
decomposes as follows:

U(G)=U(N_)@U(H) @ U(Ny).

We next remind the reader of the elementary notion of a module for a Lie
superalgebra.

Definition 2.6.8. A representation of a Lie superalgebra L is a homomorphism
G — gl(V),
where V' is a Za-graded vector space. The space V is called a L-module.

For the BKM superalgebra G, we want to study the class of G-modules that
generalizes finite dimensional modules. Suppose that V' is a finite dimensional
G-module and that G is finite dimensional. Since the Cartan subalgebra H is
abelian, H acts semisimply on V. The eigenvalues are elements in the dual of H
and are called weights. As the module V is finite dimensional, there is a highest
weight, namely there is weight A € H* such that V4., = 0 for all ¢ € I. Here
V), is the eigenspace or weight space with eigenvalue A € H*. The G-module V/



74 2 Borcherds-Kac-Moody Lie Superalgebras

has a unique highest weight if and only if it is irreducible, in which case V is
said to be a highest weight module. This notion of highest weight modules can
be generalized to infinite dimensional BKM superalgebras. We do this now.

Remark 2.6.9. In section 2.6, roots can be considered to be elements of either
@, H or its dual H*. We will use the notation «; for the simple roots.

Definition 2.6.10. The G-module V (A) is said to be a highest weight module
with highest weight A € H if V(A) is generated by a v satisfying:
2w =0, € Go,a € AT, hv= (A h)v,h € H.

A wvector v € V(L) with this property is called a highest weight vector.

A fundamental property of highest weight modules is that they are sums of
finite dimensional eigenspaces of the generalized Cartan subalgebra H.

Definition 2.6.11. The eigenspaces
Ww={veV(A)|hw=\hv,he H},Ne H

are called weight spaces.

Lemma 2.6.12.
(i) The generalized Cartan subalgebra H acts semisimply on V(A). So

V(A) = ®renVi
(i) The weight spaces are finite dimensional. In particular dim V(A)p = 1.

Proof. The first part is an immediate consequence of Definition 2.6.10. By
Corollary 2.6.7, V(A) = U(N_)v, where v is a highest weight vector of V(A).
This leads to the second part since the root spaces are finite dimensional. [

As we saw above, irreducible finite dimensional G-modules are highest weight
modules. The converse also holds in finite dimension, namely that a finite
dimensional highest weight module is irreducible. Furthermore it is well known
that when G is a finite dimensional simple Lie algebra, its finite dimensional
modules are completely reducible. As the next result shows, highest weight
modules are always indecomposable.

Lemma 2.6.13. All highest weight G-modules are indecomposable.

Proof. Let V(A) be a highest weight G-module and v a highest weight vector
of V. Suppose that V = V; @& V5, where the V;’s are G-submodules of V. Then,
v = vy + vo for some v; € V;. Now, for h € H,

hvy + hve = hv = A(h)v = A(h)vy + A(h)ve

implies that hv; = A(h)v;. Hence v; and v are highest weight and so by Lemma
2.6.12 (ii), v1 and vy are multiple of v, giving a contradiction and proving the
result.
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There are infinite dimensional highest weight modules even when the Lie
superalgebra G is finite dimensional. Whatever the dimension of G, they are not
generally irreducible, though by the previous Lemma they are indecomposable.
This is well illustrated by the next example.

Example 2.6.14. Consider the G-module M (0) = U(G)/K, where K is the
left ideal of U(G) generated by the positive Borel sub-superalgebra B, of G. It
is a highest weight G-module with highest weight 0 and highest weight vector
K + 1. It is infinite dimensional since My # 0 for all A € H* such that A < 0.
The submodule N(0) generated by the vectors v; = K + f;, ¢ € I is a proper
G-submodule of M (0). So M(0) is not irreducible.

Assume that |I| > 2. We then show that N(0) is not a direct sum of highest
weight modules. The vectors v;, i € I, are highest weight vectors of N(0) of
weight —a; and

NO)={N+z:2€U(N_)N_}.

Hence the vectors v; are the only highest weight vectors of N(0) (up to non-
trivial multiplication by a scalar) and if a;; # 0, then the vector
N+[fi, f;] € N(0) is not contained in ®;c;U(G)(N + f;). Moreover, the highest
weight spaces being 1-dimensional, this also shows that the module N(0) is not
completely reducible.

The above example shows that complete reducibility is restricted to finite
dimension even when the BKM superalgebra G is simple (see Exercise 2.1.4).
Before going further, we need to define the category of modules that highest
weight modules belong to. The previous example gives an indication what this
category should be like. It should include all highest weight modules and their
submodules.

Definition 2.6.15. Let O be the category of Zo-graded G-modules V' on which
the Cartan subalgebra H acts semisimply with finite dimensional weight spaces,
i.€.

V =@xea W, (1)

for all X € H, dimV) < oo, and there ezist finitely many elements A; € H,
1 = 1,...,m such that the weight spaces V) are non-trivial only if A < A; for
some 1 << m.

Finite sums of modules in the category O are also in O. The same holds for
quotients, submodules, and tensor products.

A first natural question is to find an expression for the dimensions of the
weight spaces of a G-module V' € O and to be able to differentiate its odd
and even weight spaces, in other words to find its character and its super-
character. To describe the dimensions of the weight spaces V), equality (1) in
Definition 2.6.15 cannot be translated as ), dim Vi since this would lead
to a confusion between the dimension of the weight space A + p and the sum
of the dimensions of the A-weight space and p-weight space, i.e. between Vi,
and V) @ V),. Hence the need to introduce formal exponentials e(\).
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Definition 2.6.16. Let £ be the commutative associative algebra of formal

series
Z zxe(A)

AeH

for which there exist finitely many elements \; € H, i = 1,...,m such that the
coefficients x are non-trivial only if A < \; for some 1 <1i < m. Multiplication
is defined by e(Ne(u) = e(A + p). The character and super-character of the
G-module V = V5& V7 € O are the elements of the algebra £ defined respectively
to be the formal sums:

chV =Y " dimVye(\) and schV = (dim Vg, — dim Vg, )e().
AEH AeH

When V(A) € O is a highest weight module of highest weight A, it is assumed
that d(A) = 0.

Before dealing with more general modules in O, the first step is obviously to
compute the character and super-character of irreducible highest weight mod-
ules. We will follow the method given in [Kac14, Chapters 9,10,11] in the Kac-
Moody setup. The proofs that do not require any changes in the more general
context of BKM superalgebras are left as exercises. It was first proved for Kac-
Moody Lie algebras in [Kac2], for BKM algebras in [Borc4], for Kac-Moody Lie
superalgebras in [Kac7], and for BKM superalgebras in [Ray1,6]. There is an
equivalent proof that uses the cohomology theory of BKM superalgebras. For
finite dimensional simple Lie algebras, see [Kos]. For Kac-Moody Lie algebras
this is done in [GarL).

For the calculation of the character and super-character formulae we need
at the start some means of telling when two irreducible highest weight modules
are “the same” or “different”. In other words, a basic requirement is to find the
isomorphism classes of irreducible highest weight G-modules. This can be done
by considering Verma modules.

Lemma 2.6.17. For each element A € H, there is, up to isomorphism, a
unique G-module M (A) of highest weight A, called the Verma module, such that
any highest weight G-module is a homomorphic image of it. It is isomorphic to
U(G)/K, where K is the left ideal in U(G) generated by Ny and the elements
h — A(h) for h € H. As a U(N_)-module, it is a free module generated by a
highest weight vector. Furthermore, the Verma module has a unique mazimal
G-submodule N(A).

Note that as is shown in Example 2.6.14, the submodule N (A) is not usually a
highest weight module. The classification of irreducible highest weight modules
is now an immediate consequence.

Theorem 2.6.18. For each element A € H, there is, up to isomorphism,
a unique irreducible G-module L(A) of highest weight A. It is isomorphic to
M(A)/N(A).
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We next fix some more notation that will be used throughout this section.

Notation. For o € A%, let e, 4, 1 < i < dim G, be a basis for the root space
Gy and fq 4, 1 <t < dim G, the dual basis for G_,. Since the bilinear form is
consistent, f,; € G if and only if e, ; € Gj.

Let mo(a) = dim G, N Gy and my (o) = dim G, N G = mult(a) — mo(a).

Set

[acay (1 e(—a)y™@ | Tlaeas (1 — e(—a))™@
" [loeay (1 +e(-a))mi® md A= [ocar@—e(=a))mi”

For Ve O,set P(V)={A€ H:V\ #0}.
Set Pt ={A e H:Viel, (va) >0, %g\g)) (resp. (( ))) € Ziifa; >0
andi € I\S (resp.i € S)}.
For A =3, ;@i € H, x; € C, let ht (A\) = >, _; x; be the height of A.

In view of Theorem 2.6.18, it seems sensible to first try and compute the
character and super-character of the Verma module M(A) and to use this in-
formation to find the character and super-character of the irreducible module

L(A).

Lemma 2.6.19. For A € H, the character and super-character of the Verma
G-module M(A) are as follows:

ch(M(A)) = e(A)R™", sch(M(A)) = e(A)R' ™

Proof. Let vy be a highest weight vector of the module M (A).
The set of positive roots may be ordered. For example by setting

dega; =1,

for each degree we get finitely many roots. Let (3; (resp v;), i = 1,2,... be a
list of the positive even (resp. odd) roots. Then Lemma 2.6.17 implies that the
vectors

ni, n n2; k k k k
f 111,11 ) fﬁll :11 f 2,1 ) fﬂ; L22 f’hl 11 f'Yll 7J11 f722 11 . f’vzz ]]22 ( )
such that

(N1 +nyi ) B+ (nog + .oy B2 + oo+ (B + ki )n
+ (kap + ko j )v2e + .. = p

and ny; € Z1, k;; =0 or 1, form a basis of the weight space M (A)s—_,. So

chM(A) =e(A) [ @ +e(—a)+e(=2a) +..)m@ ] (1+e(—a))™ ),

aENpT aEAT

and
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sch M(A) =e(A) J] (1+e(—a)+e(=20)+..)™@ J] (1—e(—a)™),

ac€Agt acAt

which imply the desired answers. L]

Our aim now is to find an expression for the character and super-character
of the irreducible highest weight G-module L(A) in terms of the character and
super-character of the corresponding Verma module.

A finite dimensional module V' has a composition series and so its character
and super-character can be given in terms of the characters and super-characters
of its irreducible factors. In infinite dimension, a G-module V' in O may not
necessarily have a composition series. So it requires a little work to deduce that
its character (resp. super-character) is still the sum of the characters (resp.
super-characters) of irreducible L(\), where \ is a primitive weight. For any
~v € H, there exist finitely many G-submodules of V/

V=WDOWD2.0Vy, 1DV, =0
such that either

Vie1/Vi= L(p), forsome p>+v or (Vie1/Vi),=0 Yu>1.

Proposition 2.6.20. We keep the above notation and assume that no root is
both odd and even. Let V€ O be a G-module. For all X € H, let x) be the
number of indices 1 < i < m., such that V;_1/V; = L(X), where v < X. The
character and super-character of the G-module V' satisfy the following:

chV = 3" aachL(A) and schV =Y (=1)™aysch L(N),
reH reH

where d(X) is the parity of the weight X in V. In particular, if V.=V (A) is a
highest weight module with highest weight A, then xp = 1.

Proof. The proof follows from the fact that x) does not depend on the weight
v € H chosen such that v < A, nor on the series. L]

The case when roots are elements in H and can be both odd and even can
be extrapolated from the above in a straightforward manner but is cumbersome
to write.

The weights A € H for which z) # 0 have a special property.

Definition 2.6.21. Let V € O. The vector v € V is said to be primitive if
there exists a G-submodule U of V' such that v ¢ U but xzv € U for all x € Ny.
If moreover, v € V), then X is called a primitive weight of V.

Lemma 2.6.22. z), # 0 for the module V € O if and only if A € H is a
primitive weight of V.

Proof. Suppose that A\ € H is a primitive weight of V. There is a maximal
index 1 < i < my — 1 such that V; contains a primitive vector v. Let U be
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a submodule of V such that v € U but Ny v C U. Since (V;/Vi11)x # 0, by
definition of the submodules Vj, V;/Vi11 = L(u) for some p > X. Since the
module L(u) is irreducible, the vector V; 1 + v generates the module V;/V;1.
Suppose that

Niv C Vi (1)

Then, p = A, proving the result. So we only need to show that (1) holds.
Otherwise, there is an index j € I for which Vi, + e;v is another generator

of V;/Viy1 and so V;/Viz1 < (U 4 Viy1)/Vigr. In particular, v = v1 + u for

some v; € (Vi31)a and u € Uy. Hence, Nyv; C U. By definition of v and U,

v1 € U and so v; is a primitive vector of V' of weight A\ contained in V;y;. This

contradicts the maximality of .

The converse is left for the reader to check. L]

Given a weight A € H*, we want to find an algebraic way of describing the
set of primitive weights A of a highest weight module V(A) with highest weight
A and in particular of showing that it is a finite set. Then, we can apply Propo-
sition 2.6.20 to the corresponding Verma modules M (X) and a “matrix inversion
technique” leads to an expression for the character (resp. super-character) of
the irreducible module L(A) in terms of the characters (resp. super-characters)
of these Verma modules.

Primitive weights of V(A) satisfy the following algebraic condition.

Proposition 2.6.23. Let V = V(A) be a highest weight G-module and A a
primitive weight of V.. Then,

|A+ p|2 =[x+ p|2.

In order to prove Proposition 2.6.23, we need to use the action of the gener-
alized Casimir operator introduced by Kac in [Kach].

Definition 2.6.24. Let V' be a G-module in the category O and v be a vector
in the A-weight space Vy of V.. The operator Qg on 'V is defined to be as follows:

Qo('l)) = 2 Z Zfa,iea,i(v)'

aceAt 1

The generalized Casimir operator 2 is the operator acting on V' as follows:

Qv) = Qo(v) + 2p + A, M.

Remark 2.6.25. The operator () is well defined: By definition of the category
O, there exist finitely many weights \; € H such that for any given weight
AePWV)of V,a+ A€ P(V), « € AT, only if @ < A\; — A. So for all v € V}y,
Qo (v) has only finitely many nonzero terms. Note that both the operator £y and
the generalized Casimir operator are even elements in the Zs-graded universal
enveloping algebra U(G).
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We next show that the action of the generalized Casimir operator on highest
weight modules commutes with the action of G; or equivalently that the element
I" belongs to the centre of U(G).

Lemma 2.6.26. Let V be a G-module in the category O. Then, [, x]v =0 for
alre G,veV.

Proof. We only need to show that [Q,e;]Jv = 0 and [Q, f;]Jv = 0, for all ¢ € I,
v € V). Now

[Qoa ei]v =2 Z Z(fa,s[ea,Sa ei} + (71) d(ea)d(e:) [foz sy 67]6(1 9)’[}

acAt s

Since [eq,s, €] € Gata,s [€a,s:€] = D4 kt€ata,,+ and by definition of a dual
basis, we get ki = ([eq,ss €i]s fata; ). Hence,

Z Z faas[ea,s; ei]v

aEAT s

= 2 2D faslleasn el farai)earant
aEAtT s

- Z ZZ €a,s) eﬂfoé+a“ ])fa sCatay,tV
aEAT s

- Z Zei»fami,j]eami,tv
aEAtT t

= Z 2[61:, fa,t]ea,tv

acAT—{a;} t

_ Z Z d(ea)d(e [fa,t; ei]ea,tv-

aeAT—{a;}
Thus
[QOa ei]v = 2( )d(e (e [fza el]ezv
= —Zhieiv
—2(A + ay, ;) e;v,
which implies that [, e;]Jv = 0. Similar calculations give [Q, f;]v = 0. L]

In particular, this gives the action of the generalized Casimir operator on a
highest weight module.

Corollary 2.6.27. If V = V(A) is a highest weight G-module with highest
weight A € H, then for any v €V,

Q@) = (|o” = [A+ oo

Proposition 2.6.23 now follows from the definition of primitive weights.
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The character (resp. super-character) of irreducible highest weight modules
can now be expressed in terms of characters (resp. super-characters) of Verma
modules.

Corollary 2.6.28. For any weight A € H, the character and super-character
of the highest weight G-module V (A) with highest weight A are given by:

chV(A) = Z exchM () and
A<A
ol ool

schV(A) = Z chsch M (N),
A<A
ol

where ¢y, ¢\ € Zand cy =1 =7¢).

As we pointed out at the start of this chapter, we are primarily interested
in modules generalizing finite dimensional ones. When the BKM superalgebra
G is finite dimensional, if V' is finite dimensional G-module, then all the root
vectors of G must necessarily act in a locally nilpotent way on V. As we have
seen in section 2.3, the roots of finite type and non-zero norm are the roots that
behave like the roots of a finite dimensional simple Lie algebra. It is therefore
natural to consider G-modules on which the action of the finite type root vectors
is locally nilpotent.

Definition 2.6.29. A G-module V is said to be integrable if for any root a of
finite type, and any element x € Gy, x acts in a locally nilpotent way, i.e. for
any v € V, there exits n € N such that "v =0 (n depends both on v and x)

Lemma 2.6.30. Let V € O be a G-module. Suppose that o € A is conjugate
to a simple root under the action of the Weyl group and that (o, ) = 0. Then,
for any x € G, NGT, z%v = 0. In particular, x act in a locally nilpotent way on
V.

Proof. The result follows immediately from the fact that [z, z] = 0. Ll
As a consequence of Lemma 2.6.30 we can immediately deduce the following;:

Corollary 2.6.31. A G-module V € O is integrable if all positive norm simple
root vectors and even negative norm and finite type root vectors act in a locally
nilpotent way on V.

The integrability condition for a highest weight module can therefore be
expressed in algebraic terms.

Lemma 2.6.32. A highest weight G-module V =V (A) is integrable if and only
if % (resp. ((014\7;70(;2))) is a non-negative integer when i € I\S (resp. i € S)
such that a; > 0 and when there are roots of negative norm and finite type,
2(A,«a)
(e, )

€ Z., where « is the unique even positive root with negative norm.
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We want to find formulae giving the character and super-character of in-
tegrable modules in the category O as they are the ones generalizing finite
dimensional modules. The formulae that we prove here hold for irreducible in-
tegrable highest weight modules L(A) of highest weight A € H with the added
technical condition that (A, ;) > 0 for all ¢ € I, namely A € PT.

When the BKM superalgebra G is infinite dimensional, Theorem 2.3.44 tells
us that there are no roots of finite type and negative norm and hence the
formulae we derive apply to a large class of integrable irreducible highest weight
modules. When G is finite dimensional, a module is integrable if and only if it
is finite dimensional.

When G is of B(m,0) type, all roots have positive norm and hence the
formulae apply to all integrable irreducible highest weight modules, in other
words to all irreducible finite dimensional modules.

Suppose that G is finite dimensional with non-trivial odd part with no
roots having negative norm but with roots having norm 0. Then the only
finite dimensional representations the formulae apply to are those satisfying
(A, ;) > 0 when a;; = 0.

Suppose next that A contains a positive root o with negative norm and of
finite type. We know from Theorem 2.3.33 that supp(«) = I, and so (A, «) > 0
or (A,a;) = 0 for all ¢ € I. If the former holds then by Lemma 2.6.32, the
module L(A) is not integrable. So the only integrable irreducible module it
applies to is the trivial one.

Therefore for finite dimensional BKM superalgebras with non-trivial odd
part, the formulae we give mostly apply to infinite dimensional non-integrable
irreducible highest weight modules. For the character and super-character for-
mulae of finite dimensional modules of finite dimensional BKM Lie superal-
gebras with non-trivial odd part, see [Jeu], [JeuHKT], [Kac6,8], [KacWakl],
[Ray5], [Serg2].

To state the main theorem, we first need a well known elementary result on
the invariance of G-modules in the category O under the action of the Weyl
group.

Lemma 2.6.33. Let V € O be an integrable G-module. Then, for any w € W,
dim V,» =dim V), for all A € H.

Proof. The result follows from integrability and induction on the length of the
word w.

For pp =), ki, write
ht()(,u) = Z k‘,
iel\ S

Considering the roots as elements of the formal root lattice @, set

Th=e(A+p) Y e(ue(—p) and T’y =e(A+p) > e (u)e(—p)

with
e(p) = (D)MW and € (p) = (—1)Mo
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if p =", ki and satisfies the following four conditions:

k; >0 Viel

ki#0= a;; <0, (a;,A) =0
kj #0andj # i = a;; =0,
k; = 1 unlessi € Sanda;; = 0.

Otherwise,
e(n) = 0=¢(n).
When the roots are considered to be elements of H or H*, we consider the

image of Ty and Ty under the functions fg and gg (see Proposition 2.3.9). For
reasons of simplicity, we will also write the images T and T}.

Theorem 2.6.34. For any weight A € PT, the character formula and super-
character formula for the irreducible highest weight module L(A) are respectively:

chL(A p) Y det(w)w(Ty)R™"
weW
and
sch L(A Z det(w)w(T'\)R' ",
weWw

where det(w) = (—=1)"*) and I(w) is the length of the word w € W.
Before proving this Theorem, we need some technical results.

Lemma 2.6.35. For any w € W,
w(e(p)R) = e(w)e(p)R  and w(e(p)R') = e(w)e(p)R'.

Lemma 2.6.36. Let A\ = A — Zie] Tiay, x; € Ly be a weight of the irreducible
highest weight G-module L(A). Then, there exists i € I such that x; # 0 and
(A, Oli) # 0.

Proof. Let A\ = A =3, 20y € P(L(A)), In ={i € I : 2; # 0} and N be the
Lie sub-superalgebra of G generated by the vectors f;, i € I,. Then, the weight
space L(A)y is contained in U(N_)N,v, where v is a highest weight vector of
the module L(A). Hence as L(A)x # 0, Nxv # 0, and so for some i € Iy,
fiv #0. Since ejv =0for all j € I, e; f;u = 0 for all j # 4. The G-module L(A)
being irreducible, it follows that

0 75 eifﬂ} = [61‘, fl]’U = hi’U = (A, hi)’U.
U]

We are now ready to prove Theorem 2.6.34.

Proof of Theorem 2.6.34. For reasons of simplicity, in the proof we take the
roots to be elements of the lattice (). Note that in this case, a root is either odd
or even.
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Let A € PT. We first prove the character formula. From Corollary 2.6.28
and Lemma 2.6.19, we get:

e(p)chL(A)R = > exe(A 4+ p). (1)
A<A
ol =l

Lemmas 2.6.33 and 2.6.35 imply that ¢y = e(w)c, if w(A + p) = p+ p for some
w € W. Let A be such that ¢y # 0. Hence,

Yw e W, Cw(Ap)—p #0 (2)
and so
w(A+p) < A+p.

Let p € {w(A+ p) — plw € W} be such that ht (A — g) is minimal. Then
(1 + p, ;) > 0 for all ¢ € I such that a;; > 0. Let T be the sum of all terms in
the right hand side of (1) for which (A + p,a;) > 0 for all ¢ € I with a;; > 0.
Hence (2) allows equation (1) to be re-written as

e(p)chl(A) J[ (1 —e(=a)™ = 3" w(m) J] @+e(-a))™" . (3)

aEAS’ weWw aEAT

To prove the Character formula we need to compute T. Let cye(A + p) be a
non-trivial term in T'. Then,

A+ p,a;) >0 Viel suchthat a; >0 (4)
A p|” = [A+p[" (5)
Setting
A=A- Z%‘Oéi, where z; € Z, (6)
iel
equation (5) gives
in(/\+)\+2p,o¢i) =0. (7)
i€l

From Condition (4) and the definition of p and A,
ay; >0 = (A+)\+2p7ai) > 0.

Next, consider ¢ € I such that a;; < 0. Suppose that x; # 0. Then from (6), we
get x; > 0 and

A+2p,0;) = A+ i, ) = (A, ) Zx] aj, ;) — (z; — 1) (o, ) > 0. (8)
J#i

Thus, it follows from equation (7) and the assumption that A € PT that

(A+ X+ 2p,a;) > 0.
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This forces
;20 = a;; <0 and (A+2p+ A, ;) =0.

Finally (8) and the fact that A € P give
(Aa;) =0, (aj,05)=0 if z; #0 and j#73;
and (a,0;) =0 if xz; > 1. (9)

Set
A=A—a—03, where a= Zmiai, B:inai.

€I\ S icS
Claim: If e(w(A 4 p) — ) is a term in T for 0 # v = >, g ¥is, yi € Zy and

w € W, then w(A+ p) = A+ p.
From the above, (A + p,a;) > 0 for all ¢ € I. Therefore

wA+p)=A+p— Z 2i,
aps 20
where z; € Z. Suppose that e(w(X + p) — ) is a term in 7. Then, applying
Conditions (4) to the weight X\ =" ier zj0; — Y, g yiv;, it follows that z; = 0
a;; >0
for all i € I and so w(A + p) = A+ p.

We finally show by induction on ht (8) that ¢y = e(a)(—1)"¥) where
e(a) = (=1)™ if « is the sum of n distinct pairwise perpendicular simple even
roots of non-positive norm, a; perpendicular to A, and e¢(«) = 0 otherwise.

Suppose that ht (3) = 0. Then, there must be a term on the left hand side
of (3) equal to cye(A + p). So, either A is a weight of the module L(A) or

A=p—(=D)"> pi,
=1

where 4 is a weight of the module L(A), and for each ¢, u; is an even positive
root. Now = A — >, ko, where k; € Z. Lemma 2.6.36 and (9) show that

w=A.

Furthermore the support of a root is connected (see Proposition 2.3.8), and
so (9) forces the roots p; to be simple even, orthogonal to A and mutually
orthogonal. We thus get the desired answer for cy.

Next assume that ht (8) > 0, and that the result holds for all weights A with
(3 of smaller height. Then, no term on the left hand side of (3) equals cxe(A+p).
Since ( is the sum of mutually orthogonal simple roots and if any appear more
than once, it has norm 0, the only sub-sum of § that are roots are equal to
simple roots. Hence the above claim gives

exe(A) + Z Coatar, +..ai, €A+ @iy +ay Je(—ay, )..e(—a;,) =0,
s=1
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where r is the number of distinct simple roots «; with z; # 0 since in the

product [[,ca+(1+ e(—a))™ute the simple roots appear exactly once as they
1

have multiplicity 1. It follows by induction that

er )Y (1) =0

giving the desired answer for cy.
We next prove the super-character formula. The above arguments lead to:

e(p)sch L(A) H (1 _e(_a))multoz _ Z w(T’) H (1 —6(—(1))mu1ta,

aEAér wew (:»LEA;r

where the terms in T satisfy conditions (9). Keeping the above notation,
we calculate 7". We show by induction on ht(8) that ¢’y = e(a), where
e(a) = (=1)™ if « is the sum of n distinct pairwise perpendicular simple even
roots a; perpendicular to A, and e(a)) = 0 otherwise. When ht (8) = 0, this
follows as above. So assume ht (3) > 0. Then, for the same reason as before,

dre(\) + Z(_1)801A+ai1+..‘ais e\ + iy + ..a; )e(—ay,)...e(—a;,) = 0,
s=1

where r is the number of distinct simple roots «; with xz; # 0 since in the
product ] . Al+(1 + e(—a))™u!t the simple roots appear exactly once as they
have multiplicity 1. It follows by induction that

)y (1) =o

s=1
giving the desired answer for c’y. L]

Remark 2.6.36. Note that the assumption of irreducibility is only used in the
proof of Theorem 2.6.34 through the application of Lemma 2.6.36. However,
if G is a Kac-Moody Lie superalgebra, then Lemma 2.6.36 is not needed: as
there are no simple roots of non-positive norm in this case, comparing the left
hand and the right hand side of equality (3) in the proof, it follows that T' =
e(A+p). Therefore when G is a Kac-Moody Lie superalgebra, since the character
and super-character formulae hold for all highest weight modules V(A), for
each highest weight A € P+, there must be precisely one (up to isomorphism).
In other words, for Kac-Moody Lie superalgebras, integrable highest weight
modules are necessarily irreducible. However, as the next example shows this is
not generally the case for BKM superalgebras.

2

Example 2.6.37. Let S =0 and A = ( 1 _01> Define e;v = 0, hiv = v,

and fZv = 0 = hgv. Then the vector v generates a highest weight integrable
module V (A) with highest weight A € PT satisfying (A, ;) = 1 and (A, az) = 0.
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However it is not irreducible if fov # 0 since in this case fov generates a proper
non-trivial G-submodule. Note that in this case, Lemma 2.6.36 does not hold.
Indeed, the weight A = A—ag € P(V(A)) but (A, ;) = 0fori = 1,2. If fav =0,
then the module V(A) is irreducible.

The character and super-character formulae lead to the most important for-
mulae associated to a BKM superalgebra:

Theorem 2.6.38. For any BKM superalgebra G,

HaeAg(l - 6(*04))’"0(04)
Mocar (1+e(=a))m) ~ e(—p) H;V det(w)w(T), and

[Taeas (1 —e(=a))mo
€20 — o =e(=p) Y det(w)u(T).

HaGAT(l - 6(_0)) ! wew

These are respectively called the denominator formula and the super-denomina

tor formula.

Proof. Since L(0) is the irreducible trivial G-module, it has dimension 1, and
S0
chL(0) = 1 = sch L(0).

On the other hand, the character and super-character formulae applied to L(0)
give an expression for chL(0) and sch L(0). Equating the two give the denomi-
nator and super-denominator formulae. L]

From the Cartan decomposition (Corollary 2.3.7), it follows that a complete
information of the structure of the BKM superalgebra G is equivalent to know-
ing the dimension of its generalized Cartan subalgebra H, the set of roots A
together with their multiplicity and parity, and which among them form a set of
“generating” roots II, in other words are the simple roots. Therefore, the char-
acter and super-denominator formulae essentially characterize the superalgebra
G (up to the dimension of its generalized Cartan subalgebra): an expression
for the product side is equivalent to a description of the roots and their mul-
tiplicities, and an expression for the sum side is equivalent to a description of
the simple roots since the Weyl group is generated by simple roots of positive
norm reflections and 7T is a sum of simple roots of non-positive norm in which
each appears at least once. Together the character and super-character formulae
allow us to differentiate the even from the odd roots.

The main characteristic of these two formulae is that one side is a sum and
the other a product. This is why they give in many cases interesting identities.

We conclude this section by considering two examples of BKM algebras that
are not Kac-Moody Lie algebras. For the affine Lie algebras, the denominator
formula is equivalent to the Macdonald identities for powers of the Dedekind 7
function [Dys], [Kacl4, §12.1], [Mac], [Mo5].
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Example 2.6.39. The Monster Lie algebra M
We saw in Example 2.3.11.1 that the roots of M are elements in the Lorentzian

lattice II; ; with bilinear form given by the matrix (_01 01) with respect

to the standard basis (1,0), (0,1). We also saw that the simple roots are the
elements (1,n) with multiplicity ¢(n), where J(q) = >, ¢(n)¢™ is the normal-
ized modular invariant. We will show in Chapter 4 that (m,n) is a root with
multiplicity ¢(mn).

Let p = e(—1,0) and g = e(0, —1) be formal exponentials. Then the product
side of the denominator formula is:

H (1 7pmqn)c(mn).
m>0
nez

To compute the sum side, we first compute 7. We find which simple roots have
non-positive norm: Since (m,n).(m,n) = —2mn, the only roots with positive
norm are £(1,—1). Also (1,71).(1,n2) = —ng —ny = 0 implies that nyne < 0.
Hence, no two simple roots of non-positive norm are orthogonal and neither have
norm 0. From Example 2.3.44, we know that (1,0) is a Weyl vector. Hence,

T=p ' =) cn)g"=p ' +q" - Jg)

n>0

The Weyl group is W =< r >, where r is the reflection generated by the unique
simple root (1, —1) of positive norm. Since

T(170) = (170) - ((L 71)(170))(1a 71) = (0’ 1)7

r(p)=q and r(q) =p.
Therefore,
r(T)=q ' +p ' = J(p).

As a result, the sum side of the denominator formula is

p (T —r(T)=p ' (i(p) — j(q))

and so the denominator formula is

[T a=pmg) ) =p (i) - ia).

m>0
nez

Example 2.6.40. The Fake Monster Lie algebra F

The root lattice of the fake monster lie algebra F' is the even unimodular
Lorentzian lattice 551 of rank 26 (see section 3.1 for details on lattices). Let
A be the Leech lattice, i.e. the unique positive definite lattice of rank 24 with
no vectors of norm 2. Then uniqueness of even unimodular Lorentzian lattices
(see Corollary 3.1.6) implies that
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1125’1 =A® IIl’l.

We write vectors in IIo51 as (A, m,n), with A € A and (m,n) € I ;.
The roots are the non-zero vectors « of IIz5 1 with multiplicity pas(1—a?/2),
where pag(n) is the number of partitions of n into parts of 24 colours, so that

D pau(l+n) = ¢ Myso(1—¢")* = Ag) ™' =q " +24+ 3249 + ...

The simple roots of finite type (i.e. positive norm) are in bijective correspon-
dence with points in the Leech lattice:

/\2
(/\,1,7—1), A €A

The Weyl group W is thus isomorphic to the reflection group of the Leech lattice
and so its the full automorphism group of the Lorentzian lattice II; ; [Con2].
The simple roots of infinite type are:

(0,0,n), neN

with multiplicity p24(1) = 24. Their restricted simple root multiplicity is equal
to their multiplicity. Writing (.,.) both for the bilinear form in IT; ; and the
one in A, the Weyl vector (see Definition 2.3.47) p = (u, a, b) satisfies

0=(p,(0,0,n)) =an

for all n € N since the root (0,0,n) has norm 0, and
2 2

A A
1:(pv()‘a]-»?_l)):(ﬂv)‘)_b_a(?_l)

for all A € A since the root (A, 1, % — 1) has norm 2. Hence,
p=(0,0,-1).

We next describe the set of positive roots. As positive roots are sums of
simple roots, if = (A, m,n) is a positive root, then either m > 0 or &« = (0,0, n).
Hence, as a, p = m,

aeAT ={aellys:a,p>0 or a=(0,0,n)}

We will see in section 5.4 that AT is in fact the set of positive roots.
The product side of the denominator formula is thus

[T (- ccapput=s

aeAt
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All the simple roots of infinite type have norm 0 and are mutually orthogonal.
Hence,

T o= Y et (2 etz ()

(1 - e(p)*!(1 — e(2p))**
= Muso(1— e(np))
= Y r(m)elnp)

nez

by definition of the Ramanujan tau function [Hard]. Hence the denominator
formula is

e(p) T (1= e(=a)r0=/2 = 3 det(w)r(n)e(w(np)).

aEAt wewW
nez

The Kac-Moody Lie subalgebra generated by the roots of finite type is the
Feingold-Frenkel Lie algebra [FeinF], [Fre].

Remark 2.6.41. In the case of non-symmetrizable Kac-Moody Lie algebras,
the character formula has been proved by Kumar [Kuml,2]. There are as yet
no results on non-highest weight representations of BKM superalgebras. How-
ever, there is an obvious natural example, namely the adjoint representation for
infinite dimensional BKM superalgebras.

Exercises 2.6.

1. Prove the character formula for Kac-Moody Lie algebras.
2. Find a different construction of the Verma module as an induced module.

3. Let H; be a generalized Cartan subalgebra of the Kac-Moody Lie algebra
G. Set

V={veLA):v£0, A, Avev= Y eai(v)®e_ai(v)}
aceAU{0}

(i) Show that H; acts semisimply on the irreducible module L(A) for every
weight A € P*. Let vy be a highest weight vector of the module L(A)
(with respect to H). For A € W(A), set

VA)y ={veV:supp(v) >\ and X\ € supp(v)}

and
VA ={veV:supp(v) <A and X € supp(v)}.

(ii) Show that the U(H;)-submodule V' generated by the vector v, is finite
dimensional and that VNV # (.
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(iii) Deduce that there exists an eigenvector v of Hy in V. NV.

(iv) Show that V =V(A\)y UV(N)_.

(v) Deduce that there exists g € G such that g(v) is a multiple of vj.
(vi) Deduce that g(H;) = H.

For a solution, see [KacP6].
4. Let Ry (resp. R™) be the ideal of G (see section 2.1, paragraph pre-

72117;7'

ceding Proposition 2.1.13) generated by the elements (ade;) i +1ej, (resp.
—2aij —aij g
(ad f;) e +1fj), for a; > 0,1 € I\ S; (adei)ﬁﬂej, (resp. (ad fi)ﬁﬂfj,
for a;; >0, i € S; and [e;, €;] (vesp. [fs, f;]) if ai;; = 0.
(i) Prove that the ideal R, is generated as an ideal by the subspaces
Ry = {z € Ry : [h,z] = (fo(a),h)z} for the elements o € Q\II such

that & > 0 (resp. a < 0 and 2(p, @) = («, ) (see paragraph preceding
Proposition 2.3.9 for the definition of the map fg).

Hint: Define a Verma module M(A) (A € H) for the Lie superalgebra
G and show that the unique mazimal submodule N(0) of M(0) is isomor-
phic to @ieIM(fai), Deduce that there is an G-module homomorphism
R_/[R-,R_] — @;erM(—c;). Using the PBW Theorem, show this map is
injective. Conclude.

(ii) Deduce that the ideal R = R, @ R_ is the maximal ideal in G such that
RNH=0.

For a solution, see [Kacl4, §9.11] and [Ray3].

5. Find the denominator formula for the (untwisted) extended affine Lie al-
gebras and show that for the extended affine Lie algebra G corresponding to
the finite dimensional simple Lie algebra G it is equivalent to the Macdonald
identity giving the Fourier series for nd™&.

For a solution, see [Kacl4, §12.1].

6. Suppose that S = (. Let ¢ be the projection of the vector space G on N_.
Define the operator € on the Lie subalgebra N_ to be

mult(a)
Qi)(m): Z Z [fa,iagb([ea,i?ﬂ)]'
acAt =1

(i) Show that for any a € A" and x € G_,, Q)(z) = (2(p, @) — (o, @)).

Hint: Find (Qy(z))(v), where v is a highest weight vector of the Verma module
M(0). Use Lemma 2.6.26.

(ii) Show that the contravariant bilinear form (x,y)o = —(wo(x),y) (see sec-
tion 2.2) is positive definite on root spaces. When the Lie algebra G is
finite dimensional show that it is positive definite on G.

For a solution, see [Kacl4, Theorem 11.7].



Chapter 3

Singular Theta Transforms
of Vector Valued Modular
Forms

In this chapter we introduce vector valued modular forms and show how to
derive their theta transforms. As we concentrate only on the properties needed
for our classification purpose given in sections 5.2 and 5.3, for an in depth study
of these objects, the reader can consult the following books: [Borcll], [EicZ],
[Frei], [Mi], [Shi], [Serr2].

3.1 Lattices

We start with some classical properties of lattices.

Definition 3.1.1. A (integral) lattice M is a free abelian group of finite rank
with a symmetric Z-valued bilinear form (.,.). It is said to be even if for all
v € M, (vyv) =0 (mod 2). Otherwise it is said to be odd. The rank or
dimension dimM (resp. signature sign(M)) of the lattice M is the dimension
(resp. signature) of the real vector space M ®z R with bilinear form induced
from that of M. The lattice M is Lorentzian if it has signature (m,1) or (1,n).

Unless the lattice under consideration is not integral, we will sometimes omit
to add this precision. We now briefly discuss dual lattices.

Definition 3.1.2. The dual lattice M* of the lattice M is the lattice of all
vectors v* in M ®z R for which (v*,v) € Z for allv € M. The lattice M is
unimodular if M = M*.

The following result is an immediate consequence of the definition.
Lemma 3.1.3. An integral lattice M is always contained in its dual M* and

the quotient group M* /M s an abelian finite group.

93
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However one should be careful in case the lattice M is degenerate. Indeed
if z € M is such that (z, M) = 0, then there are no vectors in the vector space
M ®z R whose inner product with z is non-trivial.

Lemma 3.1.4. The dual lattice M™* of M is isomorphic to Hom(M,Z) if and
only if the lattice M is non-degenerate.

We next give a well known property of the signature of unimodular lat-
tices as the root lattices of some of the most interesting BKM algebras are
indeed unimodular. This result is a consequence of Milgram’s formula, which
we first state. There are elementary proofs of this formula. Here we derive it
as a consequence of results on the Siegel theta function for the lattice M in
section 3.3.

Lemma 3.1.5. For any nonsingular lattice M,
1 \2/2

—_— e
\/ | M* /M| xenr=/m

where e = exp(27i).

_ esign(M)/B,

Proof. Since the map py; defined in Theorem 3.3.4 is a representation of the
metaplectic group (see Definition 3.3.2) on the group ring C[M*/M],

ﬂb* —bt

\/ | M+ /M| 56]\;/M

for any v € M* /M, where (b*,b™) = sign(M). Hence,

pu(ST)ey = e((7,7)/2) e(=(v,9))es

Z-lf—b*
pu(STPe, = e/ Dpimr D e((0.6)/2)e(—(7.6))e(~(6 e,
| M= M| S
Z-b*—zﬁ )
| MG%:*/M e((6 —7)°/2)e(—p,d)e,
b bt
—_— e(62/2)e(—u, o ey
|M*/M|a,#§*/M (6°/2)e(—p,6 +7)
And so,
3(b™—=b™T)
ou(STe, = Y
| M+ /M|
x Y e(0%/2)e((n 1) /2)e(— (1,0 +7))e(—A, wex
w0, NEM* /M

3(b~ —bT)
= Y Y (0 w/2)e(—(u + N)ea

A/ | M /M| merem=/m
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\/17_3(1;*—17*)
= oy ——g( Y e@®/2) D el~(mN)es

I|ME /M| sem/m W AEM* /M
i)~ —b"
_ S e(02/2)e

VMM seh=/m

By Lemma 3.3.3, S? = (ST). Hence, from the action of S? on the group ring
given in Theorem 3.3.4, we can deduce that

b /202 )
——( Y e(d?/2))=1.
| M /M| sen=m

The result follows since ¢ /2707 /2 = exp(2mi(bT —b7)/8). ]

Corollary 3.1.6. If an even lattice M is unimodular, then sign(M) is divisible
by 8. Furthermore, for every m,n € Z, such that 8 divides m — n, there is a
unique (up to isomorphism) lattice of rank m —n and dimension m +n. It is
written 11y, ,.

Proof. Applying Lemma 3.1.5 to the case when M = M*, the first part follows.
Uniqueness is a consequence of unimodularity. The lattice of rank 2 with bilinear

form given by the matrix < > is even and unimodular and hence must

-1 0
be Iy ;. The lattice (Eg)" ® I17'; is clearly even and unimodular with rank 8r
and dimension 8r + 2n, proving existence. L]

In the particular case of a unimodular Lorentzian lattice, the existence of
norm 0 vectors simplifies the proofs in the next sections and in chapter 5.

Definition 3.1.7. A vector v in the lattice M (resp. M*) is primitive if for all
non-zero integers n € Z, %v & M (resp M*).

Lemma 3.1.8. If M is a unimodular even Lorentzian lattice, then it contains
a primitive norm 0 vector.

Proof. Let s = sign(M). By the uniqueness part of Corollary 3.1.6 it follows
that there is a positive (or negative) definite lattice K with signature s and that
M = K ® I1; ; is the unique Lorentzian lattice with signature s. The result is
then an immediate consequence of the structure of the sublattice I1; ;. ]

3.2 Ordinary Modular Functions

Before developing the concept of vector valued modular forms, we remind the
reader of some properties of ordinary modular functions. For 7 € C, we will
write £ = R(7) and y = Z(7), i.e. 7= +1iy.
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The upper half plane
H={reC:Im(r) >0}

is a Riemannian manifold (see Lemma B.2.26) with isometry group the Lie
group SLo(R) acting as follows:

ar +b
ct+d

for A= (Z Z) € SLy(R) and 7 € H. In particular the action is transitive.

Lemma 3.2.1.

(1) The stabilizer of i € H is SO2(R) = {A € SLo(R) : A'A =1}.
(i) The spaces SLa(R)/SO2(R) and H are homeomorphic.

Proof. (i): Let A = (i Z € SLy(R) be such that Ai = 4. Then ‘C’Zj:db =i

Hence, ai + b = di — ¢. Therefore a = d and b = —c¢. Since ad — bec = 1,

a®+b? = 1. Hence, A* = (Z _dc> and A'A = 1. Conversely, if det A = 1 and

A*A =1, then ad —bc =1, a®> + 2 =1 = b?> + d2, and ab + cd = 0. It follows
that a = d and b = —c and so A stabilizes i.

(ii): The homeomorphism is given by the map

SLy(R)/SO:(R) — M
A(SO5(R)) — A(0).

Definition 3.2.2. The discrete subgroups

FO(N):{(Z Z)ESLQ(Z):CEO (mod N)}

for N € N are congruence subgroups of SLa2(R). In particular, To(1) = SLa(Z)
is the modular group.

Lemma 3.2.3. The modular group SLo(Z) is generated by the matrices
0 -1 11

S = (1 0 ) and T = (0 1).

Definition 3.2.4. A matriz A € SLy(R) is parabolic if it has a unique fized

point in C.

If A € SLy(R) is a parabolic element, then its unique fixed point is in
Q U {oo} since if a quadratic with integral coefficients has a unique root, then
the latter must be in this set.
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Definition 3.2.5. A point in r € RU{oo} is a cusp point of a discrete subgroup
Y of the modular group SLo(Z) if it is fixed by a parabolic element of Y.
Note that oo is a cusp point of the congruence subgroup I'g(N) for all N € N

since its the fixed point of the parabolic element ((1) 1) The next result

follows from Exercise 3.2.3.

Lemma 3.2.6.The set of cusp points of the modular SLy(Z) is Q U {oo} and
it acts transitively on it.

Set H* = HUQU {oo}. Sometimes oo is written ioco, i.e. it is considered to
be the limit point on the imaginary axis rather than the real one.

Definition 3.2.7. A fundamental domain for a discrete subgroup I' of the Lie
group SLa(R) is a connected open subset D of the upper half plane satisfying
the following conditions:
(i) if v #y € D, then for any A€, Az #y.
(ii) H = Jper AD, where D is the closure of D in H.
Before giving a fundamental domain for the modular group, we state an
elementary result

Lemma 3.2.8. Forany T € H, A= (Z 2

Proof.

> € SLy(R), Z(Ar) = | I(+T;|2'

T (at +b)(cT + d)
|CT+d|2

Z(adt + beT)
’cr—l—d’Q

(ad — be)I(T)
|C’7‘+d|2
I(r)

‘cr—&—d‘g.

Z(AT) )

Lemma 3.2.9. 1
D={reH:|7| >17R(Z)<§}
is a fundamental domain for the modular group SLy(Z).

Proof. Since the group SLy(R) acts transitively on H and 2i € D, to prove
this result we only need to show that

(i) if A(2¢) € D for some A = “ Z € SLy(Z), then A(2i) = 2i and

(ii) For any 7 € H, there is some A € SLy(R) such that A(7) € D.
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We first prove (i). A(2i) = ggig Suppose that A(2i) € D. So, by
Lemma 3.2.8,

2 Z(2i)
YD = . 5 > L.
c |262—|—d|

Equivalently,
4+ d? < 2.

Since ¢, d € Z, this forces ¢ = 0 and d = +1. As det A = 1, we then get a = d.
Hence A(2i) = 2i+b or 2i —b. Since A(2i) € D, it follows that b € [-1,1]NZ,
and so b= 0. As a result, A(2:) = 2 as wanted.

(ii): Let 7 € H. For A = <(CI Z) € SLy(Z), by Lemma 3.2.8,

I(AT) = ’I(T)lz. For any M € R, there exists finitely many (c,d) € Z2
ct+d

such that ‘CT + d| < M. Hence, there is some matrix A € SLy(Z) such that

Z(AT) is maximal. Since TAT = At + 1, there is some n € Z, such that

R(T"Az) € [F, 5]. Then, |[T"Ar| > 1 for otherwise

Z(TrrA
711 ar) = TEAT) o gigmary,
|T”A'r|
However — T4
( 72) = ( T)2 < Z(Ar)
‘T”AT| ‘T”AT|
by definition of A. Hence the subset D satisfies condition (ii). L]

Definition 3.2.10. A modular function f(7) of weight k and with level N
(k€ Z, and N € N) is a function on the upper half plane H, meromorphic on

H and at the cusps such that for any matrix <CCL 2) € Io(N),

ar +b
ct+d

f( ) = (e +d)* f(7).

If the function f is holomorphic on H and at infinity it is said to be a modular

form of weight k with level N. If f is zero at the cusps, then it is a cusp form.
By Lemma 3.2.2, to check if a meromorphic function on the upper half plane

is a modular function of level 1, we only need to consider how it transforms under

the action of the matrices S and T.

Lemma 3.2.11. At ioco the modular function f has Laurent expansion
o0
Z an6271'27"
n=—m
where

" f@)

e27riw

QAp =
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This series converges to f(T) in the region T > —logR/2m, for some real
0 < R< 1. Iff is a modular form, then a(n) = 0 forn < 0. If f is a
cusp form, then a(n) =0 forn <0.

Proof. Since T' € T'g(N) if f is a modular function with level N,

fir+1)=f(7) (1)

for all 7 € H. Set ¢ = €2™". Because of equality (1), The function f(q) = f(7)
is a well defined function on the unit disc D = {g€ C : 0 < |¢| < 1}. Since f
is meromorphic at infinity, the function f is meromorphic at 0. Equivalently, f
has a pole of order m > 0 say at 0. Thus there is some 0 < R < 1 such that for
‘q‘ <R

f@)= 3 ane™,

n=—m
where X _

an = i %G,, %dq,
where 0 < r < R (see Corollary C.2.7). The result follows. Ll

Lemma 3.2.12. Let f be a modular function. Set T =z + iy € H

(i) There is a positive real N > 0 such that |e=NYf(7)| is bounded as
Z(t) — oo.

(i) If the function f is invariant under the action of SLo(Z), then there is a
positive real N > 0 such that |€7N/yf(7')‘ is bounded as Z(1) — 0.

Proof. Suppose first that f is holomorphic at infinity. Considering the Taylor
series (see Theorem C.2.6) at ¢ = 0, it follows that | f(7)| is bounded at infinity.
Dividing by ¢, where m is the lowest power appearing in the Laurent series of
f at infinity, (i) then follows for arbitrary modular functions.

For any rational cusp p of f, there is an element A € SLs(Z) such that
A(ioco) = p. Since f(Ar) = f(r) and f(7) is meromorphic at infinity, (ii)
follows.

Ll

An automorphic form on H is a generalization of the concept of a modular
form. Exercise 3.2.1 says that the quotient space SLo(Z)\H* is the compact
Riemann sphere. Hence the modular group is a Fuschian group.

Definition 3.2.13. Let T be a discrete subgroup of the modular group and
HY% = H U {cusp points of T}. If the Hausdorff topological space T\H% is
compact, then Y is a Fuschian group (of the first kind).

Definition 3.2.14.An automorphic form f on H of weight k (k € Z.) for the
Fuschian group T is a meromorphic function on H, meromorphic at the cusps
of Y such that
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ar +b

T = (er + M ()

I

for all matrices (i b erT.

d
Some of the most important examples of modular forms are theta functions
of unimodular positive definite lattices. We state some of their properties.

Definition 3.2.15. The theta function of a positive definite lattice K is the
function on the upper half plane H defined by

Ok (1) = Z qzz/Q

zeEK
for T € H, where ¢ = €277,

Theorem 3.2.16. Let K be a unimodular positive definite even integral lattice
of rank n. Then Ok is a modular form of weight n/2 and level 1 but it is not a
cusp form.
Proof.

HK(T + 1) = 9[((7')

holds since the lattice K is even. We show that
Ox(—1/7) = (—iT)%GK(T).

For a fixed value of 7, set g(z) = e™*° 7. By Lemma D.13, its Fourier transform
is: o,
(—iT)_l/Qe%.

So the Poisson summation formula (see Corollary D.8) for x = 0 gives

9[{(7’) _ Z e‘n'i)\QT
AEK*
— —imA2
= (~inT Y e r
AEK

= (i F ()

Since the Lattice K is unimodular, n is divisible by 8 (see Lemma 3.1.5). Hence

(—it) 2 =772,

To show that tzhe function O is holomorphic on H, we need to show that
the series > ., ¢” /2 converges uniformly on H (see Lemma C.2.5). Let 7 € D,
where D is the fundamental domain of the modular group. Since Z(7) > 0 and
|R(7)| <1/2 and

7| =R+ T(r)? 2 1,
it follows that Z(7) > v/3/2. Hence,

|qm2/2’ _ e—rrI(‘r)x2 < B_W\/EIZ/2.



3.2 Ordinary Modular Functions 101

The series

Z e—wx/gacz/Z

reK
converges by the ratio test in the case when K has rank 21 The rank n case is an
immediate consequence. Therefore the series >, , ¢® /? converges uniformly
in D. Hence the function 8 is analytic on D. By Lemma 3.2.9, for any 7 € H,

there exists A = (z Z) € SLy(Z) such that A7 € D. Thus 0k is analytic on

H since Ox (A7) = (c7 4+ d) 20 (7). Since the convergence is uniform,

lim HK(T):Z im  ¢" /2.

I(1)—o0

The lattice K being positive-definite,

5 .
li x/gz{o lfl‘#o,.
oo T 1 ifzx=

I(r)—o0

As a result,
lim 9[{ (’7’) =1.
I(T)—o0

In particular, the function fx is holomorphic at infinity. The function 6 is not
a cusp form since limz (- O (7) # 0. L]

We finish this section with the definition of Jacobi forms as their generaliza-
tions to higher dimensions will be needed to calculate the Fourier coefficients of
the automorphic forms we construct in section 5.3. For details, see [EicZ] and
[Borc9, §3].

3.2.17. A Jacobi form of weight k and index m (k,m € Z, ) for the modular
group SLs(Z) is a holomorphic function ¢ : C x H — C satisfying
(i)
z at+b

Y — (et e (g,

9 ct+d

for all (Z Z) € SLy(Z);

(i1)
dz+ AT+ p,7)=e "(2A/2+ T)\2/2)q5(z, 7),

forall \,p € Z;
(iii) ¢(z,7) has a Fourier expansion of the form

§ C(l, n)627m7'l627mzn
I,neQ

with c(l,n) = 0 for I < n?/4m. If ¢(l,n) = 0 for | = n?/4m, then ¢ is

said to be a cusp form.
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Exercises 3.2

1. (i) Show that the modular group acts continuously on the quotient space
SLy(Z)\H* and that this space is isomorphic to D U {oco}.
(ii) Deduce that the space SLo(Z)\H* is compact and define a natural com-
plex structure on it.

(iii) Show that the space SLy(Z)\'H* has genus 0 and thus that it is isomorphic
to the compact Riemann sphere C U co.

2. Check that the definition of parabolic elements of SLy(Z) given in Definition
3.2.4 coincides with the usual definition of a parabolic matrix (namely of a
matrix with precisely one eigenvalue).

3. Show that for any rational p € Q, there is a parabolic element A € SLy(Z)
such that A(co) = p. Deduce that the set Q U {oo} is the set of cusps of the
modular group.

3.3 Vector Valued Modular Functions

The root lattices of the most interesting and important known examples of BKM
algebras that are not Kac-Moody Lie algebras are not only even Lorentzian but
also unimodular. Their study does not require the theory of vector valued modu-
lar functions. However there are examples of BKM algebras with non unimodular
Lorentzian lattices. So to have a complete classification of the BKM algebras
to which one can associate a modular function, we need to generalize modular
functions with values in C to vector valued modular forms. This is why we give
an exposition of some of their properties that we will need in chapter 5. All
the definitions and proofs can be simplified in the unimodular case. For a more
general detailed study of section 2.3 and 2.4, see [Borc9,11] and [Bar].

In the previous section we considered theta functions for positive definite
lattices. In order to motivate the definition of modular functions with values in
a vector space, we consider a typical example which will play a fundamental role
subsequently, namely the theta function of an arbitrary non-degenerate lattice,
not necessarily positive definite nor necessarily unimodular. Let us fix some
notation first.

Set M to be an even non-degenerate lattice with bilinear form (.,.) and sig-
nature (b",57) and G(M) to be the Grassmannian of maximal positive definite
subspaces of the real vector space M ®z R. For vt € G(M), set v~ to be its
orthogonal complement. So v (resp. v™) is a maximal positive (resp. negative)
definite subspace. We will use the simplified notation

e = exp(2mi).

A theta function on M can be defined as a function with values in the group ring
C[M*/M]. The quotient M* /M being a finite abelian group (see Lemma 3.1.2),
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this is a finite dimensional vector space. For v € M*/M, set e, € C[M*/M] to
be the corresponding element. As ~ runs through M*/M, we get a basis (e),
such that for v, p € [M*/M], eye, = ey4,. There is an inner product on the
space C[M*/M] defined by

_f1 ify+6=0
(e, €5) = {O otherwise.
The complex conjugate of the basis vector e is defined to be e_,.
Definition 3.3.1. Fort e H, o, € M @R, vt € G(M), v € M*/M, set

Orr (T, BivT) = > exp(@mi(r(A+ B)2: /247(A + B)2- /2—(A+5/2,))).
AEM +~

The generalized theta function for the lattice M is the C[M* /M]-valued function
defined as follows:

@M(T7O[7ﬁ;’l)+) = Z 9M+7(T7Oé,ﬁ;’l)+)ev.

yEM* /M
When a = 8 =0, this is the Siegel theta function © p(T;vT) of the lattice M.

The generalized theta function is a generalization of the classical theta func-
tion defined on {(7,0,8) : « € M @ R,7,06 € C,Z(1) > 0} (see [Kacl4,
Chapter 13]).

We study how the modular group acts on the theta function. For

A= (CCL Z) € SLy(Z), consider the expression

(e + d)7b+/2(c?—|— d)~" 20y (AT, ac + b3, ca + dB; v).

The rational numbers b /2 and b~ /2 need not be integers. As there are two
possibilities for the square root of ¢r + d and ¢7 + d, the above expression for a
given matrix A is not in general uniquely defined. So we need to consider the
double cover (see Definition B.3.1) of SLy(R). The next result is an immediate
consequence of Theorems B.3.7 and B.3.8.

Corollary /Definition 3.3.2. The group SLa(R) has a unique double cover,
called the metaplectic group and written Mpa(R). Its elements are

(¢ h)n.

where f is a holomorphic function on the wupper half plane such that
f2(r) =cr +d for all T € H. The group law is given by

(A, f(m))(B,g(1)) = (AB, f(B(7))g(7))
for (A, f), (B,g) in Mpa(R).
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Since the group SLs(Z) is generated by the matrices (é 1 ) and ((1) _01 ) ,

one can deduce the generators of its double cover. For reasons of simplicity we
keep the same notation for the generators of Mps(Z) and their images in S Lo (Z).
Which group they are elements of will be clear from the context.

Lemma 3.3.3.

Mpy(R) = (T, S : 5% = (ST)3, S8 =1),

where
(11 (0 -1
Proof.
s (-1 0 .
s %)
and so
4_ (1 0} 8 _
S _(<O 1), 1) and S°=1.
0 -1
ST:(<1 1),\/T+1).
So

(ST)2:(<11 01>,ﬁ) and (ST)3:(<01 _01),1').

U

We can now not only show how the theta function transforms under the
action of the modular group, but also describe an action of the metaplectic
group on the group ring.

b

Theorem 3.3.4. For (A, f) € Mp2(Z), where A = (i d

) € SLy(Z), set

par (A, )0 (r, . B;v") = (er + )™ P (er )™ /2
xOn (AT, ac + b3, ca + dB;vT).
Then, par is a representation of the group Mpa(Z) on the vector space C[M* /M
given by:
pu(T)(ey) = e((7,7)/2)e,

b~ —bT
PM(S)(e'y):L > e(=(v,9))es

M /M| senr
V€ M*/M. In particular, pr((S2,i))e, =i e,

Proof. The definition of pj; implies that it is a group homomorphism and that
the identity element acts trivially. Hence pjs is a representation of the group
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Mpo(Z). We now find the action of par(T) and pps(S) on the basis vectors e,
v € M*/M. Rewriting the definition of pps((4, f)) for any (A, f) € Mps(Z) in
terms of the coordinates of the theta function, we get

Z 0M+’Y(T7057ﬁ;v+)pM((Aa f))e'}’

yEM* /M

= Z Orr4~ (AT, ace + b3, ca + dB; v e, (1)
yEM* /M

We first consider the element T € Mpy(Z). For fixed v € M*/M,

9M+’Y(T+17a+5vﬁ;v+)
= D e((TH DAL 2+ T+ DA+ 0)5- /2= (A +5/2,a+ )

ANEM 4y
= Y et +B)2 /24 A2 /2+ B2 /24 (Aot But) (2)
NEM 47y
TN+ B2 /24X 2482 /24 (A=, Bo-) — (A + B/2,2 4 B))
=e((1,7)/2) D> et +B)i/2+TA+B)2-/2— (A +5/2,a))
ANEM 4y
= e((7,7)/2)0r4~(7, 0, B507T)

since the spaces v and v~ being orthogonal complements,

()"u*a/Bv*) + (>‘v+7ﬂv+) - ()‘76)

and
A J24 020 /2 =722,

and since the lattice M being even, (3/2,03) € Z.
Substituting the expression for Oy (7 + 1, + 3, 5;v") given by equality
(2) into equality (1) applied to T, we can deduce that

Z 01v[+'y(7_aaaﬂ;v+)pM(T)e’y = Z e((777)/2)01\/1+’y(’raO‘7ﬂ;v+)e’Y‘

veM=/M veM=/M
(3)

Since the vectors e, are linearly independent and (3) holds for all 7 € H and
all vectors a, 3 € M ®z R, substituting the defining expression for the theta
function in both sides of (3) gives the desired answer for pps(T).

We next compute the action of the element S on the basis vectors. For fixed
v € M*/M, by definition of the theta function,

9M+’Y(_1/Ta _ﬁ7 Qg U+)
=Y e+ a+7)i/2+ (/T (A +a+7)i-/2
reM

—(A+7+a/2,-5)).
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As the coordinate variables of the vector A,+ and A,- are complementary ones,
applying Lemmas D.13 and D.14, we can deduce that the Fourier transform of
a summand in the previous sum is:

/) (=i )T PN+ B)os /24 TN+ B)u- /2= (A + B/2,0) — (A, 7))
Hence using the Poisson summation formula given in Corollary D.8, we get

0M+’y(71/7_a 7670‘;U+)

S \

\ﬁb —bt b
VT TA+ 82 /2+7(\+ 8
o AZM /2+7(A+ B)2 /2

—(A+a/2,8) = (A7)

b~ —bt b= pt

YL TP S ST e(r(A+ B2 2+ TN+ B2 /2

|M*/M|  sehr/am reM+o

(A +0a/2,8) = (A7) (4)

ﬂb77b+7%?7
=—— e(—(4,7))
\/ | M /M| 66]\;/M

< 3 e(r(A+ B2 2+ T(A+ B2 /2 — (A + /2, 0)).

S

This last equality follows from the fact that for A\ € M 445, (A,v) = (A=6,v)+(4,7)
and since (A — 8,7) € Z as A —§ € M, we have e(\ — d,7) = 1. By definition,
the right hand side of equality (4) is equal to 85(7, o, 3;v™), which for the same
reasons as for 7' shows that pps(S) is as expected.

It only remains to check that pys(S?) is as given.

b bt
pu(S)’e, = T3+ /M] > e(=(1.0)e(—(6,1))en
So,ueM* /M
Fa
We—w > el—=(y+10))enty
S,wEM* /M
o bt

= W6_7 Z ( Z e(—pu,0))e,

pEM*/M SeM*/M

L]

When the lattice M is unimodular, p,; is just the trivial representation on

the one dimensional space C. We now have an idea how to generalize ordinary
modular functions to vector valued ones.

Definition 3.3.5. Let p be a representation of the group Mps(R), V the cor-
responding representation space, and mT,m~ € %Z. A wector valued modular
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form of weight (m™*,m™) and type p is a real analytic function F on the upper
half plane H with values in V such that

B

ar +b
ct+d

)=Cer e v (8 ) Ee)

anere (¢ ). € Ml

Note that in this generalized version, a modular form is allowed to be mero-
morphic (see Definition 3.2.10) at the cusps.
According to this definition, by Lemma 3.2.8, the function

Ty

defined on the upper half plane is a modular form of weight (—1,—1) and type
p, where p is the trivial representation on the one dimensional space R.

Theorem 3.3.4 says that the Siegel theta function is a modular form of weight
(b%/2,b/2) and type ppr. Indeed, its definition shows that it is holomorphic
on H. As this example shows, in general, a modular form f does not have a
Laurent series at infinity (see Lemma 3.2.11) since the action of the element T
gives

Ot (7 +1) = e((7,7)/2)0214(7)

for v € M*/M and (v,7)/2 may not be an integer. However, rewriting the
theta function in a different form, we get

Orign(T) = Z e(A?/27) exp(ﬂ'y()\iJr - )\12,—))
AEM +~

Z Z c(m, k)gmy ",

meQ keZ

In the last line, we have replaced exp(wy()\er — /\i_ )) by its infinite series expan-
sion. Note that c¢(m, k) = 0 for k > 0 and that m = A?/2 is a rational but not
necessarily an integer when v # 0. This example motivates the next definition:

Definition 3.3.6. A modular form F of weight (m™,m™) is almost holomorphic
if at infinity, its components have Fourier expansions of type

D> elm k) y
meQ kEZ

where ¢(m, k) = 0 either for m << 0 or for k <0 or for k >> 0. It is said to
be holomorphic if m~ =0 and c(m, k) =0 for all k # 0 and m < 0.

We give a partial justification for this definition. The modular forms we will
encounter will be almost holomorphic (except in section 5.4).

Lemma 3.3.7. If F is a modular form of type ppr then at infinity, its component
F,, v € M*/M has Fourier expansion of type

2
Z Cmy (y)g™ 2,

meZ
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where the coefficients cm (y) are functions of y. If F' is meromorphic at the
cusps, then these coefficients are constants and ¢y, (y) =0 for m << 0.

Proof. Let
F(r) = Z frey-
yEM* /M
Since for any v € M*/M f,(r + 1) = e((7,7)/2))fy(r), setting
9+(7) = e(=(7,7)/2)), we get

9y(T+1) = g,(7).

Since as a function of z, f, is bounded but not necessarily as a function of y,
9y (T) = 37 dn o (y)e*™ ™ where the coefficients d, (y) are functions of y. Set
Cnqy(y) = dnHe*™. If f., is meromorphic at oo, then so is g. So in this case
the coefficients ¢,, are constants as the Fourier series is the Laurent series at
q = 0. Hence,

£ =Y enn@)a™ 2,

neZ
proving the result. L]

In particular, Lemma 3.3.7 shows that the sum over m in definition 3.3.6
cannot in general be over Z but has to be over Q unless the lattice M is uni-
modular. This is the case even when the modular form F is holomorphic on H
and meromorphic at ico.

If FF and G are two modular functions of type pjs, then we will take the
product of F' and G to be the inner product of F and G.

F(r)G(r) = (F(7),G(7)),
where (.,.) is the inner product on C[M*/M] defined earlier in this section.

From now on, we restrict ourselves to the case of an even non-degenerate
lattice M of the following type:

M=L&®L", (1)

where L is a sublattice of rank (b* —1,b~ —1) and the orthogonal complement of
L in M, L+ is isomorphic to I1; 1. Indeed, the most interesting BKM algebras
have a root lattice of this type (see Examples 2.3.11.1 and 2.6.40). The lattice
M being non-degenerate, so is L. Since the lattice 11 ; is self-dual, it follows
from (I) that

M*=L"®L*+ (IT)
and so

M*/M = L*/L. (1.

Set z € Lt to be a primitive vector of norm 0 and 2’ € L to be the vector
satisfying (z,2z’) = 1. Note that

/2
z

=0.
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We want to find an expression for the Siegel theta function of M in terms of
the Siegel theta function of the lattice L. For vt € G(M), set z,+ to be the
components of z in v¥, i.e.

Z=Zy+ + 2y-,

and wT to be the orthogonal complement of the vector z,+ in v™.

Lemma 3.3.8. The subspace w1+ (resp. w1~ ) is a mazimal positive (negative)
definite subspace of ((L ®z R) ® Rz)/Rz.

Proof. By definition of the subspace w1 T, (w;T,2) = 0 since z = z,+ + 2,-.

Hence the result follows by maximality of v*.

Set wt € L ® R to be the subspace of vectors A € L ®z R such that
A+ az € wiT for some a € R. By Lemma 3.3.8, wt (resp. w™) is a maximal
positive (negative) definite subspace of L ®z R. For A € M* @R, let A\, € w*

be the orthogonal projection of A,+ in w¥.

Lemma 3.3.9. Forall A\ € M ®R,

A
Apt = Ayt + (’Qﬁzvi (mod R2)
and \ )
N2 =2, g Bz
2y
Proof.

Apt = /\wli + azy+
by definition of the subspaces wf Hence
(A, 22 ) = a2y

since

()\wli72’vi) = 0. (1)

Moreover, by orthogonality of the vector space v and v=, (A=, 2yt ) = (A, zpx).
Since by definition of the subspaces w*, /\il2 = /\1%2, the second equality then
follows from (1). L]

The Siegel theta function © (7, v™") is expressed in terms of vectors in M.
The first step is to find an expression for it in terms of vectors modulo z. This
in turn leads to the expression we want in terms of vectors in the lattice L. Set

J=LaZ.

We have to be careful since the bilinear form is degenerate on J.

By definition of Siegel theta functions, we need to characterize maximal
positive and negative definite sublattices of L in terms of those of M. So we
start by doing this.
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Lemma 3.3.10. For 7 € H, v* € G(M) e M*/M,
Orrn(TovT) = (2y220)= Z Z (TA2, /2472 _ )2
XeJ+y neZ

(/\,,2)7'—|—n|2

777’()‘7 (Zv+ - ZU*)/QZQQ;"') - ’ )

diyz2,
Proof. For 7 € H, vt € G(M), v € M*/M, applying the definition of the
Seigel theta function, we get
Orrsn(1,07) Z Z T\ +n2)2 /2 +F(A +nz)?_/2).
AEJ+v n€Z

Set
g(A,n)=e(t(A+ nz)i+ /24+T(A+ nz)i,/2)

for A € (M/z) 4+, n € Z. By the Poisson summation formula (Corollary D.8),
Orrsn (1,07 Z Z (\,n) (1)
A€EJ+yn€eZ

where §(\, n) is the Fourier transform of g(A, n) with respect to the variable n.
Rewriting g(\,n) makes the calculation of §(A,n) easier: since A = A\,— + A+
and 0 = zg, + z3+,

g\ n) =e((T —7)22n? /2 + (T(A\, 2+ ) + T\, 2,-))n/2 + 72 /2 + TA2_ /2).

Applying lemmas D.13 and D.14, we get

a\n) = (2yz3+)771e(—2(7__nﬁ —n(T(\ 2yt ) + m
st a4 jp - TR TG )] @)
T—T =2y (3)

Let us compute the right hand side of equality (2).

(TN, 2t ) + T (A, 24— ))? _ T2\, 2p+ )2+ T2(N, 2p- )2 + 2}T|2()\, Zo+ ) (A, 24-)
2(1 —7T)z22, 2(T —7T)z22,

From Lemma 3.3.9 we get

TAZ, /24 FN2 )2 = 7A2, /2 + AL 24

=7A2, 2+7N2 /24 -

7_(7_ - ?)(>H Zv+)2 - ?(T _ ?)()‘7 Zy— )2 )

=X, /2472 _/2
Thur (24 A 2 2r -7,
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Hence
= 2 A 2ot ) +T(A, 2-))
P = (2 2\t _ n _ ﬂ(T( ) “v ) “U
O = Guzr) = elogr 2y, CEEE
. A2, . T )+ Mz ) 2(A,ZU+)(A,ZU7)))
2 2 2(r —7)22,
1 T2 TA2 _
= (2yz0) T e + S
n? +2n(r(\, 2p+) + T\, 2,-)) + |T’2()\, z)g)
2(r —7T)22, '
The result then follows from equalities (3) and (1). Ll

Lemma 3.3.10 now allows us to write the Siegel theta function of the lattice
M in terms of a generalized theta function of the lattice L.

Theorem 3.3.11. Let p = —2' + (z”zgi’z/)zw + (z’gi’z,)zvﬂ Then p € L @z R
ot -
and for allT € H, vT € G(M), v € M*/M,

|CT+d|2

—1
Orrin (T507) = (2y22) Z e(—ﬁ)ﬁpﬂ,(ﬂ dp, —cp;w™).
Yzl

c,d€Z

Proof. To show that u € L ®z R, it suffices to check that the vector u is
orthogonal to both the vectors z and 2z’

(p’a Z) = -1+ ((vara Z)(vavzl)/zg‘* + (vavz)( Ryt & )/Z -
= 1+ (zo+, 20+ ) (20-, 2) 200 + (205 20- ) (204, 2') / 25 -
= -1+ (2,2
=0

and
(:uv Z/) = ((ZervZ/)(Zv*vZ/)(l/Z?;Jr + 1/Z12r) =0
since z?}+ + 212}_ =22=0.
For any A € J + v, there is a unique vector Ay, € L +~ and a unique integer
ceZ,
A=A +cZ. (1)

From Lemma 3.3.10, we therefore get

DRETSECRCS Sl SR . (2)

4zyz
c,d€Z Ay €L+~
xe(T(A\p +c2')2 . /2 4+F(A\p +¢2')2 - /2 —d(Ap + 2/, (24 — 2,-)/2221)).
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(Z,2)=1.
On the other hand (remember that L*/L = M*/M by (II")),

9L+'y(7—7 dM? —CL; ’lU+)

= S el — e 2+ T — e /2~ O — en/2,d). (3)
AL €L+

Since —pu + 2’ is a linear combination of the vectors z,+, by definition of wli,
(AL —cp),e = (Ap + cz’)wli.

Hence, by Lemma 3.3.8 (ii),

(AL = cp)ye = (AL +c2')is.

Since (Ar,2') =0= (AL, 2) and z,- = 2z — 2+,
ALy 1) = (Aps (2o — 20-)/2204). (4)

We have already shown that (p,2’) = 0. Hence, as (2/,z2') = 0 and
(ZUJHZU*) =0, Z12,+ + 212,7 =z22= 0,

(Zv‘ ’ ZI) (ZU+ ) ZI) (zv— ) z/) (ZU"' ) Z/)
(1 1) = ( o - pe o+ 222
) Z12}+ v Z/lz}_ v ) Z/12)+ v Z’LQ) v
(20-,2)% | (2+,2)?

- Z2, Z2_
_ (2-,2)% = (¢, 204 )?
= 7
(2o — 2o+, 2) (2 2+ + 24-)

Zu+
_ (Zv* - ZU+7Z/)

- 2
2ot

This together with (2), (3) and (4) prove the Theorem. L]
Exercises 3.3

1. Suppose that M is an arbitrary lattice with signature (b™,07) (i.e. not
necessarily satisfying condition (I)) containing a primitive vector z of norm 0.
Let N € N to be minimal such that (2, \) = N for some A € M. Set 2/ € M*
to be a vector satisfying (z,2') = 1 and write L = (M N z%)/2. Let w* be the
orthogonal complement of z,+ in v, Set p = —2' + z,+ /222, + z,- /222_.

(i) Show that |[M*/M|= N?|L*/L|.

(ii) Check that u € L ®z R.
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(iii) Show that for all 7 € H, vt € G(M), v € M*/M,

Origr(T50T,p) =

2
_ + d 1! d
(2y23+) 7 E e (‘ }CT 2 ‘ —(v,2")d+ (&, 7)e )
_ dayz2, 2
c:('y,z)deémod N) v

X9L+('yfcz’) (Ta /-Ld, —CH; ’LU+),

where L+ (v —cz’) is the coset of L in L* given by L* N (M + (v —cz2'))/Zz.
For a solution, see [Borc11, Theorem 5.2].
2. We suppose that the assumptions of Exercise 1 hold. Let

Fy = Z = frmr4vey
yeEM* /M
be a modular form of type pa and weight (—b7/2,—b%/2) and
Fr = ZveL*/L = fye,, where

fraB) = > e(—(5,az) —aB(?,2)/2) farsrspe (T)
SseM* /M
5| L=~

and J|L is the restriction of the homomorphism 6 : M — Z to L.
(i) Show that {6 € M* :6|L =0} = {mz/N :m € Z}.
(ii) Let v+ € L*/L and 6 € M*/M such that §|L = ~. Deduce that
(62 —4?)/2 € Z and A € M*/M such that §|L = «~ if and only if
A=0d+mz/N for some m € Z/NZ.

(iii) Show that for all ((‘CL Z) Vet +d) € My, (Z),

b
Fr, (Z:Id,anrbﬂ,caerﬁ)

= (et +d)™" (T + d)_b+/2pL((a b)cdVer +d)Fr(r,a,B).
For a solution, see [Borc11, Theorem 5.3].

3.4 The Singular Theta Correspondence

In this section we explain a generalized version of the theory of theta correspon-
dence for lattices that are not necessarily positive definite. In other words, we
define a correspondence between modular forms of weight (b+;b_ ,0) and type
pu and a class of meromorphic functions on the Grassmannian G(M), which
has the structure of a Hermitian symmetric space (see Definition B.2.22 and
Lemma 3.5.1). In this generalization, the functions obtained from the modular
forms have singularities. The method explained here is a variant of the Rankin-
Selberg one (frequently used in the theory of modular forms) and was given by
Borcherds in [Borcll]. It is based on the work of Harvey and Moore [HarvM,
Appendix A].




114 3 Singular Theta Transforms of Vector Valued Modular Forms

Let F' be an almost holomorphic modular function on the upper half plane
(i.e. holomorphic on H and meromorphic at the cusps) of weight (b+§b7 ,0) and
of type pas. Then,

Y h(m)e
yEM* /M

for some complex valued functions f, on H. By Lemma 3.3.7, for each
v e M*/M,
Iy = Z cy(m)q”,
meQ
where ¢, (m) € R for all y € M*/M and c¢,(m) = 0 for sufficiently small values
of m. Set

Fu(r) =y P (7).
Then, Lemma 3.2.8 implies that F}; is a vector valued modular function on H
of weight (—b~ /2, —b" /2) and type pps which is also almost holomorphic.

Z frq(7)ey,
yeEM* /M

for some complex valued functions fas1~ on H. Comparing with the coordinates
of F, we get

n
fry (1) = fv(T)yb /2
m +
— Z cy(m)q Lyb /2
meZ
= Z c’y,m(y)e(mx)v
meQ
where N
Cym(y) = ey (m)y" /? exp(—27y).
We can easily deduce the following relation between the components of the
modular function F'. We will not need it in this chapter but in chapter 5.
Lemma 3.4.1. For any v € M*/M, m € Q, ¢y(m) = c_,(m).

Proof. Apply the element (S2%,i) € Mpy(Z) to the modular form F of weight
(b —b7)/2. We get

Jorlr) = (F1)ETRE ()
= (—1i™" " i ()
= (=1)%f,(7)
= f4(7).
The result then follows. L]

For a reminder about (Lebesgue) integrals on the upper half plane, see Def-
inition C.1.9 and Corollary C.1.12.

Definition 3.4.2. The theta transform of the function F is the following inte-
gral:
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// (1)On (1,0 )d:ccly/y2
SLQ(Z)\H

For a definition of the product Fj;0,/, see §3.3 (paragraph following Corol-
lary 3.3.7). From the definition we see that, the modular function F' being fixed,
@, is a function on the Grassmannian G(M). Foremost, we need to make sure
that this integral makes sense. First we show that it is independent of the choice
of a fundamental domain (see Definition 3.2.7) of I' = SLy(Z). Then, we study
its convergence.

Lemma 3.4.3. The differential Fy (1) (7,v") dady/y? is invariant under
the action of SLa(R).

a b

Proof. Let A = (c d) and (A, f) € Mpa(Z). Then,

Fr(AT) = (em +d) ™" (7 + d) ™" 2 par (A, ) Faa(7)
and applying Theorem 3.3.4,
O (AT vT) = (e7 + d)bi/Q(c? + d)b+/2pM((A, ))On(r;v™).
From Lemma B.2.25 we can deduce that

(A, f)* (dady/y?) = dady/y>.

Hence,

(A7)0 (AT30™) = par((A, £)) Far(T)par (A, f)) O (m507T).

So to finish the proof, by Lemma 3.3.3, it suffices to show that the right hand
side of this equality is invariant when A =T and A = S. Note that

O (r;vh) = Z Orryr€—rye
yEM* /M

Suppose first that A = T. Then,

m((T, f))Far(7)Opr(7507)
= > (MO (0 )e((1,7)/2)e(=(1,7)/2)
yeEM* /M
Z Srry (T) 0014 (1507)
~yEM* /M
= Fu (1) (15 0T).

Suppose now thatA = S. Then,
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w18, 1) Far (7)oar (S, 7O 73 %)
S hueme(—nd)es S Gar()e(v.0)e-

|M*/M| y,6eM* /M y,6€ M* /M
1 _
= a2 MM farn (7 )
YEM*/M

= Fy(7)0p(7507).
L]

Corollary 3.4.4. The Theta transform of the modular function F is indepen-
dent of the choice of the fundamental domain of the modular group.

Both the modular function Fj; and the Seigel theta function are holomorphic
and hence continuous on the upper half plane and are possibly monomorphic
only at cusp points. Hence, if we exclude from the closure of the fundamental
domain D a neighbourhood of ico, the latter being the only cusp point in D,
then the resulting integral is convergent. So we only need to study what happens
near 100, or equivalently as y — oco. Set

Dy={reD:Im(r) <l}.
Lemma 3.4.5.The integral

Gur(lsi0+ // Fag ()8 (73 0™ )y~ dadly /3.
D,

exists for alll >0, s € C and v™ € G(M).

Proof. Both the functions F; and ©,; are analytic on H. Henge, the existence
follows from the fact that D; is a compact closed subset of D on which the
integrand is analytic. L]

Definition 3.4.6. Let f be a function on the upper half plane. If the limit

= lim f(r)y~* dady/y?

l—o0 D,

exists for s € C such that R(s) >> 0 and can be continued to a meromorphic

function on C, then
// y~* dady/y?
SLz(Z)\H

is defined to be the constant term of the Laurent expansion of the function g(s)
at s =0.

We next show that for any v € G(M), the limit function of s

Gu(s;vT) = lim Gy(l,s30™T)

l—o0
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exists and that, in particular, it satisfies the conditions of Definition 3.4.6. We
know what a singularity of a complex function (see Definition C.2.1) or more
generally of a function on a Hermitian symmetric space is. We need a further
definition in order to deal with the problems that arise from singular points.

Definition 3.4.7. Let f be a function on a Hermitian symmetric space V.
A point v € V is a singularity point of type g for the function f, where g is
a function on V if the function f — g can be defined on a subset of V of co-
dimension 1 in such a way that it is analytic at the point v.

We next study the singularities of a real function given by an improper
integral which we will encounter frequently.

Lemma 3.4.8. Fors€ C,re R, r >0, set

(oo}
flr)= / e "y T dy.
1
The function f has a singularity at r = 0 of type

{ ()" log(r)/(~s)! if s € 2

r—°T'(s), otherwise
where T is the Gamma function (see §C.4 (i)). In particular, the function f has
no singularities at v > 0 when R(s) > 0.

Proof. To study the singularity at r = 0, we consider three cases.
Case 1: R(s) > 0.
The integral

1
/ exp(—ry)y*'dy
0

exists at all # > 0. This follows by replacing exp(—ry) by it Taylor series and
integrating termwise since

- (_T)n ' n+s—1 — (_T)n
I A A O e

n=0 n=0

and the latter series converges absolutely when R(s) > 0.
Hence the singularity of f at any point r > 0 is of type

o0 o0
/ exp(—ry)ys’ldy=r’5/ e Yy ldy

0 0
=r°T'(s)

by Definition C.4.1.
Case 2: s =0.
Integrating by parts, we get

f(r)= /100 exp(—ry)y 'dy =r /100 exp(—ry)log(y)dy.
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As above, the singularity of f(r) at » =0 is of type

exp(—y) log(y/r)dy

r /0 exp(—ry) log(y)dy = /0 (
= / exp(—y) log(y)dy — / exp(—y) log(r)dy.
0 0

Since

/OO exp(—y) log(y)dy < /oo exp(—y)ydy =T'(2) = 2,
0 0

the integral fooo exp(—y) log(y)dy exists. As it is independent of r, f(r) has a
singularity of type

—log(r) /000 exp(—y)dy = —log(r)

at r =0.
Case 3: s < 0.
Integrating by parts, we get

f(r)= Iy 2/1 exp(—ry)y*dy.

As s # 0, the function f has a singularity of type r floo exp(—ry)y°dy at r = 0.
Hence continuing m times where m is the smallest positive integer such that
s+ m > 0 and applying the second case when s is an integer and the first one
otherwise, the result follows. L]

We continue with two technical calculations. We state them as separate
Lemmas as they will be used in several subsequent proofs.

Lemma 3.4.9.
ah A2/2) if m = A2/2
E cv(m)/ exp(2miz(m — \?/2))dx = {ZmEZ ey (A%/2) if m = /
—eQ ~1/2 0 otherwise.

Proof. As the modular forms 0/~ and f, have weight (b~,b%) and (=b~, —b™)
respectively, f0nr4~ is a scalar of weight 0. In other words, it is invariant under
the action of SLy(Z). Hence,

1/2 N
/ / (Bar (5 0+ )y 12 dady /7
>1

1/2

1/2
/ / (7 DOy (7 + L0 )y /2 dady /3.
>1J-1/2
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This implies that

w;g ¢y (m) L 11/; exp(2miz(m — A2/2))dx
12 | 2
:sz;Q cy(m) /1/2 exp(2mi(z + 1)(m — A*/2))dx
:% ¢y (m) exp(2mi(m — A2/2)) /_ 11//22 exp(2riz(m — X?/2))da
The result follows, 0

Lemma 3.4.10.
(i) As a function of s,

/ / F(1)®(r; vty /275 dady/y?
D,

is analytic on C.

(i)
/ / O(r; v )y /275 dady y?
>1 |<1/2

= > Ck(/\2/2)/ exp(—2myA2, )y~ 2y,
1

AeM=
(iii) As a function of s, Z;\EM;O floo exp(—?ﬁy)\z+)y—2+b+/2—sdy is analytic
'U+
on C.

Proof. Since the region
Di={yeD:y<1}={12<y<1 e[ <1/2,2% +¢* > 1}

is closed and compact and the functions F' and © are holomorphic on the upper
half plane H, part (i) follows.
We next prove (ii).

lim/ / O(r;v )yb+/2_s dady/y?
=00 J1<y<i ‘<1/2

- / / Fy (PYBaran (730 ) 1275 didy fy?
y>1 |<1/2

yeM* /M

since the group M*/M being finite, the summation and integration order can
be interchanged. By definition,

Orr1q(T507) = Z e(TAL+ /2 + TS /2)
AEM 4y
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and

fy(1) = Z cy(m)e(mr).

meQ

Both these series are absolutely convergent on H since both the functions are
holomorphic on the upper half plane. In (1), we replace 6574~ and f, with their
respective series. Before doing this, note that

2mi(mr —TA2, /24 7A2_ /2 = 2miz(m — N2 /2) + 2my(—m — N2, /24 22_ /2) (2)

since A2 = A3+ + )\3,. The above two series being absolutely convergent, so is
their product

Z Z cy(m) exp(—2myA2.) exp(2miz(A\?/2 + m)).
AEM+vymeQ

Therefore for any [ > 0,

| > Y e0m
1<y<i J—1/2<2<1/2

AEM+vmeQ
x exp(—2myA2, ) exp(2miz(\?/2 + m))yb+/2_s_2da:dy

= Y D em /eXP(—QWyA%)y“/Q‘S‘Qdy)

AEM+ymeQ
X / exp(2miz(A\?/2 +m))dx
1/2<e<1/2

as the integrals being definite ones, we can integrate termwise and the series
remains convergent. Hence by Lemma 3.4.9, we can deduce that the right hand
side of (1) is equal to

l
ST ex(3?/2) lim [ exp(—2myA2, )y 25y
AEM* =00 Jq

= > CAO‘2/2)/ exp(—2myA2, )y~ 2y,
1

AEM*

Once again in the above expression absolute convergence allows the limit to be
taken termwise. (ii) now follows.
Finally suppose that A,+ # 0. Fory > 1, exp(—27ry)\3+) is a decreasing function

of y and when R(s) > b7/2 — 2, y=2HbT/2=5 g0 is b /2=5-2, Hence,

00
Gl(S) — / 6727T)\3+ yyb+/2—s—2dy
1

o0 2
< / e 2T 4y
1

1 2
5 6—271'>\U+
2wz,
v
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The series

1
Z C)\()\2/2) 6—2‘11')\5+

ay? 271')\3+
X 4 #0
is absolutely convergent. It follows that the series
> (X /2)Gi(s)

xeM*
A 470

is absolutely and uniformly convergent when R(s) > b /2 — 2. Moreover,

S oo Syt /2—5—2 00
St / e v gy — _/ e IV log(y)y?" 275 Ny
ds 1 ds 1

and log(y) <y for all y > 1. Hence the above implies that

> en(A/2)Ga(s)
xeM*
A 470

is absolutely and uniformly convergent when R(s) > b /2 — 1. Therefore,

S a/2)Gi(s)

AEM*
A+ #0
is analytic for R(s) > b*/2—1, proving (iii) in this case. When R(s) < b /2—1,
(iii) follows from Lemma 3.4.8.
The next observation will ensure that various sums are finite and so not
problematic.

Lemma 3.4.11. For any m € Z,, there are only finitely many vectors A\ € M*
satisfying —m < A2 < 0.

Proof. Let Ay, -, A, be a basis for the lattice M and A}, ---, A} its dual basis
in M*. Since (A}, \;) = 1, for each 4, A} is a primitive vector of M*. Hence,
for any A € M*, A\ =3, a;\] with a; € Z. Also for each i, there is a positive
integer b; such that p; = l}—t)\i is a primitive vector of M*. Hence, \ = Zi Cilg
with ¢; € Z. Let m € Zy. A? = Y, a;c;/b;. Suppose that A> < 0. Then
—m < A2 <0 if and only if

—m S Zaici/bi S 0.

If this holds then, for each ¢, aicl-’ < bm, where b = maxz{by,---,b,}. Since
any discrete bounded set is finite, the result follows. ]
Corollary 3.4.12. For any vt € G(M), as a function of s, Gp(s,v") is

analytic for R(s) >> 0 and can be analytically continued to a meromorphic
function on C.
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Proof. By definition of the fundamental domain D (see Lemma 3.2.9),

-1 bt/2—s 2
Gu(s, lggo/<y<l /| |<1/2 O(r;vT)y drdy/y

22 4y2>1

By assumption, there are only finitely many coefficients ¢, (m) # 0 for m < 0.
Hence by Lemmas 3.4.10 (i), (ii) and 3.4.11, to prove that as a function of s,
G (s,vT) is analytic when R(s) > bT/2 — 1 it suffices to show that in this
region, the integral

Gl(s):/ exp(—27ry)\12}+)y_2+b+/2_sdy
1

converges when A, + = 0. In this case

e 1 + 1
— —24bT/2—5 b /2—s—1j00 _ 1
Gis) = [ =l T = g O

if R(s) > b*/2 — 1. Moreover, (1) and implies that if we set

1
Guls) = bt/2—s—1
for all s € C gives an analytic continuation (see §C.2) of G; to a meromorphic
function on C. Hence by Lemma 3.4.10 (ii) and (iii), G(s,v™) can also be
analytically continued to a meromorphic function on C. L]
As aresult, the theta transform ®/(v, F) of F on the Grassmannian G(M)
as defined in Definition 3.4.6 exists. Before computing the function G (s,v"),
we study the singularities of ® (v, F).

Theorem 3.4.13. In a neighbourhood of the point v € G(M), the point
vt € G(M) is a singular point of the theta transform ®y (v, F) of F of type

— 3 a2 (=2ma2) Y log(A2) /(1 - bt /2)!
)\EA/I*O'UO_
AF#0

if bt =0 or b = 2, and of type

ST ex(W/2)@mA2 ) T A0(-1 4+ 57 /2)
AEM*Nv
A#0

otherwise.

Proof. The result follows from Lemma 3.4.10 applied to s = 0 and from Lemma
3.4.9. The term in the sum given in Lemma 3.4.10 corresponding to A = 0 is
independent of v+ and so does not contribute to the singularity of ®,;(v™, F).
Note that b*%/2 — 1 < 0 if and only if b+ = 0 or b™ = 1. L]
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Note that by Lemma 3.4.11, the sums in Theorem 3.4.13 are finite since for
any v € M*/M, c¢,(m) # 0 when m < 0 is sufficiently small.

Now that we know the singularities of the function ®,; (v, F'), we can begin
computing it.

Theorem 3.4.14.Suppose that @,y is analytic at vt € G(M). For sufficiently
small values of zg+,

*) 51 Y25 S e ()

1 Gr(s;w
= ——Gp
V2|24 ‘Z”‘ NeL*n>0

X / eanz/2(y) exp(—mn?/2yz2, — my(A2, — A2 )y~ %/ 2dy.
y>0

G (s;v

Proof. Using Theorem 3.3.11, we rewrite the theta function of M + v in terms
of the generalized theta function of L 4+ ~. This gives

Gu(s —lhm// Z g (T 2yzv+) =
—00 Dl

yeM* /M

+d
x > el ervd 5 )014+(7, 0, —cp;w™ )y~ *dady/y”
¢,d€Z zyz +

The summand in the above sum corresponding to ¢ =d = 0 is

(2:2.)% iy / Pt (W™ 2B (riwt Yy~ dady /. (2)

yeEM* /M

We first show that this is equal to (2zg+)%lGL (s,w™).

Remember that L*/L = M*/M (see equality (I7) in §3.2). Similarly to the
definition of F); given at the start of §3.4 for the lattice M, for the lattice L,
F, is defined as follows:

Fr(r) = Z fr+~€y, where fri,= fM+,Y(T)y*1/2 (3)
yeEL*/L

Indeed, by Lemma 3.2.8, the right hand side of equality (3) is a modular form
of weight (—(b~ —1)/2,—(b* — 1)/2) and type pr. Moreover, this is equal to

bt —1
Z fy(T)y
~YEL*/L
Since the lattice L has signature (b* — 1,b~ — 1), we can deduce equality (3).

This takes care of the term corresponding to (¢, d) = (0,0).We next consider the

sum of the summands on the right hand side of (1) corresponding to (¢, d) # 0.
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It is equal to

er+d|?
(222,)7 hm//D Z Ffarg(T) Z exp <_7r|7-+2|>

eM= /M e dEZ (e d) 0 2y
X Op4r (7, pd, —cpywh )y~ 2dady /1y

~eyFm [ [y % exp< 'Z;f') (4)

L*/[ c¢d€EZ
Vel /L Gt

X fray (T)0 14 (7,0, —cps wh )y Sdady/y*.

Substituting ¢, d € Z with (¢, d) # (0,0) by (nc¢,nd) with ¢, d coprime and n € N

in (4), we get
hm//Dl Ty Z@{p(ﬁ‘m’-ﬁ-d‘)

cdeZ neN
yeL*/L Pt ne

(5)
X [y (T)0L4~ (7,0, —cp; wh)y > dady [y,

For (¢,d) = 1, there exist a,b € Z such that ad — bc = 1 and a1d — byc = 1 with
a1,b; € Z if and only if a; = a + mc and by = b + md for some m € Z. As a
result, (5) is equal to

(222,)= hm //Dl Z

eL*/L
! (a Z)eSLz(Z)/z

2
+d _

Z exp(—n27r’c;yz2’)FL(7')@L(T, 0, —ncp; wh )y~ *drdy/y?).

neN vt

Now, aa + b3 = np and ca + df = 0 implies that a = nud and 8 = 0. So, the
lattice L having signature (b™ — 1,6~ — 1),

— ar+b ) o
@L(CT+d,nu,0,w )= (cr—i—d) (c7’+d) @L(TO —nuc;w™)

by Theorem 3.3.4 and

at+b —b— -1, —t-1)
CT+d)—(CT+d) (et +d)

L( Fr(7).

We can then deduce that (6) is equivalent to

> ey [ [ % Zexp<2“T )

yeL*/L ! A€SLy(Z)/Z neN
x Fr(AT)O (AT, np, 0;w )y~ *dedy [y

(7)
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since the group L*/L being finite, the summation and integration order can be
exchanged. In order to evaluate G (s;v™) we need to integrate term by term in
the sum over SLy(Z)/Z. For this to be possible, the integral G(s,v™) needs to
be convergent. However by Corollary 3.4.12; this is only the case for R(s) >> 0.
So we need to justify this exchange some other way. Note that

|@L(AT, nu,O;w+)‘ = ’@L(AT;IU+)’ (8)

and
Fr(AT)OL(AT;w™) = Fr(1)Or(T;w™) (9)

for all matrices A € SLy(Z).
Claim: In equality (8), we can exchange the sum over SLy(Z)/Z with the
integral.

By Lemma 3.4.10 (i), since D; is a close compact region,

/ F(1)O(T; v+)yb+/275dxdy/y2
D,

- 2 T Ee ()

ACSLy(Z 1 neN
Fr(AT)OL (AT, np, 0w )y~ *dady/y®.

(/ / +/ >/ F(r)®(r; vt )y /2 drdy/y?
D, y>1 —1/2<x<1/2

- / F(1)0(r; vty 2~ dwdy
Dy

As

we only need to show that the double integration fyzl f—1/2§w§1/2 can be ex-
changed with the sum over SLy(Z)/Z. Let us consider

G1(87 U+a A)

:/ / Zexp( —mn? )
y>1J-1/2<2<1/2 [ ¢ 21(A7)212,+

|FL(AT)|[O1 (AT, s, 03w ™) [y~ dady
= . B |y o2
- /yzl %exp <QI(AT)z3+> [FL)[[Or(rswh)ly™* dy.

This equality follows from (8) and (9) and using the fact that the variable x only
appears in expressions of type exp(2mipz) with p € R having absolute value 1.

For any A € SLs(Z), by Lemma 3.2.8, if y = oo then A(y) =y or 0. More-
over, A(D) is a fundamental domain and each fundamental domain contains
precisely one cusp point and it is the only possible point of singularity of the



126 3 Singular Theta Transforms of Vector Valued Modular Forms

modular form F. Hence if A(ico) = ioco, then A(D) = D and A = + ((1) (1)>

modulo Z (see above for the action of Z on SLo(Z)). In this case,

D= Sow (5

and from Corollary 3.4.12, G (s,v™", A) is analytic for R(s) >> 0. Moreover for
any s € C, G(s,v") — G1(s,v", A) is analytic.
Next suppose that A(ico) = 0. Then,

SNC

neN

)|FL )|[B (s wh) |y 2dy

) |F(0)|[B (s w252y

for some non-zero rational p. From Lemma 3.2.12 we know that there is a con-
stant m > 0 such that e ™/VYF(r) is bounded as y — 0. Take
22, < 2/m(m+1). Since

un(riut)| = 3 el
AEL+v
where A2, — X2_ >0, it follows that Gy(s,v", A) converges for all s € C. This
can be directly seen when R(s) >> 0. Otherwise it is a consequence of Lemma
3.4.8.
As a result, since G(s,v™) is analytic for R(s) >> 0, the integral and the
sum can be exchanged in this region, in other words

G(’S?er) = Z Gl(sveraA) (10)
AESLy(Z)/Z
for R(s) >> 0. Moreover, the above also implies that

G(5,07) = X acsra(z)/2 G1(s, v, A) is analytic on C. Therefore, equality (10)
holds for all s € C. This proves our claim.

Since D is a fundamental domain, by definition (see Definition 3.2.7), for
any 7 € H, there is a unique 7p € D such that AT = 7p for some A € SLy(Z).

Setting A, = (a +Cnc b +dnd>’ for all n € N,

I(A,7)=TZ(AoT)
by Lemma 3.2.8 and
R(Apr) = R ((a+ne)t+ (b+ Zd))(CT +d)
’CT + d|
A(r7) + d?
|c7' + d|2

= R(A()T) +n

=R(Ao7) +n
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Moreover, A7 = 7 for all 7 € H if and only if A = (iol :81) Hence, (8)

becomes

eanFe[ [
y>0JzeR/Z
(11)

We replace ©y, in the above integral by the defining expression for it. We can
exchange the order of integration and summation since the following integral
converges except for one term: As R/Z is the unit circle,

—WHQ —
> e (G- ) PO )y oy

neN vt

/ / |exp 2mi(TAL 4 /2 +TAL - /2))|dwdy
y>0JxeR/Z AEL+v
— [ S exp(myd. A2 )y
y>0 \cr,
-3 -1
= 7 2
AEL+y (AL — AL-)

and A2 — A2 _ 2 0 unless A = 0. Therefore, (11) is equal to

222072 3 Z/ /xeR/zZeXp<y%+>

NEL* /L AEL+y ¥>0 neN

X fraqy(T)e(TAZL /2 +TA2 /2 — (A, np))y~* = 2dady.

Replacing fr+, with the expression on the right hand side of (3'), we get

(222,)7% +2 Z Z

yEL* /L A€ L+~

/ o %exp <2_?j;j> e((A,npu)) exp(—my(Ayr = A%-))

X / Z Exm(y)e(=2A2/2 + ma)y =% 2dxdy
z€R/Z  c7

2
= (2z3+)_%2 / (A, np) Z exm(y) exp (T)
y>0 eN 21/ZU+

yeL* /L ANEL+~ meZ

x exp(—my(AZ, — A2 _))y~s7/2 / e(—x\?/2 + mz)drdy
z€R/Z

since |e(mx)| =1 for all m € Z implies that the order of the integral fxeR/Z
and of the sum of terms of the Laurent series can be interchanged for the same
reason as before. Since the interval [—1/2,1/2) represents R/Z, by Lemma
3.4.9,
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Gulsiot) = (2:2) 7 Gulsiw) +2 3 [ 3 el(hnm)
reLx Y¥>0 neN
—mn? 2 2 —5—5/2
X expzya(y) exp 5= | exp(=my(Ay+ = A=)y~ dy
Yzo+
This last integral is equal to the one we are looking for. L]

In the previous Theorem the condition on zf}+ is needed because the modular

form F' may not be holomorphic at the rational cusps.

Note that in sections 3.3 and 3.4, calculations and formulae are simplified in
the case when M is unimodular since then M = M*. Before closing this section,
we define the subgroup of the isometry group of M fixing the automorphic form.

Definition 3.4.15. If o is an isometry of the lattice M, then o acts on the
vector valued modular form F and its theta transform ®p (v, F) for vt €

G(M) as follows:
Z f'yeo(v)

yeM=/M

and
o(®py (v, F)) = ®pr(ovt tF).

The above makes sense since the isometry group of M acts on the Grass-
mannian G(M). We will write Aut(M, F') to be the stabilizer of the theta trans-
form @/ (vT, F) of F, i.e. for o € Aut(M, F),

@M(UU+,O'F) = (I)M(U+,F)

for any vt € G(M) that is not a singular point of the function ®;.
Exercises 3.4

1. Suppose that M is an arbitrary lattice with signature (b™,07) (i.e. not
necessarily satisfying condition (I)) containing a primitive vector z of norm 0.
Let N € N to be minimal such that (z,\) = N for some A € M. Set 2’ € M*
to be a vector satisfying (z,2') = 1 and write L = (M N 21)/2. Let w* be the
orthogonal complement of z,+ in vE. Set = —2' + 2,+ /222, + z,- /222_. Let
F and F); be the modular forms defined in section 3.4. Suppose that ®j; is
analytic at v™ € G(M). Show that, for sufficiently small values of 22, ,

GM<s;v+>ﬁ|1ZHGL<s; 3 Se(mam) x 3 el(nd, )

|ZU+ | AEL* n>0 sEM* /M
5|L=x

/ csaz2(y) exp(—mn? [2yz0, — my(X2y — Ao )y~ ° " 2dy.
y>0



Chapter 4

['-Graded Vertex Algebras

The aim of this chapter is to present the aspects of the theory necessary for the
construction of BKM superalgebras. The purpose of this book is not the study
of I'-graded vertex algebras per se, so we only give the details needed for our
purpose. Hence the exposition does not pretend to be a complete treatment of
I'-graded vertex algebras — a vast subject with a rich literature dedicated to it.
For an in depth study, the interested reader can in particular consult [Borc2],
[FrenB|, [FrenLM2], [Kacl5], [LepL] for vertex operator and vertex algebras,
and [DonL], [KacB2], [Sch2] for the more general context of I'-graded vertex
algebras. We follow closely the methodology of the above mentioned books and
papers written by the several authors who developed the subject and keep the
approach and notation of [Kac15].
In this chapter I" will denote an abelian group.

4.1 The Structure of I'-graded Vertex Algebras

We start with some basic facts. We first need the notion of a generalized vertex
operator but before we give an elementary result.

Lemma 4.1.1. Let T" be an abelian group of exponent N and A be a Z-bilinear
symmetric map I' x T' — Q/Z. Then, AT xT') C +Z/Z.

Proof. Since the map A is Z-bilinear, Z = A(0,h) = A(Ng,h) = NA(g, h) for
all g,h € G. L]

For reasons of simplicity, when the context allows it without any possible
confusion, we will write A(g,h) not just for a coset in Q/Z itself but also for
any rational representing the coset A(g, h).

Remember in Example 2.1.2 we saw that if a vector space V' is graded by the
abelian group Zs, then so is the associative algebra of endomorphisms gi(V).
More generally, this clearly holds for all abelian groups I': If V is I'-graded,
then so is gl(V'). In particular for all g,h € T, ¢ € gl(V)g4, v € Vi, ¢(v) € Vyin.

Since vertex operators are formal power series, we remind the reader of the
notation for the different types of sets. For a set F,

129
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F[X] is the set of polynomials in X with coefficients in F, ie. Y. a; X",
a; € F,

F[[X]] is the set of power series > .~ a;X", a; € F, and

F((X)) is the set of Laurent series (see Corollary C.2.5) in X, i.e. >0\ a; X%,
a; € FFand N > 0.

Definition 4.1.2. Let I' be an abelian group of exponent N and A be a
Z-bilinear symmetric map I' x ' — Q/Z. A generalized vertex operator on
the I'-graded complex vector space

V == @r\/er‘vg
is a formal power series in gl(V)[[z¥,2~~]|, where N is a positive integer,
written:

such that for any v € V, x,(v) =0 for n large enough.
The vertex operator X (z) is said to be of parity g € T if

(i) for alln € Z, x, € gl(V)4 and
(ii) for anyv € Vi, h €T, z,(v) =0 unlessn € Z + A(g, h).

We then write p(X) = g. If T' < Zs and A =0, the operator X (z) is said to be

a vertexr operator.

Thus generalized vertex operators are generating series for endomorphisms of
V satisfying a convergence condition. Note that when we are considering vertex
operators, the vector space V' is Zs-graded and so gl(V) is a Lie superalgebra.
Moreover, in the case I' = Zs, the exponent of I' must be N = 2.

Before giving the definition of a I'-graded vertex algebra, we define a concept

generalizing the notion of commutativity for two generalized vertex operators.
For this we need some basic facts about the Laurent expansion of the expression
(z —w)™.
Remark 4.1.3. When n is a rational or a negative integer, the formal expression
(z—w)™ can have several interpretations and so it needs to be precised. Consider
it as a complex function. As a function of w, it is differentiable in the domain
|w| < ‘z‘ and this is a neighbourhood of w = 0. Hence for ‘w| < |z|, we can
write its Taylor series (see Definition D.2.6) as a function of w:

(oo}
=2 (5)
7=0
Similarly for |z| < |w|7 considering (z —w)™ as a function of z, we get

(= —wyr = Sy (1) wts = oo

Jj=0
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Here an extra precision is needed when n is not an integer: we have to define
(=1)". In other words, if n = %, then (—1)" is a 2¢-th root of unity. So we have

to choose and fix a 2¢-th root of unity. We take e!™.
Reverting back to formal power series, we define

ez ) = 31 (1)

=0

and

o0
iw,z(z —w)" = eTriniw,z(,w . Z)n — eTin Z(_l)j (TL) w49,
=0 J
Note that i, (2 + w)" =i, _w(z +w)™.
When n is a positive integer, the above reduces to

n n

lrw(z—w)" = (2 —w)

and

w2 (2 —w)" = (w— 2)"e™" = (2 —w)"™.

Before giving the generalization of commutativity, we need some more tools
as we are working in a general context of vector spaces graded by an abelian
group I'.

Definition 4.1.4. A bi-multiplicative map v : T’ x I' — C* is a map satisfying
vig+h,k) =v(g, k)v(g, k) and v(k,g+h,k) =v(k g)v(k,h)
forg,h,kel.

Next we give an elementary technical result.

Lemma 4.1.5. Let T" be an abelian group of exponent N and v :T' x ' — C*
a bi-multiplicative map. Then, for any g,h € T, v(g,h)N = 1.

Proof. As the map v is bi-multiplicative, 1 = v(0,h) = v(Ng, h) = v(g, h)N [
We can now define the notion generalizing commutativity .

Definition 4.1.6. Let I' be an abelian group of exponent N, A a Z-bilinear
symmetric map I' xI' — Q/Z and v : I' x I' — C* a bi-multiplicative map.
Generalized vertex operators X (z),Y (z) on a T'-graded complex vector space V
are said to be mutually local (with respect to v and A) if for large enough positive
n in Z + A(p(X),p(Y)),

izw(z — w)" X (2)Y(w) = iy, (2 = w0)"v(p(X), p(Y))Y (w) X (2) (*)
in gl(V)[[z¥, 2"V, w~,w ~]].
Notation: When f € gl(V)g (resp. X is a generalized vertex operator of parity
0), for any g € gl(V) (resp. any generalized vertex operator Y'), we will write
[f,g] (resp. [X,Y]) for fg —gf (resp. XY — Y X).
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When I' < Zo, ¢gl(V) is a Lie superalgebra. So for f,g € gl(V) (resp.
homogeneous vertex operators X,Y), we will write [f,g] (resp. [X,Y]) for
fg— (_1)p(f)p(g)gf (resp. XY — (_1)p(X)p(Y)yx)_

Remark 4.1.7. Suppose that X and Y are vertex operators. We then define

v(a,b) = (—1)P@P®) = { -1 ifa=b=1
1 otherwise

Hence X and Y are mutually local if (z—w)™[X (2), Y (w)] = 0, where the bracket
is taken coefficient wise and is the Lie super-bracket on the Lie superalgebra
gl(v).
Remark 4.1.8. We check that the exponent n in equality (x) is indeed in
A(p(X),p(Y)).

For homogeneous generalized vertex operators X, Y and homogeneous vec-

tors a € V, from Condition (ii) of Definition 4.1.2, we see that the exponents of
z (resp. w) in X (2)Y (w)a belong to

—APX),p(Y) +p(a)) (resp.  —A(p(Y) +p(a)))
and those in Y (w)X (z)a to

—A(p(X) +p(a)) (resp. —AP(Y),p(x)+p(a))).

Hence, since the exponents of z (resp. w) on the left hand side of equality (x)
given in Definition 4.1.6 have to belong to the same coset as those on the right
hand side, the exponent n of both i, ,,(z — w)™ and i, ,(z — w)™ has to belong
to the coset A(p(X),p(Y)).

Remark 4.1.9 on locality. It is at first hard to see why commutativity is
generalized in this manner. So we give some explanations.

Remark 4.1.3 shows that, considered as complex functions, the left (resp.
right) hand side of equality (%) in Definition 4.1.6 is the Taylor series of
(z —w)"X(2)Y (w) in the domain |w’ < |z| (resp. ’z{ < |w|) Hence local-
ity means that these complex functions can be analytically continued on the
boundary ‘w| = ‘z‘ with equal continuations (up to a factor of v(p(X),p(Y)).

Commutativity would be too strong a condition to impose: For any vector
space U, let U((z%)) be the set of Laurent series in z with coefficients in U, i.e.

series ), <) Um2™
X(2)Y (w) € gl(V)((z¥)) () and ¥ (w)X(2) € gl(V)(w¥))((+7))-
However these two sets are not the same. For example (see Remarks 4.1.3),
is(z = w)® € gl(V)((¥))(wh)

but does not belong to gl(V)((w™))((z¥)). If the operators X and Y commute,
then X (w)Y (z) and Y (2)X (w) are both in
)

gl (V)((¥)((w™)) N gl(V)((w™))((2

Z\H

)) = gl(V)[[z ¥, wN ][z ¥ ,wT ],
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i.e. they are series with finitely many terms in negative powers of w and z,
which is very restrictive. However, this may well be the case for

izw(2 —w)" X (2)Y (w) and iy, . (2 — w)"v(p(X),p(Y))Y (w) X (2)
when n € Z + A(p(X),p(Y)) is large enough.

As the next typical example shows, in general i, ,,(z — w)" X (z, w) = 0 does
not necessarily imply that X (z,w) = 0 — further evidence that locality is much
weaker than commutativity.

Example 4.1.10. Considered as complex functions, i, ,,(z —w)~! is the Taylor
series of (z —w)~! in the domain ’w‘ < |z’ Thus as formal power series,

(z—=w)iw(z—w) ' =1=(w—2)iy.(w—2)"".

In other words,
(2 = W) (izw(z —w) iy (w—2)"1) =0
but

iz,w(z_w)_l"'iw,Z( w— z) _12

nez

We will have more to say about this series, written d(z —w), later. It will prove
of much use. The reason §(z —w) = 0 does not follow from (z —w)dé(z —w) =0
is that it is not a Laurent series in w. The latter behave in a nice way as we
now verify.

Lemma 4.1.11. Let T’ be an abelian group with exponent N € N and V' be
a D-graded vector space. Suppose that X (z,w) € gl(V)[[w™,w™~,z%, 2" ~]]
satisfy

iaw(z—w)"X(z,w) =0

for somen € Z, + % and that either X is a Laurent series in w. Then,

X(z,w) =0.

Proof. Suppose that X is a Laurent series in w and that
irw(z —w)"X(z,w) =0

for some n € Z + % Equivalently,
Z(fl)j <n) 2wl X (z,w) = 0.
§=0 J

Writing X (2, w) = Y, zx(2)w”, this becomes

) S (1 ( ) "y ut =0,

ke %7 =0
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Since X (z,w) is a Laurent series in w, there is some K € %Z such that z; =0
for all £ < K. Hence,

oo

(1) (?) & ap =0
) =0

J

for all k € +Z and so X (z,w) =0 L]
A consequence of locality is that imposes a condition on v(gs,¢1) in terms
of v(g1, 92)-

Lemma 4.1.12. Let I' be an abelian group of exponent N, A a Z-bilinear
symmetric map T x T — Q/Z and v : T x T' — C* a bi-multiplicative map.
Suppose that the generalized vertex operators X, Y on aI'-graded complex vector
space V' are mutually local with respect to v and A and that X (2)Y (w) # 0.
Then,

v(p(X),p(V))(p(Y),p(X)) = e 2mA@E0200),

Proof. Suppose that X and Y are mutually local generalized vertex operators.
By definition of locality and Remark 4.1.3, for large enough positive rational
neZ+Ap(X),pY)), forallacV,

)
By definition of a generalized vertex operator, X (2)Y (w)a is a Laurent series in
w. Hence, by Lemma 4.1.11, for all a € V,

™y (p(X), p(Y))v(p(Y), p(X)) X ()Y (w)a = X (2)Y (w)a.
As this holds for all a € V,
™y (p(X), p(Y))v(p(Y), p(X)) X (2)Y (w) = X ()Y (w).
Since by assumption X (z)Y (w) # 0, it follows that
v(p(X),p())r(p(Y), p(X)) = 727",

Now, n = nz+A(p(X), p(Y)) for some ny € Z and so e 27" = ¢~ 2mAWPX).p(Y))
which proves the result. L]

Note that when X and Y are vertex operators, Lemma 4.1.12 is satisfied for
the map v defined in Remark 4.1.7.
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We are now ready to define I'-graded vertex algebras.

Definition 4.1.13. Let I be an abelian group of exponent N, A a Z-bilinear
symmetric map T x T — Q/Z and v : T x T' — C* a bi-multiplicative map
satisfying

v(g,h)v(h,g) = e 2miAh) g heTl.

A T-graded vertex algebra is defined to be a I'-graded vector space V' with

(i) a vacuum vector 1 € Vy,
(i) an endomorphism d € gl(V') called the translation operator and
(iii) For all a € V, a generalized vertex operator

Y(a,z) = Z = gl(V)[[z%,z_

nEﬁZ

2=

]

depending linearly on a and such that whenever a € Vy, Y (a, z) has parity
g and satisfies the following axioms:

(1) (Translation) [d,Y(a,z)] = LY (a,z) and d(1) =0,

(2) (Vacuum) Y(1,2) =1y, Y(v,2).1€ V[z~]] and Y(a,z).1|z:0: a,

(8) (Locality) For all a,b € V, the vertex operators Y (a,z) and Y (b,z) are
mutually local with respect to v and A.

IfT < Zsy, A =0 and v(a,b) = {_1 fa=b=1 1r0n v is q vertes
0 otherwise

(super)algebra.

Remark 4.1.14. The vacuum axiom makes sense since, by definition of a
generalized vertex operator Y(a,z), a,.1 = 0 unless n € Z since
Z =7+ A(p(a),p(1)) and p(1) = 0 by definition.

Our aim now is to find an expression for the “commutator”

anbm - ewin’/(p(a),p(b))bma"

of any two elements a,b € V| called the vertex algebra identity (also known
as the Jacobi identity or Borcherds identity). This fundamental identity in the
context of I'-graded vertex algebras is analogous to the Jacobi identity for Lie
algebras. In fact in the original definition of a vertex algebra (see [Borc2]), it is
given as a defining axiom — as stated in [FrenL.M2], “it is implicit” in [Borc2]
— and in that of a vertex operator algebra (see [FrenL.M?2]), it is also taken as
one of the main defining axioms of a vertex operator algebra (see section 4.2 for
the difference between these two structures). As stated earlier, our purpose for
presenting some aspects of the theory of vertex algebras is the construction of
BKM algebras from objects known as lattice vertex algebras. The Lie algebra
structure on appropriate subquotients of lattice vertex algebras is a consequence
of the vertex algebra identity (see section 4.3). However, rather than proving
directly that it holds for lattice vertex algebras, it is easier to show that they
are vertex algebras according to the above definition and that as a consequence
the identity is valid.
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We derive the vertex algebra identity in several steps. Our first goal is an
associativity result. We start with some elementary properties of generalized
vertex operators that we will need for this, and which also explain the above
axioms.

Lemma 4.1.15. Let T be an abelian group of exponent N € N, V be a I'-graded
vector space, d an endomorphism of V and 1 a vector in Vj.

(i) Let X(z) = Zneﬁz 22" € End(V)[[z%, 2" ~]] a vertex operator on

V. Then, [d,X(2)] = LX(z) if and only if for all n € Z,
[d,z,] = —nxp_1.

(i) Y(1,z) = Iv if and only if 1,, = 6 —11v

(iii) Fora €V, Y(a,2).1 € V[[z]] and Y(a,z).l{zzoz v if and only if an.1 =0
for allm >0 and a_1.1 = a.

(iv) Let X(2) and Y (z) be mutually local vertex operators on V. Then, the
vertex operators %X(z) and Y (z) are also mutually local.

Proof. (i) follows from the fact that £ X (z) = Y, —nz,—12 "L, (ii) and
(iii) are easily shown (see Remark 4.1.14 for (iii)).
We next prove (iv): For large enough positive n in Z + A(p(X),p(Y)),

(2 = w)"X(2)Y (w) = (w — 2)"e™"v(p(X), p(Y))Y (w) X (2). (1)

We next apply d% to both sides of this equality.

n(z —w)" X (2)Y(w) + (2 — w)”dizX(z)Y(w)

= v(p(X),p(Y)(—n(w — 2)" 1™ De™Y (w) X (2)
d

+ (w— z)"e“mY(w)a

X(2))-

As €™ = —1, from (1), for large enough positive n in Z + A(p(X),p(Y)),

(= — )" XY () = (w— 2" (p(X), p(V )Y () X (2).
As p(d%X(z)) = p(X(2)), this proves (iv). L]

In the rest of section 4.1, we will assume that V' is a I'-graded vertex algebra
and we will keep the notation of Definition 4.1.13.

Lemma 4.1.16. The endomorphism d has parity 0 and for all a € V,
d(a) =a_s.1.

Proof. From Lemma 4.1.15 (i) and the vacuum axiom, for all a € V,
d(a) =da_1.1 =a_s.1.

Hence as 1 € Vj, the parity condition on the vertex operator Y (a, z) implies
that d has parity 0, proving the Lemma. L]
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Lemma 4.1.17. For alla € V, Y(a,z2).1 = ¢*%a.

Proof. Applying the translation operator d, n — 1 times to both sides of the
equality in Lemma 4.1.16 leads to %(a) = a_p_1.1 for n € N, from which the
result follows. ]

We can now prove Goddard’s uniqueness result. It is very useful as it says
that any generalized vertex operator mutually local with each of the operators
Y (a, z) is fully determined by its action on the vacuum vector.

Lemma 4.1.18. If for alla € V, X(z) and Y (a, z) are mutually local vertex
operators on 'V and X (2).1 =Y (b, z).1 for some b €V, then X(z) =Y (b, 2).

Proof. Let X(z) be a vertex operator on V satisfying the conditions of the
Lemma. Then for large enough positive n € Z + A(p(X),p(a)), for any a € V,

i (2 — w)" X (2)e"
=i,z —w)"X(2)Y(a,w).1 by Lemma 4.1.17
=iy (2 —w)"v(p(X),p(a))Y (a,w)Y (b, z).1 by assumption
= ™"y (w = 2)"v(p(X), p(a))Y (a,w)Y (b, 2).1
= ™"z (w — 2)"v(p(X), p(a))v(p(a), p(D)Y (b, 2)Y (a,w).1

,(
,(

by locality

= €™M0 (2 = )" (p(X), p(a))v(p(a), p(B))Y (b, 2)e" a
by Lemma 4.1.17

=i w(z —w)"Y (b, 2)e"a

The last equality follows from the definition of the map v and the fact that
p(X) = p(b) holds since X(z).1 = ¢*?b by assumption and Lemma 4.1.17 and
since the translation operator has parity 0 by Lemma 4.1.16. As all powers of
win X (2)e%u — Y (v, 2)e¥%u are non-negative, by Lemma 4.1.11,

X(2)e%la =Y (v, z)e"%a.

Again, as all powers of w in this equality are non-negative, we may set w = 0.
So for any a € V,
X(z)a=Y (v, 2)a,

which proves the result. L]
Lemma 4.1.19. For any a € V, e“?Y (a,2)e "% =Y (a,i, 4, (z — w)).
Proof.

) — - 1
Y (a,z)e " = Z a(ad wd)"Y (a, z).
n=0

By the translation axiom, this is

iwn——"Yaz)

n=0
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which is the Taylor series of Y(a,z + w) in the domain ’w‘ < |z| since, as

a complex function of w, Y (a,z + w) is differentiable in this neighbourhood

of w = 0. Therefore, the Lemma follows from the fact that the Taylor series in

this neighbourhood of (z + w), considered as a complex function of w, is

iz0(z+w). L]
We can now prove a semi-symmetry property.

Lemma 4.1.20. For any a,beV,
Y(a7 Z)b = V(p(a),p(b))GZdY(b, _Z)a“
Equivalently

anb = (=1)""u(p(a), p(b)) Z(—l)jcjﬁ(bj+na).

J=0

Proof. Lemmas 4.1.19 and 4.1.17 imply that
Ty (b, —2)a = Y (b,w)e*tW)dq
=Y (b,w)Y(a,z+ w)l.

Hence, by the locality axiom and Lemma 4.1.17, for any large enough positive

rational n in Z + A(p(b), p(a)),

i,z (—2)" €T (b, =2)a = i 0 (=2)" €™ (p(D), p(@))Y (u, 2 + w)eb.
(1)

As all exponents of w in the left hand side of equality (1) are non-negative, this

must also be the case on the right hand side. Hence, we can put w = 0. This

gives

bt (—2)" Y (b, 2)a = i pun(—2) e (p(b), p(@))Y (@, 2)b.  (2)

Since bja = 0 = a;b for j >> 0, for large enough n, there are no negative
powers of z. Hence we can divide both sides of equality (2) by z". However,
we have to be careful with the value of (—1)" that appears on both sides of (2).
By assumption (see Remark 4.1.3), iy 240 (—2)" = €™y 202" = ™"z and
istww(—2)" = ™2™, By definition of v,

v(p(b),p(a)) €™ = v(p(b), p(a) AP PO = y(p(a), p(b)).

Therefore, the first equality now follows. The second equality is just the first
equality written in terms of the coefficients of ="~

One of the fundamental properties of I'-graded vertex algebras, namely “as-
sociativity”, now follows easily. First note that

Y(Y(a,2)b,w)c= Z (Y(a,2)b)jew™~!
Jj€Z+A(p(a+b),p(c))

- > > (axb) ;2™ tw ™™

JEZ+A(p(a+b),p(c)) k€EZ+A(p(a)+p(b))

= Z Y (apb,w)z~F71.

k€Z+A(p(a)+p(b))
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Proposition 4.1.21. For any a,b,c € V and n € Z + A(p(a),p(c)) large
enough,

Ty w(w—2)"Y(a,iz0(z —w))Y (b, —w)c =iy . (w — 2)"Y (Y (a, 2)b, —w)c.

Proof. Applying the locality axiom, for large enough positive
n € Z+ A(p(a),p(c)),

taw(z —w)"Y (a,2)Y (c,w)b = iy (2 — w)"Y (c,w)Y (a, 2)b. (1)
By Lemma 4.1.20,
Y (c,w)b = e®Y (b, —w)c and Y (c,w)Y(a,z)b= e Y (Y (a,z)b, —w)c.
By Lemma 4.1.19,
Y (a,2)e" = Y (a,i, (2 — w)).

These equalities together with (1) give the result since

n mwin

2min — iw,z(w _ Z) e

v(p(a),p(c))v(p(c),p(a)) = e ™", iy (2 — w)

n

and i, (2 — )" = iy (w — 2)"e T, L]

We next give some basic properties of 6(z —w) = 271>, 27 "w™ or more
generally of

5r(z — w) = 8z —w)(Z)"

z
for any rational r € Q.

Lemma 4.1.22.

(i) 0(z —w) =d(w— 2)
(11) 0(z — iy (w4 0v)) =0V — iy w(z —w)) + 0(—0, 4y, (W — 2)).

Proof. The first equality is easy to check. Hence we only show the second one.
By definition of 0(z, w),

5(2 - iw,v(w + U)) = Z Zﬁniliw,v(w + U)n

neZ
ZZ 12( Jurt 1)
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Now,
N e k1
T R Dl G )(1) iy

7=0

:i<k+j) —k—1— j

=0\ 7

_i( n

o n—k

n=~k

nk

—Z

since (Z):”“(nk_lkw:OforOSnSk—l. Also,

/—\
v

T,z (W — z)_k_1 = Z (J + k) w k17340
=~ 7
_ f (_n_1+k)wnkzn1
~ -n—1
_ — -n—1+k n—k_—n—1
-y (T

(_1)k f (Z)wn—kz—n—l_

n=—1

Hence, substituting into (1) and using part (z), we get

= Zv inas(z —w)TF T 4 (=) PRy, L (w — 2)TFY
k=0
=0(v— i, 0(z —w)) — Z VP, (2 —w) TR 4 Z(—v) o (w — 2) 771
k=— k=0
0(v =iz w(z —w)) — Z WPy (2 —w) kL +Z(—v)k2wz(w—z) k-l
k=—1 k=0
=0(v— iy 0w(z—w))+ Z (=) ¥y (w — 2)7F 71 4 Z(—v)kzw L(w—2)7F
k=—1 k=0

=0(v =iy (2 — W)+ 0(—v — iy (W — 2)).

since whenever —k — 1 is a non-negative integer, iw,z(w - z)” = lyw

(w—z)~F L []



4.1 The Structure of I'-graded Vertex Algebras 141

Definition 4.1.23. If f(z,w) = vaneQ fmn2™w™ is a formal series, then
we will say that f(w,w) is well defined if for any | € Q, only finitely many
coefficients fp 1—m are non-zero.

Note that for a well defined series f(z,w) = 3, cq fmnz™w", the series
flw,w) =31cq(Xmeq fmi—m)w' makes sense. Set

gl V)[z 2 MHwy = {f(z,w) = Y fr(z)w" s fr(2) € gl(V)[[z, 2]}

reQ

Lemma 4.1.24. Let s € Q and 2°f(z,w) € gl(V)[[z, 27 |{w} such that
f(w,w) is well defined. Then, for any r € Q,

(2 —w)f(z,0) = brys(z —w) f(w, w).

Proof. Let 2°f(z,w) € gl(V)][[z, 27 !]J{w}. By definition of §,(z — w), we only
need to prove that

3(z —w) f(z,w) = 65 (z — w) f(w, w). (1)
Suppose that (1) holds for s = 0 and any g € gl(V)[[z, 27 ]]{w}. Then,

S

(2 = w)f(w,0) = 260 = w) flw, w) = 2756(z — w) (w? f(w, w))

=z27%(z —w)2° f(z,w)
since 2% f(z,w) € gl(V)[[z, 27 ]]{w}. And so the Lemma follows. Hence we only
need to show that

8(z —w)f(z,w) = 6(z — w) f(w,w)
for f € gl(V)[[z,271]]{w}. Any series f in this set can be written as follows:

w) — Z Z fm nzmwn

neQ mez

As f(z,w) is well defined,

w) =Y (Y Fndem ()l

leQ meZ
Therefore,
5(z—w)f Z Z fml m m-‘rn) lZ_l
leQ m,nezZ
Jal,—1
mel m Z ’U}) wz
meZ JEZ

=0(z —w)f(w,w).
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We are now ready to prove that associativity together with locality imply
the vertex algebra identity.

Theorem 4.1.25. For any a,b,c € V, any n € Z + A(p(a),p(h)), m € Z +
A(p(a),p(c)), k € Z+ A(p(b), p(c)),

= m
( j ) (@ntjb)m+k—jc

oo

(17 (") (@nm—ibrss — €™ v(p(a), p())brsn—j@mes5)c.
. (]> + k+ p b k+ +

Jj=0

Jj=

Proof. Let a,b € V and for r € Z+ A(p(a), p(b)), set
f(ziwp(w+v)) = (w+v)v Y (a,2)Y(b,w).

(As a series in 4y, ,(w + v), f only contains a constant term). Applying Lemma
4.1.22,

0(2 — two(w + ) f(2, two (W + ) =0V — iz (2 —w))f(2, by (w+v))
+0(—v — iy (W — 2)) (2, twp(w +v)).
(1)
We evaluate the three summands in this equality.
Let ¢ € V. By definition of generalized vertex operators, the coefficients on
zin f(z,iy (w4 v))c are in

Z + A(p(a), p(b)) — Alp(a), p(b) + p(c)) = Z — A(p(a), p(c)).

Hence for s € Z+ A(p(a), p(c)), since the series f is clearly well defined, Lemma
4.1.24 implies that

3(z—t,0 (WHV)) f (2, 5,0 (WHV) )¢ = 05(2—tr,0 (WHV)) [ (G0 (WHV), Ty » (WD) ).
For r >> 0 locality gives
f(z i p(w+0)) = iw:(2 —w) v(p(a), p()) 0" Y (b,w)Y (a,2).  (2)

Hence f is a Laurent series in z. So for » >> 0 and s >> 0, all the exponents
of tuyp(w 4+ v) in f(ly,o(w + V), 4,0 (w + v))c are non-negative integers. Hence,

G, p (W + V) = iy (W +v) = (w4 v)
in this series. Therefore,
Fliwo(w+v), 000 (w +v))e =Y (a, iy (w + )Y (b, w)e, (3)

Fliw oW+ 0), iy 0 (W 4 v))e = iy (w+0)°Y(a, iy (w+0)Y(bw)e  (4)
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and by associativity (Proposition 4.1.21),
Flww(w+0), iy (W + v))e =iy w(w +0) Y (Y (a,v)b,w)c. (5)
Now Y (Y (a,v)b,w)c and Y (a, iy »(w + v))Y (b, w)c are Laurent series in v. So
from Lemma 4.1.11 and equalities (4) and (5) we get
Y (Y (a,v)b,w)c =Y (a,iy,(w+0v))Y (b w)c.
As a result, for r >> 0 and s >> 0,
(2 = dwp (W +0)) f (2, fww (W + v))e = 05(2 — dw, (W +0))Y (Y (a, v)b,w)e. (6)

Consider the series f as a series f(v,%, (2 —w)) in v and 7, (2 — w). It is well
defined and

V" F (0,450 (2 —w)) € gl(V)[[v, 0 Hizw(z — w).
So by Lemma 4.1.24,
(v =iy w(z—w))f(V,iw(z —w)) =6 (v —i,0(z—w))Y(a,2)Y(b,w). (7)

Next consider the series f as a series f(—v, iy (w — 2)) in —v and i, . (W — 2).
Then for r >> 0, by (2)

(0w = 2)) = e (w — 2)7 €™ 1 (p(a), p(B))0 Y (b, w)Y (a, 2).
So the previous arguments imply that for r >> 0,
(=0 = w2 (w = 2)) f (=0, w2 (w = 2))
= 0r (0 — w2 (w — 2))e*™ w(p(a), p(b))Y (b, W)Y (a, 2) (®)

since iy, . (W — 2)" = €™, (2 — w)". Therefore equalities (1), (6), (7) and (8)
lead to
0s(2 — two(w+v))Y(Y(a,v)b,w)c = 6, (v —i,0(z —w))Y (a,2)Y (b, w)c
+ 5r(_v - iw,z(w - Z))e27riry(p(a),p(b))Y(b, w)Y(aa Z)ig)

for r >> 0 and s >> 0. To conclude the proof, we only need to check that this
is equivalent to the vertex algebra identity. The right hand side of (9) is equal
to

Z oI (2 — w) Y (a, 2)Y (b, w)e
JEZ
+ D (=0) T i (w = 2)T T w(p(a), p(0) Y (b, w)Y (a, 2)e
JEZ
= Z v, (2 — w)"Y (a, 2)Y (b, w)ce
n€Z+A(p(a),p(b))

— S e g (w = 2)"u(p(a), p(B)E™TY (b, w)Y (a, 2)e
n€Z+A(p(a),p(b))
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since for m,n € Z + A(p(a),p(d)), €*™" = 2™ and by assumption
(—=1)" = e~™™". So the coefficient of v="~! in the right hand side of (9) is

trw(z—w)"Y (a,2)Y(b,w)c — iy (w — z)"u(p(a),p(b))em”Y(b, w)Y (a, z)c

- i(_nj (?) > a2 T Y (b, w)e

leZ+A(p(a),p(b+c))

S0 (1) vl o)y e S e

l€Z+A(p(a),p(c))

And thus the coefficient of v="=127™~1 in the right hand side of (9) is

517 (1) (gt ¥ )= v (o) p )Y ()" Vi (10)
§=0

The coefficient of z=™~1 in the left hand side of (9) is equal to

fw,o (WH0)"Y (Y (a, )b, w)e = Z <m> wr Z Y (aib,w)v’ e

=0 J leZ+A(p(a),p(b))

Hence the coefficient of v="712=™~1 in the left hand side of (9) is

oo

> (7) W™ IY (ap45b, w)e. (11)

=0

Equating the coefficients of w=*~! in (10) and (11) we can deduce the vertex
algebra identity. L]

We have shown that locality and associativity imply the vertex algebra iden-
tity. This is in fact an equivalence [DonL], [LepL], [FrenHL], [Kacl5]. Indeed,
the definition of a I'-graded vertex algebra can be re-stated so as to have this
identity as a defining axiom (see Exercise 4.1.2).

As we will be using the vertex algebra identity in various particular cases,
we list them in the following result.

Corollary 4.1.26.
(i) For anyb,ceV,a€ Vo, meZ, ke Z+ Alp(b),p(c)),

oo

(A, bl =) (7) (ajb)mir—jc

Jj=0

or equivalently
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(i) Suppose that V' is a verter algebra. Then, for any a,b €V, m, k € Z

ambi — (_1)p(a)p(b)bkam = Z (T) (@;b)msk—j-

=0

Proof. We keep the notation of Theorem 4.1.25. If a € V5 or A = 0, then
n € Z. So (i) and (ii) follow by setting n = 0 in the vertex algebra identity. []

We next discuss briefly the basic notion of a product of two generalized vertex
operators. This requires some care. If X(z) and Y (z) are vertex operators on
a vector space U, then the formal series X (2)Y (z) is not usually a generalized
vertex operator as it does not necessarily satisfy the convergence condition: For

acU,
X(2)Y(2)a = Z (Z xk_m_lym> 2k 1q,
k m

If k—m—1 < 0, convergence of the operator Y implies that > x—m—1yma =0
for k> 0. The problem arises from the coefficients zy_,,_1 for k—m —1 > 0.
Since for any a € V', x,,a = 0 for n > 0, we would want to put all endomorphisms
T, with n > 0 on the right hand side. To do this, we define the normal order of
products of vertex operators as follows.

Definition 4.1.27. Let X(z) =Y, .z anz" """ and Y (2) be generalized vertex
operators on V. The normally ordered product of X and Y is defined to be as
follows:

P X(2)Y(2) =Y @z Y (2) + v(p(X),p(V)Y (2) D anz

n<0 n>0

More generally, the normally ordered product of the generalized vertex operators
Xi(2),i=1,---,r, where X;(z), i=1,...7r — 1 is defined to be

X1 (2)X2(2) - X (2) = X1(2) (2 Xa(2)...X0(2) 2) :

Remark 4.1.28. The above discussion shows that the formal series : X (2)Y (2) :
is a generalized vertex operator, i.e. satisfies the convergence condition. It
clearly has the parity p(X) + p(Y). Using usual conventions, we write

X(2)y = anz_”_l, X(z)- = Zmnz_"_l.

n<0 n>0

Although the next result is easy to check, we state it. It is needed to show
that the generalized vertex operators we will construct in section 4.2 for each
element of a I'-graded vector space satisfy the axioms of a I'-graded vertex
algebra.
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Lemma 4.1.29. Let U be a I'-graded vector space with a derivation d € EndU
of parity 0. Let Y;, i = 1,2, be mutually local generalized vertex operators on U
satisfying

4Yi2)] = S¥i(2), Vilo)d € BndVel), i=1,2.
Then, ,

d d d

DV = [ V() Yi()1 € BndV[[2]

If moreover Y1 has parity 0, then the generalized vertex operators d%Yl(z) and
Ya(z) are mutually local, and

A Y1 (2)]Ya(2) ¢ + : Y(2)[d, Ya(2)] -

_ di‘i Yi(2)Ya(z): :Yi(2)Ya(2) : .1 € EndV]Z].

Proof. The first two statements are obvious.

inanlz = W) VY3 () = S (in (=~ w) V() ()

— iy (2 — w)" Y1 (2)Ya(w)

= e =0 (i (2)

dz
— Niy,2 (2 — w)" Yo (w)Yi(2)
(2 — 0" LY () Ly (2)
’ dz dz

for large enough n € Z + A(p(X),p(Y)).
We next check the third equality.

diz 2 Y (v1,2)Y (ve, 2) :

=— Z n(V1)n_12" " (vg, 2) — (—1)”(”(”1)”’(”2))3/(1)2, 2) Z n(vy)p_12” "t
n<0 n>0

+:Y(v1,2)[d, Y (vg,2)] :

=:[d,Y (v1,2)]Y (v2,2) : +: Y (v1, 2)[d, Y (v2, 2)] :

U

We next prove Dong’s Lemma [Li2]. It is crucial as it concerns the locality
of normally ordered products of generalized vertex operators.

Lemma 4.1.30. For any a,b,c € V, the generalized vertex operators Y (c, z)
and : Y(a,2)Y (b, 2) : are mutually local.
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Proof. Let a,b,c € V. Set
X(z, w) _ iz,w(z _ w)—1—&-A(1)(a),p(b))y(a7 Z)Y(b, w) _ iw,z(z _ w)—1+A(p(a)7P(b))

x v(p(a), p(b))Y (b, w)Y (a, 2).
We show that for large enough r € Z + A(p(c), p(a) + p(b)),

(v —w) Y (e, )X (2, w) =iy (v —w) v(p(e),p(b) X (z,w)Y (c,v). (1)

Since the parity of Y (a, z) is 0, by locality, there exists M > 0 such that for any
integer n > M

im(z — w)n+A(p(a),p(b))y(a7 2)Y (b, w)

= i 2 (z — w)"FAPOPO)y (p(a), p(b))Y (b, w)Y (a, 2),
(2)
iy,2 (v — 2)"FAPOPEY (¢ )Y (a, 2)
= iz (v — 2)"FAPOPO Y (p(c), p(a))Y (a, 2)Y (¢, v),
(3)
and
(v — w)"TACOLPEO)Y (¢ )Y (b, w)

= Gy (v — w)PTACPOPE) Y () p(B))Y (b, w)Y (¢, ).
(4)

Now, for any integer n > N,

(0w =3 (%) = apn b - wt

k=0

If kK < M, then 2n — k > M. Therefore, taking r > 3n and n > N, (1) follows
from equalities (2) — (4).
Taking Res, of both sides of equality (1) shows that the generalized vertex
operators Y (¢,v) and : Y (a,w)Y (b, w) : are mutually local. Ll
We next give an elementary but useful consequence of the translation axiom.

Lemma 4.1.31. For any a € V, Y(d(a),z) = LY (a,z).
Proof. By Lemma 4.1.27, for any a € V,

d d, a .\ _ . _
%Y(a,z)l = a(e dq) = e*¥d(a) = Y (d(a), 2)1.

Hence the result follows from Lemmas 4.1.28 and 4.1.29. L]

This implies a property that will be necessary in the next section where we
construct generalized vertex operators.

Corollary 4.1.32. For any elementsa € Vp, be V, n € Z,

Y(aon 1b2) = (5 ¥ (a,2)Y(b,2)

n!
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Proof. In Theorem 4.1.25, since a € Vy, n and m are integers. So for any
c € V, setting, n = —1 and m = 0 in the vertex algebra identity, we get for all
k€ Z+ A(p(c), p(b),

o0

(a—1b)ke =D (a_1_jberj + br—1-ja;)c

7=0
=D (ajbe—jo1 + ) br-1-jag)e.

J<0 Jj=0
Equivalently,
Y(a_1b,2z) =:Y(a,2)Y (b, 2) : (1)
Now, by Lemma 4.1.31,
d
Y(d"a,z) = (d—)”Y(a,z) VneZy (2)
z

So by Lemma 4.1.15 (i), %(d"a),l = a_,_1. Since d is an endomorphism of
parity 0 (see Lemma 4.1.16), d"(a) € Vy. Therefore, applying (1) to d"(a)
instead of a and using (2), we get the result. L]

As this is all we need to know about arbitrary I'-graded vertex algebras for
our purpose of constructing BKM superalgebras, we can now apply this theory
in order to construct I'-graded lattice vertex algebras.

Exercises 4.1
1. Let R be a commutative ring with a derivations d (i.e. d(ab) = d(a)b+ ad(b)
for a,b € R).

(i) Show that

4D — <l + J) d+9),
1

where d@ is the i-th derivative of d, and

d™(ab) =Y " d(a)d" " (b) Va,beR.
=0

(ii) Deduce that the ring R can be given the structure of a vertex algebra.

Hint: For any a,b € V, define a,(b) = (d=""V(a))b.

2. Suppose that conditions (7) — (4i¢) of Definition 4.1.13 hold for the I'-graded
vector space V. Show that if V satisfies the vertex algebra identity given in
Theorem 4.1.25, Y(1,z) =1 and a_;.1 = a for all a € V, then V is a I'-graded
vertex algebra.

For a solution, see [Kacl15, §4.8].
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3. Let I be a finite abelian group of exponent N. Show that the tensor product
U ®V of two I'-graded vertex algebras U and V is a I'-graded vertex algebra
with vacuum vector 1 ® 1 and translation operator dy ® 1 + 1 ® dy, where dy
(resp. dy) is the translation operator of U (resp. V).

4.2 I'-Graded Lattice Vertex Algebras

From now on we only consider particular examples of I'-graded vertex algebras,
namely I'-graded lattice vertex algebras. The starting point is a lattice L. When
L is even, we can take I' = 0. Lattice vertex algebras have a nice description and
as we will see in section 5.5, when the even lattice is Lorentzian of rank at most
26, we can derive BKM algebras from them. The aim is however not just to find
all the BKM algebras but the entire class of BKM superalgebras that can be
explicitly constructed. When the odd part is non-trivial, this is possible in rank
10 and has been done in [Sch2]. We do not give this construction in this book but
the background necessary for the interested reader to understand it. In order to
construct this Lie superalgebra with a non-zero odd part, we have to start with
an odd Lorentzian lattice. It may seem at a first glance that this construction
could be based on lattice vertex superalgebras (i.e. corresponding to the simpler
case I' = Zy). However though they reflect to a certain extent the existence of
odd norm vectors in the root lattice, they only allow the derivation of the even
part of the Lie superalgebra. For the odd part, we need the more complex
structure of a I'-graded lattice vertex algebra, where I is a larger abelian group.
Thus Dong and Lepowsky’s axiomatic development of the theory of I'-graded-
vertex algebras is fundamental for the construction of BKM superalgebras with
non-trivial odd part.

Let L be a finitely generated rational lattice with non-degenerate bilinear
form (.,.) and Ly the maximal integral even sublattice of L, i.e.

Ly={veL:(v,v)=0 (mod 2)}.

Assume that L C L§, where L§ = {z € L®q R : (x,Lo) C Z} is the dual of L.
Set
I = L/Lo.

Since the dual lattice L§ has the same rank as Ly and its elements are rational
linear combinations of the generators of the lattice Lo, for any o € Lg, there is
some n € N such that na € Ly. Hence, considered as free abelian groups, the
index [L§ : Lo] < oo. In other words, the abelian group I' is finite since L C L.
Let N be the exponent of I'. Set

I'={go, »9n},90=0 gi=Lo+v, vi€L V0<i<n.

Hence, setting L; =v; + Lo, L =LoU---U Ly,.
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We are going to construct a I'-graded vertex algebra. So we next need maps
A and v with the properties defined in the previous section. Let

A: T'xI'->Q/Z
(9i>95) = Z — (Vi 75)-

The map A is clearly a Z-bilinear symmetric map.
Define the parity of a € L; to be p(a) = g;.
Fix a bi-multiplicative map

v:I'xI'—= C*
satisfying _ |
V(gug])ll(g],gz) =e i (vi,Yj) (1)
and |
V(gZ7gz) = 67”(%’%). (2)

Remark 4.2.1. Condition (1) is needed since v has to satisfy Lemma 4.1.12.
It is well defined since for any A € Lo, u € L, (A, 1) € Z by assumption and
so e2™(A1) = 1. Moreover, it implies that v(g;, g;) = £e™(%7). Condition (2)
is imposed for consistency reasons that will appear later. It is also well defined
since Ly is an even sublattice and L C Lg.

It is not hard to check that bi-multiplicative maps satisfying (1) and (2) do
exist.

Lemma 4.2.2. The map
xI'— C*
(‘rluxQ) = 67”‘(/\1)\2)7

where Lo + A\; = x;, is bi-multiplicative and satisfies the above conditions (1)
and (2).

We will construct what the physicists call a Fock space. For this we next
need a central extension of the abelian group L by C*. So we remind the reader
of some well known facts about central extensions. First set

B:LxL—C*
(Bi, ;) — e TPy (gi g5),  Bi € gi.
Lemma 4.2.3. The map B 1is
(i) skew-symmetric: ¥V o, € L,
B(B,a) = B(o, )™ and B(a,a) =1
(i) and bi-multiplicative: ¥ «, 3,y € L,

B(a+ B,7) = B(a,v)B(8,7) and B(y,a+ 8) = B(y,a)B(v,3)
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Proof. The map B is clearly bi-multiplicative as this is the case of v. Further-
more by Remark 4.2.1,

B(B;, 8;)B(B;, B:) = e~ 2™ BBy (g, g, (g5, 9i) = 1

since v satisfies condition (1). In other words, B is skew-symmetric. As v
satisfies condition (2), Remark 4.2.1 implies that

B(ﬁi?ﬁi) - B_Wi(ﬂi’ﬂi)eﬂ'i(ﬂmﬁi) = 1.

L]
Remarks 4.2.4.

(i) For B(a,a) = 1 to hold, the map v needs to satisfy condition (2). Oth-
erwise, we can only deduce that B(a,a) = £1. As we will see further
down, B(a, ) =1 is essential for our purposes as it is necessary in order
to associate a central extension of L by C* to B.

(ii) Suppose that L is an integral lattice.

If L is an even lattice, then Ly = L and so ' = 1.
If L is an odd lattice, then I' = Z5 since for any «, 3 € L — Ly,

(a+p,a+pB) = () + (8,8) +2(a,5) =0 (mod 2).

In both cases, A = 0 and bi-multiplicativity and condition (2) satisfied by v
implies that v(a,b) = (—=1)* for a,b =0, 1.
Hence, for a, 5 € L,

B(a, 8) = (_1)(a,ﬁ)+p(a)p(ﬁ) _ (_1)(a,ﬁ)+(a,a)(g)ﬂ)'

The cohomology group H?(L,C*) is the group of equivalence classes of 2-
cocycles of the group L with values in C*. These are maps € : L x L. — C*
satisfying for any a3,y € L

€(@,0) =1=¢(0,a); e(a,f)e(a+ B,7) = e(a, f +7)e(3,7).

Two such cocycles €; and ey are equivalent if there is a group homomorphism
p: L — C* such that ex(a, 3) = e1(a, B) () u(B)u(a + B) L.

Lemma 4.2.5.

(i) There is a bijection between isomorphism classes of central extensions of
group L by the group C* and the cohomology group H?(L,C*).

(i) There is a unique (up to isomorphism) central extension L of the abelian
group L by the group C*:

1 — ¢ — L — L —1

satisfying

aba™'v™' = B(n(a),n(b)), a,b€ L, (%)
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where for x € L, 7 is the natural projection off/ onto L. For any 2-cocycle
€ corresponding to the group L,

(e, ) = B(a, B)e(B,0) .8 € L.

Furthermore, when L is an integral lattice, if o, it =1,---n is a basis for
the lattice L, there exists a 2-cocycle corresponding to L such that

(o, +a) = (-1)@)  and e(a,B) = (=1)2 ¥ Blag, ap)RY

Proof. (i): Let L be a central extension of the abelian group L by C* and 7
the projection of L onto L. For every a € L, let e* be an element of L such
that 7(e*) = . Set €° to be the identity element of L. Then € : L x L — C*
given by
e“e’ = e(a, B)e* P (1)

is a 2-cocycle since € is the identity and because of associativity.

Let K be another central extension of L by C*. For all « € L, fix elements
k* € K mapped onto a and let p be the corresponding 2-cocycle. The groups
K and L belong to the same isomorphism class of central extensions of L if and
only if there is an isomorphism ¢ : K — L such that ¢(k*) = 7(a)e® for some
map 7 : L — C*. Thus they belong to the same isomorphism class if and only
if

(e, B) = 1()7(B)T(a + B) te(a, B) Ya,B€ L,

i.e. p is equivalent to . Hence the above gives a well defined injective map from
the isomorphism classes of central extensions of L by cyclic groups of order 2
and the group H?(L,C*).

We next show that the map is surjective. Let € be a 2-cocycle. We construct
a central extension of L mapped onto e. Consider the set

LxC"={(a,a):x€ L,ac C}.

Define the following product on this set: (a,a).(8,b) = (a+ 3, €(«, 5)ab) for all
a,B € L, a,be C*. As € is a 2-cocycle, the product is associative and (0, 1) is
the identity element. Furthermore

(—a,e(o, —a)ra™) = (a,a) 7t

Hence this product gives a group structure to the set L x C*.
(#4): Let aq,- -+, a, be a Z- basis of the lattice L. Set

B(aj,aj) ifi>j
E(O‘“aj):{l( /) if i < j.

(e(ay, ;) may be arbitrarily chosen). Extend this to L by bi-multiplicativity.
This gives a 2-cocycle on L with values in C* since bi-multiplicativity implies
that

e(a,0) =1 =¢(0,);
e(a, B)e(a+ B,7) = e(a, Be(a, v)e(B,7) = e(a, B+ 7)e(B,7).
Let a =), kja; and 3= )", l;or;. Then,
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e(a, B) = He(aivaj)kilj = H e(ui, o) kit H Blay, o)l (2)
.7 i=1

>3]

and

e(B,a) = [ e(cw, )™ T Blay, o)

i=1 j>i

Hence as B is skew-symmetric (see Lemma 4.2.3 (i)),

e(a, B HB ozl,oz]kl HB az,ajkl HB oz“oz] B(a, ).

i>j J>1

Let L be the corresponding central extension of L by C* and e* € L be as
described in (i). Then, e®e” = ¢(a, 3)e®™? and e’e® = ¢(B3,a)e*tP. Hence
from (%) we get

eve’ = e(a, B)e(B,a) " e e = B(a, B)ee”. (3)

This proves the existence of a central extension of L satisfying (k).

Conversely, if L is a central extension of L satisfying () and € is a 2-cocycle
corresponding to L via the map described in (i), then the definition of L implies
that e(a, 5) = B(a, B)e(8, o) for any «, 5 € L.

We next check the uniqueness of the central extension L.

Equality (3) shows that, more generally, for any 2-cocycle e,

B(OQﬂ)—G( /8) (ﬁ? )

is a bi-multiplicative skew symmetric map. This gives a surjective group homo-
morphism between H?(L,C*) and the group of bi-multiplicative skew-symmetric
maps

LxL—C*

e (B :(a,f) = e, B)e(B, ) 1),

This map is also injective: if e(a, B)e(B,a)™1 = 1 for all o, 3 € L, then e is
symmetric. Equivalently, (1) implies that the corresponding central extension
is abelian and so must be isomorphic to L x C*. Therefore, by (i), € is equivalent
to the trivial cocycle.

Hence the above map is an isomorphism, and thus the uniqueness of L follows
from (i).

Finally suppose that the lattice L is integral. From the above there is a
2-cocycle e corresponding to L such that

B(Oli,()éj) if ¢ > g
e(aiyap) = (—=1)(@0) if § = j
1 ifi < j.
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Then, from (2) and Remark 4.2.4 (ii) it follows that for any o € L,

n

6(05701) — H(*l)(ai’ai)k? H(il)i(kiai,kjaj)+ik?k?(0&i,ai)(a]’,a]’)
i=1 i>j
_ (—1) R (@)t
= (71)(04,(1)

since (Y, kivi, >, ki) =Y, kZ(ay, ) (mod 2). This proves the result. [J

In what follows, we will denote by L the extension of the free abelian group
L by C* given in Lemma 4.2.5 (ii). For each a € L, we fix an element e* €
L satisfying m(e®) = «a and such that € is the identity element of L. Set

e: L x L — C* to be the corresponding 2-cocycle: for all o, 5 € L,
e“e? = e(a, B)e> TP,

The group algebra C[i/] is a complex vector space with basis e®, o € L.

Definition 4.2.6. Let S be the symmetric algebra of ®n<o(H @ t™). The Fock
space is the I'-graded vector space defined to be the tensor product

Vi, =S ® C[L].
The T'-grading is given by setting p(v @ e*) = g;, forv € S, a € L;.

We remind the reader that the symmetric algebra is the quotient of the
tensor algebra T(®,<o(H ®t™)) by the ideal generated by the elements ab — ba,
a,b € (Bn<o(H @t™)).

Remark 4.2.7. Basically the Fock space is the tensor product of copies of the
symmetric algebra of H and of C[L] and has the structure of an algebra. For
h € H and n € Z_, h(n) will denote the element h ® t". The elements

hl(_nl) e hr(_nr) ® eav

where the elements h; € H, n; € N, a € L, generate the vector space V.

Our next aim is to construct a I'-graded vertex algebra structure on V7.
Throughout this section we keep the notation of section 4.1. For simplicity of
notation we will write p(a) for p(1 ® e®).

Consider H as an abelian Lie algebra and set H to be the affinization H:

H=H®C[t ' t{]® Cc,

where ¢ is a central element and [Ah ®t", A’ @] = §p4m,0(h, B )c for m,n € Z,
h,h' € H. Then H is a Heisenberg algebra (see Remark 2.1.16). The Fock space
is a natural representation of the Lie algebra H.

For h € H and n € Z, h(n) will denote the endomorphism on V7, correspond-
ing to the element h ® t" of H. The next result also implies that when n < 0
it is consistent to use the same notation for h(n) both as the endomorphism of
V1, defined in the next Lemma and as a vector of V7.
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Lemma 4.2.8.

(i) The symmetric algebra S is a module for the Heisenberg algebra H with
the action of H given as follows. For x € S, write x = h'(—m)y, where
y €S and m € N.

c.x =ux;

h(n)x ifn<0
h(n).x =40 ifn=0
NOp.m(h, B )y + B (—=m)h(n).y ifn>0

(i) The space C[I:} is also a H-module with the action given as follows: for
e* € C[L],

c(l1®e”) =0, h(n).(1®e*) =dpo(h,a)(1®e).
Proof. For any x € S, h,h/ € H, n,m € Z, a € L calculations give
[h(n), ' (m)].x = (h, K )0ptmoz, [h(n),h' (m)].(1®e*)=0.

Hence as c.x =  and c.(1 ® e*) = 0, the action described in the Lemma gives
representations of the Lie algebra H on S and on R[L]. U]

As the Fock space is a tensor product of two H-modules, it is a tensor
product module for the Lie algebra H.

Corollary 4.2.9. The Fock space Vi, is a H-module and the action is given by
Lemma 4.2.8.

Remark 4.2.10. For n < 0, h(n) is a “creation operator” and for n > 0, h(n)
is an “annihilation operator”.

Lemma 4.2.11.

(i) There is a natural derivation d on the Fock space defined by

d(h(=m)® 1) =mh(-m-1)®1, d.(1®e%)
=la(-1)®e*he HmeN,a € L.

(i) d(1®1) =0
Proof. (ii) follows from the definition of the derivation d and of e’ as the
identity element of the group L. L]

The following consequence of Lemma 4.2.11 (ii) is immediate.

Corollary 4.2.12. Forallh € H,n € N, dh(—n).(181) = —nh(—n—1).(1®1).
So, the definition of the derivation d suggests setting

Y(h(-1)@1,2):= Y h(n)z"""",

nez
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In other words,
h(n) = h(-1), VneZ.

Lemma 4.2.13. For all h € H, Y(h(-1) ® 1,2) is a well defined general-
ized verter operator on Vi satisfying the vacuum and translation axioms. In

particular,
[d, h(n)] = —nh(n — 1)
forallh € H, n € Z. Furthermore, p(Y (h(—1) ®1),2) = 0.
Proof. By definition of the action of h(n) on Vi given in Lemma 4.2.8, for all
v € Vi, h(n).v = 0 for n >> 0 and so the operator Y (h(—1) ® 1, z) is a well
defined generalized vertex operator and satisfies the vacuum axiom.
For all h € H [d, h(n)] = —nh(n—1) is a direct consequence of the definition

of the derivation d (see Lemma 4.2.11) for n < 0. For n > 0, we show this by
induction on the length of homogeneous for all v € V. Forv =1® %, a € L,

[d, h(n)]v = d(0n,0(h, @)v) — h(n)(a(-1) @ %)
= 0p0(h, a)d(a(-1) ® e*) — (h,a)dp1v — (h, @)dn 0(a(—1) @ %)
= —nh(n — 1)v.

Suppose that for v € Vi, [d, h(n)lv = —nh(n — 1)v. Then, for b’ € H, m € N,

ah(n) (R (~m))

= (h,1')on,mdv + dh/(—=m)h(n)v — mh(n)h' (—m — 1)v — h(n)h'(—=m)dv

= n(h,h)dp mdv + mh'(—=m — 1)h(n)v + h'(—m)dh(n)v

—m(h, M )nbp mi1v — mh'(—=m — 1)h(n)v — n(h, h' )6, mdv — B’ (—=m)h(n)dv
= k' (=m)|[d, h(n)]v — nh(n — 1)h'(=m)v + nh’'(—=m)h(n — 1)v

= —nh(n — DA/ (—=m)v

as wanted. Therefore [d, h(n)] = —nh(n — 1) for all h € H, n € Z. It follows
that [d,Y (h(-1)®1,2)] = LY (h(-1) ®1,2).

By definition of the gradation, h(—1) ® 1 has parity 0. Hence This also
the case for the generalized vertex operator Y (h(—1) ® 1, z) since h(—1),, # 0
implies that n € Z. This proves the Lemma. L]

The following property of the operators h(n) follows easily from the action
of the Lie algebra H on the Fock space V.

Lemma 4.2.14. For all h,h' € H, n,m € Z,
[h(n), ' (m)] = nénim.o(h, h').

Corollary 4.2.15. The generalized vertex operators Y (h(—1) ® 1,z) and
Y (W (—1)®1,w) are mutually local for all h,h' € H.
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Proof.

Y(h(-D) @ 1L,2), YW (- @ Lw)] = 3 [hn),h (m)] " w ™!

m,n€Z
— (h, h/) Z nz? L1
nez
0
— n_—~ _
= (h,h )8w5(z w).

Since (z — w)d(z — w) = 0 (see Example 4.1.10),
(z — w)28%5(z —w) = a%((z —w)?5(z —w)) +2(z —w)d(z —w) = 0.

Hence,
(z—w)?[Y(h(-1)®1,2),Y (K (~1) @ 1,w)] =0

and so the generalized vertex operators Y (h(—1) ® 1,2) and Y(R'(-1) ® 1, 2)
are mutually local since they have parity 0. L]
For a € L, define

e ZVL — VL
v@ el v e’ =e(a, Bv @ et
where v € S.
We can now state the result giving a I'-graded vertex algebra structure to
the Fock space V7, as it only depends on fixing mutually local vertex operators

for the elements h(—1) ® 1 of V,, h € H, satisfying the translation and vacuum
axioms.

Theorem 4.2.16. The Fock space Vi, with vacuum vector 1® 1 and translation
operator d whose action is defined by:

d(h(—m)®1) = mh(—m—-1)®1, d(1®e*)=a(-1)®e® he HmeN,aelL
has a unique I'-graded vertex algebra structure satisfying

Y(h(-1)®1,2) =Y h(n)z"""".

neZ

There is a basis e*, a € L, of the group algebra R[L } for which

Y(1®e% z) =e% 2o T a(j)e_z >0 70 ,a(0)

and more generally, for any h; € H, n; € Z,, a € L, the generalized vertex
operator corresponding to the vector

hi(—=ni —1)..hp(—np — 1) ® e
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L'Y(hl(—nl — 1), Z) .

ny.

1

n,.!

Y(h(—n, —1),2) @ )Y (1 ® e, 2) :

Definition 4.2.17. A I'-graded vector space V is said to be a I'-graded (bosonic)
lattice vertex algebra if V is the Fock space Vi, for some rational lattice L and
the I'-graded vertezx algebra structure is given by Theorem 4.2.16.

It is sometimes useful to call this vertex algebra the bosonic lattice vertex algebra
in order to differentiate it from the fermionic lattice vertex algebra (see Exercise
4.2.2) since both are needed in the construction of a BKM superalgebra with
non-trivial odd part. We spend the rest of section 4.2 proving Theorem 4.2.16.
See [Borc2|, [DL] and [Kacl5] for the case I' < Zy. We start by showing that
the I'-graded vertex algebra structure of Vi only depends on the generalized
vertex operators Y(h(—1)® 1,z) and Y(1®e* z), h€ H,n € N, a € L.

Lemma 4.2.18. Suppose that Vi, is a I'-graded vertex algebra with vacuum
vector 1 ® 1 and translation operator d. Then,

(i) forhe Hyn,€eZ,, a €L,

Y(hi(—n1 — 1) h.(—n, — 1) @ e%, 2)

nllymr(—n, 1))@ )Y@, z)

e

=: nil!y(hl(_nl —1),2)---

(ii) and forh€ H,n € Zy, Y(h(-n) ®1) = (£)"" 1Y (h(-1) ®1).
Proof. (i) follows by induction on r from Corollary 4.1.32 applied to the vectors
a = hi(—ni — 1) ®1

and
b= hi+1(—ni+1 — 1) s hr(—n,. — 1) ® e”.

(ii) follows from Lemmas4.1.31 and 4.2.11 since d”(h(—1)®1) = nh(—n—1)®1.

L]

Hence we only need to associate generalized vertex operators to elements

1®e®, a € L and finally to check that with the generalized vertex operators as

given in Theorem 4.2.16, the Fock space V7, is indeed a I'-graded vertex algebra.
We first aim towards the computation of Y(1 ® e, z).

Lemma 4.2.19. Suppose that Vi is a I'-graded vertex algebra with vacuum
vector 1 ® 1, translation operator d and Y (h(—1)®1,2) =3 _, h(n)z"""1 for
allhe H. Foranyne€Z,he H,a € L,

nez

[h(n), Y(1® e 2)] = (h,a)z"Y (1 ®e%, 2).
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Proof. We apply Corollary 4.1.26 (i) to a = h(—1) ® 1 and b = 1 ® e“. Since
h(n) = (h(-1) ® 1),, and h(n)(1 ® %) = 0y 0(h, a) ® e,

[h(n),Y(1® e, i( > N1 ®@e*),2)2"7

]:
= (h,a)Y(1®e®, z)2"
by linearity of generalized vertex operators. L]

The following result is an immediate consequence of Lemma 4.1.31 and
Corollary 4.1.32.

Lemma 4.2.20. Suppose that Vi, is a I'-graded vertex algebra with vacuum
vector 1 ® 1 and translation operator d. For any « € L,

d
d—Y(l ®e*z)=Y(a(-1)®1,2)Y(1®e*, 2):
z
Hence
d N —i—1 N —di—1
@Y(l ®Re%z) = Za(y)z TTY(1ee2)+Y(1®e%, 2) Za(j)z I
7<0 j>0

Now,

ddze Ej<0 z;j o) _ j;a(j)zijilei Zj<0 z;ﬂ a(j)_

Similarly for j > 0. For j =0,

d
%6()‘(0)[092 _ a(o)zflea(O)logz.

Furthermore, the vacuum axiom implies that
(ea)_l.l =e“.

On the other hand, the constant term in the expression

o Do ST D 00 La(0) | 2 T ) g1

is 1. It thus makes sense to consider the following generalized vertex operator
on the space V.:

2=J s 2—J
Y. (z) = e_o‘eZKO J )Y(l ® e, Z)ezj>0 7 )

Lemma 4.2.21. Suppose that Vi, is a I'-graded vertex algebra. For all h € H,
n €N,

(Z) [h(n’)? ea] = 677,,0(h, Oé)ea and
(ii) [h(n), Ya(2)] = 0.
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Proof. From the action of h(n) on Vi, given in Lemma 4.2.8, (i) is obvious for
n=#0. Foranyv e S, v € L,
h(0)e®(ve) = e(a,v)(h,a + v)ve®TY
= (h,a+y)ve*(1®e")
and
e“h(0)(ve?) = (h,y)ve* (1 ® "),

proving (¢) for n = 0.
For n,j € Z, j # 0, by Lemma 4.2.14,

2=

[h(n), e

O‘(j)] = (h,a)énﬂ-yoz”e*%a(*") and [h(n),za(o)] =0.
Hence (i¢) follows from (i) and Lemma 2.4.19. Ll

In fact, the vertex operator Y, (z) does not depend on z.

Corollary 4.2.22. Suppose that Vi, is a I'-graded vertex algebra with vacuum
vector 1 ® 1, translation operator d, and Y (h(—=1) ® 1,z) = >, .z h(n)z7""!
for all h € H. For any o € L, the vertex operator Y, (z) € End(Vy).

Proof. From Lemmas 4.2.14 and 4.2.21 it follows that

2—J

Y(l X eo‘7 z) = e% Zj<0 J Ct(j)erN) ZJ;'Ja(j)Za(O)Ya(Z).

So, by Lemmas 4.2.20 and 4.2.21, %Ya(z) = 0, which proves the result. L]

We will write Y, (z) = yq4, where y, is an endomorphism of the vector space
V. We next compute these endomorphisms.

Lemma 4.2.23. Suppose that Vi, is a T'-graded vertex algebra with vacuum
vector 1 ® 1, translation operator d, and Y (h(=1) ® 1,z) = > 7 h(n)z="!
for allh € H. For any a,3,€ L, v € S, yo(v® €P) = y(a, B)v @ e? for some
y(a, 8) € C and y(,0) =1 = y(0, a).

Proof. Foranyv e S, € L,
Ya(v ® eﬁ) = vya(l® eﬁ)

since y, commutes with all operators h(—n) for all h € H, n € N, by Lemmas
4.2.8 and 4.2.21 (ii). For any h € H,

h0)ya(1®e”) = (h, B)ya(1® )

by Lemma 4.2.21 (ii). Hence, since the bilinear form is non-degenerate on L,
there is an element y(«, 3) € S such that

ya(1®e?) =y(a, B) @ e’.

So by Lemma 4.2.21 (ii), [h(n), y(c, B)®e?] = 0 for any h € H, n > 0. Therefore,
y(a, B) € C.



4.2 T-Graded Lattice Vertex Algebras 161

Applying the vacuum axiom, we then get
1@ =Y(1®e,2)1®1)]_, = y(e,0)(1® )
and
19" = Y1®12)10e") = y(0,a)(1 @),
And so y(«,0) =1 =y(0,a). U]

To compute the scalars y(a, 3), we use the fact that the generalized vertex
operators Y (e®, z) and Y (e?, w) are mutually local. We split the proof into two
parts as this will be useful later on.

Lemma 4.2.24. Suppose that Vi is a I'-graded vertex algebra with vacuum
vector 1 ® 1, translation operator d, and Y (h(—=1) ® 1,z) = > 7 h(n)z7"!
forallh € H. For any o, € L,
iz — w)APOPEY (1@ e 2)Y (1 el w)
— iy (2 = w) PPy (p(a), p(B)Y (1@ e, w)Y (1 ® €, 2)
= (eayaeﬁyﬁ - eﬂ-iA(p(a)m(ﬁ))V(p(a)vp(ﬁ))eﬁyﬁeaya)yaﬁ(zv U}),

(%)

where

V(2 w) = 22000 3, 0Tl BG) = 3, (FF )+ 257 B())

Proof. From Corollary 4.2.22,

Y(1®e", 2)Y(1® e, w)
e Lo T X T L0(0)y 80 2o BT (X g 2B ,800),,

Lemma 4.2.14 implies that [a(j), (k)] = 0 for k # —j and [a(j), B(—j)] com-
mutes with both a(j) and 3(—j). Hence,

o= T ali) g 2 B(—h) (2) H(@:B) % B(=) =25 ali)

= 0j+k,0€
And so,

Dm0 T 7 D0, TG 0 TR D ST e (B (2

Claim: e?z2(0) = z=(a.8) ;a(0) 5

For any v € S, y € L, 520 (v @ ) = e(ﬂ,’y)z(o"j) (v ® 1Y), where € is
the 2-cocycle corresponding to the central extension L (see Lemma 4.2.5 and
following paragraph), and z*©ef(veY) = €(8,~)z(*B+7) (vef+7), proving the
claim.

Considered as complex functions,
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and w
2 @B); (1——

yWw

) @B =i, (2 — w)@P)
z

in the domain |w| < |z|. Hence as formal series,
e @D BV 3 @) — (o )@,

Note that by definition of A, (o, 8) = —A(p(a),p(8)). Therefore, since by
Lemma 4.2.21, y, and yg commute with the endomorphisms h(n) for all n € Z,

Y(1®e*, 2)Y(1®eP w) =i, .,(z— w)_A(p(o‘)’p(ﬁ))eo‘yaeﬂngaﬂ(z, w), (1)
where

2—J 2—J w—J

Yaﬂ(z’w):Za(())wg(%fzm( Fral) B0 = XL, (Tl + 5 BG))

Similarly,
Y@ w)Y(1®eY, 2) =iy (w—2z) 2P eBy 00y Y, 5(z,w).  (2)

The result follows from (1) and (2). L]
We are now able to derive the vertex operators Y (1 ® e®, z).

Lemma 4.2.25. Suppose that Vi is a I'-graded vertex algebra with vacuum
vector 1 ® 1, translation operator d, and Y (h(—=1) ® 1,z) = 3, .z h(n)z=""!

for all h € H. There is a basis e®, a € L of the group algebra C[L] satisfying
e“eP(e*)™! = B(a, B)eP with respect to which

2=

Y(1®e“z2) =€ 2 5<0 zJ;Ja(j)e_ 255057 (7 ya(0)

Proof. We keep the same notation as in Lemma 4.2.24. Since
Y, (2, w)~! makes sense, multiplying both sides of equality (*) in Lemma 4.2.24
by (2 — w)"Y, (2, w)~t, where m € Z, we can deduce that for large enough

n € Z+ A(p(a),p(b)) (n =m+ A(p(a),p(b))),
iaw(z —w)"Y(1® e, 2)Y(1® e, w)
=iy, (z —w)"v(p(a),p(B)Y(1® e’ w)Y(1®e*, 2) (1)
if and only if

) AE@O) gay By (5 )= Am(a).p(b)
(z —w) Yo yp = (2 —w)

x v(p(a), p(B))em AP B efy ey (2)

(In particular if (1) holds, then it holds for all n > A(p(a),p(b))) Applying the
operators on both sides of equality (2) to the vector 1 ® €7, v € L, we get from
Lemma 4.2.23,

y(B,7)eB,7)y(a, B+ v)e(e, B +7)

— u(p(a), p(B)) e AE@ PNy (0, y)e(, )y (B, + 7)e(B 0 + i
3
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As € is a 2-cocycle,

e(B,)e(e, B +7) = e(a, Be(a + 5,7)
and

(e, 7)e(B, o+ ) = e(B, a)e(a + ;7).
Hence (3) becomes

y(B,7)y(a, B+ 7)e(e, B) = v(p(e), p(3))e™ 2P e(3, a)y(a, y)y(B, o + 7).

By definition (see Lemmas 4.2.5 and 4.2.3),
e(a, B) = B(a, B)e(B, a)

and A
B(a, 8) = e ™Dy (p(a), p(8)).

Also by definition of A,

—(a, 8) = A(p(a), p(B))-

Hence, it follows that

y(B;yla, B+7) = y(a, V)y(B,a + 7). (4)

In particular, setting v = 0, by Lemma 4.2.23,

y(o, B) = y(B, ). (5)

Using both equalities (5) and (4), it follows that

y(B, My, B+7) = y(v,)y(B, 7 + @)
=y(B,)y(y,a + B)
=y(a, B)yla+ B,7).

Together with Lemma 4.2.23, this says that

y:LxL—C
(a, ) = y(, §)

is a 2-cocycle.

Suppose that y(a, §) # 0 for all «, 3 € L. As the 2-cocycle y is symmetric,
the corresponding central extension of L by C* is abelian and thus isomorphic
to the direct product of groups L x C*. Therefore, Lemma 4.2.5 (i) implies that
there exists a map 7 : L — C* such that

y(a, B) = T()T(B)T(a + B) L.
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For all o € L, set f@ = 7(a)"te®. These elements form a basis of the group
algebra C[L] and

Y(1®fY2)(ve )= T(a)*lT(ﬁ)*Y@ ®e*,2)(ve® eé)

2

— J(@B) ™ Zj<0 J O[(j)67 Z-7>0 z;']a(j)(v & faJrB)'

Hence, rescaling the basis elements e® if necessary, we may assume that

Y(1®e% z) =e 2o T i) = 2is0 T o(d) ya(0),

So to complete the proof of the Lemma, we only need to show the following
claim.
Claim: y(a, 8) #0 for all «, 3 € L.

Suppose that y(«, 8) = 0 for some «, 3 € L. Then, by Corollary 4.2.22 and
Lemma 4.2.23,

273 N 29 (i
Y(1®e, 2)(1@ef) = ete” 2ico T W™ Lyno T 000 (y(, f) @ ) = 0.
(6)

Ya(1®e’) =yae (12 1) =Y(0,2)(1®1). (7)

This last equality follows from (6) and linearity in the first variable of the
operators Y (a,z), a € V. Since X(2) = Y (1 ® e®, 2)e? is clearly a generalized
vertex operator, applying Lemma 4.1.18 to (7), we can deduce that X (z) = 0.
Hence, X (z)e™” = 0. However, for any s € S, v € L,

e P(s@e?) =e(—B,7)e(B,—B+7)(s®e?) =€(B,—B)(s@e”).  (8)

Now,

In other words, the map e”e™” on V;, is multiplication by e(3,—3) and this
scalar is non-trivial as it is in C* by definition of the 2-cocycle e¢. Therefore, (8)
implies that

Y(1®e* z)=0.

In particular,
1@e*=Y(1®e*,2)(1®1) |,—0=0.

This contradiction forces y(a, 3) # 0, proving our claim. L]

Remark 4.2.26. Note that because of the isomorphism between the group
of equivalence classes of 2-cocycles with values in C* and the group of bi-
multiplicative skew-symmetric maps L x L — C*, the I'-graded vertex algebra
structure of V7, is independent, up to equivalence class, of the 2-cocycle € chosen
as long as e(a, B)e(3,a)~! = B(a, B).

In order to finish the proof of Theorem 4.2.16, it only remains to verify that
the generalized vertex operators Y (1 ® e, z) given in Lemma 4.2.25 satisfy the
I'-graded vertex algebra axioms.



4.2 T-Graded Lattice Vertex Algebras 165

Lemma 4.2.27. Suppose that Y (h(—1)®1,2) =Y. ., h(n)z=""! forallh € H
and that d is the derivation given in Lemma 4.2.11 (i). Let

Y(1®ea,z):e“efzjwz;]a(j)efzwo 7 a(J) (0)

Then,

(i) [d,Y(1®e%, 2)] %Y(l@ea,z),
(ii)) Y(A®1,2) =Iv,, Y(l®e*, z).1eV[z]] andY(1®e*, 2).1]| o= 1®e*,
(ii1) Y (1 ® e*, 2) is a generalized vertex operator of parity p(a)
(iv) The generalized vertex operators Y (v,z) and Y (1 ® e*,2) are mutually
local forv="h(-1)®1 andv=1®¢€® for allh € H, B € L.

Proof. (i): Since forallv e S, g € L,

de*(v® ”) = e(a, B)(d(v) + (o + B)(—1)v) @ 17
and
e*d(v @ e”) = e(a, B)(d(v) + B(~1)v) @ e* 7,

we get
[d,e*] = e“a(-1).

From Lemma 4.2.13, we can deduce that

=i

[d,e” 7

a(j)} — Zijja(j _ 1)e*%a(j) vV j#0, and [d, ZQ(O)] —0.

Hence,

[d,Y(1®e* 2)] =c*a(—1)e Z]<O 7 O‘(J) Z;>o 7o) »a(0)
+ Za(j —1)zY(1®e 2)+Y(I1®e, 2) Za(j — 1)z

3<0 3>0
—Z Tyl @e”, )+Y(1®ea,z)2a(j)z*j*1
j<0 7>0
d
= QY(l ® e, 2)

(ii) is easy to check.
(iii): For any v € S,

z—J

=y ,
Y(1®e*2)(veel) =e%e 25<o Foal) - D is0 7 a(f)(v ® eP)z(@P).

Hence for all n € Q, (1 ®e%),, has parity p(a) and (1®e%), (v®e?) # 0 implies
that n € Z — (o, ). However, by definition of A, A(a, 8) = —(a, 5).
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(iv): From Lemmas 4.2.14 and 4.2.21 (i) we can deduce that, for all n € Z,
[h(n),Y(1® e, 2)] = (h,a)"Y (1 ® e, 2)
and so

Y(h(-1)®1,2),Y(1®e* w) = Z(h7 )Y (1 ® e*, w)z"" 1w

Therefore,
(z—w)[Y(h(-1)®1,2),Y(1®e" w)] =0.

Since the generalized vertex operator Y (h(—1) ® 1, z) has parity 0, Y(h(—1) ®
1,z) and Y (1 ® €%, w) are mutually local.
Applying Lemma 4.2.24,

i (2 — w)A(p(a)yp(B))y(l ®e*, 2)Y(1® e’ w)
— (2 — w)A(p(a)’p(ﬂ))u(p(a),p(ﬁ))Y(l ® 66’ W)Y (1® e, 2)
= (e(a, B)e™™F — em AP BNy (p(a), p(B))e(B, ) )Yy 5z, w)
=0

since
e(a, B) = B(a, B)e(B, ) by Remark 4.2.26
= e PUB)y(p(a), p(3))e(B,) by definition of B
= e PACPE) L (p(a), p(8))e(B,a) by definition of A.

L]
We are now ready to complete the proof of Theorem 4.2.16.

Proof of Theorem 4.2.16. By Lemma 4.2.11 (ii), the translation opera-
tor d annihilates the vacuum vector. By Lemmas 4.2.13, 4.2.27 and Corollary
4.2.15, the generalized vertex operators Y (h(—1) ® 1,2) and Y (1 ® €%, z) sat-
isfy the axioms of a I'-graded vertex algebra for all h € H, a € L. Hence by
Lemma 4.2.18, the generalized vertex operators given in Theorem 4.2.16 for arbi-
trary generating vectors give the Fock space Vi, with translation operator d and
vacuum vector 1 ® 1 a I'-graded vertex algebra structure. Uniqueness follows
from Lemmas 4.2.18 and 4.2.25. This completes the proof of Theorem 4.2.16.[]

Exercises 4.2

1. Let L be the root lattice of a finite dimensional simple Lie algebra G of type
A, D or E, i.e. all of whose roots have norm 2. Show that the lattice vertex
algebra V7, is an integrable highest weight irreducible G-module with highest
weight vector the vacuum vector 1, where G is the extended affine Lie algebra
associated to the Lie algebra G.
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For a solution, see [Kacl5, §5.6].

2. Let L be an integral lattice, Vg the exterior algebra of

O_nen(H @ 1"7%),
and
H=H®C[t 1t & Ce,
where .
Hy = Cc,
Hy = H® Clt™, ]t3,

¢ is a central element and [h(n), h'(m)] = dptmo(h, B )cfor m,n € Z, h,h' € H.

(i) SAhow that H is a Heisenberg superalgebra and that VLf is an irreducible

H-module.

(ii) Show that the space VLf with vacuum vector 1, translation operator d with
action defined by:

dh(—m)®1) = mh(-m—1)®1,d(l )
= a(-1)®e*he Hme N,a € L,

has a unique vertex superalgebra structure satisfying

Y (h(— 1—7 ®1,2)=> hin—z)z"""
nez

This is called the fermionic lattice verter superalgebra. For a solution, see

[Schl].

4.3 From Lattice Vertex Algebras
to Lie Algebras

In this subsection, we show how to construct Lie algebras from lattice vertex
algebras. For details, see [Borc2], [Fren] and [Schl]. We assume that the lattice
L is non-degenerate and integral. Hence, by Remark 4.2.4 (ii), ' < Zs, A =0,
v(@,b) = (—1)? for a,b = 0,1, and

B(a, B) = (—1)(@AH(x0)B.6),

So, by definition, the Fock space V7, is graded by I' = Zy: v®@e® € (V)5 (resp.
(Vi)7) if (o, ) is even (resp. odd).

Our aim is to construct a BKM algebra from V. The first thing to notice in
this respect is that the quotient of V;, by the subspace generated by the action
of the translation operator d has the structure of a Lie superalgebra.
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Lemma 4.3.1. The quotient space Vi, /d(Vy,), where d(Vy,) = (dv,v € VL), is a
Lie superalgebra with the Lie super-bracket given by:

[u,v] = up(v), VYuve V.

Proof. We check that (anti)-commutativity and the Jacobi identity hold. By
Lemma 4.1.20, for all u,v € Vg,

u)p(v = dj
up(v) = —(—1)P )Z(—l)jﬁvﬂh
=0

It follows that

[u,v] = —(=1)PWPW [y u]  (mod d(V7)).
By Corollary 4.1.26(ii), for any u,v,w € V7,

uo(vow) — (—1)PWP@ g (ugw) = (ugv)ow.

Equivalently,
[ufv, w]] = [fu, v]w] + (=1)PPO o fu, w]].

[

Remark 4.3.2. The above proof shows that the Jacobi identity holds in V7, but
not the (anti)-commutativity axiom of the Lie super bracket. It is in order for
this axiom to hold that to get a Lie superalgebra structure, we have to quotient
out the Fock space V7, by the subspace generated by the derivation d.

Now there is a fundamental aspect of the vertex algebra V;, which we have
not touched upon as yet. Recall from Lemmas 2.2.4 and 2.2.5 that an essential
characteristic of a BKM superalgebra G is the existence of a non-degenerate,
consistent, supersymmetric bilinear form such that the subspaces G, and G,
where a,3 € A U {0}, are orthogonal unless « + § = 0. A basic aspect of
the structure of lattice vertex algebras is that they too have a natural non-
degenerate bilinear form. However, it is symmetric and not supersymmetric.
Remember from paragraph preceding Corollary 2.2.7 that, in this book, we
take Hermitian forms to be antilinear in the first argument and linear in the
second, unlike usual conventions.

Theorem 4.3.3. There is a unique, consistent, symmetric, Hermitian form
(.,.) on VL such that:

, o 1 ifa=p
1 1@ el :{ d
() 1@ 1®er) 0 otherwise an

(ii) for any h € H, n € Z, the adjoint of the operator h(n) is h(—n).
Furthermore, the form (.,.) is non-degenerate.

Proof. Let u = hy(—n1)---h.(—n,) @ e* and v = hj(—my)---hi(—m,) ® €,
where h;, h; € H, n;,m; € N and «, 5 € L. By (ii),
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(u,0) = (hy(ms) -~ hy(ma)ha(=n1) - he(=np) ® e, 1@ ) (%)

and
(u,1®e?) = (hi(—n2) - he(—n,) @ e, hi(n1)(1®e?)) =0

unless 7 = 0. And so together with (i), this proves the existence and uniqueness.

The Hermitian form is clearly symmetric. If p(u) = 0 and p(v) = 1, then
by definition of the parity, (a,«) =0 (mod 2) and (8,5) =0 (mod 2). In
particular, @ # [ and so from (x) and (), (u,v) = 0. Hence the form is
consistent.

We now show that the Hermitian form is non-degenerate. From () and (4),
all we mneed to show is that there are maps hj(m1) such that
Ry(ms)---hl(my)s # 0, where s = hy(—nq1)---h.(—n,) € S. Let us re-write
the vector s as follows:

s =h11(=l1) - hig(=l1)ha(=l2) - - - he(—ly),

where 0 < {1 < [j for all j > 1. As the Hermitian form on H is non-degenerate,
there is some h € H such that (h, Zle his) # 0 for all 1 <4 < k. The action
of H on S given in 4.2.8 (i) implies that

k
h(l)Fs = Kl (h, Y hyi)ha(=l2) - he(=1y).
=1

Therefore, non-degeneracy follows by induction on . L]

From now on, for reasons of simplicity, we will denote by (.,.) both the
bilinear form on the lattice L and the Hermitian form on the Fock space Vi
defined in Theorem 4.3.3.

The Lie superalgebra Vi, /d(Vy) introduced in Lemma 4.3.1 is too big. The
Lie superalgebra which is of importance to us is a sub-quotient of this one. This
sub-quotient is derived from the natural action of the Virasoro algebra on V.
A typical characteristic of a lattice vertex algebra is that the Virasoro algebra
acts on it. It induces a natural Z-gradation on Vi which will give us the Lie
algebra we are looking for. Moreover the properties of this action will enable us
to show that this Lie sub-superalgebra is indeed a BKM superalgebra when the
lattice L is Lorentzian of rank at most 26. So let us first remind the reader of
the definition of a Virasoro algebra.

Definition 4.3.4. The Virasoro algebra Vir is the Lie algebra gemerated by
elements Ly, n € Z and a central element c satisfying
3

1
[Lin, Ln] = (M —n)Lipgn + —

2

— M) 0mtn,0C

A characteristic aspect of the lattice vertex algebras Vp is that it has a vec-
tor with the special property that the coefficients of the corresponding vertex
operator generate a Virasoro algebra.
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Definition 4.3.5. A vertex algebra V with an even vector v such that
z) = Z Lz "2,
nez

where (Ly,c) = Vir, ¢ being a scalar, is called a conformal vertex algebra. The
vector v is said to be a conformal vector with central charge c.

Theorem 4.3.6. The vector
1
- §Zai(_m;(—n ®1,

where the vectors (o) run through a basis of L and (a}) through a dual basis
in H is a conformal vector of the lattice vertex algebra Vi, with central charge
dim L. For all j € Z,

> O ain)ai(G—n) + Y @i — n)ai(n)).

i n<0 n>0

L=

N |

In particular, L_1 = d and Ly s diagonalizable derivation on Vi,:
1
Lo(l®e™) = 5(@, a)(l1®e®), Lo(h(—m)v) = mh(—m)v + h(—m)Lgv.

Furthermore, the operators L, and L_,, are adjoint with respect to the Hermitian

form (.,.) on V.
Proof. By Corollary 4.1.26 (i), since L, = Grnt1,

[Lim, Ln] = Z (m N 1) (Lj—1Q)m+n+2—j- (1)

=N 7

By Corollary 4.1.32, since h(—1) = (h(—1) ® 1)_; for all h € H,

Y(w,z):fz H1,2)Y(d(-1)®1,2):
D

1 n<0 meZ (2)
b alfm Y ()
meZ n>0
ST e+ ol o)
i n<0 n>0

Hence,

12 D ain)aj(i—n) + Y ef(j — n)ai(n)). (3)

i n<0 n>0

\o}
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Hence, from the action of H on V. given in Lemma 4.2.8, we get, for any h € H,
meZ, acL veVy,

L_1h(—m)v = % Z(ai(—m — Dm(a, h)v
+m(ai, h)al (=1 —m)) + h(—m)L_qv
=mh(—m —1)v+ h(—m)L_qv

and

= % > (ai(=m)m(aj, h)v + m(a;, h)aj(=m)) + h(=m) Lov
= mh(—m)v + h(—m)Lgv

and
Lo(l®e*) = % Z(ai,a)ag(O)(l ® e%)

%

ORETS

= %(oz, a)(l®e”).

We next evaluate the right hand side of (1). From the above,

Low = 2(. (4)

For j > 0, since j —n > 1 when n < 0, (3) gives

6= § S elli - Dasen(-Dal () 1)
= 1 (@s ar)alG ~ Dot (~1) + el ~ Dou(-1) &1
ik i
= 3wl - Da(-1) @1

:{;mmLa®n if j =2
0 otherwise.
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So, setting Iy, to be the identity homomorphism on the space Vi, (1) becomes

(Lons L]

(m+ )m(m —1)
6

= (Lo1Q)mant2 + (m+ 1) (LoC)m+n+1 + (L2Q)man—1

m3

—-m
= (dQ)m4n+z +2(m + 1)nin+1 + —5— (dim L) Iy,
by (4) and the vacuum axiom

3

mT —m, .
—(m +n 4+ 2)Cm+n+1 —+ 2(m + 1)Cm+n+l + 7((11111 L)IVL

12
by Lemma 4.1.31
3 _
= (m — 1) Lypyn + %(dim LIy,
as expected.
Finally, we show that
(Lju,v) = (u, L_;v).
For all u,v € V,
(Lju,v)
*Z Zaz ]_n +Za ]_n)az(n))uav) by (2)
9 n<0 n>0
1
=§Z(u,(2a —j—n)a;(— —l—ZaZ ai(—j —n))v)
i n<0 n>0

by Theorem 4.3.3

:%Z ZO" —j+mn) +Z —j +n)ai(n))v)

n<0 n>0
replacing n by —n
:%Z Zal —j+n) —|—Z —j+n)ai(n))v)
i n<0 n>0
by Lemma 4.2.14
= (u, L,j’l}).

U

Remark 4.3.7. (i). The definition of the operator Ly implies that for any
eigenvector v @ e of Ly, v € S, a € L, the corresponding eigenvalue z € C is
such that  — (o, a) > 0.

(ii). Note that vertex operator algebras were defined by Frenkel, Lepowsky and
Meurman [FrenLM2] to reflect some crucial features of the moonshine mod-
ule. They are conformal vertex algebras with the added condition that all the
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eigenspaces of Ly on V are finite dimensional. However not all conformal vertex
algebras are vertex operator algebras. In particular, if the lattice L is not posi-
tive definite, then the lattice vertex algebra V7, is not a vertex operator algebra.
Indeed, for example, the eigenspace Vi = {v € V}, : Lov = v} is then infinite
dimensional:

1
{h(i(a,a)fl)@)ea:hGH,aEL,(a,a) <0} <W

since for any a € L of non-positive even norm, as 1 — %(a, a)€e N, forallh € H,
h(3(c, ) —=1)®e™ € Vi; and the definition of the operator Ly given in Theorem
4.3.6 implies that

Lo(h(%(a,a) ) @e) = h(%(a,a) )@

Corollary 4.3.8. Distinct eigenspaces for the operator Ly are orthogonal with
respect to the Hermitian form (.,.). In particular, the restrictions of the Her-
mitian form to the eigenspaces of the operator Loy are non-degenerate.

Proof. Let u,v € V, be eigenvectors for Ly with eigenvalues k, j respectively.
By Theorem 4.3.6, L is self dual. Hence,

k(u7 U) = (L0U7 U) = (’LL, LOU) = j(uv U)'
The result follows. L]

For any subspace U of Vi, on which the operator Ly acts, for n € %Z, we
will write

U" ={ueU: Lyu = nu}.

As mentioned earlier, the Lie algebra V7, /d(VL,) is too large. This was realized
independently by Goddard-Thorn [GodT] and Frenkel [Fren] who showed that
the space we should consider is not the whole lattice vertex algebra Vi, nor is
it a full eigenspace of the operator Ly but the subspace P! of V7, where we set

P! ={v € V|Lyv = iv, Lyw = 0,Vi > 0}.
We next give two technical but useful results.

Lemma 4.3.9. The linear derivation d on Vi is a monomorphism.

Proof. Suppose that du = 0 for some u € V. So by Lemma 4.1.31,

%Y(wz) =0

or equivalently
up =0 Vn#—-1

Hence, by Corollary 4.1.26 (ii), for allv € Vi, n € Z, [u_1,v,] = 0. In particular,
from the vacuum axiom, we get

vt = vpu_1(1®1) =0 VYn>0. (%)
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Now, there exists r € N, s; € S and distinct elements 3; € L, 1 < j < r, such
that u = Z;:1 sj @ €%, From (%), we can deduce that for all h € H, taking
v ="h(—1) ® 1 in the above,

0="h(0)u="> (h,B)s; @ e

J

since vg = h(0). As the bilinear form on L is non-degenerate, there is some
h € H such that (h, ;) # 0 for any 1 < j < r for which 3; # 0. Therefore, as
the vectors s; ® P are linearly independent, this implies that j = 1 and $; = 0
and so

u=:s ®1.

Taking v = h(—1) ® 1 in (%), for all h € H, n € N, h(n)s; = 0. As the bilinear
form remains non-degenerate on H, we can conclude that s; = 0 or equivalently
u = 0, proving the Lemma. L]

Lemma 4.3.10. For all u,v € P!, ug(v) € PL.
Proof. For any n € Z, by Corollary 4.1.26 (i), for all u € P!,

[Lna U’O] = [Cn-‘rla ’LL()]

n+1
n+1
=3 (") G
j=0
n+1

_ jgo (”j 1) (Lj—1u)nt1-;

= (L_1u)ps1 + (n+1)u, since u € P!

= (du)ps+1 + (n + Du, by Theorem 4.3.6
=—(m+1Du,+ (n+1)u, by Lemma 4.1.31
—0

Hence, for all v € P!, 0 = L,ugv for n > 0 and Lougv = ugv. In other words,
up(v) € PL. L]

Corollary 4.3.11. The vector space P'/dP° is a Lie subalgebra of the Lie
superalgebra Vi, /d(VL).

Proof. We first show that
P'nd(vy) =dP°.

Let v € V;, be such that dv € dV N P'. Hence, Lodv = dv. By Theorem 4.3.6,
d=L_q and [Log,L_1] = L_;. This implies that dv — dLov = dv and so

dL()’U =0.

Applying Lemma 4.3.9, we then get Lov = 0.
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For n > 1, again by Theorem 4.3.6,
0=L,Lyw=L_ 1 1L,v+ (n+1)L,_1v

and so by induction on n, L_; L,v = 0. Thus by Lemma 4.3.9, L,,v = 0. Hence,
v € PY as expected.

All we now need to check for P!/dP° to be a Lie superalgebra is that for all
u,v € P!, ug(v) € PL. This follows from Lemma 4.3.10.

Finally, by Theorem 4.3.6, the derivation Ly has non-integral eigenvalues
only on the odd part of the Fock space V. Therefore the subspace P! is even
and so P1/dP? is a Lie algebra. Ll

Remark 4.3.12. We will see in section 5.5 that the quotient of this Lie algebra
by the kernel of the Hermitian form is a BKM algebra when the lattice L is
even, Lorentzian of rank at most 26. It is important to note that the subspace
P1/dP is a Lie algebra, i.e. that its odd part is trivial. Therefore, even when
the lattice L is odd, which is the case for the root lattice of the fake monster
superalgebras [Sch2], and I" = Zs, the above construction though it starts from
a lattice vertex superalgebra (i.e. Zs-graded) only leads to a BKM algebra.

The Lie algebra derived in Exercises 4.3.1 and 4.3.2 is also a BKM algebra
modulo the kernel of the bilinear form (see Exercise 5.5.2) when the lattice L is
Lorentzian of rank at most 10, not necessarily even.

Exercises 4.3

1. Assume that the lattice L is integral. Remember the definition of the fermi-
onic lattice vertex superalgebra VLf from Exercise 4.2.2.

(i) Show that the quotient space VLf / d(V]f ) is a Lie superalgebra.

(ii) Show that there is a unique, consistent, symmetric, natural Hermitian
form on V,f such that: for any h € H, n € Z, the adjoint of the operator
h(n+ 1) is h(—n + 1). Deduce that the form is non-degenerate.

(iii) Show that the vector

1 3.,
Cf 2 El al( 2)061( 2)® )
where the vectors (a;) run through a basis of L and («}) through a dual

basis in H is a conformal vector of the lattice vertex algebra VLf with
central charge dim L. Check that for all j € Z,

Li=3 30 Y ot Damal-n— Y (ntdal-main)

Deduce that L_1 = d and Ly is diagonalizable derivation on VLf :

Lo(1) = = (e, ) (1 ®e%), Lo(v) = (my+---my)v,
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for v = hy(—=mq)---h.(—m,), h; € H, m; > 0. Furthermore, show that
the operators L,, and L_,, are adjoint with respect to the above Hermitian
form on VLf .

2. Assume that the lattice L is integral. Let V? (resp. VLf ) be the bosonic
(resp. fermionic) lattice vertex superalgebra defined in Definition 4.2.17 (resp.
Exercise 1) and ¢ (resp. (y) its conformal vector given in Theorem 4.3.6 (resp.
Exercise 1). Set Vi, = V/ @ VP

(1) Show that the vector ¢ = (y ®1+1®¢(; is a conformal vector of the lattice
vertex superalgebra Vi, and that the Virasoro algebra acts on it.

(ii) Let P’ be the generalized eigenspaces for the operator Lo (corresponding
to ¢ instead of (, as defined in section 4.3). Show that the quotient
space V1, /dVy, has the structure of a Lie superalgebra and P!/dP? is a Lie
subalgebra of Vi, /dVy,.

(iii) Let 7 =a(—1) ® a(—1) € V. Show that ¢ = 17y7.

(iv) Deduce that the operators L, = (,4+1 and G, = 7,, +1 generate a Neveu-
Schwarz algebra with central charge %dim L,ie. forall m,neZ, r,se

Z+3,
[¢, L] =0 =[c, Gy,
1
[Lin, Ln] = (m — n) Ly + ﬁ(m3 — M)m+n,0C,
1
[Ln, GT] = (in — T)Gn+r;
1,, 1
(G, Gs] = 2Ly s + g(r - 1)5r+s,00-
(iv) Set

1
P:={veV,: Lyv= 50 Lnv = 0= G, Yn,m > 0}.

Show that the subspace G_%P%/dPO is a Lie subalgebra of P/dP°.

For a solution of Exercises 1 and 2, see [Schi].



Chapter 5

Lorentzian BKM Algebras

5.1 Introduction

The aim of the chapter is to give the reader the tools to understand the classifica-
tion of the “interesting” BKM superalgebras. This work is still in progress today
and has not been completed. We have seen in section 2.3 that a given BKM
superalgebra is fully known if we have a means of describing its root system A,
a base of A or equivalently a set of generators for G, and the multiplicities of its
roots of infinite type. Given any abstract generalized Cartan matrix, one can
construct an associated BKM superalgebra. However, it is usually impossible
to find all this information about its structure. By “interesting”, we mean a
BKM superalgebra for which this is feasible and which can be constructed in
some concrete manner. The root lattices of these BKM superalgebras is either
Lorentzian, semi-positive definite of corank 1 or positive definite. The latter
two cases correspond respectively to affine and finite dimensional semisimple
Lie algebras (see Exercise 2.3.10). These are Kac-Moody Lie algebras. Based
on what is known so far, there is good reason to believe that the “interesting”
BKM superalgebras that are not Kac-Moody Lie superalgebras have Lorentzian
root lattice. This is for example the case for the two explicitly known BKM
superalgebras at the origin of the general theory of BKM superalgebras, namely
the Monster and Fake Monster Lie algebras (Examples 2.3.11 (i), 2.6.39, 2.6.40):
their root lattices are the even unimodular Lorentzian lattices I1; 1 and I 25
of rank 2 and 26 respectively.

Definition 5.1.1. A BKM superalgebra with Lorentzian root lattice is a
Lorentzian BKM (LBKM) superalgebra.

In this chapter we consider the roots as elements of the Cartan subalgebra
or of its dual. This is more natural. As the example of the Monster Lie algebra
(Example 2.3.11.1) shows, in general there are infinitely many simple roots of
infinite type and so the formal root lattice @ is infinite dimensional with an
artificial structure due to the fact that the simple roots are forced to be linearly
independent.

177
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There is a related project whose aim is the classification and construction of
hyperbolic Kac-Moody Lie algebras or equivalently hyperbolic Weyl (reflection)
groups. These are Kac-Moody Lie algebras with Lorentzian root lattice. Equiv-
alently, this is the classification of Lorentzian BKM superalgebras whose root
lattice can be generated by its simple roots of positive norm. The root lattice of
an “interesting” Lorentzian BKM superalgebra is not necessarily generated by
its simple roots of positive norm and the simple roots of non-positive norm may
have to be taken into account to construct a basis for the root lattice. In fact,
it may not have roots of positive norm. In other words, its Weyl group may be
uninteresting or even trivial. As we saw in Example 2.3.11.1, this is the case
for the Monster Lie algebra: its root lattice is the even unimodular lattice 115 1
of rank 2 and its Weyl group has order 2. The “interesting” Lorentzian BKM
superalgebras do not necessarily have hyperbolic reflection groups. If the classi-
fication problem of hyperbolic reflection group can be completely solved, then it
would therefore give a subclass of “interesting” Lorentzian BKM superalgebras.

Attempts to tackle this classification problem directly from information
about the root lattice or equivalently the generalized Cartan matrix do not
lead far.

In sections 5.2 and 5.3, we will introduce the reader to the classification
project of LBKM algebras to which we can associate a vector valued modular
form satisfying certain properties and whose Fourier coefficients give the root
multiplicities. Therefore the classification of these LBKM algebras should be
equivalent — though this is not proved yet — to the classification of these modular
forms. The classification of adequate modular forms should be an easier problem
to study. The only literature in this subject is in the form of research papers.
We follow the methodology of [Borc9,11] where these results were originally
proved.

In section 5.4 we will give evidence showing that this classification problem
should be a finite one. Namely, the existence of the Weyl vector (see Definition
2.3.47) gives a strong upper bound on the rank of the root lattices of LBKM
algebras. To do this, we need to consider the converse problem, namely that
of associating vector valued modular forms to automorphic forms on Grass-
mannians in such a way that the coefficients of its product expansion are given
by some of the coefficients of the modular form. For further study, the reader
should consult [Bar] and [Br], where this problem has been solved under some
technical restrictions.

The classification part of the project is only a first step. We need to find a
way of constructing them concretely and naturally. This we do in section 5.5
from lattice vertex algebras. See [Borc2] and [Fren] for details.

In the classification we sometimes get BKM superalgebras with non-trivial
odd parts and we have thus given in chapter 2 the theory in its most general
form rather than restricting ourselves to the Lie algebra setup. In chapter
4 we could have kept to the more classical theory of ordinary lattice vertex
superalgebras. They are all that is needed to construct LBKM algebras. Though
in this book we do not explain how to construct LBKM superalgebras with non-
trivial odd parts as it would make the exposition too advanced and too technical
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for a first approach, the theory of I'-graded lattice vertex algebras gives the
reader interested in pursuing work in this direction the tools to understand this
construction.

5.2 Automorphic forms on Grassmannians

In this section, we study how the definition of automorphic forms on the upper
half plane for a Fuschian group can be generalized to the context of Lorentzian
lattices to functions transforming under the action of a discrete subgroup of a
real Lie group. For this we need to construct from a Lorentzian lattice a space
that has the same typical geometric properties as H. In other words, it should be
a Hermitian symmetric space and its group of isometries should be a semisimple
Lie group (see Lemma B.2.25). Indeed H is isomorphic to SL(2,R)/SO(2,R)
since SO(2,R) is the stabilizer of the point i € H.

Remark 5.2.1. In the context of BKM superalgebras the Lorentzian lattices
we encounter have signature (n,1) as simple roots of finite type have been
assumed to have non-negative norm. However in sections 5.2-5.4, we develop
the theory for Lorentzian lattices having signature (1,n) as this is more natural
in the framework of modular functions. However, the main result given in
Chapter 5 on product expansions of automorphic forms (Theorem 5.2.5) can
“symmetrically” be adapted to the case of a Lorentzian lattice with signature

(n,1).

In sections 5.2-5.4, we will assume that L is a Lorentzian lattice with signa-
ture (1,6~ — 1) and we set
M=Leoll,.

Hence the lattice M has signature (2,b7). We let 2 € M be a primitive element
of norm 0 in the second factor II; 1 of M. Hence 2’ is also in I1;; and has
norm 0.

The bilinear form on M ®z C will be written (.,.). Consider the Grass-
mannian G(M) consisting of all the 2-dimensional positive definite vector sub-
space of the real vector space M ®z R.

Choose an orientation of maximal positive definite subspaces (see Appendix
A). Set P to be the set of elements Zy; = Xpr + 1Yy € M ®z C with norm 0
and for which X, Yy, form an oriented basis for a maximal positive definite
subspace of M ®z R.

Note that Z2, = 0 if and only if X2, = Y2 and (X7, Yas) = 0.

Lemma 5.2.2. The Grassmannian G(M) is a Hermitian symmetric space
isomorphic to the submanifold of the projective space P(M ®c C) consisting
of points represented by vectors in P and its isometry group is isomorphic to
O(M,R)T/SO(2,R).

Proof. We choose an orientation (see Appendix A) on the 2-dimensional posi-
tive definite subspaces of M ®z R. Consider the map:
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G(M) - P(M ®zC)

vt X+ iV,

where X/, Yas is a oriented orthogonal basis of the 2-dimensional positive def-
inite subspace v+ of M ®z R such that XJQ\/[ = Yl\z/[7 and Xps +¢Yys is a repre-
sentative of a point in the complex projective space P(M ®z C). We first check
that this map is well defined. Let X7, and Y7, be another oriented orthog-
onal basis of the subspace vt such that Xﬁw = Yﬁw. Since for any A\ € C,
M X +14Yar) and Xy +4Y)y represent the same point in P(M ®z C), we may
assume that Xl?\/[ = X12\4~ Then, X1, = aXp + bYy and Yy = ¢ Xy + dYy,
where a,b,¢,d € R. So X1 A Y1y = (ad — be) X pr A Yay, which implies that

ad — bc > 0. Since ( ¢

Z d) € O(2,R), we therefore get ¢ = —b and a = d.
Hence,

Xiy+tYiym = (CLXM + bYM) + i(—bXM + aYM) = (a — Zb)(XM + ’LYM)

and so X +4Y1, and X + Yy, represent the same point in P(M ®z C).
These calculations also show that the map is injective. Hence by Lemma B.2.14,
the Grassmannian G(M) is a Hermitian manifold and the group O(M ®z R)™
of the isometries of the real inner product space M ®z R keeping the orientation
fixed is its isometry group. The latter clearly acts transitively on G(M).

It only remains to check that the group O(M ®z R)* contains an involution
with an isolated fixed point (see Definition B.2.17). Let X, Yas be the oriented
basis of a 2-dimensional positive definite subspace v™ of M ®z R. Then, its

orthogonal complement vt s a positive definite subspace. Consider the linear
map ¢ on M ®z R defined by:

1
XYy Yu— —Xu:v—ov, Yoevr

This map belongs to O(M @z R)T as X A Yy = Yar A (—X ) (see Appendix
A) and simple calculations show that v™ is its unique fixed point in G(M).
We can therefore conclude that the Grassmannian G(M) is a Hermitian
symmetric space. Moreover, the stabilizer of the subspace v™' is the isometry
group of a 2-dimensional Euclidean vector space. L]

Lemma 5.2.3. There is a natural projection 7 : P — G(M) and (P,G(M), )
is a principal C* bundle.

Proof. Let V € G(M). Then, m=}(V) is the set of norm 0 vectors
Xu + 1Yy € M ®7 C such that X, Yas form an oriented basis of the positive
definite subspace v+ of M ®z R.. Since the manifold structure on the projective
space P(M ®z C) is transferred from the manifold M ®z C via the projection
, it follows that the triple (P, G(M),7) is a fiber bundle (see Definition B.3.1).

To show that P is a principal C*-fiber over G(M), we need to check that
the fibers m7=!(V) are the orbits of the action of C* on P and that this action
is free and transitive on the fibers (see Definition B.3.3).
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Let Xy +iYy € 7~ 5(V) and a + ib € C. The vector
(XM + ’LYM)(CL + ib) = (aXM — bYM) + i(bXM + aYM)

has norm 0 and aX ;s —bYs € V and so has positive norm. Moreover the matrix
Z b has positive determinant. It follows that (X, +iYas)(a+ib) € 7= 1(V).

If (XM —HYM)(a—Hb) :X+ZY, then CLX]\/[ —bY]w :XM and bXM +GYM :Yjw,
in which case b =0 and a = 1.

Let X1, + Y1y € m (V). There exists A € O(2,R)™ such that

A Xm ) _ (Xim
Y Yivm )

Since 0(27R)+ = {<_ab Z) ca,be R,a® +b? # 0},

(XM + ZYM)((Z — bZ) = XlM + inJM

for some a — bi € C*. L]

Definition 5.2.4. An automorphic form of weight k and character x on the
Grassmannian G(M) is a function Uy, on P satisfying:

(i) W is holomorphic on P;
(ii) War is homogeneous of degree —k, i.e. Wy (vr) = 77 KUy (v), v € P,
Te C*
(i11) There is a subgroup T of finite index in O(M)T and a one dimensional
character x of T such that Uy (ov) = x(0)Par(v).

We next give a different description of the Grassmannian G(M). For this,
let us consider the positive norm vectors in L ®z R.

Lemma 5.2.5. There are two cones of positive norm vectors in the Lorentzian
vector space L&z R. They are the sets £{dx+vy : d>0, (dv+y)? > 0, (z,y) =0},
where © € L @z R and x? > 0.

Proof. Let {e;,i = 1,---,n}, where e; has positive norm for i = 1,---,n — 1,
be an orthogonal basis of L ®z R. With respect to this basis, (a1,---,a,) is

a positive norm vector if and only if —a, < Z?:_ll a? < a, and a, > 0 or

ay < \/Z?;ll a? < —ay, and a, < 0. L]

We next explain how to choose one of the cones of positive norm vectors in
L®zR.

Any vector in the complex vector space M ®z C is of the form Z +mz'+nz,
where Z € L ®z C, m,n € C. We will write these vectors as (Z,m,n).
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Lemma 5.2.6. If X5/, Yy is an oriented basis of a 2-dimensional positive
definite subspace of M ®z R satisfying (Xar,2z) > 0 and (Yar,z) = 0, then set
Y € L ®z R to be the vector satisfying Yyr — Y €< 2,2 > @zR. The set of
these vectors Y forms a cone of positive norm vectors in K ®z R.

Proof. First note that for any oriented basis X/, Ya; with the above property,
Y has positive norm since (Y, z) = 0 implies that Y3, = (Y, 0,n) for some n € R.

We now show that for any two oriented bases X, Yas and X1 ,4, Y1, with
the above property, Y and Y7 belong to the same cone of positive norm vectors.

By Lemma A.5, without loss of generality, we may take the positive norm
vector Yy in L ®z R. Then, (Y, 2) = 0. Let Xy € M ®z R be a positive
norm vector such that (Xps,2z) > 0 and X/, Yy, form an orthogonal basis for a
2-dimensional positive definite subspace v of M ®z R. Then, either Xy, Yas
or X7, —Y is an oriented basis. So, without loss of generality, we may assume
that X, Yy is an oriented basis.

Let X1, Y1, be another oriented basis of a 2-dimensional positive definite
subspace of M ®z R satisfying (X1s,2) > 0 and (Y1,4,2) = 0. Let 7 be the
projection of M ®z R onto v™. Then, there exist a,b,c,d € R such that

ad — be > 0 (1)

and
7T(X11M) =aXpybY; T(Yljw) =cXp +dYy.

Since 0 = (Yip7,2), ¢ = 0. Hence, (Y1p,Yn) = (w(Y1as),Yr) = d and so
(Y1ar,Yar) > 0 by (1). Equivalently, extending Yjs to an orthogonal basis of
the subspace K ®z R, the Yj,-coefficient of Y7 is positive.

It only remains to check that all positive norm vectors in the cone C contain-
ing Yj; can be obtained in this manner. Applying the above argument for Yy,
to any positive norm vector Y7, in C, it follows that there is an oriented basis
X1, Yiar or Xy, —Y1 with the correct properties. In the latter case, what
precedes implies that —Y7,, € C, contradicting assumption. Hence, X1, Y1s
is an oriented basis.

Set C to be the cone of all positive norm vectors Y in L ®z R as defined in
Lemma 5.2.6. Set

Pi={Zy =Xpu+iYy € M@7zC: X3, =Y > 0,(Xa, Yir) =0,(Zu, 2) = 1}

Clearly P, < P.
Lemma 5.2.7.

(i)
P o=1{(Z1, _%) . 7 € (Log R) +iC}.

(i) There is an injection from L @z R+ iC to P;.
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Proof. We leave (i) for the reader to check. The map

LR+iC— P,
Z2
Zw— 7 -7 ——z
2
is injective. L]
Note that the action of O(M,R)" on P does not restrict to L ® R + iC.

Corollary 5.2.8. The Grassmannian G(M) is isomorphic to the manifold
L ®z R®iC. In particular it is a hyperbolic space of dimension b~ .

Proof. There is a natural injective map from P; to G(M). Hence, by Lemma
5.2.7, there is an injection from L ®z R + iC to G(M). This map is surjective
by Lemma 5.2.9. The second statement is a direct consequence of the definition
of a hyperbolic space (see Definition B.2.24). L]

Lemma 5.2.9. Let vt be a 2-dimensional positive definite subspace of M @z R..
There is a wunique oriented orthogonal basis Xar,Yar of Vo satisfying
(XM + iYM,Z> =1 and (XM + iYM)Q =0.

Proof. Since dimv™ > 1, the subspace v contains a non-zero vector Y or-
thogonal to z. Let X7, Yar be an orthogonal oriented basis for v™. Then,
(X, 2) # 0. Otherwise (Xar,2) =0 = (Y, 2). However the maximal dimen-
sion of a positive definite subspace in the complement of z in M ®z R is 1.
Hence, we may choose Xj3; € vt so that

(XM +ZYM,Z) =1 and (XM,YM) =0.

Furthermore, X%, = A\Y2 for some A > 0. Hence X7, VAYys forms a basis
for V' with the right characteristics. Without loss of generality, we may thus
assume that A = 1.
Suppose that X1,/, Y1, is another oriented orthogonal basis for v satisfy-
ing
(X1a +Y1p,2) =1 and  Xi3, =Yg,
Let X1 = aXpy + 0Yy and Yy = ¢ Xy + dYas. Then,

0= (cXnm+dYy,2) =¢, 1 =(aXp +bYn,2) =a, and

0= (X1pr, Y1) = bd.
Since ad — bc > 0, it follows that b = 0. Moreover

X3 = X3, = Y3, = &Y = d* X3,

So, d =1. As a result
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XlM:XM and YUWZYM.
[

For an automorphic form ¥,; on G(M), set ¥, to be the function on
L ®z R + iC defined as follows:

\IIZ(Z) = \I/M((Z’ 1, Z2/2)).

This is well defined by Lemma 5.2.7. Since an automorphic form is homoge-
neous, the following result is immediate.

Lemma 5.2.10. The automorphic form W s is fully determined by the function
U, on L ®z R+ 1iC.

By Corollary 5.2.8, the positive definite 2-dimensional vector space v' is
given by a vector in L ®z R & iC and hence by a vector

Zyv = (Z,1,-2%/2) € P,
(see Lemma 5.2.7), where
Z=X+iY e Le®zRa@iC

in such a way that
Zy =Xy + 1Yy

and Xjs, Yy, form an oriented orthogonal basis for v™.

Lemma 5.2.11.

(i) Xn = (X,1,(Y2 = X?)/2) and Yy = (Y,0,—(X,Y));

(i) X3, =Y?=Y};

(iii) zy+ = X /Y

(ZU) 212,+ = 1/Y2;

(v) wt is the one dimensional subspace of L @z R generated by Y ;
(Vi) A+ = (N, Y)Y/Y? for any X € L.

(vii) p=X.

Proof. Since
Ryt = (Zv+7X]VI)XM/X]2\/[ + (Zer, YM)YM/YAQ/[

as z = zy+ + 2,— and (z,-, Xpy) = 0 = (24—, Yn), (iii) follows from the fact
that (2, Xp) =1, (2,Ya) =0, and X3, = Y} (see Lemma 5.2.7).
By definition (see Theorem 3.3.11),

p=—2 4 (2 2y )2pt [224 + (2 21 )20 [ 222 — 2+ (2o — (2, 204)2) /224
= (0, =1,0) + (X, 1, (V* = X7)/2)/Y" = (0,0, (* = X*)/2)/v"*
— (X,0,0).
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Before closing this section, we give an example illustrating why we have
to be careful when dealing with actions on L ®z R and actions on P;. The
automorphisms on L ®z R @ +iC do not act in the “same way” on P;. Namely,
we consider translations by elements in L*. Let us find how translation by the
element u € L* acts on P;. For any element Z € L @z R @ +iC, it maps

Z — Z + u,
and hence it take the corresponding element in P;
Zy = (Z 4wy = (Z +u, 1, —(Z +u)?/2).
So the translation map by u corresponds to an automorphism of M whose

extended action on M ®z C takes Zys to (Z 4 u) .

Definition 5.2.12. For any u € L*, define the automorphism t, on M as
follows:
ty(v) = v+ (v, 2)u — ((u,v) + (v, 2)(u,u)/2)z.

Lemma 5.2.13. t,(Zy) = (Z +u)p for any Z € K @z R @ +iC.
Proof.

tu(Zar) = (Z,1,-2%/2)4(u,0,0)— (0,0, (Z,u)+u?/2) = (Z4+u, 1, —(Z+u)?/2).
O

Exercises 5.2

1. Check that the denominator formula for the Fake Monster Lie superalgebra
F (see Example 2.6.40) is given by au automorphic form on the Grassmannian
G(M), where M is a unimodular even lattice of rank (26,2). Determine the
group of isometries fixing this automorphic form.

2. The simple roots of the Monster Lie algebra were given in Example 2.3.11.1.
Show that its roots are the elements (m,n) € Il with multiplicity ¢(mn),
where J(q) = )", ¢(n)q(n) is the normalized modular.

Hint: Consider the logarithm of the product side of the denominator formula
(see Example 2.6.39) and use Hecke operators T(m), m € Z, where

T(m)f(r) =mh ™" 3 a0,

a>1
0<b<d

f being an (ordinary) modular function of weight k. For a solution, see [Borc7,
Lemma 7.1 and Theorem 7.2].
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5.3 Vector Valued Modular forms and LBKM
Algebras

We reconsider the examples of the Monster Lie algebra within the framework
of modular and automorphic forms.

Example 5.3.1. The Monster Lie algebra M.

The denominator formula gives a product expansion for the function j(7)—j(o)
on the product space H x H, where H = {x + iy : z,y € C,y > 0} is the upper
half plane, with the following properties.

1. The exponents of the product expansion of the function j(7)—j(o) are given
by the coefficients of the modular function j.

2.

(i) The function j(7) — j(o) is holomorphic on H x H and meromorphic at
the cusps.

(i) For any g € SL(2,Z) x SL(2,Z), g(j(7) — j(0)) = j(1) — j(o)

(iii) For any g € Zg, g(j(7) —j(0)) = —=(i(7) = j(0)).
3. The hyperbolic space H x H is a Hermitian symmetric space (see Lemma
B.2.23) isomorphic to G/K, where G = (SL(2,R) x SL(2,R)).Z, is a real
Lie group and the stabilizer K of the point (¢,7) € H x H is isomorphic to
(SO(2,R) x SO(2,R)).Zy, where SO(2,R) = {g € SL2(R) : g'g = 1}.
4. The root lattice of the Monster Lie algebra is the even unimodular lat-
tice L = I ; of rank 2 and the hyperbolic space H x H is isomorphic to the
Grassmannian G(M) of all negative definite 2-dimensional vector subspaces of
the real vector space M ®z R, where M = L @ II;;. This can be seen in
the following manner. Consider the basis uq,us of L with respect to which

the bilinear form is given by the matrix (_01 01). Therefore a vector

u = y1uy + Yauo has negative norm if and only if y; > 0 and yo > 0 or y; < 0
and yo < 0. So, there are two cones of negative norm vectors in L. We choose
any one of them. Set C = {(y1,92) : y1 > 0,y2}. Then,

L®Z R+ iC = {(('rhyl)a (m25y2)) U1 > 07y2 > 0}

and so the hyperbolic space H x H is isomorphic to L ® R + iC.

Set z, 2’ to be the basis the second factor I1; 1 of M satisfying 22 = 0 = 22
The bilinear form on M will be written (.,.).

The map

LozR+iC - P ={Z=X+iY € M®zC:
X?=Y%<0,(X,Y)=0,(2,2)=1}
22

Z—Z—z2—"0
— z 2Z

is injective.
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There is an obvious projection from the above set to the Grassmannian
G(M). We therefore get a map from L ® R + iC to G(L), which is also clearly
injective. It is bijective since any 2-dimensional negative definite vector subspace
of M ®zR has a unique ordered orthogonal basis X, Y such that (X 414Y,2') =1
(see Lemma 3.2.11).

5. The group (SL(2,Z) x SL(2,Z)).Z5 is isomorphic to the discrete group
O(M)™. Indeed, the Lie group O(M ®z R)™ of isometries of the real vector
space M ®z R keeping a chosen orientation invariant (see Appendix A) acts
as a transitive group of isometries of G(M) (see Lemmas 3.2.7 and B.2.24).
Moreover, the stabilizer of a point in the Grassmannian G(M) is isomorphic
to the above subgroup K since SO(2,R) is the subgroup of isometries of a
2-dimensional Euclidean space (see Lemma 3.2.7).

In other words, one can associate to the Monster Lie algebra a modular
function, namely j, whose Fourier coefficients are the exponents of a function,
namely j(7) —j(u), on the Grassmannian G(M), satisfying the relations (i)-(iii)
under the action of discrete group O(M)* — an automorphic form on G(M).
Remember from Definition 2.3.10 that j is a vector valued modular form.

As illustrated in this example, our aim is to characterize a BKM Lorentzian
algebras by an automorphic form on the Grassmannian G(M) having a product
expansion whose exponents are given by the Fourier coefficients of a vector
valued modular form. The main result of this section gives a class of vector
valued modular forms to which automorphic forms on G(M) can be associated
in this manner.

In sections 5.3 and 5.4, we assume that the Lorentzian lattice L is even and
contains the unimodular lattice II; ; of rank 2 as a direct summand as this
holds for the root lattices of all known interesting cases of LBKM algebras.

As bT = 2, the modular function F, holomorphic on H, and meromorphic
at the cusps with Laurent series ) _, c(n)¢" at infinity satisfying c¢(n) € Z

for n < 0, considered in section 3.4, has weight 1 — %_ We also found the
singularities of the theta transform ®,; of F. We start this section by taking
our investigations further in the case that interests us: namely when b™ = 2.
The zeros and poles of the automorphic forms on G(M) that can be associated

with a BKM algebra are elements of sets called rational quadratic divisors.

Definition 5.3.2. A rational quadratic divisor is a set of points Z € LzR+iC
satisfying aZ? + (b, Z) + ¢ = 0 for some a,c € Z, b € L such that b* — 4ac > 0.

Considering the image of L ®z R +iC in P, they can be described as follows.

Lemma 5.3.3. The rational quadratic divisor are the sets of points in Py or-
thogonal to a given negative norm vector in M. Two rational quadratic divisors
are equal if they correspond to megative morm vectors in M that are rational
multiples of each other.

Proof. Let (Z,1,—22/2) € P, where Z € L ®z R +iC. Let (b,—a,c) € M be
a negative norm vector. So
(b, —a,c)* = b* + 2ac > 0

and
((Z,1,-2%/2), (b, —a,c)) = (b, Z) + c + aZ?/2.
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The result is now immediate. L]

Since the lattice L is Lorentzian, we show that the real vector space L @z R
can be subdivided into connected regions on which the theta transform ®j, is
analytic. These regions generalize the notion of Weyl chambers for a reflection
group. Applying Theorem 3.4.13 and Corollary 5.2.8 to the lattice L, we can
deduce the following.

Lemma 5.3.4. The singular points of ®1(w™, F) in the hyperbolic space G(L)
of dimension b~ lie on hyperplanes.

Therefore the domains on which the function ®,(w™, F) is analytic are dis-
connected. Note that any 1-dimensional positive definite subspace w™ € G(L)
contains precisely two norm 1 vectors Y7 and only one of them is in the fixed
positive cone C (see section 5.2).

Definition 5.3.5. A Weyl chamber determined by the function ®p(w™, F) is
the positive cone generated by

{v/|Y|:Y e Rncy,

where R is a mazximal connected domain in the hyperbolic space G(K) on which
the function ®r(wt, F) is analytic.

If for some A € L ®z R, (A,Y) > 0 for all vectors Y in some Weyl chamber
W, we will write (A, W) > 0.

We are now ready to state the principal theorem of this section. It gives
conditions enabling a vector valued modular form to be associated to an au-
tomorphic form on a Grassmannian in such a way that the coefficients of the
Laurent series of the modular form are exponents of the product expansion of
the automorphic form.

Theorem 5.3.6. Let F' be an almost holomorphic modular form on H of weight
1- % and type ppr such that F = Z%M*/M f~, where for all vy € M*/M, f,
has Fourier series ZnEQ cy(n)g™ at infinity satisfying cy(n) € Z forn <0 and
cy(n) =0 forn << 0. Then, there is an automorphic form Wy of weight ¢(0)/2
for the group Aut(M, F) with the following properties:

(i) For each primitive vector z € M of norm 0 and Weyl chamber W of L,
there is a uniquely defined vector p = p(L,W, F) € L ®z R such that for
Z e L®zR+1iC,

U,(2) = e—2mi(p,2) H (1— eZﬂ'i(A,Z))cA(X"/Q)
AeL*
(N, W)>0
and the product is convergent for Y € W and Z in the neighbourhood of
the cusp of z.
(ii) The zeros and poles of Wy lie on rational quadratic divisors A\, where
A€ M and N2 < 0. On A\, where A\ € M has negative norm, they have

order
D ena(n?X?)2).

neN
nxXeM*
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If the order is positive (resp. negative), it corresponds to a zero (resp.
pole). If this number is always positive, then the automorphic form is
holomorphic.

Remark 5.3.7. Let e;, 1 <1i < n, be an orthogonal basis for L ®z R such that
ef =—-1fori<n-—1,e2=1ande, €C. Then, forany Y € C,Y = > aie;
such that a,, > 0. Remember that the positive cone C is determined by the
vector z (see section 5.2). By the cusp of z we mean Y € C such that Y2 >> 0,
i.e roughly speaking, Y is near “infinity”. This generalizes the notion of the cusp
at infinity in the upper half plane, namely the hyperbolic space of dimension 2,
to the hyperbolic space G(M) =2 (L ®z R) + iC of dimension b~ (see Corollary
5.2.8).

We spend most of this section proving this Theorem. Basically we show
that the Theta transform of the modular form F' is closely related to the re-
quired automorphic form. More precisely, we know the singularities of the Theta
transform and hence the idea is to consider its exponential.

The first step is therefore to compute the Theta transform ®,,(v", F) for
vt € G(M) such that ®,; is analytic at v*. To do this, we apply Theorem
3.4.14.

In the rest of this section, F' will denote a modular form with the properties
described in Theorem 5.3.6. Set v™ to be a point in the Hermitian symmetric
space G(M) to be a non-singular point of the function ®,,.

We split the calculation into several steps. We first evaluate the terms in
the series given for G(s,v™) in Theorem 3.4.14 corresponding to A+ = 0.

Lemma 5.3.8. If A € L such that \,+ =0, then

/ ez 2(y) exp(—mn?/2yz2, — my(N2e — N2 2))y =5~ 2dy
y>0

™2 e s
= (V/2)(5 ) AN — b /24 3/2).
vt

Proof. Let A € L be such that A,+ = 0. Then, A = A,-. Since
ML= =2x2, -\

for X € L and cy x2/2(y) = ex(A2/2)yb" /2 exp(—2myA2/2),
/ exne/a(y) exp(—mn? /2yz3, — wy(Nos = A% -))y >~ 2dy
y>0

:CA(/\Q/Q)/ exp(—mn?/2yz2, )yt /2 2y,
0

Set t = wn?/2yz2, . Then,

2
dt = - gy

2y? Z§+
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and
_S+b+ 1 n? _S+$ts_”+7_1
Yy ( ) )
222,
v

+ _a o0
ot 3/ 7tt87 -3 “1
0

The result now follows from Lemma C.4.1. L]

So, the above integral becomes

n? et
)S
222,

x(A2/2) (55

Since @, is analytic at v, so is ®1, at w'. Set W to be the Weyl chamber
containing a generator for the 1-dimensional subspace w™.

Corollary 5.3.9. Let vt € G(M) with oriented basis Xpr and Yar. Assume
that the function ® (v, F) does not have any singularity at vt. Then, for Y?
small enough,

O (vh, F) = @@L(wﬂﬂ
+4 Y ex(3/2)log|l —e((A, X +iY))|

AeL*
(A, W)>0

+ ¢o(0)(—log(Y?) — log 2m — T'(1)).

Proof. Note that A2, —A2_ =22, — \? for XA € L and the lattice M hav-
ing signature (2,b7), e\ x2/2(y) = ex(A?/2)y exp(—2wyA?/2). Hence, Theorem
3.4.14 becomes

Gu(s;vh) = ;GL(S; Z Z ((nX, 1))ea(A?/2)

\/5’21)*’ ”+| AEL* n>0

(1)
x/ exp(—mn?/2yz2, — 2myA2 L )y 5 73 2dy.
y>0

We first calculate the sum of terms corresponding to A € L* for which A+ = 0.
If A€ L* and \y+ =0 then as vt NL®z R =w', \,+ = 0. Hence in this case
A = 0 by Theorem 3.4.13 since the theta transform does not have any singularity
at v*. Therefore applying Lemma 5.3.8 we find that

V2 o=
ST 3 e((nh m)er(32/2) / exp(—mn? /222, — 2myA2, )y~* 3 2dy
|Z'”+| )\AGL* n>0 y>0

wt =0

7TTL2 1
= ) S (s 4 12

z
’ZU+| n>0 ot

1 1
=co(0)m 72 (222, ) T (s +1/2) T

n>0
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Let us compute the constant term of the Laurent series at s = 0 of the right hand

side of this equality. By Corollary C.4.4, the function ﬂ_s_%(2z§+)sl“(s +1/2)

is analytic at s = 0 whereas the function Y, —7r = ((2s + 1) has a simple

pole at s = 0 (by Corollary C.4.14). Therefore to find the desired constant term,
we only need to calculate the first two terms of the Taylor series (see Definition
C.2.6) for the functions 7~°~%, (222,)%, T'(s + 1/2), and the first two terms of
the Laurent series (see Corollary C.2.7) for the function ((2s + 1). The sum of
the first two terms of the Taylor series for T2 at s = 0 is:

T — log(W)W*%s

since 77572 = exp(—*~2)1e(™) and so —log(m)m—*~ 3 = %ﬂ s=3. Similarly,
the sum of the first two terms of the Taylor series for (222,)* is

1+ log(222,)s

and that of I'(s + 1/2) is
I'(1/2) +I'(1/2)s. (3)

Applying Corollary C.4.7 to the case s = 1/2 and using Corollary C.4.3 and
Lemma C.4.5 (ii), the expression in (3) is equal to

77 + 72 (I'(1) — 2log 2)s.
Corollary C.4.14 shows that the sum of the first two terms of the Laurent series
for ((2s+1) is

1

5~ T

As a result, the constant coefficient of the Laurent series at s = 0 of the
right hand side of equality (2) is the constant coefficient of

co(0)(w =2 — 72 log(m)s)(1 + log (222, )s)
x (wh 4w (I(1) ~ 2log2)s) (35~ — T'(1)
co(0)(1 ~log(m)s)(1 + log(2:2)s)
X (14 (1) ~ 2log2)s) (35~ — (1))
So it is equal to
o(0)(~T(1) + (I'(1) — 21og 2)/2 + log(22%,)/2 —  log(r)
= co(0)log(|2,-|) — log(v/2r) ~ I'(1)/2).

(4)

We next calculate the constant term of the Laurent series at s = 0 of the
sum

Y D elnhmea(r /2)/ exp(—mn?/2yz2, —2myA2 )y~ 3 2dy.

AEL* n>0 y>0
At 7

\zv+|
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In order to do this, we first compute the integral

/ exp(—mn® /2yz2, — 2myA2 )y~ 2dy. (5)

y>0
It is equal to
e ™
exp(—27m‘)\w+ |/|zv+ ‘) / exp(—;(\/ﬁy‘)\w+| - n/\/§|zv+ ‘)Q)y_s_g/Qdy.
0

Set
\[y )‘uﬂr 2
| | f| %y |

Then,
W\f|)\

\[y])\w+| wt| (V2y[ A+ | —
f|Aw+|

(V2| Ay | =

f|zv+|y
f|zv+|y f\zv+|y

o 1/2,12 N 3/2
=m/" dy/y
V2|21 |

Zy+

since \/i’)\m’ — m = 1/7%1,' Hence the integral (5) is equal to

exp(— 27m|)‘w+‘/’%+ \f|z +|/ e t—1/2 ysdt.

/2

Since we want to find the constant term of its Laurent series at s = 0 and the
previous expression is analytic at s = 0, the integral part of it being equal to
I'(1/2) = /7 (see Lemmas C.4.1 and C.4.5), at s = 0 it is equal to

V2|2, V2|2,
exp(—27mn| Ayt |/ |20+ |)|n+| — exp(—2mn|(, Y)|)|n*|. (6)
This equality follows from Lemma 5.2.11 (iv) and (vi). Therefore, from (1), (4),

(6) and Lemma 5.2.11 (iv),(vi) and (vii), we can deduce that

(I)]V[(U+,F) |\}//§|<I>L(w+,F)
—2 > ex(3?/2) ) e((n, X)) exp(—2mn| (A, Y)|)/n
AEL* n>0

A+ #0

+ ¢o(0)(—log(Y?) — log 2 — T’(1)).
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Since
le((nA, X)) exp(—2mn|(A,Y)|) = exp(—2mn|(\,Y)|) < 1,

by Lemma C.4.13, the series

Z e((nA, X)) exp(—2mn|(A,Y)])/n
n>0

converges and is equal to
—log(1 — exp(2mi(A, X) — 27|(A, Y)|)) = —log(1 — e((A, X) +i|(A, Y)|)).

Moreover, Lemma 5.2.11 (vi) implies that A,+ # 0 if and only if (\,Y) # 0.
Hence, as

log(1 —e((A, X) +i|(\,Y)]) + log(1 — e(—(A\, X) +4|(=A,Y)|))
=log((1—e((A\, X) +i|(\,Y))(1 —e(—=(A\, X) +i|(A\, Y)])
= 10g|1 - e((AaX) +Z|()‘7Y)|)|a

(AY) =|(A\Y)|]if (A, Y) > 0, and by Lemma 3.4.1, cx(A\?/2) = c_x(A\?/2),

Oy (vT, F) _@®L(w+,F)+4 Z ex(A?/2)log|1 — e((A, X +1iY))|

AEL*
(NY)>0

+ ¢o(0)(—log(Y?) — log 2 — T’(1)).

Finally, note that (A, Y) > 0 if and only if (A\, W) > 0: As ®,, is analytic at
vT, sois @7, at w'. From Lemma 5.2.11 (v) we know that this latter subspace
is generated by Y. By assumption, Y € C. Hence, Y/‘Y‘ € W (see Definition
5.3.5 of the Weyl chamber W). Then, by Theorem 3.4.13 on the singularities
of ®x and by definition of W, (A, Y) # 0 if and only if (A, W) # 0. Since by
definition W is generated by vectors in C, (A, Y”’) > 0 for all Y’ € W. The result
now follows. L]

To complete the calculation of the function @,/ (v™, F'), we need to compute
O (wt, F). In fact we will show that each to each Weyl chamber corresponds
a Weyl vector and that & (w™, F) is given by the inner product of this vector
with the norm 1 generator for w* in C.

By definition, the Weyl chambers are precisely the regions on which the
function @ (wt, F) is analytic and they are disconnected. So the expression we
get for @7 (w™, F) is only valid on a Weyl chamber and it may differ from one
chamber to the next. Set z;, € K to be a primitive norm 0 vector such that

(ZL, Y) > 0.
By assumption of the lattice L, there is a negative definite lattice K such that

L=K®K",
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where K+ 2 [I; 1 and z;, € K*. Set 2z, € K+ to be such that (z,2}) = 1.
We will write the element A + mz’ + nz, where A € K, m,n € R as (A, m,n).
Let Y7 = ’);—| = (Yk,m,n), where m,n € R. Then, Y7 is the unique norm 1

vector in C generating wt. Let pur, € K @z R be the vector p for the lattice L
as defined in Theorem 3.3.10.

Lemma 5.3.10. (zp),+ = mY;1 and pr, = Y1/m.

Proof.
(20)w+ = (22, Y1)Y1 = mY;

and by definition,
pr = —z1+ (2, (20)w-) (20wt /(21) 5k + (2 (2L)wt ) (ZL)w- [ (20)5-
((ZL)w+ - (Zlv (ZL)w+)Z)

1
=21+ 35—
(ZL)i,Jr

1
= 72((07 _mQ,O) + (mYL,m27mn) — (07 0, mn))

m
= YL/m

The lattice K being negative definite, G(K) = () and so,

Ok (r;ut) =0k(1) = Z ™A

AeK

is the ordinary theta function (see Definition 3.2.15) of the lattice K. Hence,

Oy (1, F) = / F(1)0k (7) dxdy/y>.
SLa2(Z)\'H

Corollary 5.3.11. For the element w™ € G(L) generated by the vector Y in
the Weyl chamber W,

1 (\, Y1)
p(wh, F) = —=———Ox(F) +2v27(21, V1) ea(N2/2)B(25),
V2(z1, Y1) ' AGXI;* (21, Y1)
where B(x) is a polynomial of degree 2 in x and B(z) = x? — ’x‘ + & if
-1 <xz<1.

Proof. Since G(K) = () and by Lemma 5.3.10, (1), = m? = (21, Y1)?, we
can deduce from Theorem 3.4.14 and Lemma 5.3.8 that @1, (v™, F) is equal to
the constant term at s = 0 of the Laurent expansion of

1
mq)K(F) YhZL ’ ,\GZK*nZMJCA (X*/2)e((nA, )
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7rn2

x(m)*ﬂr(s +1).

Remember that by assumption, |(Y,z1)| = (Y, z1).
Since I'(1) = 1 by Corollary C.4.3, from Corollary D.4 we can deduce that

the series ), e((nA, pug))/n* converges and is equal to a polynomial B((X, 1))
of degree 2 in (A, 1) as given. By Lemma 5.3.10,
A\ Y
(o) = 1 = ) (e 1)
|(2L) |
The result follows. L]

Note that for A < 0, only finitely many cy(A\?/2) # 0 (see Lemma 3.4.11).
Hence the sum in the previous Lemma is finite.
We want to find for each Weyl chamber W a vector py € M ®z R satisfying

(PW7Y1) = <I)L(’w-i_7}71)7

where Y7 is the unique vector of norm 1 in the positive cone C generating the
vector space wt. For any Y € W Nw™, this implies that

(pWﬂY) = |Y|(I)L(w+7F) (III)

Hence, we want to define a vector py such that equality (I77) holds for all
Y € W. As a function of Y, (p,Y) is linear in Y. Note that because of the
isomorphism between norm 1 vectors in C and G(L), we can consider ®, as a
function on Y;. Hence, the following conditions are sufficient for the existence
of such a vector.

Lemma 5.3.12. A wvector pw satisfying equality (III) exists for the Weyl
chamber W if the function ®y, is linear in Yi.

Lemma 5.3.13. The function ®r, is a function of Y1 is linear.

Proof. Since the polynomial B is of degree 2, from Corollary 5.2.10, we get

— # e C 2 a(A,Yl)Z
+b(\, Y1) + ¢(21, V1)), (1)

for some a,b,c € R. Hence we have to show that some of the terms cancel out,
in particular those having (z1,Y7) in the denominator.

For any vector Y’ € C generating wt, Y; = Y’/|Y”. Let z1 # z be another
primitive vector of norm 0 such that (z;,Y) > 0 for Y € C (note that no norm
0 vector is orthogonal to a vector of positive norm in L ®z R). Let Wj be
another Weyl chamber. Let ® and ®; be the restrictions of ®x to W and Wy
respectively. By Lemma 5.3.14, & — ®; is a linear function of Y7 defined on
the closure of W U Wj. Furthermore, the common poles of ® and ®; belong to
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W N W,. Hence they have positive norm. If Y € W is a pole of ®, then by
Corollary 5.3.11, (Y,zr) = 0. Hence, Y cannot have positive norm and so ®
and ®; have no common poles. As a result, ® is a polynomial in Y;. Hence, the
result follows from (1). L]

Lemma 5.3.14. Let W;, i = 1,2, be two Weyl chambers and ®; the restriction
of @1, to W;. Then, ®; can be continued to an analytic function on W1 U Wy
and

Py (wh) — Po(wh) = —8V2r > ex(A2/2)|(\ 1)),
XEL*N(W1NWo)+
(A, W71)>0

where Y is the unique vector of norm 1 in w™.

Proof. Since I'(~1/2) = —2/7 by Corollary C.4.4 and Lemma C.4.5 (ii),
applying Theorem 3.4.13 to the case bt = 1, we can deduce that on W N W,
®;, has singularities of type

—2var Y a(¥/2)|0\ 1)

AEL*N(W1NWa)L
A#£0
Hence ®; can be analytically continued on W1 N W, and

Oy (wh) — By(wh) = —4v2r > ex(A2/2)|(\ Y1)
AeL*N(W1nWy)L
A#£0
Indeed if a function g(7) = f(1) — ’T| is analytic, then it has analytic continu-
ations f(7) — 7 and f(7) + 7. Hence the result follows since by Lemma 3.4.1,
ex(A2/2) = c_\(N\?/2). |

The next definition thus makes sense.

Definition/Lemma 5.3.15. The Weyl vector for the Weyl chamber W is the
vector p(L,W, F) € L ®z R defined by

8V2r(p(L,W,F),Y) = |[Y|®,(w", F),

where Y € W is a vector generating w € G(L).

The factor 8v/2x is only a normalization factor due to technical considera-
tions coming from Lemma 5.3.14. Using Definition 5.2.14, We can now rewrite
the theta transform ®,; for the lattice M given in Corollary 5.3.9 in terms of
the Weyl vector.

Corollary 5.3.16. For v™ € G(M) such that the generators in C of w™ are in
the Weyl chamber W,

Op (v, F) =8m(p(L,W,F),Y) =4 Y ex(A?/2)log|1 — e((\, X +iY))]

AEL*
(A, W)>0

+ ¢o(0)(—log(Y?) — log 2 — I'(1)).
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Corollary 5.3.17. The infinite product expansion of the function V,(Z) given
in Theorem 5.8.6 converges for Y € W and Z near the cusp of z. Moreover,
for vt e G(M),

Coéo) (log|Y'| +T"(1)/2 + log v2n).

Py (vt F) = —4log|V.(Z,F)| — 4

Proof. Taking the exponential of both sides of the equality in Corollary 5.3.16,

we get

exp(®ar (0", F)) = exp(8r(p(L, W, F),Y))(Y?) = (2m) =)

—4c 2
xexp(—co(O'(1) [ |1 —e((hX +iv))| ™72 (1)
AeL*
(A, W)>0
Define
U.(Z,F) = e—2mi(p,2) H (1— 627772()\,Z))0)\()\2/2).
A€L
(AN, W)>0

The convergence follows since the absolute value of this product, namely

e27(pY) 1 — e2mi(}.2) )cA(X2/2)7
1T | |

(AN, W)>0

is convergent from Theorem 3.4.14 and the definition of the Weyl chamber (see
Definition 5.3.5). Substituting into (1), we can deduce that

exp(@ar (v, F)) = [0.(2, F)| 4 (¥2) 70O (21) 70O exp(—co (O)T'(1)).

The result now follows by the taking the logarithm of both sides of this equality
and noticing that

co(0)(log Y2 +log(2m) + I'(1)) = co(0)(2log|Y| + 2log(v27) + 2(I"(1)/2)).
]

We next show that the function V¥, is the restriction of an automorphic form
on the Grassmannian G(M).

Lemma 5.3.18. Define the function Wy on M by setting
Var(Zn, F) = V. (Z, F).

Then, Wy is an automorphic form Wy, holomorphic on P invariant under the
action of the group Aut(M, F) of weight c¢(0)/2 and character x.

Proof. As the space P is a principal fiber bundle over G(M) together with the
action of C* and the Hermitian symmetric domain is isomorphic to the subset



198 5 Lorentzian BKM Algebras

Py of P and to the space K ®z R+ iC (see section 5.2 and Definition B32), the
function ¥, can be extended to a function Wy; on P defined by:

U (Zu, F) = 0.(Z,F)
for Z € K ®z R +iC and
Uar(Zyr, F) = 770020 (1)

for all 7 € C*. Since V¥, is holomorphic on K ®z R + iC, so is ¥, on P.

To show that W is an automorphic form (see Definition 5.3.5), it
remains to check that for all ¢ € Aut(M,F) (see Definition 3.4.15),
Upr(cZpy7) = x(0)Vpr(Zp7) for some 1-dimensional character x of Aut(M, F).
Now, ®y/(ovt,0F) = @y (vT, F) by definition of Aut(M, F). Hence by Corol-
lary 5.3.16, o fixes the function ¥,. Consider the function

U (Zy) = ‘\I/M(ZM)HYM‘CO(O)/Q.
Then,
\I/(Z]V[T) = ’\I/M(ZM)HT’—CO(O)QHZ)XM i aYM‘co(O)/2
for 7 = a +ib € C*. Now,
(bXar + aYar,bXos + aYay) = (0 + @)Yy = 7Y
since (Xpr, Yar) =0 and X2, = Y7 (see section 5.2). Hence,

for all 7 € C*. Since Aut(M, F') stabilizes ¥, it stabilizes ¥, as a function on
P; and hence it stabilizes W, as a function on P since the norm of the vector
Y and that of the vector oYy, are equal for all o € Aut(M, F).

Hence

W as(Za) /(0 Zar)| = |[Yar| 2 ) |o(var) 0% =1
for all o € Aut(M, F). So

V(0 Zn) = x(0)¥n(Zar)

for some map x : Aut(M, F) — C* such that |x(c)| =1 for all ¢ € Aut(M, F).
The definition of y implies that it is a group homomorphism. Hence x is a
1-dimensional character of Aut(M, F). L]

To prove Theorem 5.3.6, it only remains to check that the orders of the zeros
and singularities are as stated.

Lemma 5.3.19. The singularities of the automorphic form ®y; are on rational
quadratics A\t for X € M with \?> < 0 and are of order

D ena(@®X?)2).

nez
nxXeM*



5.3 Vector Valued Modular forms and LBKM Algebras 199

Proof. The singularities of ¥; on P; are those of ¥, on L&z R+iC. Moreover,
if Zys € Py is asingular point of W), then so are Zy; 7 for all 7 € C* by definition
of the action of C*. By Corollary 5.3.17 and Theorem 3.4.13, the singularities
of —41og|W s (Zar)| near the point Zoy, = Xoar + Yo rr, Where Zo corresponds
to the point vi € G(M), are of type

- > a(W/2)log(\y)

* L
AeEM*NZoy,
A#£0

since (u, Zopy) = 0 for w € M* if and only if (u, Xop) = 0 = (u, Your) and this
is equivalent to u € (vg )+ = vy . Since Xy, Yy form an orthogonal basis for
vt such that X3, = Y7,

Aot = (N X)X/ X3, + O\ Y)Y /Y

and so
log A2, = log((A\, Xar)?/ X3 + (A, Yar)?/Yiy)

YE!(A, )

= 2log(| (A, Znr)|) — 2log|Yar|-

= log(

Hence the singularities of log(‘\IlM(ZM)lz) near the point Zy;; are of type

(log(|(\, Zu)]) —log[Yu|) D ex(A?/2).

A#0

Equivalently,

2
log(|Uar(Zu)|") = (log(|(X, Zu)]) —log|[Yu]) D ex(¥?/2) = Y(Zw)
XEM*NZoq,
A#O0
is analytic near the point Zj,;. Therefore, taking the exponential of both sides
of this equality, we get
2 Ay Zpr) e (A2/2
izl =Tz ] 20,

* L
xeM*NZoi,
A#0

Hence the singularities lie on A+, where A € M such that A\?> < 0. By Lemma

5.3.3, they have order
Z can(?N%/2).

0<z€R
TAEM*

Note that this sum is finite by Lemma 3.4.11. Since by assumption, for all
v € M*/M and m <0, ¢y(m) # 0 only if m € Z, the result follows. U]
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Remark 5.3.20. (i) In sections 5.2-5.4 the Lorentzian lattice L has been
assumed to have rank (1,n) in order to remain compatible with usual conven-
tions about modular forms, in particular about the theta function. However, we
saw in Chapter 2 that in the theory of BKM algebras, the non-diagonal entries
of the generalized Cartan matrix A are assumed to be non-positive and as a
consequence the roots of finite type have positive norm. So usually LBKM alge-
bras have Lorentzian root lattices of rank (n,1) and so sections 5.2-5.4 are not
compatible with this assumption, but with the opposite one, i.e. with taking
non-negative non-diagonal entries in A and thus negative norm roots of finite
type. The material in sections 5.2-5.4 can be adapted to the usual conven-
tions about BKM algebras by taking as our definition of our theta function, the

function
0,(r) = > e(—TA2/2-TAL, /2)
AeMA+y
and for the weight of our modular form F,
b— —bt
2

instead of b+;b_ . This also changes the representation py;. The representation

space C[M*/M] remains the same but gives the complex conjugate of pps. In
Theorem 5.3.6 the product expansion then becomes

‘IIZ(Z) — o 2mi(p,2) H (1 - eQwi(A,Z))cA(—A2/2)

AEK
(XA, W)>0

and the zeros and poles of ¥, lie on rational quadratic divisors AL, where
A€ M and A2 > 0. On A\, where A\ € M has positive norm, they have order

D ena(—n?A/2).
neN
nAeM*
(ii) When F is an ordinary complex valued modular function, the full isometry
group O(M) of the lattice M is equal to the group Aut(F, M) fixing F'.

Theorem 5.3.6 gives a class of modular forms whose coefficients are the ex-
ponents of the product expansion of automorphic forms. As these automorphic
forms have a Fourier expansion, their product expansion is in many cases equi-
valent to the denominator formula of a BKM algebra. We have seen in Example
5.3.1 this to be the case for the normalized modular invariant .J. This is however
not always the case. A fundamental question yet unanswered is therefore the
following one:

Open Question 1. Find necessary and sufficient conditions for the vector
valued modular form F' to be associated to a BKM algebra. In other words,
the product expansion of the automorphic form associated to F' in the manner
described in Theorem 5.3.6 should be the denominator formula of a BKM alge-
bra. Hence the exponents of this product, namely some of the coefficients of the
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Fourier series for F' at infinity should give the root multiplicities for this BKM
algebra.

In order to be able to fully describe the BKM algebra we need to know
not only the roots but also which among them are simple. Equivalently, to
get the full denominator formula, we need to compute the Fourier series of the
automorphic form Wj,;. In general this is not easy to do. However it is worth
noticing that the weight of the automorphic form related to the most typical
LBKM algebra, namely the Fake Monster Lie algebra (see Example 5.3.33) is
equal to minus half the signature of the lattice M (in the convention b* = 2).
This is also true for the Monster Lie algebra.

Definition 5.3.21. The automorphic form is said to be of singular weight if
its weight is equal to —s/2, where s is the signature of the Lorentzian lattice L.

Indeed if the automorphic form has singular weight then it is possible to find
the Fourier coefficients of ¥, when Aut(F, M) = O(M) and the character x is
trivial, i.e. when the automorphic form W, is fixed by the full isometry group
of the lattice M. We assume this to be the case in the rest of this section.

We briefly describe this process without giving all the proofs. The details
can be found in [Borc9, Chapter 3]. We assume that the automorphic form ¥y,
corresponds to a modular form F' satisfying the conditions stated in Theorem
5.3.6.

The lattice U generated by the orthogonal primitive norm 0 vectors z and
zy, has rank 2. By assumption (z,Y) > 0, and so the basis z, z;, of the lattice
U is positively oriented since z,+ A (21)y+ = (21, Y)Xn A Yar/Y* by Lemma
5.2.11 (ii) and (iii). Let J be the subgroup of the isometry group O(M) of M
fixing this sublattice.

Definition 5.3.22. A subgroup firing a rank 2 null sublattice is a Jacobi group.

For any r € R, set
t-(A) =A+7r(\2)zr — (A z1)z

for A € M ®zC. In other words, t, is the translation by the vector rz; € L&zR
on the vector space M ®z C (see Definition 5.2.12). By Exercise 5.3.4, the
automorphism ¢, does not depend on the positively oriented basis of primitive
vectors of U.

Lemma 5.3.23. For anyr € R, t.(P) = P and t,(P) = P for allu € Le®zR.
Proof. Since ¢,.(Zy) = Zy + 121 —7(Zpr,21)z and r € R,
to(Zp) = Xpr +rzp — (X, 20)z + (Y — 7(Yar, 21)2)
and
(Xnr +rzp —r(Xar, 20)2)? = X3, = YE = (Yar — v(Yag, 21)2)2.
Moreover,

(Xpr+rzp —r( X, z0)2) A(Yar —r(Yag,20)2) = Xy AYyr 4+
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where none of the other summands are in v*. Hence the basis
Xy +rzn —r( X, z0)z, Y — r(Yar, 21)2

is positively oriented. Therefore ¢,.(Zp) € P. The second equality follows from
similar arguments. 0

When n is an integer, t,, € O(M), and hence since an automorphic form is
homogeneous, by assumption

Uy (tpv) =¥y (v) veEP. (a)

Hence, the next definition makes sense. For m € Z, set
Phm(v) = / Uar(te(v)e 2™ dr v € P
reR/Z

The automorphic form W), can be expanded as a Jacobi series.
Lemma/Definition 5.3.24. On P, the automorphic form Uy is equal to its

Jacobi series:
\I’M = E w’m-
meZ

Proof. Considering the function g(r) = ®p(¢,v) on R for fixed v € P, the
Fourier expansion of g is g(r) = >, cz m(v)e*™™" (see Lemma D.2). The
result follows from equality (a) by taking r € Z. ]

Again by assumption and Lemma 5.3.23, the next integral is well defined.
For m € L, set

Ay(v) = / Was (b (v)e 2" W dy v e P.
u€L®zR/L

Lemma/Definition 5.3.25. On P, the automorphic form U, is equal to its

Fourier series:
AEL*

The same holds form the functions ,,, m € Z.

Set F' to be the subgroup of the isometry group O(M) of the lattice M fixing
the vector z.
Definition 5.3.26.

(i) A subgroup of O(M) fizing a primitive null vector is a Fourier group.
(i) The automorphic form Wy or the function 1, is said to be holomorphic
at F if Ax = 0 unless X is in the closure of the positive cone C.

From Exercise 5.3.5, we know that the functions v, satisfy the following
properties.
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Lemma 5.3.27. For allm € Z,
(i) Ym has weight ¢(0)/2 (i.e. is homogeneous of degree —c(0)/2);
(i) Y, is holomorphic on P;
(iii) Y (tv) = 2™ M (v), v € P;
(iv) Yy (0v) = Y (v) for allo € J*, v € P.
(v) P is holomorphic at the cusps, i.e. at every Fourier group corresponding
to a rank 1 null sublattice of U.

This result in fact says that the functions v, are Jacobi forms (see Exercise

5.3.5). So let us give the generalization of Jacobi forms (see Definition 3.2.17)
to higher dimensions.

Definition 5.3.28. A Jacobi form of weight k and index m (k € Z,, m € Z)
for the modular group SLs(Z) is a holomorphic function ¢ : K @z C x H — C
satisfying

(i)

Z ar+b
et +d8 cer+d

)= ter +afen (Lo 7m)

(

for all (Z Z) € SLy(Z);

(i1)
HNZ AT+ p,7)=e "(Z,\) +1A%/2)p(Z, ),

for all \, p € Z.

Corollary 5.3.29. For every m € Z, the functions ¥, are Jacobi forms.
We next define a theta function on two variables as follows.

Definition 5.3.30. A Theta function of indexr m is a linear combination of
functions on K ®z C x H of the following type:

2y 2 .
9K+'Y(Z7 T) = Z e—ﬂ'ZA 7'627T7,m(Z7A)
AEK +y
formeZ,ve K®zQ.

We can now deduce the result on the Fourier coefficients of the automorphic
form Wy, in the holomorphic case from Exercises 5.3.5 and 5.3.6.

Theorem 5.3.31. Suppose that for all m < 0, the coefficients ¢(m) > 0 and
that ¢(0) = —s. Then, the only non-zero coefficients of the Fourier series of U,
correspond to vectors of norm 0.

Hence the following questions arise:

Open Question 2. Are the BKM algebras that can be fully described, i.e.
whose root system can be explicitly given, those associated to an automorphic
form of singular weight?
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Open Question 3. Classify all holomorphic automorphic forms on G(M) of
singular weight that are automorphic products. If the answer to Question 2 is
in the affirmative, then this should give all the “interesting” BKM algebras by
taking their Fourier expansions at the cusps.

Note that, as in the case of the Monster Lie algebra, these BKM algebras
may not have a hyperbolic Weyl (reflection) group but a fairly trivial one.

Open Question 4. Find a method for calculating the Fourier coefficients of
the automorphic forms having non-singular weight. This would, in particular,
allow a description of the BKM algebras with hyperbolic reflection group. If
this is possible, then the answer to Question 2 is negative.

Let us now investigate the Weyl vector p given in Lemma 5.3.15 further.
Theorem 5.3.32. The Weyl vector for the Weyl chamber W is

1 1

_ 2 2
p(K,VV,F) = (_5 2 Ck()‘ /2)/\767 2 Z Ck()‘ /2))7
(;1%>0 AEK*

where c is the constant term of Fr,(7)0(7)Ea(7).

Proof. We apply Corollary 5.3.11. We want a vector Y{ of norm 1 in the Weyl
chamber W of Y7 such that

(A YY
(2, Y1)

~—

0<

<1 (1)

AYD Y (WY ALY/ .
so that B(EZ’YB) = (EAY{;)Z - Ez,Y{; +1/6. We want (1) to hold for A € K*,

i.e with non-positive norm, satisfying
ex(A?/2) A0 and (A, W) >0 (2)

By Lemma 3.4.11, there are only finitely many possibilities for vectors

A € K* with this property. Now, by lemma 5.3.10, (A, ur) = %2587
Y1 = (mur,m,n). So we can choose the vector ur € K ®z R so that inequality
(1) holds for the all vectors A € K* satisfying (2). Note that since m # 0 and
the singular points are on hyperplanes of codimension 1 in G(L) given by A € L
satisfying (2), the corresponding vector Y{ is in W. For p(K, W, F) = (p,¢,d)
and Y7 given by (2), the definition of the Weyl vector (see Lemma 5.3.15) says
that

where

8\/57((0)7 ¢ d)v (mﬂLv m, n)) = (I)L((mNLa m, 1/2m - m:u%/Q)v F)

Hence, applying Corollary 5.3.11, we get
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8V (m(p, ) + el — miit/2) + dm)
1

= 5 u(F) + VETm(2aa0)/6-+ 4 30 ex(W2/2) (A us)? = (e +1/6)

(XA, W)>0

since the norm of Y/ being equal to 1, n = (1 — mu?%)/2m.
As this holds for all m > 0,

= —®,(F
¢ 81 L(F)

and

(0. 1) — et 2 +d = co0)/24+ 3 3 ex(V/2)((A s )’ — (A, ar) +1/6).

AEK*
(A, W)>0

This in turn holds for all vectors py, € K ®z R such that 0 < (A, pp) < 1 for
all A € K* satisfying conditions (2). Hence,

_ 4 2
p= _2 Z C)\()\ /Q)Aa
AEK*
(N, W)>0
and 1 ]
= 24 —_— 2 2 = — 2 2 .
d=a0)/244 = 3 (/2= 3 a(d/?)
AEK* AEK™
(A, W)>0
Hence the result follows from Exercise 5.3.8. L]

We have already studied the example of the Monster Lie algebra in the
context of automorphic forms (see Example 5.3.1). We now apply Theorem
5.3.6 to the typical example of a LBKM algebra, namely the Fake monster Lie
algebra. We have already computed its denominator formula using properties
of its root system. We give an alternative method for finding this product
expansion by using Theorem 5.3.6.

Example 5.3.33. For our modular form we take F(7) = 1/A(7). This is an
ordinary modular function of weight -12. Its Laurent series at infinity is

f(T):Zp24(n+1)qn:q71+24—|—~~.

Therefore, ®,(Z) = e~ 27i(r.2) H( AeK (1- 62“()‘72))1’24(1_’\2/2) is an automor-
A, W)>0

phic form of weight 12 for the group Os 96 = O(M), where M = K + Il ;
and K is a unimodular even Lorentzian lattice of rank (25,1). Applying The-
orem 5.3.32, we get that the Weyl vector is p = (0,0,1). Theorem 5.3.5 also
implies that ®, has singular weight and since ¢(—1) > 0 it is holomorphic. So
by Theorem 5.3.31, the only non-trivial coefficients of the Fourier expansion of
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®, correspond to norm 0 vectors. They can then be calculated from the above
product and we find

©.(2) = ) det(w)A((Z,w(p)))-

weWw

In this section, we have studied the question of associating to a modular
form the product expansion of an automorphic form corresponding to the de-
nominator formula of a LBKM algebra.

What about the converse problem? Do all LBKM algebras have a vector
valued modular form associated to them in the manner described in Theorem
5.3.67 The answer is no for most of them. The next section gives very strong
evidence that this can be done only when the lattice has rank at most 26. So the
problem of classifying the LBKM algebras for which this is possible should be
a finite one. Note that even when the rank is at most 26, most LBKM algebras
have no associated vector valued modular form. The reason is that in general
the denominator formula does not give a product expansion for an automorphic
form. When this is the case, the answer to the above question is yes in the case
considered here of a Lorentzian root lattice L containing the lattice I/, as a
direct summand. This has been proved by Bruinier and later by Barnard in
a different context. The interested reader should read [Br, Theorems 5.11 and
5.12] and [Bar]. Their method is briefly exposed in the next section, though we
do not give detailed proofs.

Exercises 5.3

1. Prove Theorem 5.3.6 in the case of an arbitrary even Lorentzian lattice L.

2. Find the multiplicities of the roots of Monster Lie algebra by applying
Theorem 5.3.6.

3. Show that the automorphism ¢, (r € R) defined in section 5.3 is independent
of the positively oriented basis chosen for the sublattice U.

4. (i) Counstruct a homomorphism from the Jacobi group J to the group
O(K) x SL2(Z). Show that the centre of the connected component of its kernel
group consists of the automorphisms ¢,., r € R.

(ii) Construct a homomorphism from the Fourier group F to the group O(L)
containing the automorphisms ¢,, v € L, in its kernel.
(iii) Show that 1y, (t,v) = €™, (v) for allv € P, r € R, m € Z.

5. For r € C, does t.(P) = P hold? Give an analytic continuation of
the function 1, on the set of all vectors v in M ®z C of norm 0 satisfying
Z(20) > 0. Show that the function

(v,zL)

G (2,T) = o Z +7(21) + 2" — (Z%)2)2) (a)
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defined on (K®C') x H is a Jacobi form (according to Definition 5.3.28). Con-
versely, show that given a Jacobi form on (K ®z C) x H, there is a function on
P satisfying Lemma 5.3.27 satisfying the above equality (a). Remember that
z' € M (resp. (zr) € L) is the primitive norm 0 vector orthogonal to the lattice
L (resp. K) having inner product 1 with z (resp. zp).

6. (i) Show that a Theta function 6k of index m € N on K ®z C x H is a
Jacobi form of weight —s/2 and index m if v € K*.

(ii) Show that the Jacobi forms ¢, in the Jacobi series for the automorphic
form ¥, have positive index.

(iii) Show that if m > 0, then the Jacobi form 9, ,, has a Fourier series of the
form Z)\GKJW e~ TN T2mim(ZN) fo1 ;€ Q, 7€ K®z Q.

(iv) Deduce that when the coefficients ¢(n) > 0 for n < 0, the automorphic
form W,; is a linear combination of products of modular functions and
Jacobi forms. If moreover W, has weight —s/2, where s is the signature
of the lattice L, deduce that it is a sum of Jacobi forms.

For a solution, see [EicZ, Theorem 5.1].

(v) Deduce that if the Fourier coefficient Ay of a holomorphic automorphic
form Wy, of weight —s/2 is non-zero, then \? = 0.

5.4 An Upper Bound for the Rank of the Root
Lattices of LBKM Algebras?

In this section, we present some strong evidence that the classification problem
of LBKM algebras associated to vector valued modular forms is essentially a
finite problem. At least it is so if we assume a Conjecture of Burger, Li and
Sarnak about the eigenvalues of the hyperbolic Laplacian to be true.

We do not prove all the material presented in this section but aim to present
some of the basic ideas developed in [Bar] and [Br]. The details can be found
in these two papers. The assumptions and notation in this section are the same
as in the previous one.

Our aim is to show that if F' is a vector valued modular form satisfying the
conditions of Theorem 5.3.6 and the corresponding automorphic form W,; has
a product expansion giving the denominator formula for a LBKM algebra, then
the rank of the root lattice L is bounded above.

The particularity of a root lattice L is the existence of a Weyl vector in L&z Q
for a Weyl chamber, i.e. they are associated to a reflection group. Therefore
the Weyl chambers determined by the theta transform of F' should be the Weyl
chambers for reflection (Weyl) groups and the vector p(L, W, F') given in Lemma
5.3.15 should be a Weyl vector for the root system of the reflection group. We
remind the reader that the Weyl chambers for the reflection group G of a BKM
algebra are the open cones wC, where w € G and

W ={(\a) > 0;a €I},
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where II is a fixed base for the root system. The singularity points are in the
hyperplanes
Hyo ={)€ L®z R: (wa, \) =0},

a €I, w € G. The Weyl vector p(L, W, F) is a Weyl vector for the root system,
ie.

1
(p,a):§a2 Vaell ()

As we will see this is a very strong condition to impose. It leads (assuming the
above mentioned conjecture to be true) to a very low upper on the possible rank
of the root lattice.

Remark 5.4.1. From Theorem 5.3.32 we know that the Weyl vector p(K, W, F')
belongs to the rational vector space L ®z Q since by assumption the Fourier
coefficients ¢y (m) of the components of the modular form F' are integers for all
m < 0.

We assume that the modular form F' corresponds to a BKM algebra and thus
that H, and G are as above and that the vector p(L, W, F') satisfies equalities
(I). The only coefficients ¢y (m) with m < 0 of the modular form F which appear
in the theta correspondence are the ones given by m = \?/2 for some \ € K*
of negative norm. However there may well be other non trivial coefficients ¢(m)
in the Fourier series of the modular form F with m < 0 and m # \?/2 for any
A € K*. Hence as they do not play any role in the theory developed in section
5.3, it is unclear how to find conditions these coefficients should satisfy from the
requirement that p(L, W, F) be a Weyl vector for a reflection group.

To find the upper bound on the rank of the lattice L, we explain how under
certain assumptions a vector valued modular form F; with the property that the
only singularities it has are of the form ¢™ where m = \?/2 for some primitive
vector A € L ®z Q of negative norm, can be associated to the vector p(K, W, F)
in the manner described in Theorem 5.3.6. This gives a low bound on the terms
q™, m < 0 in the Fourier series for F;. The upper bound for the rank is a
consequence of this result. So we first construct a modular form F;. However,
a priori, it has terms containing Whittaker functions and so does not have a
Fourier series as given in Lemma 3.3.7 and the desired singularities. The aim is
to show that the unwanted terms are equal to zero so that the singularities of
F are only of the above form corresponding to primitive roots of L*. In order
to show this, we find its theta transform ®; and show that it is the sum of a
piecewise linear function 11 on G(L) and a real analytic function & on G(L),
the latter coming from the undesired terms of F;. So all that needs to be shown
is that the real analytic part is equal to 0. This will follow from the fact that
® - — @, is an eigenvector for the hyperbolic Laplacian for then, using an as yet
unproved conjecture of Burger, Li and Sarnak about the exceptional eigenvalues
for the hyperbolic Laplacian [BuLS]|, [BuS], it can be shown that ®; = ®x. In
particular, ®; is piecewise linear and & = 0.

The next result is only a restatement of Lemmas 5.3.13 and 5.3.14.



5.4 An Upper Bound for the Rank 209

Lemma 5.4.2. The automorphic form ®p is a piecewise linear map on the
Grassmannian G(L), i.e. it is linear on each Weyl chamber.

In order to construct the modular form Fj, we need to introduce the hyper-
bolic laplacian.

The ordinary Laplacian in Euclidean n-space is the operator defined in carte-
sian coordinates as follows:
52 52

= S
oxs 0x2

V2

The hyperbolic Laplacian generalizes this operator to the 2-dimensional hyper-
bolic space, namely the upper half plane H.

Definition 5.4.3. The hyperbolic Laplacian of weight (m™,m™) of functions
on the upper half place is the operator defined as follows:
52 52

1) é
2 _ 2 . — . _
vm‘*’#”‘ =Y (51,2 +5y2)+ly(m+_m )%+Z(m++m )@

One of the most fundamental equation in mathematics and physics — namely
the potential equation — aims at finding the eigenfunction of the ordinary Lapla-
cian with eigenvalue 0. More generally, finding the eigenvectors and eigenvalues
of V2 is of basic importance and can be done by using Green’s functions. What
about the eigenvectors and eigenvalues of the hyperbolic Laplacian? In section
3.3 we defined vector valued modular forms.

Definition 5.4.4. A vector valued modular form F of weight (m™,m™) is said
to be of eigenvalue A € C if
\s (F) = \F.

mt,m—

Using the Fourier expansion of vector valued modular forms and the defin-
ition of Whittaker functions Mjy, ., and W ., the vector valued modular form
F of eigenvalue A can be computed. These functions are the solutions of the
Whittaker differential equation:

1 2
k 1 1 m

W// o=
+(z 4+ 22

For details, see [AS] and [WhiW].
Set m~™ = b~ —1 to be the rank of the root lattice L. From Lemma 3.3.7, we
know that the components F,, v € M*/M, of the modular form F have Fourier

expansion of type
2
Z Cmy ()" 2.
meZ

Exercise 5.4.1 gives the solutions for the coefficients c¢,, ~(y) if F' is of eigenvalue

A=s(s—1)— (1 — H2-). As this exercise also shows, the essential part
of the eigenvalue is s(s—1). This is why it is more useful to write A in this form
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Lemma 5.4.5. If the vector valued modular form F of type pr is of eigen-
value A = s(s — 1) — 12— (1 — ) then the coefficients cm (y) are a linear
combination of the functions:

Mn,s = y_(1+m7)/2Msgn(n)(l—m—)/2,s—1/2 (471—{”‘?/)
and

Wn,s = y7(1+m_)/2ngn(n)(17m_)/2,371/2(47T|n’y)'

A vector valued modular form of weight (1,m™) and type pz can then be
constructed using the definition (see Definition 3.3.5) as follows:

Definition/Theorem 5.4.6. For 6 € L*/L, set

Frd)=g Y (/D Meales)a,
Ae<T>\Mp2(Z)
where for any A € Mps(Z),
(Fla)() = pxc (A) T F(AT)(er +d) " er +d)™™

This is the Mass-Poincaré series at s = 1. Then, F(7,0) is a modular form of
weight (1,m™), type pr, and eigenvalue 1"'77"7(1 — 1"'%) with singularity only
at infinity of type

For 6 € L*/L having negative norm, set
Fs(r) =yt 2R(1,6).
Its Fourier series is:

2 2 .
Fs(1) = ¢ Pes+q° Pe_s+ Z an~q" ey + Z an €W (4Tny)es, .

~EL*/L ~EL*/L
nezZ+~2/2 nezZ+~2/2
n>0 n<0

The problem is that F5 does not necessarily have the same type of Fourier expan-
sion as the vector valued modular forms used in sections 3 and 5. Therefore to
derive its theta transform ®;, a modified version of section 3.4 is needed, namely
the Rankin-Selberg method. Remember the description of the singularity sets
in Theorem 3.4.13.

Definition 5.4.7. For § € L*/L having negative norm, H(8) = Uxer nr—s A+
\2=52
is the d-Heegner divisor.
As in Theorem 3.4.13, the singularities of the theta transform ®5 can be
worked out.
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Lemma 5.4.8. The vector vi € G(L) is a singularity point of ®5 if vy € H(6),
in which case it has singularity of type

—47T\/§ Z |)\U+|.

AGL*r‘wO_
A#£0

An immediate consequence of Theorem 3.4.13 applied to the theta transform
®;, and of the assumption (I) is a description of the singularities in terms of
Heegner divisors.

Corollary 5.4.9. The singularity points of @k belong to divisors of type 2H (J)
where § is a primitive root in L*.

Let P be the set of primitive roots in L*/L. The last two results suggest

that we consider
Fy =2 c(6°/2)Fs.
SeP

The next result is immediate from the above.

Corollary 5.4.10. The function @, — @ is real analytic on the Grassmannian
G(L).

However we cannot immediately conclude that ®; = ®; nor can we as yet
deduce anything about the singularities of F; because the less simpler form of
the Fourier series of F; compared to the modular forms of previous sections
implies that ®; is the sum of a piecewise linear function ; and a real analytic
function &;. What we need to show is that & = 0. Since ®x — v is piecewise
linear, the next result follows from Corollary 5.4.10.

Corollary 5.4.11. The function ®1, — 1) is linear on the Grassmannian G(L).

Any linear function can be shown (see Exercise 5.4.4) to be an eigenvector
for the hyperbolic Laplacian with eigenvalue —m™ and from Exercise 5.4.3, we
know that i, is an eigenvector for the hyperbolic Laplacian with eigenvalue
—m~. Hence:

Corollary 5.4.12. The function ®;, — ®1 is an eigenvector for the hyperbolic
Laplacian with eigenvalue —m™ .

Conjecture (Berger, Li, Sarnak). Set w =b"1/2 — 1 and let s* —w? be the
eigenvalues of the hyperbolic Laplacian A, ,,-. Then, the exceptional eigenval-
ues (i.e. the real ones) of this Laplacian are equal to w,w —1,-- -, —w.

We then get the desired result from Exercise 5.4.4.

Corollary 5.4.13. If m~ > 7, then & = ®;.

Corollary 5.4.14. If m™ > 7, then the singularities of the modular form Fi
are of type q’l/", where n is a positive integer.

This result is a consequence of the following Lemma.
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Lemma 5.4.15. Let o € I be of negative norm and m be minimal in Q such
that § = ma € L*. Then, 6 has norm —2/n for some positive integer n.

Proof. Since « has negative norm, it is a root of finite type (remember that we
are working in the opposite convention: the non-diagonal entries of the Cartan
matrix are non-negative; see Remark 5.3.20). Since it is simple, it is a primitive
root in L*. Hence, § is such that [0 € L* implies that A € Z. Therefore there
exists d; € L such that (9,01) = 1. Since « is a root, so is  and so rs(d1) € L,
where r; is the reflection induced by ¢. The result then follows.

We are finally ready to compute the bound on the rank of L.
Corollary 5.4.16. Assuming the above Conjecture to be true, dim L < 26.

Proof. We assume that m~ > 7. By Corollary 5.4.14, the modular form
Fy(7)A(r) is holomorphic since A(7) has a simple pole. Hence it must have
weight 12 + 1 — dim K/2 and as it is holomorphic its weight is non-negative.
The result then follows.

There is very strong evidence that the Conjecture given above is true (see
[Ar]). Tt would nevertheless be obviously satisfactory to find a proof of Corollary
5.4.16 which is not based on it.

Open Question 5. Find an alternative proof of Corollary 5.4.16.

There is good evidence that the upper bound of 26 holds. It is indirectly
supported by a result of Goddard and Thorn from theoretical physics, namely
the No-Ghost Theorem. Indeed as we will see in the next section, this result is
crucial in the only (as yet known) method for constructing LBKM algebras and
implies that the Lie algebras we can construct for higher ranks are not BKM
algebras.

As the last two sections show, the classification project is far from complete
and there are many questions yet to be addressed. As we have seen in this
section, the principal problem of finding the vector valued modular forms asso-
ciated to a BKM algebra, can be addressed by answering the following question.

Open Question 6. When are the Weyl chambers determined by the theta
transform of F associated to a reflection group and when is the vector p(K, W, F)
a Weyl vector for a reflection group?

The reader more interested in the classification of hyperbolic reflection groups
or equivalently BKM algebras whose simple roots of finite type generate a
Lorentzian root lattice should in particular study the works of V.A. Gritsenko
and V.V. Nikulin [Grit], [GritN1-5], [Nik1-3], together with [Bore3,12].

Exercises 5.4

1. Let F be the vector valued modular form of type p; and eigenvalue \ with

Fourier series )
m+ 2
E Cmn/(y)q V2,
meZ
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(i) Show that

1+m~ A 2mm(l —m~™
e )+ (5 T atye, () =

(W) + (

(i) Write A = s(1 —s) — 12— (1 — 3 Check that the modular form yF
has weight (0, m~ — 1). Show that yF is an eigenvector for the Laplacian

of this weight of eigenvalue s(1 —s) — %5 (1 — Z2-).
(iii) Find the solutions of the above differential equation in terms of the Whit-

taker functions (see Lemma 5.4.5).

Hint: change variables to d,(y) = Y cm~(y). For a solution see [Bar,

Lemma 1.3.2].

2. (i) Show that the series for the function F(7;d,s) given in Theorem 5.4.6
converges uniformly for R(s) > 1+ 12— Deduce that F is a real analytic
modular form of type p;, and eigenvalue A = s(1 — s) — 22— (1 — ) and
that its only singularity is at the cusp 0o and of type given in Theorem 5.4.6.
For a solution see [Bar, Theorem 1.3.7].

(ii) Deduce that the Fourier series for Fj is as given in section 5.4.

3. (i) Find the Fourier series of the function ®s; using the Rankin-Selberg
method.

(ii) Show that the function ®s on the Grassmannian G(L) is the sum of a
function e(v) real analytic on G(L) and a function (v) piecewise linear
on G(L).

(iii) Show that 7 is an eigenvector for the hyperbolic Laplacian on G(L) with
eigenvalue —m ™. Deduce that the function ®; — ®; is an eigenvector for
the Laplacian with eigenvalue —m™.

For a solution, see [Br, Theorem 5.11], [Borcll1, §7], [Bar, §3].

4. Since ®; — ¥, is an eigenvector of the Laplacian with real eigenvalue, use
the Conjecture of Berger, Li, Sarnak to show that ®; = &, if m~ > 7. Deduce
that dim L < 26.

For a solution, see [Bar, lemma 3.4.2, Theorem 4.1.4].

5.5 A Construction of LBKM Algebras
from Lattice Vertex Algebras

The aim of this section is to explain how some LBKM algebras can be con-
structed from (bosonic) lattice vertex algebras. The lattice L is only assumed
to be integral and non-degenerate. The Fock space V7, has a vertex superalgebra
structure (see Chapter 4). Let us reconsider Theorem 2.5.4 characterizing BKM
algebras according to root space properties.
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We need a self-centralizing Lie subalgebra acting semisimply on the Lie alge-
bra in such a way that the eigenspaces are finite dimensional. It seems natural
to consider the image

H'={h(-1)®1:hec H}

of H in the Lie algebra P!/dP°.

Lemma 5.5.1. The vector space H' is a self-centralizing Lie subalgebra of the
Lie algebra P'/dP°.

Proof. By definition of the Lie bracket (see Lemma 4.3.1), for any hy, he € H,
[h1(=1) ® 1, ha(—1) ® 1] = h1(0)(h2(~1) ® 1) = 0.

Hence the vector space H' is an abelian Lie subalgebra of P'/dP°. For any
he H, a € L,and s € S, applying Lemmas 4.2.8 and 4.3.1,

[h(~1) ® 1,5 ® ] = h(0)(s ® %) = (h, a)(s ® ).

By the nature of the action of the Ly operator (see Theorem 4.3.6), the eigenspace
dim P! of H! is finite dimensional since dim H < oo.

It only remains to check that the vector space {h(—1) ® 1: h € H} is self-
centralizing. From the above, s ® e® is in its centralizer for a € L, s € S if and
only if (h,«) = 0 for all h € H. Hence, as the bilinear form is non-degenerate
and the action of the vector space in consideration is semisimple on P*/dP°,
the result follows. L]

This result shows that the eigenspaces of the abelian Lie subalgebra H' are
the subspaces P, a € L, where for any subspace U of V, we write

Uy = {v € Uldeg(v) = a}.

Note that the Lie algebra Vi /dVy is too large to be a BKM algebra because
there is no upper bound on the norms of the roots @ € L with (V1), # 0,
whereas the norms of roots is bounded above for the Lie algebra P'/dP,. This
follows from the definition of the subspace P!.

Lemma 5.5.2. For any o € L, Pl # 0 implies that o < 2.

Proof. Let s € S be such that s ® 1 is an eigenvector for Lg. By defini-
tion, the corresponding eigenvalue m is non-negative. For o € H, s ® e® € P!
is an eigenvector for Ly with eigenvalue 1 = %(a, a) + m. Hence,
(o) =2(1 —m) < 2. L]

We need to define a non-degenerate symmetric invariant bilinear form on
the Lie algebra. Let us return to the bilinear form (.,.) on V. We first state

an obvious property satisfied by it.

Lemma 5.5.3. For any « € L, the bilinear form is non-degenerate on (Vy)q
and the operator Lo is diagonalizable on (VL)q.
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Proof. Clearly, the vectors 1®@e® together with hy(—ny) - - - h.(—n,)®@e*, where
the elements h; run through H and n; and r through N, generate the subspace
(VL)a- As these are eigenvectors for L, Lo is diagonalizable on (V). For any
ses,

(hi(=n1) - hp(—n,) @ e*, s @e’) = (1@ e, (hi(n,) - hy(n1)s @ €P).

This is equal to 0 if a # 3 since by definition (1 ® e®, 1 ® e) = 0 in that case.
The Lemma follows from the action of the Heisenberg H on V, given in Lemma
4.2.8. U]

To show that it induces a bilinear form on the quotient P!/dP°, we need to
show that (dP°, P') = 0. Set

N={veP':(v,P)=0}
to be the kernel of the bilinear form on P?.

Lemma 5.5.4. dP° C N.

Proof. Since by definition of the bilinear form on V;, (see Theorem 4.3.3), the
operator Ly is the adjoint of the operator L_1 and L_1 = d by Lemma 4.3.9,

(dP°, P} = (P°, L, P') =0

by definition of the subspace P!. L]

The non-degeneracy condition leads us to consider the vector space P'/N
instead of the Lie algebra P!/dP° as a likely candidate for the BKM algebra we
want to construct. However, we do not yet know that P'/N has the structure
of a Lie algebra. Lemma 5.5.4 implies that the vector space P'/N will have a
Lie algebra structure, or more precisely that it will be the quotient Lie algebra
(P1/dP°)/(N/dP°) if N/dP" is an ideal of the Lie algebra P!/dP°. This is not
at all obvious. This will follow if for all u € N, v € P, ug(v) € P!, i.e. that
for all v’ € P!, (up(v),v") = 0. To show this, the definition of the bilinear form
given in Theorem 4.3.3 suggests that it could be useful to find the adjoint (ug)’
of the linear map ug. Then,

(uo(v),v") = ([u,v],0") = (v, (uo)'v").

This indicates that we should try to prove (up)’ = (w(u))o for some involution
w on Vp, in other words contravariance of the bilinear form. We next study this
question. One of the consequences will be that the subspace N/dP° is an ideal
of the Lie algebra P'/dP° since the above shows that proving contravariance
amounts to finding the adjoint of the operator ug for u € P'. For the notion of
contravariance, we need an involution with adequate properties.

Remark 5.5.5. Since the vertex algebra structure of V7, is independent of the
cocycle € chosen as long as e(a, B)e(3,a)~ ! = B(a, ) = (1)@ H(@a)(B.6)
(see Remark 4.2.26), Lemma 4.2.5 and the definition of the bi-multiplicative
map B(a, 3) allow us to assume that e(+a, +a) = (—1)(® and e(a, B) € {£+1}.
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Definition 5.5.6. There is an involution acting on the vertex algebra Vi, called
the Cartan involution given by:

wl®e*) = (1)@ 1 ge ), whn)©l)=—hn)®1,
ac L he HnelZ.

In fact, it is easier to find the adjoint operator of the endomorphism w,, for
arbitrary n € Z than just for n = 0. First we give the adjoint of the map e®.

Lemma 5.5.7. For any «, the adjoint of the endomorphism e® is (—1)(“’a)e_a.

Proof. For a,8,y€ L, s,t € 5,
(e“(s@e?),e*(t®eY)) = ela, Ble(a, y) (s @ P, t @ )

_ /0 if B # v
Tl (seefteel) ifpf=xv

since e(a,3)? = 1 (see Remark 5.5.4). The result follows since
(o, —a) = (=1)(**) by assumption (see Remark 5.5.5). L]

Lemma 5.5.8. For anyn,m € Z, v € (V1,)™, the adjoint of the endomorphism
vn, (with respect to the bilinear form defined in Theorem 4.5.3) is:

LY %(L{w(v))zm—j—n—%

Proof. We only need to prove this for the generators hy(mq) - - h.(m;,) ® e* of
the vector space V1, where h; € H, m; < 0 and a € L. We will write ¢* for the
adjoint of the operator ¢ on V.

First suppose that a = 1®e*, 8 € L, u € (Va)g, v € (Va). As the adjoint of
the endomorphism «(j) is a(—j) by definition of the bilinear form (see Theorem
4.3.3)

Bt

. =i .
Y(1®eYu,v) = (e%e 2ico (@)~ >0 TOL(J)z(o“’ﬁ)u,v)

_ Z(a,[j)(_l)(a,a) (’LL, e~ % Zj>0 Z;J a(—j)e— Ej<0 z;J a(—j)v)

— Z(a,ﬁ)(_l)(a,a) (’LL, efae— Zj<0 %(—a)(j)e— Zj>0 %(—a)(]‘)v).
(1)

Now, by definition of the bilinear form, (Y (1®e®, z)u,v) = 0 unless v € (V1) a+3-
Suppose that v € (V)a+s. Then,

(D@1 ®e )
is the coefficient of z¥+(®#) on the right hand side of (1), where
—k—(,a+0)=—-n—1.

Hence, the coefficient ((1 ® e%),)*v of z="~! on the right hand side of (1) is
equal to
(_1)((170‘)(1 ® e_a)(oz,a)fnfﬂ}
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since k + (a, 3) = —n— 1 implies that —k — (o, a+ 3) = = (—n+ (o, ) — 2) — 1.
This holds for all 8 € L and so for all v € V. Therefore,

(1®@e)n) = (DY (1 e ) aa)-n2

(_1)%(0‘7(1)‘*}(1 ® ea)(a,a)fn72

since Lo(l ® e*) = 3(wa)(l ® e*) and by Definition 5.5.6,
w(l®e®) = (—1)2(*2) (1 ® ). Hence the result holds for a = 1 ® e®.

Assume next that the result holds for b € (V)!,. We compute the adjoints
of the endomorphisms a,,, where a = h(—1)b, h € H. By Theorem 4.2.16 and
Corollary 4.1.32, for u,v € Vg,

(Y(a, 2)u,v)
(0,32 =S )Y - u, (Ew(B)ar— gz —k)0)
k<0 nez j=0 J:
(30 ST ) S (AR (b))t n20).
k>0 neZ j=0 J:
(2)
So,
(an)*
Z Z l 2l —j—n—k— 1h(k)
k>0 7=0 ‘7
Z Z l (0))21—j—n—k—1
k<0 7=0 ‘7

Now, for any vector v € V;, and m € Z,

Hence,

= (-1 =(h(-1)Lib)a1—j—n by Definition 4.1.27



218 5 Lorentzian BKM Algebras
5 (7, @) (L{w(b))2t—j—n—1

:(—1)li;(yh( 1)b)21—j—n
since by Corollary 4.1.26 (i),
[L1, (h(=1) ® 1) 1] = [G2; (h(=1) @ 1) 4]
2
> (3)@mat-n e,

= (L_l(h(—l) ®1))1 + 2h(0)
(h( 2) ® 1)1 + 2h(0)

—h(0) + 2h(0) by Lemma 4.1.31
h(0).

Moreover, the vector a is an eigenvector of the operator Ly with eigenvalue
I + 1 and by definition of the involution w (see Definition 5.5.6),
w(h(—1)b) = —h(—1)w(b). Hence the result holds for h(—1)b Yh € H, if it
holds for b.

Assume by induction that the result holds for h(—m)b. We finally show that
it holds for a = mh(—m — 1)b, where m € N. Since

a = d(h(—m)b) — h(—m)db,
and d(h(—m)b), = —n(h(—m)b),_1, the result holds for a by induction. L]

Corollary 5.5.9. The vector space P'/N is a Lie algebra.

Proof. Now (dP°, P') = (P° L, P') = 0 by definition of the bilinear form (see
Theorem 4.3.3) and Theorem 4.3.6. Hence dP° < N and so Corollary 4.3.11
and Lemma 5.5.4 imply that the result will follow if N/dPY is an ideal of the
Lie algebra P!/dP°. For any v € N, u,u’ € P!,

([u, v],u) = (uo(v),u')
(1)

= —(v,—w(u)o(u') by Lemma 5.5.8.

Now, w(u) € P as the map w clearly commutes with the operators L; for
Jj > 0. Moreover, Low(u) = w(u) since 1 ® e~* and 1 ® e* are eigenvectors
for the operator Ly with the same eigenvalue. Hence, by Lemma 4.3.10
((w(u))o)v € PL. And so (1) gives

([u,v],u") = 0.

In other words, [u,v] € N, proving the result. L]
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The Lie algebra P!/N will be denoted Fr. We show that this is a BKM
algebra. The bilinear form on the vertex algebra Vi induces a well defined
symmetric bilinear form on the Lie algebra Fj,. We will keep the same notation
for the bilinear form on (.,.).

Lemma 5.5.10. The Cartan involution induces an involution on the Lie al-
gebra Fr, and the bilinear form (.,.) is contravariant on Fy, with respect to this
involution.

Proof. The involution w commutes with the action of the operators L;, ¢+ > 0.
Moreover by Lemma 5.5.7, w(N) = N: Indeed for any u € N,, v € (Pl),,
(u,v) =0, i.e. for any t € S such that t®1 € (V7)'~2(®®) and s € S such that
s®e* €N,

(s@e*,t®e*)=0.

[e%

Hence, (e~ %u,e”“v) = 0 gives

(s®1,t®1)=0

Now w(s ®e®) = +(s®@e ) and t ® e* € Pl if and only if t @ e™® € P! It
follows that for t ® e~ € P!,

(W(s® ), t @ €)= (—1)( @) (ew(s @ ), e*(t @ ™))
=+(s®1,t®1) by (1)
=0.
Therefore the involution w induces an involution on the Lie algebra Fj. By

Lemma 5.5.8, the bilinear form on Fp, is contravariant with respect to the invo-
lution w since for all g,z,y € P!,

(l9:2], ) = (90(),y)
= —(z,w(g)o(y)) by Lemma 5.5.8
—(

z, [w(g), y]).

L]

We keep the same notation for the induced involution on the Lie algebra F7..
Contravariance of the form (.,.) leads us to consider the form

K("an)zi(w(l‘)ay)v I7y€FL

(see section 2.2).

Lemma 5.5.11. The form K is bilinear, symmetric, invariant and non-
degenerate on the Lie algebra FT, .

Proof. Symmetry follows from the fact that the action of the involution w
leaves the form (.,.) invariant. This is a direct consequence of the definition
of w. Invariance is a result of the contravariance of (.,.). Since the latter is
non-degenerate on Fp, so is K. L]
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Since H' NN = 0, the bilinear form on H being non-degenerate, we will use
the same notation H! for the image of {h(—1)®1:h € H} in Fr,. We now use
properties of Lorentzian spaces to prove the existence of a regular element and
to simplify Condition 5 of Theorem 2.5.4.

Lemma 5.5.12. Suppose that the lattice L is Lorentzian. The abelian Lie
subalgebra H' contains a reqular element having negative norm.

Proof. Let h € H be a negative norm vector. Consider a basis ay, -, an,
for L and its dual basis of,---,a), in H. Set h = Y. | ;. The vector
a=Y" yio; € H is orthogonal to h if and only if Zl<i7j<n yix; = 0. Since
the bilinear form on H is Lorentzian, the negative norm vectors form two open

cones. Hence, we can choose the vector h so that

Zym #0
i=1

for all y; € Z, 1 < i < n. Hence, h* N L = 0. As a result, the centralizer of
h(-1)®1 € H' in Fy, is H since [h(—1) ® s®e®] = (h,a)(s®e®) for all s € S,
a€ L. L]

Lemma 5.5.13. Suppose that the lattice L is Lorentzian. Set hy € H' to be
a reqular element such that h% < 0. Let o, 3 € L be such that o* <0, 3? <0,
(a,hr) > 0 and (B,hr) > 0. Then (o, 8) < 0. If (o, B) = 0, then [ is a positive
multiple of a.

Proof. Let a,8 € L be as stated. Since the vector space H is Lorentzian
a = ah+ ot and § = bh + BT for some vectors at, 3t € h' and some non-
trivial scalars a,b € R. Suppose that («, 8) > 0. Then, o — s( is a non-positive
norm vector for all s > 0. Since (h,a) > 0 and (h,3) > 0, @ > 0 and b > 0.
The vector subspace h™ being positive definite, this implies that at = s34+ for
s = a/b. This in turn gives a = sf and so (a, 8) = s?4% < 0, contradicting
assumption and proving that («, 3) < 0.

If (o, B) = 0, then the previous argument forces the vector a to be a positive
multiple of the vector f. L]

Hence to prove that the Lie algebra Fp, is a BKM algebra, it only remains to
check the orthogonality part of Condition 5 of Theorem 2.5.4 for roots of norm
0 that are positive multiples of each other.

Theorem 5.5.14. If L is a Lorentzian lattice, then the Lie algebra Fp, is a
BKM algebra. All the roots with positive norm have norm 2.

Proof. Applying Theorem 2.5.4, since Lemmas 5.5.1, 5.5.2, 5.5.8, 5.5.11—
5.5.13 hold, we only need to check that for @ € L such that (a,a) = 0,
[(FL)as (FL)sa) = 0 for all s > 0 such that sa € L. Let # € PL. Since
a? =0, Lo(z) = = implies that

x=h(-1)®e**
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for some h € H. Moreover, by definition of the operator L; (see Theorem 4.3.6),

0= L (x)
:;Z(;Jal( /(1—n) +Z>‘B (1= n)ai(n))(h(—1) ® e*)
= % 4 (ei(1)ei(0) + o (0)i(1)) (h(—1) @ ™)
= 2 D (s0l(1) s, @) (h(~1) © ™) + al(0)(a A)(1 @ )
= L/ (D (A1) © ) + AO)(1 @ ™))

= s(a, h)(1®e™),

where the vectors («;); form a basis for the lattice L and the vectors («}); form
the dual basis in H. Hence,
(a,h) =

Let hi, hg € a®. Then,
[h1(=1) ® e, ha(—1) ® 7]
= (h1(=1) ® e®)o(h2(—1) ® €°%)
Zhl J(1®eY)_j—1 —|—Z —j—1h1(j))(h2(=1) ® ).

7<0 32>0

This last equality follows from Definition 4.1.27 of a normally ordered product.
By definition of the vertex algebra structure on Vp, (See Theorem 4.2.16),

Y(1®e* 2)(ha(—1) ® e**) = €(a, sa)e” 2ico T (J)(h (1) @ elstD)
since (o, he) = 0. Hence,

(hi(—1) @ €*)o(hs ® %) = €(a, sa)(hq, hy)(a(—1) @ e5TV)
e(a, sa)(h1, ha)d(1 @ D) /(5 + 1)

by definition of the derivation d given in Lemma 4.2.11. Since
L ((1 ® estDa) = 0 for all integers n > 0, it follows that

[h1(—=1) ® e*, ha(—1) ® e**] € dP".
Therefore, by Lemma 5.5.8,
[hi(-1)®eY ho(—1) ®e**] =0 (mod N),

proving the Theorem. ]

In section 5.4, we saw that it is very likely that the root lattices of the LBKM
algebras associated to a vector valued modular form in the manner stated in
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Theorem 5.3.6 have rank at most 26. The above manner of showing that the Lie
algebra F7, is a BKM algebra by applying Theorem 2.5.4 does not seem to lead
to the calculation of the root space multiplicities. It is possible to do so when
the lattice L is even, Lorentzian of rank 26 by applying the No-Ghost Theorem.
In fact, this gives an alternative proof of the fact that F is a LBKM algebra
when the rank of the lattice L is less than 26. The No-Ghost Theorem thus
implies that 26 is a critical dimension.

Remember from Theorem 2.2.9 that roughly speaking any Z-graded Lie al-
gebra with an almost positive definite contravariant bilinear form is a BKM
algebra. So let us see whether we can find a suitable grading of the subspace
P! by the lattice L so that all negative norm vectors will belong to the 0-th
piece. Since L is a free abelian group, an adequate Z-grading of the Lie algebra
P1/dP° will follow. We show that, when the even Lorentzian lattice is of rank
at most 26, there indeed is an L-grading of V, with this property. The central
result which allows this to be possible is the No-Ghost Theorem [GodT], [Fren],
[Bor7], [Jur2] proved in the context of theoretical physics in 1971 by Goddard
and Thorn [GodT].

Let us first define the grading. Since the bilinear form on V7, is Hermitian,
for reasons of simplicity, we will consider the base field to be R instead of C.
Basically, we take H to be L ®q R instead of L ®q C. All results of Chapter 4
remain valid over R with Hermitian forms becoming bilinear forms. The space
V1, has a natural L-grading given by

deg(s®@e*)=a for ac€lL, seSb.

Lemma 5.5.15. The subspace of P! of degree 0 is as follows:
Py ={h(-1)®1| he H}.
It contains negative norm vectors if and only if so does the lattice L.
Proof. From Theorem 4.3.6,
Lo(hi(—nq)..hp(—np) @ 1) = (n1 + ..np)hi(=ny) . hp () @ 1

for all hy,...,h,. € H, ni,...,n, € N. Hence if an eigenvector for Lo is in P3,
then it is of the form h(—1) ® 1, h € H. Again applying Theorem 4.3.6, for
j>0and h € H,

Lih(-1)©1) = 2 33 aulmoi( —m) + 3 0l — mou(m) (h(~1) @ 1)

i n<0 n>0
1 .
= 5D (e el - D e )
=0

Hence
Py ={h(-1)®1| h€ H}.
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Furthermore

proving the Lemma. L

In particular, the above Lemma shows that the 0-degree piece contains neg-
ative norm vectors when the lattice L is Lorentzian. However, the converse, i.e
that negative norm vectors (ghosts) are confined (if they exist) to the 0-degree
piece is trivial when the lattice L is either positive definite but not at all ob-
vious for Lorentzian lattices (see Remark 4.3.7 (i)). This is the purpose of the
No-Ghost Theorem.

Theorem 5.5.16 (The No-Ghost Theorem). For alla € L — {0}, v € P},
(v,v) > 0 if an only if the lattice L is Lorentzian of rank at most 26 or positive
definite.

We prove this Theorem in several stages. It is easy to deal with the case of
a lattice L that is not even Lorentzian.

Lemma 5.5.17.

(i) Suppose that L is a lattice of signature (n,m) with m > 1, then there
are elements o € L — {0} such that the bilinear form is not semi-positive
definite on PL.

(ii) If the lattice L is positive definite, then for all elements oo € L — {0}, the
bilinear form is positive definite on PL.

(iii) If (a,a) =1 (mod 2), then Pl = 0.

Proof. (i): Since m > 1, there is an element o € L such that (o, «) = 0. Then,
by Remark 4.3.7 (i),
Vi={h(-1)®e*:hec H}.

Let h € H. Applying the operator L;, j > 0 on the vector v = h(—1) ® e,
Theorem 4.3.6 implies that Ljv = 0 for all j > 1 and L1v = (h,a)(1 ® e*).
Hence,

Pl={h(-1)®e*:hec H, (h,a)=0}.

Furthermore, (v,v) = (h,h) by definition of the bilinear form (see Theorem
4.3.3). Since m > 1, there are elements h € H such that (h,o) = 0 and
(h,h) < 0, proving part (i).
(ii) follows from Remark 4.3.7(i) and the definition of the bilinear form given in
Theorem 4.3.3 since they imply that for any « € L — {0},

P, =

[

{R(l ®e*) if (a,a) =2
0 otherwise

and (1®e* 1®e%) =1.
(iii): If (a,0) =1 (mod 2) and v € (V)4 is an eigenvalue of the operator Ly,
then its corresponding eigenvalue is not an integer (see Theorem 4.3.6). This
proves (iii).

We may therefore assume in the rest of the proof of the No-Ghost Theorem
that the Lattice L is even Lorentzian.
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Fix a root o € L — {0}. We show that there is a positive definite subspace
in P! whose orthogonal complement in P! coincides with the kernel N,, of the
bilinear form on P} if dim L = 26 and which contains negative norm vectors if
dim L > 26.

Lemma 5.5.18. There is a vector 8 € H such that (o, 8) # 0 and (8, 5) = 0.

Proof. Case 1: (a,a) # 0.

There is an element v € H such that (a,y) = 0 and (v,7) = — (o, ). Set
g=a+7.
Case 2: (a,a) = 0.

In this case there are orthogonal roots =, u of positive and negative norm
respectively such that & = v+ p. Take 8 = v — p. Then (5,8) = (a,) =0
and (08, a) = 2(v,7) # 0. L]

We fix # € H to be as in Lemma 5.5.18 and T, to be the following subspace
of (VL)QZ
To={v€(VL)a:Lyw=0=pnv,n>0} and T.=T,NP..
In other words,

Tl ={ve (Vi)a: Lov=0=B(n)v,n >0, Lov = v}.

We will show that this is the subspace we are looking for.

Lemma 5.5.19. For all m,n € Z, [6(n),L,] = nB(n + m) and
[8(m), B(n)] = 0.
Proof. By Corollary 4.1.26 (i) and Theorem 4.3.6,
500, L] = 3= (1) GO o
§=0

For 5 >0,
B = 3000 ail-Dai(-1) @ 1)

1 ) 1
=915 Zijw, ai)(af(~1) @ 1) + 8515 Z}ﬁ af)(ai(-1) @ 1)
=6;18(-1)® 1.

So substituting this in (1), we get

[6(n), L] = n(B(=1) © Dmtn
=nf(m +n).

The second equality follows from Lemma 4.2.14 since (53, 5) = 0. L]
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Set E to be the associative algebra generated by the operators L; and 3(7),
1€ Z.
Lemma 5.5.20. The operator Ly is diagonalizable on Ty,.
Since the operator Ly is diagonalizable on (V7 ), by Lemma 5.5.3, to prove that
Ly is diagonalizable on T, elementary linear algebra arguments show that we

only need to check that LoT, C T,. By Theorem 4.3.6, [L,,, Lo] = nL,, and by
Lemma 5.5.19, [8(n), Lo] = nB(n). Therefore, for all u € T,,, n € N,

L, Lou = nLyu =0 =nf(n)u = B(n)Lou.

Hence, Lou € T,. L]
Set
T ={ve(Vp)a: (v,Ty) = 0}.

Lemma 5.5.21. The bilinear form is non-degenerate on T, and
(Vi)a = U(E)T.
More precisely, the elements
Upsp =L --- L2 B(=1)" - - B(—m) ¢,
where n,m > 0, r;,8; > 0, and t runs over a basis for Ty, form a basis of the

subspace (VL)a-

Proof. By Lemma 5.5.19, the elements v, s stated in the Lemma generate the
subspace U(E)T,,.

We first prove that the vectors v, 5+ are linearly independent. From elemen-
tary linear algebra arguments, since Ly acts diagonally on (V7). (see Lemma
5.5.3), we only need to show this for the vectors v, s, in the same eigenspace
of the operator Ly. By Remark 4.3.7 (i), the eigenvalues of Ly on (V1), are
Ha,a)+n,neZy.

We prove, by induction on n, that the vectors v, s satisfying

LOUr,s,t = (n + 5(()" a))vr,s

are linearly independent. By definition of the vectors v, ¢ ¢, this holds for n = 0.
Suppose that it holds for all integers 0 < m < n. Let

Z Lr s, tVUrs,t = Oa (1)

7r,8,t

where z,. s + € R. Suppose that there is a term in the sum with a non-zero index
s; and let j be minimal with this property. Then, for any r, s, t,

_ 75
Ur,s,;t = Lj Ur s’ ty



226 5 Lorentzian BKM Algebras

where s = (sj,5;41, -+, Sn) and 8" = (sj41,- -+, 5p). By Lemma 5.5.19,

BGILY, = LY, B(j) + s; L7 B(0).

Hence,

= ﬂ(]) Z Ly, s,tUr st
T8

eh . s;—1
- Z xr,s,tLg_]jﬂ(j)vr,s’,t + Z xr,s,tstg_Jj 5(0)vr,s’,t

r,s,t r,8,t
].,
—§ xrstL_Jﬁ( )Urs’t+ E :E'rstsj i Urs/t
T,8,t r,8,t

since all the basis vectors are of degree c. The first sum on the right hand side
is as a sum of vectors v, s+ in which the operator L; appears with exponent at
least s; and the second sum on the right hand side is as a sum of vectors v, 4 ¢
in which the operator L; appears with exponent s; — 1. The right hand side
being an eigenvector of Ly with eigenvalue n — j + %(a, «), induction and the
fact that (o, 8) # 0 (see Lemma 5.5.18), therefore imply that

Sj*l _
E xns,tstfj Vp ot = 0.

T,8,t

Applying induction once again, it follows that z, s+ = 0.

Therefore z, 5, # 0 in (1) forces s; = 0 for all j. A similar argument
applying the operator L; (instead of 8(j)) to both sides of equality (1) implies
that all the coefficients z, 5, = 0.

We have therefore shown that the vectors v, ;: form a basis of the vector
space U(E)T,. For n > 0, set

n—1

o =S wemienyen
j=0
Then,
1 a,
Tt om . 2)

n+i(a,q)

Otherwise there is a non-trivial vector in T, which a linear combina-

Tg(+ 5 (a,0)

tions of basis vectors v, s, with ¢ € for 5 < n. The above linear

independence shows that this is not possible. Set
(€ = {ve (Ve (v,cm) = 0}
We next show by induction on n that for all n > 0,

T = (o) 3)
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By definition of Ty,
T"l-‘r%(cha) C (Cn)J_
for all n > 0. So we only need to prove the inverse inclusion.
1 o,
For n =0, C° = 0 and so (C%)* = (V)2 . By Remark 4.3.7 (i), this is
1 a,x
equal to Ta2( ) and so (3) holds.
Suppose that (3) holds for all 0 < j < n — 1. We show that
1
(CmM)E Tt Let u e (CM)*:.

k>n = Liu=0

for otherwise, by Theorem 4.3.6, it would be an eigenvector for Ly with eigen-
value

1 1
i(ava) -k < 5(0[,0(),

contradicting Remark 4.3.7 (i). For 1 < k < n, since [Lg,L_j] = kL_j by
Theorem 4.3.6,

L,k(C"_k + T(;L—k—&-%(a,a)) < on

by definition of C™. Hence,

(uy Ly (CmF T3 7 F () — g,

and so by definition of the bilinear form (see Theorem 4.3.3),

0 = (Lyu, O F 4 oMl
Therefore,
Lku € (Cn—k)L 0 (Tg_k"'%(aao‘))L
and so by induction,
Lyu e T FF2(e) o gn—k
Then, using (2), we get
Lku =0.

We have shown this holds for all & > 0. A similar argument shows that
B(k)u =0 for all k > 0.
As a consequence, by definition of the subspace T,

3 ()

ueTh t3 ,
proving that (3) holds for all n > 0.
(3) together with (2) imply that the bilinear form is non-degenerate on

n 1 o, . .
Ta+2( ) for all n > 0 and so it is non-degenerate on T, by Corollary 4.3.8.
From (3) and (2), we can also deduce that for all n > 0, the bilinear form is
non-degenerate on C™ and that

(Vp)wta(es) _ prrstee) g om
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As a result, for all n > 0,
(Ve)a 2 = BTy,

U

Remark 5.5.22. Notice that in the proof of T"T2(®® 0 C" = ( in Lemma

5.5.21, the operators 3(n) play a crucial role. On cannot just consider the
1

operators L,. It is not always true that the intersection of Py +a(a) with the

subspace C'™ generated by the eigenvectors L®Y --- L*™ p for the operator Lg

having eigenvalue n + %(a, «), where p € P,, is trivial. This is well illustrated

by the following example.
Example 5.5.23. Let a be a vector in the lattice L of norm 0 and let us
consider the case n = 1. Then,

Pl = (h(-1)®e*: h€ H, Ly(h(—1) ®e*) = 0)

[

since L;(h(—1) ® e*) = 0 for all j > 2 follows from the action of the operators
L; given in Theorem 4.3.6. Hence, since L;(h(—1) ® e*) = (h, )(1 ® e%),

Pl=(h(-1)®e*: he H, (ha)=0).

(63

By definition,
C"=R(L_1(1®e%) =R(a(-1) ® %)

and so
c' <P,

Moreover,
(a(—-1)®e*, PL) =0.
Thus, the bilinear form is degenerate on P..
This example also explains why the No-Ghost Theorem states this subspace
is semi-positive definite and not positive definite when the lattice L is Lorentzian
of dimension at most 26.

Corollary 5.5.24. For anyn € Z,

1
dim 752 (e) - Pdim £.—2(1),

where py,(n) is the number of partitions of n into parts of m colours.

1
Proof. We first calculate the dimension of the space (VL)ZJFZ(Q’Q) in two dif-
ferent ways.

For 0 < k < n, fix a basis By of the subspace T;Hr%(a’a). By remark 4.3.7
(i), the set Up_, By is a basis of the space T,,. Hence, Lemma 5.5.21 shows that

{Ursp it € Br,Y i(ri+s;) =n—kV0<k<n}
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L(a,a)

is a basis of the subspace (VL) . Let the operators L; and ((—i) cor-
respond to two colours, £ and B respectively. An element L®Y .- 3(—=1)" ...
corresponds to the partition (s1,---,71---) of n where the s;’s and the r;’s are
written in £ and B’s respectively. Therefore,

dim (V7 n+ (o) Zpg n— dlmT]CJr (o), (1)

On the other hand, take a basis h;, 1 < ¢ < dim L of the space H. Then, the
elements ‘ 4
hi(=0)" -+ him £(=ldim £)74™ " ® €7,

. 1
where Z?;ITL jili = n form a basis of the vector space (Vi )n ' 2 (@) " Therefore

dim(Vy)at 2 = pi p(n). (2)

Equating the right hand sides of (1) and (2), we get
- k
Zpg(n —k)dim T, Falee) _ = paim (n)- (3)

We now prove that the Lemma holds by induction on n.
1 o, 1 o, . .
For n =0, Vo?( o) Taz( ) has dimension 1 as they are generated by the
vector 1 ® e®. Suppose that the result holds for all integers 0 < k < n — 1.
Then, (3) becomes

ding+§(a7a) - pdlmL ZPQ n— pdlmL — (k) (4)
k=0

since p2(0) = 1. However

an me 2 p2 n— k)

as any partition of n into parts of m colours can be considered as a partition of
k into parts of m — 2 colours and of n — k into parts of 2 colours. The result
then follows from (4). Ll

We next show that the bilinear form in not only non-degenerate on T, but
positive definite.

Lemma 5.5.25. The bilinear form on T, is positive definite.

Proof. Since the lattice L is Lorentzian and (3,3) = 0, the subspace 3+ in
H is semi-positive definite of dimension m, where m + 1 = dim L and has an
orthogonal basis 3, a1, -, ;-1 such that (o, ;) =1 forall 1 <i<m— 1.
Together with «,, = «, they form a basis of H. Hence the vectors

0 = B(=10)" 2 (=n0)!* ()7 3 €,
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where n; > 0, I; > 0, form a basis of the vector subspace (V). Set
n = (ng, --,nm) and I = (lp, -, 1) and consider an arbitrary vector v € T,.
Then, v = Zn’l Zn,1Un, € Ty, for some scalars z,,; € R. For all £ > 0,

0=B(k)v = (8,0) Y TnilVng,mp 1 ko1l —1

n,l

and so z,; = 0 if I, > 0. When l,, = 0 = 1], (V1,0 ) > 0 since
(a,05) = d;5 and (8,8) = 0 = (B,¢y) for all i < m — 1. Therefore, the bi-
linear form is positive semi-definite on 7,. Since it is also non-degenerate on
T, by Lemma 5.5.21, the result follows.

Set U, to be the subspace of (V1), generated by the elements
Ls_ll e Li"nﬁ(_m)rm e ﬁ(_l)rlu)

where n,m > 0, r;,8; > 0, u € T, with s; +--- + s, # 0 and B, the subspace
generated by the above elements with all s; = 0, i.e.

By = (B(=m)"™ - B(=1)"u: m>0, 7,>0, ueT,).

We next prove sone basic facts about these subspaces.
Lemma 5.5.26.

(i) (Vi)a =Uqs @ Ba.
(Z'L) Ua = L*l(VL)a 5>} L72(VL)04-
(i1i) Letv e V. If L_ov =0, then v =0.

Proof. (i) follows immediately from Lemma 5.5.21.
(ii): Since [L_p,L_1] = —(n — 1)L_,,_1, any operator L_,, for n > 0 can be
written as a polynomial in L_; and L_o. Hence, Uy, < L_1(VL)a + L—2(VL)a.
The inverse inclusion follows from Lemma 5.5.24. In order to complete the proof
of part (ii), it only remains to check that the sum is direct. Suppose that for
some u1, Uz € (VL)a,

L,1’U,1 = L,Q’LLQ. (1)

From Remark 4.3.7 it follows that for all v € (VL),, there is a minimal integer
n > 0 such that Ljv = 0 for all j > n. Let n > 0 be minimal such that
L,u; = 0. Apply the operator L,, to both sides of equality (1). Then,

(n + 1)Ln_1u1 = (7’L + 2)Ln_2u2. (2)

Since the operator Ly acts diagonally on the subspace (V1), by Lemma 5.5.3,
we may take u; and us to be eigenvectors for Ly with eigenvalues ¢; and co
respectively. So, applying the operators (L)’ for all j € N, to both sides of (1)
and (2), we get

(Cl + l)jL_lul == (C2 + 2)jL_2’LL2 (3)

and
(n4+1)(c1 =n4+ 1) Lyp_qu; = (n+2)(ca —n 4+ 2)7 L, _ousy (4)
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for all j € N. Since L,_ju; # 0, equality (2) forces L,_ous # 0. Thus,

equalities (4) imply that ¢; = n — 1 and ¢ = n — 2. Therefore, a similar
argument applied to equalities (3) shows that either L_ju; = 0 = L_sus or
¢y = —1 and ¢ = —2 and n = 0. If the former holds, then the sum is direct.

So suppose that the latter holds. In this case,
Ljuy = 0= Ljus

for all j > 0. Applying the operator Ly to both sides of (1) then gives
0 = Lous = —2us,

and so us = 0. So equality (1) becomes Liu; = 0, and so the sum is again
direct.
(iii): Suppose that L_ov = 0 for some v € V. Hence,

O0=L1L_sv=3L_yv+ L_sL v

and so from part (i) we can deduce that v = 0. Ll
Lemma 5.5.27. P, N B, =1T,.

Proof. Since L;v = 0 for all j > 0 and v € F,, by definition of Ti,, T, C F,.
By definition of B, (taking r; = 0 for all i), T,, C B,.

Conversely, by definition of P,, for all v € P, N B,, Lyv =0 for all n > 0.
Since (8,08) =0, B(n)B(—m)™ ---B(=1)"u =0 for all m > 0, r; > 0, u € T,.
Hence (n)v = 0 for all n > 0 and v € B,. Therefore, P, N B, C T,. L]

Lemma 5.5.28. (U,, P,) =0.

Proof. For allu e T, v € P,, m,n >0, r;,s; >0, s1 +...8, > 0,

(Lsn

—n

L Bm) e B 1) ) = (B - Bm) LY L) =0

asv € P,. L]
Lemma 5.5.29. For alln >0, L,(By) C B,.

Proof. Since [Ly,, 3(n)] = —nf(n + m) by Lemma 5.5.19, the generators of
the subspace B, are mapped onto elements of B, by the operators L(m) for all
m > 0.

However, there is no similar result for U,. For example, if ¢ € T, then,
L 4t € Uy, but L1 L_1t = 2Lot & U,. We investigate what happens when one
applies the operators L, to U} in the next result. This is where the numerical
constraint 26 is needed.

Lemma 5.5.30.
P! <BlaoU..

Letv e P! and b € By, u € U, be such that v ="b+ u. Then,
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Lhb=0=Lu

and there is some t € By such that —Lsb = (3 dim L — 13)t = Lou.

Furthermore, there exits vi,vs € (V1)a such that
u=L_qv1 + L_svs.

Then,
Livy = =3vy and ve =t (mod Uy,).

Proof. The inclusion follows from Lemma 5.5.26 (i) and Lemma 5.5.3.

v € Pl and b € B}, u € U} be such that
v=">0+u.

By Lemma 5.5.26 (ii),
u=L_jvi + L_ovs

for some vectors v1,vs € (V1.)o. Hence,
Liww=IL1L_1vi + L1L_svy = L_1Livy +2Lyvy + L_sLjvy + 3L_qvs.
By Lemma 5.5.3, L_jv € (V1)L and L_qv € (V1)L. So
Lovy =0, Lovg = —ws.
Therefore, equation (2) becomes

Llu = L,1L11)1 + L72L1’l}2 + 3L,1’U2

Let

(4)

By Lemma 5.5.26 (ii), the vectors L_;(Liv; + 3vg) and L_Ljvy are linearly
independent. Hence, by definition of the subspace U,, Liu € U,. We know
from Lemma 5.5.29 that Lib € B,. Since v € P,, Liyv = 0. We can then
deduce from the fact that U, N B, = 0 by definition of these subspaces that

le =0= Llu.
Since v € P,, Lov = 0. And so,
0 = L2b + L2L71’U1 + LQL,Q’UQ

1
= Lgb + L_1L2’U1 + 3L1’l}1 + L_2L2’U2 + 4L01}2 + §(d1m L)’Uz

(2)
(3)

since dim L is the central charge of the Virasoro algebra. Since Liu = 0 and
by Lemma 5.5.26 (ii), the vectors L_q(Ljv; + 3vg) and L_oLqivy are linearly

independent, equality (4) implies that

L_l(L1111 + 3’1]2) =0.
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As a result, by Lemmas 4.3.6 and 4.3.9, Lyv; = —3v,. Hence substituting this
into equality (5) and using (3), we get

1
0= Lgb + L_1L2’U1 + L_QLQUQ + (§(d1m L) - 13)1}2. (6)

By Lemma 5.5.26 (i), there exist t € B, and u' € U, such that
vo =t +u.

By Lemmas 5.5.27 and 5.5.29,
1
Lob + (i(dimL) —13)t € B,.
By Lemma 5.5.26 (ii),
1
L_lLQ’Ul + L_QLQ’UQ + (i(dlm L) — 13)11/ € Ua

Since B, NU, = 0, equation (5) thus implies that

1.

—Lob = (5 dim L — 13)t.

Since v € P,, from (1) we get Lou = —Lgb. This finishes the proof. ]

Remark 5.5.31. It is important to note the importance of the fact that any
operator L, for n < 0 can be written as a polynomial in L_; and L_5. It leads,
via Lemma 5.5.26 (ii) to the crucial property given in Lemma 5.5.30, namely
that for any vector b+ u € PL, where b € By, u € Uy, Lou = (3 dim L — 13)¢
for some t € B,.

We can now deduce what happens at the critical dimension 26.

Corollary 5.5.32. Suppose that dim L = 26. Then, P} =T! & N,.

Proof. Let v € P.. By Lemma 5.5.30, there exists vectors b € BL and u € U}
such that
v=>b+u,

L1b =0 = Lyu and moreover Lab = 0 = Lou since dim L = 26. For all n > 0,
the operators L,, are polynomials in Ly and Lo since [Ly,, L1] = (n —1)L,41 by
Lemma 4.3.6. Therefore,

L,vy1=0=L,ve VYn>0.

In other words, by definition of P,, b € BL N P! and v € Ul N P.. Hence,
by Lemma 5.5.27, b € T} and by Lemma 5.5.28, u € P;-. Since Lou = u, by
definition of the null space N, u € N,. It follows that

P. =T\ + N,.
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The sum is direct because the bilinear form is non-degenerate on T, by Lemma
5.5.21. 0
The No-Ghost Theorem now follows when dim L < 26.

Corollary 5.5.33. Ifdim L < 26, then the bilinear form is semi positive definite
on Pl

Proof. Suppose that dimL < 26. Extend L to a Lorentzian lattice M of
dimension 26 by adding a positive definite lattice in necessary. For any a € L,
a € M. Let (Pl); and (P!)y be the corresponding subspaces. By Corollary
5.5.32, the bilinear form is semi-positive definite on the space (Pl)y; and thus
it remains so on (P1l)y since it is a subspace of (Pl)y.

It only remains to prove the converse.

Corollary 5.5.34. Suppose that dim L > 26. If (o, «) < 0, then there exists a
vector with negative norm in P!,

Proof. Let (a,a) < 0 and v € Pl. By Lemma 5.5.30, there exist vectors
be B} and u € U} such that
v=>b+u

and L1b =0 = Lyu. Lemma 5.5.26 (ii) tells us that there exist v1,v2 € (V)a
such that w = L_jv; + L_v and by Lemma 5.5.26 (i), we can find uy € U;?
and t € B, ! such that vy =t + us.

Let us calculate the norm of v. Applying Lemma 5.5.28, we get

(1},1}) = (Uvb) = (b7 b) + (Ulale) + (U27L2b) (1)

by definition of the bilinear form (see Theorem 4.3.3). From Lemma 5.5.30 we
know that

1
Lib=0 and Lgb:—(idimL—l?))t.

Therefore, equation (1) becomes
1 1
(v,v) = (b,b) — (5 dim L — 13)(¢,t + u2) = (b, b) — (5 dim L — 13)(t,t)  (2)

by Lemma 5.5.28. We want to find b, vy, v2 such that (v,v) < 0.

Since t € B, and (3,8) = 0, (t,t) = 0 unless t € T,. Also, t € B. L.
As a consequence of Corollary 5.5.24, T,;1 # 0 since (o,a) < 0. So choose a
non-trivial vector ¢ € T, and set

vt € Tyt

By Lemma 5.5.30,
Ll’Ul = —3t. (3)

The fact that Lyt = 0 suggests that for v; we should consider a multiple of
L_4t. Indeed (3) is satisfied by

3
v = §L,1t.
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With these values, v; and vy satisfy (3),
3
Liu = 5LlL%lt + L1L_ot = 3LoL_1t +3L_ Lot +3L_1t =0
and
3 9 9 1 . 1 .
LQ’LL = §L2L_1t+L2L_2t = §L1L_1t+4L0t+ 5 dim Lt = (5 dim L — 13)t (4)

since the Virasoro algebra has central charge dim L.
Again by Lemma 5.5.30, we need

1
Lob = —(5 dim L — 13)t. (5)
Asbe B, and t € T, using Lemma 4.3.17,
Lof(—2)t = 25(0)t = 2(av, B)t

since t € (V1)o. Hence as (o, 3) # 0 by assumption, (5) holds for

1 1.
b= ~ 3. (5 dim L — 13)3(—2)t € B,,.

However, Lemma 5.5.30 also tells us that L;b = 0 and the above value gives

(L dim L — 13)8(< 1.

Lib=— .

1
(@, 8)

Now, L13(—1)%t = 2(a, 3)3(—1)t and LaB(—1)*t = 0 since (8,8) = 0 by as-
sumption. This leads us to set
1 1
= —dimL —1
b 2(a,ﬂ)<2 dim 3)(

and so finally we take

_ 1
2(0[,&) (Oé,ﬁ)

where t € T, 1. Let us check that v € P,. The above calculations show that
L1b =0 and so from (4), Lyv = 0. Again as b satisfies (5), together with (4),
this gives Lov = 0. As for any n > 0, L,, is a polynomial in Ly and Lo, v € P,.
Clearly (b,b) = 0 since (3, 8) = 0. Hence, (2) becomes

B-1)B(—1) — B(-2))t + SL_yt + Lo,

L.
(§d1mL—13)( 5

(v,v) = 7(% dim L — 13)(t, )

and so by Lemma 5.5.25 (v,v) < 0 as wanted. L]
This finishes the proof of the No-Ghost Theorem.
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Note that to take the base field to be C again, we can instead consider
Fr, ®r C. However, all results of Chapters 1 and 2 hold over R (with Hermitian
forms becoming bilinear forms) when S = () and so it makes no difference.

Corollary 5.5.35. Suppose that the lattice L is even and that it is either
Lorentzian of rank at most 26 or positive definite. Then, the bilinear form (.,.)
is positive definite on the root spaces (FL)a, o € L and it is contravariant with
respect to the involution w. If the lattice L is positive definite, then the Lie
algebra Fp, is a finite dimensional simple Lie algebra of type A, D,, Eg, E7,
or Eg.

Proof. When the lattice is Lorentzian, the result follows from Lemma 5.5.9 and
Theorem 5.5.16. When the lattice L is positive definite we do not know that the
Lie algebra Fp, is a BKM algebra, so the result will also follow from these results,
Lemma 5.5.11, and Theorem 2.5.9, once we have defined an adequate Z-grading
of the Lie algebra Fr, = ) (Fr);. It must satisfy the following properties:

w((Fr)i) = (Fr)— (2)

for all 7 € Z and
dim(Fr); < oo Vi#Q0. (3)

Since w(Pl) = P!, it is reasonable to construct a grading such that for all
a € L, PL/N < (Fp); for some i. For a € L, if (o,«) > 0, then P! # 0 only
if (a,) = 2 in which case P! = R(1 ® e%) has dimension 1. Moreover there
are only finitely many vectors of norm 2 in L since any compact discrete set is
finite. We can label them +83;,i =1,---,m.

The lattice L being positive definite, set
deg((Fr)p,) =1, deg((FL)o=0.

Then, Theorem 5.5.16 implies that F, is a BKM algebra. As all the roots have
positive norm, by Exercise 2.3.10, it is finite dimensional semisimple. L]

From Corollaries 5.5.24 and 5.5.32, the dimension of root spaces follows
immediately when the Lorentzian lattice L has rank 26.

Corollary 5.5.36. Suppose that L is an even Lorentzian lattice or rank 26.
Then, Fy is a BKM algebra and the multiplicity of the root o« € L s

p2s(1 —a?/2).

Using the denominator formula for the Fake Monster Lie algebra given in
Example 2.6.40, uniqueness of LBKM algebras of type Fj at rank 26 can be
deduced.

Corollary 5.5.37. There is a unique LBKM algebra Fy, of rank 26 constructible
from the lattice vertex algebra Vi, in the above manner, namely the Fake Monster
Lie algebra.

When the even Lorentzian root lattice L has rank strictly greater than 26,
Theorem 5.5.14 says that the Lie algebra Fj is a BKM algebra. So there is
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another grading, involution, and bilinear form on F7j, satisfying the conditions
of Theorem 2.2.9. The ones induced from the vertex algebra V;, do not because
of Corollary 5.5.21. The reason is that the involution w is not adequate. 26
is a critical dimension in the sense that it is maximal for the natural grading,
involution, and bilinear form coming from the lattice vertex algebra to be the
ones characterizing Fr, as a BKM algebra.

Section 5.4 leads one to believe that LBKM algebras of higher ranks may
not be describable explicitly. In particular, it may not be possible to calculate
their root multiplicities, etc. Or rather if it is possible, then the method will be
different from the one developed in this chapter and is not yet known.

The No-Ghost Theorem does not necessarily give a full description of the set
of roots of the BKM algebra F, when L is a Lorentzian lattice of rank at most
26, i.e. it does not say which roots are simple. Sections 5.3 and 5.4 indicate
that this may be possible for some of them. The aim of the classification is, in
the case of Lie algebras (i.e. Lie superalgebras with trivial odd part), to find all
BKM algebras with even Lorentzian lattice of rank at most 26 to which a vector
valued modular form can be associated in the manner of Theorem 5.3.6 and to
describe their root systems explicitly. They can be constructed explicitly using
the techniques explained in this section.

The above construction from the bosonic lattice vertex superalgebra only
gives BKM algebras when the lattice L is even Lorentzian. When the lattice L
is odd, there is another version of the No-Ghost Theorem that can be used to
construct BKM algebras from the tensor product of the bosonic and fermionic
lattice vertex superalgebras. Therefore, it is also possible to construct LBKM
algebras with odd root lattices. In fact, in rank 10 this construction gives the
even part of the Fake Monster Lie superalgebra. To get the full Fake Monster Lie
superalgebra, we need to consider a rational lattice containing the Lorentzian
lattice of rank 10 and use I'-graded lattice vertex algebras, where I' is an abelian
group of order greater than 2. We omit this more complex construction as this
book only intends to give the reader the basis to understand the classification
and construction of LBKM algebras. The interested reader should read [Schl,2].
Exercise 5.5.2 leads to the construction of its even part.

Open Problem 7. Once the LBKM superalgebras having an associated au-
tomorphic form satisfying Theorem 5.3.6 have been fully classified and con-
structed, their modules will need to be studied. In particular, they need to be
constructed or described in some concrete manner.

Some recent papers on the representation theory of BKM algebras include
[Jur3,4]. Modules over affine algebras, whose characters are modular functions,
have been studied in [KacP1,2, KacWak1,2,3].

Exercises 5.5

1. Calculate the root multiplicities of the BKM algebra Fj, when the rank of L
is equal to 26. Deduce that F7, is then the Fake Monster Lie algebra given in
Example 2.6.40.
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2. Let L be a Lorentzian lattice and consider Vi, = VLf ® V}. We keep the
notation of Exercises 4.3.1 and 4.3.2. Suppose that L is a Lorentzian lattice of
rank at most 10.

(i) Show that for all « € L — {0}, v € G%Pé, (v,v) > 0.
(ii) Let N be the kernel of the bilinear form on G%Pa%. Show that dP° < N
and N/dP° is an ideal of the Lie algebra G%Pa% /dPY.

(iii) Deduce that the Lie algebra G = G%Pé /N is a BKM algebra.
(iv) When the lattice L has rank 10, calculate the root multiplicities of the
BKM algebra G.

For a solution, see [GodT] and [Sch2].



Appendix A

Orientations and Isometry
Groups

Let V be a real vector space with a non-degenerate symmetric bilinear form (., .)
having signature (n,m) and O(V) be its group of isometries, i.e. automorphisms
preserving the bilinear form. Let V* be a maximal positive definite subspace.
Fix an ordered basis B = (v1,vz2,++,v,) for VT. Set m : V. — V™ to be the
projection of V onto V' along its orthogonal complement.

Lemma A.1. For any mazimal positive definite subspace U, kerm NU = 0.

Proof. Suppose that 7(u) = 0 for u € U. Then u belongs to the complement
of V* and so (u,u) < 0. Since the vector space U is positive definite, this forces

u=0. ]
Corollary A.2. Let ui,us,---,u, be a basis for a mazximal positive definite
subspace U. Then, m(uy1),---,7(u,) is a basis for V*.

Corollary A.3. Let ui,us,---,u, be a basis for a mazximal positive definite

subspace U and A = (a;;), where w(u;) = Z?zl a;;v; for 1 <i<n. Then,

m(u) A Am(uy) = (det A)vy A+ Ay

Definition A.4. An ordered basis By for a mazximal positive definite subspace
U is said to have the same orientation as the ordered basis B if det A > 0, where
A is the transition matriz from the basis B to the basis (w(u) : u € B).

The following result is an immediate consequence of elementary properties
of determinants.

Lemma A.5. If the bases By and Bs have the same orientation, and the bases
By and Bs also have the same orientation, then so do the bases By and Bs.

239
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Hence there are two possible orientations on V. A basis of a maximal positive
definite subspace with the same orientation as the basis B will be said to be
positively oriented.

For any v € V with non-zero norm, let r,, denote the reflection through the
orthogonal hyperspace to v, i.e.

2(u,v)
(v, 0)

ry(u) =u — v, u€eV.

Clearly r, € O(V).

Theorem A.6 (Cartan-Dieudonné). For any element ¢ € O(V), there exist
1, ,Ts 0V with non-zero norm such that ¢ =ry, -1y,

Us

Proof. We only prove the theorem for isometries ¢ having a fixed point with
non-zero norm as we will only need the result in this case. Consider the subspace
F of fixed points of the map ¢. Let F; be the complement of the kernel of the
bilinear form on F. Since there exists v € F with (v,v) # 0, F; # 0. By
definition of the subspace Fi, the bilinear form is non-degenerate on it. By
induction on the dimension of V', the result is therefore true for the restriction
of the map ¢ to the complement Fi- of F} in V. So there exist 21, --,x, € Fj-
such that ¢ Pt = Ty Tag where the maps r,, are reflections of Fll Extend
the involution 7, to V' by setting 7y, (z;) = —z; and ry,(z) =0 for all z € V
orthogonal to z;. Then 7., becomes naturally a reflection of V. Since, z; € Fj-,
for all x € Iy, r,,(z) = z. Therefore ¢ =1y, ---7,, on V = [} © Fj-. L]

Lemma A.7. The group of isometries of V' keeping the orientation invariant
s the subgroup of products ry, - -ry, where the number of vectors z; having
positive norm 1S even.

Proof. Suppose that x € V is a vector having negative norm. Let B be an
ordered basis of a positive definite maximal subspace orthogonal to . Then, the
reflection r, fixes B. Hence, Lemma A.5 implies that it leaves the orientation
invariant. Suppose next that x € V is a vector having positive norm. Let B be
an ordered orthogonal basis of a positive definite maximal subspace containing
. Then, the reflection r, sends B to a basis whose elements are the same as
those in B except that x becomes —z. Hence, Lemma A.5 implies that it changes
the positive orientation into the negative one. The result is then a consequence
of Theorem A.6.



Appendix B

Manifolds

B.1 Some Elementary Topology

Definition B.1.1. A topological space is a pair {M, T} of a non-empty set M
together with a collection T of subsets of M satisfying

(1) M,0eT
(ii) For any My,My € T, MiyNMy e T
(#i3) For any collection of sets M; € T, i € I, Ujer M; € T.

A subset of M is said to be open if it is in 7.

Definition B.1.2. A topological space M is Hausdorff if for any a,b € M,
there exist open subsets U,V of M such thata € U, b€V and UNV = 0.

Definition B.1.3. A basis of the topological space M is a collection of open
subsets B such that any open subset of M is the union of open subsets in B.
The topological space M space is second countable if it has a countable basis.

Definition B.1.4. A map f: M1 — Ms of topological spaces with topologies 7T;
is continuous if for any U € Ta, f~2(U) € Ty. The map f is a homeomorphism
if it is bijective and both f and f~' are continuous.

Definition B.1.5. A function f : U — R™, where U is an open subset of R™
s a diffeomorphism if

(i) [ is smooth, i.e. f; = x;f is infinitely differentiable, where z; : R — R,
(x1,-+,Tpn) — x; are the coordinate functions on R™.
(i) f:U — f(U) is a homeomorphism and its inverse is smooth.
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B.2 Manifolds

Definition B.2.1.

(1) A chart on a topological space M is a pair (U, ¢), where U is an open subset
of M and ¢ : U — R™ is a homeomorphism onto ¢(U). The components

¢ = (x1,-+,2n), where x; : U — R, are the coordinates.
(2) An atlas for M is a collection A = {(Uq, ¢po) : o € A} of charts of M
such that:

(i) UncaUy = M and
(ii) for any o, € A, the maps ¢ppy' : pa(Us NUg) — ¢5(Us NUg) are
diffeomorphisms.

Definition B.2.2. A differentiable (smooth) manifold is a second countable
Hausdorff topological space together with an atlas.
Definition B.2.3. Let M and N be differentiable manifolds with atlases
A={(Uq, ¢a) : « € A} and B={(V3,v¢3) : B € B} respectively. Amap f: M — N
is smooth (differentiable) if for any a € A, 3 € B,

Yl " goWans-1(va)): GaUa N fH(V3)) = ¢5(Vp)

is infinitely differentiable.

Definition B.2.4. Let M be a smooth manifold with atlas A. A smooth curve
is a smooth map v :] —e,¢[ (CR) — M, i.e. for any chart (U, ¢) € A such
that v(t) € U for some t € R, the map ¢y : v~ 1 (Uy) — R™ is smooth.
Definition B.2.5. Let M be a smooth manifold with atlas A. Two curves y1, Y2
passing through the point a € M, i.e. v;(t;) = a, have the same tangent at a if
for any chart (U, ¢) € A such that a € U, (¢71) (t1) = (¢y2) (t2).

Lemma B.2.6. Definition B.2.5 gives an equivalence relation.
The equivalence class of v will be written 7.

Definition B.2.7. Let M be a smooth manifold. The tangent space T M, at
a € M is the set of equivalence classes of curves passing through a given in
Definition B.2.4.

Lemma B.2.8. Let M be a smooth manifold with atlas A and (U, ¢) € A such
that a € U and ¢ : U — R™. The tangent space at a € M s a real vector space
of dimension n.

Proof. Set
(dd)e :TM, — R"

3 (67)'(8),
where y(t) = a. The map (d¢), is injective by definition of the equivalence
relation. It is surjective since for any v € R", v, (t) = ¢~ (é(a) + tv) for t € R

defines a smooth curve mapped onto v by (d¢),. The vector space structure is
then transferred from R"™ by (d¢),. L]
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For a M be a smooth manifold with atlas A, set

C®M)={f: M —R,f¢~' issmooth V (U,¢)c Al

Definition B.2.9. Let M be a smooth manifold. A derivation ata € M is alinear
map C® (M) — R suchthat forall f,g € C(M),D(fg) = D(f)g(a)+f(a)D(g).

Lemma B.2.10. Let M be a smooth manifold. The derivations at a € M form
a vector space with basis %i, i=1,--,n (in local coordinates) isomorphic to
the tangent space T M, .

Proof. Let v be a curve such that y(t) =a € M. Set
y= D,

where D(f) = (fv)'(t) for all f € C(M). Note that fy = f¢~'¢v, where
(U,¢) is a chart such that a € U, so that fv is differentiable.  Set
¢i(a) = ¢(a); = x;, where x; is the i-th local coordinate of a. The above defined
map is injective. This follows from considering f = ¢; for each 1 < i < n. It
is clearly linear. The derivations form a vector space of dimension n since the
elements %, 1 <i < n form a basis. This can be seen by taking the Taylor ex-
pansions (see Definition C.2.6) of f¢; ! around ¢;(a). Therefore the map gives
the desired isomorphism.

From now on for a smooth manifold M, we consider the tangent space T'M,
at a € M as the vector space of derivations X, at a.

Definition B.2.11. Let M be a smooth manifold and U an open subset of M.

(1) For each a € U, choose a tangent vector X, € TM,. The family
X = {X, : a € U} is a smooth vector field on U if for any smooth
function f: U — R, the map

aHXa(f)

s smooth.
(2) A smooth s-tensor field on U is a family g = (ga)acv of multilinear maps

Go : TMyx---xTM, — R

(s copies of TM,) such that for any smooth vector fields Xy, -+, Xs on
U, the map
U—-R

ar ga(X1, -, Xs)

18 smooth.
(8) A smooth tensor field on U is a family g = (ga)acv of linear maps

Jo : TM, — TM,
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such that for any smooth vector field X = {X,:a € U},
a— gqo(Xa)

s a smooth vector field.

Hermitian symmetric spaces and Riemannian metrics

Definition B.2.12. Let M be a smooth manifold. A smooth 2-tensor field t
is a Riemannian metric if for all a € M, the map t, is symmetric and posi-
tive definite. A smooth manifold with a Riemannian metric is a Riemannian
manifold.

Let ¢t be a Riemannian metric on the smooth manifold M and a € M. By
Lemma 15, The dual vector space T M, of the tangent space T M, has basis (in
local coordinates) dx;, i = 1,---,n, where

)
dw,(a) = 5”
The dual vector space of TM, x TM, is (TM,)*® (T M,)*. This clearly follows
by comparing dimensions. Hence, as t, is a bilinear map T M, x TM, — R, it
can be written as follows

tg = Z ti,j(a)dxi X dl‘j,
ij=1

where t; ;(a) € R. We will write dz;dx; for dz; ® dz;.

Definition B.2.13. Let M and N be smooth manifolds. The derivative at
a € M of a smooth map F : M — N is the linear map

(dF)a ZTMa — TNF(a)
Xo = (f = Xa(fF))

for any f € C*(N).

Let M and N be smooth manifolds and F : M — N a smooth map.
For any b € N, let Y;* € (T'Ny)* be the dual of the vector ¥V, € TN,. Let
dF} : (TNy)* — (TM)! be the dual map of (dF),. Then, for any a € M,
Xo €TM,,

((dF)aYF(a))(Xa) = YF(a)(dF)a(Xa)~

Definition B.2.14. Let M be a Riemannian manifold. An isometry
F: M — M is a smooth map preserving the Riemannian metric g, i.e. for
anya e M, X,,Y, € TM,,

gF(a)((dF)a(Xa), (dF)a(Ya)) = ga(XmYa)~

Isom(M) denotes the isometry group of M.
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Lemma B.2.15. Let M be a Riemannian manifold with Riemannian metric g.
An isometry F': M — M is a smooth map such that (dF)}(gp(a)) = ga for all
a€ M.

Definition B.2.16. A homogeneous space is a Riemannian manifold M on
which the action of its isometry group Isom(M) is transitive.

Definition B.2.17. A symmetric space M is a connected homogeneous space
such that there exists an involution ¢ € Isom(M) (i.e. ¢* = 1) with at least
one isolated fized point (i.e there exists a point a € M and a neighbourhood U
of a such that for allu € U, ¢p(u) = u if and only if u = a).

Definition B.2.18. An almost complex structure on a smooth manifold M is
a smooth tensor field (Jo)aerr, Jo : TMy, — TM, such that J> = —1 for all
ac M.

Definition B.2.19. Let M be a second countable Hausdorff topological space,
Uy, a € A, a family of open subspaces such that M = UgaecaU,, and
U : Uy — C" homeomorphisms onto un(Uy). Then, M is a complex man-
ifold if the maps uaug1 are analytic (i.e differentiable) for all o, 5 € A.

Lemma B.2.20. A complex manifold M is a smooth manifold with an almost
complex structure.

Proof. Consider M as a smooth manifold by using the obvious map C" — R2".
Let a € M,U an open subset such that & € U and f : U — R a smooth map.
Define
Jo: TM, —TM,
é ) ) )
— — — = —
0x; 53/1‘7 0Yi ox;

L]

Definition B.2.21. A Hermitian metric on a complex manifold M is a Rie-
mannian metric t satisfying t(JX,JY) = t(X,Y) for all vector fields X,Y. A
Hermitian manifold is a complex manifold with a Hermitian metric.

Definition B.2.22. A Hermitian symmetric space is a Hermitian manifold
which is a symmetric space.

Lemma B.2.23. If M is a real space with a non-degenerate, symmetric, bilinear
form (.,.), then P(M®rC) is a Hermitian manifold and the Riemannian metric
18 given by the bilinear form.

Proof. We consider an orthogonal basis e;, 1 < i < n + 1 for the vector space
M ® C such that e? = £1. For z € M ®r C, we write z = (21, -, 2,) with
respect to this basis. Set U; = {z € P(M ® C) : z; # 0}. Then,

n+1
P(M@r C) =] Ui
i=1
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For any z € V, there is a unique representative such that z; = 1. Then, there is
a natural well defined analytic map ¢; : U; — C™. Furthermore,

bip; " 0 (UiNU;) — ¢i(U; N ;)
(z:zi=lz=1)—(2:2,=1,2j = 1)

is analytic. Hence, P(M ®g C) is a complex manifold. Considering it as a real
manifold and setting z; = x; 4 iy;, the Riemannian metric on U; is given by

5 5. 5 & s 8 8

—, ) =(— ) =6e;; (—,=—)=0V1<jk< 1, 4,k #1.
dx; Oy, 0Y; 5yk) ike (5a:j 5y;€) J ntlgki

(

It follows from Lemma B.2.20 that P(M ®gr C) is a Hermitian manifold. [

Definition B.2.24. The hyperbolic space of dimension n is the following sub-
manifold of the Lorentzian space R™' of rank (n,1):

H" = {uc R"' : (u,u) = —1, 2,1 > 0},

where (.,.) is the bilinear form on R™! and for x = (w1, ,7p41) € R™,
(,2) = 2%+ o —an..

Note the similarity with the definition of the n-sphere in Euclidean space.
Lemma B.2.25. When n =2, H? is the upper half plane.
Lemma B.2.26. The upper hdal2f ]leazne ‘H is a Hermitian symmetric space with

z*+dy
m

the Poincaré metric given by and isometry group SLa(R).

Proof. H is clearly a complex manifold and M gives a Hermitian metric.

Let F': ' H — H be a smooth map and z-x—l—zyE'H Then,
(dF);(dF(2)) = (dF(2))(dF).
and for any f € C*°(M),

O ) _ 3 ip(ey = MEG) SEG)

@5, =5, 6F(z) 0z
Therefore,
(). = ) apt
and so
(@) (aF(:) (o) = T
As a result,
(R (dF () = 2EG) g,
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Let A= (CCL Z) € SLy(R) and F(z) = Az. This is clearly a smooth map and
. B dz
@ParE) =
Hence
(dF) {4y (dF (2))? + (dF (y))?) = (dF)Z(dF (2))(dF)(dF(Z))
dzdz
a |cz + d|2 '

Moreover, writing y = y(2), we get

YE(:) = - (F(2) ~ F(2))

1 az+b az+b

:Z(cz—i—d_cz—l—d
Y

|cz+d|2'

)

It follows that
(dF(x))? + (dF(y))? _ dx? + dy?
F(y)? )= v
Therefore SL2(R) acts as a group of isometries of the Riemannian manifold
H. As its action is transitive, H is a homogeneous space. The map z — _71 is

an involution with a unique fixed point in H, namely i. So H is a Hermitian
symmetric space.
L]

B.3 Fibre Bundles and Covering Spaces

Definition B.3.1. A covering map on a topological space M is a continuous
surjective map [ from a topological space N onto M with the property that for
any © € M, there exists an open neighbourhood U of x such that f=1(U) is the
union of disjoint open sets, each homeomorphic to U. The space N is a covering
space of M. If N is connected then it said to be a universal cover. For x € M,
f~Y(x) is the fibre over x. If for any x € M, f~'(x) contains two elements,
the topological space N is a double cover of M. The triple (N, M, f) is a fibre
bundle. If the topological spaces N, M are smooth manifolds and f is a smooth
map, then (N, M, f) is a smooth fibre bundle.

Definition/Lemma B.3.2. Let M be a topological space.

(i) Two covering spaces f; : N; — M, i = 1,2 of M are equivalent if there
18 a homeomorphism F : Ny — Ny such that f1 = foF. This gives an
equivalence relation.

(i) If M has a universal cover then it is unique.
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Definition B.3.3. Let M be a topological space.

(i) A loop with base point xo € M is a continuous function f : [0,1] — M
such that f(0) = zo = f(1).

(i) Two loops f,g with base point xo are homotopy equivalent if there exists
a continuous map F : [0,1] x [0,1] — M such that F(t,0) = f(t),
F(0,t) = g(t), F(0,t) = o = F(1,t) for allt € [0,1].

Lemma B.3.4. Let M be a topological space.

(i) Homotopy equivalence defines an equivalence relation on the set of all paths
based at xg € M. The equivalence classes are called homotopy classes.
(i) If f,g are two loops based at x,

fg:[o,l] — M
t— f(2t),t €]0,1/2],
t— f(2t—1),t € [1/2,1]

is a loop based at xg.

Definition/Lemma B.3.5. Let M be a topological space. The set of homotopy
classes of loops based at xg € M together with the multiplication induced from
Lemma B.3.4 (ii) forms a group, called the fundamental group at xo, written
1 (]\47 .%‘0) .

Lemma B.3.6. Let M be a connected topological space. Then,
m (M, x) 2w (M,y) for all z,y € M.

Theorem B.3.7. Let M be a connected topological space. There is a bijective
correspondence between equivalence classes of covering spaces and subgroups of
the group m (M, x) for any x € M.

Sketch of Proof. Let N be a covering space of M and F': N — M a covering
map. Choose a point yg € N such that f(yo) = z¢. Define

F* :Wl(NayO) *>7T1(M,(E0)
[f] = [Ff].

Then, F, is a monomorphism and equivalence classes of covering spaces induce
the same subgroup of w1 (M, xo). Hence, this defines a map from the set of
equivalence classes of covering spaces to the set of subgroups of 71 (M, xo).

Let f be aloop in M based at x¢. Then there is a unique path f in N based
at yo such that F f = f. Therefore one can naturally construct an inverse to

the above map. This shows that it is bijective. L]
Theorem B.3.8. The Fundamental group of SL(2,R) is infinite cyclic.
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Sketch of Proof. Let 1 denote the identity matrix. For n € Z,

fn:[0,1] — SL2(R)

cos(2mint)  sin(2mint) \ -
t— . . .
—sin(2mint) cos(2mint)

This gives an isomorphism from Z to 71 (SL2(R), 1). L]

Definition B.3.9. A principal bundle is a fibre bundle (P, B, ) together with
a right action P x G — P by a Lie group G in such a way that for any b € B,
7Y b)g = 7 1(b) for all g € G and G acts transitively and freely (i.e. without
fized points) on all the fibres.



Appendix C

Some Complex Analysis

C.1 Measures and Lebesgue Integrals

Definition C.1.1. Let X be a set. A o-algebra M is a collection of subsets of
X with the following properties:
(i) X € M;
(i1) For any A e M, X\A e M;
(iii) Fori=1,2,---, if A; € M, then |J A; € M.
i=1

1=

Lemma C.1.2. Let X be a set and T be a subset of P(X) (the set of all subsets
of X ). There is a smallest o-algebra M such that T C M.

Proof. (] M is the desired o-algebra. U]
M
TCM

Definition C.1.3. Let X be a topological space. The elements of the smallest
o-algebra B containing the open sets are the Borel sets.

Definition C.1.4. Let X be a set and M a o-algebra A function f : X — [0, 00]
is measurable if for any open set U C [0,00], f~1(U) € M.

In the topological space [0, oo] the open sets are the usual ones together with
the sets [0,a) and (a, ], a € R.
Definition C.1.5. Let X be a set. A function s : X — R is simple if it takes
only finitely many values.

For any E € P(X), set xg : X — R to be the characteristic function of FE,

(1 ifxekE;
Xe(r) = {0 otherwise.

i.e.

Lemma C.1.6. Let X be a set and M a o-algebra. Let s be a simple function
X — R, a1, -, a, the values of s and X; = {x € X : s(x) = a;}. Then, s is
measurable if and only if X; € M for all 1 <i <mn.

251
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Proof. The result follows from the fact that s = > a;xx,- [
i=1

Definition C.1.7. Let X be a set and M ao-algebra. A function u: M — [0, 0]
is a positive measure if for any mutually disjoint countable collection of set

Definition C.1.8. A measure space is a triple (X, M, u), where X is a set, M
a o-algebra, and p a positive measure of X .

If f,g: X — [—00,00] and f(z) < g(x) for all z € X, we will write f < g.

Definition C.1.9. Let (X, M,p) be a measure space and s = Y ;| a;Xx, @
simple measurable function of X, where a; € R for i = 1,---,n. Then the
Lebesgue integral of s over E € M is:

/ sdp = Z%M(Xi NE).
E i=1

More generally, if f: X — [0,00] is a measurable function, then the Lebesgue
integral of f over E € M is:

/fd,uzsup{/ sdp:s simple, 0<s< f}
E E

Theorem C.1.10. Let X be a locally compact, Hausdorff topological space.
Let C.(X) be the set of all functions f : X — R with compact support, i.e.
{z € X : f(x) # 0} is compact, and A be linear map C(X) — C such that for
any f >0, A(f) > 0. Then, there is a o-algebra M which contains all the Borel
sets and a positive measure p on X satisfying A(f) = [y fdu for all f € Co(X).

Proof. If V is an open subset of X, then define
p(V) =sup{Af: f € Co(X), f(z) : X = [0,1], f(z) #0 =z €V}
For E € P(X), define
w(E) =inf{u(V): ECV,V open}.

Set M; be the subset of P(X) consisting of subsets E of X for which
p(E) =sup{pu(V):V C E,V compact} and u(F) < co. Then, define

M={EeP(X): ENF € M,YF € M;}.
L]

Since R" is locally compact, i.e. all points have a compact neighbourhood,
so are all manifolds. Therefore the following result is now immediate since
manifolds are second countable and Hausdorff.
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Corollary C.1.11. Let M be a Riemannian manifold with metric g. Set
G = det(gij). Let (Ua,¢a), @ € A be an atlas. Let ¢o = (x1,---,2y) be
the local coordinates. Then, for any function f € C.(M),

/ fdp = Z/ Go% dzy - day,

acA

defines a o-algebra containing the Borel sets and a positive measure on M which
18 independent of the atlas chosen.

Let us apply Corollary C.1.11 to the upper half plane H.
Corollary C.1.12. du = dxdy/y? gives a positive measure on H.

Proof. By Lemma B.2.23, ¢g11 = 1/y2 = g9z and g12 = 0 = go1. Hence the
result. L]

C.2 Complex Functions

Definition C.2.1. A function f on C is analytic or holomorphic at a point
T € C if there is a neighbourhood of z such that the derivative of f exists at
all points of it. More generally, a function on C™ is analytic or holomorphic at
a point (z1,- -, 2zn) € C™ if there exists a neighbourhood of z such that all the
partial derivatives of f exist at all points of it. A singular point or singularity of
a function f on C™ is a point at which [ is not analytic. If there is an integer

n
n > 0 such that (z — zp) lim f(z) is a non-zero real, then z = zy is a pole of
z2—20

order n. A function is meromorphic in a region R of the complex plane if it is
analytic everywhere on R except at a finite number of poles.

The notion of singularities for functions on Hermitian symmetric domains
(see Definition B.2.22) can easily be derived from that of functions on C™.

Definition C.2.2. Forn € Z, let f, be real or complex functions. Let

= Z fm<s>

be the partial sums. The series Y -y fn(s) converges uniformly towards the
function f if Ve > 0, there is an integer M (depending only on €) such that for
alln > M, |su(s) — f(s)| <e.

The difference with ordinary convergence is that the integer M does not
depend on s.

Lemma C.2.3.(Cauchy’s test). The series ) - [n(s) converges uniformly
if and only if Ve > 0, there is an integer M (depending only on €) such that for
all nym > M, [sp(s) — sm(s)| <e.
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Lemma C.2.4. (Weierstrass M-test). If for all n, there exists M,, € R such
that in a region S, fn(s)| < M,,, where M, is independent of s and the series
> M, converges, then the series . fn(s) converges uniformly in S.

Lemma C.2.5. Suppose that for alln, the functions f, are analytic on a region
S of C and the series ), fn(x) converges uniformly on all compact subsets of
S. Then the function f(s) =Y, fu(s) is analytic on S and f'(s) = >, fl.(s)
on all compact subsets.

Theorem /Definition C.2.6. If f is complex valued function on the complex
plane, analytic in D(sg, R) = {s € C: |s - 50| < R}, then

Fy =3 L0 gy

n!

n=0

for all T € D(so, R). This is the Taylor series of [ at so. It converges uniformly
in D(so,R). If for alln € Z, f™(so) € R, then it is said to be real analytic at
sg. Otherwise it is complex analytic.

Corollary C.2.7. If f is a meromorphic complex valued function on the com-
plex plane, with a pole of order m at sq, then

o0

fl&)= > an(s —s0)",

n=—m

where a, € C for alln > —m. This series is uniquely defined and is the Laurent
series of f at sg. There exists Ry < Rs such that it converges uniformly in
R < |s — 50| < Ry. The coefficient a_1 is called the residue of f at s = sg.

C.3 Integration

Lemma C.3.1. Let f be a complex valued function on R.

(i) If the function f is continuous on the interval [a,b], then the integral
f; f(x)dz emists.

(i) The integral faoo f(z)dx converges if there exists M, N € R with N > 1
such that 0 < | f(z)| < M/a™ for all z > a.

Proof. We only prove (ii). Suppose that M, N are as given and
0 < |f(z)] < M/aN for all z > a. Set g(b) = f:f(x)dx. For b > a, we
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then get
b
‘g(b)‘ §M/ dx/zY

= [L]b
(N + 1)zN-1le
M 1 1
SN e T )
<M
- (N=1)aN-1"

Hence in the interval [a,c0), |g| is a bounded increasing function and so
lim g(b) exists. Ll
b—oo

Lemma C.3.2. If Y07 fu() is a uniformly converging series on the closed
interval [a,b] and each function f, is continuous on this interval, then

[ e =3[ suterin

@ n=0 n=0 v

C.4 Some Special Functions

(i). The Gamma function
For any z € R, 2 > 0, any s € C, ° = ¢°1°8(*) by definition. By Lemma
C.3.1.(ii), the following result holds.

Definition/Lemma C.4.1. The Gamma function is the function defined on
the region R(s) > 0 by

I(s) = / e T dr.
0
It is analytic on this region.
Lemma C.4.2. For any s € C with R(s) >0, I'(s + 1) = sI'(s).
Proof. -
I(s+1)= / e zidx
0 o0
=—e "2%|° 4+ s/ e a*tda
0

= sT'(s).

This shows that the Gamma function generalizes the factorials.

Corollary C.4.3. T'(n) = n! for alln € N.
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Proof. I'(1) = [ e *dz =1 and so the result follows from Lemma C.4.2. L]
By using Lemma C.4.2, the Gamma function can also be analytically con-
tinued.

Corollary C.4.4. The function I' can be extended to a meromorphic function
on C satisfying

r 1
T(s) = (s+n+1)
s(s+1)---(s+n)

for any s € C. It is analytic everywhere except at s = 0,—1,—2,---, where it
has simple poles.
Proof. From Lemma C.4.2,
I(s)=T(s+1)/s=T(s+2)/s(s+1)=---=T(s+n+1)/s(s+1)---(s+n).
The rest of the proof then follows. L]

Lemma C.4.5.
(i) If R(s) >0, [(s) =2 [~ e 712y
(i) () = v

Proof. Setting x = y?, we get

I'(s) :/ e_””xs_ldx:2/ eV 2y,
0 0

proving (i).
In particular,

1 > 2
I(=) = 2/ eV dy.
2 0

Hence, using polar coordinates x = rcos@, y = rsin, we get dxdy = rdrdf.

1 SIS s o /2 poo ) /2
=4 / / eV dady — 4 / / 7 rdrdf — / o
2 0 0 0=0 r=0 0=0

L]
Corollary C.4.6. (Replication formula). If R(s) > 0,

22571 (s)I'(s + %) = /7[(2s).

Proof. Applying Lemma C.4.5 (i),

1 o0
I'(s)I'(s+ 5) = 4/ e Y g2 Ly 28 oy,
0
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Substituting polar coordinates,

=0
0o /2
= 4/ e 7’45/ cos(#)?* 1 sin(h)?*dh.

=0 0=0

1 /2 poo )
T(s)I(s + 5) = 4/ / e r* cos(0)?* sin(0)**drdf
6 r=0

Integrating by parts several times gives
/2 /2
/ cos(0)%* 1 sin(9)?°dg = 27251 / cos(0)*~1ab.
0=0 0=0

Hence by Lemma C.4.5, the formula follows
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L]

Differentiating both sides of the replication formula we get the following

equality.
Corollary C.4.7. If R(s) > 0,

log(2)2%°T'(s)I'(s + %) + 221G ()T (s + %) 4221 () (s + %) — 2 /AT (2s).

Lemma C.4.8. For any x € R, e = lim (1+ 7).

n—oo

Proof. We know that for € R,

log(x 4+ h) — log(x)‘

—0

1 , )
o= log'(x) = }%Hn

In particular,

| = Jim 08(LER)
h—0 h
Hence, for any x € R,
log(1+ h
x = }llin}) IEM = llim llog(1+ z/1),

where [ = z/h. Hence, for n integers,

x = lim log(l+ z/n)".

Taking exponentials of both sides of this equality gives the desired result.

N
Set v = J\;im (3" L —log(N)) to be the Euler-Mascheroni constant.
— 00 1

Corollary C.4.9. (Weierstrass formula). For s € C,
L s ﬁ(l e
I'(s) n '

n=1
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Proof. Since for s € C,
I'(s) = / e x"da
0

= / lim (1 — E)"a:sfldx
0

n—oo n
= lim (1- E)”Jr;s_ldalc
n—oo 0 n
1
= lim ns/ (1 —y)"y*tdy
n—0o0 0

. s 1 s n|l n ! s n—1
= lim n(gy (1-y) Io+g y* (1 —y)" dy).
n—oo O

Hence applying induction on n to the calculation of the integral part in the last

expression, we get
S

nln
I'(s)= 1l
(s) nl—>ngos(s+l)---(s+n)

15 S 1
== | I (1+-=)""n
s n
n=1
It follows that

— s lim (1+s)(1+ §> (14 Z)emlos(m)s

F(S) n—o00 n
=s lim (1+s)e %(1+ %)e? (14 i)e_TS6(14'%"“'%_log("))s.
n—oo n
This leads to the result. L]

Corollary C.4.10.
' (1) = 7.
Proof. Taking the logarithm of both sides of the Weierstrass formula, we get

~log(I(s)) = log(s) + s+ Y_(log(1+ ) = =),

n=1

Differentiating both sides of this equality. we find

I'(s) 1 =, 1 1 1
=T G Tty

1 =1 1
AP i)

Setting s = 1 and using Corollary C.4.3 we can deduce that
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F'(1)=—1—7+Z f—nil)

n=1

Since Z (- T—H) 1, this proves the result. L]

(ii). The Riemann Zeta function

Definition/Lemma C.4.11. The Riemann zeta function is the function de-
fined on the region {s € C: R(s) > 1} by

It is analytic in this region and

1
Gl = -y B

n=1

Proof. A compact subset of {s € C: R(s) > 1} is contained in subset of the

type {s € C : R(s) > 1+ €}, where € is a positive number. Each term - is

analytic. If R(s) > 1+ € then,

1, 1 < 1
ns - n(s) — nl-‘,—e
o0
The series Z 1+5 converges by the integral test. Hence the series Z ni
n=1 n=1

converges uniformly by Lemma C.2.4. The result now follows from Lem
C.2.5.

Lemma C.4.12.

[:Jga

n

((s)=(1—2"*)" Z

and the series on the right hand side converges conditionally if R(s) > 0 and
¢'(s) is equal to the series obtained by differentiating each term of the above
series.

Proof. Since

-2 =Y - Y o

the above formula follows. The alternating series test shows that the series

o) n
> (;1.) is conditionally convergent when ¢’(s) for then the sequence 1/n® is

s

decreasing. The statement about ¢’(s) can be derived in a similar manner.

L]
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Lemma C.4.13. For ’s| <landz=1,

log(1 + s) Z )" s" /n

and the series converges in the above region.

Proof. The result follows by applying Theorem 2.6 around the point s = 0.

Since o mid

—_1)" n

lim (=1) 5 n ’ =
n—00 n+1 (—1)ntlign

n
s = sl

n+1

by the ratio test, the series converges absolutely when |s‘ < 1. When s =1, the

series converges conditionally by the alternating series test.

Corollary C.4.14. The zeta function can be analytically continued to a mero-
morphic function on the region given by R(s) > 0. It is analytic at all points of
this region except at s = 1, where it has a simple pole with residue 1. Moreover
the constant coefficient of its Laurent series at s =1 is equal to —T"(1).

Proof. From Lemma C.2.5, if s is a singular point of ((s) then,
losA-R(s)—=iZ(s)) = ¢log(2)(1=5) — 91— — 1. Hence s = 1 + 2mim/ log(2).
Similarly as in Lemma C.4.12, it can be shown that

o

¢(s) =(1-3"77)

where
e(n) = 1 ifn=41 (mod 3)
—2 otherwise.

This series also converges conditionally when R(s) > 0 and so if s is a singular
point of {(s) then, s = 14 2mim/log(3) where m € Z. Hence, together with the
above, if s is a singularity of ((s) then s = 1. Moreover, Lemma C.4.12 shows
that (s — 1)((s) is analytic at s = 1 and that

. o (s—1) =" _
lim (s—1)¢(s) = lim — log(2)(1 — s)(1 + (log(2)(1 — s)) /2! + - ) 7; no !

by Lemma 4.12. Hence, the ¢ has a unique pole in R(s) > 0. It is at s = 1 and
the pole is simple. Furthermore, the residue of {(s) at s =1 is 1.

It remains to calculate the constant of the Laurent expansion at s = 1. This
is equal to

lim (¢(5) — —

s—1 s—1

)- (1)
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For R(s) > 1,

I Il Il
1 1M
(]2 1]
> MX
|
T —
x >~
+ ?r\ >
— > +
-~ = -
w» = ~
1% 9. 3=
+| & =
AR
S

I
Vo)
3
—
ol
+
—
| ==
&

Il
[
»\8

dt—s/loo 1

ts+1 ts+1

o0
t
-5 —s/ {}dt,
s—1 k:1t3+1

where [t] is the integer part of ¢ € R and {t} = ¢ — [t]. In the above we have
changed the order of summation, which is possible since the series is absolutely
convergent for R(s) > 1. Substituting (2) into the expression (1), we see that
the constant term of the Laurent series is equal to

[ee] N n+1
4 t—
17/ Wi =1~ tim Z/ Lt
k=1 t N—oo n=17m t
N N
dt 1
=1-— lim (/ — = )
N—oo [ t 1 n+1
1
= 1. — —1 N
Jim (Z:l ~ —log(N))
= .
The result then follows from Corollary C.4.13. L]

Lemma C.4.15. ((2) = 72/6.

Proof. Consider the function f(z) = xz(x —1). It is continuous on the interval
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[0,1) and f(0) = f(1). Hence, by Corollary D.3,

f@y =3 fmyemine,

n=—oo

where the Fourier coefficients are given by

C Some Complex Analysis

1
f(n) = / z(x —1)e 2" dy
0
= #6727”.”%33(33 — g+ — /1(233 — 1)e 2™y
—2min 0" 2min
1 , 1 1 ,
= — (20 —1 —2minx |l _ / —27rzmcd
47T2n2( z—1)e o 2m2n? J, ¢ *
1
© 2m2p?2
for n # 0 and
1
; -1
f(0) = / z(z—1)de = —.
0 6
For x = 0, we get
-1 1
0=—
6 + ; 2m2n2
n#£0
Equivalently,
SRR
w2n2 6’

proving the result.



Appendix D

Fourier Series and
Transforms

Definition D.1. The Fourier series of a (real or complex valued) function f

on R is -
Z Jﬁ(n)e—}m’nm7

n=—oo

where the Fourier coefficients are given by
A 1 .
fo = [ s
0

Our aim is to represent f by its Fourier series. Supposing that this series
converges absolutely and is equal to f, then by Lemma C.3.2,

TK'ZTLIL‘d — —4T TYL—TLJ;: .
| t@emnza= 37 [ fae fim)

m=—0o0

Lemma D.2. Let f be a periodic continuous function on R having period 1 and
with continuous derivative, then the Fourier series of f converges uniformly on
R and is equal to f.

Any continuous function on [0, 1] satisfying f(0) = f(1) can be periodically
continued to a continuous function on R to a function having period 1. So the
next result is immediate.

Corollary D.3. Let f be a continuous function on the interval [0, 1] such that
f(0) = f(1). Then, it Fourier series is equal to f on this interval.

2winx

Corollary D.4. > < =27 (2% — |z| +1/6) for -1 <x < 1.
nez

n2
n#£0

263
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Proof. Consider the function f(x) = z(x — 1). It is continuous on the interval
[0,1) and f(0) = f(1). Hence, by Corollary D.3,

f@)= 3" e,

n=—oo

where the Fourier coefficients are given by

fln) = /1 x(x —1)e 2" dy
0

1 —2me 1 1 ! —2me
_ TinT -1 2% — 1 TN g
—27Tz'n6 2@ o+ 27m'n/0 (2 Je v
1 —27mi 1 1 ! — 271
= Tz (2T = e o = 599555,/£ e de
1
T 92r2n2

for n # 0 and

6
Hence, the result holds for 0 < x < 1. For the case —1 < x < 0, consider

F(0) :/O 2@ — D)de = —.

flay=Y_ flme>mme,

where )
f(n) = / z(z —1)e*™" dy
0
— _ 1 (2{E o 1)6727rinz|1
(2min)? 0
1
2m2n2’
Hence the result follows as above. L]

Definition D.5. Given the function f on R, the Fourier transform of f is the
function

f) = [ s,

Theorem D.6. Suppose that the integral ffooo |f(x) |dx exists. Then the Fourier
inwversion formula holds for f:

ﬂmszﬂmfmww.
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Corollary D.7. Let g be a function on R for which the integral ffooo|g(:b)|dx
exists. Then, for any x € R,

oo oo

S gatn)= 3 gm)ere.

n=—oo n=—oo

Proof. Set f(z) = i g(x +n). Then, f(z + 1) = f(z). Hence f has a

n=—oo
Fourier series expansion. All we need to show is that the Fourier coefficients
f(n) of f are given by the Fourier transform of g. Indeed,

n) _ /1 f(x)e—QTrinwdx

:/ Z .’L'+k 27rznwd$
0

k=—o0
k+1 )
Z / —27'mnmdl,
k=—o0
— / g(x)ef%rinrdx
= g(n).

L]

The following useful consequence is then immediate.

Corollary D.8. (Poisson summation formula). Let g be a function on R
for which the integral ffooo’g(x)|dx exists. Then,

We next generalize the concept of Fourier transforms to higher dimensions.

Lemma/Definition D.9. Let L be an integral lattice with bilinear form (.,.)
and f : L®z R — R a continuous function with continuous derivatives, having
period L, i.e. f(x+vy) = f(x) for allz € L®z R, y € L. Then, the Fourier

series
7271'1(33 /\
L*/Ly 2 o

AEL*

f()\) = / f(x)e%i(f”’/\)dm,
(L®zR)/L

A € L*, converges uniformly to f.

where
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In the previous Lemma, the region of integration is given as follows: Suppose
dim L = n. Take B to be a basis for the lattice L, then with respect to this
basis, f becomes a function R™ — R and the region of integration is [0,1)". As
the integral is independent of the basis chosen, it can be written as above.

Definition D.10. Let f : R®™ — R a function for which fRn y)dy exists.
Then, the Fourier transform of f is the function

fy)= | fla)em=¥id,
R”

where © = (x1,- -+, Ty).
The generalized version of the Poisson summation formula is then as follows.

Theorem D.11. Let L be an integral positive definite lattice with bilinear form
(.,.). Let g be a function on LRz R satisfying the conditions of Definition D.10.
Then, forx € L ®z R,

Sgla+ ) = |L*/L| D gy,

A€EL AeL*

Lemma D.12. Let V be a real vector space of dimension n.

(i) If a € R and a > 0, then the Fourier transform of f(ax) is =™ f(z/a).
(i) If V is positive definite, then the Fourier transform of e™™ is e” ™.

Proof. (i): Set g(x) = f(ax). By definition,
~ —_ Qﬂizyd
) = [ flea)e v

1 .
:ain/vf(l,)e%mmy/adx

= —ilw/a)

for a > 0.

ii): We prove the result for n = 1. The general case is an immediate conse-
p g

quence.

fo) = [ e

—oo
Hence . -
%(y) = /_OO Omize ™ e2ITY
_ 71-(6771% Zﬂzzy) —2my /oo efrizz're%rizydl,
oo

= 21y f(y).



267

Set g(z) = e~ Now,

It follows that

And so,

As a result,

f(x) = Cg(x)

for some constant C'. We next calculate C. Setting y = 0, we get

C= / e dy = 1.

—0o0

L]

Lemma D.13. Let V be a real vector space of dimension n with a positive
(resp. negative) definite bilinear form. For T € H, the Fourier transform of
the complex valued function f(z) = ™7 (resp. €™*7) on V is the function
(Z‘/T)n/2ef7ri12/7 (resp. (721/?)“/267”-12/?).

Proof. The convergence criterion needed for the existence of the Fourier trans-
form holds. This is why in the positive (resp. negative) definite case, we need
Im(7) > 0 (resp. Im(7) < 0). Suppose first that the bilinear form is positive
definite. We prove the result for n = 1. The general case is an immediate
consequence.

= [ e,

Hence R
d oo , ,
d*f(y) = / 2rize™ T AT 4y
Y -0
— l(eﬂiz2re2ﬂ'izy)iooo . 27le /OO eﬂiw2‘re27riwydx
T T Jeoo
2miy
=——f()
i
—wiz?
Set g(x) =e—+ . Now,
dg 2mix
D (@) = - g(a).

It follows that

And so,
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As a result,

f(z) = Cg(x)

for some constant C'. We next calculate C. Setting y = 0, we get
o .2 1
Cz/ e Tdr = (i/T)2.
— o0
For the negative definite case, set x_ = ix. Then,
exp(miz?T) = exp(miz? (=7)).

Hence the result follows from the positive definite case. L]

Lemma D.14. Let V be a real vector space with non-degenerate bilinear form
()

(i) For a,z € V, the Fourier transform of f(x)e*™ (=) is f(z + a).

(ii) For xz,a € V, the Fourier transform of f(x — a) is 2™ (@) f(x).

Proof. Without loss of generality, we may assume that z,a € R, i.e. that

dimV =1. - -
/ f(x)e%rimae%rizydl, _ / f(x)€27rix(y+a)
= fly+a)
and

/ f(l' _ a)€27ri£ydl, — / f(x)eQWi(rI:+a)ydx

—00

—_ 627riay/ f(x)ezmxydz
— e27riayf(y).
L]

Corollary D.15. The Fourier transform of e*mia@’+bz+e) for 4 ¢ R,
a,b,c € C, Im(a) > 0, is (2a/i) = e>ri(~a*/4a—br/2a+c—b*/4a)

Proof. Applying Lemma D.14 (i) for 7 = 2a and using Lemma D.13, it follows
that the Fourier transform of e27i(az”+bz+c) jg (2a/i)_7162”ice_(w+b)2/4a.



Notation

A

a; €Q
By

B_

B, (x)
C

c(n)

n(7)

F[X
F[X

F(X)

indecomposable Cartan matrix with entries
aij = (hi, hj).

, 1 € I, simple roots of G.

= H ® N, a (generalized) positive Borel sub-superalgebra

= H ® N_ a (generalized) negative Borel sub-superalgebra

A Bernoulli piecewise polynomial —n!3~,, €(jz)/(2mif)"

The complex numbers.

coefficient of the g-expansion of the normalized modular invariant
J.ie c(-1)=1and J(q) = ¢ '+ 3,5, c(n)g"

character of G-module V € O

degree of homogeneous element = € G.

The positive open cone in the Lorentzian lattice L.

1 if m = n, 0 otherwise.

set of roots.

set of even roots

set of odd roots

set of positive roots

The delta function, A(T) = ¢[],-o(1 —¢")**

= exp(2mi)

exp(2miz).

An element of a basis of C[M*/M].

An Eisenstein series of weight k, equal to

1—(2k/Br) >0 0k-1(n)q" if k> 2.

The non-holomorphic modular form Es(7) — 3/7S(7) of weight 2.
=" T]20(1 —q")

| ={>ipaiXa;€F}

}:{Zzo aiX’, a; € F}

= {Z;.ifN aiXi,ai eF N> 0}

symmetric

F Fourier group

fo
9Q

5
F

natural map from @ to H taking «; to h;

natural map from @ to H* taking «; to the linear functional 3; in
H* mapping h to (h,h;)

A component of the vector valued modular form F'.

either a vector valued modular form with components f, or the
fake monster lie algebra

269
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Fy,

D Fourier Series and Transforms

= P!/N, the BKM algebra derived from the lattice vertex algebra
Vi

= G(A, H,S) BKM superalgebra with generalized symmetric Car-
tan matrix A, generalized Cartan subalgebra H and indexing set S
for the odd generators

= @(A, H,S) is the Lie superalgebra generated by the Lie subal-
gebra H and elements e;, f;, ¢ € I satisfying relations (1) — (3) of
Definition 2.1.7.

(o € Q, H or H*) root space. For a € AT, ey;, 1 <i < dimG,
basis for the root space G, and f,;, 1 <i < dim G, dual basis for
G_q

If G is a subgroup of a real orthogonal group then G means the
elements of G fixing the chosen orientation

I" finite abelian group

Euler’s gamma function

Grassmannian of maximal positive definite subspaces of real vector
space M ®z R

real vector space with a non-degenerate symmetric real valued bi-
linear form (.,.) and elements h;,i € I such that

(i) (hi,hy) <0 if i # j,
(ii) If (A, hy) > 0, then

2(hi,hj)
)

hiohe €Zforalljel

(iii) Tf (s, hi) > 0 and i € S, then G4 € Z for all j € I

(
= Hr ®z C
affinization of H = L ®z C
The upper half plane
=h®t"e f[, h € H, n € Z, or homomorphism generated by this
element on V7p,.
= erwifor A\=3";x0; € H, 7; € C, i.e. height of .
finite set {1,...,n} or countably infinite one usually identified with
Z,
group of inner automorphism of G
The imaginary part of the complex number 7.
unimodular even lattice of rank (m,n)
:{iEI:aii>0}
Jacobi group
The elliptic modular function j(7) = ¢! + 744 + 196884¢ + - - -, or
an integer.
negative definite lattice of rank b~ — 1
hyperbolic Laplacian
lattice, in Chapter 5 assumed to be Lorentzian and such that
L - K ®Z IIl,l
dual of lattice L
= L ®z II 1 lattice of signature (2,b7).
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orthogonal projection of a vector A onto a subspace V.

irreducible G-module of highest weight A

Verma G-module of highest weight A

= dim G, N Gy = mult(a) — mo(a)

(even) Lie subalgebra generated by the elements e;, f;, i € I\ S
and [ei,ei], [fi>fi}7 1€8

={ne€Z:n>0}

= {z € P': (x, P') = 0}, the kernel of the bilinear form restricted
to the subspace P! of Vg,

category of G-modules defined in Definition 2.6.15

generalized Casimir operator

Chevalley automorphism

compact automorphism

={A e H:Viel (o) >0, ?&Az‘)) (resp. ((Ojé\i’zi))) € Z,
ifa;; > 0andi € I\S (resp.i € )}

set of elements Zy; = Xy + 1Yy € M ®z C with norm 0 and
for which Xy, Yy form an oriented basis for a maximal positive
definite subspace of M ®z R.
={zeVy:Lyx=nzxLjz=0Vj>1}
={AeH:Vy#0}for VeO

parity of homogeneous element a € Vp,

parity 1 ® e* € V,

theta transform of vector valued modular form F, v € G(M)
automorphic form on G(M)

A restriction of ¥y to the hermitian symmetric space L ®z R+ iC.
base of the set of roots A of the BKM superalgebra G.

reflection corresponding to the root a

; reflection corresponding to the simple root «; or corresponding in-

ner automorphism
2miT
e
The rational numbers.
formal root lattice. For o, 8 € @, H or H* or 8 = 0, write § < « if

«a — [ is a sum of simple roots
Ha e AF](1 — e(—a))mo(@
_ ) ymi(a)
IL...(+e(-a)

Ha € A1 — e(—a))m™o

I, c ar(—elap™®
Weyl vector
A Weyl vector.
A representation of Mpy(Z) on the group ring C[M*/M].
The real part of a complex number.
The real numbers.
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SL A special linear group.
Supp(a) support of the root a.
(.,.) bilinear form on G, @, H or H*.
) super-character of G-module V € O
S Either subset of [ indexing the odd simple roots or

_ ((0 _01) ,ﬁ) € Mps(R) or (? _01> € SLy(R)

T = ((é }) ,1) € Mps(R) or ((1) }) € SLa(R)
7 A complex number z + iy with positive imaginary part y.
O generalized or Siegel Theta function on lattice L
Vi, I-graded (bosonic) lattice vertex algebra
V(A) highest weight G-module of highest weight A
VLf fermionic lattice vertex superalgebra
Vi , weight space of weight A of G-module V (A € Q or H or H*)
vy € Vi weight vector of weight A of G-module V € O
v— Orthogonal complement of a vector (or sublattice) in a lattice or
vector space V.
vT element in G(M), v~ it complement in M ®z R
Vir Virasoro algebra
W Weyl group or Weyl chamber
WEg even Weyl group.
X € L ®z R, the real part of Z
Xy the real part of Zj,
Y €, the imaginary part of Z
Yas The imaginary part of Zy,.
Y (a,v) generalized vertex operator on Vi, for a € V,
z A primitive norm 0 vector of M.
2" A vector of M’ such that (z,2') = 1.
Z The element Z = ((_(1)7(1)),2') generating the center of order 4 of
Mps(Z), or the element X +1iY € M @z C.
Zy = (Z,1,-72%)2 = 2"%)2) = Xy + Yy
Z The integers
Z, ={n€eZ:n>0}
¢ The Riemann zeta function

—_
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