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Preface

In 1979 John Conway and Simon Norton published their famous paper entitled
“Monstrous Moonshine.” This paper greatly expanded on earlier observations
and ideas of John McKay and John Thompson and on an observation of
Andrew Ogg stimulated by a lecture of Jacques Tits on the conjectured Fischer-
Griess Monster sporadic finite simple group. The paper presented a number of
conjectures relating the conjugacy classes of the Monster to certain meromor-
phic modular invariant functions, called Hauptmoduln (= principal moduli), for
a particular set of genus zero modular groups. The search for an explanation
of this remarkable connection between finite group theory and number theory
involved the development and application of many diverse areas of mathemat-
ics including vertex (operator) algebras, Borcherds algebras, or generalized
Kac-Moody algebras, automorphic forms and elliptic cohomology, together
with string theory and conformal field theory in theoretical physics. Robert
Griess constructed the Monster; Igor Frenkel, James Lepowsky and Arne
Meurman constructed a “Moonshine Module” for the Monster by means of
vertex operator theory, proving the McKay-Thompson conjecture; and Richard
Borcherds proved the remaining Conway-Norton conjectures for the Moon-
shine Module, which carries the structure of a vertex operator algebra. Many
new problems remain — problems that could not even have been formulated
in 1979.

To mark the 25th anniversary of the publication of the Monstrous Moon-
shine paper, a workshop entitled “Moonshine — the First Quarter Century
and Beyond, a Workshop on the Moonshine Conjectures and Vertex Alge-
bras” was hosted by the International Centre for Mathematical Sciences
at Heriot-Watt University, Edinburgh from Sth July to 13th July in 2004
(www.icms.org.uk/archive/meetings/2004/moonshine). The aim of this work-
shop was to review the impact of Monstrous Moonshine on mathematics and
theoretical physics and to highlight possible new directions. As part of the

vii
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workshop, the London Mathematical Society also sponsored a Spitalfield day
wherein talks for a more general audience were presented by Robert L. Wilson,
Geoffrey Mason and John Conway. The workshop and Spitalfields Day were a
tremendous success with many outstanding talks and a high level of interaction
and discussion among over fifty researchers who attended the workshop from
around the globe. This volume consists of seventeen papers based on most
of the talks presented at the meeting. They contain a mixture of expository
and current research material (or both) and represent a very good snapshot of
the current range of research activity that has stemmed from the Moonshine
Conjectures.

The following is a brief overview of the papers in this volume. P. Bantay’s
paper is concerned with the association of a premodular category to any finite
crossed module. In the paper of J. Bruinier and J. Funke, various relationships
between the Kudla-Millson and Borcherds lifts from elliptic modular forms
to automorphic forms are discussed. G. Buhl’s paper is concerned with how
C»-cofiniteness implies the existence of finite generating sets and Poincaré-
Birkhoff-Witt-like spanning sets for a vertex operator algebra and its modules.
In the paper of A. Degeratu and K. Wendland, a new conjecture (due to John
McKay) is examined whereby conjugacy classes of the Monster group (and
its centralisers) are related to the Picard groups of bases in certain ellipti-
cally fibered Calabi-Yau threefolds. C. Dong and Z. Zhao’s paper is a study
of the modular properties of trace functions in orbifold theory for Z-graded
vertex operator superalgebras. B. Doyon’s paper is concerned with sufficient
conditions and explicit constructions of twisted modules for vertex operator
algebras.

In the paper of J. Duncan, vertex operator algebras are discussed whose
automorphism group is a sporadic simple group. T. Gannon’s paper reviews
the meaning of the hauptmodul property in Monstrous Moonshine and specu-
lates on a new proof of the Moonshine conjectures. In the paper of E. Jurisich,
Borcherds’ proof of the Conway-Norton conjectures is outlined based on
the homology of a certain subalgebra of the monster Lie algebra and the
Euler-Poincaré identity. H. Li’s paper is a survey on the connection of cer-
tain infinite-dimensional Lie algebras, including twisted and untwisted affine
Lie algebras, toroidal Lie algebras and quantum torus Lie algebras, with ver-
tex algebras. G. Mason’s first paper is based on his Spitalfields Day talk
and reviews the relationship between vertex operator algebras and elliptic
modular functions and on how this may be generalized to higher genus
Riemann surfaces. His second paper discusses orbifold theory for rational
vertex operator algebras and its use in understanding aspects of generalized
Moonshine.
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In the paper of A. Matsuo, K. Nagatomo and A. Tsuchiya, module cate-
gories over quasi-finite algebras are described and applied to the representation
theory of C-cofinite vertex operator algebras. A. Milas’s paper is concerned
with the Wronskian of the characters of a rational vertex operator algebra. The
paper of C. Thomas discusses the relationship between generalized Moonshine
for a Monster centraliser group and the elliptic cohomology of the centraliser
group’s classifying space. M. Tuite’s paper concerns permutation orbifolds
and their possible application in understanding the genus zero property in
Monstrous and generalized Moonshine. Finally, R. A. Wilson’s paper is a
survey of recent computational results involving the Monster group.

We would like to thank the International Centre for Mathematical Sciences
(ICMS) and Heriot-Watt University for hosting the workshop. In particular
we thank the director of the ICMS John Toland for his support and Tracey
Dart for her outstanding and expert help in running the workshop. We also
thank the UK Engineering and Physical Science Research Council (EPSRC)
who funded the workshop and the London Mathematical Society (LMS) who
sponsored the Spitalfields Day. We would like to thank the other members of
the Workshop Organising Committee: Andy Baker, Sasha Ivanov and Viach-
eslav Nikulin. We are particularly grateful to Andy Baker for all his hard work
in organizing the workshop and in leading the application processes with the
ICMS, the EPSRC and the LMS. We also thank Chris Eilbeck for his help in
running the workshop and for his photographic record (which can be viewed
at http://www.ma.hw.ac.uk/chris/icms/moonshine). We are very grateful to the
editors and staff at Cambridge University Press for their wonderful and expert
help at every stage of the publication process. Finally, we pay tribute to the late
Charles Thomas who sadly passed away since the workshop. His presented talk
and paper published here are a testament to the originality and beauty of his
research.

James Lepowsky, John McKay and Michael Tuite
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Characters of Crossed Modules and
Premodular Categories

P. Bantay
Institute for Theoretical Physics,
Eotvos University, Budapest

Abstract

A general procedure is presented, associating a premodular category to a finite
crossed module, generalizing the representation category of the double of a
finite group, and the extent to which the resulting premodular category fails to
be modular is explained.

1. Introduction

Modular Tensor Categories (MTCs for short) [1, 16] have attracted much atten-
tion in recent years, which is due to the recognition of their importance in both
pure mathematics — 3-dimensional topology, representations of Vertex Opera-
tor Algebras (VOAs for short) — and theoretical physics (Rational Conformal
Field Theory, Topological Field Theories). They are also closely related to
Moonshine [4, 7, 10]: a most interesting (and mysterious) example of a Mod-
ular Tensor Category, which is responsible for some of the deeper aspects of
Moonshine, is the MTC associated to the Moonshine orbifold, i.e. the fixed
point VOA of the Moonshine module under the action of the Monster: note
that this MTC is yet to be rigorously constructed.

As in every branch of science, a deeper understanding of Modular Tensor
Categories requires a suitable supply of examples. Since the work of Huang
[12], we know that the module category of any rational VOA (satisfying some
technical conditions) is modular, but this important result doesn’t help us that
much, because VOAs are pretty complicated objects usually hard to deal with.
This leads to the desire of associating MTCs to simpler and more accessi-
ble algebraic objects. There are several such constructions, a most notable
case being the one that associates to a finite group the module category of its
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(Drinfeld) double [2, 8]. The aim of the present note is to sketch a general-
ization of this last construction, associating to any (finite) crossed module a
premodular category, i.e. a braided tensor category that falls short of being
modular. The idea behind is to use ’higher dimensional groups’, whose sim-
plest instance are crossed modules [5, 18], for constructing Modular Tensor
Categories. In the sequel we will examine to which extent this idea may be put
to work.

The plan of the paper is the following. In the next section we’ll recall some
basic definitions and results about crossed modules. In Section 3 we introduce
our basic object of study, the tensor category associated to the crossed module,
and discuss some of its properties. Section 4 describes the notion of characters
of crossed modules, the main technical tool in our study. Section 5 discusses
the premodular structure of the category, and the extent to which it fails to be
modular. We conclude by some remarks on the possible applications of the
results presented.

We have decided to present only an outline of the theory, without going into
detailed proofs, since we felt that their inclusion would not help to clarify the
arguments, but could hide the main line of thought. Detailed proofs of all the
results to be presented could be supplied by exploiting the close analogy with
the character theory of finite groups.

2. Crossed modules

To begin with, let’s recall that an action of the group G on the group M is a
homomorphism G — Aut (M) or, what is the same, amapu : M x G - M
such that

(1) w(mima, g) = pu(my, g) u(ma, g) forallmy, my € M and g € G;
(2) w(m,g1g2) = pu(u(m,gy),gs) forallm e Mand g1, g2 € G.

As is customary, we’ll use the exponential notation u (m, g) = mé in the
sequel.

A crossed module [5, 11, 18] is nothing but a 4-tuple X = (X}, &2, u, 9),
where X1, X> are groups, w is an action of X; on X, and d : A, — Xjisa
homomorphism, called the boundary map, that satisfies

XMod1: 3 (m8) = g~ (dm) g forallm € X and g € X;
XMod2: m? = n~'mn forallm,n € X,.

A crossed module is finite if both X} and &> are finite groups. Examples of
crossed modules abound in algebra and topology, let’s just cite two, coming
from group theory, that will guide our investigations later.
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Example 1. For a group G, we’ll denote by RG the crossed module
(G, 1, , 3), where 1 denotes the trivial subgroup of G, i.e. 1 = {1}, and both
the action x and the boundary map d are trivial.

Example 2. If G is a group, DG is the crossed module (G, G, i, id), where
W is the conjugation action, i.e. u (m, g) = g !
trivial map.

mg, and id : g — g is the

A standard consequence of the defining properties of a crossed module is
that K = ker 9 is a central subgroup of X>, I = im d is a normal subgroup of
X1, and one has an exact sequence

1—)K—>X2—>X1—)C—>1 (l)

where C = X /I is the cokernel of 9 [5]. In particular, || |C| = | K| |X]]| for
a finite crossed module.
Finally, a morphism ¢ : X — ) between the crossed modules X = (X7, X3,

px.dx) and Y = (Y1, W, my, dy) is a pair (@1, ¢2), where ¢ : X; — )
are group homomorphisms for i = 1, 2, and the following relations hold:

dyogy=¢1odx
ny o (P2 X @) =¢oopux,

which simply express the commutativity of the diagrams

X =, X Hxx X x

¢2l l¢1 </>2><¢1l ltbz

Vo —— Y WhxY —— 0
dy ny

3. The category

To any finite crossed module X = (&7, &>, u, ) we’ll associate a braided
tensor category .# (X'), which falls short of being modular. Let’s begin by
describing the objects and morphisms of .# (X'). Here and in the sequel, we
use the notation

1 ifx=y,

§(x,y) =
0 otherwise.
An object of 4 (X)) is atriple (V, P, Q), where V is a complex linear space,

while P and Q are maps P : &> — End (V) and Q : A — GL (V) such that
forall g,h € Xyandm,n € &>
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P (m) P (n) =& (m,n) P (m) 2)
Z P (m) = idy 3)
meX;

0(g) Q0 (h)=Q(gh) “)

P(m)Q(g) = Q(g) P (m?) )

By the dimension of an object (V, P, Q) we’ll mean the dimension of the
linear space V. A morphism ¢ : (Vi, P, Q1) — (Va, P2, Q2) between two
objects of #Z (X') is alinear map ¢ : V| — V; suchthat o Py (m) = P> (m)o¢
forallm € X and, ¢ o Q1 (g) = Q2 (g) o ¢ for all g € A. In general, we
won’t distinguish isomorphic objects of .Z (X).

Let’s look at a couple of illustrating examples of objects of .Z (X)) for a
finite crossed module X = (X1, A,, u, 9).

Example 3. The triple 1 = (V, P, Q), with V = C, P (m) = § (m, 1)idy
and Q (g) = idy, is a one dimensional object of .Z (X), that we’ll call the
trivial object.

Example 4. The triple R = (V, P, Q), with V = C (& x Xp) and P (m) ¢ :
(x,y) > 8(m,y )P (x,y), Q)¢ : (x,y) > ¢(xg,y) for ¢ € V and
(x,y) € X1 x X, is an object of .#Z (X)), that we’ll call the regular object.
Clearly, dimR = |X]| | A].

Example 5. The triple 0 = (V, P, Q), with V = C (K x C) (remember the
notations K = kerd, / = imd and C = cokerd = A&/I from Eq.1) and
P(m)¢: (x,1y)— 8(m,x")¢ (x,1y), Q(g) ¢ : (x,Iy) = ¢ (x, Iyg) for
¢ € V,is an object of .#Z (X), that we’ll call the vacuum object.

Note that the above objects, which exist for any finite crossed module X,
need not be distinct. For example, in the category .#Z (RG) (see Example 1)
one has 0 = R, while in .# (DG) one has 0 = 1.

Given an object (V, P, Q) of .# (X), a linear subspace W < V is invariant
if Pm)W C W and Q(g)W C W forallm € &, and g € Xj. An object
(V, P, Q) is reducible if it has a nontrivial invariant subspace, otherwise it is
irreducible. For a finite crossed module X there are only finitely many iso-
morphism classes of irreducible objects in .# (X), which follows from the
following generalization of Burnside’s classical theorem [13, 15]:

Y dy=lxx, 6)
pelr(X)

where we denote by Irr (X') the set of (isomorphism classes of) irreducible
objects of .# (X), and d, denotes the dimension of the irreducible p € Irr (X).
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The notion of direct sum of objects of .# (X) is the obvious one:

Vi, Pl,0D)® (Vo, P, Q) =(Vi@ Vo, PL® P, 01 Q2). (1)

The analogue of Maschke’s theorem states that, for a finite crossed module X,
any object of .# (X') decomposes uniquely (up to ordering) into a direct sum
of irreducible objects.

The tensor product of the objects (V1, P1, Q1) and (V;, P2, Q) is the triple
V1 ® Vo, P12, Q12), where P : m — Zne)(z Pi(n)® Py (n_lm) and Q12 :
g 01(g) ® 02 (g). The category .# (X') may be shown to be a monoidal
tensor category, which in general fails to be symmetric, but it is always braided,
the braiding being provided by the map

Rp:Vi@Va = VeV
VI Y 02(Im) v ® Py (m) vy

meXz

At this point it is worthwhile to take a look the category .# (X') for the two
canonical examples of crossed modules considered in Section 2, namely RG
and DG for a finite group G. In the first case, since x> = 1, the map P : X —
End (V) is trivial: P (m) = § (m, 1)id, while the map Q : &A1 — Aut(V)
provides a representation of the finite group A1 = G. Thus, for ¥ = RG
the category . (X) is nothing but the category of representations of the finite
group G. On the other hand, for X = DG the map P is no longer trivial, and a
little thought reveals that in this case . (X) is just the module category of the
(Drinfeld) double of the finite group G [2, 3, 8]. It is known that this last tensor
category is modular, and describes the properties of the so-called holomorphic
G-orbifold models [9]. So, from this point of view, the category .# (X’) may be
viewed as a common generalization of the module categories of a finite group
and of its double.

4. Characters

The notion of group characters is an extremely powerful tool in the study
of group representations [13]. Not only do characters distinguish inequiva-
lent representations, but they prove invaluable in actual computations, e.g. the
decomposition into irreducibles, the computation of tensor products, etc. As
it turns out, a close analogue of group characters exists for the (isomorphism
classes of) objects of .#Z (X). Namely, the character of an object (V, P, Q) of
M (X) is the complex valued function ¢ : X x X} — C given by

¥ (m, g) =Try (P (m) Q(g)) - ®)
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Clearly, characters of isomorphic objects are equal, and it follows from the
orthogonality relations to be presented a bit later that characters distinguish
inequivalent objects of .# (X). The character v of an object of .Z(X) is a
class function of the crossed module X, i.e. a complex valued function ¥ :
Xy x X — C that satisfies

(1) ¥ (m, g) =O0unless mé =m, form € X, and g € AY;
() ¢ (m",h='gh) =y (m, g) forallm € X» and g, h € Aj.

The set of class functions of a finite crossed module X form a finite
dimensional linear space 6 ¢ (X)), which carries the natural scalar product

(Y1, ¥2) = Y Ui Y m,g), ©)

X
| ll mEXz,gGX]

where ¥, ¥ € € (X), and the bar denotes complex conjugation’.

Characters behave well under direct sums and tensor products: the character
of a direct sum is just the (pointwise) sum of the characters of the summands,
while the character of a tensor product is given by the formula

Vaon (m,8) = Y Ua(n,8) vp (n”'m.g), (10)

nEXz

if ¥ 4, ¥p are the characters of the factors.

Irreducible characters, i.e. the characters of the irreducible objects of
M (X), play a distinguished role, since any character may be written
(uniquely) as a linear combination of irreducible ones with non-negative
integer coefficients. The basic result about irreducible characters is the follow-
ing analogue of the generalized orthogonality relations for group characters
[13, 15]:

1

1
m Z Yp (m, h) Yy (m’ h_lg) = —8pq¥p(m, g) (11)

hEX] dp

for p, g € Irr (X), where

dpy= ) ¥p(m.1) (12)
mEXz

denotes the dimension of the irreducible p. From this one can deduce at once
that the characters of the irreducible representations form an orthonormal basis
in the space €¢ (X) of class functions, and that they also satisfy the second
orthogonality relations

1 Note that for the character v of an object of .# (X) one has ¥ (m, g) = ¢ (m, g_l).
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> vy =3 8 (nm)s (k2 gz). (13
pelr(X) zeX]
Note that the irreducible characters ¥, may be computed explicitly for any
finite crossed module X, e.g. one has ¥ (m, g) = 6 (m, 1) for the identity
object 1 of .Z (X) (cf. Example 3).
Using the orthogonality relations, one may express the fusion rule coeffi-

cient N, i.e. the multiplicity of the irreducible r € Irr (X) in the tensor

product of the irreducibles p and ¢, through the formula
1 -
Nog = T3] S D U m ) vy (n. )Y (mng).  (14)
m,neX; geX)

To each irreducible p € Irr (X) one may associate the complex number

1
w, = Z Z Wy (m, dm) (15)
m€X2
(remember that d,, denotes the dimension of the irreducible p), which turns
out to be a root of unity (of order dividing the exponent of / = im d), and one
may show that?

Vp (m, gdm) = wpp (m, g) , (16)

for all m € X, g € &. Combined with the orthogonality relations Eq.(11),
this leads to (remember that K = ker 9)

> dyw,' =lxllK], 17
pelrr(X)
to be compared with Eq.(6).
To conclude, let’s just note that the close analogy with ordinary group
characters goes much further, e.g. one may introduce the Frobenius-Schur
indicator

u,,:ﬁ 3 a(mg,m—l)wp (m,g2). (18)

meX,,geX)

of the irreducible character v/, and show that v, may take only the values
0 and =1, in perfect parallel with the classical case [13]. Of course, this is
related to the fact that ordinary characters of the finite group G are nothing but
the characters of the crossed module RG of Example 1: from this perspective,
ordinary character theory of groups is just a special case of the more general
theory presented in this note.

2 This follows from Schur’s lemma, upon noting that )", - X P (m) Q (dm) commutes with
P (n) Q (g) forall (n, g) € X) x Aj.



8 P. Bantay

5. The S matrix and the structure of the vacuum

Up to now, we have seen the close parallel between the structure of the cat-
egory . (X) and the representation category of a finite group. We now turn
to describe the premodular structure, related to the existence of the so-called
S matrix. This is a square matrix, with rows and columns labeled by the
irreducibles of .Z (X), and with matrix elements

1
o= Tx

> Wy (m,9n) g (n, 9m) (19)

m,neX,

for p, q € Irr (X), where |X| = |A,| |C| = | K| |AX)| (remember Eq.(1)). This
matrix is obviously symmetric, and a simple computation shows that

dp
S1p = Xl > 0, (20)
where 1 denotes the identity object of .# (X") (cf. Example 3). The definition of
S is motivated by the case of group doubles DG, when it describes the modular
properties of the corresponding holomorphic G-orbifolds.
A most important feature of the above S matrix is its relation to the fusion
rule coefficients N, appearing in Eq.(14), for one may show that

SpsS
D NpgSes =t @
relrr(X) 1s

holds, which is an avatar of Verlinde’s celebrated formula [17]. A closely
related result states that

Y N Sy =0, 0 S, 22)
relr(X)

where the roots of unity w, are given by Eq.(15). But this is not the end of
the story since, upon introducing the diagonal matrix Tp, = wpp,, one may
show that

STS=T17'sT7!. (23)

Should S satisfy the relation §t =1, Eq.(23) would mean that the matrices
S and T give a finite dimensional representation of the modular group SL; (Z),
which conforms with Verlinde’s theorem [14, 17], i.e.

(1) T is diagonal and of finite order;
(2) S is symmetric;
(3) Verlinde’s formula Eq.(21) holds.
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Should this be the case, .# (X)) would be a Modular Tensor Category. As it
turns out, in general this is not the case, because the matrix S of Eq.(19) does
only satisfy the weaker property

58 = g%, (24)

This means that S is not necessarily invertible: it might have a nontrivial kernel.
This is the extent to which . (X) fails to be modular in general.

The lack of invertibility of § is related to the reducibility of the vacuum
object 0 (cf. Example 5). Denoting by 1), the multiplicity of the irreducible p
in 0, and by D = |C| | K| the dimension of , one may show that

1y =D [SZLP’ (25)

and that i, > 0 if and only if there exists an « such that
Spg =aSy; forall g €lir(X), (26)
in which case « = u, = dp and w, = 1. In other words, the irreducible

objects of .# (X) that satisfy Eq.(26) for some constant « are precisely the
irreducible constituents of the vacuum 0. The invertibility of S requires that
the only such object is the identity 1, and this condition may be shown to be
equivalent to the bijectivity of the boundary map 9, which in turn is equivalent
to X being isomorphic to DG for some finite group G. Note also that for X =
RG every irreducible of .# (X) satisfies Eq.(26), since in this case 0 = R.

Finally, we note that while .Z (X) fails to be modular in case 9 is not
bijective, it can nevertheless be turned into an MTC! Indeed, according to the
modularizability criterion of Bruguieres [6], one can associate a well-defined
MTC (unique up to isomorphism) to any premodular category in which Eq.(26)
implies w, = 1 and o = d},. But we won’t pursue this line any further in the
present note, and leave the construction of the corresponding MTC to some
future work.

6. Discussion

As we have sketched in the previous sections, to any finite crossed module
X one may associate a premodular category . (X). In special instances this
construction gives back the module category of a finite group or that of its
(Drinfeld) double, but in general one gets new premodular categories, which
are very close to being modular: they satisfy the modularizability criterion of
[6], i.e. they can be turned into a Modular Tensor Category. This opens the way
to the construction of a huge number of Modular Tensor Categories starting
from (relatively) simple algebraic structures.
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As stressed before, the category .# (X') may be viewed as a generalization
of the module category of the double of a finite group G, which describes the
properties of holomorphic G-orbifolds [2, 3, 8]. This leads to the speculation
that for a general crossed module X the category .# (X'), or more precisely its
modularisation, should describe the properties of some ’generalized” holomor-
phic orbifold related to X'. To find out whether this vague idea may be made to
work seems to be a rewarding task.

Acknowledgments: This work was supported by research grants OTKA
T047041, T0O37674, T0O43582, TS044839, the Janos Bolyai Research Schol-
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Abstract

We consider the Kudla-Millson lift from elliptic modular forms of weight
(p + q)/2 to closed g-forms on locally symmetric spaces corresponding to
the orthogonal group O(p, ¢). We study the L>-norm of the lift following the
Rallis inner product formula. We compute the contribution at the Archimedian
place. For locally symmetric spaces associated to even unimodular lattices, we
obtain an explicit formula for the L?-norm of the lift, which often implies that
the lift is injective. For O(p, 2) we discuss how such injectivity results imply
the surjectivity of the Borcherds lift.

1. Introduction

In previous work [8], we studied the Kudla-Millson theta lift (see e.g. [19]) and
Borcherds’ singular theta lift (e.g. [3, 6]) and established a duality statement
between these two lifts. Both of these lifts have played a significant role in the
study of certain cycles in locally symmetric spaces and Shimura varieties of
orthogonal type. In this paper, we study the injectivity of the Kudla-Millson
theta lift, and revisit part of the material of [6] from the viewpoint of [8], to
obtain surjectivity results for the Borcherds lift. Moreover, we provide evi-
dence for the following principle: The vanishing of the standard L-function of
a cusp form of weight 1 + p/2 at 5o = p/2 corresponds to the existence of a
certain “exceptional automorphic product” on O(p, 2) (see Theorem 1.8).

We now describe the content of this paper in more detail. We begin by recall-
ing the Kudla-Millson lift in a setting which is convenient for the application
to the Borcherds lift. Let (V, Q) be a non-degenerate rational quadratic space
of signature (p, q). We write (-, -) for the bilinear form corresponding to the

x Partially supported by NSF grant DMS-0305448.
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quadratic form Q. We write r for the Witt index of V, i.e., the dimension of
a rational maximal isotropic subspace. Throughout we assume for simplicity
that the dimension m = p +¢q of V is even. We realize the symmetric space D
associated to V' as the Grassmannian of oriented negative g-planes in V (R).

Let L C V be an even lattice of level N, and write L* for the dual lattice.
The quadratic form on L induces a non-degenerate Q /Z-valued quadratic form
on the discriminant group L#/L. Recall that the Weil representation p; of
the quadratic module (L#/L, Q) is a unitary representation of SL;(Z) on the
group ring (C[L#/L], which can be defined as follows [3], [6]. If (ey)yeL#/L
denotes the standard basis of (C[L# /L], then py is given by the action of the
generators 7 = ((1) {) and S = ((1) Bl) of SL»(Z) by

oL (T)(e,) = e(y*/2)e,,

e(=(p—q)/®
pL(S)(ey) = ———— >~ e(—(y, 8))es,
|L#/L| SelLt
eL”/L
where e(w) := €27V,
SLo(Z/NZ).
Let I' C O(L) be a torsion-free subgroup of finite index which acts trivially
on L*¥/L. Then

This representation factors through the group

X =T\D
is a real analytic manifold. For x € L¥ with Q(x) > 0, we let
D,={zeD; z 1 x}.

Note that D, is a subsymmetric space attached to the orthogonal group H,, the
stabilizer of x in H. Put I'y = I' N H,. The quotient

Z(x) =T, \Dy — X

defines a (in general relative) cycle in X. For h € L¥/L and n € Q, the group
INactson Ly, = {x € L + h; Q(x) = n} with finitely many orbits, and we
define the composite cycle

Zhomy= > Z().

x€l\ Ly

Kudla and Millson constructed Poincaré dual forms for such cycles by
means of the Weil representation, see e.g. [19]. They constructed a Schwartz
form px € [S(V(R)®Z7(D)]°V)®) on V(R) taking values in Z9(D), the
closed differential g-forms on D. Let w, be the Schrodinger model of the Weil
representation of SLy(IR) acting on the space of Schwartz functions S(V (R)),
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associated to the standard additive character. We obtain a (C[L#/ L]-valued
theta function on the upper half plane H by putting

O, 2 0xm) =0 Y Y (o8 Pk M) (X, e
heL#/LxeL+h

Heret = u+iv e Hand g, = ((1) ‘1‘) (“{f \/g,1> € SLy(R) is the standard
element moving the base point i € H to 7. In the variable 7, this theta func-
tion transforms as a (non-holomorphic) modular form of weight k = m /2 for
SL2(Z) of type pr. In the variable z, it defines a closed g-form on X. Kudla
and Millson showed that the Fourier coefficient at ¢2""7¢;, is a Poincaré dual
form for the cycle Z(h, n).

Let S,z denote the space of C[L¥/L]-valued cusp forms of weight ¥ and
type pr. for the group SL(Z). We define a lifting A : S, 1 — Z9(X) by the

theta integral

dud
f+—>A(f)=/ F@. 0 o) L @

SLy(Z\H v?
where (-, -) denotes the standard scalar product on C[L¥/L].
In the present paper, we consider the question whether A is injective. We
compute the L?-norm of the differential form A ( f) in the sense of Riemann
geometry by means of the Rallis inner product formula [27]. First, using the
see-saw

Sp(2) O(V) x O(V)

SL, x SL, o)

and the Siegel-Weil formula (see e.g. [20], [21], [23], [30]), the inner product
can be expressed as a convolution integral of f against the restriction of a
genus 2 Eisenstein series to the diagonal (see Proposition 4.7).

Such convolution integrals can be evaluated by means of the doubling
method, see e.g. [5], [13], [25], [27]. If f is a Hecke eigenform of level N,
one obtains a special value of the partial standard L-function of f (where the
Euler factors corresponding to the primes dividing the level N and oo are omit-
ted) times a product of “bad” local factors corresponding to the primes dividing
N and oco. If m > 4, then, by the Euler product expansion, the special value of
the partial standard L-function is non-zero. Therefore the lift A(f) vanishes
precisely if at least one of the “bad” local factors vanishes. By the analysis of
the present paper we determine the local factor at infinity.



Injectivity of the Kudla-Millson Lift 15

In the special case where L is even and unimodular, the level of Lis N = 1,
so that oo is the only “bad” place. The space Sy 1, is equal to the space S, (I'(1))
of scalar valued cusp forms of weight « for I'(1) = SL»(Z). We obtain the
following explicit formula for the L2-norm of the lift (see Theorem 4.9):

Theorem 1.1. Assume that m > 3 + r, where r is the Witt index of V. Let
f € S«('(1)) be a Hecke eigenform, and write ||f||%f0r its Petersson norm,
and D¢ (s) for its standard L-function. Then A(f) is square integrable and

IA(HI3 _c. Dsm2-1
1713 ¢(m/2)¢(m —2)’

where C = C(p,q) is an explicit real constant, which does not depend
on f.The constant C vanishes if and only if p = 1.

Corollary 1.2. Assume that m > max(4, 3 + r) and that L is even unimod-
ular. When p # 1, the theta lift A is injective. When p = 1, the lift vanishes
identically.

It would be interesting to compute the bad local factors at finite primes (or at
least to show their non-vanishing) as well. However, in our setting, this requires
first a Hecke theory for vector valued modular forms in S ;. Its foundations
are developed in [9], but a newform theory is not yet available. It seems con-
ceivable that one could prove more general injectivity results along these lines.
For the relationship between the vector-valued modular forms in S, ;, and the
adelic language, see [17].

Note that in this context, J.-S. Li [15] has used the theta correspondence
and the doubling method for automorphic representations in great generality
to obtain non-vanishing results for cohomology when passing to a sufficiently
large level.

In the body of the paper, we actually consider the generalization of the
Kudla-Millson lift due to Funke and Millson [12]. It maps cusp forms in
Sk. 1. to closed differential g-forms with values in certain local coefficient sys-
tems. Moreover, we use an adelic set-up for the theta and Eisenstein series in
question.

1.1. Surjectivity of the Borcherds lift

We briefly discuss how the injectivity results on the Kudla-Millson lift imply
surjectivity results for the Borcherds lift. We revisit part of the material of [6]
in the light of the adjointness result of [8] between the regularized theta lift and
the Kudla Millson lift. We restrict ourselves to the Hermitean case of signature
(p,2) where X is a p-dimensional complex algebraic manifold. The special
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cycles Z(h,n) are algebraic divisors on X, also called Heegner divisors or
rational quadratic divisors.

We say that a meromorphic modular form for I' has a Heegner divisor, if its
divisor on X is a linear combination of the Z (h, n). A large supply of modular
forms with Heegner divisor is provided by the Borcherds lift, see [2], [3]. We
briefly recall its construction.

A meromorphic modular form for a congruence subgroup of SLo(Z) is
called weakly holomorphic, if its poles are supported on the cusps. If k € Z,
we write M ,'( ;, for the space of weakly holomorphic modular forms of weight

k for SLo(Z) of type pr. Any f e M ,'( ; has a Fourier expansion of the form

f@= Y > chnenti,

hel*/L neZ+Q(h)

where only finitely many coefficients c(h, n) with n < 0 are non-zero. We
write V~ for the quadratic space (V, —Q) of signature (2, p) and L™ for the
lattice (L, —Q) in V.

Theorem 1.3 (Borcherds [3], Theorem 13.3). Let f € Mi—p/z .- be a
weakly holomorphic modular form with Fourier coefficients c(h, n). Assume
that c(h,n) € Z for n < 0. Then there exists a meromorphic modular form

W(z, f) for T (with some multiplier system of finite order) such that:

(1) The weight of ¥ is equal to c(0, 0)/2.
(1) The divisor Z(f) of V is determined by the principal part of f at the
cusp oo. It equals

Z(f)= Y > cth.m)Z(h.n).

heL*/L n<0

(iii) In a neighborhood of a cusp of I" the function V has an infinite
product expansion analogous to the Dedekind eta function, see [3],
Theorem 13.3 (5.).

The proof of this result uses a regularized theta lift. Let gag 2 e S(V(R)) be

the Gaussian for signature (p, 2). The corresponding Siegel theta function

O z.00) =1 D Y (@eo(gr)90)(x, Den

heL*/L x€L+h

transforms like a non-holomorphic modular form of weight p/2 — 1 of type
pr in the variable t. Hence the theta integral
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D(z, ) = f (f(),0(r, 2, (pg’z)>d,u (1.2)
r(H\H

formally defines a I'-invariant function on D. Because of the singularities of
f at the cusps, the integral diverges. However, Harvey and Moore discovered
that it can be regularized essentially by viewing it as the limit 7 — oo of the
integral over the standard fundamental domain truncated at J(7) = T, see [3],
[14]. It turns out that ®(z, f) defines a smooth function on X \ Z(f) which
has a logarithmic singularity along Z( f). Moreover,

®(z, f) = —2log||¥(z, f)llpet + constant,

where || - ||per denotes the Petersson metric on the line bundle of modular
forms of weight c(0, 0)/2 over X. From this identity, the claimed properties
of W(z, f) can be derived.

Modular forms for the group I' C O(L) arising via this lift are called
automorphic products or Borcherds products. By (ii) they have a Heegner
divisor.

Here we consider the question whether the Borcherds lift is surjective.
More precisely we ask whether every meromorphic modular form for I'
with Heegner divisor is the lift W(z, f) of a weakly holomorphic form f €
M! ?

1-p/2,L~

An affirmative answer to this question was given in [6] in the special case
that the lattice L splits two hyperbolic planes over Z. In the (more restric-
tive) case that L is unimodular, a different proof was given in [7] using
local Borcherds products and a theorem of Waldspurger on theta series with
harmonic polynomials [29].

The approach of [6] was to first simplify the problem and to consider the
regularized theta lift for a larger space of “input” modular forms. Namely, we
let Hy 1, be the space of weak Maass forms of weight k and type pr.. This space
consists of the smooth functions f : H — C[L*/L] that transform with p; in
weight k under SL;(Z), are annihilated by the weight k Laplacian, and satisfy
f(r) = O(eC“) as T = u + iv — (oo for some constant C > 0 (see [8]
Section 3).

Any f € Hj, 1, has a Fourier expansion of the form

f@= ) Y cthmenvie,

heL*/L neQ
+ Y (0 Ko+ Y e (h.m)HQrnv)e(u)ey,  (1.3)
hel*/L neQ

n#0
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where only finitely many of the coefficients ¢ (h, n) (respectively ¢~ (h, 1))
with negative (respectively positive) index n are non-zero. The function H (w)
is a Whittaker type function.

For f € Hi ., put &(f) = R_k(ka), where R_j is the standard rais-
ing operator for modular forms of weight —k. This defines an antilinear map
& : Hp — Mé_k’ 1— to the space of weakly holomorphic modular forms in

weight 2 — k. It is easily checked that M,!n 1 18 the kernel of &. According to
[8], Corollary 3.8, the sequence

&k |
MZ—k,L’

0 M; Hp L

L >0

is exact. We let Hk+ ; be the preimage under & of the space of cusp
forms S,_; ;- of weight 2 — k with type p;-. Hence we have the exact
sequence

§
0 Ml!c,L Hk—’,_L k Sr k- —>0.

The space H,:’ 1 can also be characterized as the subspace of those f € Hy, L
whose Fourier coefficients ¢~ (h, n) with non-negative index n vanish. This
implies that

f@= Y Y cthmemt)e +0(1), () —> oo,

heL*/L n<0

i.e., the singularity at oo, called the principal part of f, looks like the
singularity of a weakly holomorphic form.

For f € Hi_,; -, we can define the regularized theta lift ®(z, f) as in
(1.2), see [6], [8]. This generalized lift is related to the Kudla-Millson lift A
defined in (1.1) in the following way (see [8], Theorem 6.1).

Theorem 1.4. Let f € H1+_ DL~ and denote its Fourier expansion as in
(1.3). The (1, 1)-form dd°®(z, f) can be continued to a smooth form on X. It
satisfies

dd“®(z, f) = AE1—p2()) (@) + T (0,0)Q.

Here 2 denotes the invariant Kdhler form on D normalized as in [8].

On the other hand, the following “weak converse theorem” is proved in [6],
Theorem 4.23.



Injectivity of the Kudla-Millson Lift 19

Theorem 1.5. Assume that p > r. Let F be a meromorphic modular form for
the group T" with Heegner divisor

div(F) =) Z ct(h,n)Z(h,n)

h n<0

(Where ¢ (h, n) = ¢t (=h, n) without loss of generality). Then there is a weak
Maass form f € H1+—p/2,r with principal part ;3" _oct(h, n)e(nt)e
whose regularized theta lift satisfies

®(z, f) = —2log || F||pet + constant. (1.4)

Note that the proof in [6] is only given in the case that p > 3 (where the
assumption on the Witt index is automatically fulfilled). However, the argu-
ment extends to the low dimensional cases. It is likely that the hypothesis on
the Witt index can be dropped as well, but we have not checked this.

Corollary 1.6. Assume that p > r. Let F' be a meromorphic modular form for
the group T with Heegner divisor as in Theorem 1.5. Let f € Hl+—p/2 .- bea
weak Maass form whose regularized theta lift satisfies (1.4). Then

AE1—pp(f) =0.
Proof. The assumption on f implies that
dd°®(z, f) = —2dd° log || F ||pet = ¢ (0, 0)K2.
On the other hand, according to Theorem 1.4, we have

dd“®(z, f) = AE1—pp () (@) + T (0,0)Q.
If we combine these identities, we obtain the claim. O

Corollary 1.7. Assume the hypotheses of Corollary 1.6. If A is injective, then
f is weakly holomorphic, and F is a constant multiple of the Borcherds lift
W (z, f) of f in the sense of Theorem 1.3.

Proof. By Corollary 1.6 we have A(§1—p/2(f)) = 0. Since A is injective, we
find that &, ,2(f) = 0. But this means that f is weakly holomorphic. O

When the lattice L splits two hyperbolic planes over Z, it was proved in
[6] that A is injective by considering the Fourier expansion of the lift. In
Section 4 of the present paper we show (for even unimodular lattices) how
such injectivity results can be obtained by the Rallis inner products formula.

We end this section by stating a converse of Corollary 1.6. If r > 0, we
let £ € L be a primitive isotropic vector, and let ¢ € L* be a vector with
(£, ¢") = 1. We let L be the singular lattice L N ¢+ and let K be the Lorentzian
lattice Lo/ZX.
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Theorem 1.8. Assume that p > 2and p > r. Let f € H,", _ and assume that

k,L—
the Fourier coefficients c* (h, n) (n < 0) of the principal part of f are integral.
If&1-p2(f) € ker(A), then there exists a meromorphic modular form F for I’

(with some multiplier system of finite order) such that:

(i) The weight of F is equal to ¢ (0, 0)/2.
(i) The divisor of F is equal to

Z(f)= Y. > cth.mZh.n).

heL*/L n<0

(iii) In a neighborhood of a cusp of T, given by a primitive isotropic vector
£ € L, the function F has an automorphic product expansion

-+
F@ =Ce((p.2) [] [l (1—eGu)+@ )" e
reK' seLl*/L
A W)>0 §1Lo=x
Here C is a non-zero constant, and we have used the notation of [3].

Proof. Theorem 1.4 and the fact that A (51, p2(f )) = 0 imply that
dd°®(z, f) = ct(0,0)Q.

(In particular, if ¢ (0, 0) = 0, then f is pluriharmonic.) Now we can argue as
in [6], Lemma 3.13 and Theorem 3.16 to prove the claim. O

We note that the assumption on r and p is needed to guarantee that the
multiplier system of F has finite order. (When f is not weakly holomorphic,
we cannot argue with the embedding trick as in [4], Correction).

If f is weakly holomorphic, then &;_,/2(f) = 0 and the Theorem reduces
to Theorem 1.3. However, if A is not injective, and f is a weak Maass form
such that &1, />(f) is a non-trivial element of the kernel, then Theorem 1.8
leads to exceptional automorphic products. If there are any cases where A
is not injective, it would be very interesting to construct examples of such
exceptional automorphic products.

Remark 1.9. If p > 4, the existence of the meromorphic modular form F
with divisor (ii) is related to the fact that H'(X, Ox) = 0 in this case, which
can be proved following the argument of [10] §3.1. Therefore the Chern class
map Pic(X) — H?(X,Z) is injective.

We thank S. Bocherer, E. Freitag, W. T. Gan, S. Kudla, and J. Millson for
very helpful conversations on the content of this paper. The second named
author also thanks the Max Planck Institut fiir Mathematik in Bonn/Germany
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for its hospitality during the summer 2005 where substantial work on this paper
was done.

2. Theta functions and the Siegel-Weil formula

Let (V, Q) be anon-degenerate rational quadratic space of of dimension m. We
write (-, -) for the bilinear form corresponding to the quadratic form Q so that
o) = %(x, x). For simplicity we assume that m is even. We let G = Sp(n)
be the symplectic group acting on a symplectic space of dimension 2n over Q.
The embedding of U(n) into G(R) givenby k = A+iB — k = ( 4 §) gives
rise to a maximal compact subgroup K, C G(R). At the finite places, we pick
the open compact subgroup K, = Sp(n,Zp). Then K = Ky x ]_[p K, is
the corresponding maximal compact subgroup of G (A), the symplectic group
over the ring of adeles of Q. We let ® = w, be the Schrodinger model of
the Weil representation of G acting on S(V"*(A)), the space of Schwartz-
Bruhat functions on V" (A), associated to the standard additive character of
A/Q (which on R is given by 7 — e(t) = ¢>!"). Note that since m is even
we do not have to deal with metaplectic coverings. We form the theta series
associated to ¢ € S(V"(A)) by

b hp)= Y. (@ph . @.1)
xeV"(Q)
with ¢ € G(A) and 1 € O(V)(A). We assume ¢ = ¢oo ® ¢ With gy €
S(V'(R)) and oy € S(V"(Af)).
We now briefly review the Siegel-Weil formula, see e.g. [16]. We put

I(g, ) = f 0(g, h,p)dh, (2.2)
O(V)(@\O(V)(A)

where dh is the invariant measure on O(V)(Q )\ O(V)(A) normalized to have
total volume 1. By Weil’s convergence criterion [30], I(g, ¢) is absolutely
convergent if either V is anisotropic or if

m—r >n-+1. 2.3)

Here r is the Witt index of V, i.e., the dimension of a maximal isotropic

subspace of V over Q.

We set n(b) = ((1) 11’) for b a symmetric n X n matrix and m(a) = (g ,ao,l
for a € GL(n). Then the Siegel parabolic is given by P(A) = N(A)M(A)
with N = {n(b); b € Mat,, b = 'b} and M = {m(a); a € GL(n)}. Then

using the Iwasawa decomposition G(A) = P(A)K we define

D(g,5) = (0(g)¢) (0) - detla(g)l) ™, (2.4)
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where

m n—+1
50 = > 5
Thus & defines a section in a certain induced parabolic induction space (see
[16] (1.3.6)). Note that @ is determined by its values on K. Since ® comes from
¢ € S(V'(A)), we also see that @ is a standard section, i.e., its restriction to K
does not depend on s, and we write ® (k) = ®(k, s) for k € K. Furthermore,
® factors as ¢ = P, @ D
We then define the Eisenstein series associated to © by

E@gs®= Y (g9, (2.6)
yeP(QN\GQ)
which for Re(s) > p, := (n 4+ 1)/2 converges absolutely and has a meromor-
phic continuation to the whole complex plane. The extension of Weil’s work
[30] by Kudla and Rallis in the convergent range is:

(2.5)

Theorem 2.1. ([20], [21].) Assume Weil’s convergence criterion holds.

(1) Then E(g, s, @) is holomorphic at s = 5.
(ii) We have
1(g,¢) = coE(g, 50, D),
whereco=1ifm >n+1landco=2ifm <n+ 1.
We translate the adelic Eisenstein series into more classical language, see

[16] section IV.2. We let K ¢(N) C l—[p K, be a subgroup of finite index of
level N, i.e.,

[:=GQ)N(GR)Kf(N))

contains the principal congruence subgroup I'(N) C Sp(n, Z). We assume that
® ¢ is K y(N)-invariant. Furthermore, if ¢ corresponds to the characteristic
function of a coset of an even lattice L of level N in V, then we have

o) =]]®,»)
pIN
for y eI'. Via G(A)=G(Q)GR)K s(N) we see that the Eisenstein series
E(g,s, ®) is determined by its restriction to G(R). We assume that the
restriction of ®(g, s) to K is given by
DL (k, s) := det(k)“. 2.7

We denote the unique section at the Archimedian prime with this property by
®¥ . Let g = n(u)m(a) with ‘aa = v be an element moving the base point
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i1, of the Siegel upper half plane H,, to T = u +iv. Then we obtain a classical
Eisenstein series of weight x (and level N):

E(gr.s. @)= Y  ®(rg)®s(y)
yE(P(@Q)NI\I!

—det)? Y ( det(v)

(s+pn—K)/2
Tdet(cr + d)|2 det(ct +d) ™ D (y),
ye(P(@Q)ND\T |det(ct + d)|2) et(ct ) )

with y = (‘: 2) In particular, if N = 1 then

E(gr, s, ®) = det)*E™ (z, (s + pu — €)/2), 2.8)
where
EP(rs)= Y  (detS(yn) det(ct +d)™* (2.9)

¥ €L\ Sp(n, Z)

is the classical Siegel Eisenstein series for Sp(n, Z) of weight «.
For later use, we introduce an embedding tg of Sp(n) x Sp(n) into Sp(2n) by

a b

a b a b a b
<C d>x<c/ d,)H . p . (2.10)

3. Special Schwartz forms

We change the setting in this section and consider the real place only. We
assume that V is now a real quadratic space of signature (p, g) of dimen-
sion m. Since it does not make any extra work we do allow m odd in this
section. We pick an oriented orthogonal basis {v;} of V such that (v,, vy) = 1

fora = 1,...,pand (vy,v,) = =1 forpu = p+1,...,m, and we
denote the corresponding coordinate functions by x4 and x,. We let K V be
the maximal compact subgroup of O(V') stabilizing span{v,11, ..., vy}. Thus

KV ~0O( p) X O(g). We realize the symmetric space D associated to V as the
Grassmannian of oriented negative g-planes in V. Thus D has two components

D=D,LD_.

Picking for the base point zo the space span{v,41, ..., Uy} together with the
induced orientation, we see

Dy ={zCV; dimz=gq,(,)|; <0, zhas the same orientation as zp}.
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Thus D4 ~ SOg(V)/K/, where the subscript indicates the connected com-
ponent of the identity. We associate to z € D the standard majorant (, ),
given by

(xvx)z = (xziaxzi) - (xZ7'xZ)’

where x = x;+x,1 € V is given by the orthogonal decomposition V = 2Dzt
We write (, )o = (, ).

Let o(V) be the Lie algebra of O(V) and let o(V) = p¥ @ ¢V with £V =
Lie(K") be the associated Cartan decomposition. Then p = p" is isomorphic
to the tangent space at the base point zg of D. With respect to the above basis

of V we have
0 X
p:{(tX 0); XeMatp,q(R)}.

Welet Xop (1 <a < p,p+1=<pu =< p-+ q)denote the element of p which
interchanges v, and v, and annihilates all the other basis elements of V. We
write wy, for the element of the dual basis corresponding to X .

We let w = w), be the Weil representation of the metaplectic cover Mp(n, R)
of Sp(n,R) acting on the Schwartz functions S(V"). We let K = [~J(n)
be the maximal compact subgroup of Mp(n, R) given by the inverse image
of the standard maximal compact subgroup U(n) in Sp(n, R). Recall that K
admits a character det!/? whose square descends to the determinant character
of U(n). We also write w for the associated Lie algebra action on the space of
K -finite vectors in S(V"). It is given by the so-called polynomial Fock space
S(V") € S(V"). It consists of those Schwartz functions on V" of the form
p(X)po(x), where p(x) is a polynomial function on V". Here ¢q(X) is the stan-
dard Gaussian on V". More precisely, for x = (x,...,x,) € V" and z € D,
we let

®o(X, z) = exp <—7T Z(xhxi)z) ,

i=1

and set ¢o(X) = @o(X, z0). We view

w0 € SV & c=(D)°Y = (s N 1K,

where the isomorphism is given by evaluation at the base point zg of D. In the
following we will identify corresponding objects under this isomorphism.

Kudla and Millson (see [18]) constructed (in much greater generality)
Schwartz forms @k on V taking values in A7 (D), the differential g-forms
on D. More precisely,
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oxm € [SV) ® A1(D)Y) = [s(V)e ® N (01K

Here S(V)4 is the Schwartz space for V twisted by the spinor norm character
aonO(V).OnKV = O(p) x O(gq), « is given by 1 ® det. The Schwartz form
@k M 1s given by

A I 1 3
OKM = a2 1_[ |:Z (Xa - Eg) ® Aau:| ©®o.
u=p+1 La=1 o

Here Ay, denotes the left multiplication by wy,,. More generally, we consider
the Schwartz forms

gt €1SWV)a® N\ (0*) ® Sym' (V)1K'

with values in the ¢-th symmetric powers of V introduced by Funke and
Millson [12]. The forms ¢4, ¢ are given by

1< 1 9 ‘
‘Pq,€=|:zz<xa 2 Y >®1®Ava:| PKM

a=1

1 & ¢ 19 ¢
20 Z_ |:1_[(xai_Eaxa[>®l®HAvui:|(pKM'

i=1 i=1

Here A, denotes the multiplication with the vector v in the symmetric algebra
of V. Note that Syme(V) is not an irreducible representation of O(V), and
we denote by ¢, [¢] the projection of ¢, ¢ onto H¢(V), the harmonic £-tensors
in V. It consists of those symmetric £- tensors which are annihilated by the
. au2 =2 i—ptl a g Here we view vy
and v, as independent variables. It can be also characterrzed as the space of
symmetric ¢-tensors in V which are orthogonal with respect to the induced
inner product on Sym*(V) to vectors of the form r2w. Here w € Sym‘=2(V)
and r? denotes the multiplication with Y- _ v3 — D h=pt1 ¥ u Recall that we
have Sym WM =H! W ar Syme 2(V) as representations of O(V).

The Schwartz form ¢4 ¢ (and also ¢, |¢]) is an eigenfunction of weight
m/2 + £ under the action of k € K, see [12, 18], i.e

w(k)pg.c = det(k)"* o, ;. (3.1)

signature (p, ¢)-Laplacian A = Y7

Here Kk is the element in fj(l) corresponding to k € STé(Z) C Mp(1, R).
Moreover, @4 ¢(x) is a closed differential form on D.
We normalize the inner product on Sym® (V') inductively by setting

1 —
(wl...we’wi...wé)zZZ(wl,w})(W2...we,wi...w/j...wé)_
j=1
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With this normalization we easily see that for the restriction of (, ) to the
positive definite subspace span{vy; 1 < o < p} of V we have

)4

3 (n n)
[N ap=1
B1s- Be=1

We let Sf};nZ(V) be the local system on D associated to Sym® (V). Then for
the wedge product, we have A : A"(D, S,)Tr/nz(V)) x A*(D, S,}TI/nE(V)) —
A"$(D) by taking the inner product on the fibers Sym‘(V). We are ulti-
mately more interested in the form ¢, (¢, but calculations with ¢, ¢ are more
convenient. In this context the following lemma will be important later.

Lemma 3.1. Let j € AP=D9(D, Sym" (V). Then
|
2
N = —— R _2) AnN.
Pg,e NT°1 2n(0)( )@q,6-2) A1

HereR:%(l

i

f] ) € sl(2, C) is the standard SL(2)-raising operator.

Proof. By the adjointness of ﬁA and 2 with respect to the inner product
in Sym*®(V), we have ¢;,¢ A r’n = WI—_U(A%,Z) A 7. Note that A operates
on the coefficient part of ¢, ¢. Then switching to the Fock model of the Weil

representation, see the proof of Lemma 3.5, and using (3.9) one easily sees

Agy o = (E 1)a)(R)(pq ¢—2. We leave the details to the reader. O

We let * denote the Hodge *-operator on D. Then @4 ¢(x1) A *@q ¢(x2)
with X = (x1, x2) € V72, being a top degree differential form, gives rise to a
scalar-valued Schwartz function ¢, ¢ on V2 defined by

Qg e(X, D = @g,0(x1, 2) A *@q ¢(X2, 2). (3.2)

Here p is the volume form on D induced by the Riemannian metric coming
from the Killing form on g. For convenience we scale the metric such that the
restriction of u to the base point zq is given by

H=0w1pr1 N ANOLptqg NO2p+1 N+ NWp piq- 3.3)

Note that
boc € 1S(VD @ CX(DOV) =~ (s & N (k"

Lemma 3.2. We have

Pt o 9 19
9q.0(0) = 2q+2ff Z H( T 27 oxg 1)(’““"2 T axaﬂ) #o(x)
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Example 3.3. For signature (p, 2), we have

p p
1 1
¢q,0(X) = Z (X§1 - E) <X§2 - E) @o(x)+4 Z Xo1Xp1Xa2X2¢00(X).

a=1 ao,f=1
a#p

Note that (3.1) immediately implies:

Lemma 3.4. Fork;, ks € SO(2) C Mp(1, R), we have

w(to(ki, k2)) g0 = det(kyka)™/ > e, 4.

The action of the full maximal compact K C Mp(2, R) on ¢, ¢ via the Weil
representation is more complicated, as we now explain. We let

g=tDps Dp_ (3.4)

be a Harish-Chandra decomposition of g = sp(2, C), where ¢ = Lie(K)c,

1 /X iX ¢
Py = {p+(X) =5 (l.x _X) . X € Man(0),'X = X} . BS)
and p_ = py. Note that p is the holomorphic tangent space of Hj at the base
point i 15 and is spanned by the raising operators

Ri=Riu=ps(}9). Ry=Rpn=ps(99). (3.6)
1

Ri2 = 3p+(10)- 3.7)

Note that R; = (p(R, 0) and Ry = 10(0, R) are the images of the SL,-raising
operator R in sp(2, C) under the two standard embeddings of s[(2) into sp(2).

Recall that the adjoint action of K on p, is isomorphic to the standard
action of K on Sym?(C?). Explicitly, the intertwiner is given by R,y > e ey,
where e}, e» denotes the standard basis of C2. We obtain an isomorphism of
K-modules

o
Sym® Sym? C? = @ Sym’ Sym? C? ~ U(p,) (3.8)
j=0

of the symmetric algebra on Sym? C2 with the universal enveloping algebra
of P4
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Lemma 3.5. We have

pr(=1*

bq.0 = 24]_[W60(R12)q+£(ﬂ0

Proof. We indicate a quick proof using the Fock model of the Weil represen-
tation. For more details for what follows, see the appendix of [12]. There is
an intertwining map ¢ : S(V") — P(C"P+9) from the polynomial Fock
space to the infinitesimal Fock model of the Weil representation acting on the
space of complex polynomials P(C"P+9) in n(p + q) variables such that
t(go) = 1. We denote the variables in P(C"PT9) by z4; (1 <« < p) and 7,
(p+1<u<p-+gqg)withi = 1,...,n. Moreover, the intertwining map ¢

satisfies
1 0 _1 1
U Xgi — — U = —Zai-
“ o 0Xyi 27'rizm

Hence in the Fock model, we have
g+t
Zal Za21| .

¢ 1 2(g+£) p
_ D
bt = 3730 (%) >
On the other hand, for the action of the raising operators, we find

a=1

o (Rps) = Z ZarZas — 27 Z (3.9)

pmpt1 aZ;,LrBZuS

In the Fock model, we therefore have a)(Rlz)q+E(po = [SLH Z(’;:l Zal1Za2

and the lemma follows. O

b}

]q+€

We obtain:

Proposition 3.6. Fork € K ~ 6(2), we have

pk(—l)q""l

e 4t T2 (AdK) Ri2) gy

w(k)pg,e =

Proof. This follows immediately from Lemma 3.5 and the fact that the
Gaussian ¢g has weight (p — ¢q)/2. O

Remark 3.7. The Kudla-Millson forms ¢g s cannot be expressed in terms of
elements in p .

Proposition 3.6 reduces the K -action on ¢, ¢ to the representation theory of
the group U(2)(C) = GL,(C) on Sym*® Sym2 C?, which is given as follows.
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Lemma 3.8. The GLo(C)-representation Sym’ Sym? C2 decomposes as

[j/2]
Sym/ Sym? C? ~ @ Sym?/ =4 C? @ det?
i=0

into its irreducible constituents. The summand fori = [j/2] is given by

Sym2i =41/ 02 @ der 21/ — det/ o Wiiseven, 0
Sym?C?2 @ det/~' if j is odd,
and is generated by the vector
L2 . ' ' o
aj = (V) (—1 @) (€D eren)
i=0
[(316’2)2 - 6263]1/2 if j is even,
(e1e2) [(e1e2)? — eze%]w if j is odd. (3.11)

Proof. For the first statement, see e.g. [11], p.81/82. For (3.11), note that in
Sym? Sym? C? = Sym* C @ det?,

the vector

2 22
ar = (e1e2)” —eje;

generates the one-dimensional sub-representation. Then, for j even, o is given
by the image of (a2)//?> € Sym//? Sym? Sym? C? under the projection onto
Sym/ Sym? C2. The argument for j odd is analogous. O

By slight abuse of notation, we also write «; for the corresponding element
in U(p4) and define another Schwartz function§ =&, , € S (V?) by

L—1)att
§=&.0= %w(aﬂwe- (3.12)

Proposition 3.9. For the Schwartz function ¢4 ¢, there exists a ¢y € S V3
such that

Og.0 = &40 + 0(RDO(R2)Y. (3.13)

Proof. We have

[(q+0)/2] o ' ‘
(e —agii=eted Y (101 @ @) e
i=1
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Using the intertwiner with U(p.), we recall that el.2 corresponds to R;. Thus i
is given by

l)qu( [(g+0)/2] ' . . .
Z ([(lH-i@)/Z]) (—1)’a) (Rll—lez—lR;;;-Z—h) 0. O

i=1

v pi(—
T Ugqtt

One easily sees using (3.9):

Lemma 3.10. The Schwartz function & vanishes identically if and only if
p=landg+1¢> 1.

Example 3.11. Forg =2, p > 1, and £ = 0, we have
$2.0- QP = Coxm A oku A QL2+ C'o(R)o(R)gy - QP

for some nonzero constants C and C’. Here Q denotes the Kihler form on the
Hermitian domain D. But we will not need this.

In view of Lemma 3.8 and Proposition 3.6, we see for g + ¢ even that
w (k) = det(k)"/* ¢ (3.14)

for ke K. We let E(g,s) be the section in the induced representation
corresponding to the Schwartz function & via (2.4).

—~

Proposition 3.12. Let g + ¢ be even. Then E is the standard section (2.7) at
the infinite place of weight m /2 + £. More precisely,

B(s) = C(s)D™/ > (s) (3.15)

for a certain (explicit) polynomial C(s). Moreover,

C(so) #0

with so = (m — 3)/2 as in (2.5) for p > 1, while C(s) = 0for p = 1.

Proof. The identity (3.15) follows from (3.14) and the uniqueness of CDZlO/ 2
The precise statement follows from considerations in [22]. The element ag4¢
is trivially a highest weight vector of weight u = (g + €, g + £) of GL>(C).
Therefore we can take o, 1¢ equal to the element “2 € U(py) (oruy, € U(g))
in the notation of [22], p.31/32. Then by Corollary 1.4 of [22], we have E(s) =
u,LCDgg_q)/z(s) = cP,Ep_q)/z(s)Cb’”/ZH (s), for a certain polynomial P,Ep_q)ﬂ
and a nonzero constant c¢. One easily sees P,Sp —/ 2(so) # 0 for p > 1. See
also [22], p. 38. For p = 1, E vanishes identically, since already £ = 0 by
Lemma 3.10. O
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Remark 3.13. For g + ¢ odd, we see in the same way
E(s) = C(s)R® 7 (s)

for a certain polynomial C(s). Note that o, is not a highest weight vector
for Sym? C2 @ det?t¢~! (which has weight (g + £+ 1, g + £ — 1)).

4. The L2-norm of the theta lift

We now return to the global situation and retain the notation of Section 2. Let
V be a non-degenerate quadratic space over QQ of signature (p, ¢) and even
dimension m = p 4+ q. We let L C V be an even lattice and write L* for the
dual lattice. We let H = GSpin(V'). For each prime p, welet L, = L&®Z, and
let K I’;{ be the subgroup of H(Q)) which leaves L, stable and acts trivially on
L%/Lp,. Then K =T, K}/ is an open compact subgroup of H (A s). We let
K Oho' be a maximal compact subgroup of H(R). By strong approximation we
write

H(A) =] [HQ)H®R)oh;K{ (4.1)
j

with h; € H(Ay). Then we put
X =Xyn =H@Q)\D x H(Ap)/K] (4.2)
such that

x~]]x; 4.3)
j

with X; =T ;\Dy, where [; = H(Q) N (H(R)othJ’?h;l). We let ¢y €

H
S(V(A f))Kf bea K ;’ -invariant Schwartz function on the finite adeles. Then
@ corresponds to a linear combination of characteristic functions on the
discriminant group L*/L. Since ©q4,¢ 1s an eigenfunction of weight

k=m/2+ L

under the action of U(1), we can form the classical theta function on H, the
upper half space, by setting

0T, 2,000 @97 =v > 3" 9r(X)00(80)9g,¢(x, 2)
xeV(@)

=0 3" 0r(0)g.e(Vox, )em I,
*eV (@)
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Heret =u+iveH, and g, = ((l)’f) (f \/g,l> € SLr(R) C SL»(A) is the
standard element moving the base point i € H to 7. Then 6(t, z, ¢4,¢ ® @)
transforms like a non-holomorphic modular form of weight « for the principal
congruence subgroup I' () of SL;(Z) taking values in the differential g-forms
on X. Here N is the level of L, i.e., the smallest positive integer such that
%N(x, x) € Zforall x € L* In particular, if L is unimodular, 6(t, z, ¢4,¢ ®
¢ r) is a form for the full modular group SL;(Z).

We write S, (I'(N)) for the space of cusp forms of weight « for I'(N). We
normalize the Petersson scalar product be putting

(f.9) = f(@g(m)v* du(z) (4.4)

1
[C'(1) : T(N)] ./I‘(N)\H

for f, g € S¢(I'(N)). Here du(t) = d”LZd” is the invariant measure on H. For

f € S¢(I'(N)), we consider the theta lift

AP = (.60, 9.0 ® pp)) = fr T T BB (o).

4.5)
It defines a linear map
Az S (T(N)) — Z4(X, Sym‘ (V) (4.6)
into the S%Z(V)-valued closed differential g-forms on X.
In order to show the injectivity of A, we study its L?-norm given by
IAHIZ = fX ACS) A*AC). 4.7)

We will use the doubling method to compute | A(f) ||%, see [5, 13, 25, 27].

Proposition 4.1. Assume that m >3 +r so that Weil’s convergence crite-
rion (2.3) in genus 2 holds. Then A(f) is square integrable, and

IADB = (fE @ F@). It~ 600 @0p)),  48)
where (, ) denotes the Petersson scalar product on T'(N) x T'(N) and
[, 72,840 @) = fxem, 0,2, ¢g.0 @ Pk (4.9)

is the integral over the locally symmetric space of the theta series

0(11, 12, 2. g 0@ ) = W1v2) 2 D" (%) (@00 (10(81, - 81))Pg.0 (X, 2),

xeV2(Q)
(4.10)
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(which by (3.1) defines a modular form of weight k on I'(N) x I'(N)). Here
¢r =97 ®pr e S(VZAp).

Proof. The formula (4.8) implies the square integrability since the right hand
side of (4.8) is absolutely convergent by Weil’s convergence criterion (2.3).
We have

IACHI3 =/

X

(/ f@)o(t1, 940 ®§0f)v'fd,u(fl)>
F(N\H

A (/ f(@)0(12, *@q.¢ ® <.0f)v§d,u(t2))-
M(N\H

Interchanging the integration, we obtain

/ f f(n)f(fz)( /X 0(t1, 94,0 ® 0f) AO(T, %94 1 ©® <Pf)>(vlvz)KdM(fl)du(t2).

Since ¢y ¢ is real valued, we easily see by the explicit formulas of the Weil
representation that

0 (12, %0q,0 @ f) = 0(—T2, ¥¢g,0 @ @)

and therefore

O(T1, 0q,6 @ Q) NO(T2, %0g,0 @ @) = 0(T1, —T2, 2, Pg,t @ DI
by (3.2). This implies the assertion. O

Remark 4.2. For signature (p, 2), the lift A(f) is actually always square inte-
grable, see [6, 8]. We expect this to be true for other signatures as well even
if Weil’s convergence criterion does not hold. In that case, one would need to
regularize the theta integral I as in [23].

Note that the Schwartz function £ introduced by (3.12) is K V-invariant. We
can therefore consider & € [S(V?2) @ C®°(D)]°V)®) by setting

§(x,2) = §(h)x)
with i € O(V)(R) such that hszg = z. In particular, £ (x, z9) = £(x).

Proposition 4.3. Define 6(t1, 12,2, @) and [(11, 02, E® @) in the same
way as for ¢4 ¢ in (4.10), (4.9). Then

IANIE = (1@ © T, I, 22 6 0 9p).

Proof. By Proposition 3.9 and Proposition 4.1, we see (omitting ¢y from the
notation)

1A = () @ T, I, 72, 64.0))
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= (re @ @), I, —2.9))

+(r ® 7@, Iw, —22, 0 (R0 (R)Y))
= (ren @@, I, —2.9)

+(f@) @ @), Rikal (0, —, ).

By the adjointness of the Maass lowering and raising operators with respect to
the Petersson scalar product, the latter summand vanishes. O

Corollary 4.4. Let p = 1 and q + € > 1. Then A vanishes identically.
Proof. This is obvious from Proposition 4.3 and & = 0 (Lemma 3.10). O

Remark 4.5. We could have defined the lift A of f by using the Schwartz
form ¢, [ instead of the form ¢, ¢. Using Lemma 3.1 we see by the argument
of the proof of Proposition 4.3 that the L?-norms ||A(f)|| coincide.

We want to relate the integral I (t1,72,§ ® ¢y) to the pullback of a
genus 2 Eisenstein series via the Siegel-Weil formula. We first need to
relate the integral over the locally symmetric space X to an integral over
O(V)(@Q)\O(V)(A). We do this following [17], pp. 332. First we define
the theta series associated to & more generally for g € Sp(2,A) and h =
(hooh ) € O(V)(A) by

0. hE@p) = Y o(@Ehx 20085 h}'x),
xeV2(@Q)

where 7 is the base point of D. Note that

0(t1, 72,2, & ® ¢p) = (11v2) */?0(t0(8r, 8y, oo € @ 1)
with oo € O(V)(R) such that z = heozp.
Proposition 4.6. We have

(.06 @) = (vwzr“ﬂ/ 0(t0(ge, gey). o & ® bp)dh.

1
vol(X, 1) O(V)(@)\O(V)(A)

Proof. Arguing as in the proof of Proposition 4.17 of [17], we first obtain

- 1
[(11, 1. E®¢ ) = (vjv2) /2=

/ 0(0(8zs 82), h, E®¢f)dh,
2 Jsov)@n\sov)a)

1
vol(X, )

where dh is the Tamagawa measure on SO(V)(A). But now the sign repre-
sentation of O(V,)/ SO(V,) does not occur in the local theta correspondence
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for the pair (Sp(2), O(V)) for any place v if dimV = m > 2, see [26]. Then
arguing as in [17], p. 326, we see

1

3 0. h. €06 dh = | 0(g. h £@)dh,
SO(V)(@)\SO(V)(A) O @)\ O(V)(A)

from which the proposition follows. O

Proposition 4.7. Let E(s) ® @ s(s) be the section associated to § ® ¢ via
(2.4) and let s) = (m — 3)/2. Then

i OB = @i ™2 (f ) © F@), Ettolgr, 8-7). 50, 8@ @)

Proof. Using Proposition 4.6 and the Siegel-Weil formula, Theorem 2.1,
we find

mim, 0, E®pr) = (1v2) ?E(0(gr,» 81,)5 50, E® D p).

Now the assertion follows from Proposition 4.3. O

Corollary 4.8. Assume that q + € is even and p > 1. Let O _(s) be the stan-
dard section defined by (2.7), and let ® 7 (s) be the section associated to ¢y via
(2.4). Then

mllz\(f)H% = C(s0)(v1v2) /2 <f(t1) ® f(12), E(to(gz;> 8-5), 50, P ® <I>f)) ,

where C(sg) is the nonzero constant in Proposition 3.12.

Proof. We have E(g,s) = C(s)®% (g, s) by Proposition 3.12. Hence the
Corollary immediately follows from Proposition 4.7. 0

Suppose that f is an eigenform of level N and let S denote the set of
primes dividing N together with co. Then the doubling method [5, 13, 25, 27]
expresses a convolution integral as on the right hand side above as a product
of the standard L-function L5 (sq + %, f) with the Euler factors corresponding
to p € S omitted times a product of “bad” local factors corresponding to the
primes in S. If m > 4 then 5o+ % lies in the region of convergence of the Euler
product of L5(s, f). Hence the L-value does not vanish. Therefore the lift
A(f) vanishes precisely if at least one of the “bad” local factors vanishes. By
the analysis of the present paper we determine the local factor at infinity.

We now specialize to the case when the lattice L is even and unimodular.
Then ¢ ¢ corresponds to the characteristic function of L and ® ¢(s) = 1. The
level of L is N = 1, so that oo is the only “bad” place. By the above analysis
we obtain a very explicit formula for ||A(f) ||% as we shall now explain.
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In this case 6(t, z, ¢4,¢) is a modular form of weight k = m/2 + £ for
SL;(Z) and vanishes unless g + £ is even, which we assume from now on as
well. Then « is even, because 8 | p — g. By Corollary 4.8 and (2.8) we have

IADIE = Clso) (f (o) ® T, EP (11, —22, —£/2))
4.11)

vol(X, )

where E,Ez) (11, 12, §) is the pullback of the classical genus 2 Siegel Eisenstein
series E,Ez)(r, s) (see (2.9)) to the diagonal.

We recall the definition of the standard L-function of a Hecke eigenform
f € S(I'(1)). We use the normalization of [1], [S], [24]. We denote the
Fourier coefficients of f by c¢(rn) and assume that f is normalized, i.e.,
c(l) = 1. Let p be a prime. The Satake parameters ay, p, o1,, of f at p are
defined by the factorization of the Hecke polynomial

(I —c(P)X +p 71X = (1 —ap , X)(1 — ap pay, pX). (4.12)

Hence

a&pou,p =p 1 ao,p(1 +ai,p) = c(p).

According to Deligne’s theorem, formerly the Ramanujan-Petersson conjec-
ture, we have |ay, ,| = 1. The standard L-function of f is defined by the Euler
product

D) =[O -p™A—aibp™ A —ar,p™] @13
p

It converges for 9 (s) > 1. The corresponding completed L-function

Wp(s) =n 3T (s;rl) r <S+';_ ]) r (“;") Ds(s)  (4.14)

has a meromorphic continuation to C and satisfies the functional equation

Wi(s) =Ws(l—s) (4.15)

(see e.g. [5], [28]). It is well known (see [28], Introduction, [31]) that Dz (s)
can be interpreted as the Rankin L-series

Df(S) = C(Zs) Zc(nz)n_s—ﬁ'l = % ;C(I’l)zn_s_'(-H_

n=1

Theorem 4.9. Assume that m > 3 + r so that Weil’s convergence crite-
rion (2.3) in genus 2 holds. Furthermore, assume that q + ¢ is even and that
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L is even unimodular. Let f € S,(I'(1)) be a Hecke eigenform, and write
| f||% = (f, f) for its Petersson norm normalized as in (4.4). We have

LA Dym2—1)
1k, —)2) 2= 0
ol o e — )

where

Fm/2+4¢/2—1

u(, ke, —€/2) = 2372 (1)< 2q (m/2+1¢/2—1)
L(m/2+¢/2)

Proof. The statement follows from (4.11) by means of [5], identities (14)

and (22). »

Remark 4.10. By the same argument it is easily seen that (A(f), A(g)) =0
for two different normalized Hecke eigenforms f and g.

Corollary 4.11. Assume thatm > max(4,3+r), p > 1, g + € even, and that
L is even unimodular. Then the theta lift A : S, (I'(1)) - Z9(X, Sym V) is
injective.

Proof. This follows from Theorem 4.9, Proposition 3.12, and the convergence
of the Euler-product for D ¢(m/2 — 1) in this case. O
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Abstract

Moonshine relates three fundamental mathematical objects: the Monster
sporadic simple group, the modular function j(r), and the moonshine mod-
ule vertex operator algebra V. Examining the relationship between modular
functions and the representation theory of vertex operator algebras reveals rich
structure. In particular, C»-cofiniteness (also called Zhu’s finiteness condition)
implies the existence of finite generating sets and Poincaré-Birkhoff-Witt-like
spanning sets for vertex operator algebras and their modules. These spanning
sets feature desirable ordering restrictions, e.g., a difference-one condition.

1. Introduction

The theory of vertex operator algebra blossomed from two major accomplish-
ments: the proof of the McKay-Thompson conjecture by Frenkel, Lepowsky,
and Meurman [FLM88] who constructed the Moonshine module V? and the
proof of the Conway-Norton conjecture by Borcherds [Bor92] using the Moon-
shine module. These two conjectures make up what is commonly referred to
as Monstrous Moonshine, relating the modular function j(t) and the Monster
group by way of a third fundamental mathematical object, the Moonshine mod-
ule vertex operator algebra V. The study of vertex operator algebras continues
to reveal relations within mathematics and with physics.

Representation theory is a particularly rich aspect of the theory of vertex
operator algebras with fundamental connections to number theory, the theory
of simple groups, and string and conformal field theories in physics. A core
idea in the representation theory of vertex operator algebras and conformal

1 A contribution to the Moonshine Conference at ICMS, Edinburgh, July 2004.
2 Supported by a NSF Postdoctoral Fellowship for the Mathematical Sciences.
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field theory is “rationality”, a term used in a variety of ways to describe certain
desirable properties of a vertex operator algebra and its modules. Complete
reducibility of modules is one property that “rationality” invariably encom-
passes, but not always solely. In both mathematics and physics, “rationality” is
a term that suffers from a variety of meanings. Compounding this difficulty is
the variety of module definitions that appear in mathematics and physics litera-
ture. This combination makes the concept “rationality is complete reducibility
of modules” murky at best.

For certain vertex operator algebras, we can achieve some clarity. An
assumption on the “size” of the vertex operator algebra has important implica-
tions for its representation theory. This size condition is called C»-cofiniteness,
and it implies the existence of a finite generating set and Poincaré-Birkhoff-
Witt-like ordered spanning sets for the algebra and modules. An assumption
of C-cofiniteness on an algebra ensures that even the most basic notion of a
module has “suitable” structure. In addition, the assumption of C»-finiteness
clarifies the concept of complete reducibility for modules of a vertex oper-
ator algebra. Understanding the implications of C»-cofiniteness is especially
important in light of the recent developments in the representation theory of
“non-rational”, Cp-cofinite theories [Abe] [CF06] [HLZ].

2. Vertex operator algebras and quotient spaces

For an introduction to the theory of vertex operator algebras, I refer the reader
to “Introduction to Vertex Operator Algebras and Their Representations” by
Lepowsky and Li [LLO04]. Throughout this exposition, I will assume that the
vertex operator algebras are of “CFT-type”. That is, a vertex operator algebra
V is of CFT-type if V = €, Vi and Vy = C1. The weight of a homogenous
vector is its L(O)—eigenvalue,_L(O)u = (wtu)u. The weight of an operator, or
“mode”, u, is also given by the L(0)-action, L(0)u,v = wt(u,)u,L(0)v =
(wWtu —n — Du, L(0)v forn € Z.

One of the powerful tools in the study of these infinite-dimesional objects,
vertex operator algebras, has been to look at quotient spaces. This technique’s
most important example is Zhu’s algebra A(V') [Zhu96].

Definition 2.1. For V a vertex operator algebra, let

(1 + x)wtu

O (V) = span {Resx 5 Y(u,x)v:u,ve V} ,
X

andlet A(V) =V/O(V).
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Zhu’s algebra A(V) is an associative algebra with identity, and it acts on
lowest weight vectors of modules. This concept has been expanded to act on
larger “slices” of modules. The nth Zhu’s algebra A, (V), also an associative
algebra, acts on the bottom 7 levels of modules [DLM98c].

Definition 2.2. For V a vertex operator algebra and n € N, let

(l + x)wtu+n

0,(V) = span {Res)C 2

Y(u,x)v:u,veV},

andlet A, (V) = V/0,(V), where Ag(V) = A(V).

Under certain assumptions, all of the nth Zhu’s algebras are semisimple and
hence finite-dimensional. The representation theories of a vertex operator alge-
bra V and its Zhu’s algebras A, (V) are intimately related [Zhu96] [DLM98a]
[DLMO9&c].

Another family of subspaces spaces used to create interesting quotient
spaces are the C, spaces. The subspace Co(V) = span{Resxx_zY(u, X))V
u, v € V} was introduced in Zhu’s modularity paper [Zhu96]. One of the cru-
cial assumptions needed to prove the modularity properties of certain graded
traces is finite-dimensionality of the quotient space V /C, (V). This property is
known as C;-cofiniteness or Zhu’s finiteness condition.

This quotient space V/C>(V) has the structure of a Poisson algebra.
A Poisson algebra has two operations: an associative product - and a Lie
bracket [, ] with compatibility of these operations given by Liebniz’s Law
[x,y-z] = [x,y]-z+ y - [x,z]. For V/C2(V), the product is given by
u-v = Resyx 'Y(u,x)v = u_jv and the Poisson bracket is given by
[u,v] = ResyY(u,x)v = ugv. We can expand the definition of C2(V) to
obtain a family of subspaces.

Definition 2.3. For a vertex operator algebra V and for n > 2, let
C,(V) = span{Resyx "Y (u, x)v : u,v € V}.

Then V is called C,-cofinite if V /C,, (V) is finite-dimensional.

The case where n = 1 is more nuanced and depending on an author’s focus,
is approached differently. Focusing on the algebra, the naive extension of the
definition, span{Res,x ™'Y (1, x)v : u, v € V}, is not particularly interesting
since the creation axiom for vertex operator algebras ensures that this subspace
is all of V. A more interesting subspace is the following.
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Definition 2.4. (cf. [KL99]) For a vertex operator algebra V = EBnZO V., let

C1(V) = span Resxx_lY(u, x)v, L(—Du :u,v € @ V,,} .

n>0

Then V is called Ci-cofinite if V/C1(V) is finite-dimensional.

The assumption of C,-cofiniteness of a vertex operator algebra controls the
size of other quotient spaces. For example, a simple calculation shows that if
a vertex operator algebra V is C,-cofinite, then A(V) is finite-dimensional.
The L(—1) derivation property implies C,(V) < C,_1(V), and thus C,-
cofiniteness implies C,_i-cofiniteness for n > 2. In fact C,-cofiniteness
implies that a great deal of quotient spaces are finite-dimensional [GNO3].

There are other interesting quotient spaces. For example, if we define
L(—1)V = span{L(—1)v : v € V}, we can consider the quotient space
V/L(—1)V. This has the structure of a commutative algebra under the
operation u - v = Res;x 1Y (u, x)v = u_qv.

3. Modules

There are a wide variety of definitions of modules for vertex operator algebras.
This variety stems from the amount of grading assumed for a given module
and finite-dimensionality of the graded pieces (or lack thereof). Some mod-
ules are ungraded and others admit a grading by N, Q, R, or C. A N-grading
emphasizes lower-truncation, while the other gradings are given by the L(0)-
eigenvalues. With a grading in place we may impose a further restriction: the
graded pieces must be finite-dimensional.

Not only are there a variety of definitions for modules, the situation is fur-
ther muddled by different names for the same objects (e.g.,“N-graded weak ”
and “admissible”). Other adjectives modifying “module” in the literature are:
weak, strong, ordinary, lowest-weight, and generalized. Because of the vari-
ety in language and structure, an explicit description of some of the different
modules is warranted. A natural starting point is modules for vertex algebras,
which are naturally ungraded. Every vertex operator algebra is a vertex algebra
if one ignores the Virasoro vector and related axioms.

Definition 3.1. For a vertex algebra (V,Y,1), a vertex algebra module
(M, Yyy) is a vector space M with a linear map

Yy : V — End(M)|[[x, x_l]] 3.1
vi> Yy (v, x) = Zvnx_"_l. (3.2)

nez
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In addition Yy, satisfies the following:

1) vyw=0forn >>0whereve Vandw e M
2) Yu(1,x) = Idy
3) Forallu,veV,

1 X1 — X2
X 8< 0 )YM(u,m)YM(v,Xz)

1o X2 —X1
— X 8( " )YM(U,Xz)YM(u,xl)

—1 X1 — X0
=x, 4 ( > > Yy (Y (u, xo)v, x2). 3.3)

For a vertex operator algebra V = (V,Y, w, 1), we can consider objects
(M, Yy) as defined above for the vertex algebra structure of V.

Definition 3.2. A weak module for a vertex operator algebra V is a vertex
algebra module for the vertex algebra structure of V.

Weak modules for vertex operator algebras have additional structure that is
a consequence of the vertex algebra module axioms. They admit a representa-
tion of the Virasoro algebra and modules for a vertex operator also obey the
L (—1)-derivation property.

Proposition 3.3. Let V = (V, Y, w, 1) be a vertex operator algebra and M =
(M, Yp) a weak module for V.

D) Yu,x)=),c7 Ly (m)x "2 where

3

[Lys(m). Lag ()] = (m — n)Lyg (m +n) + %(Mw;,oc

2) Yy (L(=Dv,x) = LYy (v, x)forallv eV

Even with this additional structure known, weak modules of vertex oper-
ator algebras still lack suitable structure. Some grading is necessary, and in
particular a lower-truncated grading is desirable. A lower-truncated grading
guarantees the existence of “lowest weight” vectors.

Definition 3.4. A weak module M for a vertex operator algebra V is called
N-gradable if it admits an N-grading, M = EBneN M (n), such thatif v € V,
then v, M(n) C M(n+r —m — 1).

The additional structure we have imposed on these modules is a lower-
truncated grading, and we ensure that the grading is compatible with the vertex
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operator algebra action. These modules are also called “admissible” in the liter-
ature. The grading of these N-gradable weak modules differs from the grading
of vertex operator algebras in the following way. The grading of vertex opera-
tor algebra is given by the eigenvalues of L(0), while this is not necessarily true
for for N-gradable modules. A third type of module is one where the grading
is given by the L (0)-action.

Definition 3.5. A weak module M for a vertex operator algebra
V=(V,Y,1, ) is a V-module if M is C-graded with M = @, .c M)., and

1) dim(M,) < oo,
2) My 4n=0 for fixed . and n << 0,
3) LOw = Aw = wt(w)w, forw € M.

The grading has been expanded to C to account for all possible L(0)-
eigenvalues, and there is a lower truncation condition. In addition, each graded
piece must be finite-dimensional. Such a finiteness condition is not imposed on
N-gradable weak modules. One result of this finiteness condition and lower-
truncation condition for V-modules is that V-modules are N-gradable weak
modules. In practice, N-gradable weak modules have enough structure to
develop interesting theory. We will see that for Cp-cofinite vertex operator
algebras, weak modules are N-gradable as well. In his work on modularity,
Zhu used what he called strong modules. The definition of a strong module
is the same as the definition of an ordinary module except that the axiom
“dim(M,) < o0” is omitted.

It is possible to extend the definition of C,-cofiniteness to modules using
C,(M) = span{Res,x " Yy (u, x)wlu € V,w € M} forn > 2. Because there
is no creation axiom for modules, it can be interesting to extend the idea of
C1-cofiniteness to modules in the naive way.

Definition 3.6. For a vertex operator algebra V = @nzo V, and a module
M, let

c1(M) = span Resxx_lYM(u, X)w:u € @ Vi,we My .

n>0

Then M is called c;-cofinite if M /c1(M) is finite-dimensional.

This definition appears in the work of Nahm, who studied vertex oper-
ator algebras for which all irreducible N-gradable weak modules are
cq1-cofinite [Nah94]. He called such algebras quasirational. Quasirational-
ity or ci-cofiniteness of all irreducible modules is a important assumption
in Huang’s work on modular tensor categories and the Verlinde conjecture
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[Hua03] [Hua05a] [HuaO5b]. Huang’s work also requires that the algebras be
C»-cofinite, which implies c1-cofiniteness of the modules [ABD04].

4. Complete reducibility

One desirable property of vertex operator algebras that is featured in both
mathematics and physics is complete reducibility of modules, the primary fea-
ture of “rationality”. The definition differs from author to author, with each
rendition of “rationality” encompassing some minimum amount of “goodness”
needed for the author’s theory to work. The “goodness” invariably includes
some form of complete reducibility of modules and may also include some
finiteness condition, i.e., finite number of irreducible modules, the graded
pieces of irreducible modules are finite-dimensional, or even C;-cofiniteness
for some authors. Calling a vertex operator algebra or conformal field the-
ory “rational” endows that object with some physical importance, but the cost
can sometimes be misinterpretation. A common type of complete reducibility
imposed on a vertex operator algebras is the following.

Every N-gradable weak module is the direct sum of irreducible N-gradable
weak modules.

In mathematical literature, this property is sometimes called rationality, but
certainly not consistently. A clearer naming would be complete reducibil-
ity of N-gradable weak modules (in terms of irreducible N-gradable weak
modules). I will use “complete reducibility of N-gradable weak modules” to
convey this form of complete reducibility. The assumption of this form of
complete reducibility is necessary to prove many important results in ver-
tex operator algebra theory. As mentioned above, the concept of rationality
sometimes includes some finiteness assumptions. Zhu’s formulation of ratio-
nality included two additional conditions: there exists a finite number of
irreducible N-gradable weak modules, and each graded piece of an irreducible
N-gradable weak module is finite-dimensional. However Dong, Li, and Mason
demonstrated that Zhu’s additional conditions are consequences of complete
reducibility of N-gradable modules [DLM98b]. In other words, Zhu’s seem-
ingly stronger formulation of rationality is equivalent to complete reducibility
of N-gradable weak modules. In fact, the Dong-Li-Mason results imply that
complete reducibility of N-gradable weak modules is equivalent to: every
N-gradable weak module is the direct sum of irreducible V-modules. Some
vertex operator algebras feature a stronger form of complete reducibility:

Every weak module is the direct sum of irreducible V -modules.
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This property is called regularity, and examples of vertex operator algebras
that satisfy this form of complete reducibility are the Moonshine module vertex
operator algebra V*, the Virasoro vertex operator algebras L(c) 4, 0), and ver-
tex operator algebras associated to positive definite even lattices [DLM97]. We
will see that many more vertex operator algebras are regular. Zhu conjectured
that complete reducibility of N-gradable modules implies Cj-cofiniteness.
This remains an important open question. However for the stronger form
of complete reducibility, Li proved that regular vertex operator algebras are
C»-cofinite [Li99].

5. Spanning sets for algebras and modules

One of the important consequences of Cj- or C,-cofiniteness for a ver-
tex operator algebra is that the algebra is finitely generated and has a
Poincaré-Birkhoff-Witt-like spanning sets featuring desirable ordering restric-
tions.

Proposition 5.1. (¢f. [LL0O4]) For a subset S of a vertex operator algebra
V =(V,Y,w,1), the subalgebra of V generated by S is

(8) = span{uflll)---uﬁfr)ﬂr eN,uV, ... u" e SU{w)ni, ..., n €7}

Different types of spanning sets feature different restrictions on the basic

form, u,(fl) . uffr)l, of spanning set elements. Some restrictions describe how

often the index n; of or the weight of a mode uf,’l) can appear in a spanning
set element, while other restrictions limit the #)’s to certain subsets of V.
One way to think about the index restrictions on spanning set elements is
in terms of a difference condition, similar to a difference condition on par-
titions. A difference-n condition on modes means that the indices of adjacent
modes must differ by at least n. That is, for adjacent modes u,(,l,l) and uf,’;:],) i
a spanning set element, m;+1 — m; > n.

A natural question is: for a vertex operator algebra V, what sets S generate
V7 Certainly a minimal set S is desirable, and this is what Karel and Li have

explored.

n

Proposition 5.2. (c¢f. [KL99]) For a vertex operator algebra V, let X be a
set of homogeneous representatives of a spanning set for the quotient space
V/C1(V). Then V is spanned by the elements of the form

uﬁlll) e uilrr)l,

wherer € N, u®, ... u" e X, n(,...,n, € 2, anth(u}“) > 0 >
wit(uy, ) > 0.
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In addition to showing that representatives of a basis for V/C (V) generate
V, Karel and Li also show that this set is a minimal generating set of V. So
C-cofinite vertex operator algebras are finitely generated. Karel and Li also
prove an analogous spanning set for N-gradable weak modules.

Proposition 5.3. (¢f. [KL99]) For a vertex operator algebra V and an
irreducible N-gradable weak module M = €D, ., M(n), let X be a set
of homogeneous representatives of a spanning set for the quotient space
V/C1(V). Then M is spanned by the elements of the form

uﬁ,ll) . -~u§l’r)w,

where r € N, u(l),...,u(’) e X, ni,...,nr € Z, w € M(0), and Wt(u,ll])
> > wi(uy, ) > 0.
For both the algebra and module spanning sets, the ordering restriction on

the modes u,(jl) is in terms of the weight of the mode, and there is no restriction

on how often an index n; of a mode uﬁl’i) can appear in a spanning set element.
However, one can prove an alternate version of the algebra spanning set, where
the ordering restriction on the operators is in terms of the indices of modes, i.e.,

the n;’s.

Proposition 5.4. For a vertex operator algebra V, let X be a set of homoge-
neous representatives of a spanning set for the quotient space V/C1(V). Then
V is spanned by the elements of the form

“;(111)"'”3,.)1’
wherer e N, uV ... ouD e X ny,....n, €Z andny <--- <n, <0.

The proof of this algebra spanning set is the same as the proof of the Karel-Li
spanning result, since the mechanism for reordering the modes is the same.
This same mechanism is just used to impose a different ordering. It is possi-
ble to extend this spanning set to modules. Since there is no creation axiom
for modules, modes u, with n > 0 need to be limited in some way in the
expression of spanning set elements.

Lemma 5.5. Given an N-gradable weak module M = P, M (n) and X a
finite set of vectors in V, there exists T € N such that u,w = 0 foralln > T,
u € X, and w € M(0).

Proof: We have uyypw = Oforallv € V, L > 0, and w € M(0). Let
T = maxyex {wtu}. (I

In particular, if X is a set of representatives of a basis of V/C1(V) for a
C1-cofinite vertex operator algebra, such a 7' exists.
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Proposition 5.6. For a Ci-cofinite vertex operator algebra V and an irre-
ducible N-gradable weak module M = €, ., M (n), let X be a set of homoge-
neous representatives of a spanning set for the quotient space V/C1(V). Then
M is spanned by the elements of the form

u,(lll) e uflrr)w,

wherer € N, u(]),...,u(’) eX,ny,...,np €Z,weMO),andn; <---<
n, < T (as above).

Gaberdiel and Neitzke developed another type of spanning set for a vertex
operator algebra using a set of representatives of a basis of the quotient space
V/Cy(V). Though this generating set is not minimal, it does have stronger
ordering restrictions than the spanning set of Karel and Li.

Proposition 5.7. (c¢f. [GNO3]) For a vertex operator algebra V, let X be a
set of homogeneous representatives of a spanning set for the quotient space
V/Cy(V). Then V is spanned by the elements of the form

uflll) e uflrr)l,

wherer e N, u®, ... uD e X ny,....n, €Z andn; < --- <n, <O.

By enlarging the generating set, Gaberdiel and Neitzke were able to intro-
duce a repetition restriction. Each index of a mode can only appear once in the
expression of a spanning set element, or in other words this is a no-repetion
restriction on the indices of modes. One corollary of Proposition 5.7 is that
C>-cofiniteness implies C,-cofiniteness for n > 2. The converse, mentioned
above, is also true, yielding the following result.

Corollary 5.8. (c¢f. [GNO3]) If a vertex operator algebra V is C,-cofinite for
some n > 2 then V is Cy-cofinite for all n > 2.

C-cofiniteness of a vertex operator algebra is a strictly weaker condition
since the vertex operator algebra constructed from a Heisenberg algebra is C1-
cofinite, but is not Cy-cofinite.

A more natural way to view the no-repetition restriction is in terms of a
difference condition. The Gaberdiel and Neitzke algebra spanning set obeys
a difference-one condition, and the reformulation of the Karel and Li alge-
bra spanning set obeys a difference-zero condition. A natural extension
of the Gaberdiel-Neitzke result would be a module spanning set satisfy-
ing a difference-one condition. This next result is a partial solution to this
difference-one module spanning set question.
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Proposition 5.9. (c¢f. [Buh02]) For a Cp-cofinite vertex operator algebra V
and an irreducible N-gradable weak module M = @, ., M), let X be a
set of homogeneous representatives of a spanning set fo; the quotient space
V/Ca2(V). Then M is spanned by the elements of the form

u,(qll) . u,(lrr)w

where r eN,u(l),...,u(’) eX, ny,...,n €Z, we MQ), andu,l” <...<
u, < T (withT as above) wherenj_1 < njifnj < 0andn; = nji; for at
most Q indices j forn; > 0, where Q € N, and Q is fixed for V.

In this module spanning set, the modes with negative indices obey a
difference-one condition, but the non-negative modes do not. However, the
non-negative modes may repeat only a globally finite number of times. This
spanning set was useful in proving a number of results, yet it still is not a true
difference-one condition module spanning set. Miyamoto provides a further
refinement obtaining a full difference-one module spanning set.

Proposition 5.10. (c¢f. [Miy04]) For a C,-cofinite vertex operator algebra V
and an irreducible N-gradable weak module M = @nzo M(n), let X be a
set of homogeneous representatives of a spanning set for the quotient space
V/Ca2(V). Then M is spanned by the elements of the form

u,gll) e u,([r)w,
wherer e N, u®, ... u® e X, ny,...,n, €7, we M(O),andu,li1 <<

u" < T (as above).

ny

Viewed in terms of difference conditions, this means that C|-cofiniteness
implies a difference-zero condition on elements of a spanning set of a vertex
operator algebra and its modules, and C»-cofiniteness implies a difference-one
condition on elements of a spanning set of a vertex operator algebra and its
modules.

Orbifold theory and twisted modules are important aspects of the repre-
sentation theory of vertex operator algebras. A paper by Yamauchi [Yam04]
addresses twisted modules, and the full statement of his difference-one
spanning set theorem applies in this larger generality.

Again an underlying assumption in this exposition is that the vertex oper-
ator algebras are of CFT-type. Miyamoto’s result is true for vertex operator
algebras that are not of CFT-type [Miy04]. In particular, he assumed that
V =@,-¢ Va, but Vg not necessarily one-dimensional.
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6. Finiteness Results

As mentioned in previous sections, C»-cofiniteness implies the finite-
dimensionality of many quotient spaces of the algebra and implies the exis-
tence of a finite generating set for the algebra. The assumption of C;-finiteness
has implications for the representation theory of vertex operator algebras
beyond the difference-one module spanning set.

Theorem 6.1. Let V be a C-cofinite vertex operator algebra. Then:

1. V has finite number of irreducible V-modules up to isomorphism.
[KL99]

2. Weak modules for V are N-gradable weak modules.[ABD04]

3. Irreducible N-gradable weak modules for V are irreducible V -modules.
[KL99]

4. Irreducible weak modules for V are irreducible V -modules. [ABDO4]

5. The associative algebra A(V) is finite-dimensional.

Practically, this means that under the assumption of C,-cofiniteness, we
do not need to be concerned about the myriad types of modules. The weak-
est definition of modules is sufficient, as weak modules are gradable and
lower truncated. Further, any irreducible module has a grading given by
the L(0)-action and each graded piece is finite-dimensional. Some of these
results were extended by Miyamoto, in his extended generality described
above.

Theorem 6.2. [Miy04] For V a vertex operator algebra, the following are
equivalent:

1. 'V is Cy-cofinite.

2. Every weak module is a direct sum of generalized eigenspaces of L(0).

3. Every weak module is an N-gradable weak module M = €, ., M (n)
such that M (n) is a direct sum of generalized eigenspaces of L(0).

4. V is finitely generated and every weak module is an N-gradable weak
module.

In light of this, we see that Cj-cofiniteness is equivalent to all mod-
ules having suitable properties for an interesting representation theory, with
the lone exception of complete reducibility. However, the assumption of
C3-cofiniteness unifies notions of complete reducibility.

Theorem 6.3. [ABDO04] [Li99] For a C»-cofinite vertex operator algebra V,
the following are equivalent:
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1. Every weak module for V is the direct sum of irreducible V -modules.
2. Every N-gradable weak module is the direct sum of irreducible
N-gradable weak modules.

In particular, this means that all known vertex operator algebras with com-
plete reducibility of N-gradable weak modules are regular. Theorem 6.1 should
be compared with the following theorem for vertex operator algebras with
complete reducibility of N-gradable weak modules.

Theorem 6.4. Let V be a vertex operator algebra for which every N-gradable
weak module is the direct sum of irreducible V -modules. Then:

1. 'V has a finite number of irreducible V modules up to isomorphism.
[DLM98a]

2. Irreducible N-gradable weak modules for V are irreducible V -modules.
[DLM98a]

3. The associative algebra A(V) is semisimple and finite-dimensional.
[DLM98c]

This is compelling evidence that complete reducibility of N-gradable weak
modules and Cp-cofiniteness are somehow related. Zhu conjectured that
complete reducibility of N-gradable weak modules implies C»-cofiniteness
[Zhu96]. The converse of this conjecture has been disproved. Building on the
work of Kausch and Gaberdiel [GK96], Abe and Carqueville-Flohr construct
examples of Cp-cofinite vertex operators for which there exist N-gradable
weak modules that are not completely reducible. Specifically, Abe constructs
a family of C»-cofinite vertex operator algebras with central charge —2d for
d € Z4 with reducible indecomposible modules [Abe]. Carqueville and Flohr
prove that the vertex operator algebras constructed from the triplet algebras
¢p,1 are Ca-cofinite and also have reducible indecomposible modules [CF06].
However Zhu’s conjecture as to whether complete reducibility of N-gradable
weak modules implies C»-cofiniteness remains open.
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Abstract

A new conjecture due to John McKay claims that there exists a link between
(1) the conjugacy classes of the Monster sporadic group and its offspring,
and (2) the Picard groups of bases in certain elliptically fibered Calabi-Yau
threefolds. These Calabi-Yau spaces arise as F-theory duals of point-like
instantons on ADE type quotient singularities. We believe that this conjec-
ture, may it be true or false, connects the Monster with a fascinating area of
mathematical physics which is yet to be fully explored and exploited by mathe-
maticians. This article aims to clarify the statement of McKay’s conjecture and
to embed it into the mathematical context of heterotic/F-theory string-string
dualities.

1. Introduction

John McKay has observed a remarkable connection between the three spo-
radic groups: the Monster, the Baby Monster, the Fischer group, and the three
affine Dynkin diagrams: Eg, E7, E¢ [McK80]. Let us present this statement in
more detail, following Borcherds [Bor02, BorO1] and Glauberman and Norton
[GNO1].

The Monster group M has a total number of 194 conjugacy classes, two of
which contain elements of order 2; we denote them by 2A and 2B. The class
2 A is the conjugacy class of the Fischer involution in M so that its centralizer
is a double cover of the Baby Monster B. There are 9 conjugacy classes of M
which can be written in the form [##;],i =0, ..., 8, with ¢, #; of type 2A. The
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ordersof tt; € Mare 1, 2, 3,4, 5, 6,2, 3, 4, numbers which are familiar as the
numbers which label! the affine Dynkin diagram Eg.

The Baby Monster B has 5 conjugacy classes of elements which can be
written as a product of two elements of type 2A. These have orders 2, 4, 3,2, 1,
the numbers labeling the affine Dynkin diagram Fj4. The diagram is related
to the affine Dynkin diagram of Eg as follows: Omitting the node labeled 2 on
the left side of the diagram in the latter gives the E7 Dynkin diagram, which
we then extend to get its affine version. Folding this by its Z; automorphism
gives the affine Dynkin diagram of F4. On the level of the associated sporadic
groups the omission of the node labeled 2 corresponds to taking the centralizer
of an element of type 2A in M, which gives the Baby Monster B.

The Fischer group Fip4 has 3 classes of elements that are products of two
elements of type 2A. The orders are 2, 3, 1, the numbers labeling the affine
Dynkin diagram of G»,. This diagram is obtained from the affine Dynkin
diagram of E¢ via a folding under a symmetry of order 3.

John McKay has pointed out another mysterious appearance of the num-
ber 194 of conjugacy classes of the Monster, together with various Eg’s. 194
occurs as the Picard number of the base in an elliptically fibered Calabi-Yau
3-fold with section, which was studied by Aspinwall, Morrison, and Katz
[AM97, AKMOO] in the context of the so—called heterotic — F-theory duality.
The 3-fold is the F-theory dual of the Es x Eg heterotic data consisting of 24
pointlike instantons in an Eg quotient singularity on a K3 surface. This is the
most degenerate situation of a heterotic — F-theory pair: The maximal number
of pointlike instantons is moved into the worst possible quotient singularity on
K 3. Moreover, on the F-theory side, our 3-fold has Euler characteristic 960,
the current record among Calabi-Yau 3-folds. McKay’s observation adds that
on the F-theory side we also find the maximal number of conjugacy classes of
a sporadic group . . . Though the evidence may be scarce, if McKay’s numerol-
ogy is true, then this points to a very interesting connection: surface orbifold
singularities for the exceptional simply-laced Dynkin diagrams should cor-
respond to elliptically fibered Calabi-Yau 3-folds over rational surfaces with
Picard number equal to the number of conjugacy classes in the three sporadic
simple groups.

Motivated by these observations, we originally set out to prove or disprove
McKay’s conjecture. Using the results of [AM97] it is not too hard to see that

1 In terms of representation theory, if o, ..., ag denote the fundamental roots in a chosen
root system for Eg, and if «q is the negative of the maximal root of the system, then
8
there exist integers cg, ¢y, ..., cg with cg=1, so that Zciai =0. Here (cg, ..., cg) =
i=0
(1,2,3,4,5,6,2,3,4).
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the conjecture at least needs refinement, since 24 pointlike instantons on other
ADE type singularities under the heterotic — F-theory duality do not produce
any convincing numerology. In fact, because F4 and G, are non-simply laced
but give the Dynkin data corresponding to the Baby Monster and the Fischer
group, any naive attempt to collect further evidence for McKay’s conjecture by
placing pointlike instantons on other rational double points was bound to fail.
We will briefly comment on possible remedies in the Conclusions. However,
instead of ending this work here by announcing that McKay’s conjecture as
yet awaits confirmation by further data points, we prefer to report on the fasci-
nating areas of mathematical physics which this very conjecture relates to: On
our journey we quickly got entangled in the amazing features of string-string
dualities. Though friendly giants have not yet been sighted, pointlike instan-
tons will certainly make their appearance in this work. In summary, the reader
should be warned that the title of this work can be misleading: It honestly states
the outset of this project but does not reflect the fact that the pointlike instan-
tons or rather the heterotic — F-theory duality which supposedly confronts them
with the friendly giant is playing the main part in our study. We aim to give a
mathematical account of some foundations of string-string duality and include
some of the open questions which we plan to address in future work. Much
of our discussion is collected from the vast literature on this topic. However,
we attempt to carefully separate physics lore from mathematical derivations, to
pinpoint the open questions, to explain computations in algorithmic form, and
to illustrate them with examples where appropriate, in a form which is not yet
available in the literature. A number of original observations are found in this
work, but on the large this is a review article. We hope to convince the reader
that this field of mathematical physics deserves more attention than it has so
far received from mathematicians.

The paper is organized as follows:

In Section 2 we present aspects of heterotic Eg x Eg and type IIA string the-
ory which are relevant for our later discussion. The main focus is on the form of
the massless spectrum; we describe first the massless spectrum of the D = 10
theories, and then its modification as we compactify to a lower dimensional
theory. We treat the cases when the compactifying manifolds are K3 surfaces,
T*, K3 x T2, and smooth Calabi-Yau 3-folds, and in each of these cases we
determine the numbers ny, ny, ng of linearly independent vector-, tensor-,
and hypermultiplets in the massless spectrum. More precisely, we study care-
fully the behavior of the Yang-Mills multiplet in 10-dimensional heterotic
theories under compactification. We modify an Atiyah-Hitchin-Singer index
theorem [AHS78, Thm. 6.1] to relate the multiplicities arising in this context
to the dimensions of the moduli spaces of anti-selfdual connections on Eg-
bundles over K3. These moduli spaces must have non-negative dimensions
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to yield consistent theories, imposing bounds on the instanton numbers of the
bundles in play. Although these observations must be known to physicists, we
have not been able to find explanations, along the lines we are giving, in the
literature. We also discover a correction to the count of neutral versus charged
massless hypermultiplets which seems to have escaped mention so far.

In Section 3 we discuss the anomaly cancellation condition, which in
physics arises as a consistency condition for string theory. Our focus is the
heterotic Eg x Eg theory compactified on a K3 surface, where this condition
takes the form

ng —ny + 297 = 273.

We give two ways to derive it: (1) directly on the space-time, and (2) on the K3
surface by employing a purely index theoretical argument. It is not clear from
the literature whether the physics community is aware of the equivalence of
(1) and (2). We end the section by discussing a number of examples. Similar
(and more extensive) collections of examples have appeared previously, see
particularly [BIKT96]; our list is representative in view of the later comparison
to purely geometrical techniques which are shown to reproduce the numbers
ny,ny,nt in Section 5.3.

Section 4 presents first the conjectured duality between heterotic and type
ITA theories. In the so—called F-theory limit a duality is induced between
heterotic Eg x Eg string theory compactified on a K3 surface and F-theory
compactified on a Calabi-Yau 3-fold which is K3-fibered. The existence of
such a limit with the desired properties requires the Calabi-Yau 3-fold to be
elliptically fibered, with a section, over a rational surface. The duality predicts
that the numbers of linearly independent vector-, tensor-, and hypermultiplets
of two dual theories agree.

In Section 5 we analyze the implications of this conjecture from the per-
spective of the geometry of the elliptically fibered Calabi-Yau 3-fold, and
we explain how the above mentioned anomaly cancellation condition (on the
heterotic side) induces a classically unknown relation among the geometric
invariants of the Calabi-Yau 3-fold (on the F-theory side). The significance
of this interpretation of the duality was first observed in [GMO03]. We give a
detailed summary of this latter work. Particularly, incorporating the more gen-
eral results of [Mir83], we describe an algorithm to calculate the Euler numbers
of these Calabi-Yau 3-folds. This includes a brief discussion of “charged hyper-
multiplets”, together with some new evidence for the geometric realization
of these mysterious structures. We plan to give a more complete construc-
tion in the near future. We end this section by presenting examples where we
check that in each case the results match the data on the heterotic side. We
also include examples where the heterotic analysis is impossible, because the
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bundles degenerate in a way which still needs to be understood: the case of
pointlike instantons on ADE type quotient singularities on a K 3 surface which
was pioneered in [AM97]. We give details of the geometric analysis on the
F-theory side, most of which must have been known to the authors of [AM97],
but which have not appeared elsewhere.

We conclude with a discussion in Section 6 where we take stock of our
results, relate them back to McKay’s conjecture, and suggest some further steps
to take.

Two appendices summarize background material on Rarita-Schwinger fields
and on characteristic classes, particularly for K3 surfaces.
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2. Vocabulary from heterotic and type ITA theories

Let us present some of the standard lore of superstring theory. Consistency
conditions require one to work on a ten-dimensional real space-time with
Minkowski signature, where there are five basic theories: two A/ = 2 (type
IIA and type IIB), and three A/ = 1 theories (heterotic Eg x Eg, heterotic
S0(32), and type I). At first level the difference between these theories is
given by the number N of supersymmetries, and by their “massless field con-
tent”. In fact, when space-time is the ten dimensional Minkowski space, then
this information is sufficient to tell the five theories apart, and since we are not
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capable to address string theory in general, we will focus on issues related to
these massless particles.

Interesting structure arises when the space-time is of the form M 1P~ x x4,
where d + D = 10, M"P~1 is flat D-dimensional Minkowski space, and
the “internal” X? is a real d-dimensional manifold which admits Ricci-flat
Kihler-Einstein metrics. On M2~ it is convenient to work with light-cone
coordinates, i.e. with x* = (x®£xP~!) /2 and the remaining (D — 2)
transverse directions, which are space-like. The massless particles are labeled
by irreducible representations of Spin(D — 2), the double cover of the little
group SO(D — 2), which acts on the transverse directions. Both have the same
Lie algebra so(D — 2) which we shall use for convenience from now on.

In this section we describe the massless field content of our main protago-
nists, namely the type IIA and heterotic Eg x Eg string theories. We do this
first on M'-? and then compactify to MP~1 x X7 with D = 6 and D = 4,
respectively.

Much of this section consists of standard material [GSW87, Pol98]. Our
exposition aims to present the mathematical details, some of which we have
not been able to find explicitly in the literature.

2.1. Massless spectrain D = 10

As stated above, massless particles in 10 dimensions are given by irreducible
representations of so(8). Let 8,, 84, 8_ denote the real vector, the positive,
and the negative real spinor representation of so(8). Spinors transforming in
8. are called Majorana-Weyl spinors (see e.g. [Pol98, II, Appendix B] for a
useful account on spinors and supersymmetry in various dimensions). Recall
that8,, 8, 8_ are related to one another by the triality automorphism of s0(8)
[Stu03]. For each of the superstring theories, the massless particles arise as
tensor products of “left” and “right moving” representations, where the left
hand side is always 8, @ 8.

Type IIA for D = 10

In type IIA theories the massless spectrum is (8, ® 84) ® (8, ® 8_). Expand-
ing into irreducible representations of so(8), one has the explicit field content,
organized into four sectors with the following standard notations:

the NS-NS sector: 8,88, = 35028®1 — gun®Bund¢
the R-NS sector: 8,®8, = 56, d8_ — \I/;f, ev

the NS-R sector: 8,98 = 56_®8. — VY, pUT

the R-R sector: 8. R8_ = 56,88, — Cyunp ®Cuy

2.1.1)
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Here, gy gives the metric on M2 up to scaling and is called the graviton;
the 2-form Byy on M9 is the B-field?; the scalar ¢ is the dilaton; the two
fields \Dli in the 56, are the Majorana-Weyl gravitinos of opposite chiralities;
the W¥ are Majorana-Weyl dilatinos; Cyy y p is called RR 3-form, Cj; is an RR
1-form. The graviton has spin 2, all p-forms have spin 1, while the gravitinos
have spin % and pure spinors have spin % The fields ‘-IJAi,I with spin % carry
both vector and spinor indices; in the physics literature such fields are called
Rarita-Schwinger fields, see Appendix A for more details.

Remark. Consider the group Spin(n) (or Spin(1, n + 1)). If n = 0(mod4) then
the smallest real irreducible representation of the real Clifford algebra Cl(n)
decomposes into two inequivalent representations. On the other hand if n =
0(mod2) then the smallest irreducible complex representation of the complex
Clifford algebra Cl(n) decomposes into two inequivalent complex irreducible
representations. If these last two representations are self-dual, and if they allow
areal structure such that their real part is a real spin representation, then spinors
in those real representations are called Majorana-Weyl spinors (for Spin(n),
these are normally called pseudoreal, but we will not make this distinction).
From Bott periodicity and the classification of these representations for small
n, it can be seen that the condition for the existence of Majorana-Weyl spinors
is a dimensional one: n = 0(mod8). For example, for Spin(8) let 8+ denote the
real spin irreducible representations of real dimension 8, and let Sg denote the
complex spin irreducible representations. Then the Majorana-Weyl condition
gives that

80 =8.9rC, 8. =Re(8). (2.1.2)

Heterotic Eg x Eg for D = 10

The massless spectrum of heterotic G g = Eg x Eg strings is (8, #8,)X(8, &
Ad(G1p)), such that there is supersymmetry only on the left hand side, with
the following two irreducible representations of the N' = 1 super Poincaré
algebra:

R(10) : (8, ® 8,)®8,
Y(10): (8, ®8;) ® Ad(G10)

3502801 @ 56, BS_

(8, ® Ad(G10)) ® (8+ ® Ad(G10))
— Ay @ AT

2.1.3)

The irreducible representations of the super Poincaré algebra along with their
decomposition under so(D — 2) are commonly called supermultiplets. Above,

2 The B-field is only locally given by a 2-form, as shall be of importance in Section 3.2.1. For the
time being, however, we can safely view Bjsy as a 2-form on M L9
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R(10) is the supergravity multiplet, which agrees with the NS-NS plus the
R-NS sector of type IIA, containing the graviton gusy, the B-field Bysy, the
dilaton ¢, the gravitino W}, and the dilatino W ~. Second, ¥ (10) is the super-
Yang-Mills multiplet, where Aj, is a gauge field, i.e. a connection 1-form on
a principal Go-bundle on M'°. For definiteness we always identify the spin
connection with the gauge connection. The superpartner A1 of Ay is called
gaugino and is a positive spinor on M!-? with values in the adjoint represen-
tation of G1g9. We will see later that under compactification to K3 anomaly
cancellation forces the instanton number of the connection A to be 24, see
(2.2.22) and Section 3.

2.2. Compactification

Let us now “compactify” d dimensions, that is consider the above-mentioned
MLDP=1 5 x4 as background for our strings. We will refer to M1P~1 as
space-time, and here assume that the compact space X is smooth. Space-time
indices are denoted by s, v, while coordinates on X< are indexed by i, j. We
summarize the discussion in [GSW87, 11, p. 366 ff].

The massless fields of the ten-dimensional theory decompose under the
action of so(D — 2) @ so(d), and we view the components as fields on the
Minkowski space M!-P~1_ At the same time they give sections in certain fiber
bundles on X9, depending on the type of field under consideration, together
with associated geometrical differential operators, which can be of Dirac-type,
Laplacians, or Yang-Mills or Einstein linearizations. These operators are “mass
operators”, and massless fields are characterized as sections in their kernels.

As a representative case consider spinor fields and the corresponding Dirac
operator. The above tells us that we need to calculate the kernel of a Dirac
operator Jp on X. In fact, pairs of elements of opposite helicity in this kernel
can conspire and acquire mass, and it is believed that they tend to do so in
nature unless a large gauge group remains unbroken, see [GSW87, II, p. 368].
Hence generically to calculate the dimension of the space of massless spinors
we determine the index of the appropriate Dirac operator on the compactify-
ing manifold X: This index gives the number of independent solutions to the
massless equations of motion which cannot become massive. In other words, a
positive index of Jp implies that, when viewed as fields on X, we have ind D
massless fields having positive chirality, while a negative index implies that we
have (—ind P) massless fields of negative chirality.

Similar comments hold for the other fields: Rarita-Schwinger fields,
p-forms, gauge fields, or gravitational fields, where p-forms give massless
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fields iff they are harmonic. Some massless fields satisfy linear equations and
these are easy to figure out using the appropriate index theorem on the com-
pactifying manifold X. On the other hand, there are fields like the gauge fields
and the gravitational fields which satisfy non-linear equations [GSW87, II,
p. 398]: the Ricci-flat Einstein equation for the metric, and the Yang-Mills
equation for the gauge fields. To count the number of independent massless
solutions, one considers the kernel of the linearizations of these operators
around a solution.

2.2.1. CompactificationtoD = 6

Consider superstring theory on M3 x X*. We need to decompose 8,, 8,
and 8_ under the action of s0(4) @ s0(4) C s0(8). The vector representation
decomposes as

& =4 1Ho1,49

where 4 is the natural 4-dimensional vector representation of so(4). To fig-
ure out how the spinor representations decompose we need to look first at the
decomposition of the complexifications. Under s0(4) & so0(4) we have

8¢ = 25,29 @ (2525, 8€ =525 @ C 2D,

where ZS are the complex irreducible spin representations of so(4), which have
complex dimension 2 each. There are also two real irreducible spin represen-
tations 44 of so(4) of dimension 4 each, which are related to the respective
complex spin representations by

4. =Re(2§®CH). (2.2.1)
The above and formula (2.1.2) give
8+ - 4++ D 4__ ) 8_ == 4+_ D 4_+,

where the double indices refer to the behavior of the real four dimensional
representations under the respective so(4) actions.
To summarize, under so0(4) @ so(4) we have

8, =4 Do, 8i=dpoe@), 8_ =4 ) @_4).
2.2.2)

Below, we determine the massless field content arising from compactifica-
tion of ten-dimensional string theories to six dimensions. These fields are
conveniently grouped into supermultiplets of the respective superalgebras.
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The following multiplets can arise in our setting [Sei88], where we give the
contribution from each irreducible representation of the space-time-so(4):

e in six-dimensional theories with N = (1, 1) supersymmetry,

supergravity multiplet: bosonic: (9 @44 & 31) D 3-)d (1),
fermionic: (12,) ® (12_) ® (44) © (4_),
matter multiplet: bosonic: @ ®41),
fermionic: (44) ® 4_);
(2.2.3)

e in six-dimensional theories with A" = 1 supersymmetry (notations as in
[Wal88, Sch96])

R(6) supergravity multiplet: (9) ® (124) © 34+) — gu ® ¥,} © B,
T (6) tensormultiplet: BoHroedHe 1) — B, &y @&,
H (6) hypermultiplet: 41 4-) — 40* D x~,
V(6) vectormultiplet: @ e @4y) — A, At

(2.2.4)

We explain below how the first situation arises in the cases of type IIA theory
compactified on K3 and heterotic E3 x Eg compactified on T*, while the
second situation arises in the case of heterotic Eg x Eg theory compactified
on K3.

Type ITA on K3

Let us assume that X* is a K3 surface and consider type IIA strings on M3 x
X*, which yield an N’ = (1, 1) supersymmetric theory. The NS-NS sector in
(2.1.1) gives under so(4) @ so(4):

8,88, = (4.1 & (1,4)@(4.1) ® (1,4)
=90.De@4Hd1,109)
=35
®GBre3_Do@d o3, @3 )a1).
o =

Here we use the decomposition of the 6-dimensional representation A2(R*) of
50(4) into the two irreducible representations A2i of dimension 3.

At the level of fields this means that the graviton g7y, which transforms in
the 35 of s0(8), decomposes into

EMN —> &uv D gui D &ij
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where the six-dimensional graviton g,, gives the metric on the transversal
directions of M3 up to scaling (a spin 2 field), gui are 1-forms (spin 1 fields),
and g;; are scalar fields (spin 0) on M 1.5 To count the dimension of the spaces
of corresponding massless fields we need to consider each component as a
section of a bundle on K3. g, yields a scalar on K3 which is automatically
massless. Hence g, gives one massless field in the 9 of s0(4). Since K3 has no
closed one-forms, g,,; generically can only contribute to the massive spectrum.
To first order in perturbation theory the scalars g;; are the components of a
Ricci-flat metric on X. The kernel of the linearized Einstein equation around
gij gives the corresponding massless fields. The dimension of this kernel is 58,
the real dimension of the space of Einstein metrics on K 3.
Analogously, the B-field By decomposes into

Bun — B, ® B, ® B © B, ® B, ,

where B, and B, are selfdual and respectively anti-selfdual 2-forms, B,,; a
1-form and B;; scalar fields on M L3, The Bljfu give massless fields in the 34
of s0(4), and the one-forms B,; become massive. The Bl.j; give two-forms on
K 3. The space of closed two-forms on K 3 is 22 dimensional, such that the Bij;
contribute a 22-dimensional space of massless scalars to the spectrum, called
the B-field parameters.

The scalar dilaton in the 1 of s0(8) descends to a scalar dilaton ¢ in the 1 of
50(4).

In the R-NS sector, to decompose 56, @ 8_ = \I/A‘; @ W it is again
convenient to look at the complexifications:

565 — (65,25) @ (65,2°) @ 2%, 2@4%) @ 25, 2C240),
8C — (2€.25) @ 25.25),
v — vrent ® yrenm & xteyl & x ey .
VT —yTenteyten.
where we use 2§ ® 4© = 65 @ ZE as representations of so(4). In the real

setting this corresponds to 41 ®4 = 124+ @ 4, where 124 = Re(6£®@2).
In the NS-R sector we similarly have:

56— (65,25) @ (6%,25) @(2C, 2C@4%) @ (2T, 2C04C),
8¢ — (25,25 @ (2C,29),

vy — v ont @ yion @ x eyl e xteyr,
vt —ytenrteyTen .
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The massless fields arise as spinors in the kernel of the respective Dirac opera-
tors on K 3, and the dimension of the space of massless spinors is given by the
index of that Dirac operator. To obtain the number of independent gravitinos
wlf we use

ind 12):/ A(Ro) =2
X

with Ry the Riemann curvature tensor on X. This means that the space of
solutions to the massless field equation Py = 0 which cannot become mas-
sive has complex dimension 2. From (2.2.1), a pair of two complex spinors in
the kernel of P gives one positive chirality Rarita-Schwinger gravitino. Hence
we get one positive chirality Rarita-Schwinger gravitino w,f from \I/;; and
one negative chirality Rarita-Schwinger gravitino v, from W}/, respectively.
The same index calculation also shows that the ten-dimensional dilatinos
WT contribute six-dimensional dilatinos v ¥. The fermions x* coming from
the ten-dimensional gravitigos \Pf are governed by the index of the Rarita-
Schwinger Dirac operator g on sections of S* ® T*X, where ST denote
the spinor bundles on X. By (B.9) we have ind (bRS) = —40, amounting to
20 negative chirality spinors x~ coming from \Il;f[ and 20 positive chirality
spinors x * coming from W,
In the R-R sector we finally have:

56, — 4, 1)e3B3+03-. 904,303 )(1,4), 8 — 4 1)d1,4),
CunP —>Cuvp® Cuyi & Cuij & Cijr, Cy— Cu & (.

The space-time two-forms Cy,; and the zero-forms C;jx, C; give one-forms
and three-forms on K3 respectively; generically they are massive since there
are no harmonic one-forms or three-forms on K3. Massless fields arise from
the three-form C,,,, and from the one-forms C,;;, C,, which are zero-forms
and two-forms on K 3, respectively. Since the spaces of closed zero- and two-
forms on K3 are one- and 22-dimensional, in total we get a 24-dimensional
space of massless fields, all of which transform in the 4 of so(4). In
summary,

Proposition 2.1. The massless spectrum of type IIA strings compactified to six
dimensions on an internal K3 surface contains 1 graviton g, in the (9), 81
(linearly independent) scalars g;;, Bij, ¢ in the (1), a selfdual and an anti-
selfdual Bljfv in the (31), 2 gravitinos 1//11—L in the (121), 2 dilatinos YT in the
(45), 40 fermions xT in the (4+), and 24 vectors Cuvps Cuij, Cy in the (4)
of s0(4). They are grouped into supermultiplets according to (2.2.3), where
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for definiteness we set C := (Cpup, C;(in’jO) , Cl(g’jz), C,) with the superscripts

indicating the Dolbeault grading of the cohomology of K3:

1 x (supergravity multiplet) :
O ed2p)e2)e4doG oG ledped )ed)
&u)® V) & v, & C ®B/, 0B, v dy & ¢

20 x (matter multiplet) :
80(1) 420(4) p20(4+)® (4-))
(gij,Bij)EBCl-(}'l)GB xt o @ex

Heterotic Es x Eg strings on K3
We now follow [Wal88, p. 379], changing the chiralities in ten dimensions to
satisfy the conventions in [GSW85] and adding in further details.

We again assume that X% is a K3 surface and consider G19 = Eg x Eg
heterotic strings on M !> x X*. This means that M3 x X* carries a gauge
bundle £ with holonomy G 1¢. The field Ay in the Yang-Mills hypermultiplet
Y (10) of (2.1.3) yields its connection. To compactify we also need to assume
that the holonomy of £ decomposes into a product H x K C Gjg with H
the holonomy of £ viewed as a bundle on M3 and K the holonomy of £
viewed as a bundle on X*. This is detailed and used below (2.2.6). Viewed as a
bundle on X, for reasons of consistency the connection of £ is Hermitian-Yang-
Mills, where the Donaldson-Uhlenbeck-Yau theorem [Don85, UY86] states
that equivalently £ is semi-stable. Since X is a Kdhler manifold of complex
dimension 2, Hermitian-Yang-Mills connections are precisely the anti-selfdual
(ASD) connections.

We have listed the massless ten-dimensional multiplets of heterotic strings
in (2.2.4), so a general theory has massless spectrum

R(6)@®nr T(6) ®ny H(6) ®ny V(6), (2.2.5)

where we need to determine nr, ny, ny.

If we are compactifying a theory which possesses a Lorentz-invariant action,
then self-dual and anti-self dual two-forms B;jfu are paired up, hence there is
only one tensormultiplet, n7 = 1 [DHVWS85, DHVWS86]. This is the case
we focus on first. On the other hand, a general theory need not arise from
compactification, and ny > 1 is allowed.

The supergravity multiplet R(10) of (2.1.3) agrees with the NS-NS plus
the R-NS sector of type ITA. Hence to compactify to six dimensions we can
use the previous results obtaining as massless fields: g,,, the graviton in the
(9), 81 scalars g;;, B;;, ¢ in the (1), selfdual and anti-selfdual two-forms va



68 Anda Degeratu and Katrin Wendland

in the (31), a gravitino w;[ in the (124), a dilatino ¢~ in the (4_), and 20
fermions x ~ in the (4_). A quick glance at (2.2.4) reveals that the ¥ —, x~ can
either belong to a tensor or a hypermultiplet. However, we know that we need
to produce precisely one tensormultiplet, so we can safely assume that ¥~
resides in the tensormultiplet, while the x ~ live in hypermultiplets. Altogether
we have listed the content of the following multiplets:

R(10) —> R(6) & T(6) ® 20H (6). (2.2.6)

To determine ny, ny in (2.2.5), note that the chirality of the fields y —, AT
respectively distinguishes hypermultiplets from vectormultiplets, the only two
types of multiplets that are left for Y (10) to contribute to. Hence it suffices
to consider the reduction of the only fermionic field A" in the super-Yang-
Mills multiplet ¥ (10) of (2.1.3). The gaugino A ¥ is a positive spinor on M!-?
with values in the adjoint representation of the gauge group G19 = Eg x Eg
of the ten-dimensional theory. On reducing from ten to six dimensions the
gauge group is broken to some subgroup H = H'! x H> C Eg x Eg with
H' C Eg, while the components A; of the gauge field A with K 3 indices, the
Higgs bosons, acquire expectation values in K = K!' x K? C Eg x Eg, with
K' C Eg the maximal simple subgroup of the centralizer of H'. This means
that the gauge bundle £, which we always view as a sum of two Eg bundles
&', gives a K -principal bundle on K 3 with curvature taking values in adj(K).
The adjoint representation of Eg now decomposes under each H' x K' as

adj(Es) = P Li®Q), = (adj(H") ® 1) e P (LZ@Q;), 2.2.7)
aeA! aEAinatter

where L! and Q! are representations of H' and K'. In particular,

> dim Q] -dim L], = Z dim Q' - dim L! — dim (H")

aEAinatter aEAi
= dim (adj(Eg)) — dim (H') = 248 — dim (H").
(2.2.8)
Representations with labels in A’ ., comprise the so-called matter multi-

plets. Here 1®adj(K') gives the neutral matter multiplets, and all other L} ® Q’,
with a € Al ., give charged matter multiplets. We have

AT = Z (Kii®ﬂii+k;i®n;i>, (2.2.9)
i,acAl

where A;ti is a section of S;—; ® LZ, and naii is a section of Si®QZ, with
Sﬁi,l, S the spinor bundles on M and X, respectively. To determine the net
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number of massless fields we need to calculate the index of a Dirac operator
Do: ST® EiQ -5 ® é’iQ on K3, twisted by a K’-bundle 5iQ corresponding
to the representation Q of K'. Since

ind (Do) = —ind (Pg+),

the index vanishes if Q is a real (or pseudoreal) representation. For complex
representations Q we have

ind (Pg) = /X A(Ro)ch(Q).

where Ry is the Riemannian curvature of the K3 surface and ch(Q) is a form
in the induced curvature Fy of the associated bundle £ lQ See Appendix B for
further details on characteristic classes.

In general for a simple Lie group G with Lie algebra g, for any G-bundle
E b corresponding to a representation Q of G we introduce the first Pontrjagin

class pl(EiQ):

; 1
p1(EY) = —@/XTrace o (FD). (2.2.10)
Then expansion of ch(Q) yields
. . - l 2 (B.S) . i
ind(Pg)=dimQ | A(Rp) — o3 Trace g(Fy) =" 2dim Q + p; (SQ).
X 8= Jx

2.2.11)

Next, following [AHS78] for any G-bundle on X the instanton number is
given by

. 1 1

T 872202(G) Jx
where ¢2(G) is the dual Coxeter number of G. It is important to note that the
instanton number is a topological invariant of the bundle. If the holonomy is a
proper subgroup of G, then the instanton number is also equal to the expression
on the right hand side of (2.2.12) where G is replaced by the holonomy group
and g by its Lie algebra. Hence the expression (2.2.12) could be used as the
definition of the dual Coxeter number c3(G). Now with £ the Lie algebra of
K, the instanton number of the Eg-bundle & is

1 |
K=—— [T ,-Fzz——/T F2).
872 ZCQ(K’)/X race ¢ (F0) = g3 30 (g ), Trace s (F0)

Since c2(Eg) = 30 and by (2.2.10) we thus have

Trace g(F3), (2.2.12)

p1(E) = —60k'. (2.2.13)
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Using the so—called index ind (Q) of the representation Q, which is defined by

; ind (Q)
VY, Zet: T YoZ)= -
S race g(¥Y o Z) o (K)

Trace yi (Y o Z),

we moreover get
p1(Ep) = —2k" ind (Q). (2.2.14)
Hence (2.2.11) yields
ind (Do) = 2dim (Q) — 2k" ind (Q). (2.2.15)

This number is related’ to the dimension of the moduli space of irreducible
ASD connections on €iQ: The moduli space is either empty or has the
hyperkéhler dimension

k' ind (Q) — dim (Q). (2.2.16)

The proof is essentially identical to the proof for the analogous theorem
[AHS78, Thm. 6.1], with the only modification that now we work with ASD
connections on a vector bundle & [Q

In order to complete the counting of the various multiplets below, we note

. (2.2.10) 1
pi(E) = ) K3Traceeg(F02)
2.2.7) . ; 1
( = — Z dimL} - 52 s Trace oi (FO2)
acAl
2.2.14 ; ; ;
2219 i Z dim L’ -ind (Q).
acAl

Since Al ., differs from A’ only by L! =adj(H'), with Q) =1 and

ind (1) =0 this gives
K Z dimL! -ind (Q!) = k' Z dimL! -ind (Q})
aEAinatter aeAi
_piE) 22.13)
> =

Finally returning to the reduction of the ten-dimensional gaugino A™ under
compactification to six dimensions in (2.2.9), we set

N(L)) := % ind (Pg; ) @215 4 Q) —k'-ind (Q!), (2.2.18)

30k (2.2.17)

3 This and the derivation of (2.2.19) following Proposition 2.2 is present between the lines in the
physics literature, but we could not find it phrased out explicitly.
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where we have taken into account that pairs of spinors have to be considered
in order to count Weyl spinors. As discussed at the beginning of Section 2.2, if
N(L!) is positive, then we have positive chirality spinors from the Minkowski
point of view, i.e. using (2.2.4) there are N (LZ) vectormultiplets in the rep-
resentation Lfl of the unbroken gauge group. If N (Lfl) is negative, then
accordingly we have (—N (LZ)) hypermultiplets in the representation LZ of
the unbroken gauge group. In particular, N (adj(H'")) = 1. For all other labels
a € Al ers b (2.2.16) we know that (—N(L!)) gives the dimension of the
moduli space of ASD connections on £’ ;. This number must be non-negative

a

in order for such a theory with unbroken gauge group H = H' x H? to exist.
Hence

Y(10) — Y dim(H)-V@©) ® Y (=N(LL)dimL - H(6),

i,acAl

matter
(2.2.19)
where
; .l : ‘ .

> (=N(L)dimL}, @218 i > ind(Q})-dimL},
a€Alurrer a€Alurer

- Y dimQ) -dimL]

acAl

matter

@217)-Q28) 3040 548+ dim (). (2.2.20)

Remark. As already pointed out, for a theory as above to exist we must have

N(L) =dim Q) — k' -ind(Q}) <0, foralla € Al

matter *

These inequalities give lower bounds on the instanton numbers k', k2.

So far, we have worked with smooth bundles £ on smooth K3 surfaces.
However, interesting new structures arise when these bundles degenerate to
pointlike instantons, i.e. when the curvature of £ acquires singularities in
the form of Dirac delta distributions. In [DK90, Definition 4.4.1] the result-
ing connections on &' are called ideal ASD connections. In this situation the
Pontrjagin classes (2.2.10) and the instanton numbers (2.2.12) are defined in
terms of the smooth part Fp of the curvature. According to [SW96, Wit96b]
non-perturbative strong coupling singularities occur when instantons become
pointlike, associated to tensionless strings. The process is accompanied by the
emergence of an additional tensormultiplet for each pointlike instanton along
with an additional neutral hypermultiplet contributing scalars which account
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for the location of the instanton on the K3 surface. The scalar in the addi-
tional tensormultiplet is believed to give the parameter of a non-classical
phase transition. Altogether the contributions from the Yang-Mills sector
amount to

IT®6) @ (1 - > N(L;)dimL;) H©®) @ Y dim(H') V(6)
i,aeAiMmE, i

1 T(6) @ (30 (k‘ n k2> _ 496 + dim (H) + 1) H(6)
@ dim (H) V (6) 22.21)

(2.2.20)

if there are / distinct pointlike instantons. According to what was said after
(2.2.8), of the hypermultiplets, (k'c2(K') + k*cy(K?) — dimK + [) are
neutral.

One constraint to our theory coming from the Green-Schwarz mechanism
in ten dimensions (see (3.2.1) with 1/a = —c2(Eg) = —30 as argued below
(3.2.2))is

1 o)
/ (tr(Rg) - %Trace eses (F0)> =0,
K3

where ﬁo denotes the total curvature of £, i.e. Fy plus contributions of Dirac
delta distributions from pointlike instantons. With the correct normalization of
the Dirac delta distribution one gets

1 1
24 = X(K3) = W/;(U‘(R(z)) = @W/XTI‘H.CC egDeg (FOZ) +1
22.100 1 I 1 5 (2.2.13) 5
= " ——p1(E)— =pi1E I ="k +k°+1.
60171( ) 60Pl( )+ + k7 +
(2.2.22)

Hence (2.2.6) and (2.2.21) give

Proposition 2.2. Consider a theory with unbroken gauge group H which is
obtained by compactification to six dimensions on a smooth internal K3 sur-
face from a ten-dimensional Eg x Eg heterotic string theory. Moreover, assume
that the bundle on K 3 has degenerated to receive [ distinct pointlike instantons.
Then the massless spectrum is given by

R(6) D (I + 1) T(6) D (244 + dim H — 291) H(6) @ dim (H) V (6).

The ny hypermultiplets receive 20 contributions that give moduli of the K3
surface. The bundle € on K3 decomposes into two Eg-bundles £', £* with
instanton numbers k', k* such that k' + k* + 1 = 24, and with holonomy
groups K', K?, where K' x K* C Eg x Ejg is the maximal simple subgroup



Friendly Giant Meets Pointlike Instantons? 73

of the centralizer of H. Then with c2(K") denoting the respective dual Coxeter
numbers, further

k'ea(KY) + k*ca(K?) — dim K +1
of the hypermultiplets are neutral and give moduli of the bundle € on K 3.

Remark. To clear notations, we introduce n(}l and n%’ the numbers of neutral
and charged hypermultiplets, respectively, so that generically,

ng =n%+nSt, 0% =204k'cr(K") +k%cr(K?) —dim K 41. (2.2.23)

If K contains factors that are non-simply laced Lie groups then the decomposi-
tionnyg = ”(;1 + n%’,’ into uncharged and charged matter is a little more subtle:
In (2.2.7) the corresponding summands L}, ® Q!, with non-trivial L} and Q,
can have non-zero subspaces that are uncharged under the gauge group. This
increases ”21 and accordingly decreases ng’ compared to the above formula.
We will briefly discuss this effect in Section 5.2.2 below. See also Section 3.3.5

for an example.

Heterotic Eg x Eg strings on T*

Let us now consider heterotic Gj9 = Eg x Eg strings compactified to
M'> x X* where X* is a real four-torus. As opposed to the case where X*
is a K 3 surface these theories enjoy enhanced supersymmetry since the holon-
omy of the torus is trivial, and hence all components of the supercharges in the
ten-dimensional theory yield components of supercharges of the compactified
theory, see e.g. [Asp97, p. 38]. In this situation massless particles of opposite
chirality do not pair up to become massive. However, since all fields give flat
sections of the relevant bundles on the torus X4, starting from the massless
spectrum (2.1.3) of the ten-dimensional theory we can decompose all repre-
sentations with respect to the space-time so(4) as before and take the results at
face value without any index calculations. The gauge group is generically bro-
ken to Hgep = U (1)16. Since dim Hg., = 16, and using the decompositions
obtained previously, we generically have

35: gMN — &uv O 8ui © gij in 1(9) ©4(4) & 10(1),

28: Byn — B, ®B,, ®B, ®B;; in 13;)®1(3.) @44 @6(1),

1: 6 ¢ in 1(1),

56, : Vi o yley,exTex in 12)@(12.)@4(4) @),
8_: v sy eyt in 4) ® 4-),

8, ®Ad(G10): Ay — A DA in 16 ((4) ® 4(1)),

8, ®Ad(Gio): AT — rte@ar in 16((44) ® @_)).
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Altogether we find one graviton g, in the (9), 24 (linearly independent) vec-
tors g,.i, Bui, Ay in the (4), 81 scalars g;;, B;j, ¢, A; in the (1), a selfdual
and an anti-selfdual two-form B, in the (3+), 2 gravitinos ¥ in the (12+),
40 fermions x*, A* in the (44), and 2 dilatinos ¥ in the (4z) of so(4).
Comparison with (2.2.3) and Proposition 2.1 shows

Proposition 2.3. The massless spectrum of heterotic Eg x Eg strings com-
pactified to six dimensions on an internal four-torus generically consists of 1
supergravity and 20 matter multiplets in (2.2.3) and agrees with the massless
spectrum of type IIA strings compactified to six dimensions on an internal K3
surface by Proposition 2.1.

The agreement of the generic massless spectra of heterotic Eg x Eg strings
on T* and type IIA strings on K 3 nowadays is believed not to be a coincidence.
We will address this issue in Section 4.

2.2.2. Compactification toD = 4

Consider now superstring theories on M3 x X®. We will need to decompose
our representations of so(8) under so0(2) @ s0(6), where for s0(2) we denote
the two-dimensional tensor, vector, and spin % representations by 2;, 2,, 2,
respectively, all of which are equivalent. There also exists a “spinor” in two
dimensions, which transforms trivially under so0(2), denoted 1. The possible
massless supermultiplets for AV = 2 supersymmetry are then

R(4) supergravity multiplet: (2;) & 2(25) D (2,),

H(4) hypermultiplet: 4(1;) ®4(1), (2.2.24)

V(4) vectormultiplet: 2y) d4d5) ®2(1).
For our discussion it hence suffices to consider the bosonic parts of the mass-
less spectra: These already uniquely determine the numbers of independent
supermultiplets of each type. In what follows we describe this analysis for

type IIA compactified on a Calabi-Yau 3-fold, and for heterotic Eg x Eg
compactified on 72 x K3.

Type ITA on a Calabi-Yau 3-fold
Assume that X© is a Calabi-Yau 3-fold with full SU(3) holonomy, i.e. with
Betti numbers

bo=bs=1, by =bs=0, by=bs=h""(X), b3=2(h1*2(X)~|—1>.

To obtain the massless spectrum of type IIA strings compactified to four
dimensions with internal X we decompose the bosonic massless fields of the
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ten-dimensional theory in the NS-NS and the R-R sectors as given in (2.1.1)
as before:

35: gun  —  guv © &ui D gij in 1(2) ®6(2) ®21(1),
28: Bun — By, ® B @ Bjj in 1(1) & 6(2,) & 15(1),

1: ¢ - ¢ in 1(1),

56,: Cunr — Cui®Cuij®Cijx in 6(1) ®15(2,) & 20(1),
8: Cuy - Cu®C; in 1(2,) ®6(1).

Since X carries no closed one-forms, g,;, By, Cyuvi and C; become mas-
sive. g,y contributes the graviton in the 2, to the massless spectrum. The
gij contribute massless scalars, according to the Ricci-flat deformations of
this metric on X. There are two types of deformations of this Ricci-flat met-
ric: (1) those corresponding to deformations of a chosen complex structure
and giving in total 2212 (X) parameters; (2) those corresponding to deforma-
tions of a chosen Kihler structure and giving a total of -1 (X) parameters.
This analysis uses the fact that the moduli space of Calabi-Yau 3-folds locally
splits into the product of Kéhler and complex structure deformations. In total,
one gets h11(X) + 2h"-2(X) independent scalars coming from g; j- Moreover,
a = By, contributes a massless scalar, known as the axion, while B;; gives
by = h1(X) massless scalars. The dilaton ¢ is a scalar as always. C,;; gives
by = h!"!(X) massless fields in the 2,, while C;jx gives b3 = 2 (h12(X) + 1)
additional massless scalars. Finally, C, contributes one massless vector in the
2,, known as the graviphoton. Altogether comparison with (2.2.24) yields

Proposition 2.4. The massless spectrum of type IIA strings compactified to
four dimensions on a smooth internal Calabi-Yau 3-fold X with full SU(3)
holonomy consists of the following supermultiplets, where schematically we
list the bosonic field content:

1xR@): 2p) & (2)) —> 8uv @ Cp,a
(h"2(X) +1) x H(@): 4(h12X0) +1) () — Cijk ®gij Dad ¢,
UL X)) x V(d): kB (X)) 20) @ 2081 (X) 1) — Cpuij @ 8gi7 © Bij.

Heterotic Eg x Eg strings on T2 x K3

We now calculate the massless spectrum of heterotic Gjg = Eg x Eg string
theories compactified to four dimensions on an internal X¢ which is the prod-
uct of a real two-torus 72 and a K3 surface, essentially following [Asp97].
It is easiest to use the results of Proposition 2.2 for heterotic Eg x Eg strings
compactified to six dimensions on an internal K3 surface, and to compactify
two further space-like dimensions of M '3 to a two-torus 72. As before let K
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denote the holonomy of the gauge bundle viewed as bundle on K3. K is the
maximal simple subgroup of the centralizer for the unbroken gauge group H
in Eg x Eg under compactification to six dimensions with internal K3. We
can choose the torus 72 together with a flat bundle with holonomy U (1)",
and then the observed gauge group in the D = 4 uncompactified dimensions
is the centralizer of U(1)" x K in Eg x Eg. This implies U(1)" C H, and
in fact generically the observed gauge group is broken to the Abelian group
H=U).

As for type IIA strings compactified to four dimensions we can restrict
to the discussion of bosonic fields, because the supermultiplets (2.2.24) are
already distinguished by their bosonic field content. We decompose the rele-
vant representations of so0(4) with respect to so(2) @ so(2), keeping track of
the space-time indices:

9 — 282231, 1— D),
3. — 12y @11, 4— 122, ®2(D).

Using this, let us discuss the fate of each six-dimensional supermultiplet
in (2.2.4): The bosonic fields g, B:[U of the six-dimensional supergravity
multiplet contribute a four-dimensional graviton g,, in the (2;), three vec-
tors gua, Bl‘fa in the (2,), and four scalars gg,p, B;?J in the (1), where a, b
denote the coordinates on 72. The graviton and one of the vectors fill up the
bosonic field content of the four-dimensional supergravity multiplet R(4). The
remaining two vectors and four scalars give two four-dimensional vectormulti-
plets V (4). The bosonic fields B;v, ¢ of each six-dimensional tensormultiplet
descend to one vector B, in the (2y) and two scalars a = By, ¢ in the
(1), yielding the bosonic field content of a four-dimensional vector multiplet
V(4). The only bosonic fields in a six-dimensional hypermultiplet are quadru-
plets of scalars, which descend to quadruplets of scalars in four dimensions,
yielding the bosonic field content of a four-dimensional hypermultiplet H (4).
Finally, the only bosonic field in a six-dimensional vectormultiplet is the gauge
field A, yielding a vector in the (2,) and two scalars in the (1) in four dimen-
sions, i.e. the bosonic field content of a four-dimensional vectormultiplet V (4).

Summarizing, we have

R(6) — R4 ®2V#4), T(6) — V4,
H6) — H4), V(©6) — VH#).

Now from Proposition 2.2 we obtain

Proposition 2.5. Consider a theory which is obtained by compactification to
four dimensions on an internal product of a two-torus T? and a smooth K3
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surface from a ten-dimensional Eg x Eg heterotic string theory where the gauge
group on compactification to K3 is H. Moreover, assume that the bundle on
the K 3 surface has degenerated to receive | distinct pointlike instantons. Then
the massless spectrum is given by

R(4) @® (244 +dimH —291) H(4) & B+ 1+ 1k H) V(4) @ (dimH —rk H) V (4).

Here, 20 hypermultiplets account for the moduli of the K3 surface, and with
notations as in Proposition 2.2 at least

nY —20 =k'ey(KY) 4+ k*cp(K?) — dim K +1

hypermultiplets give the moduli of the gauge bundle on K3, with additional
contributions in special cases as remarked after Proposition 2.2. One of the
vectormultiplets contains the axion-dilaton pair, two of the vectormultiplets
give moduli of T?, and tk H vectormultiplets give moduli of the heterotic
bundle on T?2. Further | vectormultiplets correspond to | distinct pointlike
instantons. If H is non-Abelian, i.e. dim H —rk H # 0, then one has enhanced
gauge symmetry, and the additional dim H — tk H vectormultiplets do not
allow a perturbative interpretation in this heterotic theory.

3. Anomalies

To yield string theory as a promising approach towards describing nature, par-
ity violation has to be incorporated in a consistent manner. However, parity
violating superstring theories can suffer from anomalies. Let us give a brief
summary, following [GSW87, II §10]. Helpful introductions to this topic can
also be found in [AGGB85, PS95, Wei05, Pol98, BM03, SS04, Adl, Har05].
Very roughly speaking, an anomaly arises when under quantization of a
classical system in the resulting quantum field theory a classical symmetry
is broken. In terms of the Feynman calculus there then are divergent radia-
tive corrections which do not allow regularization. Such divergent Feynman
diagrams are always one-loop diagrams [Adl69, Bar69], with a chiral fermion
around the loop and a classically conserved current attached, the conservation
of which is not compatible with regularization. For our purposes we need to
work in D = 2n space-time dimensions, and below we will see that anomalies
of the type of interest here can occur only for odd n. We restrict the discussion
to specific local anomalies which lead to fatal inconsistencies of the result-
ing quantum field theory, in contrast to global anomalies which can yield a
welcome technique to break global symmetries for phenomenological reasons.
Mathematically, in order to calculate the relevant propagators in a field the-
ory one in particular needs the determinants of those differential operators that
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give the equations of motion for the various fields. In the bosonic case the dif-
ferential operator in question is a Laplacian, and zeta function regularization
is a well-understood technique to define a determinant of it. For the fermions,
however, one has to deal with families of Dirac operators, which depend on the
metric of the underlying manifold and on a gauge connection. By the results of
[Ati84, AS84] the existence of, say, gauge covariant propagators is obstructed
by the first Chern class of the determinant of the index bundle associated to the
relevant family of Dirac operators. In other words, if this bundle is non-trivial,
then a gauge covariant propagator cannot be defined and the theory is anoma-
lous. The family index theorem [AS71] hence allows to calculate all quantities
that govern potential anomalies. As is explained in [ASZ84], the relevant first
Chern class can be evaluated by restricting to families parametrized on two-
dimensional spheres. Hence the anomaly of a theory on a D-dimensional spin
manifold M is given by the (D + 2) form

Ipia = (A(Z)ch(V)) ., -

Here, Z is a fiber bundle with base S? and fiber M, i.e. itis a (D + 2) dimen-
sional manifold. Hence A\(Z)ch(V) is the density which occurs in the family
index theorem as the curvature of the determinant bundle of the index bundle
associated to a two-dimensional family of Dirac operators on M, coupled to
a vector bundle V on M. Indeed, f M Al (Z)ch(V) gives the Chern character of
the index bundle on the base S? of Z, which up to a constant agrees with the
first Chern class of this bundle.

As can be seen from our discussion of massless spectra in Section 2, all chi-
ral fields in our string theories that can contribute to the bundle V are sections
of either a spin bundle, a Rarita-Schwinger bundle, or a bundle of two-forms.
For all of them the Chern classes can be expressed as combinations of the
Pontrjagin classes of M, and therefore they can only integrate over M to a
non-vanishing class in degree 2 if D = 4k + 2, k € N, which we will assume
from now on.

TD+2 is related to the actual anomaly G by a process known as transgression:
7D+2 is closed and gauge invariant, dTDH =0= 87D+2. Hence one locally
has TD+2 =dIp4+1, where Ip41 can be viewed as closed one-form on G if the
base S? of Z is a two-sphere in M /G. Here M is the infinite dimensional space
of parameters (be it the space of metrics, the space of gauge connections, or
the product of these two), and G is the infinite Lie group of symmetries of M.
In other words, Ip4 is obtained precisely by Chern’s transgression operation.
Moreover, since ddIp4+1 = 0 but in general Ip4; is not gauge invariant one
finds §Ip4+1 = dIp. Now Ip can be viewed as D-form on M. It is ambiguous
up to a closed form which is irrelevant for the actual anomaly G = || v Ip. The
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value of G gives the change of the effective action under gauge or coordinate
transformations, indeed the “anomaly” of the effective theory in the sense of
the breaking of classical symmetries.

In [ASZ84] one also finds the following argument: While the structure group
of the spin frame bundle of Z in our formula for TD+2 is so(D + 2), it may
be reduced to so(D) @ so0(2), and X(Z) factors into so(D) and so(2) pieces,
respectively. Only the so(D) contributions Ip4, are relevant, since on the one
hand the so(2) pieces are universal, and on the other hand approximating them
by 1 is sufficient for checking consistency by results of [WZ71, BZ84]. Note
that this approximation, strictly speaking, does not restrict the relevant contri-
butions to IAD+2 to forms on M. However, in all calculations this subtlety is
irrelevant: TD+2 is viewed as a formal object, given that (D + 2) forms on M
do not make sense, but solely the dependence on the coordinates of M is of
interest. To implement this, let R be the Riemann curvature of the spin frame
bundle of Z and R the Riemann curvature of M. According to the splitting
principle, there exist two-forms xg, X1, ..., X2x+1 such that

1 " 1 2k+1 1 2k+1
2my __ 2m R 2
§<_Z> tr(R )—4—min — an,.—Einm
i=1

i=0
1 1 " —2m
=-(--) u®
2( 4> r(R™),

where in restricting attention to Y,, we assume that xq is the so(2) piece of
the curvature, while the x; withi > 0 give the so(D) pieces which are relevant
for our discussion. We also follow [GSW87] and [Sch02] in surpressing the
dependence on the base of Z.

3.1. Gravitational and gauge anomalies

By the above, potential anomalies of the type we are interested in can only
occur for string theories with chiral fields in an external space-time of dimen-
sion D = 4k + 2, k € N. Of the theories considered in Section 2 this amounts
to the cases D = 10 and D = 6. Contributions to the anomaly can come

i i F A+ = y— At in L
from space-time spinors W, A™, =, x~, AT, i.e. from spin 3 fields, or

from Rarita-Schwinger fields \Ili, 1/fi, i.e. from spin % fields, or from chi-
ral two-forms Bffu. The indices of the respective Dirac operators contribute
with a sign according to their chirality. This implies that theories of type ITA
can never suffer from anomalies of this type, since spinors occur only in pairs
of opposite chiralities in these theories, with their contributions to the anomaly

cancelling.
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Among the theories discussed in Section 2 we therefore only need to con-
sider the heterotic Eg x Eg theory in D = 10 space-time dimensions, see
(2.1.3), and the one in D = 6 space-time dimensions with internal K3 surface,
see Proposition 2.2. The heterotic Eg x Eg theories with internal real four-
torus are anomaly free, since these theories enjoy enhanced supersymmetry,
and their spectrum is non-chiral, as can be seen from Proposition 2.3.

Before discussing anomaly cancellation, let us determine the form of each
possible contribution to the anomaly. This is very nicely explained in [ASZ84].
As a warm-up, consider a chiral spin % field, i.e. a section ¥+ of the spinor
bundle S which obeys Py = 0 for the ordinary untwisted Dirac operator
P: ST — S™. We need the index bundle of the family /) over M, which
depends on the curvature R,

2k+1 1
— ~— ~— 5 X
Ip(R) = A(R)aia where AR) =[] ———.
i1 sinh 5.x;

More generally a spinor with values in some gauge bundle of curvature F
contributes an anomaly given by the index of the corresponding twisted Dirac
operator,

LR, F) = ((tr(eiF)K(ﬁ)))4k+4, where  1;,(R) = I1 (R, 0).

For Rarita-Schwinger fields one needs the index of the Rarita-Schwinger com-
plex (A.6). The contributions ©ST &S~ which equally occur in the domain and
in the image of the Rarita-Schwinger operator JDggs cancel out, leaving us with
the Dirac operator on (S+ ® T*M) oSt =5t (T*M o1), sece [ASZ84,
§IV.V]. In the physics literature, the virtual subtraction of 1 is referred to as
subtracting ghost contributions. The relevant index is hence given by

2k+1
L(R) = (X(E)(z > coshx; — 1)) )
i=l1 Ak+4
Finally, for chiral two-forms one needs the density of the twisted Dirac
operator P4: ST® S™ — ST ® S5, ie.
2k+1

— 1 —
IA(R) = =g L(R)aksa,  where L(R) = []
i=1

Xi

tanhx;

the Hirzebruch L-genus.

Altogether every contribution to the anomaly can be expressed in terms of
known universal polynomials in the Y>,,. For later convenience let us give the
result for the various anomalies: For chiral spinors governed by a twisted Dirac
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operator let g := tr(1), the dimension of the representation to which our chiral
spinor belongs, and g = 1 for F = 0. For D = 10 one finds [GSW8S5, II,
pp- 351-352],

— 1
L (R) = 4—(79201/6 — 94507, Yy + 2205Y5),

— 1
IA(R 7936Ys + 9408Y, Yy — 2240Y. 3.1.1
A(R) = 45360( 6+ 2 Y4 ), (3.1.1)
== 1 1 01 (1 1,
LijpR, F) = —%t rFo 144trF Y, — gtrF 1 — Y4+ EY2

1 1 (-
—8 (2835 Yo+ Tos0 72" T 1206 2)’
while for D = 6 we have [GSW87, I, pp. 349-351]
— 1
I32(R) = == (4317 + 98Ya),

— 1
IA(R) = —5(51/22 —7Yy), (3.1.2)

L»(R,F) = 1tF4+1tF2Y+ 1Y+1 2
—tr —tr — — .
12 24 R s gt t s

3.2. Anomaly cancellation

Before turning to the discussion of anomaly cancellation for the heterotic
Eg x Eg theories, let us mention that for D = 10 from (3.1.1) one obtains

I32(R) + Is(R) — 11 2(R, 0) = 0.

This means that a ten-dimensional theory is free of anomalies if it has as its
chiral field content m complex negative chirality spin % field, m complex pos-
itive chirality spin % field, and m real self-dual antisymmetric tensor. In fact,
with m = 2 this is precisely the chiral field content of type IIB string theory.
This surprising fact was first observed in [AGW84].

3.2.1. Anomaly free heterotic Eg x Eg theories in D = 10 dimensions

Let us now turn to heterotic Gy = Eg x Eg theories in ten dimensions. Accord-
ing to (2.1.3) we obtain contributions to the anomaly from one gravitino v
one dilatino W™, and one gaugino AT, such that the anomaly is

I = L2(R) — 11 2(R,0) + 11 2(R, F).

Using (3.1.1) one determines the coefficient of Yg in /1\12 to be a multiple of
(496 — g), which vanishes precisely because g = dim G19 = 496.
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Although this is an encouraging start, in pure supergravity in D = 4k + 2
dimensions the total anomaly Ek+4 turns out to never vanish. However, accord-
ing to the seminal papers [GS84, GS85b, GS85a], in heterotic theories a
further anomalous diagram occurs which we have not yet discussed. It is a
tree diagram in which the massless 2-form B of the supergravity multiplet is
exchanged between two gauge bosons and either two gluons, or two graviti-
nos, or four gravitons. In more mathematical terms, as already mentioned in
the footnote on page 61, the B-field is only locally given by a closed 2-form. It
is a closed differential cochain and in particular transforms non-trivially under
gauge transformations. Accordingly, it does contribute to gauge anomalies. In
fact, the non-trivial Yang-Mills gauge transformation of the B-field gives a
potential for a gauge-invariant three-form field strength H. With w; and wy
denoting the Lorentz and Yang-Mills Chern-Simons forms, the latter obeys

H=dB+w, +avy = dH=u®)+aTr(F). (3.2.1)

. . =2
The anomalous tree diagram therefore contributes a term (a¢Tr(F™) +

tr(§2))X4k with a 4k-form X4;. Hence to cancel the anomaly Ek+4, we must
have

Taksa ~ (@Tr(F) + r(R%)) Xuk. (3.2.2)

One can show (see e.g. [GSW85]) that in ten dimensions this factorization
holds if G1g = Eg x Eg or G19 = SO(32)/Z, and with « = —1/30 (note that
also dim SO(32)/Z, = 496), so that anomalies are indeed cancelled in these
theories. If X4; can be integrated to d X4x—1 = Xux, then the factorization
(3.2.2) together with the known properties of the Chern-Simons forms allow to
solve the descent equations and to calculate the actual anomaly coming from
the tree diagram for the exchange of B described above.

The process of anomaly cancellation described here is known as the Green-
Schwarz mechanism [GS84, GS85b, GS85a]. It remains one of the mysteries
of string theory to understand why it works, and its discovery meant a break-
through that triggered what is now known as the First String Revolution.

3.2.2. Anomaly free heterotic Eg x Eg theories in D = 6 dimensions

Let us determine when a heterotic Eg x Eg string theory in D = 6 dimensions
with an internal K3 surface is anomaly free. We know that its massless spec-
trum is of the form (2.2.5). The requirement that the theory be anomaly-free
poses a restriction on the numbers nr, ny, ny. The Green-Schwarz mech-
anism described above applies just as in the ten-dimensional situation. It
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implies, by integration of (3.2.1) over the internal K3 surface, that the instan-
ton number (2.2.12) of the heterotic bundle viewed as a bundle on K3 is 24
(see (2.2.22)). The Green-Schwarz mechanism cancels all contributions to
the anomaly by terms of the form (3.2.2), apart from those proportional to
Y4 ~ tr(#). Hence in order to check anomaly cancellation we need to collect
the contributions to the coefficient of Y4 in the total anomaly, carefully taking
into account the various fields in our multiplets and their chiralities.

The fields from the supergravity multiplet R(6) of (2.2.4) which contribute
to the anomaly are the gravitino I/Il‘f and the self-dual tensor field B}, , both of

Ik
positive chirality. From (3.1.2) we read the coefficient in front of Y4,

98 7 1 273
= (245+28) = .
72735 =10 P T = 15

The fields from a tensormultiplet 7°(6) of (2.2.4) which contribute to the
anomaly are the anti-self-dual tensor field B, and the spinor ¥~, both of
negative chirality, yielding the following coefficient in front of Y4,

S IR N
45 180 180 180
The only field from each vectormultiplet V (6) of (2.2.4) contributing to the
anomaly is the spinor AT of positive chirality, giving a coefficient
1

180°
while from each hypermultiplet we get a contribution from the spinor x ~ of
negative chirality, thus the coefficient

1

180

in front of Y4. Adding everything up we find

Proposition 3.1. A heterotic Eg x Eg string theory in D = 6 dimensions with
internal K3 surface and nt, ny, ny tensor-, vector- and hypermultiplets,
respectively, is anomaly free iff

ng —ny =273 —-29n7, (3.2.3)
and the instanton number is 24.

In Proposition 2.2 we have determined the massless spectrum for examples
of theories of the type addressed in the above proposition. Namely, consider a
theory which is obtained by compactification from a ten-dimensional Eg x Eg
heterotic theory to six dimensions on a smooth internal K3 surface. Denote
the unbroken gauge group by H and assume furthermore that the bundle on
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K 3 has degenerated to receive / distinct pointlike instantons. Then according
to Proposition 2.2 the massless spectrum obeys

np=1+1, ny=dim(H), ny=244+dimH) - 29l

We immediately see that the anomaly cancellation condition of Proposition 3.1
holds. Note that we have thus given two independent derivations for the for-
mula (3.2.3) for this case. In other words, heterotic string theories arising from
compactification of anomaly free theories in ten dimensions are automatically
anomaly free, and this remains true when the gauge bundle acquires pointlike
instantons.

3.3. Examples

This section is devoted to the presentation of a number of examples, where
we carry out the calculations of the numbers nr, ny, n%, and nZ’ explained
above. In view of the heterotic — F-theory duality these examples are represen-
tative, as we shall see in Section 5.3. In each case, anomaly cancellation (3.2.3)
holds.

Assume that the heterotic bundle data specify two Eg bundles with instanton
numbers k!, k> and /', I? distinct pointlike instantons, respectively, where the
holonomy is given by K! C Eg and by (2.2.22) we have k! + k> +1' +1% = 24.
In this case the unbroken gauge group of the heterotic theory is H' x H?
with H' C Eg the centralizer of K’ in Eg. We use the unbroken gauge group
H!' x H? to label these examples as in [BIKT96], where a similar analysis is
performed.

3.3.1. Completely broken gauge group

If the gauge group is completely broken, the K3 bundle has holonomy
K =FEg x Eg. Assuming no pointlike instantons, by Proposition 2.2 and
(2.2.23)

ny =0, nr=1, nY% =20+30k"+k* —496 =244, 5 =0.
(3.3.1)

3.3.2. Unbroken Eg gauge group
With gauge group H = Eg x {id} we have holonomy K = {id} x Es. An
Eg bundle can have trivial holonomy only if all its curvature is concentrated
in pointlike instantons. So let us assume that there are / = I! distinct point-
like instantons, k! = 0, while the second bundle has full Eg holonomy with
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instanton number k2 and we assume /> = 0. From (2.2.7) we see that there is
no charged matter, such that with Proposition 2.2 and (2.2.23)

ny =248, nr =I+1, n% =204+30k*—248+1 =492-291, né' =0.
(3.3.2)

3.3.3. Unbroken E; gauge group

With gauge group H = E7 x {id} we have holonomy K = SU(2) x Eg. Assume
that there are [ distinct pointlike instantons on the bundle with SU(2) holon-
omy and effective instanton number k!, while the second bundle has full Eg
holonomy with instanton number k2. From (2.2.7) we see that there is a contri-
bution to the charged matter, 248 = (133, 1) ® (56, 2) b (1, 3), in which (56, 2)
gives charged hypermultiplets. The multiplicity is computed from (2.2.18) and
(2.2.19) and amounts to

1
N(56) = k'ind 2) — dim (2) = Ekl -2.
In total from Proposition 2.2 and (2.2.23) we have
ny =133, np=1+1,

n% =20+ 2k" +30k* — 251 +1 = —231 + 2k' +30k* +1,
nSh = 28k' — 112. (3.3.3)

3.3.4. Unbroken Eg gauge group

With gauge group H = Eg x {id} we have holonomy K = SU(3) x Eg.
Assume that there are [/ distinct pointlike instantons on the bundle with SU(3)
holonomy and effective instanton number k!, while the second bundle has full
Eg holonomy with instanton number k2. From (2.2.7) we see that there is a
contribution to the charged matter, 248 = (78,1) & (27,3) & 27,3)® (1, 8),
in which (27, 3) @ (27, 3) gives charged hypermultiplets. The multiplicity is
computed from (2.2.18) and (2.2.19) and amounts to

NQ7) =NQ27) =k'ind3) —dim(3) = %kl —3.

To ease computations like this one, the book [MP81] is recommended, where
indices of representations like the ones that occur here are tabulated. In total
from Proposition 2.2 and (2.2.23) we have

ny =178, nr=I[+1,

nY =20 + 3k 4 30k — 256 +1 = —236 + 3k' 4 30k* + 1,

n$h = 27k' — 162. (3.3.4)



86 Anda Degeratu and Katrin Wendland

3.3.5. Unbroken Fy gauge group

With gauge group H = F4 x {id} we have holonomy K = G, x Eg. From (2.2.7)
we see that there is a contribution to the charged matter, 248 = (52,1) &
(26,7) @ (1, 14), in which (26, 7) contributes charged hypermultiplets. How-
ever, in this case a two-dimensional subspace of the 26 is in fact uncharged
under the gauge group, i.e. the kernel of the representation when restricted
to the Cartan torus t of H is two-dimensional. The corresponding multiplets
contribute to ”9—1 rather than nﬁf (see the remark after Proposition 2.2). The
multiplicity of 26 obtained from (2.2.18) and (2.2.19) is

N(26) = k'ind (7) — dim (7) = k' — 7.
In total from Proposition 2.2 and (2.2.23) we have

ny = 52, nr = 1,
nY =204 4k' 4+ 30k% — 262 4 2(k' —7) = —256 + 6k' + 30k,
n§h = 24k' — 168. (3.3.5)

3.3.6. Unbroken Spin(10) gauge group

With gauge group H = Spin(10) x {id} we have holonomy K = SU(4) x
Eg. From (2.2.7) we see that there is a contribution to the charged matter,
248 = (45,1)® (10,6) ® (16,49 4) & (1, 15), in which (10, 6) & (16,4 4)
contributes charged hypermultiplets. The multiplicities obtained from (2.2.18)
and (2.2.19) are

N(10) = k' ind (6) — dim (6) = k' — 6,
N(16) =2 (kl ind (4) — dim (4)) — k' 8.
In total from Proposition 2.2 and (2.2.23) we have

ny =45, nr =1, nY =20+ 4k" 4 306> — 263 = —243 + 4k' + 30k2,
n$t = 10(k' — 6) + 16(k' — 8) = 26k! — 188. (3.3.6)

4. Heterotic — type ITA and F-theory duality

While the five basic string theories in ten-dimensional Minkowski space can
be distinguished by their numbers of supersymmetries and their massless field
content, after compactification to D dimensions with D < 10 this is not true
anymore. As a consequence, so-called string-string dualities between various
string theories were conjectured. In fact it is claimed that all string theories are
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connected by a web of dualities. Here we concentrate on the heterotic — type
ITA duality and the heterotic — F-theory duality. For our purposes, the latter is
best viewed as a certain limit of the former.

4.1. The heterotic — type 1IA duality

We have already encountered an example of the phenomenon known as a
string-string duality. Namely, in Proposition 2.3 we observed that in compact-
ifications to six dimensions the massless spectra agree for heterotic Eg x Eg
strings with internal real four-torus on the one hand and for type IIA strings
with internal K3 surface on the other hand. In fact, more can be said since the
(classical) moduli spaces of the respective theories are known explicitly. The
scalars in the massless supermultiplets give real coordinates of these moduli
spaces, and for both theories one finds the moduli space

R x 0O7(4,20;7)\0"(4,20; R)/ (SO4) x 0(20)), (4.1.1)

where the factor R accounts for the dilaton, and the remaining 80-dimensional
quaternionic Kihler space corresponds to the 20 x 4 scalars from the 20
hypermultiplets.

On the basis of these stunning agreements physicists have made the daring
conjecture [HT95, Wit95] that these string theories in fact are equivalent. One
says that there is a string-string duality between heterotic and type IIA theo-
ries, respectively. Much evidence in favor of this conjectured duality has been
collected, including the fact that the low energy effective actions agree [Wit95].

It is important to note that this string-string duality cannot be seen purely
perturbatively, since it maps the heterotic dilaton to the negative of the type
ITA dilaton [Wit95], and thus the string coupling constant is inverted under
the duality. Nevertheless, we have geometric interpretations of all scalars in
the hypermultiplets in terms of an Einstein metric, a B-field, and a connection
one-form of a flat bundle on a real four-torus on the one hand, and in terms of
an Einstein metric and a B-field on a K3 surface on the other hand. Hence the
conjectured duality induces a map between these geometric structures. This
can be made very explicit as follows: For the K3 surface on the type IIA side
we can always choose a complex structure such that this surface is elliptically
fibered with section. In standard (singular) Weierstraf} form it is given by an
equation

8 12
Y= +xf@+e@, with f=) ™" @ =) "7,
n=0

m=0

4.1.2)
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where (x, y) are affine coordinates in CP? for the fiber, while z is an affine
coordinate in the base CP! of the fibration and ), g®) are complex con-
stants. We explicitly allow degenerations of our K3 surface where it obtains
singularities of ADE type: For example, if f(z) = az* and g(z) = 2> + Bz° +
7! with «, B € C, then near z = 0 (and similarly near z = 00), the equation
(4.1.2) gives

y2=x3+z5+...,

with the familiar exponents (2, 3, 5) of an Eg quotient singularity. The actual
K3 surface is obtained by minimally resolving all such singularities. This is
why the above model is called the singular Weierstral3 model. The possible
singular fibers have been classified by Kodaira [Kod64].

More generally note that the Grassmannian 074, 20; R) /SO(4) x 0(20)
of (4.1.1) is modelled on the cohomology of K3, H*(K3,R) = R*?% and
its points are given by positive definite oriented four-planes in H*(K3, R)
which encode the geometric data of a real Einstein metric and a B-field on
K3 [AMOY4]. If the K3 surfaces under inspection are restricted to have specific
singularities, then this amounts to restricting these four-planes to E-, where
E C H"(K3,7) is the lattice associated to the exceptional divisor in the
resolution of that singularity. Hence with m = rk E' the Grassmannian factor
in (4.1.1) reduces to O (4, 20—m; R)/SO(4) x O(20—m). In the interpretation
of (4.1.1) as moduli space of real four-tori equipped with semi-stable Eg x Eg
bundles, the restriction of four-planes to E- amounts to restricting to bun-
dles on the four-torus with some unbroken gauge symmetry, i.e. with restricted
holonomy. Specifically, to the lattice E one can associated a semi-simple Lie
algebra g C eg @ eg because E comes from a collection of singularities of
ADE type on K3. The restricted holonomy of the gauge bundle then is the
centralizer K of G C Eg x Eg, where G has Lie algebra g. In particular, in
the above example the toroidal bundle has trivial holonomy and full Eg x Eg
gauge symmetry with g = eg @ eg.

One finds [MV96b] that the coefficients ), ¢® in (4.1.2) with j <
3, k < 5 give the data of one of the heterotic Eg bundles, while the data of the
second heterotic Eg bundle are encoded in the coefficients with j > 5, k > 7.
The remaining two parameters f® and g on the heterotic side are inter-
preted as specifying complex structure and complexified Kéhler structure of
an elliptic curve. This may be surprising, since we expect to find the geometric
data of a real four-torus. However, for such a torus one can always choose a
complex structure such that it is elliptically fibered. Then £ and g©® only
give the data of the base of such a fibration. Correspondingly on the type IIA
side we have not specified the Kihler class of our K3 surface.
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Following [HT95, FHSV95, KV95, Sen96a, Vaf96, DMW96], the conjec-
tured heterotic — type IIA duality in six dimensions has been generalized to a
conjectured heterotic — type IIA duality in four dimensions. Surprisingly, the
following naive idea seems to work: Consider heterotic Eg x Eg strings in six
dimensions with internal space the product of a real two-torus and a K3 sur-
face. Using an elliptic fibration of the K3 surface, the complex structure of
the internal space can always be chosen such that it is a fibration with section
over CP' and with generic fiber a complex two-torus. A fiberwise application
of the six-dimensional heterotic — type IIA duality yields this theory dual to a
type IIA theory in four dimensions with internal Calabi-Yau 3-fold which is
K 3-fibered over the “same” CP! we used on the heterotic side. We will see
below that this idea carries tremendously far.

Note that any heterotic — type ITA duality in four dimensions requires a
matching of the massless spectra found in Propositions 2.4 and 2.5, respec-
tively. Particularly for heterotic theories on a product of a real two-torus and
a K3 surface, the form of the moduli space associated to the scalars which
give geometric moduli in the vectormultiplets is known, at least at small string
coupling, where perturbative techniques hold: With m = rk H the rank of the
unbroken gauge group H on compactification to K3 as in Proposition 2.5, one
has a space of the form

02,2 +m; Z)\OT (2,2 4+ m; R)/ (SOQ2) x O2 + m)) x SUQ2)/U(1),
(4.1.3)

where the second factor accounts for the axion-dilaton pair. If a dual type ITA
theory exists, then the moduli space formed by the scalars of (m + 3) of its
vectormultiplets must take the same form as above in a regime where some
parameter corresponding to the heterotic dilaton becomes small. In [AL96] it
was shown that this implies that the respective type IIA theory has an internal
Calabi-Yau 3-fold which is K3-fibered. If this fibration has a section, then the
size of the section corresponds to the value of the heterotic dilaton.

To match the hypermultiplet spectrum recall that on the heterotic side the
hypermultiplets appear in two disguises, neutral and charged (2.2.23). On the
type IIA side all (h"?(X) + 1) hypermultiplets of Proposition 2.4 are neutral.
The charged hypermultiplets (as well as (dim H —rk H) of the vectormultiplets
in Proposition 2.5) arise from non-perturbative phenomena which we have not
yet accounted for on the type IIA side, since we have always assumed the
Calabi-Yau 3-fold to be smooth. On the heterotic side this restriction amounts
to assuming Abelian gauge groups H where no enhanced symmetry and no
charged matter occurs. Using Propositions 2.4 and 2.5 we altogether have
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Conjecture 4.1. There exists a duality between four-dimensional string theo-
ries which maps a heterotic Eg x Eg string theory on a product of an elliptic
curve and a K3 surface to a type IIA theory with an internal Calabi-Yau
3-fold X which is K 3-fibered, if there exists a regime where both the respective
perturbation theories converge. Moreover, if the heterotic theory arises from
compactification from a ten-dimensional theory such that the gauge group on
compactification to K3 is H and the gauge bundle viewed as a bundle on K3
acquires [ distinct pointlike instantons, then X has Hodge numbers

RY2(X) =nb — 1 =194 k'ea(KY) + KPca(K?) — dim K +1,
WY (X)=3+1kH +1

with notations as in Proposition 2.2 and with the comment concerning a
possible enhancement of n(}{ as stated after that proposition.

If in addition the Calabi-Yau 3-fold X on the type IIA side of the duality is
elliptically fibered, then to capture its complex structure data it is often conve-
nient to use a singular Weierstrall form (4.1.2), where now the coefficients of
the polynomials f and g depend on a second affine parameter z, of the base
CP! of the K 3-fibration of X:

8 12
V= hx ) A @)+ ) 8" ) “.1.4)
m=0 n=0

with deg f) = 8 and degg!’) = 12. Generalizing the discussion in the
case of an elliptically fibered K3 surface and according to physics lore
[MV96b, BIKT96] the various parameters in (4.1.4) are assigned an inter-
pretation in the dual heterotic theory. Namely, the parameters governing the
polynomials f o .., f 3, g(o), el g(S) correspond to the bundle param-
eters of one Eg bundle, those governing the polynomials f©, ..., f®,
gD, ..., g1» correspond to the bundle parameters of the second Eg bundle,
while £® and g© give the complex structure data of the K 3 surface in the het-
erotic product of an elliptic curve with K 3. This description can be very useful,
for instance because in many examples a parameter count in the polynomials
already leads to a correct determination of hl2(x ). Moreover, this setting is
tailor made for the application of a spectral cover description of the heterotic
bundles [FMW97, BJPS97, BCG198]. However, the ansatz has to be handled
with care. First, the parameter count only works when all complex structure
deformations of X respect the algebraic form of (4.1.4). It is not hard to con-
struct examples where not all contributions to #'-2(X) are visible in terms of a
parameter count in (4.1.4). Second, the assumption that a global form (4.1.4)
of the equation for X exists does not always hold, because globally one need
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not have coordinate transforms that yield all fibers of an elliptic fibration in
Weierstrafl form. Finally, in (4.1.4) one has tacitly assumed that all fibrations
have at least one global section.

4.2. The F-theory limit

For the heterotic — type IIA duality in four dimensions our presentation of
the matching of multiplets in Conjecture 4.1 so far is exact only for Abelian
gauge groups H. This is the generic case, but in our Proposition 2.5 we
have already accounted for the possibility of enhanced gauge symmetry on
the heterotic side, which goes along with the appearance of charged hyper-
multiplets. The natural setup for considering non-Abelian gauge groups is a
decompactification limit of the real two-torus in the heterotic theory. To per-
form such an operation, in (4.1.3) one has to choose a subspace of the form
01 (2,2; Z)\0T(2,2; R)/SO(2) x O(2), singling out the parameters of T2
to make its volume large. In this limit, all parameters of T? are lost, and
the theory becomes effectively six-dimensional. In particular, the gauge group
is the centralizer in Eg x Eg of the holonomy group of the K3-bundle. In
general this can be a non-Abelian group, and the charged hypermultiplets
capture the respective decomposition of the holonomy representation as in
(2.2.7).

On the type IIA side, this decompactification process corresponds
to taking a so—called F-theory limit. The physics literature on this
theme is vast, see for example [Vaf96, Sen96b, Wit95, MV96a, MV96b,
BIK196, AM97]. The singling out of heterotic 72 parameters in terms of
07 (2,2; Z)\OT(2,2; R)/SO(2) x O(2) corresponds to imposing the struc-
ture of an elliptic fibration with section on the Calabi-Yau 3-fold X of the type
ITIA side [MV96a]. Since X is also K 3-fibered, altogether we obtain an elliptic
fibration of X over a rational surface Z — CP'. In the process of passing to
the F-theory limit, the parameter for the size of the fiber of Z — CP! is lost.
Moreover, the size of the elliptic fiber in X — Z stabilizes to a constant value,
which a priori can be taken to be zero. This means that X becomes singular:
The Kihler class of X belongs to a face of a Kihler cone.

Since Z is a rational surface, it possesses two special sections, the section
at infinity and the zero section. According to [MV96a, MV96b, BIK196] the
Kodaira type of the generic fiber over these special sections gives the two fac-
tors H', H? of the unbroken gauge group corresponding to the two heterotic
Eg-bundles in the dual theory. This is compatible with the discussion of (4.1.4):
If for Z — CP! we view z1 as affine coordinate on the fiber, while z, gives
a coordinate on the base, then the zero section is located at z; = 0, where
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the behavior of the elliptic fibration X — Z is encoded in the polynomi-
als fO ... f® ¢O ¢O and analogously for the section at infinity
located at (z])_1 = 0 with f(s), el f(s), g(7), R g(lz) — the bundle param-
eters as claimed. Under the assumption that the heterotic K3 surface is smooth
one can check that no other families of degenerate fibers of non-trivial ADE
type occur in the fibration. In particular,

WUN(X) =1+ tk(HY) + tk(H?) + p(2)

with p(Z) the Picard number of the base Z. Note that if the base Z of the
fibration X — Z is minimal, then Z is a Hirzebruch surface F,,, and in this
case its Picard number is p(Z) = 2. In general, introduce [ € N such that

p(Z)y=2+1

and observe from Conjecture 4.1 that [ corresponds to the number of pointlike
instantons on the heterotic side.
Altogether we have:

Conjecture 4.2. Consider the decompactification limit onto K 3 of a heterotic
Eg x Eg theory on T* x K3 with smooth K3 surface, unbroken gauge group
H, and | distinct pointlike instantons. This is a six-dimensional theory with
massless spectrum according to Proposition 2.2. Under heterotic — F-theory
duality this theory is mapped to the F-theory limit of type IIA strings on a
Calabi-Yau 3-fold X with the following properties:

X is elliptically fibered with a section over a rational surface Z with Picard
number p(Z) and K 3-fibered over the base of Z — CP'. The fibers of X — Z
are shrunken to zero volume, corresponding to the size of the heterotic T?
becoming infinite. Similarly, the moduli of the fiber of Z — CP' have dropped
out, matching the loss of the complex structure parameters for the heterotic T?.
The Kiihler parameter giving the size of the base of Z — CP! corresponds to
the scalar dilaton in a tensormultiplet of the heterotic theory. Additional | ten-
sormultiplets accounting for the | pointlike instantons on the heterotic side
match the | remaining Kdhler parameters of Z. Of the heterotic vectormul-
tiplets, tk(H) account for bundle parameters of the gauge bundle on T? in
the original four-dimensional heterotic theory. These are recovered as Kihler
moduli of X in terms of degenerate fibers of the elliptic fibration over the two
special sections of Z. Namely, the generic fibers over these sections are ADE
type Kodaira fibers which match the ADE types of the summands of the gauge
algebra Y. Altogether we have

p(Z)=1+2, hUY(X) =3+ 1k(H) + 1.
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Finally, the n(}{ neutral hypermultiplets of the heterotic theory match the hyper-
multiplets that are carried unaltered from the type IIA theory into the F-theory
limit:

nY = n'2(X) + 1.

So far, we have deliberately omitted a discussion of charged hypermultiplets
on the F-theory side, although the conjectured heterotic — F-theory duality pre-
dicts their existence. Indeed, since delicate and interesting issues arise from
their investigation we devote much of the Section 5.2 to their study.

The decompactification limit of our heterotic theory on 72 x K3 gives a
six-dimensional theory. Hence anomaly cancellation (3.2.3) is an issue. In fact,
since the numbers of the various supermultiplets in this theory are related to
the geometric invariants of the dual Calabi-Yau 3-fold by Conjecture 4.2, the
duality predicts a classically unknown relation between these invariants:

Conjecture 4.3. Let X — Z denote an elliptically fibered Calabi-Yau 3-
fold with section, where Z is a rational surface. Assume that X gives the
background of an F-theory limit of type IIA string theory which is dual to a
consistent, that is an anomaly free decompactification limit of heterotic strings
on some T? x K3 to K 3. Then there exists an associated gauge group H which
arises from families of ADE-type Kodaira fibers in the fibration X — Z, and
a number nﬁih of “charged hypermultiplets” which is a “charged dimension”

dim ¢, (0) = dim (¢) — dim (ker 0|cartan torus(m))
of a representation ¢ of H. Moreover, the Picard number p(Z) and the Hodge
number h'-2(X) obey
h12(X) 4 29p(Z) — dim (H) + n} = 301.

In the above conjecture we have made no assumptions to the effect that X
is smooth or that the respective four-dimensional string theories arise from
compactification. Indeed, the conjecture is supposed to hold in great generality.
In the setting of Conjecture 4.2 and Proposition 2.2 we can prove the conjecture
with little difficulty: We know that the invariants p(Z), hb2(X), n‘lf and H
are related to the numbers nr, ny, ny of tensor-, hyper- and vectormultiplets
as follows:

nr=Il+1=p(2)—1, ng=n%+nt =h"2(X)+14nS8, ny =dim (H).
Hence the anomaly cancellation condition (3.2.3) implies
301 =28 4 ny —ny + 297 = h'"2(X) 4+ n$t — dim (H) +29p(2),

as claimed.
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Although the four-dimensional heterotic — type ITA duality as well as the het-
erotic — F-theory duality remain highly non-trivial conjectures, Conjecture 4.3
has valuable predictive power: On the one hand it serves as an important test
for the duality. On the other hand, we so far had to assume that the het-
erotic K3 surface is smooth, since techniques for a direct investigation of the
degeneration phenomena which occur when pointlike instantons coalesce at
singularities of the K3 surface are not known. However, using the F-theory
dual of such a degeneration much more can be said, in particular the parame-
ters entering Conjecture 4.3 can be calculated directly in the F-theory picture
[AM97], see also Section 5.3.7.

5. F-theory on elliptically fibered Calabi-Yau 3-folds

In this section we explore the geometric setting of the F-theory side in Conjec-
ture 4.2 intrinsically. We discuss how the invariants h2(X), p(Z) as well
as H and n%’ which are related to one another in Conjecture 4.3, should
be encoded in the very geometry of an elliptically fibered Calabi-Yau 3-fold
X — Z with section. The duality predicts the form of the elliptic fibration. For
simplicity in this section we assume that the fibration has precisely one section,
because this is the situation assumed in several steps of [GMO03], which we use
severely. It should not be too hard to include cases where the Mordell-Weil
group has non-zero rank, but we have not found a full account in the literature,
and we have not yet completed the relevant calculations.

While 7'2(X), p(Z) as well as H can indeed be obtained by a classical
analysis, the invariant nZ’ remains rather mysterious. We discuss these quanti-
ties separately, where we deal with the “classical” analysis in Section 5.1 and
with “charged matter” in Section 5.2.

5.1. Some invariants of elliptically fibered Calabi-Yau 3-folds

As mentioned above, in many examples a parameter count in (4.1.4) yields
a prediction for the value of 21?(X) in the F-theory picture. This however
does not always give the right answer, because deformations of the complex
structure of our Calabi-Yau 3-fold need not all be given in terms of polynomial
deformations of the singular Weierstrall form. On the other hand, there are
classical geometric methods to calculate #'(X) from the data predicted by
the duality.

Of the invariants involved in Conjecture 4.3, from the fibration X — Z
one can directly read an associated “gauge group” H; this is a semisimple
Lie group whose simple factors are in 1: 1 correspondence to families of
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degenerate fibers in X — Z of ADE Kodaira type and such that the ADE
types match [Wit96a, AKMOO]. Note that indeed according to [Mir83, §7]
near smooth points of the reduced discriminant locus of our fibration such
families are locally trivializable. Particular care has to be taken with fibers
of types Ir, IV, I}, and IV*, because generically a family of such fibers
inm7: X —» Z, ie 7 1(A;) for some divisor A; C Z, is not globally
trivializable, because the fibration has monodromy [AG96]. While without
monodromy one would associate factors of the gauge algebra according to

I — su(k) =ax—1, 1V > su3) = a,
IF > 502k +8) = 04, IV > ¢

to such families, monodromy can reduce the associated Lie algebra to the cor-
responding non-simply-laced algebra that is read from the respective Dynkin
diagram under modding out of an outer automorphism:

by spk) = ¢, Dy spk) =c, 1V sp(l) =ay,
IF s s0Qk+7) =bis onifk=0, g2, IV e s (5.LD)

In calculations, the difference between families with and without monodromy
cannot be seen in the “short” Weierstral form (4.1.4). Rather, one needs a
“long” Weierstraf3 form

Y2 4ai(z1, 22)xy+as(z1, 22)y = x> +ax(z1, 22)x* +aa(z1, 22)x +ae(z1, 22),
(5.1.2)

where as before x, y are affine coordinates of CP? for the fiber and Z1, 2o are
appropriate local coordinates of the base Z of X — Z. Here it is convenient to
assume that the divisor A; over which we want to study a family of degenerate
fibers is given by z; = const. Then the vanishing orders y1, y», v3, va, Y6 of
ay, ay, az, a4, ag with respect to zo encode the type of generic fiber over A;,
including information about the monodromy. For example, vanishing orders
(v1, v2, 3, ¥4, Y6) = (1,2,2,3,5) give fibers of type IV* without mon-
odromy, while (y1, y2, ¥3, Y4, ¥6) = (1, 2,2, 3, 4) gives type I V* fibers with
monodromy. All relevant data are tabulated in [GMO3, Table 1].

With H the total gauge group obtained from families of degenerate fibers
one has

YN (X)) =1+ 1k(H) + p(2),

and all these data can be read off from the geometry as predicted by the
duality. Therefore, to determine the remaining classical invariant 21-?(X) of
Conjecture 4.3 we can equivalently compute the Euler characteristic of X,
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x(X) =2 (100 = h120).

The rest of this section is devoted to describing an algorithm for the computa-
tion of x (X).

If X is a Calabi-Yau 3-fold which is elliptically fibered over a rational sur-
face Z and K 3-fibered with a section over the base of Z — CP!, then it arises
from a singular Weierstraf} fibration X — Z over a Hirzebruch surface Z = F,,
by a sequence of blowups in the base. Let us first collect some properties of
this singular fibration. As explained above, the fibration over the section Cyp of
F,, at infinity and over the zero section Coo* is governed by the bundle data
of the dual heterotic theory. Particularly, n = —Cg = Cgo is related to the
topological data k!, k2, I', 1% of the two heterotic Eg bundles by

K'+1'=12—n, K+1P2=12+n (5.1.3)

if the i bundle acquires I’ pointlike instantons. These identities arise from a
number of conjectures in the physics literature [SW96, Wit96c, MV96a], and
we view their validity as part of the conjectured duality. Denote by

v =x +a(z, 22)x + b(z1, 22) (5.1.4)

the singular Weierstral} fibration X — Z with Z = F,,, with z1, zp affine
coordinates on the zero section Co, and respectively the fiber F of [F,,. More-
over a(zl Zz) and b(z1, z2) are polynomials as in (4.1.4) which define divisors
A and B in Z. The fibers of (5.1.4) degenerate over the discriminant ACZ
which hence captures all the interesting topology of X and eventually of X. The
discriminant is the zero locus of § = 4a> + 27b2. Since X — Z is assumed
to be a singular Calabi-Yau 3-fold, X must in particular have trivial canonical
class. With L = — K denoting the anticanonical class of Z =T, this implies
(see e.g. [Asp97, §6.2])

A=3A=2B withA=4L, B=6L.
Recall also
L=2Co+Q2+nF, C}=-n F>*=0,
Co-F=1, Co=Co+nF, C2 =n. (5.1.5)

In the context of our duality the discriminant A in general decomposes into
several irreducible components,

A= Aper + A’ )
4 We apologize for this seemingly confusing notation, which however is compatible with [AM97]

and thus facilitates a comparison to that work. See [GH78, p. 518] for the standard mathematical
notations.
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where the generic fibers over the irreducible A are of type 11, while Khet
is in general reducible and in particular accounts for more exotic families of
degenerate fibers dictated by the heterotic dual. Khet in the present context
always consists of a collection of smooth rational curves in 7= F,.

As mentioned above, the Calabi-Yau 3-fold X — Z is obtained by a
sequence of blowups of Z from (5.1.4) to yield Z. We always assume that
sufficiently many blowups have been performed such that all fibers of X — Z
are minimal according to Kodaira’s list of degenerate fibers [Kod64]. As we
shall see when we present some examples in Section 5.3, the blowups can be a
delicate issue which needs to be dealt with by a detailed analysis of the singu-
larities in (5.1.2). For the proper transforms of the various divisors we write

A=Apy+A, B=Bpy+B, andthen A= Ap,+4A, (5.1.6)

where in particular A’ is the proper transform of A’ For later bookkeeping let
us denote by b; the number of blowups of points on A’ of multiplicity «;. In
particular,

N(A' + Kz) = Ay (A + K3) —Za,-(aj — 1b;, (5.1.7)
J
see e.g. [GMO3, Corollary 6.3].

All contributions to the Euler characteristic x (X) are captured by the dis-
criminant A C Z of X — Z and the singular fibers over it. To keep track of
all of them, we consider the decomposition of A into irreducible components,
A = Ji_; Ai U A/, where from the above all A; are smooth rational curves
and the generic fibers over A" are of Kodaira type I;. Contributions to x (X)
can come from the generic fibers over each component of A, from intersection
points between any two of these components, from singular points (cusps) on
A’, and from the Euler characteristic of A itself. See [Mir83, (3.1)] for confir-
mation that we may indeed assume that no other singularities but cusps occur
in the residual discriminant A’. To tabulate all this information, we need to
introduce some notation.

First, let x; € N denote the Euler characteristic of the generic fibers over A;.
The values of x; in each case are tabulated in [GMO3, Table 3] in the column
marked “m”. Note that the corresponding number for A’ is 1. By P!, ..., P!
we denote all intersection points of irreducible components of A. Particularly
let I’ denote the number of points P’ on A’. When counting intersection points
of two given components of A care has to be taken since the intersection
number of the respective divisors counts points with multiplicities, while our
PL, ..., P! are understood to be pairwise distinct. Since all A; are assumed
to be smooth rational curves, this issue is only relevant in interpreting A; - A’.
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The necessary local case by case analysis has been carried out in [GMO3],
and the respective multiplicities are found in [GMO03, Table 2] as exponents
of t in the columns marked “l.e. at P;”, and where “transversal” amounts to
multiplicity 1. Note that in several cases intersections of A; and A’ come in
two different “types Py, P»”, meaning that for P € A; N A’ the local geom-
etry near 7 ~!(P) depends on whether P is of type P; or P». A case by case
analysis of the defining polynomials shows that there are never more than two
types. One can use [GMO3, Table E] to determine the numbers Bj, B> of each
type of intersection and thus to disentangle the value of A; - A’ in these cases.
Moreover,

— 1By — B (5.1.8)

with g; taken from [GMO3, Table 4] gives the contribution to I’ from the
collision A; N A’. The Euler characteristic of each fiber 7 ~1(P?) can be
found in [GMO3, Table 4] if P! € A/, and otherwise one uses [Mir83, Table
(14.1)]. Even though in the latter work, Miranda does not take monodromy
into account, these calculations are still valid for our purposes, since the com-
putation of the Euler characteristic only depends on the geometry of the fiber
over P; which he describes in great detail.

Cusps of A’ are denoted by Ql, e, QC, and each of them carries a special
fiber of type 11, contributing x (7 —1(Q")) = 2 to the Euler characteristic. Note
that cusps in (5.1.4) are characterized by the simultaneous vanishing of a and
b, such that their total number in the resolved Calabi-Yau 3-fold X is given by
A’ - B’, as long as these cusps do not coalesce with an intersection point of
A’ with one of the other components of A. From [GMO03, Proposition 8] one
obtains the general formula for the number C of cusps, where an overcounting
in A’- B’ is observed when A’ intersects A; which carry generic fibers of types
Iy, 16‘, 11*, or I3. One uses [GMO3, Table 4] to read off the invariants entering
here: If A’ N A; has Bj intersection points of “type P;” and B, intersection
points of “type P,”, then

C=A"-B —u By —u By, 5.1.9)
with 1, uo taken from [GMO3, Table 4].
Altogether we have
1 ) C ) r I )
10 =2 (x7' @ = Jtry = UJten) + X x (a = Ut
1 1

j=1 j= i=1 j=

1
+Y x@ (P +2C.
j=1
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From the above discussion we can determine all contributions, where the first
one simplifies to

x@ A -1 ~-C

1 C
x |7~ =y - e
j=1 j=1

= —ANA+Kpn+20-1T-C

(5'i'7)—1’(1’+1(7)

+Z(¥j(0lj — 1)b; -I'+C
J

In summary,

Proposition 5.1. Let X — Z be a Calabi-Yau 3-fold which arises via a
sequence of blowups in the base of the singular Weierstraf3 fibration X—>Z
over a Hirzebruch surface 7= F,, associated to the data coming from a het-
erotic Eg x Eg theory compactified on a K3 surface. Assume that X — Z
has precisely one section and that all fibers are minimal. Then the Euler
characteristic of X is given by

X(X)=-A'(A+K3)+ Y aj@;—Db;
j

r I I
+ >0 (8= UJP) i+ 3o x @ Py — 1 + 3¢,
i=1

Jj=1 j=1

where generically C = A’ - B', but in general C is obtained from (5.1.9) and
I’ is obtained according to the discussion around (5.1.8).

5.2. Charged matter

Above we have explained that the heterotic — F-theory duality yields suffi-
ciently detailed predictions about the elliptically fibered Calabi-Yau 3-fold
X — Z on the F-theory side such that one can recover geometric invariants
like 2112(X) and K11 (X) along with p(Z) and an associated “gauge group” H.
In light of Conjecture 4.3 one could then simply define

nt =301 4 dim (H) — h'*(X) — 29p(Z)

and accept it as a new invariant of elliptically fibered Calabi-Yau 3-folds with
section that occur as F-theory duals of well-defined heterotic string theories.
However, from the derivation on the heterotic side for this invariant around
Proposition 2.2, we know that n%’ is a purely gauge theoretic quantity obtained



100 Anda Degeratu and Katrin Wendland

through the representation theory of H. Hence rather than using Conjecture 4.3
as a definition of n%‘ one should expect an intrinsic geometric interpretation
of this quantity and view the anomaly cancellation condition as a classically
unknown relation between geometric invariants attached to elliptically fibered
Calabi-Yau 3-folds with section. This is the viewpoint we are going to take
here.

In fact, if the heterotic — F-theory duality holds on the level of string theory,
then we are forced into this viewpoint: According to Proposition 2.2 the quan-
tity n%’ accounts for part of the hypermultiplet spectrum of the dual heterotic
theory, namely the charged part, and hence must also occur on the F-theory
side. Similarly, for non-Abelian H we have dim H — rk H additional vector-
multiplets to account for which so far have escaped our explanations on the
F-theory side.

Since in the F-theory limit the fibers of the elliptic fibration shrink to zero
size, i.e. the Calabi-Yau 3-fold X is taken to the boundary of the Kéhler cone,
one can expect the additional multiplets to arise due to this degeneration of
X. Indeed, explanations along these lines can be found in the literature, see in
particular [KV97, AKMOO]. This work connects the appearance of additional
multiplets to two phenomena which occur in this limit, distinguished by the
way the fibers of the elliptic fibration degenerate: (1) in families, or (2) isolated.
Let us attempt to summarize and comment on these explanations.

5.2.1. Families of degenerate fibers yielding new vectormultiplets

From Proposition 2.4 we know that on a smooth Calabi-Yau 3-fold X a
type IIA string theory possesses 4!'1(X) vectormultiplets. These in particu-
lar include an RR three-form C;; in each multiplet which can be integrated
over two-cycles in X to produce one-forms. The latter can be interpreted as
analogs of Yang-Mills connection one-forms of a gauge theory which can
become non-Abelian when (—2) curves in X shrink to zero size [AKMOO].
More precisely, consider a family of degenerate elliptic fibers in an ellip-
tically fibered Calabi-Yau 3-fold such that the degenerate fiber is a bouquet
of rational curves. As explained above, to this type of family one associates
a simple factor G; of the “gauge group” H, an ADE type Lie group. Each
rational curve in the bouquet has normal bundle O & O(-2) in X, and in the
family of degenerate fibers it sweeps out a four-cycle S; in X with normal
bundle O(—2). These four-cycles are in 1: 1 correspondence with the genera-
tors of a Cartan torus of G;. Indeed, following [Wit96a, KV97, AKMO00] one
defines U (1) charges with respect to each S; on any (—2) curve in the degener-
ate fiber via the intersection form. Here one views the (—2) curve as the cycle
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which a two-brane wraps to produce a new massless particle with “electric
charge” given by its U (1) charge if the size of the relevant (—2) curve shrinks
to zero. Since the (—2) curves in the degenerate fiber are in 1: 1 correspon-
dence with the roots of G;, and because the rational curves underlying S; have
intersection form given by the Cartan matrix of G;, one obtains the adjoint rep-
resentation of G;. In particular, the “gauge representation” associated to the S;
is enhanced from a rk G; to a dim G; dimensional representation, accounting
for the missing vectormultiplets: One has to add one “charged” vectormultiplet
corresponding to each root of G;.
In fact, for definiteness recall from Section 5.1 that

r
A= U A; U A,
i=1
with smooth irreducible curves A;, and A’ the residual discriminant of the
fibration 7 : X — Z, an irreducible curve over which the generic fibers are of
Kodaira type I;. For each A; the fiber over it gives rise to a simply-laced Lie
algebra, which may be trivial if the fibers are of type I; or /1. If there is no
monodromy within 71 (A;), then this determines the associated factor G; of
H. If within 7~ (A;) there is monodromy, then G; is the corresponding non-
simply-laced Lie group which descends from the simply laced one as listed on
the algebra level in (5.1.1). To summarize, the enhanced gauge group is

,
H:l_[G,',
i=1

and the total number of vector multiplets is dimH = ) ;_, dim G;.

5.2.2. Colliding degenerate fibers yielding charged hypermultiplets

We have now accounted for all effects of the degeneration of X in the F-theory
limit, apart from the special degenerate fibers which occur over collision
points of irreducible components of the discriminant A C Z of the fibra-
tion m: X — Z. It is important to note that the type of fiber over such
a collision point is not simply obtained by adding the vanishing orders of
the polynomials ay, a», az, a4, ag in (5.1.2). Rather, according to [Mir83]
a generic curve C C Z through the collision point yields a surface 7 ~1(C)
with a singularity at the collision point. Minimally resolving this singularity
gives a degenerate fiber Y of the type predicted by simply adding the vanish-
ing orders of ay, .. ., a¢. The isolated degenerate fiber of 7: X — Z is hence
obtained by contracting some of the irreducible curves in Y. The explanations
in [KV97] amount to translating this result into the language of the “gauge
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theory” associated to the group H as described above. The geometric setting
hints towards various interesting phenomena that are related to these collision
points. Particularly in view of the gauge theory attached to families of degen-
erate fibers according to Section 5.2.1, one expects representations of g; @ g;
attached to the fibers over collision points which are non-trivial with respect
to both summands, where g;, g; are the gauge algebras associated to the two
colliding families of degenerate fibers. This phenomenon is the expected origin
of the charged hypermultiplets [Wit96a, KV97, AKMO0O].

For the geometry of elliptically fibered Calabi-Yau 3-folds X — Z which
occur in the heterotic — F-theory duality this means that at least formally it
should be possible to associate to each degenerate fiber over an intersection
of irreducible components of the discriminant, (a) a representation of the total
gauge group H, and (b) a prescription to calculate its charged dimension, such
that n%’ is the sum of all these charged dimensions. For the situation where
A =U/_|A;UA obeys A; N A; ={foralli # j this idea has been carried
out in [GMO3]. This work hence covers all F-theory duals of heterotic theories
compactified on smooth K3 surfaces and with smooth bundles. To calculate
n%l from the results of [GMO3] one proceeds as follows:

We have already explained in Section 5.1 how to determine the number of
intersection points pl ... P! (I = I’ such that one of the colliding divisors is
always A’ under our assumptions), along with their multiplicities and the infor-
mation whether or not monodromy is involved in one of the colliding families.
While [GMO3, Table 4] gives the type of fiber over each collision point, the
associated representations are listed in [GMO3, Table A]. Here, p1, p» denote
representations attached to collision points of “type Py, P>” respectively (see
Section 5.1 for this terminology), and pg is a representation which is “non-
isolated” in the sense that monodromy prevents a localization over the collision
points.

While representations of type p1, p2 contribute to n%l according to their
dimensions at each collision point, greater care has to be taken when determin-
ing the contributions for representations of type pg. First, if at a collision point
Pk ¢ A; N A’ monodromy occurs, then one needs to work with a branched
cover A of A; which parametrizes the exceptional curves in one homology
class [GMO3, Corollary 1.3]. The difference g. — g; of genera between A/ and
A; is obtained from [GMO3, Tabel E] and replaces the number of collision
points in A; N A’ in the contribution to n%l from pg [GMO3, Theorem 8.2].
This is an effect of having “non-isolated” representations: Some of the points
in A; N A’ belong to the same orbit under this representation. There is a second
crucial effect of monodromy. Recall that we distinguish between charged and
uncharged hypermultiplets, where uncharged matter is characterized by the
fact that it transforms trivially under the gauge group. Generically, on the
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heterotic side the representations L), ® Q! in (2.2.7) with non-trivial L}, Q/,
yield trivial kernel when restricted to the Cartan torus t of the gauge group H.
However, with monodromy this need not be the case such that one can obtain
additional contributions to the uncharged matter, and accordingly a smaller
contribution to the charged matter from pp as above. In [GMO3] the relevant
contribution of pg to n%’ is called the charged dimension

dim (po)cn := dim (pg) — dim ker(p0) ¢

and can be obtained from [GMO03, Table B].

The invariant n‘é’ altogether receives a contribution ( glf —gi)dim (pg)cp from
po. If dim (pg)cn # dim (po) then n% receives an additional contribution (g; —
gi)(dim (pg) — dim (o)) Which must be added to our formula (2.2.23) in
order for hl’z(X ) = n% + 1 to hold in Conjecture 4.2. To our knowledge, this
latter correction has escaped mention in the literature, so far.

After having established the prescription for the calculation n%‘ from
[GMO3] we naturally ask whether the invariants 2"2(X), p(Z), dim (H), and
nﬁ associated to an elliptic fibration X — Z obey the anomaly cancella-
tion condition of Conjecture 4.3. Indeed, one of the main results of [GMO03]
is the confirmation of this classically unknown identity in the cases they
treat. Moreover, a verification of anomaly cancellation in the context of the
Green-Schwarz mechanism is given. These results of [GMO03] yield yet another
striking and highly non-trivial piece of evidence in favor of the conjectured
heterotic — F-theory duality. However, they arise from a local case-by-case
analysis and do not give an entirely intrinsic explanation for the origin of the
representations attached formally to collisions of families of degenerate fibers
in X — Z. Although the familiar branching rules from the heterotic dual
are invoked to determine the relevant representations, as is also suggested in
[KV97], the actual mathematical origin of the “gauge theory” associated to
degenerate fibers remains mysterious.

Indeed, in light of the gauge theory attached to each family of degenerate
fibers according to Section 5.2.1, there seems to be a natural explanation in
terms of the local geometry of the isolated degenerate fibers which also gives
a lead on how to calculate ng’ in general [AKMOOQ]. As mentioned above, one
expects that both factors G;, G; of the gauge group associated to two col-
liding families should act non-trivially on the representation associated to the
collision. While generic rational curves in this isolated fiber will have vanish-
ing charge with respect to one of the two groups, in some cases such a curve
can have non-trivial charge with respect to both G; and G ;. As before, this
charge is encoded in the respective normal bundle of the rational curve in X.
Generically, such a curve will have normal bundle O & O(—2) or O(—-2) ® O,
while in some cases curves with normal bundle O(—1)®O(—1) can occur. The
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latter are expected to be the sources of the charged hypermultiplets. Note how-
ever that the explanation definitely needs adjustment. In the setting which the
authors of [GMO3] restrict to, either G; or G is trivial, so the above approach
would predict absence of charged hypermultiplets. This prediction is false. We
believe that in [AKMOO] one needs to assume that neither of G;, G is trivial.

The above idea is shown to work for colliding families of type I, and I,
respectively, in [AKMOO], but it seems not to have been pushed further in the
physics literature. However, we have found encouraging confirmation beyond
this case in [Mir83], where the local geometry of fibers over such collision
points is studied in detail. In particular, a list of “fundamental collisions” is
given, to which all other collisions can be reduced by appropriate blowups
of the base. The topology of the isolated fiber for each fundamental collision
is worked out, along with the normal bundles of the irreducible components
of these fibers. The only fundamental collisions with at least one irreducible
component of the isolated fiber having normal bundle O(—1) & O(—1) are
collisions of types

Iy + L, I+ 1, 1V + Iy, and III+15.  (5.2.1)

We view it as a striking confirmation of the ideas of [AKMO0] that in a wealth
of examples where n%’ can be calculated on the heterotic side and hence a
prediction for its value is available, its geometric derivation involves only
collisions of type (5.2.1), or non-fundamental collisions, or collisions which
generically suffer from monodromy — and no counter example is known to us.
In other words, for all cases that are covered by [Mir83] the ideas of [AKMO00]
can be confirmed. Nevertheless — and surprisingly — Miranda’s list has not yet
been extended to all relevant cases to provide a complete intrinsic explanation
for charged hypermultiplets in the geometry of elliptically fibered Calabi-Yau
3-folds. In particular, monodromy is not taken into account in [Mir83] — and in
fact is also not addressed in [KV97]. Of course, several further examples are
discussed in [AKMO0], including some with monodromy, and various meth-
ods that apply in special cases are known [KMP96, Wit96a, AG96, BIK 196,
Sad96, KV97, IMS97, CPRI8, Int98, DE99], but a general intrinsic under-
standing apparently has not yet been reached. We are currently working on
filling this gap.

5.3. Examples

In this section we present a number of examples to illustrate the algorithms
explained above. They are chosen representatively to show all the special
features that to our knowledge can occur in these algorithms.
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As afirst step, using the heterotic input data we need to specify the respective
singular Weierstral} fibration (5.1.2) over 7= IF,, in each case. We assume that
the heterotic data k', I, K, H' are given as in Section 3.3. Recall that # is
then determined by (5.1.3). Moreover, the fibration X—>Z degenerates over
Co and Co, where H', H? determine the Kodaira type of the generic singular
elliptic fiber. Using [AM97, Table 1] this gives the vanishing orders «;, B;, d;
of a, b, and § in the short Weierstral form (5.1.4) along Cy and C,. Hence we
can specify the components A, B, A of the discriminant yielding A’, B/, A/
of (5.1.6) after blowup:

A = 4L — 4gCo — tsCo0, B’ = 6L — ByCo — PooCoos
A = 12L — dyCo — dooCoo, (5.3.1)

with the notation of (5.1). In fact, in most of the cases discussed below no
further blowup will be necessary, such that A=A, B =B, AN = A and
the collision points of components of A which take center stage in the analysis
are counted by the intersection numbers A’ - Cp and A’ - Coo. In some cases,
though, collisions turn out to be non-minimal, such that blowups are needed,
as we shall describe in more detail where necessary.

As mentioned above, to correctly incorporate monodromies instead of the
short Weierstrall form (5.1.4) one needs to use the long version (5.1.2) from
which the former is obtained via

) = a% +4ay, cq4:=a1a3+2a4, cg:= a% + 4ag,

1 1
a = —4—8 (C% — 2464) , b= —@ (—C; + 36c2c4 — 216C6> .

For later convenience let us also introduce the following notation: We write
Yo 8:91.72.73.74.76 (8) to denote a Y-type fiber, where «, 8, ; are the vanishing
orders of a, b in (5.1.4) and a; in (5.1.2), respectively, and g is the Lie algebra
of the associated gauge group. We sometimes simply call such a fiber “of type

(@, B; v1, Y2, V3, V4, V6) .

5.3.1. Completely broken gauge group
If the gauge group is trivial, H = {id}, this means that our K3 bundle has
holonomy K = Eg x Eg. Since no additional singular fibers are imposed,
we have
A'=4L =8Cy+ (8 +4n)F,
B’ =6L =12Cp+ (12 + 6n)F,
A" =12L = 24Cy + (24 + 12n)F.
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Because there are no collisions, 7 = 7 needs no further blowups and hence
p(2)=2, KX =3

Furthermore we directly obtain all contributions to the formula for x(X) in
Proposition 5.1:

r .
A+ Kp) = 1056, Tajleg = Dby = 00 X x(a-UiP ) = 0,
; =

1

! _
> x@ (P = 0, I' =0, C = A-B =192
j=1

Hence
x(X) = —480, h"2(X) = 243.

Moreover since there are no collisions, no charged hypermultiplets occur,

n%‘ = 0. First, anomaly cancellation according to Conjecture 4.3 is seen

to hold (as of course follows from the results of [GMO3]). Second, compar-
ing these data to the ones obtained for the heterotic dual (3.3.1), we see that
Conjecture 4.2 is met.

5.3.2. Unbroken Eg gauge group
If the gauge group is H = Eg x {id}, this means that our heterotic K3 bundle
has holonomy K = {id} x Eg. So we are imposing /* fibers on Cy and
A =4L —4Cy = 4Cy + (8 + 4n)F,
B = 6L —5Cy=7Co+ (12+6n)F,
A =12L — 10Cy = 14Co + (24 + 12n)F.
We have A’ - Co = 2(12 — n) and find that each intersection has multiplicity

aj = 2. These intersections are non-minimal, so b; = 12 — n blowups are
necessary, yielding

p(Z) =14 —n, (X)) =23 —n.

After blowup, no collisions are left. The contributions to the formula for x (X)
in Proposition 5.1 are:

A (A +K3) =130n+59, Y aj(@j—1)b;=24—"2n,
j

) ! )
x (A = Ui {P7)) i =20, X x(el Py =0,
=

I'=0, C=A-B =104+ 24n.

-

i=1
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Hence
x(X) = —60n — 240, h"*(X) = 143 + 29n.

Since there are no collisions, no charged hypermultiplets occur, n%’ = 0.
Anomaly cancellation according to Conjecture 4.3 holds (in accord with
[GMO3]). Moreover, comparing these data to the ones obtained for the het-
erotic dual (3.3.2) with / = —n + 12 according to (5.1.3), we see that
Conjecture 4.2 is met.

5.3.3. Unbroken E; gauge group
If the gauge group is H = E7 x {id}, this means that our K3 bundle has
holonomy K = SU(2) x Eg. So we are imposing /I I* fibers on Cy and
A’ =4L —3Cy=5Cy+ (8 +4n)F,
B' =6L —5Cy=17Co+ (12 + 6n)F,
A" =12L —9Co = 15Cy + (24 + 12n)F.
We have A’ - Co = 3(8 — n) and from [GMO03, Table 2] find that each inter-

section has multiplicity «; = 3. These intersections are minimal, but we can
choose to blow up b; = [ of them, yielding

p(Z)=2+1, h"'(X)=10+1.

After blowup, (8§ — n — [) collisions are left. From [GMO03, Table 4] the
Euler characteristic of the isolated fibers over such collision points is 9. The
contributions to the formula for x (X) in Proposition 5.1 hence are:

N (N +Kz)=126n+642, Y ajlej — Db; =6,
J
r I . I '
X (Ai - szl{PJ}> Xi=—544+9+9, X x(@x YPI)=72-9n -9,
=1

=t
I'=8—n-—1, C=A"B —-1=23n+116-1

1

The formula for the number of cusps C takes into account that each collision of
Co with A’ izzs also a cusp of A’ which is resolved if we blow up. Altogether

X(X) = —56n—284+41, h“2(X)=28n+152—1.

By [GMO3, Table A] each of the (8§ — n — [) collisions carries charged matter,
contributing %56 to nZ’ One hence has n%’ = 224 — 28n — 28l. Anomaly
cancellation according to Conjecture 4.3 holds, and comparing these data to
the ones obtained for the heterotic dual (3.3.3) with k! +1 = —n + 12 and
k? = n + 12 according to (5.1.3), we see that Conjecture 4.2 is met.
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5.3.4. Unbroken Es gauge group
If the gauge group is H = Eg x {id}, this means that our K3 bundle has
holonomy K = SU(3) x Es. So we are imposing I/ V* fibers on Cp, but with
trivial monodromy, which is the non-generic case. We have
A'=4L —3Cy=5Cy+(8 +4n)F,
B'=6L — 4Cy=8Cy+(12+6n)F,
A =12L — 8Cy=16Cy+24+ 12n)F, A'-Co=2(12—2n)=4(6 — n).
From [GMO3, Table 2] each intersection between C(y and A’ has multiplicity

aj = 4. These intersections are minimal, but we can choose to blow up b; =/
of them, yielding

p(Z)y=2+1, h'X)=9+1

After blowup, (6 — n — I) collisions are left. From [GMO03, Table 4] the
Euler characteristic of the isolated fibers over such collision points is 9. The
contributions to the formula for x (X) in Proposition 5.1 hence are:

A’ (A + Kz)=120n + 688, Zaj(oej—l)bj:ul,
J

1

=t
I'=6—n—1, C=A"-B —21=22n+124 2.

r . I i
X (Ai - U§:1{P1}) xi=—32+8n+8, Y x(~'(PI)=54—9n—09l,
=1 ‘ 1

The formula for the number of cusps C takes into account that each collision
of Co with A is also a cusp of A’ which is resolved if we blow up; in fact, the
collision with A’ has multiplicity 4 and the number of cusps is reduced by 2
by each blowup. Altogether

x(X) =—54n —300+ 6/, h"“?*(X)=27n+ 159 —21.

By [GMO03, Table A] each of the (6 — n — [) collisions carries charged matter,
contributing 27 to n%l One hence has n%q = 162 — 27n — 271. Anomaly
cancellation according to Conjecture 4.3 holds, and comparing these data to
the ones obtained for the heterotic dual (3.3.4) with k! +7 = —n + 12 and

k* = n + 12 according to (5.1.3), we see that Conjecture 4.2 is met.

5.3.5. Unbroken Fy gauge group

If the gauge group is H = F4 x {id}, this means that our heterotic K3 bundle
has holonomy K = G, x Eg. So we are imposing I V* fibers on Cy as in the
previous subsection, but with nontrivial monodromy, which is the generic case.
The results for A/, B/, A/, A - Cy can be taken from the previous subsection,
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but now according to [GMO3, Table 2] each intersection between C¢ and A
has multiplicity &; = 2. These intersections are minimal, but the collisions
cannot be removed by blowups. Hence we do not blow up at all, b; = 0, and

0(Z) =2, X)) =7.

We have (12 — 2n) collisions between Cy and A’. From [GMO03, Table 4]
the Euler characteristic of the fibers associated to such collision points is 6.
Note that in this case we have monodromy, which will affect the calculation
of the charged hypermultiplets. The contributions to the formula for x (X) in
Proposition 5.1 are:

A (A4 Ky)=120n+688, Y aj(a; — 1)b; =0,
J

-

x (A = Ui {P7)) xi = =80 + 16n, XN (PI)) =72 - 12n,
1 j=1 .
I'=12 —2n, C=A"-B =22n-+124.

1

1

Altogether
x(X) = —48n — 336, h"“?(X) = 24n + 175.

By [GMO3, Table A] each of the (12 — 2n) collisions carries charged mat-
ter, with associated representation 26. However, we have monodromy, and the
charged dimension of this representation is only dim (26)., = 24 according to
[GMO3, Table B]. Moreover, its multiplicity in ng’ is not (12 — 2n) but rather
(¢’ — g) = 5 — n as can be obtained from [GMO03, Table E]. One hence has
n%‘ = 120—24n. Anomaly cancellation according to Conjecture 4.3 holds, and
comparing these data to the ones obtained for the heterotic dual (3.3.5) with
k' = —n+12 and k?> = n+ 12 according to (5.1.3), we see that Conjecture 4.2
is met.

5.3.6. Unbroken Spin(10) gauge group
If the gauge group is H = Spin(10) x {id}, this means that our K3 bundle has
holonomy K = SU(4) x Eg. So we are imposing I" fibers on Cy, and we have
A" =4L —2Cy = 6Cy + (8 + 4n)F,
B =6L —3Cy=9Cy+ (12 +6n)F,
A =12L —7Cy = 17Co + (24 + 12n)F, A Cy=24—5n.
In this case determining the multiplicities of intersection points is a bit trickier

than before, because there are two different “types Pi, P»” of intersections.
Using [GMO3, Table E] one finds that there are By = 6 — n intersections of
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“type P17, and By = 4—n intersections of “type P,”. Since when counted with
multiplicities the total number of intersections is 24 — 5n, one finds that inter-
sections of “type P;” have multiplicity 2, while intersections of “type P, have
multiplicity 3. We choose not to blow up any of these intersections, b; = 0,
yielding

0(Z) =2, (X)) =8.

In total, we have B; + B> = 10 — 2n collisions, and from [GMO03, Table 4] the
Euler characteristic of the isolated fibers over collision points of both “types
P, P,” is 8. The contributions to the formula for x(X) in Proposition 5.1
hence are:

A (N + Kz)=112n 4734, Yaj(aj—Db; =0,
J
r . I .
> x (A - U;zl{P-f}) Xi = =56 + 14n, 3 x @~ (PT)) =80 — 16n,
i=1 j=t
1/210—21’!, C:A/~B/—;,L131—M232=20n+136.

For the number of cusps in this case we have to apply the general formula
(5.1.9) with 1 = 0 and up = 2 according to [GMO3, Table 4]. Altogether

x(X)=—=52n—312, h"“?(X)=26n+ 164.

By [GMO3, Tables A, B] each of the (10—2n) collisions carries charged matter,
where the (6 — n) points of “type P;” contribute 10, and the (4 — n) points
of “type P,” contribute 16, each to n‘l_ﬁl One hence has n‘l_f’ = 124 — 26n.
Anomaly cancellation according to Conjecture 4.3 holds, and comparing these
data to the ones obtained for the heterotic dual (3.3.6) with k! = —n + 12 and
k* = n + 12 according to (5.1.3), we see that Conjecture 4.2 is met.

5.3.7. 24 pointlike instantons on singularities of type Eg, E7, or Eg

Recall that in our Proposition 2.2 we restricted the internal K 3 surfaces of our
heterotic string theories to be smooth, because the analysis which lead to the
formulas for ny, ny, nr cannot be performed as stated if pointlike instantons
collide with singularities on K3. In fact, no direct technique to tackle that
situation is known. However, the heterotic — F-theory duality comes to aid
and allows to predict the massless spectrum even in such highly degenerate
cases [AMO97]. Let us describe three of the most degenerate situations, which
where brought to our attention by McKay’s conjecture as mentioned in the
Introduction.

On the heterotic side, we assume total degeneration of the bundle data
to 24 pointlike instantons. This amounts to a primordial gauge group
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Eg x Eg and thus to imposing I7* fibers on Cy and Co in Z = F,,
yielding

Ay = 4L —4Cy — 4Cy = 8F,
By=6L —5C) — 5Co0 = 2Co + (12 + n)F,
Ay = 12L — 10Co — 10Co0 = 4Co + (24 + 2n)F.

Furthermore, we impose singularities of type Eg, E7, Eg on the heterotic K3
surface. On the F-theory side, according to [AM97], this corresponds to impos-
ing additional degenerations of the Weierstrall form over one fiber F of 7= F,
of type I11*, I11*, 1V*, respectively. The most degenerate situation arises
when all pointlike instantons coalesce on the singularity of the heterotic K3
surface. Since in F-theory each pointlike instanton corresponds to a (multiple)
iBtersection of 16 with Cyp or C~°°’ respectively, this amounts to degenerating
X such that all intersections of A’O with Cy ind Coo are situated also on F. To
desingularize the highly degenerate variety X one performs a chain of blowups
of Z , as we shall now describe, following [AM97].

To explain the general procedure let us blow up the singularity coming
from the intersection of two rational curves Aj, A, which carry excep-
tional fibers of type (a, B ¥1, ¥2, ¥3, V4. ¥6) and (&', B's ¥{, V3. V4. V4» Ye)s
respectively, such that over the intersection of A; and A, we have a non-
minimal fiber. In other words, we assume o + o' > 4,8+ 8 > 6. We
take the coordinate + on A and s on Aj, such that the fibration is locally
given by

’ ! ’ ’ ’
y2 s xy 4 5V 13y = x5 4 57207202 4 sV Vax + 57617,
To blow up, we set
_ _ _ 2 _ .3
s=s1t1, t=t, XxX=tx1, Y=y,

i.e. we blow the base up in s = ¢ = 0, as well as the fiber in x = y = 0. The
equation becomes

2, nnty-l ys v3tys—3 3, =2 0 oy vaty—4
yit+s 4 X1y1+s77°t yi=xj+s°t Xy +s X1
Yot+vg—6
+ 570800,

which along the new divisor {#; = 0} has a Kodaira fiber of type

@ B vi+vi— L ntrn—-2.»3+vi-3. ut+vi—4 ve+v,—6). (53.2)
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Additionally moving instantons into the collision point the Weierstrall model
for the fibration becomes

y2 + M tV{xy +sy3ty3/y = 3 57207252 gV 1Vix 4 5Y61Y6 (s + 15 (5.3.3)

for some constant A, and k € N accounting for the number of instantons.
Blowing up as before we obtain

ty1+y{f y;ty3+y3’f3 3, n.nty- vs vaty,—4
1 1

2,V 1 2 2
yl—i—sl )clyl—l—s1 y1=x1—i—s1 4 xl—i—sl 4 X1

41T g k). (5.3.4)

We have introduced a new CP! with fibers of type

@, B i vitvi—L v =2 v3+y3=3. vatvs—4 ve+vs—5). (5.3.5)

Eg instantons on an Eg singularity

An Ejg type singularity in the K3 surface on the heterotic side implies that X
has I 1* fibers not only over Cy and Co, but also over a fiber F. Forcing these,
the divisors X&, E(’), and ZE) become

D e
I
=
|
W
=
I
[\*}
)
(=}
—+
3
—+
S
%

Hence
A - Co=2T-n), AN -Co=27T+n), A.F=2.2.

The first two formulas show that there are in total 14 instantons that can be
moved into the Eg singularity. There is an apparent difference between this
number and the total instanton number 24 on the heterotic side; the interpre-
tation of this mismatch in [AM97] says that the singularity on K3 “eats” 10
pointlike instantons. The last formula shows that there are two further collision
points of multiplicity 2 of A’ with F, which will eventually be blown up.

We now move all 7 & n pointlike instantons into each collision point of two
I} (eg) fibers. This amounts to k = 7 &= n in (5.3.3). Performing one

4,5;1,2,3,4,5
blow up (5.3.5) shows that we obtain a new divisor with (4,5; 1,2, 3,4,5)

new divisor with CO’ or Coo one still has £ — 1 pointlike instantons. Taking
the two collisions of F with A’ into account, altogether we need to perform
bj = 14 + 2 blowups of points of multiplicity ; = 2 of the discriminant.
Moreover, we have produced a chain of 15 CP"’s in Z with II* curves in the
fiber.
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To smoothen the 3-fold where non-minimal fibers appear over collisions of
any two curves with 7 7* fibers, another chain of blowups is necessary. Iterative
application of (5.3.2) gives

;;;;;;;;;;;;
aaaaaa

aaaaaa

ssssss

aaaaaa

Here we have performed 11 blowups. We have contributions to the Picard num-
ber from: the Hirzebruch surface (2); blowups from residual intersections of A
with F (2); the chain of CP!’s with I1* fibers over them (14); the additional
contributions from the blowups of their collisions (176 = 16 x 11). In total,
we get

p(Z) =2+2+ 14+ 176 = 194.

John McKay remarks that p(Z) = 194 is precisely the number of conjugacy
classes in the Monster sporadic group M.

As to the gauge group, each of the 15 curves in the fiber of Z which carry
IT* singularities contributes an eg. Furthermore, by the above each of the 16
blowups of a I1* + II* collision contributes f4 & g?z ® su(2)®2. Together
with the primordial egﬂ over Cy and Cq, the total gauge algebra is

2?17 ® f?lé ® 93932 @511(2)@32.
The total gauge group H has dimension and rank
dimH = 5592 and rtkH =296.

Next we need calculate #"2(X). Using the algorithm described in Section 5.1
this amounts to calculating x (X). To apply the formula given in Proposition
5.1, let us determine its various contributions:
A (N +Ky) =76, Yajla— Db =2x16=32,
J

r . I .

Y (A —Ul(P) i =20, X x(m ' (PF)) = 960,

i=1 j=l1

I' =0, C=A B =8.

From here we get

x(X) =960, hV1(X)=1+194+296=491, h"%(X)=11.
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Note that h12(X) + 1 = n(}{, the number of K3 parameters on the heterotic
side, where the complex structure of K3 is constrained to having an Eg sin-
gularity on K3, as predicted by Conjecture 4.2. Indeed, it is conjectured that
the neutral hypermultiplets are not affected by all the degenerations due to
pointlike instantons coalescing with K3 singularities.

Finally let us calculate n%’ According to the explanations in Section 5.2.2
we need to consider collisions of families of degenerate curves of type (5.2.1).
From the above, we have two collisions of type 1V (su(2)) + I (g2) for each
of the 16 chains obtained from blowing up I1* + I1*. This gives 32 contri-
butions to the charged hypermultiplets. The resulting matter representation of
g2 @ su(2)is % ((2,1) + (2, 7)) according to [Int98], where the prefactor indi-
cates that these representations are quaternionic and contribute with half their
dimension in n%’ Altogether we have

h
Sl =256

and one checks that anomaly cancellation according to Conjecture 4.3 holds. It
should be emphasized that the calculation of the charged matter representations
in [Int98] uses the anomaly cancellation condition rather than giving a direct
derivation. In fact, since I;(g2) suffers monodromy, in this case not even a
conjecture is known to us which describes such a direct derivation. We are in
the process of filling this gap in the literature. That representations of the type
exist which yield anomaly cancellation is already remarkable.

Eg instantons on an E7 singularity
By the same procedure as for an Eg singularity on K3, we obtain:

A = A\ —3F =5F,
B = Bj—5F =2Co+ (7+n)F,
A’ = Ay —9F =4Co + (15+2n)F.

Hence
A -Co=1427—-n), AN -Coo=14+27T+n), A.F=2.2.

As before, 14 instantons can be moved into the E7 singularity. In the first two
formulas the summand 1 takes into account that colliding /7* and 711* fibers
forces an additional intersection with A, which has multiplicity 2 on F.

We now move all 7 & n pointlike instantons into each collision point of

115 5345(8)and 11155 5 55 5(e7) fibers. As before we repeatedly apply

ssssss
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fibers. Altogether we need to perform b; = 14 blowups of points of
multiplicity a; = 2 of the discriminant.
The chains of blowups needed to smoothen the 3-fold are as follows

;;;;;;;;;;;;
aaaaaa
vvvvvvvvvvvv

,,,,,,
aaaaaa
vvvvvv

aaaaaa

Recall that the collision I7* 4+ I17* forced an additional intersection with
A’. In the process of blowing up, this collision with F moves onto one of the
divisors carrying I} (g2) fibers and transversally intersects it.

We have contributions to the Picard number from: the Hirzebruch surface
(2); the chain of CP!’s with I1I* fibers over them (14); the additional contri-
butions from the blowups of their collisions (90 = 14 x 5 4+ 2 x 10). In total,
we get

p(Z) =2+ 14+ 90 = 106.
The total gauge algebra is
g’ @ e @ su@® @ 5ud)®® @ o’ @ 1.
The total gauge group H has dimension and rank
dmH = 3041 and rkH =211.
The contributions to x (X) in Proposition 5.1 amount to
A (N +Ky) =82, Yajla— b =2x 14=28,
J
r . 1 .
Yx(ai—UoP ) =8, X x(@'(P)) = 630,
i=1 j=l1 o
I' =2, C =A"-B =10

From here we get

x(X) =612, n"'(X)=318, ArV2(Xx)=12.
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Again hl’z(X )+ 1= ”(1){’ the number of K3 parameters on the heterotic side,
where the complex structure of K3 is constrained to having an E7 singularity
on K3, as predicted by Conjecture 4.2.

For njf we list collisions of curves of type (5.2.1): We have 4 collisions
1V (su(2)) + I (g2) and 111 (su(2)) + I (g2) each as well as 2 x 14 collisions
I11(su(2)) + I (s0(7)). According to [Int98], the associated representations
are, respectively, %((2, 1)+ (2,7)) of su(2) ® go and %(2, 8) of su(2) ® so(7)
amounting to a total of

n<h = 256.

The same comment as above applies to the derivation of the charged rep-
resentations in [Int98]. One checks that anomaly cancellation according to
Conjecture 4.3 holds. We do not yet understand why the remaining colli-
sions of A’ with families of /j(g2) fibers do not contribute to the charged
hypermultiplets.

Eg instantons on an Eg singularity
This time we have

A’ = Ay — 3F = 4F,
B' = Bl —4F =2Co+ (8 +n)F,
A=Ay —8F =4Co+ (16 +2n)F
AN -Co=28—-n), A -Cex=28+n), A F=A4.

Hence 16 instantons can be moved into the E¢ singularity. In order to consis-
tently impose families of 77* and I V™ fibers like this, the /V* fibers cannot
suffer from monodromy. The collision then forces an additional intersection
with A’ in the intersection 11* + IV* with multiplicity 2. This is accounted
for in the last formula above and also contributes 2 to each of the intersections
of A’ with Cg and Coo.

We now move all 7 £ n free pointlike instantons into each collision point of
Ilj‘,s_1 »345(es) and IV, | 55 5 s(ee) fibers. As before we repeatedly apply

sssssssssss
ssssss

ssssss

fibers over them. The latter intersect A’ with multiplicity 2 away from other
collisions. Altogether we perform b; = 16 blowups of points of multiplicity
aj = 2 of the discriminant.
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The chains of blowups needed to smoothen the 3-fold are as follows

vvvvvvvvvvvv

ssssss

ssssss
ssssssssssss
3Lyl Iy
vvvvvv
ssssssssssss
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We have contributions to the Picard number from: the Hirzebruch surface (2);
the chain of CPP!’s with I V* fibers over them (16); the additional contributions
from the blowups of their collisions (58 =2 x 5 4+ 16 x 3). In total, we get

p(Z)=2416+58 =76.
The total gauge algebra is
223 2P 19 @ su2)®? @ ¢2° @ 5u(3)®'°.
The total gauge group H has dimension and rank
dimHA = 1932 and rkH =152
The contributions to x (X) in Proposition 5.1 amount to

AN-(A+Kyz) =8, Yajlaj—Dbj =2x16=32,
J

-

. i _
x(ai=UliP ) =4, X x@ ' (P))) = 456,
j=1

I =2, C=A-B =10.

1

1

From here we get
x(X) =432, n"'(x)=229, An2(Xx)=13.

Once again h12(X) + 1 = "(;17 the number of K3 parameters on the het-
erotic side, where the complex structure of K3 is constrained to having an E¢
singularity on K3, as predicted by Conjecture 4.2.
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For n%l we list collisions of curves of type (5.2.1): We have 2 collisions
1V (su(2))+1; (g2) which according to [Int98] have associated representations
%((2, 1) 4+ (2,7)) of su(2) & go amounting to a total

nji_,h = 16.

One checks that anomaly cancellation according to Conjecture 4.3 holds.
Again we do not understand why the remaining collisions of A’ with families
of 1V*(f4) fibers do not contribute to the charged hypermultiplets.

6. Conclusions

Having devoted the bulk of this work to the description of our understand-
ing of aspects of the heterotic — F-theory duality, we would like to return
to the original motivation of this project, namely a new conjecture by John
McKay. His conjecture relates geometric data of Calabi-Yau three-folds on the
F-theory side of this duality to the Monster sporadic group and its offspring.
Namely, as before let X — Z denote the Calabi-Yau three-fold which arises as
F-theory dual of the heterotic theory with 24 pointlike Eg instantons localized
at an Ejg type quotient singularity on K3. Then following [AM97, AKMO00]
for the Picard number of the base we have shown p(Z) = 194, which as
John McKay has observed agrees with the number of conjugacy classes of the
Monster sporadic group M. He conjectures that this is not a coincidence.

As described in the Introduction, McKay supports his conjecture by a known
relation between the conjugacy classes of M and the Dynkin data of Eg
[McK80, GNO1]. Also note that 24 pointlike instantons in an Eg type quotient
singularity give the most degenerate case of the heterotic — F-theory duality
with the maximal number of pointlike instantons in the worst possible singu-
larity on K 3. Relating the F-theory dual Calabi-Yau three-fold X — Z to the
largest finite sporadic group may not be completely unexpected, in particular
as the Euler characteristic of this three-fold is 960, see Section 5.3.7, the largest
value among all known elliptically fibered Calabi-Yau three-folds.

Naturally one would like to support McKay’s conjecture by further data
points. A possible lead is the above-mentioned relation between M and the
Dynkin data of Eg, which roughly extends to relating the Baby monster B to
E7 and the Fischer group Fiys to E¢ [GNO1]. However, see Section 5.3.7, the
respective Picard numbers p(Z) of the bases of the F-theory dual Calabi-Yau
three-folds corresponding to 24 pointlike Eg instantons in quotient singulari-
ties of type E7 and Eg do not agree with the numbers of conjugacy classes of
B and Fip4. Hence McKay’s conjecture requires some refinement. This may be
related to the details of the identification of group data and Dynkin data for
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B« E7 and Fiyg < E6. As explained in the Introduction, the relevant Dynkin
data are obtained via folding E7 and Eg to the non-simply laced diagrams Fy
and G». Therefore one would like to find a way of implementing this folding
procedure geometrically on the F-theory side. One promising possibility could
amount to making use of less standard orbifold techniques, like Slodowy’s
interpretation of non-simply laced Dynkin diagrams in the description of the
geometry of certain quotient singularities [S1080].

In conclusion, at this point McKay’s new conjecture is definitely not settled.
However, it directs towards innovative and beautiful mathematics. Even if the
foundation of the conjecture’ is rather weak, we hope that by now the reader
appreciates the importance and depth of the duality and its geometric meaning,
be the conjecture true or wrong.

I have that sneaking hope, a hope unsupported by any facts or any evidence, that some-
time in the twenty-first century physicists will stumble upon the Monster group, built

in some unsuspected way into the structure of the universe.
(F.J. Dyson, “Unfashionable Pursuits”, Math. Intelligencer 5 (1983), no. 3, 47-54)

A. Rarita-Schwinger fields

In the physics literature, massless fields are called Rarita-Schwinger fields,
if they transform in the highest irreducible component RS of S ® V where
S denotes the spinor representation, and V denotes the vector representation
of so(D — 2). However, this terminology is not used completely consistently
and great care has to be taken with it: For example, let M = M"P~! and
denote by Sﬁjf, the corresponding spinor bundles. Naively, a massless Rarita-
Schwinger field is a section in S;[ ® T*M which vanishes under the associated
Dirac operator ). However, reduction to so(D —2) yields ;M =V 11
for every x € M, and moreover ST®V =S~ @RS, where now S+ are the
components of the spin representation of so(1, D — 1) arising under reduction
to so(D — 2). Hence to extract RS™ we need to work on a virtual bundle and
with the Dirac operator
Drs: (ST@T*M)osStoestTos™ — (S @T*M)oS o5 os*.
(A.6)
By stretching of terminology, even if M is Euclidean one calls the above the
Rarita-Schwinger complex of M, where S* denote the spinor bundles on M
[ASZ84, §IV.V].

Remark. For D = 4 the bundles ST have dimension two each, such that
STRS™ = T*M,and if A2ST = 1then ST@T*M o Stostes =

5 Egvs. 194.
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Sym*(SH®S™ & (ST @ S), where Sym? denotes the two-symmetric ten-
sor product. This latter virtual bundle is given as the standard domain of
Rarita-Schwinger operators in [EGH80] if M is a K 3 surface.

To compute the index of Prg, one introduces the Dirac operator D RS ON
ST ® T*M and uses the additivity of the index to get

ind (Pgs) = ind (Pgs) — ind (P), (A7)

where P: ST — S™.
Note that the definition of the index requires us to work with complex vector
bundles, so for real fields we simply complexify real representations.

B. Characteristic classes and properties of K3 surfaces

We collect a few properties of characteristic classes in particular for K3,
carefully keeping track of all the prefactors.

Let £ be a complex bundle over a manifold X, with connection A (which
is a u(n) valued 1-form) and associated curvature Fg. To it one associates the
total Chern form:

c(Fe) = det (1,, n l—Fg) ,
2

where [, is the n x n identity matrix. The integral of the component in each
degree gives the corresponding Chern class of &:

c1(€) = = [y Trace (Fg), (€)= Sn%fX<Trace (F2) — (Trace (Fg))2>, o

‘We also have the Chern character
] 1
ch) = [ Trace |exp (5 Fe ) | =d+er@+ 5 (@) — 22)) 4.
X 27[ 2

where d is the rank of the complex bundle £.

Now for a real vector bundle E, with connection 1-form valued in so(n) this
time, and with curvature Fg, the corresponding form is the total Pontrjagin
form

1
p(Fg) = det <In + _FE) ,
2

which gives the Pontrjagin classes of £ when the component in each degree is
integrated over X. Note that FI = — Fg such that only the even powers of Fg
contribute. One sets

pi(E) :=/ p(Fg)ax  suchthat p(E) = — Trace (F2), ... .
X

87‘[2 X



Friendly Giant Meets Pointlike Instantons? 121

We can analyze the Pontrjagin classes in terms of Chern classes for a real
vector bundle E,

Pk(E) = (=D e (EQT).

Conversely, if we are given a complex vector bundle £, we introduce a real
vector bundle E such that £ @ € = C ® E and therefore

Trace (Fé),
X

1
PI(E) = (cf —2e)(E) = — XTrace(Fé) = 53

4r2

since a diagonal matrix in u(n) with the entry ix; is mapped to [ 0 (;xj i|
Xj

in so0(2n). This also gives a cross-check for the formula for the Pontrjagin class.
On a spin manifold X with Riemannian curvature R, we have the A-hat form

-~ 1
A(R)=1—QP1(R)+ (Tpi —4p) + ...,

5760

which when integrated over X gives the index of the Dirac operator P :
st - §-,

ind (P) = / A(R).
X

For a twisted Dirac operator ¢, with S* twisted by a complex vector bundle
£ of rank d, we have Dg: ST ® £ — S~ ® £ and

ind (Dg) = / A(R)ch(E).
X

If we assume that X is a 4-manifold then the above considerations give

1 2
Trace (R?),
X

Pl( ) = A 82

ind () = — 5

and its twisted version

24
d

24~8n2/X race (R

Now for a K 3 surface we have the signature

d
ind (Pg) = Pl(R) +5 / (] (Fg) — 2¢2(F¢))
m . Trace (Fg) .

1
T(K3) = —/ P1(R) = —
3 Jk3
the Euler characteristic

x(K3) = / c2(R) = 24,
K3
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and the A-hat genus

A(K3) = —ér =2. (B.8)

Also, on a spin four-manifold X the index of the twisted Dirac operator ﬁ RS
on STRT*X is
L~ 20
ind (Prs)(X) = 57 | p1(R).
24 Jx
By (A.7) the Rarita-Schwinger operator then has index

21
ind (Prs)(X) = ﬁ/xpl(R)'

In particular, for a K3 surface X we obtain

ind (Prg)(X) = —40. (B.9)
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Modularity of Trace Functions in Orbifold
Theory for Z-Graded Vertex Operator
Superalgebras

Chongying Dong! and Zhongping Zhao
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Abstract

We study the trace functions in orbifold theory for Z-graded vertex operator
superalgebras and obtain a modular invariance result. More precisely, let V be
a Ca-cofinite Z-graded vertex operator superalgebra and G a finite automor-
phism group of V. Then for any commuting pair (g, #) € G, the ho-trace
function associated to a simple g-twisted V-modules is holomorphic in the
upper half plane, where o is the canonical involution on V coming from the
superspace structure of V. If V is further g-rational for every g € G, the trace
functions afford a representation for the full modular group SL(2, Z).

1. Introduction

This work is a continuation of our study of the modular invariance for trace
functions in orbifold theory. Motivated by generalized moonshine [N] and orb-
ifold theory in physics [DVVV], the modular invariance of trace functions
in orbifold theory has been studied for an vertex operator algebra [DLM3],
under suitable conditions. This work has been generalized to a %Z—graded ver-
tex operator superalgebra [DZ2] (also see [H]), under suitable assumptions. In
this paper we investigate the modular invariance of trace functions in orbifold
theory for a Z-graded vertex operator superalgebra.

There is an essential difference between a Z-graded vertex operator super-
algebra considered in this paper and a %Z-graded vertex operator superalgebra
studied in [DZ1]-[DZ2]. For a %Z-graded vertex operator superalgebra V =
@nE%ZVn the even part of V is ), _, V, and the odd partis ), _, V,H_%. In
other words, the weight of an even vector is always integer while the weight

1 Supported by NSF grants, China NSF grant 10328102 and a faculty research grant from the
University of California at Santa Cruz.
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of an nonzero odd vector is not an integer. But for a Z-graded vertex operator
algebra V. = @yezVy, each V, is a direct sum of even part Vj , and odd part
Vi.n- So the weight of a vector is always an integer.

It is true that many Z-graded vertex operator superalgebras can be obtained
from %Z-graded vertex operator superalgebras by changing the Virasoro ele-
ments (cf. [DM2]). In this case we can apply the results from [DZ1] and [DZ2]
to these Z-graded vertex operator superalgebras without extra work. Unfortu-
nately, there are many Z-graded vertex operator superalgebras which cannot
be obtained in this way. So an independent study of Z-graded vertex operator
superalgebra becomes necessary, although the main ideas and methods in this
paper are similar to those used in [Z], [DLM3] and [DZ2].

There is a subtle difference among these modular invariance results. In order
to explain this we fix a finite automorphism group G of the vertex operator
superalgebra. We use g and s for two commuting elements in G. For vertex
operator superalgebras, there is a special automorphism o of order 2 com-
ing from the structure of the superspace. The involution o can be expressed
as (—1)F in the physics literature (cf. [GSW], [P]) where F is the fermion
number. Here is the difference: for a vertex operator algebra, the space of all
h-traces on g-twisted sectors is modular invariant [DLM3], for a %Z-graded
vertex operator superalgebra, the space of all ho-traces on go-twisted sectors
is modular invariant [DZ2], and for a Z-graded vertex operator superalgebra,
the space of all ho-traces on g-twisted sectors is modular invariant. It is worth
pointing out that the ho -trace in the physics literature is called the super trace.

A systematic study of the modular invariance of trace functions for a vertex
operator algebra V with G = 1 was first carried out in [Z]. This work was
extended in [DLM3] to an arbitrary finite automorphism group G. Since the
setting, ideas and most results in this paper are similar to those in [Z], [DLM?2],
[DLM3], [DZ1], and [DZ2], we refer the reader in many places to these papers
for details.

The organization of this paper is as follows: In section 2, we review the defi-
nition of Z-graded vertex operator superalgebra (VOSA) and various notions of
g-twisted modules. Section 3 is devoted to studying the representation theory
for Z-graded VOSA. We introduce the associative algebra Ag(V), and inves-
tigate the relation between the g-twisted modules and and A,z (V)-modules.
Section 4 is the heart of the paper. We fix a Z-graded vertex operator superal-
gebra V and a finite automorphism group G. We define the space C(g, k) of
1-point functions on the torus associated to any commuting pair g,k € G
and establish the modular invariance property. We prove that for a simple
g-twisted module M, two commuting elements g and & of G such that M is
o-stable and h-stable, the graded ho -trace function on M is a 1-point function.
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Moreover, when V is g-rational, the collection of the trace functions associated
to the inequivalent simple ko, h stable g-twisted V modules forms a basis of
C(g, h). In Section 5 we discuss an example to show the modularity of trace
functions.

2. Z-graded vertex operator superalgebras

Let V = V & Vj be Z,-graded vector space. For any v € V; withi =0, 1 we
define § = i. Moreover, let €uy = (=D and €, = (—1)? for homogeneous
u,vev.

Let z, zo, 21, 22 be the independent commuting formal variables. We shall
use the formal §-function §(z) = ), ., 2" and we refer the reader to [FLM3]
on the basic properties of the §-functions. The following definition of Z-graded
vertex operator superalgebra is a generalization of the notion of vertex operator
algebra formulated in [B] and [FLM3].

Definition 2.1. A Z-graded vertex operator superalgebra (Z-graded VOSA) is
a 7 x Zp-graded vector space

v=Pv.=Vevi=P;, oV, Wv=nifveV,)
nez nez
where

f=®vf,n’

nez

together with two distinguished vectors 1 € Vg o, w € V5, and equipped with
a linear map

V — (End V)[[z. 271,
vi> Y(u,2) = Z vz (v(n) € End V)

nez
satisfying the following axioms foru,v € V :

(i) u(n)v = 0 for sufficiently large n;
(ii)) If u € V; and v € V5, then u(n)v € V;_Hf for all n € 7 where i,
J=01
(iii) YA, z) = Idy and Y (v, )1 = v + Y, , v(—n)1z""1;
(iv) Set Y(w,2) =Y ,cpy L)z""% : Then

1
[L(m), L(n)] = (m —n)L(m +n) + E(m3 —m)Spinoc  (2.1)



Modularity of Trace Functions in Orbifold Theory 131

where ¢ € C is called the central charge, and
L)y, =n, neZ, 2.2)

iY(v,z) =Y(L(-1v, 2); (2.3)
dz

(v) For Z»-homogeneous u,v € V,

_ 71 — 2 _ 72— Z
2015< - 2)Y(u,m)Y(v,m)—eu,vzola( 2 1)
0

—20

X Y (v, 2)Y (,21) = 558 (“Z;ZO> Y(¥ (@, 2000,22) (24)
2

where (z; — z;)" is expanded in nonnegative powers of 7.

Fix a Z-graded vertex operator superalgebra V and we set

Y[v,2] =Y ¢ = De™ =Y vn)e (2.5)

nez
Following the proof of Theorem 4.21 of [Z] we have:

Theorem 2.2. (V,Y[ 1,1, ®) is a Z-graded vertex operator superalgebra,
where ® = » — »7.

Let Y[@,z] = 3 ,c; LInlz™" 2. Then V = @, 5 Vin) is again Z-graded
and L[0] = n on V|,;. We will write wt[v] = n if v € V.

Definition 2.3. A linear bijection g from a Z-graded VOSA 'V to itself is called
an automorphism of V if g preserves 1, w and each V;, and

g¥(v,2)g™ ' =Y (gv,2)

forveV.

Note that if V is a %Z-graded vertex operator superalgebra, the assump-
tion that g preserves each V; in the definition of automorphism is unnecessary
(cf. [DZ2]).

We denote the full automorphism group of V by Aut(V). If we define an
action, say o, on V associated to the superspace structure of V via o|V; =
(—1)!, then o is a central element of Aut(V) and will play a special role, as
in [DZ2].

Let g be an automorphism of V of finite period T. Then we have the
following eigenspace decomposition:

V=&rezyrzV’ (2.6)
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where

V' ={v e V|gyv=e Ty,

We now give various notions of g—twisted V-module. The twisted sectors
and the twisted vertex operators for finite automorphisms of even lattice ver-
tex operator algebras were first constructed in [L1] and [FLM2]. In [L2] and
[DL], the twisted Jacobi identity was formulated and shown to hold for these
operators. These results led to the notion of g-twisted V-module for a vertex
operator algebra V and an automorphism g of V [D2] and [FFR].

Definition 2.4. A weak g-twisted V-module is a vector space M equipped
with a linear map

V. — (EndM)[[ZYT, 7V
v = Yy, 2)= Zne@ v(n)z "1

which satisfies:

(i) vim)w =0forve V,we Mandm >> 0;
(i) Yy, z2) = Idy;
(iii) Forve V' and0<r <T — 1

Yu,2)= Y vmz "

neq+7

(iv) Foru e V",
_ i1 — 22 _ 2 —21
20 18 <T>YM(M7 ZI)YM(U, ZZ) — Eu’vZO 18 <_—Z0> YM(U, Z2)

—r/T
_ 71 — X 71 — Z
x YM(u,Zl)ZZZI( ! 0) 5( ! O)YM(Y(u,zo)v,ZQ)

22 22
Q2.7

Set
Yy(w,2) =) Lz "
nez

Then we have Yy (L(—1)v,z) = diZYM(v, z) for v € V, and the L(n) also
satisfy the Virasoro algebra relations with central charge ¢ (see [DLM1]).

Definition 2.5. A weak g-twisted V-module M is admissible if it is %Z.F
gradable:

M= @ M(n) (2.8)

Ofne%z
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such that for homogeneous v € V,
vim)Mm) C M(n+wtv —m — 1). 2.9)

Note that a uniform degree shift of M gives an isomorphic admissible
V-module.

Definition 2.6. A weak g-twisted V-module M is called an ordinary g-twisted
V-module if it is C-graded with

M = ]_[ M, (2.10)
reC
where M), = {w € M|L(0)w = Aw} such that dim M), is finite and for fixed X,
M% 1+ = 0 for all small enough integers n.

It is not hard to prove that any ordinary g-twisted V-module is admissible.
If g = 1 we have the notions of of weak, admissible and ordinary V-modules.
If M is a simple g-twisted V-module, then

o
M =D Myiu/1 .11
n=0
for some A € C such that M, # 0 (cf. [Z]). X is defined to be the conformal
weight of M.

Definition 2.7.

(i) A Z-graded VOSA V is called g-rational for an automorphism g
of finite order if the category of admissible modules is completely
reducible. V is called rational if it is 1-rational.

(ii) V is called holomorphic if V is rational and V is the only irreducible
V-module up to isomorphism.

(iii) 'V is called g-regular if any weak g-twisted V -module is a direct sum
of irreducible ordinary g-twisted V -modules.

3. The associative algebra Ag (V)

In this section we construct the associative algebra Ag (V) and study the rela-
tion between admissible g-twisted V-modules and Az (V)-modules. The result
is similar to those obtained in [DLMZ2] (also see [Z], [KW], [X], [DZ1]).

We assume that the order of g is 7. For 0 < r < T — 1 we define §, =
dr,0. Let Og(V) be the linear span of all u o v, where for homogeneous u €
V' (cf. (2.6))and v € V,
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(1 4 Z)Wtu—l-'ré‘r-i-%

uog v = Res; Y(u, 2)v. (3.1)

Z]+8r

Set Ag(V) = V /O, (V) and define a second bilinear product *, on V for the
above u, v as follows:

1 Wwtu
U % v = Res, Y (u, I G (3.2)
Z

ifr =0and u x; v = 0if r > 0. It is easy to see that A,(V) is, in fact, a
quotient of V°.
As in [DLM2], [X] and [DZ2] we have

Theorem 3.1. A, (V) = V/O,(V) is an associative algebra with identity
1+ Og (V) under the product x,. Moreover, w + Og (V) lies in the center of
Ag(V).

For a weak g-twisted V-module M, we define the space of the lowest weight
vectors as follows:

QM) ={weMum—-14+nw=0,uecV,, n>0, meZ}

We have (see [DLM2]):
Theorem 3.2. Let M be a weak g-twisted V-module. Then

(i) QM) is an Ag(V)-module such that v+ O4(V) acts as o(v).
(ii) IfM =) ,.o M(n/T) is an admissible g-twisted V -module such that
M) # 0, then M) C Q(M) is an Ag(V)-submodule. Moreover,
M is irreducible if and only if M(0) = Q(M) and M(0) is a simple
Ag(V)-module.
(iii) The map M — M(0) gives a 1-1 correspondence between the irre-
ducible admissible g-twisted V -modules and simple A4(V)-modules.

We also have (see [DLM?2] and [DZ1]):

Theorem 3.3. Suppose that V is a g-rational vertex operator superalgebra.
Then the following hold:

(i) Ag(V) is a finite dimensional semisimple associative algebra.
(ii) 'V has only finitely many irreducible admissible g-twisted modules up
to isomorphism.
(iii) Every irreducible admissible g-twisted V -module is ordinary.
(iv) V is g~ -rational.
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4. Modularity of trace functions

We are working in the setting of section 5 in [DLM3]. In particular, g, i are
commuting elements in Auz (V) with finite orders o(g) = T,o0(h) = T1, A
is the subgroup of Aut(V) generated by g and h, N = Ilem(T, T)) is the

b\ .
4] SLQ2,7)

satisfyinga =d =1 (mod N), b = 0(mod T'), ¢ = 0(mod T7) and M(T, T})
is the ring of holomorphic modular forms on I'(7, 77) with natural gradation
M(T, T1) = ®r>0Mi(T, T1), where My (T, T) is the space of forms of weight
k. Then M (T, Ty) is a Noetherian ring.

Recall the Bernoulli polynomials B, (x) € Q[x] defined by

exponent of A, I'(T, T1) is the subgroup of matrices

te'™ . B, (x)t"

1 1
(e 1) =

For even k > 2, the normalized Eisenstein series Ej(7) is given by

-B 2 &
Ex(r) = — + T ;gH(n)q”. (4.1)

Also introduce

Ok (s &, qr) = O (i, A, T)
1 3 Mn+ j T gt

(k= 1)! = 1 — g/t
(=D 5 W =TT BT 42
(k— 1! v 1— )L—lq;l*j/T k!

2mil

for (u, &) = (esz e ) and (u, 1) # (1, 1), when k > 1 and k € Z. Here
(n+j/T)*1' =1ifn=0, j =0and k = 1. Similarly, (n — j/T)*"! =1
ifn =1, j = M and k = 1. We also define
Qo(u, A, 1) = —1. 4.3)

It is proved in [DLM3] that E5;, Q, are contained in M (T, T1) for k > 2 and
r=>0.

Set V(T, Ty) = M(T, T})®c V. Givenv € V with gv = u~ v, hv = 2~ 1o
we define a vector space O(g, k) which is a M (T, T1)-submodule of V (T, T1)
spanned by the following elements:

v[0lw,we V,(u,A) =(1,1) (4.4)

v[—2]w + Z(Zk — D Ex(r) @ v[2k — 2w, (u, A) = (1,1) (4.5)
k=2
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v, (€y, u, ) #(1,1,1) 4.6)
ZQk(M,)»,T)(X)U[k—l]w, (u, 1) # (1, 1). @7
k=0

Definition 4.1. Let b denote the upper half plane. The space of (g, h) 1-point
functions C (g, h) is defined to be the vector space consisting of functions

S:V(T, T)) xh—C
such that

(i) S(v, t) is holomorphic in t forv € V(T, Ty),
(ii) S(v, t) is linearin v and for f € M(T,T1),v eV,

S(f®v, 1) = f(0)S, 1),

(iii) S(v,7) =0ifv e O, h),
(iv) Ifve Vwithov = gv = hv = v, then

S(L[-2]v,7) =3S(v, T) + Z Ey(r)S(LI2l = 2]v, 7). (4.8)

=2

Here S is the operator which is linear in v and satisfies
1 d
aS(w, 1) = xS, 1) = ——S(, 1) + kE2(t)S(v, T) 4.9)
2mnidt

forv e V.

We have the following modular invariance result (see Theorem 5.4 of
[DLM3]):

a b

Theorem 4.2. For S € C(g,h) and y = ( e d ) e I', we define

Sly(w. 1) = Sy (. 1) = (cT +d) S, y1) (4.10)
for v € Vi, and extend linearly. Then S|y € C((g, h)y).

Let g, h, o, V be as before, and M be a simple g-twisted module. We now
show how the graded ho -trace function on g-twisted V-module M produces a
(g, h) 1-point function.

From (2.11), we know that if M is a simple g—twisted module then there
exists a complex number A such that

o
M = @MH% 4.11)
=0
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Now we define a (ho)g(ho) ™ !-twisted V-module (ho o M, Yjsopm) such
that ho o M = M as vector spaces and

Yhoom (v, 2) = Yy ((ho) v, 2).

Since g, h, 0 commute each other, ho o M is, in fact, a simple g-twisted
V-module again. The M is called ho-stable if ho o M and M are isomor-
phic g-twisted V-modules. In this case, there is a linear map ¢ (ho) : M — M
such that

¢ (ho) Yy (v, )¢ (ho) ™' = Yayr((ho)v, 2) (4.12)

for all v € V. Note that ¢ (ho) is unique up to a nonzero constant.
We now assume that M is ho-stable. For homogeneous v € V, we define
the trace function T as follows:

T(w) = Tu®, (g, h),q) = 2V Puy Yy, ¢ ho)g" O~ 7  (4.13)

Here c is the central charge of V. Note that for m € %Z, v(m) maps M, to
M+ wty—m—1- Hence

T)=q¢""5 )ty , 0@d(ho)g T = tyo)g(ho)g" 075 @4.14)
n=0

In order to state the next theorem we need to recall the C-cofinite condi-
tion from [Z]. V is called C,-cofinite if V/C»(V) is finite dimensional where
Cr(V) = (u_gvlu,v e V).

Theorem 4.3. Suppose that V is Ca-cofinite, g, h € Aut(V)commute and
have finite orders. Let M be a simple g-twisted V-module such that M is ho -
stable. Then the trace function Ty (v, (g, h), q) converges to a holomorphic
function in the upper half plane & where ¢ = €*™'* and © € Y. Moreover,
TM (S} C(g, h)

The proof of this theorem is similar to that of Theorem 4.3 of [DZ2] although
the idea goes back to [Z] and [DLM3].
We also have:

Theorem 4.4. Let M\, M2,..., M* be the inequivalent simple ho -stable g-
twisted V -modules, then the corresponding trace functions Ty, Ty,..., Ts (4.13)
are independent vectors of C(g, h). Moreover, if V is g-rational, Ty, Tz,..., T
form a basis of C(g, h).

The following theorem is an immediate consequence of Theorems 4.3
and 4.4.
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Theorem 4.5. Suppose that V is a Cy-cofinite vertex operator superalgebra
and G a finite group of automorphisms of V. Assume that V is x-rational for
each x € G. Let v € V satisfy wt[v] = k. Then the space of (holomorphic)
functions in b spanned by the trace functions Ty (v, (g, h), T) for all choices
of g, h in G and ho-stable g-twisted V-modules M is a (finite-dimensional)
SL(2, Z)-module such that

Tuly (v, (g, h), T) = (ct +d) ¥ Ty (v, (g, h), y1),

where y € SL(2,Z) acts on § as usual.
b

d) € SL(2,Z) then we have an equality

More precisely, if y = <a
c

at +b
cT +d

Tu (v, (g, ), ) =(ct+d)* Y ymwTw(v, (g°h°, g"h?), 1),
w

where W ranges over the g*h¢-twisted sectors which are g’h%c-stable. The
constants yy,w depend on M, W and y only.

Theorem 4.6. Let V be a rational and Cy-cofinite 7-graded VOSA. Let M",
M?...., M® be the collection of inequivalent simple o -stable V -modules. Then
the space spanned by

Ti(v, 1) = Ti(v, (1, 1), 7) = tryi0(v)p(a)g- O~ = (4.15)

admits a representation of the modular group. More precisely, for any y =

b
(i d) € I there exists a s X s invertible complex matrix (y;;) such that

at +b ul
T; (U, = +d> = (cT +d)”j;y,-jTj(v, 7)

Jorall v € Vi,). Moreover, the matrix (y;;) is independent of v.

Recall Definition 2.7. The Following corollary is a special case of
Theorem 4.6.

Corollary 4.7. Assume that V is a holomorphic and Cj-cofinite Z-graded
vertex operator superalgebra. Take v € Vi). Then
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Tw, 1) = trvo(v)aqL(O)_i

is a modular form on SL(2, Z) of weight k.

Remark 4.8. It is interesting to notice that the modular invariance result in
Theorem 4.6 is different from that for a vertex operator algebra in [Z] and
fora %Z-graded vertex operator superalgebra in [DZ2]. In the case of vertex
operator algebra, the space of the graded traces of simple modules is modular
invariant [Z]. But for a %Z-gmded vertex operator superalgebra, the space
of graded o traces on the simple o -twisted modules is modular invariant. In
the present situation, the space of graded o traces on the simple V -modules is
modular invariant.

One can also obtain results such as the number of inequivalent, o -stable
simple g-twisted V-modules and rationality of central charges and conformal
weights for rational vertex operator superalgebras as in [DLM3] and [DZ2].

5. An example

In this section we consider Z-graded VOSA Vyz, and its o-twisted module
Vs 1o to demonstrate the modular invariance directly.

We are working in the setting of Chapter 8 of [FLM3]. Let L = Zu be
a nondegenerate lattice of rank 1 with Z-valued symmetric Z-bilinear form
(, )yst.{a,a) =1.Set M(1) = Cla(—n)|n > 0] and let C[L] be the group
algebra of the abelian group L. Set1 =1@® e eV, and w = %a(—l)a(—l).

Recall that a vertex operator (super)algebra is called holomorphic if it is
rational and the only irreducible module is itself. We have the following

theorem (see [B], [FLM3], [D1], [DLM1], [DM1]).
Theorem 5.1.

(i) (VL,Y,1,w) is a holomorphic %Z—graded vertex operator super-
algebra with central charge ¢ = rank(L) = 1.
(it) (VL)g=M1)®C[2L] and (VL) = M(1) ® C[2L + «].
(iii) VL+%O[ is the unique irreducible o -twisted module for Vi, .
One can verify the next theorem easily.
Theorem 5.2.

(i) Ifwelet ' = %a(—l)z—}—%a(—Z), then (Vp, Y, 1, @') is a holomorphic
Z-graded vertex operator superalgebra with central charge ¢’ = —2.
(o' is a shift in the sense of [DM2].)
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(ii) V L+la is the unique irreducible o-twisted module for the Z-graded
vertex operator superalgebra Vi .

We consider the group G to be the cyclic group generated by o. It is straight-
forward to compute the following trace functions for the Z-graded vertex
operator superalgebra Vy, :

T, (1, 1), 1) = try,,0q" @~ %

e 9]

g Z Pg" Y (1T

§=—00

= n<r>—191(q),
T(1, (1,0), 1) = try,, ¢~ O 7

%ZP(n)q Z g T

§=—00

= n(r)‘lez(q),
T(l’ (05 O—)a T) = trvza laql‘ (0)_*
2

P(n)q" Z q il

§=—00

L
12

||M8

= n(f)_‘93(61),
T, (o 1), 0) =1y, ot 0%
2

e (+3)(-3)
= *21_[1+q> Z(—l)qf
= n(f)_194(61),

where
(@ =q% [[(1—¢"
n>1
o0 ]( _|)2
)= Y (—="q>\""*) =0

o0 2
b= Y ¢

n=—0oo
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ad 1,2
@)= Y q"

n=—oo

@ = 3 (1g".

n=—0oo

Recall the transformation law for n functions

i 1
N+ 1) =efin(), n (—;) = (—i7)In(7)

<T+1>_ n(r)?
"2 ) T e

and relations

2 2
02(q) = 21C0)

n(t)

n(r)’

03(q) = ————
D) = ()
n(%)?

[?) = .
4(q) D)

The modular transformation property for 7(1, (g, h), t) for g,h € G can
easily be verified and the result, of course, is the same as what Theorem 4.5
claimed. One can also compute the trace functions for the %Z—graded vertex
operator superalgebra V; and notice that the sets of trace functions in the
two cases are exactly the same. Recall from [DZ1]-[DZ2] the %Z—graded ver-

tex operator superalgebra V (H L+ %) and the trace functions with group
G = (o) for any positive integer /. Since Vy, and V (H, Z + %) with] = 2
are isomorphic %Z-graded vertex operator superalgebras (the boson-fermion
correspondence), one can use the modular invariance result for V (H 7+ %)

obtained in [DZ2] to check the modular transformation property of the trace
functions for the Z-graded vertex operator superalgebra V7 .

Remark 5.3. One can use another shift ' = %0[(—1)2 — %a(—Z) to get an
isomorphic Z-graded vertex operator superalgebra Vi and Theorem 5.2 is still
valid. Moreover, the trace functions and the modular transformation property
remain the same.
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Abstract

This contribution is mainly based on joint papers with Lepowsky and Milas,
and some parts of these papers are reproduced here. These papers further
extended works by Lepowsky and by Milas. Following our joint papers, I
explain the general principles of twisted modules for vertex operator algebras
in their powerful formulation using formal series, and derive general relations
satisfied by twisted and untwisted vertex operators. Using these, I prove new
“equivalence” and “construction” theorems, identifying a set of sufficient con-
ditions in order to have a twisted module for a vertex operator algebra, and
a simple way of constructing the twisted vertex operator map. This essen-
tially combines our general relations for twisted modules with ideas of Li
(1996), who had obtained similar construction theorems using different rela-
tions. Then, I show how to apply these theorems in order to construct twisted
modules for the Heisenberg vertex operator algebra. I obtain in a new way
the explicit twisted vertex operator map, and in particular give a new deriva-
tion and expression for the formal operator A, constructed some time ago
by Frenkel, Lepowsky and Meurman. Finally, I reproduce parts of our joint
papers. I use the untwisted relations in the Heisenberg vertex operator algebra
in order to understand properties of a certain central extension of a Lie alge-
bra of differential operators on the circle: the connection between the structure
of the central term in Lie brackets and the Riemann Zeta function at negative
integers. I then use the twisted relations in order to construct in a simple way
a family of representations for this algebra based on twisted modules for the
Heisenberg vertex operator algebra. As a simple consequence of the twisted

% The author gratefully acknowledges support from an EPSRC (UK) Postdoctoral Fellowship,
grant GR/S91086/01.
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relations, the construction involves the Bernoulli polynomials at rational values
in a fundamental way.

1. Introduction

This contribution is mainly based on, and partly reproduces, the recent papers
by the present author, Lepowsky and Milas [DLMil], [DLMi2]. These works
were a continuation of a series of papers of Lepowsky and Milas [L3], [L4],
[M1]-[M3], stimulated by work of Bloch [BI].

In those papers, we used the general theory of vertex operator algebras to
study central extensions of classical Lie algebras and superalgebras of differ-
ential operators on the circle in connection with values of ¢—functions at the
negative integers, and with the Bernoulli polynomials at rational values. Parts
of the present contribution recall the main results of [DLMil, DLMi2]: Using
general principles of the theory of vertex operator algebras and their twisted
modules, we obtain a bosonic, twisted construction of a certain central exten-
sion of a Lie algebra of differential operators on the circle, for an arbitrary
twisting automorphism. The construction involves the Bernoulli polynomials
in a fundamental way. This is explained through results in the general theory of
vertex operator algebras, including an identity discovered in [DLMil, DLMi2]
which was called “modified weak associativity”, and which is a consequence
of the twisted Jacobi identity.

More precisely, we combine and extend methods from [L3], [L4], [M1]-
[M3], [FLM1], [FLM2] and [DL2]. In those earlier papers, vertex operator
techniques were used to analyze untwisted actions of the Lie algebra DT, stud-
ied in [BI], on a module for a Heisenberg Lie algebra of a certain standard
type, based on a finite-dimensional vector space equipped with a nondegener-
ate symmetric bilinear form. Now consider an arbitrary isometry v of period
say p, that is, with v” = 1. Then, it was shown in [DLMil, DLMi2] that
the corresponding v-twisted modules carry an action of the Lie algebra Dt
in terms of twisted vertex operators, parametrized by certain quadratic vectors
in the untwisted module. This extends a result from [FLM1], [FLM2], [DL2]
where actions of the Virasoro algebra were constructed using twisted vertex
operators.

Still following [DLMil, DLMi2], we explicitly compute certain “correc-
tion” terms for the generators of the “Cartan subalgebra” of D that naturally
appear in any twisted construction. These correction terms are expressed in
terms of special values of certain Bernoulli polynomials. They can in principle
be generated, in the theory of vertex operator algebras, by the formal oper-
ator ¢®x [FLM1], [FLM2], [DL2] involved in the construction of a twisted
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action for a certain type of vertex operator algebra, the Heisenberg vertex oper-
ator algebra. We generate those correction terms in an easier way, using the
modified weak associativity relation.

Then, the present contribution extends the works [DLMil, DLMi2]
described above by providing a detailed analysis of the modified weak
associativity relation. We state and prove a new theorem (Theorem 5.1) about
the equivalence of modified weak associativity and weak commutativity with
the twisted Jacobi identity, and a new “construction” theorem (Theorem 5.5),
where we identify a set of sufficient conditions in order to have a twisted mod-
ule for a vertex operator algebra, and a simple way of constructing the twisted
vertex operator map. The latter theorem essentially combines modified weak
associativity with ideas of Li [Lil, Li2], where similar construction theorems
were proven using different general relations of vertex operator algebras and
twisted modules — there may be a “direct” path from Li’s construction the-
orems to ours, but we haven’t investigated this. The use of modified weak
associativity seems to have certain advantages in the twisted case. As an illus-
tration, we give a new proof that the v-twisted Heisenberg Lie algebra modules
mentioned above are also twisted modules for the Heisenberg vertex operator
algebra. Using our theorems, we explicitly construct the twisted vertex opera-
tor map (Theorem 6.2). This gives a new and relatively simple derivation and
expression for this map, and in particular for the formal operator A, mentioned
above. A consequence of this is that one minor technical assumption that had
to be made in [DLMil, DLMi2], about the action of the automorphism v, can
be taken away.

We should mention that in [KR] Kac and Radul established a relationship
between the Lie algebra of differential operators on the circle and the Lie
algebra al(oo); for further work in this direction, see [AFMO], [KWY]. Our
methods and motivation for studying Lie algebras of differential operators,
based on vertex operator algebras, are new and very different, so we do not
pursue their direction.

Although we will present many of the main results of [DLMi2] with some
of the proofs, we refer the reader to this paper for a more extensive discussion
of those results.

Acknowledgments. The author is grateful to J. Lepowsky and A. Milas for
discussions and comments on the manuscript.

2. Vertex operator algebras, untwisted modules and twisted modules

In this section, we recall the definition of vertex operator algebras, (untwisted)
modules and twisted modules. For the basic theory of vertex operator algebras
and modules, we will use the viewpoint of [LL].
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In the theory of vertex operator algebras, formal calculus plays a fundamen-
tal role. Here we recall some basic elements of formal calculus (cf. [LL]).
Formal calculus is the calculus of formal doubly—infinite series of formal
variables, denoted below by x, y, and by x1, x2, ..., ¥1, y2, . ... The central
object of formal calculus is the formal delta—function

S(x) = Zx"
nez

which has the property

B (x—‘) flx) =6 (x—‘) f(x2)
X2 X2

for any formal series f(x1). The formal delta—function enjoys many other
properties, two of which are:

X '8 (xlx_xo> = x'8 (x2jx°> @.1)
2 1

xo—15 (u) +x0_15 (u) - x2_18 (u) ) (2.2)
X0 —X0 X2

In these equations, binomial expressions of the type (x; — x3)", n € Z appear.
Their meaning as formal series in x| and x7, as well as the meaning of powers
of more complicated formal series, is summarized in the “binomial expansion
convention” — the notational device according to which binomial expressions
are understood to be expanded in nonnegative integral powers of the second
variable. When more elements of formal calculus are needed below, we shall
recall them.

and

2.1. Vertex operator algebras and untwisted modules
We recall from [FLM2] the definition of the notion of vertex operator algebra,
a variant of Borcherds’ notion [Bo] of vertex algebra:

Definition 2.1. A vertex operator algebra (V, Y, 1, w), or V for short, is a
Z—graded vector space

V= ]_[ Viny; forv e Vi), wtv =n,
nez

such that

Vi) =0 for n sufficiently negative,

dim V() < oo for neZ,
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equipped with a linear map Y (-, x):

Y(,x) 0 V — (End V)[[x, x7']]

v Y(0,x) =Y vx """, v, €End V, (2.3)
nez

where Y (v, x) is called the vertex operator associated with v, and two particu-
larvectors, 1, w € V, called respectively the vacuum vector and the conformal
vector, with the following properties:

truncation condition: For every v, w € V

vaw =0 2.4
for n € Z sufficiently large;
vacuum property:
Y(1,x) =1y (ly is the identity on V); 2.5)
creation property:
Y(w,x)1 € V[[x]] and lim Y(v,x)1 =v ; 2.6)
x—0
Virasoro algebra conditions: Let
L(n) = wny1 forn€Z, ie. Y(w,x)=Y Lmx"?. 2.7)
nez

Then

m3—

[L(m), L(n)] = (m — n)L(m +n) + cy " im0 1y

form,n € Z, where cy € C is the central charge (also called “rank” of V),
L(0)v = (wtv)v

for every homogeneous element v, and we have the L(—1)—derivative property:
d

Y(L(—Du,x) = —Y(u,x); (2.8)
dx

Jacobi identity:
x5 (u> Y (u, x1)Y (v, x2) — x5 '8 (u) Y, x2)Y (i, x1)
X0 —X0

=x; s (%) V(Y @t 50)0, 32) - 2.9)
2
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An important property of vertex operators is skew—symmetry, which is an
easy consequence of the Jacobi identity (cf. [FHL]):

Y, x)v ="ty @, —x)u. (2.10)

Another easy consequence of the Jacobi identity is the L(—1)-bracket
formula:

[L(=D), Y (u, x)] =Y (L(=Du, x). (2.11)
Fix now a vertex operator algebra (V, Y, 1, ), with central charge cy .

Definition 2.2. A (Q-graded) module W for the vertex operator algebra V
(or V—-module) is a Q—graded vector space,

W= ]_[ Wy forve Wy, wtv =n,
neQ
such that
Wu) =0 for n sufficiently negative,
dim W) < oo forn € Q,
equipped with a linear map
Yw(,x) : V- (End W)[[x,x_l]]
vie Yyw(.x) =Y vx N vV eEnd W, (2.12)
nez

where Yw (v, x) is still called the vertex operator associated with v, such that
the following conditions hold:
truncation condition: For everyv € V and w € W

vWw =0 (2.13)

n
for n € 7 sufficiently large;
vacuum property:
Yw@,x) = lw; (2.14)
Virasoro algebra conditions: Let
Ly() =oy,, forne€Z, ie. Yw(w,x)=) Lwmx ">
neZ

We have
m3 —m
[Lw(m), Ly ()] = (m —n)Lw(m +n) + cy ——=— Sm1n,0 lw,

12
Lw(O)v = (wto)v
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for every homogeneous element v € W, and

d
Yw(L(—Du, x) = aYW(u,x) ; (2.15)

Jacobi identity:

(X1 —x2 i (2 —x1
Xy 0 o Yw(u, x1)Yw (v, x2) — x, 6 o Yw (v, x2)Yw (u, x1)

_ X1 — X
:x218< 1x2 O)YW(Y(u,xo)v,xg). (2.16)

From the Jacobi identity (2.16), one can derive the weak commutativity and
weak associativity relations, respectively:

(1 — )X Yy (u, x1) Y (v, x2) = (61 — x2)F Yy (v, x2) Y (1, x1)
2.17)
(x0 -+ x2)! ) Yy (u, x0 +x2) Yo (v, x2)w = (x0 + x2)! ) Yy (Y (1, x0)v, x2)w,
(2.18)

where u, v € V and w € W, valid for large enough nonnegative inte-
gers k(u, v) and [ (u, w), their minimum value depending respectively on u, v
and on u, w. For definiteness, we will pick the integers k(u, v) and [(u, w)
to be the smallest nonnegative integers for which the relations above are
valid.

2.2. Twisted modules for vertex operator algebras

The notion of twisted module for a vertex operator algebra was formalized in
[FFR] and [D] (see also the geometric formulation in [FrS]; see also [DLM]),
summarizing the basic properties of the actions of twisted vertex operators
discovered in [FLM1], [FLM2] and [L2]; the main nontrivial axiom in this
notion is the twisted Jacobi identity of [FLM2] (and [L2]); cf. [FLM1].

A critical ingredient in formal calculus needed in the theory of twisted mod-
ules is the appearance of fractional powers of formal variables, like x'/7, p €
7, (the positive integers). For the purpose of formal calculus, the object x!'/P
is to be treated as a new formal variable whose p—th power is x. The binomial
expansion convention is applied as stated at the beginning of Section 2 to bino-
mials of the type (x; + x2)!/7. From a geometrical point of view, these rules
correspond to choosing a branch in the “orbifold structure” described (locally)
by the twisted vertex operator algebra module.
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We now fix a positive integer p and a primitive p—th root of unity
w, € C. (2.19)

We record here two important properties of the formal delta—function involving
fractional powers of formal variables:

p—1
8(x) = i D s@hx!P) (2.20)
r=0

1/p 1/p
1 X1 — X0 1 _r [ X*2+ X0
s (wp( - ) ) — s (wp< : ) ) 221)

The latter formula can be found (in a slightly different form) in [Li2]. For the
sake of completeness, we present here a proof.

and

Proof: The coefficient of xg in equation (2.21) is immediate. Consider some
formal series f(x) =), ¢ fux", fn € C.From the formula

(—DX@/0x1)* (x§x," 1) = (8/0x2)* (6] 1K)
for any s € C and k a nonnegative integer, we find that
k(9 ¢ —1 2 \* -1 1—k
(=D (3—)“) (Xz f(xl/X2)> = (3_x2> (x1 (x1/x2) f(xl/x2)>'

(2.22)
With f(x) =4 (a):,xl/ p ), we use the formal delta-function property to get

(x1/x2)' %8 <w;(x1/x2)1/1’> =5 (w;(xl/m)l/p)

and thus
3\ 3 \*
_ne [ 2 -1 r /p)y = ( -1 —r 1/p
(=D (8x1> (15718 (@) 01 /22117 (axz) (5718 (@ Ca/)!7)).
(2.23)
Summing over nonnegative integers k with the coefficients x(’)‘ / k! on both sides,
we obtain (2.21). [ |

Recall the vertex operator algebra (V, Y, 1, w) with central charge cy of the
previous subsection. Fix an automorphism v of period p of the vertex operator
algebra V, that is, a linear automorphism of the vector space V preserving
and 1 such that

vY (v, x)v~! =Y (vv,x) forv eV, (2.24)
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and
v = 1y. (2.25)

Definition 2.3. A (Q-graded) v-twisted V-module M is a Q-graded vector
space,

M= ]_[ M,y; forv e My,), wtv =n,
neQ
such that
M@y =0 for n sufficiently negative,
dim M) < oo for n € Q,

equipped with a linear map

Ym(,x) 1 V — (End M)[[x"/7,x71/7]]
v Yy (v, x) = Z v;;x—n—1 W cEnd M, (2.26)
nely

where Yy (v, x) is called the twisted vertex operator associated with v, such
that the following conditions hold:
truncation condition: For everyv € V and w € M

vyw=0 (2.27)

forn e %Z sufficiently large;
vacuum property:

Yy (L, x) = ly; (2.28)
Virasoro algebra conditions: Let
Ly(m) =w),, forneZ, ie., Yy(®.x)=Y Lymx "2
nez
We have

m3 —

[Lm(m), Ly (n)] = (m —n)Ly(m +n) +cy Sm+n,0 1n,
Ly(O)v = (wto)v (2.29)

for every homogeneous element v, and

d
Yyu(L(—Du,x) = EYM(u,x) ; (2.30)
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Jacobi identity:

X2 — X1

—1 X1 —X2 -1
Xg 0 o Yy (u, x1)Yp (v, x2) —xq 8 Yy (v, x2) Y (u, x1)

_ 1/p
- —x2 = Za( r (xl x()) )YM(Y(vru,xo)v,xz). 2.31)

Note that when restricted to the fixed—point subalgebra {u € V |vu = u},
a twisted module becomes a true module: the twisted Jacobi identity (2.31)
reduces to the untwisted one (2.16), by (2.20). This will enable us to con-
struct natural representations of a certain infinite-dimensional algebra Dt (see
Section 7) on suitable twisted modules.

3. Heisenberg vertex operator algebra and its twisted modules

It is appropriate at this point to make these definitions more substantial by
giving a simple but important example of a vertex operator algebra, and of
some of its twisted modules.

3.1. Heisenberg vertex operator algebra

Following [FLM2], let  be a finite-dimensional abelian Lie algebra (over C)
of dimension d on which there is a nondegenerate symmetric bilinear form
(-, -). Let v be an isometry of h of period p > O:

(va,vB) = (a, B), Via=«a
for all @, B € bh. Consider the affine Lie algebra 6,
h=][verecc,

nez

with the commutation relations
C( ® t ﬂ ® t ((X, ﬁ>m8m+n,()c (C(, /3 € ha ma ne Z)
[C, h =0.

Set

=[[ver, b =][ver

n>0 n<0

The subalgebra
ht@h~ ®CC
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is a Heisenberg Lie algebra. Form the induced (level-one) G—module

S =Uh) ®u( C~S®H) (linearly),

6+eahee<cc)
where 6"’ @ b acts trivially on C and C acts as 1; U(-) denotes universal
enveloping algebra and S(-) denotes the symmetric algebra. Then S is irre-
ducible under the Heisenberg algebra I‘A)"r ® 6_ @ CC. We will use the notation
a(n) (e € b, n € Z) for the action of ¢ @ " € 6 on S.

The induced ﬁ-module S carries a natural structure of vertex operator alge-
bra. This structure is constructed as follows (cf. [FLM?2]). First, one identifies
the vacuum vector as the element 1 in S: 1 = 1. Consider the following formal
series acting on S:

a(x) = amx"" (xeh).

nez

Then, the vertex operator map Y (-, x) is given by

Y(ai(=np)---aj(-nj)1, x)

L1 d\"! 1 A .
=ton <E> Oll(X)...m(E) aj(x)s (3.1)

forap e b, ng € Zy, k=1,2,...,j,forall j € N, where ¢ - ¢ is the usual
normal ordering, which brings «(n) with n > 0 to the right. Choosing an ortho-
normal basis {a,lq = 1,...,d} of b, the conformal vector is w = %ZZ:I

a4 (—1)a, (—1)1. This implies in particular that the weight of o(—n)1 is n:
LOO)a(—n)1 =na(—n)1l (x€eh, neZy)

where we used

d
L(0) =% DI BRLADEACHRS

1 =
I’lE;Zq 1

The isometry v on b lifts naturally to an automorphism of the vertex operator
algebra S, which we continue to call v, of period p.

Then (cf. [FLM2]), the various properties of a vertex operator algebra are
indeed satisfied by the quadruplet (V, Y, 1, w) just defined.

3.2. Twisted modules

We now proceed as in [L1], [FLM1], [FLM2] and [DL2] to construct a space
S[v] that carries a natural structure of v—twisted module for the vertex oper-
ator algebra S. In these papers, the twisted module structure was constructed
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assuming the minor hypothesis that v preserves a rational lattice in ). We show
in Section 6 that the space S[v] is a twisted module, without the need for this
minor assumption.

Consider a primitive p—th root of unity w,. For r € Z set

h(,)z{aehlvazw;,a}ch.

For a € b, denote by «(), r € Z, its projection on h.y. Define the v-twisted
affine Lie algebra h[v] associated with the abelian Lie algebra ) by

bvl= [] bom @ 1" ®CC (3.2)

1
nepZ

with

1
[ @1, BRt"] = (a, BYmpynoC (a € bpnys B € bpmy, m,n € ;Z)

[C.h[v]] =0. 33)
Set
bl = ]_[ bipm ® 1", blvl™ = ]_[ Bipn) @ 1". (3.4
n>0 n<0
The subalgebra
hivI* @ hivl- @ CC (3.5)

is a Heisenberg Lie algebra. Form the induced (level-one) 6[v]-m0dule

S[v] = U(hlv]) By C~S(hv]7) (linearly),  (3.6)

6[v]+@h(o)eatcc)
where 6[1}]+ @ b(o) acts trivially on C and C acts as 1; /(-) denotes univer-
sal enveloping algebra. Then S[v] is irreducible under the Heisenberg algebra

6[\1]“‘ ® la[v]_ @ CC. We will use the notation a” (n) (a € by, n € %Z)

for the action of « ® 1" € 6[1}] on S[v].

Remark 3.1. The special case where p = 1 (v = 1y) corresponds to the
h-module S.

The ﬁ[v]-module S[v] is naturally a v—twisted module for the vertex opera-
tor algebra S. One first constructs the following formal series acting on S[v]:

@’(x)= Y a’(mx", (3.7)
HG%Z
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as well as the formal series W (v, x) forall v € S:

W(ay(=ny1)---aj(—=n;1, x)

. 1 d n—1 ) 1 d nj—1 ) . s
=i <E) al(x)...m(a> aj(x): (3.8)

where oy € b, nx € Z4+, k =1,2,...,j, forall j € N. The twisted vertex
operator map Ys[,)(:, x) acting on S[v] is then given by

Ysp)(v, x) = W(e v, x) (v eS) (3.9)

where A, is a certain formal operator involving the formal variable x [FLM1],
[FLM2], [DL2]. This operator is trivial on «(—n)1 € S (n € Z.), so that one
has in particular

1 d n—1 ;
Yspi(a(=n)l, x) = D (d_x> a’(x). (3.10)

One crucial (among others) role of the formal operator Ay is to make the
fixed—point subalgebra {u | vu = u} act according to a true module action. For
instance, the conformal vector w is in the fixed—point subalgebra, so that the
vertex operator Y[, (w, x) generates a representation of the Virasoro algebra
on the space S[v]. This representation of the Virasoro algebra was explic-
itly constructed in [DL2]. As one can see in the results of [DL2] and as will
become clear below, the resulting representation Resy x Ysp,1(w, x) of the Vira-
soro generator L(0) is not an (infinite) sum of normal-ordered products the
type Zn elz caV(n)BY(—n)s ; rather, there is an extra term proportional to
the identitgz on S[v], the so-called correction term, which appears because of
the operator A . The correction term was calculated in [DL2] using the explicit
action of ¢2* on w. In the case of the period—2, v = —1 automorphism, this
action is given by [FLM1], [FLM2]:

Ay

1
Aw=w+ E(dimh)x—z,

and for general automorphism, the calculation was carried out in [DL2] (see
also [FFR] and [FLMZ2]). These results are relevant, for instance, in the
construction of the moonshine module [FLM2].

The calculation of the action of A, on arbitrary elements of S is, however,
a much more complicated task. Below we will derive some identities among
twisted vertex operators. One of the important consequences of these identities,
for us, will be to give a tool to explicitly construct the twisted vertex operators
associated to elements of S from the knowledge of the twisted vertex opera-
tors associated to “simpler” elements, without requiring the explicit knowledge
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of A,. In fact, these identities allow us to construct recursively twisted vertex
operators associated to all elements of S and to compute A, only starting from
the knowledge that A is trivial on ¢ (—n)l € S (n € Z).

4. Commutativity and associativity properties

This section follows closely similar sections of [DLMil] and [DLMi2], and
reproduces the results and some of the proofs. We first recall the main com-
mutativity and associativity properties of vertex operators in the context of
modules ([FLM2], [FHL], [DL1], [Lil]; cf. [LL]), and then we derive other
identities somewhat analogous to these. These other identities were stated and
proven in [DLMi2], and the most important ones were stated in [DLMil].
All these identities will be generalized to twisted modules, still following
[DLMil, DLMi2]. Note that taking the module to be the vertex operator
algebra V itself, the relations below specialize to commutativity and associa-
tivity properties in vertex operator algebras. We will give the proofs of the
simplest identities only, referring the reader to [DLMi2] for all the proofs.
Throughout this and the next sections, we fix a vertex operator algebra V and
a V-automorphism v of period p, v = 1y.

4.1. Formal commutativity and associativity for untwisted modules

We already stated the weak commutativity relation (2.17) and the weak asso-
ciativity relation (2.18). They imply the main “formal” commutativity and
associativity properties of vertex operators, which, along with the fact that
these properties are equivalent to the Jacobi identity, can be formulated as
follows (see [LL]):

Theorem 4.1. Let W be a vector space (not assumed to be graded) equipped
with a linear map Yw (-, x) (2.12) such that the truncation condition (2.13)
and the Jacobi identity (2.16) hold. Then foru, v € V and w € W, there exist
k(u,v) € Nandl(u, w) € Nand a (nonunique) element F (u, v, w; xo, X1, X2)
of W((xg, x1, x2)) such that
k(u,
xg "V F (u, v, w; x0, x1,x2) € W[[x0]1((x1, x2)),
1
A F (v, ws xo, x1, x2) € Wi 11((xo, x2) @.1)
and
Yw(u, x))Yw (v, xo)w = F(u, v, w; X1 — x2, X1, X2),
Yw (v, x2)Yw (u, x))w = F(u, v, w; —xz + x1, X1, X2),

Yw (Y (u, x0)v, x2)w = F(u, v, w; X0, X2 + X0, X2) 4.2)
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(where we are using the binomial expansion convention). Conversely, let W
be a vector space equipped with a linear map Yw (-, x) (2.12) such that the
truncation condition (2.13) and the statement above hold, except that k(u, v)
(€ N) and l(u, w) (¢ N) may depend on all three of u, v and w. Then the
Jacobi identity (2.16) holds.

It is important to note that since k(u, v) can be (and typically is) greater than
0, the formal series F (u, v, w; x;—x2, x1, x2) and F (u, v, w; —xp+x1, X1, X2)
are not in general equal. Along with (4.1), the first two equations of (4.2) repre-
sent formal commutativity, while the first and last equations of (4.2) represent
formal associativity, as formulated in [LL] (see also [FLM2] and [FHL]).
The twisted generalization of this theorem, written below, was proven in
[DLMi2].

4.2. Additional relations in untwisted modules

From the equations in Theorem 4.1, we can derive a number of relations sim-
ilar to weak commutativity and weak associativity but involving formal limit
procedures (the meaning of such formal limit procedures is recalled below).
Even though only one of these will be of use in the following sections, we state
here for completeness of the discussion the two relations that are not “easy”
consequences of weak commutativity and weak associativity. These relations
were proven in [DLMi2]; we report the proofs here.
The first relation can be expressed as follows:

Theorem 4.2. With W as in Theorem 4.1,

lim ((Xo + x2)! Yy (Y (u, x0)v, xz)w> = xi(u’w)YW(v, x2) Y (u, x)w

xX0—>—Xx2+X]

(4.3)
foru, v eV.
The meaning of the formal limit
lim (o) Y (7 o), ) w) (44)

is that one replaces each power of the formal variable x¢ in the formal series
(x0 + x2) @ Yw (Y (u, x0)v, x2)w by the corresponding power of the formal
series —x2 + x| (defined using the binomial expansion convention). Notice
again that the order of —x, and x; is important in —x, + x1, according to the
binomial expansion convention.
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Proof of Theorem 4.2: Apply the limit limy,—, _x, 1, to the expression
(0 +x2)' Yy (¥ (. x0)v, 22)w

written as in the right—hand side of the third equation of (4.2). This limit is well
defined; indeed, the only possible problems are the negative powers of x, + xg
in F(u, v, w, xg, X2 + X, x2), but they are cancelled out by the factor (xo +
x2)! @) The resulting expression is read off the second relation of (4.2). N

Remark 4.2. It is instructive to consider the following relation, deceptively
similar to (4.3), but that is in fact an immediate consequence of weak
associativity (2.18):

lim ((xo + x2) W Yy (Y (u, x0)v, xz)w) :xi("’w)YW(u, x1)Yw (v, x2)w.
X0—>X]—X2
(4.5)
More precisely, it can be obtained by noticing that the replacement of xg
by x1 — x2 independently in each factor in the expression as written on the
left-hand side of (2.18) is well defined. We emphasize that, by contrast,
the relation (4.3) cannot be obtained in such a manner. Indeed, although
the formal limit procedure limy,_, _y, 1y, is of course well defined on the
series on both sides of (2.18), one cannot replace xo by —x2 + x1 either in
the factor Yw (u, xo + x2)Yw (v, x2)w on the left—hand side or in the factor
Yw (Y (u, x0)v, x2)w on the right—hand side of (2.18).

The second nontrivial relation, which we call modified weak associativity,
will be important when generalized to twisted modules. It was first written in
[DLMil]. It is stated as:

Theorem 4.3. With W as in Theorem 4.1,

lim ((Xl —x) D Yy (u, x0) Y (v, Xz)) = x’g(“’”)Yw(Y(u, X0)v, x2)
X1—=>x2+Xx0
4.6)

foru, v eV.
Proof: Apply the limit limy, _, v, y, to the expression
(1 —x2) Yy (e, x1) Y (v, x2)

written as in the right-hand side of the first equation of (4.2). This limit is well
defined, since negative powers of x| — xp in F(u, v, w; x| — x2, X1, x2) are
cancelled out by the factor (x; — x2)®¥). The resulting expression is read off
the third relation of (4.2). |
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Remark 4.3. Equation (4.6) can be written in the following form:

. xp—xp MY
lim Ywu, x))Yw@, x2) | = Yw (Y (u, xo)v, x2).

X1—>x2+x0 X0

4.7

The factor (MYW’U) appearing in front of the product of two vertex opera-
X0

tors on the left—hand side is crucial in giving a well-defined limit, but when
the limit is applied to this factor without the product of vertex operators,
the result is simply 1. We will call such a factor a “resolving factor”. Its
power is apparent, in particular, in the proof of the main commutator formula
(6.1) of [DLMi2]: it allows one to evaluate nontrivial limits of sums of terms
with cancelling “singularities” in a straightforward fashion, evaluating the
limit of each term independently. Its power will also be clear, in the present
paper, when constructing the twisted vertex operator map Ys(y(-, x) and when
studying the algebra Dt defined in Section 7.

4.3. Formal commutativity and associativity for twisted modules

We derive below various commutativity and associativity properties of twisted
vertex operators. In order to express some of these properties, we need one
more element of formal calculus: a certain projection operator (see [DLMi2]).
Consider the operator P[[Xo!xo—l]] acting on the space C{xo} of formal series with
any complex powers of xg, which projects to the formal series with integral

powers of xg:
. —1
Pty © Clrol = Cf[x0. xg ] - (4.8)

We will extend the meaning of this notation in the obvious way to projections
acting on formal series with coefficients lying in vector spaces other than C,
vector spaces which might themselves be spaces of formal series in other for-
mal variables. Notice that when this projection operator acts on a formal series
in xo with powers that are in %Z, for instance on f(xg) € (C[[xé/p, xo_l/p]],

it can be described by an explicit formula:

p—1

1
Pirgg i/ (¥0) = ;Z lim f(x)

1/p r o l/p
r=0 \¥/P—whx

(See Remark 4.4 below for the meaning of formal limit procedures involv-
ing fractional powers of formal variables.) We will also extend this projection
notation to different kinds of formal series in obvious ways. For instance,
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i C{xo} — (ng/p [[x(),xo_l]] .

P _
<3P 1lxo.xg 1

Again, of course, we will extend the meaning of this notation to formal series
with coefficients in vector spaces other than C.

The twisted Jacobi identity (2.31) implies twisted versions of weak commu-
tativity and weak associativity (u, v € V, w € M):

(2 — x)* Y (v, x2) Y (u, x1) = (x2 — x)*Var (u, x1)Yar (v, x2) (4.9)

Py ((’CO +x2) Yar (u, X0 + x2) Y (v, xz)w)
.
= (x2 +x0)’; > 0 Y (Y 0 xo)v xw. (4.10)
r=0

These relations are valid for all large enough k € Nand / € %N, their mini-
mum value depending respectively on u, v and on u, w. For definiteness, we
will denote these minimum values by k(u, v) and I(u, w), respectively (they
depend also on the module M; in particular, they differ from the integer num-
bers k(u, v) and /(u, w) used in the previous subsection in connection with
the module W). As in the untwisted case, these relations imply the main “for-
mal” commutativity and associativity properties of twisted vertex operators
[Li2], which, along with with the fact that these properties are equivalent to
the Jacobi identity, can be formulated as follows (it was first formulated in this
form in [DLMil]):

Theorem 4.4. Let M be a vector space (not assumed to be graded) equipped
with a linear map Yy (-, x) (2.26) such that the truncation condition (2.27)
and the Jacobi identity (2.31) hold. Then for u,v € V and w € M,
there exist k(u,v) € N and I[(u,w) € %N and a (nonunique) element

F(u, v, w; xo, x1, x2) of M ((xg, xll/p, le/p)) such that
XV F(u, v, w; x0, x1,x2) € MIIxoll((x,7, x,/7)),

xi(u’w)F(u, v, wW; X0, X1, X2) € M[[xll/p]]((xo’ x;/p)) (4] 1)

and
Yy (u, x))Yu (v, x2)w = F(u, v, w; x1 — x2, x1, X2),
Yrm, x2) Yy (u, x))w = F(u, v, w; —x2 + x1, X1, X2),
Yu (Y (v u, xo)v, x2))w = lim F(u,v, w; xg, x1,x2) (4.12)

xll/p%w;, (x2+x0)1/P

for s € 7 (where we are using the binomial expansion convention). Con-
versely, let M be a vector space equipped with a linear map Yy (-, x) (2.26)
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such that the truncation condition (2.13) and the statement above hold, except
that k(u, v) (¢ N) and l(u, w) (€ %N) may depend on all three of u, v and w.
Then the Jacobi identity (2.31) holds.

This theorem, as well as (4.9) and (4.10), were proven in [DLMi2].

Remark 4.4. Formal limit procedures involving fractional powers of formal
variables like xll 'P have the same meaning as in (4.4), but with xll /p being
treated as a formal variable by itself. For instance, the formal limit procedure

lim F(u, v, w; xo, X1, X2)
xll/p—>w;',(xz+x0)l/1’
above means that one replaces each integral power of the formal variable
1/p . ) )
xl/p in the formal series F(u, v, w; xo, X1, X2) by the corresponding power
of the formal series w),(x2 + x0) /P (defined using the binomial expansion
convention).

Remark 4.5. Note that this theorem, and in particular its proof in [DLMi2],
illustrates the phenomenon, which arises again and again throughout the the-
ory of vertex operator algebras, that formal calculus inherently involves just as
much “analysis” as “algebra”: in many relations there are integers that can
be left unspecified, except for their minimum values, and the proof involves
taking these integers “large enough”. Recall that essentially the same issues
arose for example in the use of formal calculus for the proof of the Jacobi iden-
tity for (twisted) vertex operators in [FLM2] (see Chapters 8 and 9). This is
certainly not surprising, since we are using the Jacobi identity (for all twist-
ing automorphisms) in order to prove, in a different approach, properties of
(twisted) vertex operators.

Along with (4.11), the first two equations of (4.12) represent what we call
formal commutativity for twisted vertex operators, while the first and last
equations of (4.12) represent formal associativity for twisted vertex operators.
When specialized to the untwisted case p = 1 (v = 1y), these two relations
lead respectively to the usual formal commutativity and formal associativity
for vertex operators, as described in (4.2).

4.4. Additional relations in twisted modules

As in the case of ordinary vertex operators, one can write other relations
involving formal limit procedures. These relations were proven in [DLMi2];
we report the proofs here. Among them, two cannot be directly obtained
from weak commutativity and weak associativity. One of these, the relation
generalizing (4.3), is stated as follows:
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Theorem 4.5. With M as in Theorem 4.4,

-1
1 -
lim | G2+ x0)' = D 0 T Yu (Y (T, x0)v, 1w
p

xX0—>—x2+x1
r=0

= Py oy (Y00 2 Vg 2w (4.13)
foralll € %Z, [ >1(u, w).

Proof: This is proved along the lines of the proof of Theorem 4.2, with some
additions due to the fractional powers. One uses the third equation of (4.12) in
order to rewrite the left—hand side of (4.13) as

p—1
Xo_)lir}gﬂl (x2 + xo)ll Z w;[rp |/ }im F(u,v, w; xo, x3, X2)
P20 %3/ P =0y (atx) /P
The sum over r keeps only the terms in which x, + xq is raised to a power
which has a fractional part equal to the negative of the fractional part of /.
Multiplying by (x2 + x0)’, for any [ € %Z, ! > I(u, w), brings the remaining
series to a series with finitely many negative powers of x, (as well as xp), to
which it is possible to apply the limit limy,_, v, 1, . This limit of course brings
only integer powers of x, and the right-hand side of (4.13) can be obtained
from the second equation of (4.12). |

Remark 4.6. A relation similar to the last one, but that is a direct consequence
of weak associativity (4.10), is
p—1

1 -
im | (2 4 x0)' = D 0, Y (Y (0, x0)v, 22w
p

X0—>X]—X2 0
r=

= Py (xin(u,xl)YM(v, xz)w) (4.14)

foralll € %Z, l > l(u, w). This generalizes (4.5) (see the comments in
Remark 4.2). It can be obtained by applying the formal limit involved in the
left—hand side to both sides of (4.10).

The most important relation for our purposes, which was first stated in
[DLMil], generalizing (4.6) and which we call modified weak associativity
for twisted vertex operators, is given by the following theorem:

Theorem 4.6. With M as in Theorem 4.4,

fim (G = )R Y, x) Y (0, 32) )

—>w;,(xz+x0)]/P

= bV Yy (Y (05U, x0)v, x2) (4.15)

1/p
X
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foru, v e Vands € Z.

Proof: The proof is a straightforward generalization of the proof of
Theorem 4.3. n

Remark 4.7. The specialization of Theorems 4.4 and 4.6 to the untwisted case
p = land M = W gives, respectively, Theorems 4.1 and 4.3.

Finally, we derive a simple relation, proved in [Li2], that specifies the
structure of the formal series Y (u, x).

Theorem 4.7. With M as in Theorem 4.4,

lim Y (Viu, x1) = Yy (u, x) (4.16)

1/p s o1
x, P —wixl/p

forueVands € Z.

Proof: In the Jacobi identity (2.31), replace u by v¥u and xll/p by a)j,xl/p.
The right—hand side becomes

. — X0 1/p
—x2 ZS m( P ) Y (Y (V" Fu, x0)v, x2),

which is independent of s, as is apparent if we make the shift in the summa-
tion variable r +— r — s. Hence the left-hand side is also independent of s.
Choosing v = 1 and using the vacuum property (2.28), this gives

<x018 <x - xz) —x's (’Q - x)) lim  Ya(v'ux) (4.17)
X0 —X0 XI]/P_)wr 1/p
= (xo_lﬁ <x —xg) —x0_18 <x2 —x)) Yy (u, x)
X0 —X0

which, upon using (2.2) and taking Resy,, gives (4.16). [ |
From Theorem 4.7, we directly have the following corollary:

Corollary 4.8. With M as in Theorem 4.4,

Yu(u,x) = Z upyx ! foru eV, vu= a);],u, qg €.
neZ+q/p

5. Equivalence and construction theorems
from modified weak associativity

This section presents new results related to modified weak associativity. We
will show, loosely speaking, that modified weak associativity (4.15) and weak
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commutativity (4.9) are equivalent to the Jacobi identity (2.31) (“equivalence
theorem”). Then we will show that if the modified weak associativity for
twisted vertex operators is valid for all pairs u, w (to be put in (4.15) instead
of the ordered pair u, v) with u € U and w € V, where U is a generating
subset of a vertex operator algebra V, and if weak commutativity for twisted
vertex operators is valid for all pairs u, v with u, v € U, then both modified
weak associativity and weak commutativity hold for the whole vertex opera-
tor algebra V (“construction theorem”). Similar construction theorems were
proved by Li in the untwisted and twisted cases [Lil, Li2] (cf. [LL]), using the
powerful idea of “local systems of (twisted) vertex operators.” Here we start
from similar ideas but we make use of modified weak associativity discovered
in [DLMil, DLMi2], in order to illustrate one of its applications. We find it
instructive to give a direct proof of our construction theorem, although there
may be a shorter route from Li’s construction theorems. In the next section, our
two theorems will allow us to construct in a relatively simple way the twisted
vertex operator map for S[v] — in particular, we will show how the use of mod-
ified weak associativity gives a new explicit form for the operator A, — and
to prove the twisted module structure for S[v]. We recall that throughout this
section, V is a vertex operator algebra and v is an automorphism of V.

5.1. Equivalence theorem

It is well known in the theory of vertex operator algebras that, under natural
conditions, the weak commutativity relation (2.17) and the weak associativity
relation (2.18) for untwisted modules are equivalent to the Jacobi identity
(2.16). It is a simple matter to show that this statement is also true when weak
associativity is replaced by modified weak associativity. We state this more
generally for twisted modules (and for the twisted Jacobi identity (2.31)) in
the following theorem.

Theorem 5.1. Let M be a vector space (not assumed to be graded) equipped
with a linear map Yy (-, x) (2.26) such that the truncation condition (2.27)
hold.

If modified weak associativity (4.15) holds, for some k' (u, v) € N, and weak
commutativity (4.9) holds, for a possibly different k(u, v) € N, then we may
change k' (u, v) (in particular, we may lower it) to k' (u, v) = k(u, v), and the
twisted Jacobi identity (2.31) holds. Also, the vector space M is a twisted mod-
ule if, additionally, M is Q — graded and quasi-finite as in the first lines of
Definition 2.3, with the L(0)-weight property (2.29), and the vacuum property
(2.28) holds.
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On the other hand, if the twisted Jacobi identity (2.31) holds, then modified
weak associativity (4.15) and weak commutativity (4.9) hold.

Remark 5.2. Note that this theorem can be specialized to p = 1, apply-
ing then to modules W. It can also be used to show that some vector space
V is a vertex operator algebra; more precisely, in the definition 2.1, the
Jacobi identity can be replaced by modified weak associativity and weak
commutativity.

Proof of Theorem 5.1. The last sentence of the theorem was proven already
by proving modified weak associativity and weak commutativity above.

Weak commutativity (4.9), when both sides are applied on an element w of
M, and the truncation condition immediately imply the first equation of (4.11),
and the first two equations of (4.12). Then, the limit on the left-hand side of
(4.15) with k(u, v) replaced by k”(u, v) certainly exists for all k”(u,v) >
k(u, v), and the result is the same for any k” (u, v) that makes the limit exist,
up to the obvious power of xq (because if all limits exist, then the product of the
limits is the limit of the product). Since we know that this limit gives the right-
hand side for some k’(u, v), we may change it (and lower it if necessary) to
k'(u, v) = k(u, v). Then, writing the product of twisted vertex operators on the
left-hand side of (4.15) as on the right-hand side of the first equation of (4.12),
we see that (4.15) implies the third equation of (4.12). Hence, by Theorem 4.4,
the twisted Jacobi identity holds. With the additional conditions stated in the
theorem, all other parts of the definition (2.3) are satisfied (in particular, the fact
that V is a vertex operator algebra implies that the Virasoro commutation rela-
tions are also satisfied, and the L(—1)-derivative property for vertex operator
algebra (2.8) implies, using (4.15) with v = 1, the corresponding property for
twisted modules (2.30)) and M is a twisted module for V. [ |

5.2. Construction theorem

Consider a generating subset U C V of the vertex operator algebra V, defined
as follows.

Definition 5.3. A generating subset U C V of a vertex operator algebra is
a subset such that all elements of V can be written as linear combinations of
elements of the form u v, - - -1 foru,v,... € Uandm,n, ... € Z.

Suppose we are able to define a twisted vertex operator map Y/ (-, x) as in
(2.26) such that the truncation condition (2.27) holds for all v € V, weak com-
mutativity (4.9) holds for all u, v € U, and modified weak associativity (4.15)
holds forall u € U and v € V. Theorem 5.5 below along with Theorem 5.1 tell
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us that this is enough to have the twisted Jacobi identity, and, with additional
mild conditions (see Theorem 5.1) to have a twisted module.

Remark 5.4. Theorem 5.5 of course requires us to already have a twisted ver-
tex operator map Yy (-, x) on the full vertex operator algebra V. On the other
hand, once we have the map on U only (with the properties above), it is easy to
extend it to a map on the set of symbols of the type u,, vy, - - - w foru, v, ..., w €
Uandm,n, ... € Z by recursive use of modified weak associativity (4.15) with
u € U and v an element in this set of symbols. However, the vertex operator
algebra V is the span of this set of symbols with linear relations amongst them,
these relations depend on the particular vertex operator algebra at hand. In
order to have a twisted module, it is essential to verify that the map on this
set of symbols is well-defined on V; that is, that it is in agreement with these
linear relations. This is extremely nontrivial, and there does not seem to be yet
a general theorem as to when that happens. Whatever these relations are, they
have to imply those coming from the Jacobi identity (since V is a vertex oper-
ator algebra). It is possible to show that all linear relations coming from the
Jacobi identity are satisfied by this construction. This is beyond the scope of
the present paper, but we hope to clarify some of these issues in a future work.

Note again that the theorem below and the issues discussed in the remark
above are in close relation with results of Li [Li2]; cf. [LL].

Theorem 5.5. Let M be a vector space (not assumed to be graded) equipped
with a linear map Yy (-, x) (2.26) such that the truncation condition (2.27)
holds. Fix a generating subset U C V, as defined in Definition 5.3.

If weak commutativity (4.9) is satisfied for all u,v € U (and fix k(u, v)
€ N to be the lowest integer that can be taken both in (4.9) and in weak
commutativity for the vertex operator algebra V ), and if modified weak asso-
ciativity (4.15) is satisfied for all u € U and for all v € V (for some
k'(u,v) € N that may be different from k(u, v)), then both weak commuta-
tivity and modified weak associativity are satisfied for all u,v € V. Further,
we may change k'(u, v) (in particular, we may lower it) to k'(u, v) = k(u, v)
foru,v €V, and these integers may be taken to satisfy the formula

k(Ung4mv, w) = k(w, u) + k(w, v) +m 5.1
forallu,v,w € V where ng is the highest integer such that u,,v # 0. The

same integers may also be taken in weak commutativity for the vertex operator
algebra V.
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Proof: We start by showing weak commutativity (4.9), and the equation (5.1).
Under the assumptions of the theorem, we have, for u, v, w € U,

(x — x2 — x0)F@ (x — x)K )y (w, x)

fim (G = ) Yy x) Y (0, 52) )
1/p

x> w8, (xa+x0) /P

= lim (6 = 2 0 0 = )y, x)

x}/p%wf)(xz-i-xo)l/P

(1 = 22XV, x1) Yy (v, xz))

- lim ((m — KDYy, x1) Vg (v, x2)
xll/p—>w5p(x2+xo)1/l’

(= xR (¢ — xRy (w, x))

=, lim . ((n — )M Yy, x1) Y (v, xz))
X = wp, (xa+x0) /P
(x = x2 — x0)* 0 (x — x) Y Yy (w, x) (5.2)
hence
(x = x2 = x0) ) (x — x2) V) Yy (w, )Y (Y 05w, x0)v, x2) (5.3)

= (x —x2 — x0)" " (x — x) Y (Y (070w, x0)v, x2) Yar (w, x) .
Both sides have finitely many negative powers of xq. Take the lowest power:

(x — xp)K TRV Y () ) Vg (05 )y v, X2)

= (x = x) OOV Yy (W )0, x2) Vi (w, x) . (5.4)

This proves weak commutativity for all pairs u,,v, w with u, v, w € U, and
we may take k(u, v, w) = k(w, u) + k(w, v) (although we have not proven
that this value is the minimum one for which weak commutativity is valid),
where ng is the highest integer such that u,,v # 0.

The next power of xo in the equation (5.3) contains, on each side,
two terms of the same type as those above: one with (v™"u),,4+1v, the
other with (v"°u),,v. The terms with (v™*u),,v are multiplied by (x —
xp)Kw:W k=1 "and those with (V™ u) 10, by (x — xp)KW-+k(w.v),
Multiplying the resulting equation through by x — x;, we can use the
result (5.4) and we obtain weak commutativity for all pairs u,,41v, w with
u,v, w € U, where ng is again highest integer such that u,,v # 0. We can take
k(upy+1v, w) = k(w, u) +k(w, v) + 1. Repeating the process, we obtain weak
commutativity for all pairs u,v, w with u, v, w € U and for all n € Z, with
k(upyrmv, w) = k(w, u) + k(w, v) + m. Replacing v by u,v foru,v € U in
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the argument above, and repeating, we obtain weak commutativity for all pairs
v, w with v € V and w € U. Finally, we can repeat the full argument above
with u, v € U and w € V. The induction from that gives us weak commuta-
tivity for all pairs v, w with v € V and w € V, and in particular gives us (5.1).

Note that the same arguments can be used for the vertex operator Y (-, x), so
that equation (5.1) may be taken to hold also for the k(u, v) involved in weak
commutativity for the vertex operator algebra V. This implies that the inte-
gers k(u, v) involved in weak commutativity for Y (-, x) and those involved
in weak commutativity for the vertex operator algebra V may both be taken to
be given by (5.1) for all elements of the vertex operator algebra. We will do
that for the rest of the proof.

Note also that weak commutativity (4.9) implies, through the arguments of
the proof of Theorem 5.1, that in modified weak associativity (4.15) foru € U
and v € V, which holds by assumption with some integer k’(u, v), we can
change k'(u, v) to k' (u, v) = k(u, v). We will also do that for the rest of the
proof.

Next we show modified weak associativity. First note the following
lemma.

Lemma 5.6. For u,v,w € V and ¢ € M, there exists a (nonunique) ele-
ment F(u, v, w, §; X0, X4, x5, X1, X2, X3) of M((x0, x4, x5, %", x3/7, x3/7))
such that

30 F (u, v, w, ¢ X0, x4, X5, x1, %2, 3) € M[x01) (x4, x5, %, 5,7, x3'7)),
X3V (v, w, ¢ x0, x4, X5, 61, %2, x3) € M[[xal]((xo0, x5, 0,7, l/p’ "),
x5 F (u, v, w, ¢ x0, x4, 5, x1, X2, x3) € M[[xs11((xo. xa, 1,7, )7, xy/7))
(5.5)
and

Yy(u, x1)) Yy (v, x2) Yy (w, x3)¢p = F (u, v, w, ¢; x| — x2, X1 — X3,

X2 — X3, X1, X2, X3) (5.6)

where k(u, v), k(u, w), k(v, w) € N can be taken as those that appear in the
weak commutativity relation (4.9).

This is an immediate consequence of weak commutativity (4.9). Indeed,
consider

(1 — xR0 (o — x3) KD (x0) — x3) KW Y, x1) Vg (v, %2) Y (w, x3)¢h

Thanks to the factor (x; — x2)¥®Y) (x; — x3)K@W) (x5 — x3)k@-W) the twisted
vertex operators may be written in any order. Looking at different orders and
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using the truncation property, we see the expression has finitely many negative
powers of x3, finitely many negative powers of x> and finitely many negative
powers of x1. This shows the lemma.

Now, take u, v, € U and w € V, and again ¢ € M. From modified weak
associativity for vertex operator algebra (4.6) (recall that the module W in
that equation may be replaced by the vertex operator algebra itself V'), which
we will need only for the pair u, v, and from modified weak associativity for
twisted modules, which is valid by assumption when, in (4.15), the (ordered)
pair u, v is replaced by the pair v, w as well as when it is replaced by the pair
u, v,w, we have

Yy (Y (Y (u, X0)v, X5)w, x3)¢p

X4—>X5+X0 X0

. X4 — X5 K.y
= lim Yar (Y (u, x4)Y (v, x5)w, x3)

k(u,v)
X4 — X
= lim (4 5) sz’”leM(Y(u,m)vnw,xs)(ﬁ

X4—>X5+X(0 X0 neZ

3 ) X4 — X5 k(u,v) i . X1 — X3 k(u,v,w)
= lim R X5 lim
X4—>X5+X0 X0 1 X4

1 1
xf = (xa+xg)?

nez

Yy, x) Yy (w, x3)¢

) X4 — X5 k(u,v) ' X1 — X3 k(u,v,w)
= lim _— Z lim —_—
X4—>X5+X0 X0 1 X4

1 1
nez xlp —(x34x4) P

. Px;n—IYM(M,X])YM(Y(U,.Xj)U),X?,)(,b

where P _—.-1 projects onto the formal series with only the terms having the
5

factor x5 "=l Observe that the lowest power of x5 is —ng — 1 where ny is the
highest integer such that v,,w # 0. Continuing, we find

Yy (Y (Y (u, x0)v, x5)w, x3)¢

. k(u,v) _ k(u,vaw)
— lim (x“ xs) 3 lim il x3>

X4—>X5+X0 X0 X4

n€L P - (x3+x4)?

X2 — X3

k(v,w)
- P 1 lim ) Yy @u, x) Yy (v, x2) Yy (w, x3)¢

X5 Xs

1
x) = (x3+x5) 7

) X4 — X5 k(u,v) ' X1 — X3 k(u,v,w)
= lim Z lim
X4—>X5+X0 X0 1 X4

- 1
nez xlp —(x3+x4) P
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. X2 — X3 kw.w)
<P a1 lim — Fu,v,w, ¢; x1 — x2, X1 — X3,
5 1 1 X5
x) > (x3+x5) P

X2 — X3, X1, X2, X3)

. xg — x5\ Fev) . xp — xy | FOo)

= aim (HEE)UY e (Mm

X4—>X5+X(0 X0 1 X4

1 1
ne€Z P —(x3+x4)P

P a1 F(u, v, w, ¢; x1 — x3 — X5, X1 — X3, X5, X, X3 + X5, X3) .
5

Using the particular value of k(u, v,w) given by (5.1), we can continue
evaluating the limits:

Yu(Y (Y (u, xo)v, x5)w, X3)¢
. X4 — X5 k(w.0)
= lim |—— F(u,v,w, ¢; x4 — x5, x4, X5, X3 + X4, X3 + X5, X3)
X4—>X5+XQ X0
= F(u,v, w, ¢; xo, X5 + X0, X5, X3 + X5 + X0, X3 + X5, x3) . (5.7)

Now, consider the following formal series, and use similar arguments as
those above in order to evaluate it:

k(upv,w)
—n—1 . X2 — X3
Xy 1 lim - Yy (upv, x2) Yy (w, x3)¢
nez x2/17—>(x3+x5)1//’ x5

Yo—X3 k(uyv,w)
=> ,, lim ( ) Pont Yo (¥ (u, X0)v, x2) Yo (w, x3)9
V4

nez X'P—(x3+xs)l/p s

k(uyv,w

-y lim (xz_x3> e
neZ X;/')H(X3+x5)'/” x5

X1 — X2

X
0 xll/pﬁ(xzﬁ»xo)l/l”

) X2 — X3 k(upv,w)
= lim E—
le/p—>(x;;+X5)1/” X5

. X1 — X2 *.v)
R S lim T F@,v,w,¢; x1 —x2,x1 — x3,

X,
0 Xll/p%(szrxo)]/” X0

k(u,v)
« P n lim ( > Yy (u, x1) Yy (v, x2)Ypr (w, x3)¢

X0

X2 — X3, X1, X2, X3)
. X2 — X3 k(uyv,w)
=Y e (2om
ez %"= Gadxs)r N XS
" Poont Fu, v, w, @3 x0, X2 + X0 — X3, X2 — X3, X2 + X0, X2, X3)

= F(u, v, w, ¢; x0, X5 + X0, X5, X3 + x5 + X0, X3 + X5, X3). (5.8)
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Comparing with (5.7), and taking any fixed power of xo, we have

Yur (Y (v, xs)w, x3) = lim (XHB

1/

X' P > (x34x5) /P X5

k(upv,w)
) Yy (unv, x2) Yy (w, x3)é.
(5.9
This is modified weak associativity (4.15) for s = 0 and for the pairs u,v, w,

for all n € Z. It is a simple matter to compare, instead, the expression
Yu (Y (™Y (u, x0)v, Xs)w, x3)¢

with the expression

X2 — X3 k(uyv,w)
xo—n—l lim <—) Yy (upv, x2) Yy (w, x3)¢

1 .
ne? XZ/I)—>LU‘;,()C3+)65)1/P X5

using similar steps, and using the fact that v is an automorphism of V. We
obtain modified weak associativity (4.15) for arbitrary s € Z and for the pairs
u,v, w, forall n € Z.

Repeating the argument with v replaced by u,v for all # € U and for all
n € Z, and so on, we find modified weak associativity for all pairs v, w with
v € V and w € V. This proves the last part of the theorem. |

Remark 5.8. As usual, it is possible to specialize the theorems above to the
case p = 1 in order to obtain theorems applying to untwisted modules.

Remark 5.9. In the theorem above (in close relation with theorems of [Li2]),
concerned with twisted modules for vertex operators algebras, we assumed
the existence of a vertex operator algebra V. With slight adjustments, the the-
orem can be made into a construction theorem for vertex operator algebras
themselves, in relation with constructions of [Lil ] (a more complete construc-
tion theory, the representation theory of vertex operator algebras of [Lil], is
explained at length in [LL], cf. Theorems 5.7.6, 5.7.11 for instance).

6. Proof of the twisted module structure for S[v] and construction
of the twisted vertex operator map

The twisted module structure of S[v], for the vertex operator S, was established
in [L1], [FLM1], [FLM2] and [DL2] (assuming that v preserves a rational
lattice in ). In this section, we present a new proof of the twisted module
structure of S[v] (which does not require this minor assumption), and we con-
struct explicitly the twisted vertex operators using modified weak associativity
(and in particular, we calculate the explicit form of Ay in a simple way).
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Starting from (3.10), we will construct the twisted vertex operator
Yspv(u, x) forall u € S. As stated above, it is usual in studying vertex operator
algebras to construct vertex operators associated to elements of the vertex oper-
ator algebra from vertex operator associated to “simpler” elements, by using
associativity. However, for twisted vertex operators, the natural weak associa-
tivity (4.10), that is immediately obtained from the Jacobi identity, is somewhat
complicated by the projection operator and hides the simple structure of the
construction. On the other hand, the modified weak associativity (4.15) is sim-
pler, especially when written in the form (specialized for convenience to s = 0)

|17 = (xa4x0) /P X0

_ k(u.v)
Yy (Y (u, xg)v, x) = lim ((xl xz> YM(u,xl)YM(v,xz)> .
6.1)

In order to better understand this formula, note that, as remarked in Remark

k(u,v)
4.3, the pre-factor (’”;0"2) gives exactly 1 when the limit procedure

limx]] LA is applied on it alone. The formula above cannot be sim-
plified by replacing this pre-factor by 1, however, because the limit is not well
defined on the other factor Ys(u, x1)Yps (v, x2) alone. The construction prin-
ciple will be to replace this product of vertex operators by a normal-ordered
product plus extra terms. On the normal-ordered product, the limit is well
defined, so that the pre-factor multiplying the normal-ordered product can be
setto 1.

It is immediate to see that the set U = {1, a(—1)1|e € b} is a generating
subset for the vertex operator algebra S. Hence, in the proof of the twisted mod-
ule structure of S[v] using Theorems 5.5 and 5.1, we need first to prove weak
commutativity (4.9) (and it turns out that it holds with k(u#, v) = 2 — the integer
k(u,v) = 2 is the one involved in the corresponding weak commutativity for
the vertex operator algebra §) for the operators defined by (3.10) withn = 1.
Then, we need to construct explicitly the map Yg(,j(-, x) for all elements of
S recursively by using modified weak associativity. Finally, we need to check
modified weak associativity (4.15) for u € U and v € V. All other require-

ments of Theorem 5.1 are immediate to see from the construction of Section 3.

Theorem 6.1. The operators (3.10) with n = 1 satisfy weak commutativity
(4.9) with k(u, v) = 2.

Proof: 'We have

a’(x1)B"(x2) = 1" (x))B"(x2): + h(a, B, x1, x2) (6.2)
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with

h@ Boxi,x) = Y x " mlanp), B)

P sl=-L4ra
X P
— <_2) — P PRy B). (6.3)

(x1 — x2)?
It is a simple matter to see that

P b
(1 — 1) h(@, poxrx) = (x—2> (1 -4 5’%) (. B) - (6.4)

r=1 N
is equal to (x; — x2)2h(B, a, x2, x1), using (B, &) = (@), B). Hence
(1 = x2)[a” (x1), B (x2)] = 0
which proves the theorem. |

Theorem 6.2. The space S[v] has the structure of a twisted module for the
vertex operator algebra S. The general form of the twisted vertex operator
Ysiv(u, x), for any element u of the vertex operator algebra S, is:

Yspy(aj(=n;)---a1(=n)l, x)

d nj—1
..... T (—) of (1) (6.5)

withny, ..., nj € Zy, for some factors fj(x), where we just write the depen-
dence on the index set I, but that really depend on the elements «; and the
integer numbers n; for all i € I. The set J on which we sum takes the values
& (the empty set), {1, ..., j} (if it is different from &), and all other proper
subsets of {1, ..., j} (if any). The factors f;(x) are given by

I
:s
~.
=
~
=

=
N—

0 1] odd
11172

fl(x) = Z l_[ g5 (x) |I| even (66)

sePairings(r) =1

where |I| is the cardinal of I, where Pairings(l) is the set of all distinct

sets s = {s1,...,8)1)2} of distinct (without any element in common) pairs
s; = (i, il/) (where the order of elements is not important) of elements i} # il’
of I such that {iy, ..., ij12, if,..., il/l\/2} = I, and where

8a.in(x) = glaj, ni, oy, nyr, X) 6.7
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with

gla,m, B, n, x)—ResxORestxo x2

agy, B).
(6.8)

P (x+x2>lr’ -5 +;§i§2(
x+x0 (x0 — x2)?

r=I1

Proof: Clearly, for j = 0and j = 1 the form (6.5) is consistent with modified
weak associativity and well defined on S, and we must have fz(x) = 1 and
f1(x) =0if |I] = 1. Assume (6.5) to be valid for j replaced with j — 1. With
k a nonnegative integer large enough and n1, ..., n; € Z,, we have

Yspi(aj(=nj)---a1(—ny)l, x)
= Resy % Vs (Y (@ (= D1, x0)etj—1(—nj—1) - - a1 (—n1)1, x)

k
n x| —Xx
= Resyx, " lim ( ( ! >
xll/p—>(x+x0)1/P X0
< Ysp(oj (=D, x) Ysp(aj—1(=nj—1) - - -ar(=npl, x))
k
n X1 — X
= Resy,x, lim ( ( ! )
xll/p—>(x+xo)l/P X0

d nj—1
KGNS D T IVICOR ]_[ _1),<—) a;”(x):>-

Jc{l,.j—1}

(6.9)

Now, using the commutation relations (3.3), it is a simple matter to obtain
n—1

d
ai(x): l_[ <E> o (%)

leJ
n—1
= o} (xl)l_[( ) of (02
leJ
9 n;—1 d nj—1
+Z(a> h(a,,',ai,xl,xn]"[. (E) o ()3
ieJ leJ\{i}

with h(a, B, x1, x2) defined in (6.3). Note that, comparing with (6.8), we have

—m . X1—X k —n
gla,m, B, n, x)=Resy;x lim Resx,x; "hia, B, x1, x+x2)).
xll/p—>(x+x0)1/l’ X0

(6.10)
Using the relation

1

d n—1
(n—1)! <E> FO) =Respx " flx +x2) ©.11)
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for formal series f (x) with finitely many negative powers of x and forn € Z,
we can now evaluate the limit and the residue on the right-hand side of the last
equality of (6.9):

Yspi(aj(=n;)---a1(—=ny)l, x)
= Z fi j—1pg () -

Jc{l,....j—1}

L1 d\"" | 1 a\""'
(' (n; = D! (E> il | by (E> e

1 d\" !
+Y glaj,njenn,x): |] —(—) a;”(X):)
icl leJ\ (i} (n — Dt \dx
(6.12)

This is still of the form (6.5). Moreover, it is simple to understand, from
comparing (6.12) with (6.9), that the solution (6.6) is correct.

This construction certainly gives us a map Ysp,1(-, x) on the vector space
S ~ S(Ia_). We need to verify that this map satisfies modified weak
associativity (4.15). This requires three steps.

First, we need to check that operators on the right-hand side of (6.5) are
independent of the order of the pairs (a1, n1), ..., («j, n;) for any positive
integers ny, ..., n; and any elements oy, ..., «; of h. The sum over pairings
has this symmetry, and we need to check that

gla,m, B,n,x)=gB,n,o,m,x). (6.13)

This is not immediately obvious, because, by the binomial expansion conven-
tion, (xg — x2) 2 # (xa — X0)~2). This symmetry can indeed be checked:

gla,m, B,n,x)—g(B,n,a,m,x)

p
_ —m _—n
= Resy Resy, x, "' x, Z

r=1

<x+x2>; (1 r+rx+x0>
X + Xxp p pPx+x
1 1
X - {agy, B) (6.14)
((XO —-x)?  (x— xo)2> «
p
= Resy Resy, x5 " x, " Z

r=1

X+ xp b r r X+ Xo 1 0 X2
X + xo p px+x dxy  \ Xo

—0 (6.15)
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where in the last step, we moved the derivative 3372 towards the left using Leib-
niz’s rule, and we used the formal delta-function property and the fact that
m,n € Z.

Second, we need to check that modified weak associativity (4.15) with
Ysp(Y(ej (=1, xp)oj—1(=nj_1) - - - a1 (—ny)1, x) for its left-hand side is

in agreement, at negative powers of xgp, with

Yspi(ej(njaj1(—nj-1)---ar(=n)l, x) =
j-1
D sty i) Yspuy (i1 (=nj1) -+ i (—=ng) -+~ ar (—n)1, x)

i=l (6.16)

for n; € N (the nonnegative integers) where a@) means that the operator
a;(—n;) is omitted. Repeating the derivation (6.9), (6.12), we see that this is
equivalent to requiring (with the definition (6.8))

gla, —m, B, n) = mby n{a, B) (6.17)

form € N, n € Z,. This is a consequence of the fact that

$ 1 — 5+ silo
(x + x2> X+xp + Cl[xo, x2, x_l]] (6.18)

X + x0 (xo —x2)2  (x0 —x2)2

for any s € C. The quantity

(x+x2>s1—5+sj:[—ig_ 1
X + xg (x0 — x2)2 (x0 — x2)?

obviously has only nonnegative powers of x; and nonpositive powers of x. On
the other hand, it is equal to

<x+x2>”—s+siiig 1

X + Xo (2 —x0)>  (x2 — x0)?

<<x+x2>s (1 _s+sx+x0) B 1>x0_11 (2) .
x + Xxo X+ xp dxo  \ xp
The first two terms obviously have only nonnegative powers of xg. The third
term can be evaluated using Leibniz’s rule and gives zero. This completes the
proof of (6.18).

Third, the structure of the construction of Section 3 shows that (4.15) is valid
as well for s # 0 (equation (4.16) is satisfied).

The other requirements of Theorems 5.1 can be checked from the construc-
tion of Section 3, and with Theorems 5.5 and 6.1, this completes the proof. W
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Finally, let us mention that formula (6.5) with (6.6) immediately leads to the
following formula for the operator A, introduced in (3.9):

d _ _
e = Z Z Wé’(&qwmﬁqz,nﬁ) (6.19)

q1.q2=1mne’y

where we recall that @4, ¢ = 1, ..., d form an orthonormal basis of f. This
was first constructed, in a different form, in [FLM1] and [FLM2].

7. The Lie algebra D

We will now apply modified weak associativity and the results of the previous
section, that S[v], constructed in Section 3, is a twisted module for the vertex
operator algebra S, in order to study a certain infinite-dimensional Lie algebra
D+ and its representations. This follows closely the results of [DLMil] and
[DLMi2], and does not give new results with respect to these works.

Let D be the Lie algebra of formal differential operators on C* spanned
by t" D", where D = ¢ % and n € Z, r € N (the nonnegative integers).
This Lie algebra has an essentially unique one-dimensional central extension
D=Cc®D (denoted in the physics literature by Wi 0).

The representation theory of the highest weight modules of D was initiated
in [KR], where, among other things, the complete classification problem of the
so-called quasi-finite representations! was settled. The detailed study of the
representation theory of certain subalgebras of D having properties related to
those of certain infinite-rank “classical” Lie algebras was initiated in [KWY]
along the lines of [KR]. In [BI] and [M2], related Lie algebras (and superal-
gebras) are considered from different viewpoints. As in [DLMil, DLMi2], we
will follow these lines and concentrate on the Lie subalgebra D+ described in
[BI] and recalled below.

View the elements t"D" (n € Z, r € N) as generators of the central
extension D. They can be taken to satisfy the following commutation relations
(cf. [KR]):

(1" f(D),1"g(D)] =
" (f(D +n)g(D) — g(D +m) f(D)) + W™ f(D), 1"g(D))e,

where f and g are polynomials and W is the 2—cocycle (cf. [KR]) deter-
mined by

1 These are representations with finite-dimensional homogeneous subspaces.
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V(" f(D), t"g(D))=—V(t"g(D), 1" f(D))=bm+n,0 Z f(=i)g(m—i), m>0.
i=1

We consider the Lie subalgebra Dt of D generated by the formal differential
operators

LY = (=)D @"D)D", (7.1)

where n € Z, r € N [BI]. The subalgebra DT has an essentially unique
central extension (cf. [N]) and this extension may be obtained by restriction
of the 2—cocycle W to DF. Let Dt = Cc @ D' be the nontrivial central
extension defined via the slightly normalized 2—cocycle —%\Il, and view the
elements Lf,r) as elements of D+. This normalization gives, in particular, the
usual Virasoro algebra bracket relations

0 10 (0) m> —m
(L3, L= 0m =)Ly + =——bmin0c. (7.2)

In [B1] Bloch discovered that the Lie algebra D™ can be defined in terms of
generators that lead to a simplification of the central term in the Lie bracket
relations. Oddly enough, if we let

LY = L(’)+( );( 1 —2r)8,.0c, (7.3)

then the central term in the commutator

r+s

2
Z0) T Z (r 5) = (i) (r+s+ 1! 2r5)43
i=min(r,s)

(7.4)
is a pure monomial (here al.(”) (m, n) are structure constants), in contrast to the
central term in (7.2) and in other bracket relations that can be found from (7.1).
As was announced in [L3], [L4] and shown in [DLMi2], in order to concep-
tualize this simplification (especially the appearance of zeta-values) one can
construct certain infinite-dimensional projective representations of DT using
vertex operators.

Let us explain Bloch’s construction [BI]. Consider the Lie algebra 6
introduced in Section 3, and its induced (level-one) module S. Then the
correspondence

d
LY %Zer(n—j)r:O_lq(j)O_lq(n—j): (neZ), c—>d, (15)

q=1 jeZ
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where we recall that {a&,} is an orthonormal basis of h and ; - ¢ is the
usual normal ordering, gives a representation of D+, Let us denote the oper-
ator on the right-hand side of (7.5) by L") (n). In particular, the operators
LOMm) (m € 7) give a well-known representation of the Virasoro algebra
with central charge ¢ — d,

3

LOm). LO )] = (m = m) L m +m) +d =

and the construction (7.5) for those operators is the standard realization of the
Virasoro algebra on a module for a Heisenberg Lie algebra (cf. [FLM2]).

Without going into any detail, let us mention that Bloch [BI] also studied
certain natural graded traces using this representation of I:g), and found that,
as in the well-known case of the Virasoro algebra r = 0, they possess nice
modular properties.

The appearance of zeta—values in (7.3) can be conceptualized by the fol-
lowing heuristic argument [Bl]: Suppose that we remove the normal ordering
in (7.5) and use the relation [ (m), @y (—m)] = m to rewrite a, (m)oy (—m),
withm > 0, as &, (—m)a, (m)—+m. Itis easy to see that the resulting expression
contains an infinite formal divergent series of the form

5m+n,07

12r+1+22r+1+32r+1+.” .

A heuristic argument of Euler’s suggests replacing this formal expression by
¢£(—1 —2r), where ¢ is the (analytically continued) Riemann ¢—function. The
resulting (zeta—regularized) operator is well defined and gives the action of
Z,(f); such operators satisfy the bracket relations (7.4).

7.1. Realization in S: zeta function at negative integers

In order to understand the appearance of the zeta function at negative integers
using the vertex operator algebra S, following [L3, L4, DLMil, DLMi2], we
need to introduce slightly different vertex operators. Consider a vertex operator
algebra V. The homogeneous vertex operators are defined by

Xu,x)=Yx"Ou,x) wev). (7.6)

The most important property of these operators, for us, is the homogenous
version of modified weak associativity:

k(u,v)
lim ((ﬂ—1> X(M,Xl)X(U,X2)>=(ey_l)k(u’U)X(Y[u,y]v,xz)

x1—>eVxy X2

(7.7)
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for u, v € V, and k(u, v) as in Theorem 4.3. Interestingly, in this relation, yet
a new type of vertex operator appears:

Y[u,y1=Y @@ Qu, e’ —1) wev). (7.8)

This vertex operator map generates a vertex operator algebra that is isomorphic
to V, and geometrically corresponding to a change to cylindrical coordinates.
Those properties were proven in [Z1, Z2].

Consider the vertex operator algebra S. Recall that the Virasoro generators
L(n) acting on S are given by the operators on the right-hand side of (7.5) with
r = 0. It is a simple matter to verify that X («(—1)1, x) = «a(x), with

= amx™". (7.9)

nez

Consider now the following formal series, acting on S:

d
- 1
LY2(x) =X —ZY[&q(—l)l,yl—yz]&q(—l)l,eyzx . (7.10)
24

By (7.7), we have

B 1 Xleylfyz -1 k
LY12(x,) = — lim Z ag(e’x1)ag(e”x2) | (7.11)

2 x1—x2 eyi—y2 — 1
q=

for any fixed k € N, k > 2. Using
d d 9 1
y ¥ . y y
Z e 1x1 e 2x2 Z:I aq ¢ 1x1 ot fe 2xz> 8y1 (1— §—2e—)’1+yz> ’
: q= 1

we immediately find that

1 13 1
Vi, V2 J— My y2 e [ —
L _2; (e (e"x): = 555 <1—e—y1+yz>' (7.12)

Defining the operators L (n), ri,rmpeN, neZvia

_ d yrlyr2
L) = LY e g

1
2(1—)? rilr!

nez, ry,rp €N

it is simple to see, using (7.5), that the correspondence

LY v L™ (n), crd (7.14)
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forn € Z, r € N gives a representation of the generators (7.3) of the algebra
D+, Recall that these generators were introduced by Bloch in order to simplify
the central term in the commutation relations.

As was shown in [DLMi2], from the expression (7.11) of the formal
series LY1'72(x), involving formal limits, it is a simple matter to compute the
following commutators, first written in [L3]:

[i)’h)’Z(xl)’ £y3»Y4(x2)]

= _li<iy1+yz+yyy4<x2>8 (equ) L[yt ()8 <gJ’1x1))

20y ey3ixy eY4xy
Y ¥
— li LY1— Y2354 (x2)8 e x + [ y1=y2+ya.y3 (x2)8 e’2x '
2 9y, e¥3ixy eYixy

(7.15)

As was announced in [L3, L4] and explained in [DLMiZ2], a simple analysis of
this commutator shows that the central term in the commutators of the gener-
ators (7.14) is a pure monomial, as in (7.4). This gives a simple explanation
of Bloch’s phenomenon using the vertex operator algebras S. Moreover, the
definition (7.10) says that the operators L”-Y2(x) represent on V the image
of some fundamental algebra elements of V under the transformation to the
cylinder. These fundamental elements, being closely related to the Virasoro
element w, can be expected, when transformed to the cylinder, to lead to graded
traces with simple modular properties, in agreement with the observations of
Bloch [BI].

7.2. Representations on S[v]: Bernoulli polynomials at rational values

Following [DLMil, DLMi2], we will now construct a representation of D+ on
S[v]. The property that a twisted module is a true module on the fixed-point
subalgebra will be essential below in this construction. This property is guar-
anteed by the operator A, that we calculated above (6.19). In order to have the
correction terms for the representation of the algebra D on the twisted space
S[v], one could apply e”r on the vectors generating the representation of the
whole algebra D™ . This can be a complicated problem, mainly because gen-
erators of Dt have arbitrarily large weights. In line with [DLMil, DLMi2],
below we will calculate the correction terms directly using the modified weak
associativity relation for twisted operators, as well as the simple result (3.10).
Hence in this argument, the explicit action of A, on vectors generating the
representation of the algebra D+ is not of importance; all we need to know is
that there exists such an operator A, giving to the space S[v] the properties of
a twisted module for the vertex operator algebra S.
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In parallel to the previous sub-section, we need to introduce homogeneous
twisted vertex operators. Being given a vertex operator algebra V and a
v-twisted V-module M, they are defined by

Xy, x) =YuFOu x)y wev). (7.16)

Again, the most important property of these operators, for us, is the homoge-
nous version of modified weak associativity for twisted vertex operators:

x| k(u,v)
lim (— — 1) Xy (u, x1) X p (v, x2)
x1/P X2

— b (e¥x)l/P
= (" = 1)V Xy (Y v u, ylv, x2). (7.17)

foru,v € V, s € Z, and k(u, v) as in Theorem 4.6. Recall the definition of
Y[u, y]in (7.8).

Consider the vertex operator algebra S and its twisted module S[v]. It is a
simple matter to verify that X g, (e(—1)1, x) = a”(x), with

a'(x)= Y a’(mx". (7.18)

1
nepZ

Consider now the following formal series, acting on S[v]:

d

= 1

LV (x) = Xgp) 3 E Y[ag(—D1, y1 — y2lag(—D1,ex | . (7.19)
g=1

Since the operator %ZZ=1 Y[og(—=D1,y1 — y2lay(—=D1 is in the fixed
point subalgebra of S, it is immediate that these operators satisfy the same
commutation relations as (7.15):

[ZU:YIv}’z (x1), LVy3:4 <x2>]

y y
__La privntye s (€ i 4 Ry oy (€ g
2 dyg eV3xy eYaxy
— li LViyi—y2ty3.v4 (x2)8 exi + LyViyi—y2tya.ys (x2)8 ex .
20y eYixy eYdxy

(7.20)

Hence, defining the operators LV (n), ri,rpeN, neZvia

d B yrlyrZ
+ > L= (21

-y 1
LV (x) = E > =
o1 —y) rilr!

nez, ry,rp €N
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(in particular, only integer powers of x appear in this expansion), we conclude
that they satisfy the same commutation relations as the operators L'1""2(n)
introduced in (7.13). Then, as in (7.14), we can expect that the correspondence

LY s LY (n), c+>d (7.22)

forn € Z, r € N gives a representation of the generators (7.3) of the algebra
Dt on S[v). Bringing this expectation to a proof needs a little more analysis
(in particular, one needs to show that the L"""1""2(n) are related to the L"""" (n)
in the same way as the L™""2(n) are related to the L™ (n)), which is done in
detail in [DLMi2].

Now, by (7.17) we have

_ 1 d X1 e)l 2 1
LY (x5) = ~ lim 2 ) @ x)a (e7x2)

2 x1—>x — eyi—y2 — 1
(7.23)
for any fixed k € N, k > 2, which gives
LV (x) = 12 2@y (e x)ay (e2x) — 19 Ii ¢ dim b
T2 ot 2 dy; 1 —e ity
(7.24)

using

M&

'Ol ey‘xl)a (eMxp) e

d
Z (e x1)a e”xz =
q=1 g=1
k(=y1+y2)

-1 .
a ])Z: e P dim h(k)
N — X2 =yt
oy k=0 1 x € e

Evaluating the operators LV (n) from (7.21), we conclude that the operators

d
L =33 3 J =) g (Dagen =
9=l jesz

=
Y4+ +1) ¢ Zdlmh(k>32<r+1)(k/p) (7.25)
=0

form a representation, on S[v], of the generators (7.3) for the Lie algebra Dt.
Notice the appearance of the Bernoulli polynomials. From our construction,
this is seen to be directly related to general properties of homogeneous twisted
vertex operators.
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The next result is a simple consequence of the discussion above. It was
shown in [DLMi2]. It describes the action of the “Cartan subalgebra” of Dt
on a highest weight vector of a canonical quasi-finite Dt-module; here we
are using the terminology of [KR]. This corollary gives the “correction” terms
referred to in the introduction.

Corollary 7.1. Given a highest weight Dt —module W, let § be the linear
functional on the “Cartan subalgebra” of D (spanned by L(()k) for k € N)
defined by

L w =1 (L) w,

where w is a generating highest weight vector of W, and let A(x) be the
generating function

S(LY)x2*
Ax)y=)y —L——
!

(cf. [KR]). Then for every automorphism v of period p as above,
UDT) -1 S[v]

is a quasi—finite highest weight Dt —module satisfying

-1 Kk
1d % — Ddi
A = L4y (e? = Ddimbay (7.26)
2dx 1—e*
k=0
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Vertex Operators and Sporadic Groups

John F. Duncan**

Abstract

In the 1980’s, the work of Frenkel, Lepowsky and Meurman, along with that of
Borcherds, culminated in the notion of vertex operator algebra, and an example
whose full symmetry group is the largest sporadic simple group: the Monster.
Thus it was shown that the vertex operators of mathematical physics play a
role in finite group theory. In this article we describe an extension of this phe-
nomenon by introducing the notion of enhanced vertex operator algebra, and
constructing examples that realize other sporadic simple groups, including one
that is not involved in the Monster.

1. Motivation

We begin not with the problem that motivates the article, but with motivation
for the tools that will furnish the solution to this problem. The tools we have
in mind are called vertex operator algebras (VOAs); here follows one way to
motivate the notion.

In mathematics there are various kinds of finite dimensional algebras that
have proven to be significant or interesting in some respect. For example,

(1) semisimple Lie algebras (with invariant bilinear form)
(2) simple Jordan algebras (of type A, B, or C)

(3) the Chevalley algebra (see [Che54])

(4) the Griess algebra (see [Gri82])

+ Harvard University, Department of Mathematics, One Oxford Street, Cambridge, MA 02138,
U.S.A.

T Email: duncan@math.harvard.edu; homepage: http://math.harvard.edu/
~jfd/

188



Vertex Operators and Sporadic Groups 189

The items of this list are very different from each other in terms of their prop-
erties and structure theory. Perhaps the only thing they have in common (as
algebras) is finite dimensionality.

Nonetheless, it turns out that there is such a process called affinization
which associates a certain infinite dimensional algebra structure (let’s say
affine algebra), to each finite dimensional example in this list. Not only this,
but the corresponding affine algebra has a distinguished representation (infinite
dimensional) for which the action of the affine algebra extends in a natu-
ral way to a new kind of algebra structure called vertex operator algebra
structure’.

Thus we obtain objects of a common category for each distinct example
here, and the notion of vertex operator algebra (VOA) furnishes a frame-
work within which these distinct finite dimensional algebra structures may be
unified.

2. VOAs

Let us now present a definition of the notion of VOA. For our purposes it is
more natural to consider the larger category of super vertex operator algebras
(SVOA).

An SVOA is a quadruple (U, Y, 1, w) where

e U = Uy @ Uj is a super vector space over a field IF say. (We will take IF
tobe Ror C.)

e Yisamap U ® U — U((z)), so that the image of the vector u ® v
under Y is a Laurent series with coefficients in U. This series is denoted
Y(u,2v=>, u(n)vz_”_l, and the operator Y (u, z) is called the vertex
operator associated to u.

e 1 € Uj is called the vacuum vector, and is a kind of identity for U in the
sense that we should have Y (1, z)u = u and Y (u, 2)1|,—ou = u for all
uel.

e w € Uj is called the conformal element, and is such that for ¥ (w, z) =
3" L(n)z7"~? the operators L(n) should satisfy the relations

3

[L(m). L(n)] = (m — n)L(m + n) + % COminold (1)

1 The VOA structure corresponding to a semisimple Lie algebra with invariant bilinear form is
obtained in [FZ92] (see also [FLM88]). VOAs corresponding to the simple Jordan algebras of
types A, B, and C are given in [Lam99]. An affinization of the Chevalley algebra is constructed
in [FFR91], and the VOA corresponding to the Griess algebra is constructed in [FLM88].
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for some scalar value ¢ € [F. In other words, the Fourier modes of
Y (w, z) should generate a representation of the Virasoro algebra, with
some central charge c.

The main axiom for the vertex operators is the Jacobi identity, which states
that

e for Z/2-homogeneous u, v € U and arbitrary a € U we should have

4. (721—2z
zol(S(l 2)Y(u,m)Y(v,Zz)
20

— (=Dllllz s <%) Y(v,22)Y(u, z1)

=25 (Zl ;ZO) Y (Y (1, 20)v. 22) 2)

where |u| is 1 or 0 as u is odd or even, and similarly for |v|, and the expres-
sion z;, 15((z 1 — 22)/20), for example, denotes the formal power series

s (11 - zz> -y (_Dk(’;)zoanTkZizc_ 3)

0 n,keZ,
k>0

From (2) and from the properties of 1 we see the extent to which the triple
(U, Y, 1) behaves like a (super)commutative associative (super)algebra with
identity, since the formal series (3) may be regarded as a “delta function sup-
ported at z; — zo = zo (and expanded in |z1| > |z2])”. The Jacobi identity
(2) thus encodes, among other things, some sense in which the compositions
Y(u,z1)Y (v, 22), Y(v, 220)Y (u, z1), and Y (Y (u, z; — z2)v, z2) all coincide.

The structure in (U, Y, 1, @) which has no analogue in the ordinary super-
algebra case is that furnished by the conformal element w. This structure
furnished by w (we will call it conformal structure) manifests in two important
axioms.

e The action of L(0) on U should be diagonalizable with eigenvalues in %Z
and bounded from below. We write U = €, U, for the corresponding
grading on U, and we call U,, the subspace of degree n.

e The operator L(—1) should satisfy Y(L(—Du, z) = D;Y(u, z) for all
u € U, where D, denotes differentiation in z.

The conformal structure is essential for the construction of characters associ-
ated to an SVOA. Zhu has shown [Zhu90] that these characters (under certain
finiteness conditions on the SVOA) span a representation of the Modular
Group PSL,(Z).
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We often write U in place of (U, Y, 1, w). The scalar ¢ of (1) is called the
rank of U. Modules and module morphisms can be defined in a natural way.
We say that an SVOA is self-dual in the case that it is irreducible as a module
over itself, and has no other inequivalent irreducible modules.

3. Sporadic groups

The Classification of Finite Simple Groups (see [GLS94], [Sol01]) states that
in addition to the

e cyclic groups of prime order
e alternating groups A, forn > 5
o finite groups of Lie type (like PSL,(q), PSU,(q), G2(q), &c.)

there are exactly 26 other groups that are finite and simple, and can be included
in none of the infinite families listed. These 26 groups are called the sporadic
groups.

The largest of the sporadic groups is called the Monster?, and was first
constructed by Robert L. Griess, Jr., who obtained this result by explicitly con-
structing a certain commutative non-associative algebra (with invariant bilinear
form) of dimension 196883, with the Monster group M as its full group of
automorphisms. This algebra is named the Griess algebra.

The Monster group furnishes a setting in which the majority (but not all) of
the other sporadic groups may be analyzed, since it involves 19 of the other
sporadic simple groups. Here we say that a group G is involved in the Mon-
ster if G is the homomorphic image of some subgroup of the Monster; that is,
if there is some H in M with normal subgroup N such that H/N is isomor-
phic to G. The sporadic groups that are involved in the Monster are called the
Monstrous sporadic groups.

The remaining 6 sporadic groups not involved in the Monster are called the
non-Monstrous sporadic groups, or more colorfully, the Pariahs.

4. Vertex operators and the Monster

It is a surprising and fascinating fact that the Griess algebra can appear in our
list of finite dimensional algebras admitting affinization (see §1).

The fact that it does is due to the work of Frenkel, Lepowsky and
Meurmann, who extended the notion of affinization (known to exist for cer-
tain Lie algebras) to the Griess algebra using vertex operators, obtaining

2 Itis also called the Friendly Giant.
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an infinite dimensional version: the affine Griess algebra. They constructed
a distinguished infinite dimensional module over this affine Griess alge-
bra called the Moonshine Module. They built upon the work of Borcherds
[Bor86] so as to arrive at the notion of vertex operator algebra, and showed
that the Moonshine Module admits such a structure. Finally, they showed
that the full automorphism group of this structure is the Monster simple
group.

In contrast to the situation with Lie algebras or Jordan algebras, the Griess
algebra is an object which is hard to axiomatize. It is perhaps not clear that
there is any reasonable category of algebras (in the orthodox sense) which
includes the Griess algebra as an example (see [Con85]). The notion of VOA
thus provides a remedy to this situation: a setting within which the Griess
algebra can be axiomatized.

A related question is: “How might the Monster group be characterized?”
Having found that such an extraordinary group is the symmetry group of some
structure, we would like to be able recognize this structure as distinguished
in its own right, so that our group might be defined to be just the group of
automorphisms of this distinguished object. In particular, our structure should
belong to some family of similar structures; a family equipped with invariants,
sufficiently rich that they can distinguish our particularly interesting exam-
ples from all others, and sufficiently simple that we can communicate them
easily.

This question of characterization can also be addressed (conjecturally, at
least) within the theory of VOAs. Let us call to attention three invariants for
VOAs:

e rank
o self-duality
e degree (vanishing conditions)

One may check that the Moonshine Module satisfies the following three
properties.

e rank 24
e self-dual
e degree 1 subspace vanishes

It is a conjecture due to Frenkel, Lepowsky and Meurman that the Moonshine
Module is uniquely determined by these properties. Modulo a proof of the
conjecture, VOA theory thus provides a compelling definition of the Mon-
ster group: the automorphism group of the Moonshine Module, a beautifully
characterized object in the category of VOAs.
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5. Vertex operators and Monstrous groups

We have seen that vertex operators may be fruitfully applied to one of the
sporadic groups, and we may wonder if there is anything they can do for the
remaining 25. Let us formulate The Problem:

* Given a sporadic group G, find a VOA whose automorphism group is G,
and characterize it.

The fact that 20 of the sporadic groups are involved in the Monster suggests
that The Problem may have solutions, at least for G a Monstrous group. After
all, if G is such a group, then a cover G=N.G say, of G, is a subgroup of
the Monster, and in particular, acts on the Moonshine Module. This action is
probably very reducible, but by choosing an appropriate irreducible subalgebra
for example, we may well obtain an object —a VOA even — which serves as a
reasonable analogue of the Moonshine Module for our new group G. We may
even find that the normal subgroup N acts trivially, so that our analogue of
the Moonshine Module actually realizes G itself, and not a cover of G. This
outline is extremely speculative, and certainly does not constitute an acceptable
solution to The Problem, but it does at least give us somewhere to start, at least
in the case that G is a Monstrous group.

It is important to mention that something like this has been carried out
rigourously and successfully in at least one case: that in which G is the Baby
Monster BM, and the group G is a double cover of G, the centralizer of a so-
called 2 A involution in the Monster. The precise method is due to Gerald Hohn
[H6h96], and the result is a self-dual SVOA of rank 23% whose full automor-
phism group is a direct product 2 x BM of the Baby Monster with a group of
order 2.

6. Vertex operators and the Conway group

At this point we would like to describe a solution to The Problem for a specific
Monstrous group G, which is nonetheless not along the lines just described in
§5. The group we have in mind is the largest sporadic group of Conway, Co;.
The solution we have in mind is the object of the following Theorem.

Theorem 1 ([Dun07]). Among nice rational N = 1 SVOAs, there is a unique
one satisfying

e rank 12
o self-dual
e degree 1/2 subspace vanishes
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Let us name this structure Ac,. We can see that it admits a convenient char-
acterization. That Ac, is a solution to one of our problems is shown by the
next Theorem.

Theorem 2 ([Dun07]). The full automorphism group of Ac, is the sporadic
group Coy.

We should go no further before addressing the new terminology that has
arisen. The terms nice and rational refer to certain technical conditions on
SVOAs, and it will be convenient to put aside their precise meaning, and refer
the interested reader to the article [Dun07]. (One would expect such technical
conditions to arise in a precise formulation of the uniqueness conjecture for the
Moonshine Module.) Of more importance for our present purpose is the term
N =1 SVOA.

Definition. An N = 1 SVOA is a quadruple (U,Y, 1, {w, t}), such that
(U, Y,1,w) is an SVOA, and t is a distinguished vector of degree 3/2 sat-
isfying 70yt = 2w, and such that the Fourier coefficients of Y (r, z) generate a
representation of the Neveu—Schwarz Lie superalgebra on U .3

The Neveu—Schwarz superalgebra is a natural super-analogue of the Vira-
soro algebra. It is also known as the N = 1 Virasoro superalgebra. Thus an
N =1 SVOA is just like an ordinary SVOA except there is some extra struc-
ture: the role of the Virasoro algebra is now played by the N = 1 Virasoro
superalgebra.

Let us consider for a moment longer, the difference between SVOA structure
and N = 1 SVOA structure. Looking back at Theorem 1, experts will notice
that the conclusion remains true if we drop the the “N = 1” from “N = 1
SVOA” in the hypothesis. That is to say, there is indeed a unique self-dual
SVOA with rank 12 that has vanishing degree 1/2 subspace. In fact, it is a
reasonably familiar object as SVOAs go: it is the lattice SVOA associated to
the integral lattice DTZ (the unique self-dual integral lattice of rank 12 with no
vectors of unit norm).

One may be surprised to see a sporadic group, or even a finite group here,
since the SVOA underlying A ¢, has infinite automorphism group. In fact, there
is an action by Spin,, (faithful up to some subgroup of order 2). The crux of
the matter is that

(1) for a suitably chosen vector in this Spin,,-module A, the fixing group
is Coy,

3 The definition of N = 1 SVOA here is almost identical to that of N = 1 Neveu—Schwarz vertex
operator superalgebra without odd formal variables (N = 1 NS-VOSA) which was introduced
earlier by Barron [Bar00].
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(2) the precise choice is made for us by the N = 1 Virasoro superalgebra.

Let us also emphasize that the uniqueness result for Ac, furnishes a com-
pelling definition of the Conway group: as the full automorphism group of
Ao, a well characterized object in the category of N = 1 SVOAs.

7. Enhanced SVOAs

With the example of Ac, in mind, and also with the suspicion that it may be
interesting to consider other extensions of the Virasoro algebra, we formulate
the notion of enhanced SVOA.

Roughly speaking, an enhanced SVOA is a quadruple (U, Y, 1, 2) where Q2
is a finite subset of U (the set of conformal generators) containing a vector w
for which (U, Y, 1, w) is an SVOA. (We refer to [Dun06a, §2] for the precise
definition.) The subSVOA of U generated by the elements of €2 is called the
conformal subSVOA.

The rank of an enhanced SVOA is just the rank of the underlying SVOA.
We say that an enhanced SVOA is self-dual just when it is self-dual as an
SVOA. The automorphism group of an enhanced SVOA is the subgroup of
the automorphism group of the underlying SVOA that fixes every conformal
generator.

We see then that an ordinary SVOA is an enhanced SVOA with Q = {w},
and an N = 1 SVOA is an enhanced SVOA with Q = {w, 7}, and confor-
mal subSVOA a copy of the SVOA associated to the vacuum representation
of the N = 1 Virasoro superalgebra. In order to show that there are other
interesting examples of enhanced SVOA structure, we present the following
result.

Theorem 3 ([Dun06b]). There exists a self-dual enhanced SVOA Asy, of
rank 12

ASLIZ = (ASuZa Ys 17 {(,(), .]7 v, /’L}) (4)

with Aut(Ag,,) = 3. Suz

It turns out that the conformal algebra in this example contains the direct
product of a pair of N = 1 Virasoro superalgebras, at central charges 11 and 1,
respectively. The SVOA underlying Ag,, coincides with that underlying A co,
and taking the diagonal N = 1 Virasoro superalgebra generated by 7 = v +
u (with central charge 12), we recover the enhanced SVOA structure with
automorphism group Coj.
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8. Beyond the Monster

We have seen already that vertex operators have a role to play in the anal-
ysis of several Monstrous sporadic groups. In the cases of Conway’s group,
Suzuki’s group, the Monster, and the Baby Monster, precise theorems have
been formulated. A very significant question is whether or not there is any
application to sporadic groups beyond the Monster; that is, to pariahs. We
observed at the very beginning that the notion of VOA can unify such dis-
parate notions as ‘semi-simple Lie algebra’ and ‘commutative non-associative
algebra’.

The principal idea of this paper is that vertex operators do play a role in the
representation theory of non-Monstrous sporadic groups.

At this point let us introduce the sporadic group of Rudvalis, Ru. This spo-
radic simple group is not involved in the Monster; it is one of the pariahs. It
has order

3
145926144000 = 2'4.3%.5%.7.13.29 ~ 3% 10, (5)

The largest maximal subgroup is of the form % F4(2) and has index 4060 in
Ru. (The Tits group has index two in this group.) The next largest maximal
subgroup is a non-split extension of the form 2°.G(2), and has index 188500.
The smallest non-trivial irreducible representations of Ru have degree 378.

9. Vertex operators and Rudvalis’s group

Consider The Problem for G = Ru. The main theorem we wish to present is
the following.

Theorem 4 ([Dun06a],[Dun06b]). There exists a self-dual enhanced SVOA
ARy of rank 28

ARU - (ARllv Y? 17 {(I), .]7 U, Q}) (6)
with Aut(Agy) =7 x Ru.

(Compare this with the statement of Theorem 3.) We will now provide a
description of the enhanced SVOA Ag,.
At the level of SVOAs, we have an isomorphism

AR = Vpy, )

where D;% denotes a self-dual integral lattice of rank 28 with no vectors of
unit length, and with D»g as its even part. We have observed already that there



Vertex Operators and Sporadic Groups 197

are analogous statements for the SVOAs underlying the enhanced SVOAs Ac,
and Agyy.

Aco= Asu; = Vi, asSVOAs. (8)

In the case of the enhanced SVOA Ag,;, the conformal vectors j and w have
degree 1 and 2 respectively, and the two conformal vectors beyond these; viz.
v and u, are both found in the degree 3/2 subspace. In the case of Ag,, the
degree 3/2 subspace is trivial. In fact the degree 1/2, 3/2, and 5/2 subspaces
are all trivial for Agr,. The extra conformal vectors v and o for Ag, are found in
the degree 7/2 subspace. This space is very large; the dimension is the number
of vectors of square-length 7 in the lattice D;%.

dim(ARy)72 = 27%/2 ~ 10° ©

The most effort in the construction of Ag, goes into determining a precise
description of the vectors v and . It is a remarkable fact that the finite group
eventually obtained has almost no other point-wise invariants® in its action on
this 227 dimensional space.

10. The 28 dimensional representation

It is important for our construction of Ag, that the Rudvalis group admits a
perfect double cover 2.Ru which has irreducible representations of degree 28
(writable over Z[i]). That the group 2.Ru preserves a lattice of rank 28 over
Z[i] was observed independently by Meurman®, and by Conway and Wales
[CWT73] (see also [Con77] and [Wil84]), and this lattice is in fact self-dual
when regarded as a lattice (of rank 56) over Z. We choose to view this 28
dimensional representation in terms of the maximal of G,-type: 26.G»(2),
which becomes 27.G»(2) in the double cover 2.Ru.

The action of the group 27.G»(2) in the 28 dimensional representation can
be understood in the following way in terms of the Eg lattice. Let A denote a
copy of the Eg lattice, the unique self-dual even lattice of rank 8. (A lattice is
a free Z-module equipped with a bilinear form, and an even lattice is a lattice
for which the square-norm of every vector is an even integer.) We may take

A:{thi|2n,~62Z; allnieZ,oralln,'eZ—i—%} (10)
iell iell

4 In fact, there is just one other invariant in addition to v and . It turns out to be jyv.
5 private communication
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where the bilinear form is defined so that (h;, h;) = §;;. Then A supports
a structure of non-associative algebra over Z which makes it a copy of the
integral Cayley algebra, or what is the same, a maximal integral order in the
Octonions. To see such a structure explicitly, we assume that the index set
IT = {o0,0,1,2,3,4,5, 6} is a copy of the projective line over 7, and then
offer the following defining relations (taken from [CCNT85])

1=3> b a1

iell
2h? =h; —1 (12)
2hochg =1 —h3 — hs — hg (13)
2hohoo =1 —ho — hy — hy (14)

and also the images of these relations under the natural action of L (7) on the
indices. The sublattice of doubles 2A is an ideal in this algebra, and we may
consider the quotient A = A /2A which becomes a copy of the Cayley algebra
over the finite field [F>; what we call the binary Cayley algebra. We should note
that the automorphism group of this algebra is the finite group G»(2) (which
contains the simple group U3(3) to index 2).

There are just 28 = 256 elements in the binary Cayley algebra. We can count
them.

Type Count

zeroes 1

identities 1

involutions 63 (15)
square roots of 0 63

idempotents 72

cube roots of 1 56

There is a natural pairing on the elements of A obtained by sending x to the
pair {x, 14 x}. This association pairs the zero with the identity, the involutions
with the idempotents, and partitions the idempotents and cube roots into 36
and 28 pairs, respectively. The group G2(2) acts transitively on each of these
different sets of pairs.

The 28 cube root pairs are in a sense the basis upon which the enhanced
SVOA will be constructed. Let us denote them by A. A typical cube root of
unity in A is (h; — h j) fori # j € I1. A typical involution in A is given by
(hi +hj) fori # j € I, and it is important that for any given involution there
are exactly 24 cube roots (12 pairs of cube roots) that are not orthogonal to the
chosen involution. The corresponding 12-subsets of A are called dozens.
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We now introduce a complex vector space t of dimension 28, with Hermitian
form (-, -) and an orthonormal basis {a;};ca, indexed by our cube root pairs.
The structures arising from the binary Cayley algebra described above allow
us to define an action by the group 2.2°.G,(2) on this space. For example,
the normal subgroup 2.2° is generated by the transformations that change sign
on the coordinates of a given dozen. With a somewhat finer analysis of the
geometry of A we can define the action of the rest of the group (cf. [Dun06a]);
we call this group the monomial group and we denote it M. (Warning: the
action of G, (2) cannot be realized as coordinate permutations. Instead we must
write generators as coordinate permutations followed by multiplications by
=+1 or +i on particular coordinates. The group M is a non-split extension of
G>(2).) The action of M on t preserves the Hermitian form.

11. The conformal elements

Assume now that we have a Hermitian space v and a unitary action on this
space of the monomial group M of the shape 2.2°.G,(2). We assume further
that M is regarded as a matrix group with respect to the basis {a; }, and consists
of monomial matrices (having one non-zero entry in each row and column). We
set u = v @ v*, where t* denotes the dual space to t, and is equipped with the
induced Hermitian form. The space u then comes equipped with a Hermitian
form (obtained by taking direct sum of those associated to the summands)
and also a bilinear form (-, -), induced by the canonical pairing t x t* — C.
We define Cliff(u) to be the Clifford algebra of u defined with respect to this
bilinear form.

Cliff(w) = T(u)/{(u Qu + (u, u) | u € u) (16)

We define CMy to be the module over Cliff(u) spanned by a vector 1y
satisfying ulyx = 0 whenever u € t*. We claim that the isomorphism

CMy ;@A"(t)lx (17)

holds when these spaces are viewed as modules over Cliff(t) (the subalgebra
of Cliff(u) generated by v < Cliff(u)). Next we claim that the degree 7/2
subspace of Ag, may be naturally identified with the even part of CMy.

(ARw)7/2 <— CMY = @ A2 (v) (18)

The Clifford algebra Cliff(u) naturally contains a copy of the group Spin(u),
and the space CM())( is an irreducible module for this group Spin(u).

Recall that our goal is to define the elements v and 0. We now define v by
setting

v=1x +anlyx (19)
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where ap = axoaj - - - az7 € Cliff(u) say. Let us write M for the copy of G2(2)
obtained by replacing each non-zero entry with a 1 in each matrix in M. The
vector ¢ will be expressed in terms of orbits of M on monomials a;1y for
I C A with |I| = 14.

It turns out that there are 80 such orbits, but only 68 give rise to invariants
for the monomial group M in A (x)1x C CMY. The vector o is a linear sum
of these invariants, t; say, where the coefficients r; can be taken to lie in Z[i].

68
o= riti (20)
i=1

The orbits are paired under complementation, and the coefficients of invari-
ants corresponding to complementary orbits are conjugate (up to sign), so that
ultimately, we require to specify 34 values. We refer to [Dun06a, §5.2] for the
details.

Finally, we take Agy = (ARru, Y, 1, {w, j, v, 0}) as in the statement of
Theorem 4, and this completes the construction.

It follows from the isomorphism (7), with the lattice SVOA for Dzrg, that
ARy is self-dual, and has rank 28. To prove that the automorphism group is of
the stated form we prove first that it is finite, by showing that it is a reductive
algebraic group with trivial Lie algebra (cf. [Dun06a, §5.4]). It follows that it
has dimension 0, and hence, is finite. We can explicitly construct generators
for 2.Ru acting on AR, and fixing the vectors {w, j, v, 0}, and we may employ
an argument from [NRSO1], to show that the only other symmetries possible
are scalar multiples of the identity. It is then easy to check that such multiples
must be 14M-roots of unity (since they must preserve o € A'#(¢)1x). Finally
we obtain a central product 14 o 2.Ru, but the central Z/2 here acts trivially on
ARy, and so the full automorphism group is just 7 x Ru.

12. The character

We conclude with consideration of the character of the enhanced SVOA Agy.

The action of the Rudvalis group Ru on Ag, preserves a certain vector j of
degree 1. The residue of the corresponding vertex operator Y (j, z) is denoted
J (0), commutes with the Virasoro operator L(0), and has diagonalizable action
on ARy, thus giving rise to a grading by charge. It is natural then to consider
the two variable series

tr|ARUPJ(0)C]L(0)_C/24 (21)
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Table 1 The Character of ARy

0 2 4 6 8
0 1
12
1 784 378
372
2 144452 92512 20475
52
3 11327232 8128792 2843568 376740
772 40116600 30421755 13123110 3108105 376740

4 490068257 373673216 161446572 35904960 3108105

972 2096760960 1649657520 794670240 226546320 35904960

5 13668945136 10818453324 5284484352 1513872360 226546320
1172 56547022140 45624923820 23757475560 7766243940 1513872360

which we call the (2 variable) character of Agry. Recall the Jacobi theta
function given by

93(zlr) = Y ePmtmion’ (22)

meZ

and also the Dedekind eta function

n@) =q"** [ -q™ (23)

m>1

written here according to the convention ¢ = ¢\, Let us also convene to
write p = ¢*™. Then we have

Proposition 5 ([Dun06b]). The character of ARy is given by

) ag,p” QgL O/ — 1 (193(JTZ|T)28 W3 (rz + 7T/2|r)28>
! 2 n(r)® n(r)28
n lp14q7/2 (193(772 +rt/210)% O3zt mr/2+ 7T/2|‘L')28)
2 n(r)?8 n(r)28

(24)

The terms of lowest charge and degree in the character of Ag, are recorded
in Table 1. The column headed m is the coefficient of p™ (as a series in g), and
the row headed n is the coefficient of ¢ ~“/?* (as a series in p). The coefficients
of p™™ and p™ coincide, and all subspaces of odd charge vanish.

Many irreducible representations of Ru are visible in the entries of Table 1.
For example, we have the following equalities, where the left hand sides are
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the dimensions of homogeneous subspaces of Ag,, and the right hand sides
indicate decompositions into irreducibles for the Rudvalis group.

378 =378
784 =1+ 783
20475 = 20475
92512 = (2)378 + 406 + 91350
144452 = (3)1 4+ (3)783 4+ 65975 4 76125
376740 = 27405 4 65975 + 75400 + 102400 (25)
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Abstract

The Conway—Norton conjectures unexpectedly related the Monster with cer-
tain special modular functions (Hauptmoduls). Their proof by Borcherds et
al was remarkable for demonstrating the rich mathematics implicit there.
Unfortunately Moonshine remained about as mysterious after the proof as
before. In particular, a computer check — as opposed to a general conceptual
argument — was used to verify the Monster functions equal the appropriate
modular functions. This, the so-called ‘conceptual gap’, was eventually filled;
we review the solution here. We conclude by speculating on the shape of a new
proof of the Moonshine conjectures.

1. The conceptual gap
The main Conway—Norton conjecture [5] says:

Theorem 1. There is an infinite-dimensional graded representation V. =
®.° _, Vy of the Monster M, such that the McKay-Thompson series

To(t) :==Trygq™ ™' = 3" ca(e)¢” (1.1)
n>—1
equals the Hauptmodul Jq for some subgroup 'y of SLp(R).

Moreover, each coefficient c,(g) lies in Z, and I'y contains the congruence
subgroup I'g(N) as a normal subgroup, where N = h o(g) for some 4 divid-
ing gcd(24, 0o(g)) (o(g) is the order of g € M). In his ICM (1998) talk [2],
Borcherds outlined the proof of Theorem 1:

(i) Construction of the Frenkel-Lepowsky—Meurman Moonshine module
V*, which is to equal the space V;

204
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(ii) Derivation of recursions for the McKay—Thompson coefficients ¢, (g)
for V7, such as

k
cant2(8) = cura (@) + )i (@) curi—j(8))  Vk=1; (1.2)
j=1

(iii) From these recursions, prove Ty = J,.

The original treatment of part (i) is [12]; see also the excellent review [24]
and references therein. Borcherds derived (ii) by first constructing a Lie alge-
bra out of VY, and then computing its twisted denominator identities [1]. It
was already known that Hauptmoduls satisfied these recursions, and that any
function obeying all those recursions was uniquely determined by its first few
coefficients. Thus establishing (iii) merely requires comparing finitely many
coefficients of each T, with J, — in fact, comparing 5 coefficients for each
of the 171 functions suffices [1]. In this way Borcherds accomplished (iii)
and with it completed the proof of Theorem 1. The proof successfully estab-
lished the mathematical richness of the subject, and for his work Borcherds
deservedly received a Fields medal (math’s highest honour) in 1998.

Our quick sketch hides the technical sophistication of the proof of (i) and
(ii). Subsequent treatments of the vertex operator structure of the Moon-
shine module V¥ of (1) have been given in [11, 18, 26], and the derivations
of the recursions (ii) have been simplified in [19, 20, 21]. But the biggest
disappointment with the proof is hidden in the nearly trivial argument of (iii).

At the risk of sending shivers down Bourbaki’s collective spine, the point
of mathematics is surely not acquiring proofs (just as the point of theoreti-
cal physics is not careful calculations, and that of painting is not the creation
of realistic scenes on canvas). The point of mathematics, like that of any
intellectual discipline, is to find qualitative truths, to abstract out patterns
from the inundation of seemingly isolated facts. An example is the notion of
group. Another, dear to many of us, is the A-D-E meta-pattern: many differ-
ent classifications (e.g. finite subgroups of SU», subfactors of small index, the
simplest conformal field theories) fall unexpectedly into the same pattern. The
conceptual explanation for the ubiquity of this meta-pattern — that is, the com-
binatorial fact common to its various manifestations — presumably involves
the graphs with largest eigenvalues |1| < 2.

Likewise, the real challenge of Monstrous Moonshine wasn’t to prove Theo-
rem 1; but rather to understand what the Monster has to do with modularity and
genus-0. The first proof was due to Atkin, Fong and Smith [29], who by study-
ing the first 100 coefficients of the T, verified (without constructing it) that
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there existed a (possibly virtual) representation V of M obeying the Theorem.
Their proof is forgotten because it didn’t explain anything.

By contrast, the proof of Theorem 1 by Borcherds et al is clearly superior:
it explicitly constructs V = V', and emphasises the remarkable mathematical
richness saturating the problem. On the other hand, it also fails to explain mod-
ularity and the Hauptmodul property. The problem is step (iii): precisely at the
point where we want to identify the algebraically defined T ’s with the topo-
logically defined J,’s, a conceptually empty computer check of a few hundred
coefficients is done. This is called the conceptual gap of Monstrous Moon-
shine, and it has an analogue in Borcherds’ proof of Modular Moonshine [3]
and in Hohn’s proof of ‘generalised Moonshine’ for the Baby Monster [16].
Clearly preferable would be to replace the numerical check of [1] with a more
general theorem.

Next section we review the standard definition of Hauptmodul. In Section 3
we describe the solution [9] to the conceptual gap: it replaces that topological
definition of Hauptmodul with an algebraic one. We conclude the paper with
some speculations. Even with the developments [11, 18, 19, 20, 21, 26] and
especially [9] to the original proof of Theorem 1, the resulting argument still
does a poor job explaining Monstrous Moonshine. Moonshine remains myste-
rious to this day. There is a lot left to do — for example establishing Norton’s
generalised Moonshine [28], or finding the Moonshine manifold [15]. But the
greatest task for Moonshiners is to find a second independent proof of Theo-
rem 1. It would (hopefully) clarify some things that the original proof leaves
murky. In particular, we still don’t know what really is so important about the
Monster, that it has such a rich genus-0 moonshine. To what extent does Mon-
strous Moonshine determine the Monster? We turn to this open problem in
Section 4.

2. The topological meaning of the Hauptmodul property

Just as a periodic function is a function on a compact real curve (i.e. on a
circle), a modular function is a function on a compact complex curve. More
precisely, let ¥ be a compact surface. We can regard this as a complex curve,
and thus put on it a complex analytic structure. Up to (biholomorphic or con-
formal) equivalence, there is a unique genus 0 surface (which we can take to
be the Riemann sphere C U {oc0}), but there is a continuum (moduli space)
of inequivalent complex analytic structures which can be placed on a torus
(genus 1), a double-torus, etc. For example, this moduli space for the torus
can be naturally identified with H/SL,(Z), where H is the upper half-plane
{r € C|Im(r) > 0}: for any v € H], we get the torus C/(Z + Zt); any torus is
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equivalent to one of that form; if t" = (at+b)/(ct+d) for <ccl Z) e SLy(Z),

then the tori corresponding to t and 7’ are equivalent.

We learn from geometry and physics that we should study a space through
the functions (fields) that live on it, which respect the relevant properties of
the space. Therefore we should consider meromorphic functions f : ¥ — C
(a meromorphic function is holomorphic everywhere, except for isolated finite
poles; we would have preferred f to be holomorphic, but then f would be
constant). These f are called modular functions, and are thus as important
as complex curves. Clearly, they should be central to mathematics. Somewhat
more surprising is that in particular they are fundamental to number theory, but
that is another story.

We know all about meromorphic functions for C: these include ratio-
nal functions (i.e. quotients of polynomials), together with transcendental
functions such as exp(z) and cos(z). These transcendental functions all
have an essential singularity at oco. In fact, the modular functions for the
Riemann sphere are the rational functions in z. By contrast, the modular
functions for the other compact surfaces will be rational functions in two
generators, where those two generators satisfy a polynomial relation. For
example, the modular functions for a torus are generated by the Weierstrass
p-function and its derivative, and p and p’ satisfy the cubic equation defin-
ing the torus. In this way, the sphere is distinguished from all other compact
surfaces.

There are three possible geometries in two dimensions: Euclidean, spherical
and hyperbolic. The most important of these, in any sense, is the hyperbolic
one. The upper half-plane is a model for it: its ‘lines’ consist of vertical half-
lines and semi-circles, its infinitesimal metric is ds = |dt|/Im(z), etc. As
with Euclidean geometry, ‘lines’ are the paths of shortest distance. Just as the
Euclidean plane R? has a circular horizon (one infinite point for every angle
), so does the hyperbolic plane H, and it can be identified with R U {ico}. The
group of isometries (geometry-preserving transformations H — H) is SL; (R),

at+bh “and sends the

which acts on H as fractional linear transformations t +> rd

horizon to itself.

It turns out that any compact surface X can be realised (in infinitely many
different ways) as the compactification of the space H/ I" of orbits, for some
discrete subgroup I'" of SL,(R). The compactification amounts to including
finitely many I'-orbits of horizon points. For the most important example,
H/SL,(Z) can be identified with the sphere with one puncture, correspond-
ing to the single compactification orbit QQ U {ico}. Those points in Q U {iocc}
are called cusps. The I' of greatest interest in number theory, and to us, are
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those commensurable to SL(Z): i.e. I' N SL,(Z) is also an infinite discrete
group with finite index in both I and SL;(Z). Their compactification points
will again be the cusps Q U {ico}. Examples of such groups are SL;(Z) itself,
as well as its subgroups

T'(N) = {A € SLy(Z)| A = &1 (mod N)} , @2.1)

To(N) = {( ) € SLy(Z) | N divides c} , (2.2)

T'{(N) = <F ( 1)> (2.3)

For example, H/T'g(2) and H/I'(2) are spheres with 2 and 3 punctures,
respectively, while e.g. I'g(24) is a torus with 7 punctures.

The modular functions for the compact surface ¥ = H/T are easy to
describe: they are the meromorphic functions f on H, which are also mero-

morphic at the cusps QU{ico}, and which obey the symmetry f (‘C‘EIZ) = f(1)

b . o . .
for all (Ccl d) € I'. The precise definition of ‘meromorphic at the cusps’ isn’t

important here. For example, for any I" obeying

((1) ;) cTiffreZ, 2.4)
a meromorphic function f(t) with symmetry I will have a Fourier expansion
o sang" forg = e*™iT (g is a local coordinate for T = ioco); then f is
meromorphic at the cusp ioo iff all but finitely many a,,, for n < 0, are nonzero.

We say a group I is genus-0 when ¥ = H/ T is a sphere. For these I', there
will be a uniformising function fr(r) identifying ¥ with the Riemann sphere
C U {oo}. That is, fr will be the mother-of-all modular functions; i.e., it is a
modular function for I" with the property that any other modular function f(7)
for I" can be written uniquely as a rational function poly( fr(t))/poly(fr(t)).
This function fr is not quite unique (SLp(R) permutes these generating
functions). In genus > 0, two (non-canonical) generating functions will be
needed.

The groups I we are interested in are genus-0, contain some ['g(N), and
obey (2.4). We call such I" genus-0 groups of Moonshine-type. Cammins [8]
has classified all of these — there are precisely 6486 of them. For these groups
(and more generally a group containing a I'1 (V) rather than a ['g(V)) there is
a canonical choice of generator fT: we can always choose it uniquely so that
it has a g-expansion of the form ¢g~! + > o2 | anq™. This choice of generator
is called the Hauptmodul, and will be denoted Jr (7). Some examples are
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Jray(T) = g1+ 196884 ¢ + 21493760 g% + 864299970 ¢> + - - - 2.5)
Iro@ (@) = ¢~ +276q — 20487 + 11202¢° — 49152¢* + 184024¢° + - - (2.6)
Iyan@=q"—g+28? +* +24* 245 -2¢4" -248 + 7+ @)

1

o5y @ =g —g+g*+¢® "M g+ + ¢ -+ . 8

Of course Jr(1) is the famous J-function. Exactly 616 of these Hauptmoduls
have integer coefficients (171 of which are the McKay—Thompson series); the
remainder have cyclotomic integer coefficients.

3. The algebraic meaning of the Hauptmodul property

The conceptual gap will be bridged only when we can directly relate the defini-
tion of a Hauptmodul (which is inherently topological), with the ‘replicability’
recursions coming from the twisted denominator identities.

The easiest way to produce functions invariant with respect to some sym-
metry, is to average over the group. For example, given any function f(x), the
average f(x)+ f(—x) is invariant under x <> —x. When the group is infinite,
a little more subtlety is required but the same idea can work.

For example, take I' = SL»(Z) and let p be any prime. Then

r(g ?)r={AeM2xz(Z)|det(A>=p}
~1
_(p O\ [ 1k
_r(o 1>UL=JOF(O p). (3.1)

This means that, for any modular function f(t) of SL2(Z), f(pt) will no
longer be SL,(Z)-invariant, but

p—1
k
sP@ = fo+ ) f <T ; ) (3.2)

k=0

is. Considering now f to be the Hauptmodul J, we thus obtain that s;p )(r) =
P(J(1))/Q(J (1)), for polynomials P, Q. By considering poles and the sur-
jectivity of J, we see that Q must be constant, and hence that s(Jp ) must be a

polynomial in J. The same will hold for sy,i).

This implies that there is a monic polynomial F,(x, y) of degree p + 1 in
X, y, such that

Fp(J (1), J(pr)) = F, <J(t), J (T :k)) =0  Vk=0,...,p—1,
(3.3)
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or equivalently

p—1
k
FpJ(0), V)= (pr) - D[] (J <T : ) - Y> . (G4
k=0

For example,

Fa(x,y) = (x2 — y)(y* — x) — 393768 (x% + y2) — 42987520 xy
— 40491318744 (x + y) + 12098170833256 . (3.5)

There is nothing special about p being prime; for a composite number mz,

méd 5), for all divisors d of m

and all 0 < k < d. Write A, for the set of all these pairs (d, k). Note that its
cardinality || A, || is ¥ (m) = m ]_[p‘m(l + 1/p).

Definition 1. Let h(t) = g~ ' + Yool anq". We say that h(x) satisfies a modu-
lar equation of order m > 1, if there is a monic polynomial F,, (x, y) € C[x, y]
such that Fy, is of degree ¥ (m) in both x and y, and

Fuh®. V)= [] (h <% n g) - Y) . (3.6)

d,k)e A,

the sum in e.g. (3.2) becomes a sum over (

It is unnecessary to assume that the series 4 converges; it is enough to require
that (3.6) holds formally at the level of g-series. An easy consequence of this
definition is that Fy,(x, y) = F,; (y, x).

We’ve learnt above that the Hauptmodul J satisfies a modular equation of
all orders m > 1. In fact similar reasoning verifies, more generally, that:

Proposition 1. (a) If Jr(t) is the Hauptmodul of some genus-0 group T’
of Moonshine-type, with rational coefficients, then Jr satisfies a modular
equation for all m coprime to N.

(b) [10] Likewise, any McKay—Thompson series Tg(7) (1.1) satisfies a modular
equation for any m coprime to the order of the element g € M.

Recall there are 616 such Jr, and 171 such T,. The N in part (a) is the level
of any congruence group I'g(N) contained in I'. Part (b) involves showing that
the recursions such as (1.2) imply the modular equation property g-coefficient-
wise.

Note that the Hauptmodul property of Jr plays a crucial role in the proof that
they satisfy modular equations. Could the converse of Proposition 1(a) hold?
Such a converse combined with Proposition 1(b) would fill the conceptual gap.

Unfortunately, that is too naive. In particular, (r) = ¢~! also satisfies a
modular equation for any m > 1: take Fy,(x, y) = (x™ — y)(3™ — x). Using
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Tchebychev polynomials, it is easy to show that h(t) = ¢~ + ¢ (which is
essentially cosine) likewise satisfies a modular equation for any m.

However, Kozlov, in a thesis directed by Meurman, proved the following
remarkable fact:

Theorem 2. [22] If h(t) = ¢~ ' + Y o2 | anq" satisfies a modular equation for
allm > 1, then either h = J, h(tr) = q~ ', orh(t) = ¢~ ' + 4.

His proof breaks down when we no longer have all those modular equations,
but it gives us confidence to hope that modular equations could provide an
algebraic interpretation of what it means to be a Hauptmodul. Indeed that is
the case!

Theorem 3. [9] Suppose a formal series h(t) = q~' + Yoo anq" satis-
fies a modular equation for all m = 1 (mod K ). Then h(t) is holomorphic
throughout H. Write

b b
T = {(i d) € SLy(R) | A (‘Cfi() — h(1) Vr € H} .3

1
@ IfT), # {i (0 ’f) In e Z}, then h is a Hauptmodul for Ty, and T,
obeys (2.4) and contains To(N) for some N|K°.
®IfTy = {:I: <(1) ’;) |n e Z}, and the coefficients ay, of h are algebraic

integers, then h(z) = g~ + &£q where &€ = 0 or £899K.24 — 1,

By ‘N|K°* we mean any prime dividing N also divides K. Of course part
(a) implies that I'j, is genus-0 and of moonshine-type. When & = T, K =
o(g) works (see Prop.1(b)), and all coefficients are integers, and so Theorem
3 establishes the Hauptmodul property and fills the conceptual gap. The proof
of Theorem 3 is difficult: if 2(t) = h(ty), then it is fairly easy to prove that
locally there is an invertible holomorphic map « sending an open disc about
71 onto one about 77; the hard part of the proof is to show that o extends to a
globally invertible map H — H (and hence lies in I'y,).

The converse of Theorem 3 is also true:

Proposition 2. [9] Ifh(t) = ¢! +3"°° | anq" is a Hauptmodul for a group T'j
of moonshine-type, and the coefficients ay all lie in the cyclotomic field Q[&n],
then there exists a generalised modular equation for any order m coprime to
N. Moreover, the field generated over Q by all coefficients a, will be a Galois
extension of Q, with Galois group of exponent 2.

The exponent 2 condition means that that field is generated over (Q by a num-
ber of square-roots of rationals. We write £y for the root of unity exp[27i/N].
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The condition that all g, lie in the cyclotomic field should be automatically
satisfied. By a ‘generalised modular equation’ of order m > 1, we mean that
there is a polynomial F, (x, y) € Q[£n][x, y] such that F;, is monic of degree
¥ (m) in both x and y, and

Faonm@. ) =[] (h (’2—2’ n g) - y) .6
d,k)eAn

We also have the symmetry condition Fy,(x, ¥) = (0,,.Fn)(y, x). Here, oy, €
Gal(Q[én]1/Q) = Zj, is the Galois automorphism sending £y to £; it acts
on h and F;, coefficient-wise. The beautiful relation of modular functions to
cyclotomic fields and their Galois groups is classical and is reviewed in e.g.
Chapter 6 of [23].

Proposition 2 explains why Proposition 1 predicts more modular equations
than Theorem 3 assumes: if all coefficients a, in Theorem 3 are rational, then
indeed we’d get that & would satisfy an ordinary modular equation for all m
coprime to n.

The lesson of Moonshine is that we probably shouldn’t completely
ignore the exceptional functions in Theorem 3(b). It is tempting to call
those 25 functions modular fictions (following John McKay). So a question
could be:

Question 1. What is the question in e.g. vertex algebras, for which the modular
fictions are the answer?

Theorem 3 requires many more modular equations than is probably nec-
essary. In particular, the computer experiments in [4] show that if & has
integer coefficients and satisfies modular equations of order 2 and 3, then f
is either a Hauptmodul, or a modular fiction. Cummins has made the following
conjecture:

Conjecture 1. [7] Let py, pa be distinct primes, and a; € C. Suppose h(t) =
g '+ Yo anq" satisfies modular equations of order py, p». Then
1
(@) If Ty, # {:I: (0 }11> |n e Z}, then h is a Hauptmodul for 'y, and Ty,
obeys (2.4) and contains T'1 (N) for some N coprime to pi, p>.
1
(b) If Ty, = {:I: (0 r11> |n e Z}, then h(z) = g~ + £q where € = 0 or

geedpi=Lp=l) —

We are far from proving this. However, if & obeys a modular equation of
order m for all m with the property that all prime divisors p of m obey p =1
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(mod K) for some fixed K, then % is either a Hauptmodul for I'j, containing
some I'{(N), or h is ‘trivial’ (see [7] for details and a proof). The converse
again is true (again provided the a; are cyclotomic).

It would be interesting to apply similar arguments to fill the related con-
ceptual gaps of Modular Moonshine [3] and Baby Moonshine [16]. Modular
equations have many uses in number theory, besides these in Moonshine —
see e.g. [6] for important applications to class field theory. Modular equations
are also closely related to the notion of replicable functions (see e.g. [27]).

4. The meaning of moonshine

As mentioned earlier, the greatest open challenge for Monstrous Moonshine is
to find a second independent proof. In this section we offer some thoughts on
what this proof may involve; see [14] for details.

A powerful guide to Monstrous Moonshine has been rational conformal field
theory (RCFT). Modularity arises in RCFT through the conjunction of two
standard pictures:

(1) canonical quantisation presents us with a state space V, carrying a rep-
resentation of the symmetries of the theory, a Hamiltonian operator
H, etc. In RCFT, we take graded traces such as TrVqH , defining the
coefficients of our g-expansions.

(2) The Feynman picture interprets the amplitudes using path integrals. In
RCFT this permits us to interpret these graded traces as functions (sec-
tions) over moduli spaces, and hence they carry actions by the relevant
mapping class groups such as SL(Z). This gives us modularity.

In Monstrous Moonshine, canonical quantisation is successfully abstracted
into the language of vertex operator algebras (VOAs). The present proof of the
Conway—Norton conjectures however ignores the Feynman side, and with it
the lesson from RCFT that modularity is ultimately topological. Perhaps this is
where to search for a second more conceptual proof. After all, the proof of the
modularity of VOA characters [30] — perhaps the deepest result concerning
VOAs — follows exactly this RCFT intuition. Let’s briefly revisit the RCFT
treatment of characters.

In an RCFT, with ‘chiral algebra’ (i.e. VOA) V, the character of a ‘sector’
(i.e. V-module) M is really a ‘one-point function’ on the torus. Fix a torus
C/(Z + Zr), a local parameter z € C at the marked point (which we can
take to be 0), and a ‘field insertion’ v (which can belong to any V-module,
but for now we’ll take v € V). The local parameter z is needed for sewing
surfaces together at the marked points (a fundamental process in RCFT). For
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convenience assume that Hv = kv (this eigenvalue k € Q is called the
‘conformal weight’ of v). The character is given by

xm(T.v,2) = Try ¥ (v, 275) g 17 = 25 Trygo(0) 772 @)

where c is the ‘central charge’ (¢ = 24 in Monstrous Moonshine), and o(v) is
an endomorphism commuting with H (also called Lg). We get a moduli space
M1 of ‘extended tori’, i.e. tori with a choice of local parameter z at 0, and
what naturally acts on these x is the mapping class group I'y | of M ;.
This ‘extended’ moduli space M ; is larger than the usual moduli space
M1 = H/SLa2(Z) of a torus with one marked point, and the mapping class
group I'1 1 is larger than the familiar mapping class group I'1,; = SL2(Z). In
fact, I'1,1 can be naturally identified with the braid group
B3 = {01, 02| 010201 = 020102) , 4.2)
and acts on the characters by
a1 xm (T, v,2) = e T2y 4+ 1,0, 2) 4.3)
_ —2mik/12 T v 4.4
02.xm(T,v,2) =e XM<1_t,(1_T)k,z>. (4.4)
Thus in RCFT it is really B3 and not SL;(Z) which acts. This is usually ignored
because we specialise s, and more fundamentally because typically we con-
sider only insertions v € V, and what results is a true action of the modular
group SL>(Z). But taking v from other V-modules is equally fundamental in
the theory, and for those insertions we only get a projective action of SL,(Z)
(though again a true action of 53).
This is just a hint of a much more elementary phenomenon. Recall that a

modular form f for I' := SL,(Z) is a holomorphic function f : H — C,
which is also holomorphic at the cusps, and which obeys

at+b\  fa b k a b
f(cr+d)_'u<c d)(ct—i—d) f(@ V(C d)er‘, 4.5)

for some k € Q (called the weight) and some function u (called the multiplier)
with modulus || = 1. For example, the Eisenstein series

Ex(t) = Z "(mt +n) ¥ (4.6)

(m,n)eZ?

for even k > 2 is a modular form of weight k with trivial multiplier u, but the
Dedekind eta

n@) =q"*[Ja -4 (4.7)

n=1
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is a modular form of weight k = 1/2 with a nontrivial multiplier, given by

c—1 . . .
a b fa+d 1 i [di di 1
. ( d) = exp (m ( e 2L (7 - [—J B z))) @9

when ¢ > 0.
H can be regarded as a homogeneous space SL,(R) /SO, (R). Nowadays we
are taught to lift a modular form f from H to SL,(R):

. b *
(0 s () ot )

We’ve sacrificed the implicit SO, (R)-invariance and explicit I'-covariance of
f, for explicit SO; (R)-covariance and explicit I'-invariance of ¢ 7. This is sig-

nificant, because compact Lie groups like the circle SO2(R) are much easier
to handle than infinite discrete groups like SL;(Z). The result is a much more
conceptual and powerful picture.

Thus a modular form should be regarded as a function on the orbit space
X := I'\H. Remarkably, this 3-space X can be naturally identified with the
complement of the trefoil! We are thus led to ask:

Question 2. Do modular forms for SL,(Z) see the trefoil?

An easy calculation shows that the fundamental group m(X) is in fact
the braid group B3! It is a central extension of SLy(Z) by Z. In particular,
the quotient of B3 by its centre ((070201)%) is PSLy(Z); the isomorphism
B3 /((010201)4) = SL,(Z) is defined by the (reduced and specialised) Burau

representation
1 1 1 0
o1 <0 1) , 0 > <_1 1) . 4.10)

Through this map, which is implicit in (4.3) and (4.4), B3 acts on modular
forms, and the multiplier x can be lifted to B3. For example, the multiplier of
the Dedekind eta becomes

() =& vBeBs, (4.11)

where ‘deg 8’ denotes the crossing number or degree of a braid. This is vastly
simpler than (4.8)!

In hindsight it isn’t so surprising that the multiplier is simpler as a function
of braids than of 2 x 2 matrices. The multiplier u will be a true representation of
SL,(Z) iff the weight k is integral; otherwise it is only a projective representa-
tion. And the standard way to handle projective representations is to centrally
extend. Of course number theorists know this, but have preferred using the
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minimal necessary extension; as half-integer weights are the most common,
they typically only look at a Z;-extension of SLy(Z) called the metaplectic
group Mp2(Z). But unlike B3, Mp;(Z) isn’t much different from the modular
group and the multipliers don’t simplify much when lifted to Mp;(Z). At least
in the context of modular forms, the braid group can be regarded as the uni-
versal central extension of the modular group, and the universal symmetry of
its modular forms.

Topologically, SL; (R) is the interior of the solid torus, so its universal cover-
ing group sz\(ﬁR) will be the interior of the solid helix, and a central extension
by 1 = Z of SLy(R). sz\a@) can be realised [25] as the set of all pairs

<<i Z) ,n) where (CCZ Z) € SLr(R) and n = 0, 1, 2, 3 (mod 4) depend-

ing on whether c = O anda > 0,¢c < 0,¢c = 0anda < 0,or ¢ > 0,
respectively. The group operation is (A, m)(B,n) = (AB, m + n + 1), where
t € {0, 1} is called the Maslov index. Just as SL,(Z) is the set of all inte-
gral points in SLy(R), the braid group B3 is the set of all integral points in
SLy(R).

Incidentally, similar comments apply when SL,(Z) is replaced with other
discrete groups — e.g. for I'(2) the relevant central extension is the pure braid
group P3. It would be interesting to topologically identify the central extension
for all the genus-0 groups I'y of Monstrous Moonshine.

So far we have only addressed the issue of modularity. A more subtle ques-
tion in Moonshine is the relation of the Monster to the genus-0 property.
Our best attempt at answering this is that the Monster is probably the largest
exceptional 6-transposition group [28]. This relates to Norton’s generalised
Moonshine through the notion of quilts (see e.g. [17]). The relation of ‘6’ to
genus-0 is that HI/ I"(n) is genus-0 iff n < 6, while H/ I"(6) is ‘barely’ genus
1. The notion of quilts, and indeed the notion of generalised Moonshine and
orbifolds in RCFT, is related to braids through the right action of B3 on any
G x G (for any group G) given by

(g.h).o1 = (g, gh),  (g.h).oa=(gh™ ' h). 4.12)

Limited space has forced us to be very sketchy here. For more on all these
topics, see [14]. We suggest that the braid group 53 and related central exten-
sions may play a central role in a new, more conceptual proof of the Monstrous
Moonshine conjectures.
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Abstract

We give a summary of R. Borcherds’ solution (with some modifications)
to the following part of the Conway-Norton conjectures: Given the Mon-
ster Ml and Frenkel-Lepowsky-Meurman’s moonshine module V¥, prove the
equality between the graded characters of the elements of M acting on V*
(i.e., the McKay-Thompson series for V%) and the modular functions pro-
vided by Conway and Norton. The equality is established using the homology
of a certain subalgebra of the monster Lie algebra, and the Euler-Poincaré
identity.

1. Introduction

In this paper we present a summary of R. Borcherds’ proof of part of
the Conway-Norton “monstrous moonshine" conjectures: the proof that the
McKay-Thompson series of the Monster simple group acting on the known
structure V7 [FLMS88] do indeed correspond to the Hauptmoduls presented
in Conway and Norton [CN79]. Interested readers should certainly consult
primary sources, a few of which are [B86], [FLM84], [FLMS88], and [B92].
The simplification of the original proof, presented in this paper, can be found
in [J98] and [JLW95]. See also Borcherds’ survey articles about moonshine
[B94] and [B98]. A brief overview of the historical development of the sub-
ject can be found in [FLM88]. What the reader will find in this paper is an
outline of the proof itself, with references to particular results needed to estab-
lish the equality between the McKay-Thompson series for V% and the Laurent
expansions of the relevant modular functions.

Given a group G and a Z-graded G-module V = [ [, .7 Vjn, with dimV},; <
oo for all n € Z truncated so Vg = 0 for k& < N for some fixed N € Z, the
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McKay-Thompson series for g € G acting on V is defined to be the graded
trace

Te(q) = Y t(g|Viug".
n>N

The moonshine conjectures of Conway and Norton in [CN79] include the con-
jecture that there should be an infinite-dimensional representation of the (not
yet constructed) Fischer-Griess Monster simple group M such that the McKay-
Thompson series T, for g € M acting on V have coefficients that are equal to
the coefficients of the g-series expansions of certain modular functions. After
the construction of M [Gr82], a “moonshine module" V? for the Monster
simple group was constructed [FLM84], [FLM88] and many of its proper-
ties, including the determination of some of its McKay-Thompson series, were
proven. The critical example involves the modular function j(t), a generator
for the field of functions invariant under the action of SL(Z) on the upper
half plane. Let ¢ = ¢>"/*. Then the normalized g-series expansion denoted by
J(g) = j(g)—744 is one of the Hauptmoduls that occur in the moonshine cor-
respondence [CN79]. Results of [FLMS88] include the vertex operator algebra
structure of V¥, with the conformal grading Vi = ]_[izo Vin, as an M-module,
and the graded dimension correspondence dim Vl.J < c(i — 1) to the coeffi-
cients of the modular function J(¢) = > _,. _; c(n)q". In other words, shifting
the grading by defining V[E._l] = Viu, we have T,(q) = J(g) as formal series,
where e € M is the identity element.

After the above results, the nontrivial problem of computing the rest of the
McKay-Thompson series of Monster group elements acting on V% remained.
Borcherds showed in [B92] that the McKay-Thompson series are the expected
modular functions. The argument can be summarized as follows: Borcherds
establishes a product formula

pU(p)—J(q) = [T  a-pigH.
i=1,2,....j=—1,1,...
This formula is used in the proof, but first note that the formula leads to
recursion formulas for the coefficients of the g-series expansion of J(g), and
hence to recursions for the dimensions of the homogeneous components of
V5. The approach of [B92] is to establish a product formula involving all
of the McKay-Thompson series T, (g) of elements of ¢ € M acting on Ve,
analogous to the above identity for 7,(¢g) = J(gq). The more general product
formula in turn leads to a set of recursion formulas that determine the coeffi-
cients of the series, given a (large) set of initial data. For example, to determine
> tr(g| ViuH)q" =D i>_1Cg (i)q' it is sufficient to compute four of the first
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five coefficients of Ztr(ngiuH)qi, k € Z, g € M. One also determines
that the Hauptmoduls listed in [CN79] satisfy the same recursion relations and
initial data as the McKay-Thompson series for V.

The crucial product identity for the McKay-Thompson series is obtained
by Borcherds from the Euler-Poincaré identity for the homology groups of
a particular Lie algebra, the “monster" Lie algebra. This Lie algebra is con-
structed using the tensor product of the vertex operator algebra V' and a vertex
algebra associated with a two-dimensional Lorentzian lattice. The monster
Lie algebra m constructed in [B92] is an infinite-dimensional Z x Z-graded
Lie algebra. The Lie algebra m is then shown to be a generalized Kac-
Moody algebra, or a Borcherds algebra. The “No-ghost" theorem of string
theory is used as a step in establishing an isomorphism between the Z x Z-
homogeneous components of m and the weight spaces of V9. The product
formula for p(J(p) — J(q)) is interpreted as the denominator formula for
the Lie algebra m and used to determine the simple roots. The results per-
taining to the homology groups of Lie algebras of [GL76] are then extended
to include the class of Borcherds algebras and applied to a subalgebra n™
of m to obtain the desired family of identities. Of course, the recursions
and initial data must also be established for the Hauptmoduls; see [Koi] and
[Fer96].

In this paper we will actually discuss a modification of Borcherds proof,
in which it is not necessary to generalize the homology results of [GL76].
We shall compute the homology groups as in [J98], [JLW95] with respect
to a smaller subalgebra u~ C n~. We shall use u™ because it is a free Lie
algebra, and therefore computing the homology groups is straightforward. The
Euler-Poincaré identity applied to the subalgebra u™ and the trivial u™-module
C leads to recursions sufficient to establish the correspondence between the
McKay-Thompson series for V? and the Hauptmoduls specified by Conway
and Norton [CN79].

2. Vertex operator algebras

We begin by recalling the definition of vertex operator algebra and vertex alge-
bra. The following definition is a variant of Borcherds’ original definition in
[B86]. For a detailed discussion the reader can consult [FLMS88], [FHL93],
[DL93].

Definition 1. A vertex operator algebra, (V,Y,1, ®), consists of a vector
space V, distinguished vectors called the vacuum vector 1 and the confor-
mal vector w, and a linear map Y(-,z) : V — (End V)[[z,z_l]] which
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is a generating function for operators v,, ie., for v € V, Y(v,2) =
> ez vaz "1, satisfying the following conditions:

(V1) V =]],c7 Vs forv e V,, n = wt(v)

(V2) dmV, < oo forn € Z

(V3) V,, = 0 for n sufficiently small

(V4) If u, v € V then u,v = 0 for n sufficiently large

V5 v1,z) =1

(V6) Y (v, 2)1 € V[[z]] and lim,_,o Y (v, 2)1 = v, i.e., the creation property
holds

(V7) The following Jacobi identity holds:

_ 71 — 2 _ 72—z
2015< - 2)Y(u,z1)Y(v,zz) ~25's (%)Y(v,zzmu,m
0 —<0

=29 (%) Y(Y (u, zo)v, 22). 2.1

The following conditions relating to the vector w also hold;

(V8) The operators w, generate a Virasoro algebra i.e., if we let L(n) =
wn+1 forn € Z then

[L(m), L(m)] = (m —n)L(m +n) + (1/12)(m> — m)81n,0(rank V)
(2.2)
(V9) If v € V,, then L(0)v = (wtv)v = nv
(V10) £Y(v,2) = Y(L(—Dv, 2).

Definition 2. A vertex algebra (with conformal vector) (V, Y, 1, w) is a vector
space V with all of the above properties except for V2 and V3.

For a vertex algebra V, and v € V with wtv = n, let (—z‘Z)L(O)v =
(—z~2)"y. This action extends linearly to all of V.

Definition 3. A bilinear form on a vertex algebra V is invariant if for
v,u,w € V

(Y (v, 2)u, w) = (u, ¥ (D (—z7H Oy, 77 Hyw).

We note that an invariant form satisfies (#, v) = 0 unless wt(u) = wt(v) for
u, v homogeneous elements of V.

The tensor product of vertex algebras is also a vertex algebra [FHL93],
[DL93]. Given two vertex algebras (V, Y, 1y, wy) and (W, Y, 1w, o) the
vacuum of V ® W is 1y ® 1wy and the conformal vector w is given by
wy ® ly + 1y ® wyw. If the vertex algebras V and W both have invariant
forms in the sense of Definition 3 then it follows from the definition of the
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tensor product that the form on V ® W given by the product of the forms on V
and W is also invariant.

One large and important class of vertex algebras are those associated with
even lattices. Although the moonshine module V! is not a vertex operator
algebra associated with a lattice (it is a far more complicated object), it is
constructed using the vertex operator algebra associated to the Leech lattice.
The vertex algebra used in the proof of the moonshine correspondence is the
tensor product of the moonshine module and a vertex algebra associated with
a two- dimensional Lorentzian lattice.

Given an even lattice L the vertex algebra V; [B86] associated to the lattice
has underlying vector space

Vi = S(h;) ® C{L}.

(We are using the notation and constructions in [FLM88].) Here we take h =
L ®z C, and by, is the negative part of the Heisenberg algebra (with ¢ central)
defined by

bz=][bpe®r"®Ccchaciec
nez

so that

by =[]ver

n<0

The symmetric algebra on ﬁi is denoted S (62). Let L be a central extension
of L by a group of order 2, i.e.,

1> klk?=1) > L>L — 1,

with commutator map given by « ‘*#), «, 8 € L. Define C{L} to be the induced
module Ind<LK>(C, where « acts on C as multiplication by —1.
Ifa € L denote by t(a) the element ¢ ® 1 € C{L}. We will use the notation

an)=a®t" €S (Gi ). The vector space V, is spanned by elements of the
form:

ar(—npaz(—=nz) ... ox(—npia) 2.3)

where a € L,a; € h and n; € N. The space V., equipped with Y (v, z)
as defined in [FLMS88] satisfies properties V1 and V4 — V10, so is a vertex
algebra with conformal vector w.

A vertex algebra V constructed from an even lattice L automatically has an
invariant bilinear form [B86], which can be defined using the contragredient
module V; [FHL93].
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3. Construction of the monster Lie algebra from the moonshine module.

The moonshine module V?, a graded M-module and vertex operator algebra,
is constructed in [FLMS88]. The following results describing the structure and
properties of V? appear in Corollary 12.5.4 and Theorem 12.3.1 of [FLM88],
part of which we restate here for the convenience of the reader. The invariance
of the form in the sense of Definition 3 follows from the construction and
results of [Li94]; see [J98]. Recall that J(g) denotes the Laurent, or g-series,
expansion of the modular function j(t), normalized so that the coefficient of
¢ is zero.

Theorem 1.

(i) The graded dimension of the moonshine module ViisJ (q).

(i) V% is a vertex operator algebra of rank 24.

(iii)) M acts in a natural way as automorphisms as of the vertex operator
algebra Vi ie.,

gY(v.2)g™ =Y (gv,2)

forg e M,v eVt

(iv) There is an invariant positive definite hermitian form (-, -) on VI which
is also invariant under M.

In [B92] the monster Lie algebra is constructed using V% and the vertex
algebra associated with a Lorentzian lattice as follows. Let [1;1 = Z @ Z be
the rank two Lorentzian lattice with bilinear form (-, -) given by the matrix

< _01 _01 . The vertex algebra Vpy, | has a conformal vector, and is given

the structure of a trivial M-module. Since Vi, , is a vertex algebra associated
with an even lattice it has an invariant bilinear form, which we consider as
M-invariant under the trivial group action. Note that Vpy, ; is not a vertex oper-
ator algebra, because it does not satisfy conditions (V2) or (V3). For example,
the weight of an element of the form (2.3) is Zle n; + % (a,a),n; >0¢€Z,
a € Iy,1, which can be less than zero and arbitrarily large in absolute value.

Lemma 3.1. The tensor product V. = V* ® Vr, , is a vertex algebra with
conformal vector, and an invariant bilinear form, which is also M-invariant.

Given a vertex operator algebra V, or a vertex algebra V with conformal
vector w and therefore an action of the Virasoro algebra, let

Pi={veV|LOwv=iv, L(n)v=0ifn > 0}.
Thus P; consists of the lowest weight vectors for the Virasoro algebra of

conformal weight i. (P; is called the physical space). Let u € Py, then
wtL(—1Du = wtw +wtu — 1 =1and L_1 Py C P;.
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Lemma 3.2. The space P1/L(—1)Py is a Lie algebra with bracket given by
[u+ L(=1)Py, v+ L(=1)Py] = upv + L(—=1) Py.
Foru,v € Pr.
Proof. Letu,v € P;. By formula (8.8.7) of [FLMS88] (see [B86])
Y(u,2)v =Dy, —2)u. (3.1

Taking coefficients of z~! on both sides of (3.1) yields

o0
uov = —vou + Y (=D 'L(=D*veu € —vou + L(=1) Pp.
k=1
Thus the bracket is anti-symmetric. Let u, v, w € P The Jacobi identity (V7)
implies

Upvow — VvoUpw = (uov)ow

(uo(vow)) — (vo(uow)) — ((wov)ow) = 0.

Since we have shown anti-symmetry (modulo L(—1) Py) the above is equiva-
lent to the usual Lie algebra Jacobi identity for [-, -] on P;/L(—1)Pp. O

We can now give the definition of Borcherds’ monster Lie algebra. The ten-
sor product V = V* ® Vpy, , is a vertex algebra with conformal vector, and
invariant bilinear form. This form induces a bilinear form on the Lie algebra
P1/L_1 Py. Note that if u, v, w € Pi, then by invariance, and the fact that
L(DHu =0

(Y (u, D)o, w) = (v, Y (D (—z7H Oy 7 yw)

=—, Y,z e w) = -, ) w2, (3.2)

nez

Taking the coefficient of z~! we have for u, v, w € P{/L(—1)P,
(uov, w) = —(v, upw),

and so the form on P;/L(1) Py is invariant in the usual Lie algebra sense.

In addition to the weight grading, the vertex algebra V? ® Vm, , is graded
by the lattice Iy 1. For u, v elements of degree r, s € Il 1, the invariant form
satisfies (#, v) = O unless r = s.

Let N (-, -) denote the nullspace of the bilinear form on P; so N(-, ) = {u €
Pi|(u,v) =0 Vv € Pi}. Since, foru = L(—1)v,v € Py, w € Py, itis
immediate that (L(—1)v, w) = (v, L(1)w) = 0, we see L(—1)Py C N(, -).
This in conjunction with Lemma 3.2 ensures the following is a Lie algebra.
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Definition 4. The monster Lie algebra m is defined by

The monster Lie algebra is graded by the Lorentzian lattice I1;,; by con-
struction. Elements of m can be written as Y u ® ve”, where u € V% and
ve" = vi(e") € Vi, . Here, a section of the map f[l,l—_> I11,1 has been chosen
so that ¢" € 1211,1 satisfies ¢” = r € TIj ;. There is a grading of m by the
lattice defined by deg(u ® ve”) = r. It follows from the construction that the
Lie algebra m has a Lie invariant bilinear form, whose radical is zero.

In order to establish the equality between the coefficients of the McKay-
Thompson series for V* and the given Hauptmoduls, it is necessary to deter-
mine the dimensions of the components of m of degrees r € Iy 1. Borcherds
[B92] computes the dimensions by using Theorem 2 below, which uses the
No-ghost theorem of string theory. For a proof of the No-ghost theorem see
[GT72], [B92], or the appendix of [J98] for one written more algebraically.

Theorem 2. Let V be a vertex operator algebra with the following properties:

i. V has a symmetric invariant nondegenerate bilinear form.
ii. The central element of the Virasoro algebra acts as multiplication by 24.
iii. The weight grading of V is an N-grading of V, i.e., V. = [ [1— Va, and
dim Vy = 1.
iv. 'V is acted on by a group G preserving the above structure; in particular
the form on V is G-invariant.

Let Py ={u €V Q®Vn ILOu =u, LAHu =0,i > 0}. The group G acts
on V ® Vn, , via the trivial action on Vi, ,. Let P denote the subspace of
Py of degree r € T1y,1. Then the quotient of P| by the nullspace of its bilinear
Sform is isomorphic as a G-module with G-invariant bilinear form to Vi_ . ry 2
ifr #0andtoVy & C?ifr =0.

Applying Theorem 2to V = V*® V11, | we see that the monster Lie algebra
has (m, n) € Z x Z homogeneous subspaces isomorphic to the weight spaces
VVENPH when (m, n) 75 (O, 0), that is, M@m,n) = V[u We have shown:

mn]*

11+ = ]_[ WM(m,n),

m>0,n>—1

with
~ v
Mm,n) = Vit

and similarly for n™.
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4. The structure of the monster Lie algebra

A crucial step in [B92] is to identify m = P;/N (-, -) with a Lie algebra given
by a generalization of a Cartan matrix. This allows one to be able to compute
the homology groups of the trivial module C with respect to an appropriate
subalgebra of m, as can be done for symmetrizable Kac-Moody Lie algebras
[GL76], [Liu92].

The Lie algebra g(A) associated to a symmetrizable matrix A is introduced
in [K90] and [Mo067], but the systematic study of the case where A satisfies
conditions B1-B3 below was carried out by Borcherds. Borcherds algebras
have many properties in common with symmetrizable Kac-Moody algebras
such as an invariant bilinear form and a root lattice grading. One notable dif-
ference is that there may be simple imaginary roots in the root lattice. This is
a desirable property in the monster case m because we wish to associate a root
grading to the hyperbolic Z x Z-grading inherited from Vp, ;.

We review the construction of the Borcherds algebra g(A) of [B88]. Let I be
a (finite or) countable index set and let A = (a;;);, jes be a matrix with entries
in C, satisfying the following conditions:

(B1) A is symmetric.

B2) Ifi #j (G, jel)theng;; < 0.

(B3) Ifa;; > 0@ € 1), then 2a;;/a;; € Zforall j € 1.
Let g'(A) be the Lie algebra with generators h;, ¢;, fi,i € I, and the following
defining relations: For all i, j, k € I,

[hi hj] =0, [ei. f;] = 8ijhi =0,

[hi, ex] — aiker =0, [hi, fi] + aixfx =0
and Serre relations
(adei)_zaij/aii+lej =0, (ad fl.)—2aij/aii+1fj -0
forall i # j with g;; > 0, and finally
lei,ej1=0,1fi, fi1=0

whenever a;; = 0.

Leth = >, Ch;, n* the subalgebra generated by the elements e; (resp.
the f;) fori € I = (e;). As in the Kac-Moody case, the simple roots o; €
(b)* are defined to satisfy (e, oj) = a;;. Also as in the Kac-Moody case, we
may have linearly dependent simple roots «; and we extend the Lie algebra
as in [GL76] and [Le79] by an appropriate abelian Lie algebra 0 of degree
derivations, chosen so that the simple roots are linearly independent in (f x 9)*.
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Definition 5. The Lie algebra g(A) = g’(A) X 0 is the Borcherds or general-
ized Kac-Moody (Lie) algebra associated to the matrix A. Any Lie algebra of
the form g(A)/c where c is a central ideal is also called a Borcherds algebra.

Versions of the following theorem appear in [B88] and [B95], see also [J98].
This theorem allows us to recognize a Lie algebra associated to a matrix A
satisfying B1 — B3.

Theorem 3. Let g be a Lie algebra satisfying the following conditions:

(i) g can be Z-graded as | |; .y 9i, 9i is finite dimensional if i # 0, and g

is diagonalizable with respect to g.

(1) g has an involution n which maps g; onto g_; and acts as —1 on
noncentral elements of go, in particular, go is abelian.

(iii) g has a Lie algebra-invariant bilinear form (-, -), invariant under 1,
such that g; and g; are orthogonal if i # — j, and such that the form
(-, o, defined by (x, y)o = —(x, n(y)) for x, y € g, is positive definite
on gm ifm # 0.

(iv) go C [g, gl

Then there is a central extension § of a Borcherds algebra and a homomor-
phism, 7, from § onto g, such that the kernel of 7 is in the center of g.

The theorem is proven by inductively constructing a set of generators of
gn, n € Z, consisting of go weight vectors, using the form (x, y)o. Proofs
can be found in [B91], see [J98] for the theorem stated exactly as above. An
alternative characterization of Borcherds algebra can be found in [B92].

Theorem 4. The Lie algebra m = Py /N(-, -) is a Borcherds algebra.

Proof. The abelian subalgebra mq,o) is spanned by elements of the form 1 ®
a(—1)¢(1) where @ € I, ®7C. Note that m g, o) is two-dimensional. In order
to apply Theorem 3, grade 3, yem, M (m,n) by i = 2m +n € Z. With this
grading, m satisfies condition (i) of Theorem 3.

There is an involution 7 is on the vertex algebra Vp,,, determined by
n(e) = —a for @ € TIj,;. Extend the involution to V¥ ® Vm,, by taking
N u®v) =Y (u®nv) foru e Vi, v e Vi1, ;. The invariant form given
by Lemma 3.1 is the required non-degenerate invariant bilinear form, satis-
fying condition (iii) in Theorem 3. Let a = eV, b = -~ Condition
(iv) follows from the fact that mg, o) is two-dimensional and that the elements
[u®ia),v®a ] and [c(D), (b~ D] foru,v e V2u are two linearly inde-
pendent vectors in mg o). Thus the Lie algebra m is the homomorphic image
of some Borcherds algebra g(A) associated to a matrix. U
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By computing the action of a € go = m,0) onv € m,, r € I1;; one
obtains [a, v] = {«, r)v and Borcherds identifies the elements of IT; ; with the
root lattice of m. The following is Theorem 7.2 of [B92].

Theorem 5. The simple roots of the monster Lie algebra m are the vectors
(1,n), n = —1 orn > 0, each with multiplicity c(n).

This theorem is proven [B92] by identifying the product formula
pJ(p) = (@) = I1 (1 — pligl)cid

i=1,2,.,j=—1,1,...
with the denominator identity for the Borcherds algebra m.

Since, by definition of m the radical of the invariant form on m is zero,
the kernel of the homomorphism in Theorem 3 is in the center of g(A). We
construct a symmetric matrix B, determined by the root lattice I ; and the
multiplicities given by Theorem 2. We have the Lie algebra m is isomorphic
to g(B)/c, where g(B) is the Borcherds algebra associated to the following
matrix B and c is the full center of g(B):

2 0 --- 0 1 ... 1

0 2 ... 2 -3 ... —3

0 | -2 —2 | =3 -3
B=|"2171 =3 -3 | —4 —4
-1 | =3 3 | -4 —4

In this summary of Borcherds’ proof of part of the moonshine conjectures
we are able to bypass the part of the argument of [B92] that requires a more
extensive development of the theory of Borcherds algebras including general-
izing the results of [GL76]. Instead, we will use Theorem 6 below, proven in
[J98]. Given a vector space U, let L(U) denote the free Lie algebra generated
by a basis of U. Let J C I be the set {i € I|a;; > 0}. Note that the matrix
(aij)i,jes is a generalized Cartan matrix. Let g; be the Kac-Moody algebra
associated to this matrix. Then g; = nj @ bhs ©n;, and gy is isomorphic to
the subalgebra of g(A) generated by {e;, f;} withi € J.

Theorem 6. Let A be a matrix satisfying conditions B1-B3. Let J and gj be
as above. Assume that if i, j € I\J and i # j then a;j < 0. Then

g A =u"® @ +hHdu,
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where u™ = L([[;ep ,UM) - fj) and ut = L([Ljep ,UMT) - ¢)). The
Umy) - fj for j € I\J are integrable highest weight g -modules, and the
u (n}r) - e are integrable lowest weight g j-modules.

Note that the conditions on the g;; given in the theorem are equivalent to the
statement that the Lie algebra has no mutually orthogonal imaginary simple
roots. This is the case for the monster Lie algebra m.

The structure of m can now be summarized. There are natural isomorphisms

M(,n) = VrEerl as an M-module for (m, n) # (0, 0),
m,0) = C @ C, atrivial M-module.
It follows from the definition of m that
m_1,1) @ m,0 & m,—1) = gh.

Applying Theorem 6 to the above realization of m by generators and relations
gives

m=u" @ghdu,

withu™ = L(U) and ut = L(U’). Where L(U), L(U’) are free Lie algebras
over vector spaces that are direct sums of gl-modules.

u=[wieVvi mdv =]]w eV,

i>0 i>0

Fori > 0, Vlu+ | is (as usual) the weight i 4+ 1 component of Vi W; denotes the
(unique up to isomorphism) irreducible highest weight gly-module of dimen-
sion { on which z acts asi + 1 and Wi/ ,1 > 0, denotes the irreducible lowest
weight module.

5. The homology computation and recursion formulas

We are now ready to establish the recursion relations for the coefficients of the
McKay-Thompson series >_;_ Tr(g|Vl.u+l)qi = Yz ¢o(i)g". What follows
is a summary of what has appeared in [JLW95]. See [Ka94] and [KK95] for
similar computations.

To compute the homology of the free Lie algebra L(U) for a vector space U,
with coefficients in the trivial module (as in [CE56]), consider the following
exact sequence is a /(L (U)) = T (U)-free resolution of the trivial module:

0 TW)QULTW)SC =0
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where p is the multiplication map and € is the augmentation map. One obtains:
Ho(L(U),C)=C
H\(L(U),C) =U = LWU)/ILW), L(U)]
H,(L(U),C) =0forn > 2.

I and

Let p, g and r be commuting formal variables. The variables p~
g~ ! will be used to index the Z @ Z-grading of our vector spaces. All
of the M-modules we encounter are finite-dimensionally Z & Z-graded
with grading suitably truncated and will be identified with formal series in
RMD[[p, q]]. Definitions and results from [Kn73] about the A-ring R(M)
of finite-dimensional representations of M are applicable to formal series in
RMD)[[p, q]]. We summarize the results of, for example, [Kn73] that we use
below.

The representation ring R(M) is a A-ring [Kn73] with the A operation given
by exterior powers, so A’V = /\i V for V. e R(M).

In the following discussion we let W, V € R(M). The operation /\i satisfies

NWwev)=3 AW e AN V).

n=0
Define
AWy = N W)+ AWy + N2 W)+ -
Then
ANV W)y =N\, V)- A\, (W). (.1

The Adams operations WX : R(M) — R(M) are defined for W € R(M) by:

Llog A\, (W) =Y (=" e (w)e". (5.2)

n>0

For a class function f : Ml — C, define

(W f)(g) = £(").

forall g € M.
Now let W be a finite-dimensionally Z @ Z- graded representation of
M such that W, .,y = 0 for y;,y2 > 0. We shall write W =

Z(yl ,y2)eN2 W(—y,,—y,) P"'q"?, identifying the graded space and formal series.
We extend the definition of W* to formal series W € R(M)[[p, ¢]] by defining
Wk (p) = p*, ¥¥(g) = ¢* and in general,
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wk Z W(—)/ls—l/z)pquyz = Z wk (W(—Vlg—Vz)) pk)/lqk)Q_
(y1,72)eN? (71,72)eN?
Recall the structure of u™ and U = H{(u™) as Z @ Z-graded M-modules.
We index the grading by p~! and ¢~ '; then write u~ and U = H;(u™) as
elements of R[M][[p, q]]:

w= V" (5.3)
(m.m)
and
v=> Ve ", (5.4)
(m.n)

where here and below the sums are over all pairs (m, n) such that m, n > 0.
Define

H ™) =) Hi@)r
i=0

and let H(u™) denote the alternating sum H;(u™)|;=—1. Recall the Euler-
Poincaré identity:

A_ (W) =H®u"). (5.5)

Taking log of both sides of (5.5) results in the formal power series identity in
R(M)Ilp. ql1 ® Q:

log A_;(u™) =log H(u™), (5.6)
where we have
21
log H(u™) =log(1 — Hi(w ) =—) —Hi ()",
n=1

Formally integrating (5.2), with W = u™, gives

+1 (_t)n—i-l
lo u’)=-— Ut ) ———.
B/ = =3 WS
Then setting t = —1 gives:
1
—1 =Y k).
og Ay @) =37 pvhar)

k=1
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Since Hi(u™) = U, equation (5.6) gives
k
2V X Vi | =20 | 2 Vi (5.7)
k=1 (m,n) k=1 (m,n)
We say k|(i, j) if k(m,n) = (i, j) for some (m,n) € Z & Z. For (i, j) €
Z+ @ Z+ we define

PG, j)={a=@rsez, lars €N, > ap(rs) =G, J)
(r,5)€24 ®Z

We will use the notation |a| = Y a5, a! = []ars!. Expanding both sides of
equation (5.7)

PODIELAAINBIIIED DED DEE S § I (C L)
@@, j) kI, j) @i,j)acP(,j) r.s€ly
(5.8)

Then taking the trace of an element g € M on both sides of the identity (5.8)

> ¥t

(@, J) kI, J)

=Z Z w l_[ cg(r+s—1)“’~‘piq-/.

(i,j)aeP(,j) r.s€ly

Equating the coefficients of p’q/ and applying Mdbius inversion yields the
recursion formulas:

1 - D!
cgip= 3, uof 3 ('a'a—,) [T cor+s -1

k>0 aeP(m,n) ’ r,s€l4
k(m,n)=(i, )

5.9

The coefficients of any replicable function are determined by the first 23
coefficients [CN95], but in the case of the above McKay-Thompson series we
can use a smaller set of coefficients.

An examination of the formula (5.9) shows that cg(n) is determined by
expressions of lower level except when n = 1,2, 3, 5. Thus the values of the
cg(n) are determined by the c;, (1), ¢4 (2), cn(3), cp(5), h € M, and the above
recursions.

As in [B92], we conclude that since both the McKay-Thompson series for
V1 and the modular functions of [CN79] satisfy (5.9), all that is necessary to
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prove that these functions are the same is to check the initial data listed above.
For the modular functions, see [Koi] and [Fer96]. For the relevant initial data
about the graded traces of the actions of the elements of the Monster on Vi,
the main theorem of [FLMS88)] is needed, as used in [B92].
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Abstract

In this paper we survey the connection of certain infinite-dimensional Lie alge-
bras, including twisted and untwisted affine Lie algebras, toroidal Lie algebras
and quantum torus Lie algebras, with vertex algebras.

Introduction

Vertex (operator) algebras are a new class of algebraic structures and they have
deep connections with numerous fields. In mathematics, vertex algebras have
been a vibrant research area. On the other hand, as the algebraic counterpart
of chiral algebras, vertex operator algebras together with their representations
provide a solid foundation for the study of conformal field theory in physics.
Though vertex algebras are highly non-classical, they have connections with
classical algebras such as Lie algebras, associative algebras and groups. In
particular, vertex algebras are often constructed and studied by using clas-
sical (infinite-dimensional) Lie algebras. For example, those vertex operator
algebras associated to (untwisted) affine Kac-Moody Lie algebras (including
infinite-dimensional Heisenberg Lie algebras) and the Virasoro Lie algebra
(cf. [FZ], [DL], [Lil], [LL]) are among the important examples. These two
families of vertex operator algebras underline the algebraic study of the
physical Wess-Zumino-Novikov-Witten model and the minimal models in
conformal field theory, respectively. On the other hand, twisted affine Lie
algebras (see [K1]) can be also associated with vertex operator algebras in
terms of twisted modules (see [FLM], [Li2]). In the theory of Lie algebras,
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by generalizing the loop-realization of untwisted affine Lie algebras, one has
toroidal Lie algebras, which are perfect central extensions of multi-loop Lie
algebras. Toroidal Lie algebras can be also associated with vertex algebras and
their modules (see [BBS]). There is another family of Lie algebras called quan-
tum torus Lie algebras, which are central extensions of (associative) quantum
tori viewed as Lie algebras. Recently, in [Li3] we introduced a new notion of
quasi module for vertex algebras and we proved that certain quantum torus
Lie algebras can be also associated to vertex algebras in terms of quasi mod-
ules. Affine Lie algebras, toroidal Lie algebras and quantum torus Lie algebras
belong to a larger family of Lie algebras called extended affine Lie algebras
(see [S1,2], [AABGP]). Extended affine Lie algebras generalize affine Kac-
Moody Lie algebras in a certain way and they also very much resemble affine
Kac-Moody Lie algebras. A general theory and many examples of extended
affine Lie algebras were given in [AABGP]. We believe that every extended
affine Lie algebra can be associated with vertex algebras in terms of quasi
modules in a similar way to the way that quantum torus Lie algebras were asso-
ciated with vertex algebras in [Li3]. This is a survey and it does not contain any
essentially new result.

We would like to thank the organizers for their hard work in organizing this
excellent workshop and we thank S. Berman for many discussions on toroidal
Lie algebras.

1. Affine Lie algebras and vertex algebras

In this section we present the connection of (untwisted) affine Lie algebras and
toroidal Lie algebras with vertex algebras.

For convenience we first give a definition of a vertex algebra. Recall that
a general (or abstract) non-associative algebra is a vector space A equipped
with a bilinear operation, which is equivalent to a linear map from A to End A
(through left multiplication).

Definition 1.1. A vertex algebra is a vector space V equipped with infinitely
many bilinear operations parametrized by integers, which are equivalent to
infinitely many linear maps:

V - EndV; v v,. (1.1)

For each v, the infinitely many associated left multiplications are written in
terms of the generating function as:

Y (v, x) = Z vpx "1 € (Bnd V)[[x, x 1], (1.2)
nez
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which is called the vertex operator associated to v. The following are the
axioms:

(V1) For any u, v € V, u,v = 0 for n sufficiently large.

(V2) There exists a special vector 1, called the vacuum vector, such that for
veV, nel,

1,v=46,_1v, (1.3)
v,1=0 ifn>0 and v_;1 =v. (1.4)

(V3) For any u, v € V, there exists a nonnegative integer k such that

(1 =) Y (@, )Y (v, 22) = (vt = x) Y (0, 2)Y (w, ). (1.5)
(V4) For any u, v, w € V, there exists a nonnegative integer / such that
(x0 + x2)'Y (u, x0 + 22)Y (v, x2)w = (%0 + %)Y (¥ (1, x0)v, x2)w,  (1.6)

where

e
CORTRSED SCEESEED ) B (N [Tt

nez neZ i>0

is a formal series in xo and x;.

The axioms (V3) and (V4) together are equivalent to the Jacobi identity
x(;lS (xl _ xz) Y(u,x)Y W, x)w — x(;lé (xz
X0

=x, ' (%) Y (Y (u, x0)v, x2)w, (1.7)

il > Y, x2)Y (u, x))w

where §(x) = ), .7 x" and

_18( ) Zx (xl_x2)n_zz< )( l)z —1-n n lxé

nez neZ i>0
Note that for a non-associative algebra A, an A-module is a vector space
U equipped with a linear map from A to End U. For a vertex algebra V,
a V-module is a vector space W equipped with infinitely many linear maps
parametrized by integers, which together amount to a linear map

Yw(, x):V — (End W)[[x, x "',
vi> Yw (v, x) = Zvnx_"_l,
neZ

such that forv € V, w € W, v,w = 0 for n sufficiently large, Yy (1, x) = lw
(the identity operator on W), and such that (V3) and (V4) with the obvious
modification hold.
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Note that linear operators on a vector space give rise to classical associative
algebras and Lie algebras. Similarly, there is a general construction of vertex
algebras by using vertex operators.

Let W be any vector space. Set

E(W) = Hom(W, W((x))). (1.8)

In particular, £(W) contains the identity operator on W, denoted by 1y . For
d(x), ¥(x) € EW), n € Z, define

Y () (x) = Resy, ((x1 = 0)"p(x1)Y (x) = (=x +x)" Y ()P (x1)) . (1.9)
A subspace U of £(W) is said to be closed if
d)Y(x) e U forall p(x), ¥ (x) € EW), n eZ.
A subset S of £(W) is said to be local if for any ¢ (x), ¥ (x) € S, there exists

a nonnegative integer k such that
(1 —x) PP (x2) = (x1 — x2)* Y (x1)p (x2). (1.10)
We have the following result due to [Lil] (cf. [LL]):

Theorem 1.2. Let W be any vector space. For any local subset S of E(W),
there exists a (unique) smallest closed local subspace (S) of E(W), contain-
ing S and lyw, and (S) is a vertex algebra with W as a faithful module with

Yw (¢ (x), x0) = ¢ (x0).

Let g be a (possibly infinite-dimensional) Lie algebra equipped with a
(possibly degenerate) symmetric invariant bilinear form (-, -). Associated to
(g, (-, -)) we have the (untwisted) affine Lie algebra

§=9®Clt,r 1@ Cc, (1.11)
where c is central and
[a® ", b®t"] =a,b]@t"" +mla, b)8mn.0C (1.12)

fora,beg, m,neZ.
Fora € g, n € Z, we use a(n) for a ® t" and for its corresponding operator
on any g-module. For a € g, form the generating function

a(x) = X:a(n)x_"_1 € §llx, x~ 1. (1.13)
nez

For a, b € g, we have

0
[a(x1), b(x2)] = [a, b1(x2)x; '8(x1/x2) + (a, b>c3—xzx;16<x1/xz>. (1.14)
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P n
As (x1 — xp)™ (%}Q) x2_18(x1/xz) =0form > n > 0, we have

(x1 — x2)*[a(x1), b(x2)] = 0. (1.15)

A g-module W is said to be restricted if foranya € g, w € W,a(n)w =0
for n sufficiently large, that is, for any a € g, a(x) € £(W). Then for any
restricted g-module W, Uy = {a(x) | a € g} is a local subspace of £E(W). A
g-module W is said to be of level £ € C if ¢ acts on W as scalar £. We have
(see [Lil], [LL]):

Proposition 1.3. Ler W be any restricted §-module of level £ € C. Then Uy
is a local subspace of E(W) and Uw generates a vertex algebra Vy with W as
a module. Furthermore, Vy is naturally a §-module of level £ with a(n) acting
as a(x), fora € g, n € Z and c acting as scalar £, and Vy as a g-module is
generated by 1y satisfying the following relation

am)lw =0 foraeg, nelZ.

Set g>0 = g ® C[r] & Cc, a Lie subalgebra of g. Let £ be any complex
number. Denote by C, the 1-dimensional §>o-module with g[#] acting trivially
and with ¢ acting as scalar £. Form the induced g-module

V3, 0) = U(®) ®yz.q) Ce- (1.16)

Setl =1®1 € V@(Z, 0). In view of the P-B-W theorem, we may and we
should identify g as a subspace of Vj(¢, 0) through the map @ — a(—1)1.
The following result was obtained in [FZ], [Lil] (cf. [DL]):

Theorem 1.4. For any complex number £, there exists a unique vertex algebra
structure on Vg(£, 0) with 1 as the vacuum vector such that

Y(a,x)=a(x) foraeg.

The following result was obtained in [Lil] (cf. [FZ], [LL]):

Theorem 1.5. Let W be any restricted §-module of level £ € C. There exists a
unique module structure Yw on W for V@(Z, 0) such that

Yw(a,x) =a(x) forace€g.

On the other hand, for any Vg(Z,O)-module (W, Yw), W is a restricted
g-module of level £ with a(x) acting as Yw (a, x) fora € g.
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Remark 1.6. For the well known Virasoro Lie algebra Vir = &,c7L, @ Cc,
one has similar results (cf. [FZ], [Lil], [LL]). We here just mention that the
generating function

L(x)=) Lmx"?
nez
satisfies the locality relation (x; — x2)*[L(x1), L(x2)] = 0.

Remark 1.7. There is a notion of conformal Lie algebra (see [K2]), or
equivalently, a notion of vertex Lie algebra (see [P], [DLM]), which unifies
(untwisted) affine Lie algebras and the Virasoro Lie algebra. For each vertex
Lie algebra, one has an honest Lie algebra which can be defined in terms of
mutually local generating functions. Furthermore, one obtains similar results
(see [P], [DLM]).

Next we consider toroidal Lie algebras (cf. [AABGP]). Let g be a Lie alge-
bra equipped with a symmetric invariant bilinear form (-, -) as before. (Usually,
g is a finite-dimensional simple Lie algebra equipped with the Killing form
suitably normalized.) Fix a positive integer . We have the following multi-loop
Lie algebra

L9 =g Cl, ... ). (1.17)

Forn = (ny,...,n,) € Z", set t" = t;” ---t/”. Endow L) (g) with the
symmetric bilinear form defined by

(@@t bR t") = (a, b)dm-in0 (1.18)

fora,b € g, m,n € Z7, which is invariant. For 1 <i < r, set
d "
di=1 ®ti5 € Der(L"Y(g)). (1.19)
i

The toroidal Lie algebra associated with g and r is a perfect central extension
of the multi-loop Lie algebra L") (g):

T(g) =g Clif', ... 1@ (&/_,Cci) & (®/_,Cd;) . (1.20)
where @/ _ | Cc; is central and
.
la @™ b@t"] = [a. D] ® ™" + ) "mifa, b)sminoci  (121)
i=1
fora,b € g, m,neZ". Set

TV =g Cl,.... i@ (&]_,Ce), (1.22)
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which is a Lie subalgebra of T ") (g) and which is called the core of the toroidal
Lie algebra. (If [g, g] = g and if (-, -) is nondegenerate, then 7’ (g)’ is the
derived subalgebra of T (g).)

Fora eg, p=(p1,..., pr—1) € Z'~!, form the generating function
a(p, x) = Z(a Q t®m)y—m=1
mez

In terms of the generating functions the relations (1.21) can be rewritten as
-1 X2
la(p, x1), b(q, x2)] = [a, b](p + q, x2)x| '8 (;)

8 -1 X2
+ (Cl, b>5p+q'08__)52x1 1) <;> Cr

r—1
- X2 -
+ (a, b)Sprq0x; '8 (xT) > picixy! (1.23)
i=1

fora,b € g, p,q € Z'~'. It follows that

(x1 — x2)*[a(p, x1), b(q, x2)] = 0. (1.24)

We say that a 7 (g)-module W is a restricted module if for any w € W
and foranya € g, p € Z' !, (a ® t®™)w = 0 for m sufficiently large. Then
for a restricted 7 (g)-module W, we have

a(p,x) e EW) foracg, peZ ™! (1.25)

and the set {a(p, x) | a € g, p € Z"~'} is a local subset of £(W).
We say that a T (g)-module W is of level £ € C if ¢, acts as scalar £.

Remark 1.8. Let W be a restricted T(’)(g)-module of level ¢, on which
c1,...,cr act trivially. In view of (1.23), the space spanned by the set
{(lw}U{a(p,x) |a g, peZ"}isa“closed” subspace of E(W) in a
certain sense.

Set
7@ =g Clr, ...t 41+ (@7_,Cc;) + (®_,Cd;), (1.26)
T~ =g, 'Clit, .. (1.27)

Let £ be a complex number. Denote by C, the 1-dimensional 7 (g)=°
-module on which ¢, acts as £ and g ® (C[tlil, Lot t]+ (@f;f@a) +

’ r_17

(69{: l(Cd,-) acts trivially. Form the induced T® (g)-module

Vror g€ 0) = UT(@)) ®y 1o g=0) Ce. (1.28)
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which is a restricted 7 (g)-module of level £. Set 1 =1 ® 1 € Vi) (g (¢, 0).
Foraeg, p=(p1,..., pr—1) € Z'!, set

alpl=a®t/" - 177" e LU V(g). (1.29)

r

Now we identify the multi-loop algebra LU~D(g) as a subspace of
VT(r>(g) (¢, 0) through the linear map a[p] — (@ ® tP-—Dy1,

Proposition 1.9. For any complex number £, there exists a (unique) vertex
algebra structure on VT(r)(g) (£, 0) with 1 as the vacuum vector such that

Y(alp), x) =a(p,x) foracg, peZ '

Furthermore, on any restricted T (g)-module W of level £, on which
C1, ..., Cr—1 act trivially, there exists a (unique) VT(r)(g) (£, 0)-module struc-
ture Yy with

Yw(alpl,x) = a(p,x) foracg, pe /el

Proof. Notice that LU~V (g) is a Lie algebra equipped with a symmetric
invariant bilinear form/(L ) as defined in £.1\8). Then we have a (generalized)
affine Lie algebra L —1(g). Clearly, L'~ (g) is isomorphic to the quotient
Lie algebra of T (g)’ by the (r — 1)-dimensional central ideal @;;%Cci.

~V 1) (q). ~
We see that Vio g, 0) = VL("*U(g) (£,0) as an LT~ (g)-module. Then it

follows immediately from Theorems 1.4 and 1.5. O

Next we consider the general case with restricted 7" (g)-modules with non-
trivial actions of c1, ..., ¢,_1. First we have the toroidal Lie algebra T~ (g)
and its subalgebra

T¢ V@) =g@Cli,. ... 1o (e]Z/Ca).

Extend the symmetric invariant bilinear form (-, -) on (the multi-loop Lie alge-
bra) L7~V (g) to T" VD (g)’ such that ¢; fori = 1, ..., r — 1 lie in the kernel.
With the Lie algebra 7~V (g)’ equipped with this symmetric invariant bilin-
ear form (which is degenerate), we have a (generalized) affine Lie algebra
T(r/:lvg)/ . From Theorem 1.4, for any complex number ¢, we have a vertex

S i =D (q)
algebra VT Gy (€,0) with T (g)" as a subspace.

Proposition 1.10. Let ¢ be any complex number. For any restricted T (g)
-module W of level £, there exists a (unique) VT (€, 0)-module structure

Yw with

=D gy

Yw(a[pl,x) =a(p,x) foraeg, pe /s
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and Yw(ci,x) = cjx~! fori = 1,...,r — 1, where we abuse c; for ele-

ments of VTV/—%;)’(K’ 0) and for elements of T")(g). On the other hand, let
(W, Yw) be a VTU/—%;)’(K’ 0)-module such that Yy (ci, x) € x~1(End W) for

i=1,...,r — 1. Then W is a restricted T(’)(g)-module of level £ where

a(p,x) = Yw(alpl.x) foracg peZ ™'
and c;ix~ ' = Yw(ci,x)fori=1,...,r — 1.

Proof. Notice that Zl’;ll C(c; ® C[t, t~1]) is central in the generalized affine
Lie algebra T =D (g)’. In view of (1.23), the Lie algebra T\ (g)’ is iso-

morphic to the quotient Lie algebra of T~ (g)’ modulo the central ideal
er;ll > nz0 Clei ® ). Then it follows immediately from Theorem 1.5. [

Remark 1.11. In [BBS], certain Lie algebras, which are closely related to
toroidal Lie algebras, were studied in terms of vertex operator algebras and
their modules.

2. Twisted affine Lie algebras and vertex algebras

Affine Kac-Moody Lie algebras consist of untwisted affine Lie algebras and
twisted affine Lie algebras (see [K1]). As we have seen in Section 2, untwisted
affine Lie algebras are associated with vertex algebras and their modules. On
the other hand, twisted affine Lie algebras are associated with vertex algebras
and their twisted modules.

First we review the definition of the notion of twisted module for a vertex
algebra and a conceptual result on vertex algebras and twisted modules. Let
V be a vertex algebra and let o be an automorphism of V of period r (finite).
Set w, = exp(2+/—1/r), a primitive 7-th root of unity. Then V = ]_[rl;z) Vi,
where Vi = v e V | o(v) = wlv).

A o-twisted V-module ([L], [FLM], [FFR], [D]) is a vector space W
equipped with a linear map

Yw : V — Hom(W, W((x7))) C (End W)[[x7,x ]]

such that Y (1,x) = ly and foru € V/, v € V with0 < j < r — | the
following twisted Jacobi identity holds

X2 — X1

_ x2_18 <x1x—xo> (x1 —xo>_r Yo s s 1)
2

X2

_ X1 —X _
;'8 (‘x—oz) Yo (u, 1) Yoy (v, x2) — 518 ( ) Yiw (v, x2) Yy (1, 1)
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As a simple consequence we have
xt Yw(u, x) € Hom(W, W((x))) 2.2)

foru € ijithOEj <r—1.
Now let W be a plain vector space and let r be any positive integer. Set

E(W, r) = Hom(W, W((x/"))) C (End W)[[x*,x*]].  (2.3)

Notice that £E(W) = £(W, 1). We define local subspaces of £(W, r) in the
same way as we defined local subspaces of £(W) in Section 2. Notice that
(End W)[[xrl‘ , x_rl]] is naturally Z/rZ-graded as

r—1 .
(End W)[[x+,x 711 = [ [ x~7 End W)[Lx, x~'1. (2.4)
j=0

The subspace E(W, r) is Z/rZ-graded and

r—1 r—1 )
cw.ny=]Jew.ry = ]_[x—%E(W). (2.5)

j=0 j=0
We define an order r automorphism o of £(W, r) by
o(a(x)) = la(x) 2.6)

fora(x) € EW,r) = x’%E(W), 0 < j <r — 1. Under this definition, we
have (cf. (2.2))

xta(x) € E(W) = Hom(W, W((x)))

fora(x) e EW,r)/, 0<j<r—1.
Let a(x), b(x) be alocal pair in £(W, r) with homogeneous a(x) € E(W, r)/
for some 0 < j <r — 1. We define a(x),b(x) € E(W,r) forn € Z by

— R _%> —%—i %
a(x),b(x) €Sy, ;( ; X x|
x (Cer =)™ ax)b(x) = (=x + x1)"b(x)a(xn)).
2.7
Remark 2.1. As in [Li2], the elements a(x),b(x) € E(W,r) forn € Z can
also be defined in terms of the generating function

Ye(a(x), x0)b(x) = Y a(x)b(x)xg """

nez
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by
i Nt
Ye(a(x), x0)b(x) = Resy, (xl xo) X [ = Res,, (x Xo) x|
X X1
(2.8)
where

X = x(;lé (xlx_ x) a(x)b(x) — xaIS (ﬂ) b(x)a(xy).
0 0

Remark 2.2. The elements a(x),b(x) € E(W,r) for n € 7Z can also be
defined in terms of the generating function Yg(a(x), x9)b(x) by

ke (ax). x0)b(x) = Resy, (x +x0) "+ ((m - x)kxf a(x1)b(x)> [

(2.9)
where k is any nonnegative integer such that

(x1 — x2)*a(x)b(x2) = (x1 — x)*bx2)a(x)).
This definition uses the associative algebra aspect of vertex algebras (cf. [Li3]).
The following results were obtained in [Li2]:

Theorem 2.3. Let W be any vector space and let r be any positive integer.
Every maximal 7./ r Z-graded local subspace U of E(W, r) is a vertex algebra
with o as an order r automorphism. Furthermore, W is a faithful o -twisted
U-module with Yy (a(x), xg) = a(x).

Corollary 2.4. Let W be any vector space and let r be any positive integer.
Every 7/ rZ-graded local subspace S of E(W, r) generates a vertex algebra
(S) with o as an order r automorphism. Furthermore, W is a faithful o -twisted
(S)-module with Yy (a(x), xo) = a(x).

Let g be a Lie algebra equipped with a symmetric invariant bilinear form
(-, -) as in Section 2. Recall from Section 2 that we have the (untwisted) affine
Lie algebra § and for any complex number £, we have a vertex algebra V(€. 0)
which is also a g-module of level £. Let o be an order r automorphism of g,
preserving the bilinear form. Extend o to an order r automorphism of the affine
Lie algebra g by o (¢) = ¢ and

cla®t")=o0(a)®t" foraecg, nel.

Furthermore, o gives rise to an order r automorphism, denoted also by o, of
Va(€,0) as a g-module. It follows that o is an order r automorphism of the
vertex algebra Vg «,0).
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Consider the Lie algebra
N o1
grl=9®Clt7,t ] @ Cc, (2.10)
where c is central and fora, b € g, m,n € Z,

[a® ™" b® " =[a, b1 @ 1"/ + Zia )5 oc.
r

Clearly, the linear map  from § to §[r], defined by ¥ (a @ t") = a ® t"/"
and ¥ (c) = Lc, is an isomorphism of Lie algebras.

r

Extend o to an automorphism of g[r] by o (c) = 1 and
c@®@t"" =w ™o@1t foracg, meZ. — (2.11)
The twisted affine Lie algebra g[o] (see [FLM)) is defined to be the o-fixed
point Lie subalgebra of g[r]. That is,

r—1 .
ﬁ[a]=]_[gj®t%<c[t,t*‘]®©c, (2.12)
Jj=0

whereg; ={a€g|o(a) = wﬁ a}. For a € g; form the generating function
a(e,x) = Y (@@ T e x gl x T 213)
nez

Fora € gj, b € gr we have

la(o, x1), b(0, x2)]

:xl—la(x—z) <E)r[a, bl(o, x2) + (a, b)cixl_l(S(x—z) <2) (2.14)
X1/ \Xx1 9x2 x1 )\ x1

Just as with the untwisted case the following local relation holds:
(x1 = x2)*[a(0, x1), b(o, x2)] = 0.

A glo]-module W is said to be restricted if for any a € g, w € W,
a(m/r)w = 0 for m sufficiently large and a g[o]-module W is said to be
of level £ € C if ¢ acts on W as scalar £. If W is a restricted §[o]-module,
then a(o, x) for homogeneous a € g are homogeneous elements of E(W, r)
and they form a local subset. We have (see [Li2]):

Theorem 2.5. Let W be any restricted §[o]-module of level €. There exists a
unique o -twisted module structure Yw on W for the vertex algebra V(¢ 0)
such that

Yw(a,x) =a(o,x) fora € g.
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On the other hand, for any o -twisted Vg(@,O)-module (W,Yw), W is a
restricted §[o ]-module of level £ with a(o, x) acting as Yw (a, x) fora € g.

Remark 2.6. Just as Theorem 1.5 can be used to associate restricted mod-
ules for toroidal Lie algebra L()(g) with vertex algebras and modules
in Section 2, Theorem 2.5 can be used to associate restricted modules
for certain twisted toroidal Lie algebras with vertex algebras and twisted
modules.

3. Quantum torus Lie algebras and vertex algebras

Quantum torus Lie algebras are a family of infinite-dimensional Lie alge-
bras which are closely related to toroidal Lie algebras. In [Li3] quan-
tum torus Lie algebras were associated with vertex algebras and quasi
modules.

First we present the Lie algebras of 2-dimensional quantum torus, following
[BGT]. Let g be a nonzero complex number. Consider the following twisted
group algebra of Z>

+1 1 +1 1
Cyltg 77 1=Clty 177 (3.1
as a vector space, where form, n,r, s € Z,
ey = ¢ty (3.2)

Let A be an associative algebra equipped with a (possibly degenerate) sym-
metric invariant bilinear form (-, -) in the sense that

(ab,c) = (a,bc) fora,b,c € A. 3.3)
Consider the tensor product associative algebra
At 6F = A Cylrt!, 1. (3.4)

Naturally, A, [, tlil] is a Lie algebra with the commutator map as the
Lie bracket, which is denoted by [-, -lipop. For a,b € A, m,n,r,s € Z,
we have

la®1y'1], b®1§1} Nioop = ¢ (@b @1y 1] +) =g (ba @1 1] +*).  (3.5)

Furthermore, consider the following two-dimensional central extension of the
Lie algebra Aq[til, tlil]:

Al 551 = Ayl £F 1@ Cop @ Cey = AR Ty, 1F1@ Cep @ Cey,
(3.6)
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where cq, ¢ are central and
[a ®t0 tl ,b®l0l1] — an(ab®tm+r n+s) _ ms(ba ® m+r n—H)
+ (a, b)q"" 8myr,08n+5,0(meco + ney). 3.7

Fora e A, ne€Z, set

X@.nx)=Y @e'tHx " e Ay T llx. x7'11. (3.8)

meZ

Then

—n
[X(a,n,x1). X(b.s.x2)] = q " X(ab,n+s.,q "x)x; '8 <q x2>

Sx 8 —"lx
— X(ba,n + s, x2)x7 '8 (q 2) + (@ b)Suys.0——xp '8 (q 2) co
X1 0x2

1\ - “x2
+{a, BYSns.0n (clxz 1) x's (‘1 - ) : (3.9)

Consequently, we have
(x1 — ¢ "x2)*(x1 — ¢°x2)[X (a,n, x1), X (b, s, )] =0.  (3.10)

R For convenience let us just use ;4; for the Lie algebra A;[til, tlil]. An
A,-module on which cq acts as a scalar £ € C is said to be of level £. An
Aq-module W is said to be restricted if for any a € A, n € Z and for any
weW,X(@a,n,x)w € W((x)). Thatis, X (a, n, x) acting on W is an element
of £(W). It was proved in [Li3] that restricted Aq-modules of a fixed level can
be associated with vertex algebras. This follows from a conceptual result. To
state this result we shall need the following notion:

Definition 3.1. Let V be a vertex algebra. A quasi V-module is a vector space
W equipped with a linear map

Yw(,x):V — Hom(W, W((x))) C (End W)[[x, x_l]]

such that Yw(1,x) = 1w and for any u,v € V, there exists a nonzero
polynomial p(x1, x2) such that

1 [ x¥1—x2
xy'e ( o >17(X1, x2)Yw(u, x1)Yw (v, x2)

—1 X2 — X1
=" () s Y PG x)

_ X1 — X0
=X, Is (T) p(xt, x2)Yw (Y (u, xo)v, x2). 3.11)



250 Haisheng Li

Let C(x1, x2) be the field of rational functions in variables x; and x;. We
define iy, x, to be the algebra homomorphism from C(x1, x2) to C((x1))((x2))
such that ¢y », (x{"x5) = x{"x} form, n € Z and

n Lo
b (i ax) = 3 () Bty
i>0

fora € C, n e Z.
Now, let W be any vector space. A subset S of £(W) is said to be quasi local
if for any ¢ (x), ¥ (x) € S,

p(x1, x2)@ (X)) Y (x2) = p(x1, x2)¥ (x2)@ (x1) (3.12)

for some nonzero homogeneous polynomial p(xy, x2).
If a(x), b(x) are quasi local, we define a(x),b(x) for n € Z in terms of the
generating function

Ye(a(x), x0)b(x) = Z(a(x)nb(x))xo—n—l

neZ
by

Ye(a(x), x0)b(x) = tx x(1/p(xo + x, %)) (p(x1, X)a(x1)b (X)) |x;=x+x-
(3.13)
One can show that this definition is independent of the choice of the polyno-
mial p(xp, x2). A quasi local subspace U of £(W) is said to be closed if

a(x),b(x) e U fora(x),b(x) e U, neZ.
The following was proved in [Li3]:

Theorem 3.2. Let W be any vector space. Every maximal quasi local sub-
space U of E(W) is a vertex algebra with 1y as the vacuum vector and W is
a faithful quasi U-module with Yy (a(x), x0) = a(xo). Any quasi local subset
S of E(W) generates a vertex algebra with W as a faithful quasi module.

It is clear that Theorem 3.2 is applicable to to the case with W a restricted
Aq-module of level £. Moreover, we can also determine the corresponding
vertex algebra. To present the corresponding vertex algebra we need another
algebra. The following was obtained in [Li3]:

Lemma 3.3. Define a non-associative algebra with the underlying vector
space

Culry' i1 = cig, 71, (3.14)
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equipped with the multiplication

At = Snamrty 1] form,n,r,s € L. (3.15)
Endow this non-associative algebra with a bilinear form defined by

(ot 1517) = 8nts,08mtn,r form,n,r,s € Z. (3.16)

Then this algebra is associative and the bilinear form is symmetric and
associative.

Let A be an associative algebra equipped with a symmetric invariant bilinear
form as before. Now, we have an associative algebra AQC, [t tlil] equipped
with a symmetric invariant bilinear form (-, -). The bilinear form is also invari-
ant when A ® C, [til, tlil] is viewed as a Lie algebra. For convenience,
we set

Ay = AR CiF 1. (3.17)
Form the (generalized) affine Lie algebra
A= (ARCIF ' D ®Clt, 17 @ Ck. (3.18)

Recall that for any complex number ¢, we have a vertex algebra V7= (¢, 0)
associated with the affine Lie algebra A* The following result was obtained in
[Li3]:

Theorem 3.4. Let A be an associative algebra equipped with a symmetric
invariant bilinear form (-, -) and let q be a nonzero complex number which
is not a root of unity. Let Kq be the quantum torus Lie algebra defined in
(3.6). Let A, be the Lie algebra defined in (3.17) equipped with the symmetric
invariant bilinear form. Let W be any restricted Xq -module of level £ € C,
on which the central element c acts as zero. Then there exists a unique quasi
Vi (€, 0)-module structure on W with Yy (a ® ty'ty, x) = X(a,m, q"x) for
acA, mnelZ

Next we give a new connection between twisted affine Lie algebras and
vertex algebras in terms of quasi modules. Note that the twisted affine Lie
algebra g[o] can also be realized as a subalgebra of g (see [K1]). First extend
o to be an automorphism of § by

ol)=c, o@®t")=o0(a)Qw, "t"

fora € g, n € Z. Denote by g° the o-fixed point Lie subalgebra of §. Then
g° is isomorphic to g[o’] with ¢ corresponding to ¢/r.
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Leta € g withoa = wla. Set

a5 (x) =Y (@@ t/T")x=Ir =l (3.19)
nez
We have
(] — x5)% a5 (x1)bo (x2) = (X} — x3)?be (x2)as (x1). (3.20)

The following was proved in [Li3]:

Theorem 3.5. Let o be an order r automorphism of g preserving the bilinear
form and let W be any restricted §° -module of level £/ r. There exists a unique
quasi module structure Yy on W for V@(E, 0) such that Yw (a, x) = as(x) for
aceg.

Remark 3.6. Recall that the Lie algebra §° is isomorphic to g[o’] with ¢ corre-
sponding to ¢/r. Consequently, the category of restricted g° -modules of level
£/r is canonically isomorphic to the category of restricted g[o]-modules of
level £. Combining Theorems 2.5 and 3.5 we have that on every o-twisted
V5 (¢, 0)-module there exists a canonical quasi Vi(¢, 0)-module structure. In
view of this, we expect that for a general vertex operator algebra V, there is a
canonical connection between twisted V-modules and quasi modules. Closely
related to this is a beautiful work [BDM], in which Barron, Dong and Mason
established a correspondence between V-modules and twisted modules for
V®" with respect to permutation automorphisms.

4. Extended affine Lie algebras and vertex algebras

Extended affine Lie algebras are a class of Lie algebras which were defined
(see [AABGP]) as Lie algebras equipped with a nondegenerate symmetric
invariant bilinear form and equipped with a Cartan subalgebra such that the
associated root system satisfies a set of conditions. This class of Lie algebras
contains finite-dimensional simple Lie algebras, affine Kac-Moody Lie alge-
bras, toroidal Lie algebras, and some quantum torus Lie algebras as well. On
the one hand, this class is general enough to contain many interesting examples
other than affine Kac-Moody Lie algebras, and on the other hand the structures
of this class of Lie algebras are simple enough to be completely determined
even though there are still lots to be done.

We have seen that affine Lie algebras and toroidal Lie algebras have been
associated to vertex algebras in terms of modules while (special) quantum
torus Lie algebras are associated to vertex algebras in terms of quasi mod-
ules. Extended affine Lie algebras resemble affine Lie algebras very much and
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those examples constructed in [AABGP] are Lie subalgebras of Lie algebras of
(higher dimensional) quantum tori. In view of this we believe that the following

is true:

Conjecture 4.1. Every extended affine Lie algebra can be associated to vertex
algebras in terms of quasi modules.

To prove this conjecture, first one needs to obtain a realization of extended
affine Lie algebras in terms of generating functions. Then one just follows the
example of [Li3] for quantum torus Lie algebras.
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Vertex Operators and Arithmetic: How a Single

Photon Illuminates Number Theory

Geoffrey Mason™
Department of Mathematics, UC Santa Cruz

1. Introduction

This paper is based on a talk I gave at the Spitalfields Day, held under the aus-
pices of the London Mathematical Society during the Edinburgh Conference
on Moonshine. As such, it is intended for nonspecialists.

Consider the following confluence of ideas:

As closed strings move in space-time they sweep out a worldsheet which
carries the structure of a Riemann surface.

Riemann surfaces occur as quotients I" \ H of the complex upper half-
plane H by arithmetic groups I' € SL(2, R).

The modular forms associated to I' \ H carry arithmetic information
manifested in the coefficients of the corresponding Fourier series.

Vertex operator algebra theory may be construed as an algebraicization of
aspects of the theory of elementary particles (bosonic strings) and their
interactions.

Monstrous Moonshine relates certain distinguished elliptic modular func-
tions (so-called hauptmoduln) to the Monster simple group M.

M is the automorphism group of a particular vertex operator algebra, the
Moonshine Module V*, which models bosons in the critical dimension
¢ = 24 as a Z,-orbifold.

The reader who is not conversant with all of these ideas should have no
fear. The statements above are intended only as background, and to sug-
gest several points. The first is the inevitability of connections between
elliptic modular forms, vertex operator algebras and finite groups; the sec-
ond is the intimate connection with ideas from theoretical physics (string

* Research supported by the NSF and the Committee on Research, UC Santa Cruz
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theory and conformal field theory). There is also the contrast between gen-
eral statements versus interesting special cases. Indeed, the subject of vertex
operator algebras arose from the very special and quite remarkable Moon-
shine conjectures of Conway and Norton [CN] which concerned the Monster,
and the equally remarkable work of Frenkel-Lepowsky-Meurman [FLM]
and Borcherds [B1], [B2], which showed how these conjectures could be
understood (indeed, solved) by making use of a theory of vertex operator
algebras.

In this paper I will explain how modular forms naturally arise in the the-
ory of vertex operator algebras. This has nothing to do with groups, but rather
is a manifestation of the relations that exist among the first four items listed
above. It is interesting to compare the advent of modularity with the rise of
field theory from classical and quantum mechanics and the parallel devel-
opment of vertex operator algebras from Lie algebras. We take the simplest
possible model, a single free boson. This already contains all (Ievel 1) modular
forms in a sense that we will explain. Following this, we briefly discuss the
situation for more general modular forms, specifically Siegel modular forms.
This is a relatively new topic, but the results that I will mention (obtained
in collaboration with Michael Tuite) suggest that vertex operator algebras
are capable of describing classes of automorphic forms far more general
than the elliptic modular forms which have been the main focus of attention
heretofore.

Thanks are due to the referee for helpful suggestions.

2. In the Beginning. . .

The passage CM = QM from classical mechanics to quantum mechanics
may briefly be described as follows. A state of a (classical) particle can be
described by a pair of canonically conjugate coordinates, namely position g
and momentum p. This means that they satisfy the relations

{p,pt=1q.9} =0, {p.q} =—{q.p} =1 9]

where {, } is the Poisson bracket. One may include independent states with
canonical conjugates p;, g;,i = 1,2, ... by setting

{pi.pj} =1gi.q;} =0, 2
{pi.q;} = —{q;, pi} = di;. 3)
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There is no need to linger over this; we have only to be aware that QM involves
‘substitutions’

pi, qi = operators on Fock space,

Poisson brackets = Lie bracket of operators.

This means that p; and g; are promoted to operators on some linear space (the
Fock space) in such a way that relations (1)—(3) are satisfied when Poisson
brackets are replaced by Lie brackets of the corresponding operators. One can
see easily that Fock space for independent states may be taken to be the fensor
product of the individual Fock spaces. In physics, Fock space is synonymous
with Hilbert space, but for what we wish to say nothing more than a linear
space is required.

The basic example. Recall that a (complex) Heisenberg Lie algebra is a Lie
algebra H defined as a central extension

0—-Z—H—>A—=0

with A abelian and Z = [H, H] = Z(H) being 1-dimensional. Up to
isomorphism, there is a unique Heisenberg Lie algebra of any (odd) finite
dimension and a unique one of countably infinite dimension. It is apparent
that replacing Poisson brackets by Lie brackets in (1)—(3) yields a Heisenberg
Lie algebra. So our Fock space will afford a representation of a Heisenberg Lie
algebra.

The Fock space we take is a weighted polynomial algebra

V = Clx, x2. .1 = Q) Clxi] @)
i=1

with deg x; = i,i = 1,2, .... It is indeed a tensor product of Fock spaces for
the individual states. The operators corresponding to p; and ¢; are

a;j = —, b; = multiplication by x;
3xi
respectively, and the Heisenberg canonical commutator relations (CCR) are
satisfied:
lai,a;]1 =[b;,bj]1 =0, [a;, b;] = §; ;Idy.

This all goes back to Heisenberg and his conception of matrix mechanics.
The following reformulation has a more modern feel. Namely, we can organize
the CCR into a representation w of the Heisenberg algebra in the guise of
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an daffine Lie algebra i(A). To explain this, introduce a 1-dimensional Lie
algebra

A =Ca, {(a,a) =1,

equipped with a symmetric bilinear form (, ) and normalized basis vector a.
The loop algebra L(A) is an abelian Lie algebra

L(A) = @A 1" =Clt, 1.

neZ
The affine algebra L(A) is the corresponding Lie algebra defined via
0 — CK — L(A) — L(A) — 0
where K is a central element and
[u@t", v®1t"] =m(u, v)8puin oK, u,v e A.

This is not quite a Heisenberg Lie algebra — the center of L(A) contains a ® t°
in addition to K. But by setting

9
n(a ®t") s >1
m Xn n<-1,
ta®1t®) =0,
7(K) =1Idy,

we obtain a representation  of L(A) on Fock space which pushes down to
a representation of the corresponding Heisenberg Lie algebra and which is
nothing more than a reorganization of the CCR.

It is useful to notice that 7 is an induced representation, corresponding to
a Verma module over i(A). To see this, let C1 be a 1-dimensional module
for the abelian Lie subalgebra i(A)Z = CK ®,>0 A ® t" where K acts as
multiplication by 1 and A ® " acts as 0,n > 0. With U denoting universal
enveloping algebra, we have

~ U(L(A))
V = Ind* 1. 5
Uiz )

In this context we call 1 the vacuum vector. The virtue of this point-of-view
will become apparent later.
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3. First Arithmetic Intermezzo

Fock space (4) decomposes into homogeneous spaces

V= . (6)

n>0

where V,, is spanned by homogeneous polynomials of degree n. The monomial
x7'x3%... of degree n corresponds to a partition A of n in the usual way, that is

el e
——
AET...12...2....
It follows that

dim V, = p(n) = number of (unrestricted) partitions of n.

The partition function of V is

chy(g) =) _dimV, q"

n>0

=Y p)g"

n>0

=1+4+q+2¢*+...

The arithmetic version of the tensor product in (4) is well-known and due to
Euler:

> pmg" =[] cher,i(@)

n>0 n=1

=)
— 1_[(1 +qn +q2n +..)
n=1

(1—gMH "

I
|

3
I
_

One can usefully refine the partition function of V by setting
Zy(q) = q~/*ehy (@) (7

oo
=¢ "M [Ta-¢""
n=1
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which is also called the partition function. The inverse is the Dedekind eta
function

n@)=q"* ] -¢"

n=1

When we interpret ¢ as a complex variable ¢ = ¢>** with T € H, the eta-
function is a holomorphic modular form of weight 1/2 on I' = SL(2,Z).
Without going into details, this means that there are functional identities

b
n <cczz ::—_d> = (24th root of unity)(ct + d)l/zn(r)

a b
for all r.
or a < . d)e

The connection between modular forms and QM that we have sketched
above is somewhat tenuous. It can be strengthened considerably once we make
the move to field theory.

4. ... There was Light
Quantum field theory is a generalization of QM. Recall the representation 7w of
the Heisenberg algebra L(A) on V. Set
an)=na®1"),
and form a sort of generating function
a) =Y amz """ € EndV[[z,z""]].
neZ

It is the most basic example of a quantum field or vertex operator. As we saw
in Section 2, V has a basis of states indexed by partitions. Indeed, there is a
natural basis adapted to the induced module structure (5), namely

v=uvy =a(—nypa(—ny)...a(—ng).1 ()

where ny > ny > ... > nj; > 1 are the parts of the partition X.
Now comes the basic idea. Define

Y(v3,2) =0 1‘[( — 1),<—)”' laz) o ©)
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What does this mean? Ignoring the normal ordering symbol o o for now, we
are defining a sequence of operators v (n) on Fock space, the modes of v;,
associated to each of the basis states v;, using (formal) partial derivatives of
a(z). Formally, v, (n) is the operator which appears as the coefficient of z !
in (9), and as such it is a sum of terms of the form (constant)a(n1)...a(n;). For
example, if A - 12 then

Y(v2,2) =0 a(z)* o

=9 Z a(m)a(n —m — 1)z7" Lo,
m,nel

vp2(n) = Z ga(m)a(n —m—1) o.

meZ

For u € V we would like to define v{2(n)u via the formalism

vp2(mu = Z o am)a(n —m — 1) o u. (10)

meZ

Without normal ordering, (10) is generally not well-defined for n = 1, meaning
that it will not reduce to a finite sum of nonzero states in Fock space. It is
well-defined if we set

a(nyaim), m+n=0<m,
a(m)a(n), otherwise.

° a(m)a(n) o= {

(Note that a(m)a(n) = a(n)a(m) if n+m # 0.) With this device, (10) achieves
legitimacy, because all but a finite number of the normally ordered operators
appearing as summands will annihilate any fixed state u. When we have a
normally ordered product of more than two modes a(n)s, the rule is the same:
operate first with those modes satisfying n > 0.

We define Y (v, z) for an arbitrary state v € V by extending (9) linearly. This
produces a linear map, known as the state-field correspondence in QFT:

V — End(V)[[z,z7']]
v = Y(v,2).
Y (v, z) is the quantum field, or vertex operator, associated to state v.

We distinguish three special states in V, two of which we have already seen:
1,a,and w = 1/2a(—1)21 € V5. From what we have said so far, it follows
that

Vo=Cl1, Y(1,z)=1d
Vi=Ca, Y(a,z) =a(z).
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The importance of the state w, often called the conformal vector or Virasoro
vector, is less clear at this point, however its properties are central to our
enterprise. It is traditional to write the field corresponding to w in the form

Y(@,2)=) Lmz "
nez
(note the shift in grading). It is a remarkable fact that the modes L (n) satisfy
the relations defining the Virasoro algebra Vir of central charge ¢ = 1. That is,
m3 —m
[L(m), L(n)] = (m —n)L(m +n) + T3m+n,oldv-

Furthermore, the homogeneous subspaces V,, of V are eigenspaces for L(0):
Vo ={v e VIL(O)v = nv}. (11

The quadruple (V, Y, 1, w) is the basic example of a vertex operator algebra
(on the sphere), called the Heisenberg VOA, or free bosonic theory of rank 1. It
models the annihilation and creation of (an infinite set of) bosonic states from
the vacuum. The distinguished state @ might correspond to a photon. The linear
span of all modes is a huge Lie algebra

L=(wn)|veV,neZ)

of operators on V. This follows from the following beautiful identity [B1]:

[u(m), v)] =Y ( " ) @@v)m +n—i).  (12)

i>0

As we explained before, for given u, v we have u(i)v = 0 for all large
enough 7, so that the right-hand-side of (12) is a well-defined finite sum.

It is well known that the Virasoro algebra (more precisely, the Witt algebra
Wi, which is the central quotient of Vir), acts on I:(A) as derivations. Indeed,
the modes a(n) and L(n) span a Lie subalgebra of £ which is an extension of
Wi by L(A).

5. Second Arithmetic Intermezzo
So far we have seen that the passage from CM to QM and then QFT
corresponds to a series of increasingly complicated Lie algebras:
CM = OM = QFT
L(A) = L(A) = L.
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We have also seen that the eta-function arises rather naturally in QM. We will

now explain how QFT, aka £ or the Heisenberg VOA V, produces a large

number of holomorphic modular forms on SL(2, Z) - all of them, in fact.
Recall the grading (6) on V. If v € Vj and

Y(v,z) = Z v(n)z !

nez

then one knows that
vm) : Vy — Vatk—m—1.
In particular, the zero mode o(v) = v(k — 1) satisfies
o(w):V, — V,,

that is o(v) has weight zero as an operator. So we can take the graded trace, or
(1-point) correlation function

Z(v,q) = Trvo(v)qL(O)*l/24

=g Try,o(w)q",

n>0

where as in (7) we have included an extra term ¢ ~!'/?*. Extending Z to V by
linearity, we obtain a map

Z:V — ¢ *Clq]),

which should be thought of as the character of V.

The discussion in Section 3 shows that Z(1,7) = r)(t)_1 is the partition
function, or graded dimension of V. We will now describe the full image of
Z, for which we need some standard notation for modular forms (see [S], for
example, for details).

By 2 ad

Ex(g) = zzk)! + 2k — 1) ,;GZk_l(n)qn (Eisenstein series),

where By is a Bernoulli number and o7;_1(n) a power sum. For example,

Ex(q) = —1/12+2(q +3¢° +4¢° + ..)
T20E4(q) = 14 240(q + 99> +28¢> + ..)
—30240E¢(q) = 1 — 504(q + 33¢> + 244¢> + ...

For k > 2, Es(g) is a holomorphic modular form of weight 2k. That is, taking

g = ¥ as before, Eo; () is holomorphic throughout 7 and

a b

En(yt) = (ct + d)*Exp(v), y = ( . g ) e SL2,7Z).
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Note that E; is not a modular form (loc. cit.) E4(g) and E¢(g) generate the
algebra of all holomorphic modular forms on SL(2,Z), and together with
E>(q) they freely generate the algebra of quasi-modular forms [KZ)]

Q = C[E2(q), E4(q), Es(q)].
We then have [DMN]:

Z(v.q) = f@
n(q)

every f(q) € Q occurs in this way.

for some f(q) € O,

In other words, there is a linear surjection
1
zZ:V— —0. (13)
n(q)

It is an interesting feature that, up to a factor of 7(g)~!, the correlation
functions are quasi-modular, but not necessarily modular.
There is an integral grading on quasimodular forms in which Ej; has

weight 2k:
Q= @ Q-

k=0

It would be natural to think that (13) is a graded map, i.e. if v € Vi then

Z(v,q) = f(g)/n(g) with f(g) € Qk. Thisis trueif v = 1 (when f(q) = 1),
but is generally incorrect. It is important to understand how to restore a grade-

preserving map. We explain the mechanism that achieves this in the next
Section.

6. QFT on the Cylinder
Consider the conformal map
> et —1

mapping the complex plane to an infinite cylinder. This induces a VOA on the
cylinder, utilized by physicists for some time and introduced into mathematics
by Zhu [Z]. The idea is to retain the space V but adjust the state-field
correspondence as follows. For v € Vj, set

Yo,z =Y, e = 1) =Y o[l

nez

o=w-——1.



Vertex Operators and Arithmetic 265

Then we obtain a new vertex operator algebra (V, Y[ 1,1, ®) which is iso-
morphic' to the original one. What we mainly need from this is that the new
conformal vector & corresponds to a field ), Ln]z~"~2 and that the mode
L[0] produces a new grading on V

V=&>0Vin], Vinp=1{veV]|L[Olv=nv}

which is isomorphic to, but distinct from, the L(0)-grading (11). It turns out
that (13) is a graded map as long as V' is endowed with the L[0]-grading. Thus,
there is a surjection for each k > 0,

Z: V[k] — ﬁQk

There is an explicit version of this map which is useful. The analog of (8) in
the cylindrical basis of V is

v[A] = a[—11"a[-2]1...a[—r]“1 € Vi,

for a partition A - k = ) ie;. Attached to A is the labelled set @, of size k
consisting of e; elements (nodes) with label 1, e> nodes with label 2, etc. Set

F(®,) = {¢ € Symm(®d,) | ¢ a fixed-point-free involution}.

(Symm denotes symmetric group.) Then [MT1]

1
Z([A, q) = > e = C =D @,
( ) @eF (D) (r,s) )'( )

where (r,s) ranges over the orbits of ¢ acting on ®; and where we are
identifying a node with its label.

7. Compact Bosons

We have been looking at the Heisenberg, or free bosonic CFT on the sphere
(genus 0) and on the torus (genus 1), and have found that the correlation
functions are essentially quasimodular forms, but are not always true mod-
ular forms. In this Section we discuss a class of vertex operator algebras for
which the correlation functions are modular. These are® the rational conformal
field theories, or rational vertex operator algebras.

1 Since we have not actually defined what a VOA is, this is somewhat prosaic
2 In fact, the implied assertion that the correlation functions of a rational vertex operator algebra
are modular remains open at this time.
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The Heisenberg VOA is not rational, however there is a closely associated
VOA that is. Suppose that

(,):LXL—7Z

is a positive-definite even lattice of rank /. Then there is a VOA V| with Fock
space defined by

Vi = v® g CIL. (14)

Physically, this corresponds to compactifying | free bosons so that their
momenta lie on L. Rather than moving in R, they are constrained to the torus
R/ /L. For more information on lattice theories, see [FLM]. A special case of
this construction may be familiar: if we take [ = 1 and L = +/27Z then L is
just the root lattice of type A; and V, can be identified with the corresponding
level 1 affine Kac-Moody Lie algebra [K].

In (14), C[L] is the group algebra of L with basis ¢*,« € L. Inflicting
this element with degree (o, @)/2 and giving (14) the natural tensor product
grading, we find that the partition function of V}, satisfies

Zv, (@) = Zv(@)chey (@) = 00(0)/n(0)!

where

chepry(q) = 0L(x) = Y g
ael
is the theta function of L.

In contrast to V, the partition function Zy, of Vi, is a meromorphic modular
function of weight zero on a congruence subgroup of SL(2, Z) [S]. As in the
case of the Heisenberg VOA discussed before, one can describe the space of
correlation functions spanned by all Zy, (v, q), v € Vi, and to give explicit
formulas. In particular, when we transfer V;, from the sphere to the cylinder,
one finds for v € (V)] that Zy, (v, ¢) is a modular function of weight k on a
congruence subgroup of SL(2, Z). For further details see [DMN] and [MT1].

8. Genus 2

We have so far focused on elliptic modular functions, i.e. functions invariant
under a (congruence subgroup of) SL(2, Z). However, one expects that there
are similar connections with other arithmetic groups, and in particular with
the symplectic groups Sp(2g, Z). We will consider only the case g = 2. In
this Section we recall some relevant arithmetic facts. See [F], for example, for
further details.
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If X is a compact Riemann surface of genus 2 then the first homology group
is isomorphic to Z* and X admits 2 linearly independent holomorphic differ-
entials v, vy. We integrate along a suitable basis for H; (X) (the a-cycles and b
cycles), using the former to normalize and the latter to obtain the period matrix

Q for X:
f vj =i / vj = ij,
a; b,‘

Qi Q2
2= ( Q1 Qn )
Q lies in the genus 2 Siegel upper half-space
HP ={Q e My(C) | Q = Q', ImS positive-definite}.
There is a left action
Sp4,Z) x H® — HP

A B B .
(c b >OQ_(AQ+B)(CQ+D)

F () is a weight k holomorphic Siegel modular form on ' C Sp(4, Z) if
F (2) is holomorphic and

F(y o Q) =det(CQ + D)'F(Q), y eT.

Example: Genus 2 Theta function. For an even lattice L of rank [, its genus 2
theta function is defined as

®(L2)(Q) — Z q<0t7¢¥)/2r<06,/3)s(/3,f5>/27
o,BeL
(q — eZ?‘[iQn,r — eZﬂiQn,s — 62711'922).

This is a Siegel modular form of weight //2 on a finite index subgroup of
Sp4,Z).

9. Genus 2 Partition Function
For a VOA W such as V& or V1, we can make the following definition:
2 _
Zyqre.q) =Y € Y Zw.q) G, b Zw(v. ).
n>0 u,veVy)

Here, q1, g2 and € are (for the moment) formal variables, and Zyy is the correla-
tion function already discussed. In the inner sum, u# and v range independently
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over a basis of V,). If dimW,) = d, G,, is a certain invertible d x d matrix
whose (u, v)-entry is a complex number (u, v) given by a (normalized) invari-
ant bilinear form on W as in [Li]. By way of example, in the case of the free
boson VOA V we can rewrite the definition in terms of symmetric groups Si
as follows:

k
€

ZPGreq) =YY" 2(5.0) Z(s. 4 - (15)
k>0 geSi :

where Z(g, T) = Z(v[A], 7) is the correlation function determined by A F k
whenever g lies in the conjugacy class of Sy determined by A.

What we really wish to do is construct a genus 2 partition function as a
function of 2 € H®, but it does not seem to be possible to do this directly. The
fact that we could do so at genus 1 is a happy coincidence, and a misleading
one at that. One must proceed indirectly, first studying the function (15) and
then relating it to the Siegel upper half-space. Michael Tuite and the author
have established the following result:

Letg, = e?™1% 1, € H. There is a domain D € ‘H x C x ‘H and

a holomorphic map F : D — HP such that the following holds:

(a) Zw (11, €, 12) is holomorphic on D

(b) If L is an even lattice of rank / then there is an identity of formal power
series and holomorphic functions

2
Z@Z(rl, €,72)

2)

———— =07 (@), (16)
(
Z e (11, €, 12)

where (11, €, ) € Dand Q = F(11, €, T2)

Compare (16) with the genus 1 case:

ZVL (T) —
Zv®l (‘[)

0, (7).

The idea of the proof, which is long and quite difficult, is to interpret the for-
mula for Z® in terms of sewing a pair of genus 1 punctured Riemann surfaces
described by the data encoded in the triple (71, €, 72). Sewing produces a com-
pact genus 2 Riemann surface which has a period matrix 2. This determines
the map F. The proof of (16) makes use of the explicit formulas for the genus
1 correlation functions that we mentioned in Section 7. For further details, see
[T] and the forthcoming [MT2], [MT3].
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Rational Vertex Operator Algebras
and their Orbifolds

Geoffrey Mason™
Department of Mathematics, UC Santa Cruz

1. Introduction

The Conway-Norton conjectures about the Monster-modular connection, later
established by Borcherds [B] following the work of Frenkel-Lepowsky-
Meurman [FLM], set the stage for an intensive study of the origins of the
relations between finite groups and modular functions. Norton also introduced
generalized moonshine which associates g-expansions to pairs of commuting
elements in M. His conjecture that the nonconstant functions that one obtains
in this way are also hauptmoduln remains open.

By now it is clear that the principal mathematical idea underlying the general
study of such phenomena is that of a vertex operator algebra. For an exten-
sive class of vertex operator algebras, so-called! rational orbifold models, one
expects a theory completely parallel to Monstrous Moonshine whereby one
associates modular functions to automorphisms of finite order. Furthermore,
this theory naturally accommodates generalized moonshine. From this per-
spective, the Conway-Norton phenomena would be a particularly interesting
sporadic example of a general theory, just as the Monster itself is a particularly
interesting sporadic example of a finite simple group.

In the spirit of the Edinburgh Conference, this paper is mainly devoted to
a review of some of the main results currently available concerning the struc-
ture of rational vertex operator algebras and their orbifolds. We sometimes
use the Frenkel-Lepowsky-Meurman Moonshine Module V® [FLM] to illus-
trate the ideas. We also suggest open problems - many of them well-known -
whose solution would contribute to a more complete theory. At the end of the
paper we announce some new results (joint work with Chongying Dong) which
solve the problem of generalized moonshine for a large class of orbifolds.

* Research supported by the NSF and the Committee on Research, UC Santa Cruz
1 A discussion of the term orbifold is given at the beginning of Section 4.
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Our discussion is brief throughout, and by no means complete. We generally
assume the reader to be familiar with the basic facts about the theory of vertex
operator algebras ([FHL], [FLM], [LL]).

2. Rational Vertex Operator Algebras

We denote a vertex operator algebra (VOA) as a Z-graded complex linear space

v:@vn.

There is a notion of representation for VOAs, and hence a module category
V-Mod.

For background we refer to [FHL], [LL]. The module category V-Mod is gen-
erally difficult to deal with. For example, although there is a general notion of
dual module (loc. cit), the adjoint module V may not be self-dual. We will not
discuss this further here (cf. [DM1]), but it suggests that one should not expect
a nice theory unless the class of vertex operator algebras is suitably restricted.

One has to deal with several types of V-modules. The most basic are the
simple modules. They have a grading of the general shape

M =P M,
n>0

for some (a priori complex) number A, the conformal weight of M. In addition
to the simples, there is the idea of an admissible or N-gradable module. We
will not give the definition here (cf. [DLMI1], [Z]), but merely note that they
arise naturally from Zhu’s idea of constructing V-modules via the so-called
Zhu algebra A(V) [Z].

Definition[DLM2]: V is rational in case V-Mod is semisimple in the sense that
every admissible module over V is completely reducible.

Definition[Zhu]: Let C2(V') be the subspace of V spanned by a(—2)b, a,b €
V. Call V Cy-cofinite if

dim V/C(V) < o0.

The relation between these two definitions is not entirely understood. First
we have

Suppose that V is either rational or Ca-cofinite.

Then V has only finitely many simple modules.
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This is proved in [Z] under the hypothesis of C»-cofiniteness. Indeed, it is not
hard to see that the finiteness of dim V/C, (V) implies that of dim A(V), and
this in turn implies the finiteness of the number of simple V-modules. If V is
rational then it is shown in [DLM2] that A(V) is a semisimple algebra, and
hence is necessarily of finite dimension. Physicists have known for some time
that there are VOAs which are not rational but which have only finitely many
simple modules (logarithmic field theories). It seems likely that such theories
are Cy-cofinite, though this seems not to have been checked. If so, then one
can expect a large number of Cy-cofinite, irrational VOAs. Still, one can hope
that the following is true:

Problem 1: Prove that
V rational = V (C,-cofinite.

We refer the reader to [DLM1], [ABD], [GN] for further background.

For many purposes one needs to know that a given V is both rational and
C;-cofinite. It is therefore of some importance to resolve Problem 1, so that the
C»- assumption can be dispensed with in the presence of rationality. In many
ways, the ‘best’ type of VOA, which we call strongly rational or SRVOA:s,
satisfies these and other conditions:

Definition: V is strongly rational if it satisfies

(a) V is rational

(b) V is Cy-cofinite
ov=CleoVieV,...

(d) V is self-duali.e. V = V' as V-modules.

Conditions (c) and (d) are independent of (a) and (b): one can construct
examples of VOAs satisfying (a) and (b) for which any combination of
(c) or its negation together with (d) or its negation hold [DM1]. The class
of strongly rational vertex operator algebras enjoy many of the properties
generally assumed in the physics literature.

From now on we assume that V is simple SRVOA of central charge c. We
review some basic properties of such V:

1. V admits a unique nondegenerate, invariant bilinear form
(,):VV —C

normalized so that (1, 1) = —1. In part, this amounts to a reformulation
of property (d) of a SRVOA. Uniqueness follows from properties (c),
(d) and Li’s theory [Lil]. See also [FHL].
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2. The pair (V1, (, )) consisting of the weight 1 subspace of V together
with (the restriction of) ( , ) is a Lie algebra equipped with a nondegen-
erate, symmetric, invariant bilinear form, where

[a, b] = a(0)b, {(a,b)1 =a(1)b, a,b e V.

These facts are elementary.
3. V) is a reductive Lie algebra, that is

Vi=T®eL &...0 Ly,

where 7 is abelian, each L; a simple Lie algebra, and the restriction of
(, ) to T and each L; is non-degenerate. It is worth noting that ideas
concerning modular-invariance underlie the proofs [DM2].

4. Each of the affine Lie algebras L; determined by L; is integrable. To
explain this, for u, v € L; we have

[u(m), v(n)] = [u, vI(m + n) + m(u, v)dn+n,0
= [u, vl(m + n) + ml;(u, v)84n.0-

The first equality comes from the VOA axioms, the second arises from
the theory of Kac-Moody Lie algebras [K], the notation being that ( , )
is the non-degenerate form on L; normalized so that (o, @) = 2 for a
long root « in the root system determined by L;, and /; is the level of L;.
Integrability is the assertion that each level is a positive integer. This is
proved in [DM3].

Now we come to the question of modular-invariance. Let the (finitely
many) simple V-modules be M L .., M", with conformal weights
M, ..., A and graded dimensions

Zyi(g) = TrMiqL(O)_C/24 = q_c/24+)‘ Z dimM/{H_”q”.
n>0
Let ¢ = ¢*™T with 7 in the complex upper half-plane H, so that we
may think of the graded dimension as a function Z,;: (7) on H.
5. Each Z ;i (7) is holomorphic in H. For y € SL(2, Z) there are scalars

pij(y) such that

at +b d a b
Zyi (cr—i—d) =j§,0ij()/)ZMj(T), Yy = ( ¢ d )

The matrices p(y) afford an r-dimensional representation of
SL(2,7Z)/+£1. The main ideas for proving this are in Zhu’s fundamental
paper [Z].
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6. The central charge ¢ and each of the conformal weights A; are ratio-
nal numbers. This is proved in [DLM2], extending an argument of
Anderson and Moore [AM].

As a consequence of the last result, there is a positive integer N such
that for each i, A; — c¢/24 =n;/N, n; € Z, and

Zyi (@) € ¢"'NZIIq]l.

Problem 2 (Modular-invariance): Prove that the kernel of the representation
p contains the principal congruence subgroup I'(N) of level N. Equivalently,
prove that each Z;;i (g) is a modular function (weight zero) on a congruence
subgroup of SL(2, Z).

3. Automorphism Groups

We continue to assume in this Section that V is a SRVOA, although all four
of the conditions (a)-(d) will not always be required in what follows. The
automorphism group of V is defined in the usual way:

AutV = {g € GL(V) | gu(mg~" = (gv)(n), go = w}.

We set G = AutV. It acts on each V, and preserves ( , ), so that restriction
provides a sequence of orthogonal representations

Gg— O0(Vp).
For g € G, the graded trace of g is defined in the obvious way:
Zy(g,q) = Tryg " O~/ = g7 "Try, g ¢".

n>0

Example: AutV" is the Monster simple group M [FLM]. The orthogonal repre-
sentations of M are rational-valued, so that V,, is a rational-valued M-module.
Hence, for g € M,

Z(g,9) € ¢~ 'Zllq]l.

The nature of G is still not well-understood. The best general result obtained
so far [DG] is that

G is an algebraic group.

The process of exponentiating elements of a (semisimple) Lie algebra to
obtain automorphism in the corresponding Lie group works perfectly well for
V too. More precisely, there is a normal subgroup

L= (expu(0) | u € Vi) <G,
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which we call the linear automorphism group of V. The theory of algebraic
groups [H] together with the structure of V| described in the previous Section
provide a clear picture of the group-theoretic structure of £ in case V is an
RSVOA. What is still lacking is a solution to

Problem 4: Prove that £L = G, i.e. L is the connected component of the
identity of G.

A consequence of this (assuming its truth!) is that £ has finite index in G, and
from this one further deduces that G is a finite group if, and only if, V| =
0. If we consider the Moonshine Module V°?, for example, this would imply
(because VlD = 0) that AutV" is finite - something that even now requires
some effort to prove.

4. Rational orbifolds

Like many things, ‘orbifold’ means different things to different people, and
the different meanings are not necessarily consistent. Orbifold theory within
the context of VOAs has come to mean the general study of the pair (V, G)
where V is a VOA and G € G a group of automorphisms. We shall allow
ourselves to call the fixed-point space

VG={v€V|gv=v, Vg € G}

an orbifold, or orbifold model. 1t is, of course, a subVOA of V. Orbifold theory
in this sense includes the study of twisted sectors, fusion rules, and intertwining
algebra defined by V and G, among other things, and we shall look at some
of these ideas below. One of the first major constructions in orbifold theory
was the work of Frenkel-Lepowsky-Meurman concerning a Z;-orbifold of the
Leech lattice VOA. We refer the reader to [FLM] for an account of this, where
it is also explained how this relates to a Zj-orbifold of the Leech torus in the
topological sense.

Now let us return to the case when V is a SRVOA. One is then particu-
larly interested in the closed subgroups of G and their orbifolds in the above
sense. In particular, we want to know when V© is a rational VOA for a closed
subgroup G C G.

By atheorem in [DM4], every irreducible unitary representation of G occurs
as a constituent of the restriction to V,,, for at least one (and therefore infinitely
many) . Furthermore, V decomposes into a direct sum of simple V¢ -modules
indexed by the irreducible representations of G, with inequivalent irreducible
G-modules giving rise to inequivalent V¢-modules. The upshot is that if G
is not finite then there are infinitely many inequivalent simple V ©-modules
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contained in V, so that the orbifold VC cannot be rational. This leaves the
case of finite G, for which the following is a well-known open problem:

Problem 5: If G is a finite group, prove that
V rational = VY rational.

One also needs to know about Cj-cofiniteness. Affirmative solutions to
Problems 1 and 5 would take care of this, but one can also ask

Problem 6: If G is a finite group, prove that
V Cy-cofinite = ve C,-cofinite.

If solutions to these problems are available (and there are very few choices of V
and G which have been checked thus far), then modular-invariance of rational
orbifolds is subsumed within the general problem of modular-invariance for
rational VOAs. However, when we have a group acting on V, the structure of
the orbifold V¢ and its module category has additional features which are not
present in general. These concern the twisted sectors, which we take up next.

5. Twisted Sectors

Let V be a VOA, G C G a finite group of automorphisms of V, and g € G an
automorphism of order N. A (simple) g-twisted sector is a graded space

V(e) =PV @re+s
n>0
for some scalar A(g) (the conformal weight), where V acts by ‘twisted’
operators. Naturally, the graded dimension of V (g) is defined to be

Zyg)(q) = "l"rV(g)CIL(O)fc/24

— qfc/24+)»(g) Z dimV)\(gH%q"/N.

n>0

We forgo technical definitions here (cf. [L], [DLM3]), observing only that the
idea of twisted sectors has no good analog in classical representation theory.
In a more leisurely account we would have introduced general g-twisted sec-
tors, which form a category V(g)-Mod. If g = 1 (the ‘untwisted’ case), a
g-twisted module is nothing but a V-module, and from this perspective the
theory of twisted modules is a generalization of the representation theory of
V. Thus it becomes important to know when V is g-rational, which means
that V (g)-Mod is completely reducible in a sense which parallels the defini-
tion in the untwisted case (cf. Section 2). For more background and results in
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this direction, see [DLM2], [DLM3]. The main problem in this direction is the
following:

Problem 7: Prove that V rational = V g-rational.

It is known [DLM3] that, as in the untwisted case, g-rationality implies the
finiteness of the number of inequivalent simple g-twisted modules. One can
therefore refine Problem 7 by asking for the number of simple g-twisted
modules. For more on this, see [DLM?2].

One of the main applications of twisted modules is to the representation
theory of orbifolds. It is an immediate consequence of the definitions that a
g-twisted module is an (untwisted) module over the orbifold VOA VS, Thus
one can look for simple V¢-modules by decomposing twisted modules. The
basic problem here is

Problem 8: Prove that every simple V©-module is contained in a g-twisted
module for some g € G.

This suggests, for example, that the graded dimension of a simple g-twisted
module should also be a modular function. We abandon the general develop-
ment of rational orbifolds at this point in order to take up a special case where
many of the basic ideas and conjectures show up in simpler form.

6. Modular-invariance in holomorphic orbifolds

Definition: V is holomorphic if it is rational and if, in addition, the adjoint
module V is the unique simple V-module.

From now on, V is assumed to be both holomorphic and an SRVOA,
with G C G a finite group of automorphisms. We call VY a holomorphic
orbifold.

Example The Moonshine module V? satisfies these conditions.

Working with holomorphic VOAs rather than general rational VOAs is
rather like working with modular forms of level 1 rather than level N. This
is particularly apropos with regard to questions of modular-invariance. For
example, if V is holomorphic then the representation p which figures in Prob-
lem 2 is 1-dimensional, in which case modular-invariance is clear. Hence we
have [Z]

If V is a holomorphic VOA then the graded dimension Zy (g) is a

modular function of weight zero on SL(2, Z) (possibly with a character).
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For this to even make sense, we must set g = ¢>"! with 7 in the complex upper

half-plane H, and identify Zy (g) with the corresponding function Zy () on
H. Implicit in the last displayed assertion is the fact that Zy (t) is holomor-
phic throughout H. Similar comments apply to the additional g-expansions
that occur below. The most famous example is of course that of V%, where

Zyi(@) =q ' +0+196884g + ...

is the modular function J(g) with constant term zero [FLM].

The theory of twisted sectors is also better understood in the case of holo-
morphic VOAs. In particular [DLM2], there is a unique simple g-twisted sector
V(g) for each finite order automorphism g. There is an interesting relation
between the graded dimension of V (g) and the graded trace of g (the formal
definition is given below):

Zv(g, —1/7) = (constant) Zy (¢) (7).

This is proved in [DLM3], and shows that the modularity of Zy (g, q) is
equivalent to that of Zyg)(q). In the case of the Moonshine Module V*
for example, each Zy:(g, ¢) is modular thanks to Borcherds solution of the
Conway-Norton Moonshine Conjectures [B]. Therefore, each simple twisted
sector V“(g), g € M, has a graded dimension which is a modular function.
Note that explicit constructions of the twisted sectors are known in only a few
cases. To be most effective, one would like to know

Problem 9: Show that the constant above is always 1.

This would establish a remarkable fact - that the graded dimension of the
g-twisted sector just the S-transform of the graded trace of g on V. Problem 9
remains open even in the case of V' and general g € M, though it is known in
some cases.

Example: (Identify elements of M as in [CN]; n(r) is the Dedekind eta-
function.)
(a) 2A € M; A(2A) = 1/2,
ZQA, 1) =q ' +4372qg + ...
th(ZA)(q) = q71/2 + 4372q1/2 + ...
b)2B e M : A(2B) =1,

()%

Z(2B.1) =24
( ) * n(2t)*

_ 12 77(1')24
Zvj(zB)(q)—24+2 W
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The uniqueness of V' (g) can be exploited. It is a general fact [DM5] that if
g, h € G then h induces a functor V (g)-Mod — V (hgh~")-Mod. In particu-
lar, the unicity of V (g) leads to a projective action of the centralizer C(g) on
V(g). Thus if gh = hg then there is a graded trace

Zyg(h,q) = "l"rV(g)th(O)_C/24

. —c/24+X(g) n/N
=4 > Trv, 0 4
n>0
which is well-defined up to an overall nonzero scalar. Setting Z(g, h,q) =
Zyg)(h, q), there is the following conjecture which generalizes the relation
between Zy (¢)(q) and Zy (g, ¢) which we discussed above:

Problem 10: For each y = ( ccl Z ) € SL(2,Z), prove that
b

(g, h, S22 = (constant Z(g ¢, g1, ),
ct+d

where the constant is a root of unity.

In the case of V7, this is precisely Norton’s generalized moonshine conjec-
ture mentioned in the Introduction. Note that unlike Problem 9 (corresponding
to the case y = §) the constant cannot always be taken to be 1. On the other
hand, all of the remaining difficulty in the problem resides in the nature of the
constant, since the equality (with no restrictions on the constant) is known to
be true [DLM3]. It is a consequence of Problem 10 that each Z(g, h, t) is a
modular function of weight zero. Assuming an affirmative solution to Problem
8, this in turn is equivalent to the modularity of the graded dimensions of the
simple modules over a holomorphic orbifold.

Finally, we mention unpublished work of the author and Chongying Dong. A
holomorphic linear orbifold is a holomorphic orbifold V¢ with a finite group
G C L. Roughly, we can show that much of the program outlined above can
be proved for holomorphic linear orbifolds, and in particular Problems 9 and
10 have affirmative solutions. Indeed, there is a symmetric function ¢ (-|-) :
G x G —> C* such that

¢(g | -) is a character of Cg(g)
Z(g.h,S1) = ¢(glMZ(h, g~", )

This corresponds precisely to the formalism of [DVVV] in one of the first
papers on orbifolds. For the Moonshine Module V! the linear automorphism
group is trivial, so we find nothing new in this case. On the other hand, for
the holomorphic VOA Vg, corresponding to the Eg root lattice, £ is the full
automorphism group. In this case, then, we have a complete proof of modular-
invariance for commuting pairs of elements. Given a linear orbifold, G arises
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from exponentiating elements of V; and one can make use of the connec-
tion with Lie algebras in the proofs. Furthermore, there are fairly explicit
descriptions of the twisted sectors for elements in £ based on a construction
of Li [Li2]. There are connections with some modular-invariance results of
Miyamoto [M].

This completes our survey, though there is much more that one could (and
perhaps should) say. In particular, we have omitted discussion of the ideas
of Bantay [Ba] for proving modular-invariance results using permutation orb-
ifolds and modular data. Huang has recently announced some important results
[Hu] concerning the categorical nature of V-Mod which bear on these issues.
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Quasi-finite Algebras Graded by Hamiltonian
and Vertex Operator Algebras

Atsushi Matsuo*, Kiyokazu Nagatomo' and Akihiro Tsuchiya*

Abstract

A general notion of a quasi-finite algebra is introduced as an algebra graded by
the set of all integers equipped with topologies on the homogeneous subspaces
satisfying certain properties. An analogue of the regular bimodule is intro-
duced and various module categories over quasi-finite algebras are described.
When applied to the current algebras (universal enveloping algebras) of vertex
operator algebras satisfying Zhu’s Cy-finiteness condition, our general consid-
eration derives important consequences on representation theory of such vertex
operator algebras. In particular, the category of modules over such a vertex
operator algebra is shown to be equivalent to the category of modules over a
finite-dimensional associative algebra.

Introduction

In order to construct conformal field theories on Riemann surfaces associ-
ated with a vertex operator algebra V and to obtain their properties such as
the finite-dimensionality of the space of conformal blocks, factorization of the
blocks along the boundaries of the moduli space of Riemann surfaces and the
fusion functors or the tensor product of V-modules, we need first to impose an
appropriate finiteness condition on V and second to study the structure of the
abelian category of V-modules to some extent.
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One of the candidates of such a finiteness condition is the one introduced by
Y.-C. Zhu ([Zhu]), usually called the C,-finiteness (or C;-cofiniteness), saying
that a certain quotient space V/C,(V) is finite-dimensional. We will call this
condition Zhu’s finiteness condition in the rest of the paper. This condition was
used in [Zhu] in an essential way to the proof of the modular invariance of char-
acters of V-modules, as well as the condition that the category of V-modules
is semisimple. The modular invariance is a part of the characteristic properties
of rational conformal field theories.

Another important ingredient in Zhu’s derivation of the modular invariance
is the use of an associative algebra A(V), called Zhu’s algebra, and a functor
from the category of V-modules to the category of A(V)-modules. The funda-
mental result of Zhu is as follows: the functor sends an irreducible V-module
to an irreducible A(V)-module in such a way that the equivalence classes of
irreducibles in the two categories are in one-to-one correspondence. In partic-
ular, the number of irreducible classes is finite if A(V) is finite-dimensional.
The last property actually follows from Zhu’s finiteness condition mentioned
above.

However, the above-mentioned functor need not give us an equivalence
of categories. Specifically, if we include the cases when the category of
V-modules is not semisimple, the algebra A(V) is not enough to understand
the properties of the category of V-modules in general. In this regard, it
seems to the authors that detailed analysis of the structure of the abelian cat-
egory of V-modules has not yet been done. (See [DLM3] for some related
results.)

The purpose of the present paper is to fill this gap by making use of the
universal enveloping algebra associated with the vertex operator algebra.

The universal enveloping algebra associated with V, which we will denote
by U = U(V), is a certain topological algebra first considered by Frenkel
and Zhu in [FrZ]. The presence of a topology is inevitable as the univer-
sal defining relations of vertex operator algebras contain infinite sums. We
will call U the current algebra for short in the rest of the paper. More pre-
cisely, the current algebra U is an associative algebra with unity graded by
the set of integers equipped with a separated linear topology defined by a cer-
tain sequence Io(U), I; (U), ... of open left ideals such that each homogeneous
subspace U(d) is complete with respect to the relative topology. Note that the
quotient space Q,(U) = U/I,(U) is a discrete space, which inherits a grading
from U. We will denote its subspace of degree d by Q, (U)(d). The algebra U is
important in that there is a one-to-one correspondence between V-modules of
certain type and continuous discrete U-modules. (See Section 6 for the precise
statement.)
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The authors noticed while trying to understand the category of V-modules
by means of U that the finiteness property should better be imposed on U
rather than on V as far as the properties of the category as an abelian category
are concerned. Thus we arrived at the concept of quasi-finiteness, which is
defined as follows: U is quasi-finite if and only if the spaces Q,(U)(d) are
finite-dimensional for all integers d and nonnegative integers n. As we will
show in Theorem 9.2.1, Zhu’s finiteness condition actually implies the quasi-
finiteness of U.

Let us assume that U is quasi-finite. Then the spaces Q, (U)(d) have the gen-
eralized eigenspace decompositions with respect to the action of the Virasoro
operator Lo, which we will call the Hamiltonian of U. By using this, we can
construct a series of finite-dimensional algebras U,, and functors from the cate-
gory of continuous discrete left U-modules to the category of left U,-modules
which give rise to equivalences of categories when n is sufficiently large.
Therefore, under the quasi-finiteness, the category of continuous discrete left
U-modules as an abelian category is completely described by the properties of
the finite-dimensional algebra U,,.

In application to conformal field theories on Riemann surfaces, we have
to enlarge the algebra U and to take into account the concept of duality of
U-modules. Therefore we consider two different topologies on U, one is the
original left linear one and the other a right linear one, and take the filter-
wise completion % (V) and % (V)" with respect to the two topologies. Then
we may consider the left %/ (V)-modules, the right % (V)-modules, the left
% (V)Y -modules, and the right % (V)" -modules. We can now formulate the
concept of quasi-finiteness for each of the four and can establish the equiv-
alences or the dualities among them. We will call this type of results the
finiteness theorems.

As the argument above deriving the equivalences and the dualities of cat-
egories only uses quite general properties of U and Ly, we now postulate
them: we will call a topological algebra A with a distinguished element &
a quasi-finite algebra graded by Hamiltonain if it shares the same prop-
erties with U and Lo as mentioned above. (See Section 2 for the precise
definition.)

The present paper is divided into two parts: Part I consists in explaining
general theory of quasi-finite algebras graded by Hamiltonian and categories
of modules over them and Part II in proving that Zhu’s finiteness condition on
V implies the quasi-finiteness of U.

The plan of Part I is as follows. We will begin by describing in Section 1
the concept of compatible degreewise topological algebras and the associated
topological filtered algebras which are modeled on the topological features
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of U. In Section 2, we define the concept of quasi-finite algebras graded
by Hamiltonian and give some consequences. In particular, for a pair (A, h)
of a quasi-finite algebra A and a Hamiltonian 4, we introduce an analogue
of the regular bimodule and define certain finite-dimensional algebras A,,.
We will show that the regular bimodule is a dense subspace of the alge-
bra (Theorem 2.5.4). Section 3 is devoted to the equivalence of categories
between the category of continuous discrete A-modules, which we will call
exhaustive modules, and the category of A,-modules (Theorem 3.3.4). In
Section 4, we will introduce a notion of coexhaustive modules which is a
dual notion of exhaustive modules and establish an equivalence between the
category of exhaustive modules and the category of coexhaustive modules
(Theorem 4.3.3). The duality of modules will be formulated in Section 5 as
the duality between quasi-finite exhaustive left modules and quasi-finite coex-
haustive right modules. We will then summarize various equivalences and the
dualities for quasi-finite modules (Theorem 5.5.1).

The proof of quasi-finiteness of the current algebra U in Part II under
Zhu’s finiteness condition will be done by considering a certain filtration G
on U, which was introduced in [NaT], and a certain universal Poisson algebra
S = S(p) associated with p = V/C,(V). We will construct a surjective homo-
morphism of Poisson algebra from S to the degreewise completion gr9U of
gr9U. The quasi-finiteness of U then follows from that of S. We will call S the
Poisson current algebra.

In Section 6, we will describe the construction and some properties of the
current algebra U associated with a vertex operator algebra V. In Section 7, we
will consider the filtration G on U and show that the associated graded algebra
has a structure of a Poisson algebra. In Section 8, we will construct the Poisson
current algebra S associated with any Poisson algebra p and we will show that
S is quasi-finite if p is finite-dimensional (Theorem 8.3.3). In the final section,
we will consider the case when p = V/C,(V) and construct the surjective
homomorphism ¥ : S — grSU of Poisson algebras (Theorem 9.1.2). We will
then combine these results to show that Zhu’s finiteness condition on V implies
quasi-finiteness of the current algebra U (Theorem 9.2.1).

The finiteness theorems mentioned above will give us not only a nice
conceptual understanding of the role of Zhu’s finiteness condition in rep-
resentation theory of vertex operator algebras but also a foundation in the
strategy mentioned at the beginning of this introduction of constructing the
spaces of conformal blocks on general Riemann surfaces and of showing their
expected properties. This will be developed in our forthcoming paper, which
will serve as the continuation of the previous paper [NaT] by two of the
authors.
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Part I
Quasi-finite Algebras Graded by Hamiltonian

1. Linear topologies on graded algebras

In this section, we introduce compatible degreewise topological algebras and
some related notions.

1.1. Preliminaries

Throughout the paper, we will work over an algebraically closed field k of
characteristic zero. A vector space always means a vector space over k and the
scalar multiplication of a vector space is denoted by juxtaposition.

An algebra means an associative algebra over k with unity. The multiplica-
tion of an algebra A is denoted by the dot - and the unity by 14 or simply by 1.
For subsets S and T of A, we denote by S - T the linear span of the elements
of the form s - # with s € S and r € T. The action of A on an A-module M
is denoted again by the dot. We always assume that the unity 14 acts by the
identity operator.

We endow the field k with the discrete topology. Let Iy, I1, ..., I,,...bea
decreasing sequence of linear subspaces of a vector space V. A linear topol-
ogy defined by I, means a topology on V such that for each v € V the
set {v+1,|n=0,1,2,...} forms a fundamental system of open neighbor-
hoods of v.

Throughout the paper, a topology on a vector space always means a linear
topology given in this way. Such a space is usually called a linearly topologized
vector space in the literatures.

Let V be a vector space with the linear topology defined by I,,. Any subspace
U which contains I, for some 7 is open and closed, and the quotient topology
on V/U is the discrete topology. The closure of a subspace U is given by
M, (U+1,) and U is dense in V if and only if the composite U — V — V/I,
of canonical maps is surjective for any n.

287
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The completion of V with respect to the linear topology defined by 1, is the
projective limit

V =1limV/I, (1.1.1)

endowed with the projective limit topology, namely the relative topology
induced from [];2, V/I, with the product topology of the discrete topolo-
gieson V/I,. Let i »n be the closure of the image of I,, under the canonical map
V — V.Then I, agrees with the kernel of the canonical map V> V/I, and
the topology on V is the linear topology defined by I,

The space V is said to be complete if the canonical map V — v
is a homeomorphism. Thus a complete space is separated (i.e. Hausdorff)
in our convention. If V is complete then the closure of a subspace U is
given by

U =1im(U + 1)/ I. (1.1.2)
n
and for a closed subspace F the quotient space V/F with the quotient topology
is also complete.
We refer the reader to [Bou], [EGA] and [Mac] for linear topologies.

1.2. Compatible degreewise topological algebras

Let A be an algebra and suppose given a grading

A= @ A(d) (1.2.1)
d

indexed by integers such that A(d) - A(e) C A(d + ¢). We simply call such an
A a graded algebra. Let us set

F,A = @A(d), FyA = @ A(d) (1.2.2)

d<p d>—p

where p is an integer. We call the filtration F the associated filtration and F¥
the opposite filtration. Note that the subspaces FoA and Fg A are subalgebras
of A.

Let A = B, A(d) be a graded algebra and suppose given a linear topol-
ogy on each A(d). In such a situation, we will say that A is endowed with a
degreewise topology. We assume that the multiplication maps A(d) x A(e) —
A(d + e) are continuous. We will say that A is degreewise complete if each
A(d) is complete.
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Now consider the subspace

AdNA-F_,1A) = Z Ald —k) - Ak) (1.2.3)
k<—n-—1
and let I,,(A(d)) be its closure in A(d). We assume that {I,,(A(d))} forms a
fundamental system of open neighborhoods of zero in each A(d).

Definition 1.2.1 A compatible degreewise topological algebra is a graded
algebra A endowed with a degreewise topology such that all the conditions
mentioned above are satisfied. A compatible degreewise complete algebra
is a compatible degreewise topological algebra A such that it is degreewise
complete.

Let A be a compatible degreewise topological algebra. Since the multiplica-
tion maps A(d) x A(e) - A(d + e) are continuous, we have

Ad)-1,(A(e)) CLi(Ad +e)), L(AW)) - Ale) CI—.(A(d + e)).
(1.2.4)
Therefore, for a € A(d) and b € A(e), we have

@+ Tiye(Ad) - (b +14(A(e)) Ca-b+1,(AWd +e)). (1.2.5)

Instead of I,(A(d)), we may consider the closure I/ (A(d)) of A(d)N
(F¥ A . A). Since we have

—n—1

L/ (AW@) = Li—a(Ad)), (1.2.6)

the topology defined by I (A(d)) agrees with the one defined by I,,(A(d)).

In the sequel, we will use the following terminologies: a graded subspace is
said to be degreewise dense if each homogenesous subspace is dense; the sum
of the closures of the homogeneous subspaces of a graded subspace U is called
the degreewise closure of U.

Note 1.2.2  Let A be a graded algebra endowed with a degreewise topology.
In general, there is no canonical way of extending the topologies on the homo-
geneous subspaces to the whole space A which makes A into a topological
algebra.

1.3. Degreewise completion

Let A be a compatible degreewise topological algebra. Set A= b, A(d)
where A(d) is the completion of the space A(d). We call A the degreewise
completion of A. Since the multiplication maps A(d) x A(e) — A(d + ¢) are
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continuous, they induce continuous bilinear maps A(d) X A(e) — A(d +e)
which make A into an algebra endowed with a degreewise topology.

Proposition 1.3.1 The degreewise completion Aisa compatible degreewise
complete algebra.

For instance, let A = P, A(d) be any graded algebra. We endow the
space A(d) with the linear topology defined by A(d) N (A - F_,_1A). Then
A becomes a compatible degreewise topological algebra and the degreewise
completion Ais degreewise complete. We call this degreewise topology on A
the standard degreewise topology and the algebra A the standard degreewise
completion.

Note 1.3.2 Giving topologies on the homogeneous subspaces of a graded
algebra in the way described above was considered by some authors, see e.g.
[FeF], [Kac], [FrZ], [Mal], [LiW].

1.4. Associated filtered topological algebra

A topological algebra is said to be left linear if the topology is a linear
topology defined by a sequence of left ideals. Right linearity is defined
similarly.

Let A be a compatible degreewise topological algebra. Let us endow the
algebra A with the associated filtration F. Consider the left ideal I,,(A) of A
defined by

L,(A) = @In (A(d)). (1.4.1)
d

By the compatibility of A, the space I, (A) is the degreewise closure of A -
F_,_1A. Let us endow the space A with the topology defined by I,,(A). Then
the relative topology on A(d) induced from A agrees with the original topology
on A(d). Forany a € F,A and b € F,A we have (a+1,14(A)) - (b+1,(A)) C
a-b+1,(A). Hence the multiplication A x A — A is continuous. In particular,
as I, (A) are left ideals, A is a left linear topological algebra. We simply call
this topology the left linear topology of A.
Now consider the opposite filtration F¥ and set

I/(A) = P A@)). (1.4.2)
d
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The space I (A) is the degreewise closure of FY, A - A. Then the linear
topology on A defined by I/ (A) now makes A into a right linear topological
algebra. We call this topology the right linear topology of A.

The left linear topology and the right linear topology on the same algebra A
do not agree with each other in general although the restrictions to A(d) are
the same.

1.5. Filterwise completion

Let A be a compatible degreewise topological algebra. Let us endow A with
the left linear topology and let F,.«/ be the completion

F,o = l(igleA/FpAﬂIn(A) (1.5.1)
n
with the projective limit topology. Then the multiplication F,A x F;A —
F,14A induces a multiplication F,« x F,&/ — F,,</. Consider the
space

o = limF,o/ (1.5.2)
P

and give it the linear topology defined by
I() =Ker (& — A/I,(A)). (1.5.3)

Then I, (/) is a left ideal of </ and, for any a € F,.&/ and b € F, </, we have
@+ Liyg () - (b+1,()) Ca-b+1,(a). Thus the space &/ becomes
a filtered left linear topological algebra such that the subspaces F,.</ with the
relative topologies are complete and that the image of A under the canonical
map A — 7 is a dense subspace of «7. We call <7 the left linear filterwise
completion of A.

Now consider the right linear topology on A and the corresponding filterwise
completion

Vv NV VAT Vv Vv v
¥, Fya¥ =limFyA/FANT(A). (1.5.4)
n

We will call .7V the right linear filterwise completion of A.

If A is degreewise complete then the canonical maps A — <7 and A — &7V
are injective. We will then identify A with its images. Thus we have two
inclusions

o < A (1.5.5)
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such that the relative topologies on each A(d) induced from </ and from
"V agree with the original topology of a compatible degreewise topological
algebra. Note that the filterwise completions 27 and 7" are not complete in
general.

1.6. Hamiltonian of a graded algebra
Let A be a graded algebra. An element & € A is called a Hamiltonian of A if

AWd) = {a € A|[h,a]l = da} (1.6.1)

holds for any d, where [h,a] = h - a — a - h denotes the commutator. If this
is the case then any central element as well as 4 itself belongs to A(0) and an
element /' is a Hamiltonian if and only if 4 — &’ is central.

An algebra graded by Hamiltonian is a pair (A, h) of a graded algebra A
and a Hamiltonian 2 € A(0). We will denote by H the subalgebra of A(0)
generated by the Hamiltonian /.

Remark 1.6.1 Let (A, h) be a compatible degreewise complete algebra
graded by Hamiltonian. Then the images of the canonical injections (1.5.5)
are given respectively by Y, </ (d) and ), <7V (d), where
A(d)={aed|lhal=da}, ()= {ae|lh al=da}.
(1.6.2)

In the rest of Part I, we will be mainly concerned with a compatible
degreewise complete algebra graded by Hamiltonian.

2. Quasi-finite algebras

In this section, we will formulate a finiteness condition on compatible degree-
wise complete algebras and describe its consequences. In particular, we will
formulate an analogue of the regular bimodule as a degreewise dense subspace
of the algebra.

2.1. Canonical quotient modules

Let A be a compatible degreewise topological algebra and recall the spaces
I, (A). We set

Qn(A) = A/L(A). (2.1.1)
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Since I,,(A) is a left ideal, the quotient Q, (A) is a left A-module. We will call
this module the left canonical quotient module.

By (1.2.4), we have I,(A) - FoA C I,(A). Hence the multiplication
A x FgA — A induces a right action of FgA on Q,(A) for any n. Thus
the space Q, (A) is an (A, FpA)-bimodule. In particular, it is an (A(0), A(0))-
bimodule.

Since I, (A) is a graded subspace, the grading of A induces a grading on the
quotient by setting Q, (A)(d) = A(d)/I,(Ad)). If d < —n — 1 then since
A(d) C I,(A) we have Q,(A)(d) = 0. Thus

Q) = P Q)@). (2.1.2)

d=—n

Lemma 2.1.1 Forany v € Q,(A) there exists an m such that 1,,,(A) - v = 0.

Proof. By (1.2.4) we have I,44(A) - A(d) C I,(A) and hence I, (A) -
Qu(A)(d) =0form =n+d. O

Note that the action A x Q,,(A) — Q. (A) is continuous when A is endowed
with the left linear topology and Q, (A) with the discrete topology.

Lemma 2.1.2 Let v be an element of Q,(A). Then F_,,_1{A - v = 0 implies
I,(A)-v=0.

Proof. Suppose F_,,_1A-v = 0 and choose an m such that [, (A)-v = 0. Since
I,,(A) is the closure of A - F_, 1A, we have I,(A) C A-F_, 1A+ 1,(A).
Hence I,(A) v CA-F_,_ (A-v+1,A)-v=0. ]

We may likewise consider the right canonical quotient module Q) (A) =
A/TY (A). We have analogous statements for the right canonical quotient mod-
ules as well. By the definitions of the filterwise completions .7 and <7V, the
spaces Q, (A) and Q,/ (A) are canonically isomorphic to the spaces <7 /1, (<7)
and &V /1 (&/V), respectively.

2.2. Quasi-finite algebra graded by Hamiltonian

Let A be a compatible degreewise topological algebra. Let us consider the
subspace A(0) of degree zero, which is a subalgebra of A. Then I,(A(0))
and I) (A(0)) agree with each other and they give a two-sided ideal of A(0).
Therefore, the quotient Q, (A)(0) = A(0)/1,,(A(0)) is an algebra.
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Lemma 2.2.1 The space Q,(A)(d) is a (Qn+qa(A)(0), Q,(A)(0))-bimodule.

Proof. By (1.2.4), we have 1,1 4(A0)) - A(d) C I,(A(d)) and A(d) -
I, (A(0)) C I,(A(d)). The result follows. ]

Let & be a Hamiltonian and let &, be the image of & in the quotient
Q,(A)(0). Let H, be the subalgebra of Q,(A)(0) generated by h,. By
Lemma 2.2.1, the space Q, (A)(d) is in particular an (H,+4, H,)-bimodule.

Definition 2.2.2 A weakly quasi-finite algebra is a compatible degreewise
complete algebra such that Q, (A)(0) are finite-dimensional for all n. A weakly
quasi-finite algebra graded by Hamiltonian is a pair (A, h) of a weakly quasi-
finite algebra A and a Hamiltonian £ of A.

Let (A, h) be a weakly quasi-finite algebra graded by Hamiltonian and let &,
and H,, be as above. Then H,, is a finite-dimensional commutative algebra for
any nonnegative integer n. This last property is what we will need in practice
in considering a weakly quasi-finite algebra graded by Hamiltonian.

Now let us consider the following conditions for each d:

(a) The spaces Q,(A)(d) are finite-dimensional for all n.
(b) The spaces QZ (A)(d) are finite-dimensional for all 7.

Thanks to the relation (1.2.6), these conditions are actually equivalent.

Definition 2.2.3 A quasi-finite algebra is a compatible degreewise complete
algebra such that the equivalent conditions (a) and (b) above are satisfied for
all integers d. A quasi-finite algebra graded by Hamiltonian is a pair (A, h) of
a quasi-finite algebra A and a Hamiltonian 4 of A.

2.3. Spectrum of the Hamiltonian

Let (A, h) be a weakly quasi-finite algebra graded by Hamiltonian and recall
the image h,, of & in Q, (A)(0). We let ¢, be the minimal polynomial of %, and
let 2, be the set of roots of ¢,,. Then the set €2, agrees with the eigenvalues of
the left action of 4 on Q,,(A)(0).

Let us introduce a partial order on k by letting A > w when A — u
is a nonnegative integer and let I’y be the set of minimal elements of .
We put

Fo={y+k|yeToandk=0,1,...}. (2.3.1)
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We will also use the following notation:
Tw={y+k|yeloandk=0,1,...,m}. (23.2)
Let g be the maximum of the integral differences among elements of 2q:
g=max {A —u|A, u € Qo, A= pul. (2.3.3)

Then we have I'y C Qo C I'y.

Recall the subalgebras HC A(0) and H, C Q,(A)(0). For any left
H-module W, we denote by WJ[A] the generalized eigenspace of the
Hamiltonian 4 acting on W':

WIA] = {v ew | (h — 2)" - v = 0 for some nonnegative integer r} .
(2.3.4)

If W is an H,,-module then W[A] # O implies A € ,,.
Now consider the space

Kin(Qn(A)) = {v € Qu(A) [ Iy (A) - v =0}. (2.3.5)

Then this is a left Q,, (A)(0)-module and hence a left H,,,-module. Thus the set
of the eigenvalues of the left action of 4 on K, (Q,,(A)) is contained in the set
Q. Note that v € K, (Q,,(A)) if and only if F_,,, _{A-v = 0 by Lemma 2.1.2.

Proposition 2.3.1 The set 2, is a subset of 'y 4.

Proof. Let X be an element of €2,,. Then there exists a generalized eigenvector
vin Q,(A)(0) C K, (Q,(A)) with the eigenvalue A. Since v  Oand F_,,_ A -
v = 0, there exists a nonnegative integer k with 0 < k < n for which v ¢
Kr—1(Qn(A)) but v € Kg(Q,(A)). Then A(—k) - v is a nonzero subspace of
Ko(Q,(A)). Since A(—k) - v C Q,(A)[A — k], we have A — k € ¢ and hence
A€ kg C g, O

Now Lemma 2.1.1 implies Q,(A) = US?:O K, (Q, (A)). Therefore, Propo-
sition 2.3.1 implies that

Qu(A) = €D Q)AL (2.3.6)

rel

Lemma 2.3.2 The space Q,(A)[A] with A € Ty, is a subspace of
Ky (Qu(A)).

Proof. Since A —m — 1 ¢ T'so, we have F_,,_1A - Q,(A)[A] = 0. Hence
Qu(A)[A] C Kin(Qn(A)). O
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Proposition 2.3.3 The multiplicities of the roots of the minimal polynomial
@n do not exceed those of g for any nonnegative integer n.

Proof. Let £ be the maximum of the multiplicities of the roots of ¢, and let v
be an element of Q,(A). We show that (& — A)¥ - v = 0 for some k implies
(h — 2% - v = 0. Let A be a minimal counterexample to this claim: there
exists a nonzero vector v such that (h — A)F - v = 0 for some k but (h —
M)t - v # 0. Then, by the minimality, we have F_{A - (h# — 1)¢ - v = 0 and
hence (h — 1)¢ - v € Ko(Q,(A)) by Lemma 2.1.2. Hence A € © C I’y and
sov € Q,(A)[A] C Kg(Qu(A)) by Lemma 2.3.2. Hence (h — MNEv=0a
contradiction. (I

2.4. The regular bimodule

Let (A, h) be a weakly quasi-finite algebra graded by Hamiltonian. We denote
by A[A, u] the simultaneous generalized eigenspace of the left and the right
actions of the Hamiltonian / on A:

A, ul={aeA|(h—0"-a=a-(h—p" =0forsomer}. (2.4.1)

We will call this A the left eigenvalue and p the right eigenvalue of h.
By the definition, A[A, u] # O implies that d = A — u is an integer and
A[A, u] C A(d). We also note that

AWd)-Alx, ul CAL+d, n], A, ul-Ale) CAL, u—e]. (24.2)
It is easy to see that
Alk, A]- Alp, vl = 0if & # p. (2.4.3)

Indeed, if a - (h — A% = 0and (h — )" - b = O with A # pthena-b =
a-1-b=a-(h —A)kf(h) -b+a-(h—p)"g(h)-b = 0 for some polynomials
f(x) and g(x). Also note that

Alr, A]- Ax, u] C Alk, u]. (2.4.4)
We now set
Boo(A) = Y "Bu(A)(d), Boo(A)d) = Y Alk,ul.  (245)
d A—p=d

Then by (2.4.2) this is an (A, A)-bimodule. We call By (A) the regular
bimodule of A.

Remark 2.4.1 The structure of an (A, A)-bimodule on By, (A) actually
prolongs to a structure of an (<7, &/")-bimodule. (See Proposition 3.1.4.)
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2.5. Denseness of the regular bimodule

To investigate the spaces A[A, u] we consider the left canonical quotient
module Q,(A), which is an (A, FyA)-bimodule. Consider the simultaneous
generalized eigenspaces:

Qu(A)[A, u]l = {v € Q,(A) | (h—=X2)"-v=v-(h—pw" =0 for some r}.
(2.5.1)

Then Q,(A)[A, u] # O implies that d = A — pu is an integer and that
Qu(A)[A, u] C Qu(A)(d).

Recall that the space Q, (A)(d) is a (Qu+4(A)(0), Q,(A)(0))-bimodule. In
particular, it is an (H,4+4, H,)-bimodule. Hence we have

QA (@) = Y Qu(A)p+d. pul. (2.5.2)
HER,
Note that A(d)-Q, (A)[A, u] C Q,(A)[A+d, u] and that Q, (A)[A, u]-A(e) C
Q,u(A)[A, u — e] whenever e < 0.

Lemma 2.5.1 If A[A, u] #O0then A, u € .

Proof. Let a be a nonzero element of A[A, u] with d = A — . Since we have
assumed that A(d) is complete, it is separated. Hence there exists an n such
that the image v of a in Q,, (A)(d) is nonzero. Then since v € Q, (A)[X, u], we
have L e 'gand u € T, C Iso. O

Lemma 2.5.2 Ifu € 'y, and n > m then the restriction Q,(A)[A, u] —
Qi (A)[X, 1] of the canonical surjection is an isomorphism for any A.

Proof. Setd = A — . Consider the kernel I, (A)/I,,(A) of the canonical sur-
jection Q, (A) — Q,,(A). Consider the map A xF_,,_; A — A which induces
A xF_,,_1A - I,,(A)/L,(A). Since I,,,(A) is the closure of A - F_,,_{ A, this
map is surjective. Hence the induced map Q,(A) x F_,,_1A — [,,(A)/1,(A)
is also surjective. The right eigenvalues of & on Q,(A) - F_,,_1A exceed
those of Q,(A) by more than m. Hence it follows that the set of the right
eigenvalues on the space I,,(A) /L, (A) does not intersect I',,,. This implies the
result. O

By this lemma, we have the following result.
Proposition 2.5.3 Let (A, h) be a weakly quasi-finite algebra graded by

Hamiltonian and let m be a nonnegative integer. Then the canonical surjection
A, n] = Qu(A)[A, u] is an isomorphism whenever € Ty, and n > m.
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Proof. By Lemma 2.5.2, we have a canonical splitting
Qum (AR, p] = 1im Q, (A)[A, ] (2.5.3)
n

Set d = A — p. Since A(d) is complete, the projective limit is isomorphic to
the subspace A[X, ] of A(d). O

The following is the first main result of Part I.

Theorem 2.5.4 Let (A, h) be a weakly quasi-finite algebra graded by
Hamiltonian. Then the regular bimodule B, (A) is degreewise dense in A.

Proof. By Proposition 2.5.3, the map By (A)(d) — Q,A)d) =
A(d)/1,,(A(d)) is surjective for any n. This means that By (A)(d) is dense
in A(d). O

Note that the whole space B, (A) is dense in A with respect to the left linear
and the right linear topologies of A.

2.6. The associated finite algebras
Let (A, 1) be a weakly quasi-finite algebra graded by Hamiltonian. We set
Ay =B,(A) = ) Al ul. (2.6.1)
A uely,

Then it follows from (2.4.4) that the space A, is closed under the multiplication
of A. Setting A, (d) = A(d) N A,, we have A, = @, A, (d).

By Proposition 2.5.3, we may identify A, (0) with a subspace of Q,,(A)(0).
Recall the elements 1, and &, of Q,(A)(0), which are the images of 1 and A
under the map A(0) — Q, (A)(0), respectively. Let

o= Ll ) he= ) halh 4] (2:6.2)
reQ, re2,
be the decompositions to sums of simultaneous generalized eigenvectors.
We set
o, = ) Wl AL ha, = D halh 2L, (2.6.3)
rel’, rely

and regard them as elements of A,,.

Proposition 2.6.1 The graded algebra structure on A induces a graded
algebra structure on A, for which 1, is the unity and hy,, is a Hamiltonian.
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We set

P, (A) = Z Z Alx, 1], PY(A) = Z Z AL, pnl. (2.64)

rely pel’y, rely, nels

Then P, (A) is an (A, A,)-bimodule and P, (A) is an (A, A)-bimodule, which
will play prominent roles in the next section.

Remark 2.6.2  The structure of an (A, A, )-bimodule on P, (A) prolongs to a
structure of an (&7, A, )-bimodule and the structure of an (4,,, A)-bimodule on
Py (A) to an (A, &")-bimodule. (See Remark 2.4.1 and Proposition 3.1.4.)

Let us consider the case when A is quasi-finite.

Proposition 2.6.3 Let (A,h) be a quasi-finite algebra graded by
Hamiltonian. Then A, are finite-dimensional for all n.

Proof. For any A, u € Ty, the space A[A, u] is isomorphic to Q, (A)[X, u]
by Proposition 2.5.3. Since the range I', of A and p is finite and
Qu(A)[X, u] € Qu(A)Y(X — ) is finite-dimensional, the space A, is also
finite-dimensional. (I

3. Exhaustive modules

We will define the notion of exhaustive modules and investigate the properties
of the category of such modules over a weakly quasi-finite algebra A graded
by Hamiltonian. In particular, we will show that the category of exhaustive
A-modules and the category of A,-modules are equivalent if n > g.

3.1. Exhaustive modules

Let (A, h) be a weakly quasi-finite algebra graded by Hamiltonian and endow
it with the left linear topology.

Definition 3.1.1 A left A-module M is exhaustive if for any v € M there
exists an m such that I,,,(A) - v = 0.

By this definition, it is easy to see that a left A-module M is exhaustive if
and only if the action A x M — M is continuous with respect to the left linear
topology on A and the discrete topology on M. Note, however, that a topology
on an exhaustive left A-module M need not be the discrete topology in order
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for the action A x M — M to be continuous with respect to the left linear
topology on A.

Lemma 3.1.2 Let M be an exhaustive left A-module and let v be an element
of M. Then F_,,_1A - v = 0 implies I,,(A) - v = 0.

Proof. See the proof of Lemma 2.1.2. O

Let us now consider the left linear filterwise completion /. We may
analogously define the notion of exhaustive left .o7-modules as follows.

Definition 3.1.3 A left &/-module M is exhaustive if for any v € M there
exists an m such that I,,(2/) - v = 0.

It is fairly clear that results similar to those given above hold for exhaustive
left .o/ -modules. The following proposition is a particular case of a general fact
on topological algebras. (See e.g. [Bou].)

Proposition 3.1.4  For any exhaustive left A-module M, the action Ax M —
M induces an exhaustive left o/ -module structure o/ x M — M. Conversely,
for any exhaustive left </ -module M, the action o/ x M — M restricts to an
exhaustive left A-module structure.

Thus the notion of exhaustive left A-modules and that of exhaustive left
27/ -modules have no essential differences.

Note 3.1.5 An exhaustive module is nothing else but a torsion module with
respect to the left linear topology. (See [Gab].)

3.2. Generalized eigenspaces of exhaustive modules

Let A be a compatible degreewise topological algebra. For a left A-module M
and a nonnegative integer n, we set

K,(M) = {veM|I,(A)-v=0}. 3.2.1)

Note that M is exhaustive if and only if M = J, K,(M) and if this is the
case then K,,(M) = {v eM | F_,_1A-v= 0} by Lemma 3.1.2.

Consider the case when (A, k) is a weakly quasi-finite algebra graded by
Hamiltonian. Since the space K, (M) has a structure of a left Q,(A)(0)-
module, M decomposes into the sum of the generalized eigenspaces of the
left action of A:



Quasi-finite Algebras Graded by Hamiltonian 301

K, (M) = Z K, (M)[A]. (3.2.2)
rEQ,

Hence if M is exhaustive then the whole space M also decomposes into the
sum of the generalized eigenspaces.
Let us set

E,(M) =" M[2]. (3.2.3)

rel’y

The following is one of the key observations in the present paper.

Proposition 3.2.1 If M is exhaustive then E,(M) C K, (M) C E,,(M).

Proof. The containment K,,(M) C Ej4,(M) follows from 2, C I'yig by
(3.2.1). The rest is similar to Lemma 2.3.2. Consider the space M[A] with A €
I'),. Then we have A(d) - M[A] C M[X+d]. Therefore, since . —n — 1 ¢ ',
we have F_,_1 A - M[\] = 0. This implies that E,, (M) C K, (M). O

Now consider the space E;- (M) = > seranr, MIA]and set
R, (M) = M/E-(M). (3.2.4)

Then the canonical map E, (M) — R, (M) is an isomorphism for each n.

3.3. Equivalence of categories

We will mean by the category of exhaustive left A-modules the full sub-
category of the category of left A-modules consisting of exhaustive left
A-modules.

Let M be an exhaustive left A-module. Then the space E, (M) is a left
A,-module. A homomorphism ¢ : M’ — M” of left A-modules induces
a map

E.(¢) : E,(M") — E,(M"). (3.3.1)

Thus we have a functor E,, (—) from the category of exhaustive left A-modules
to the category of left A,-modules.

Lemma 3.3.1 [If M is exhaustive then Ko(M) = 0 implies M = Q.
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Proof. Suppose Ko(M) = 0 and M # 0. Let v be a nonzero element of M.
Since M is exhaustive, [, (A)-v = 0 and hence F_,_{ A - v = 0 for sufficiently
large n. Take the maximal integer n for which F_,_1A - v # 0. Then by the
maximality F_jA - (F_,_1A - v) = 0 and hence Ip(A) - (F_,—1A - v) =0 by
Lemma 3.1.2. Hence F_,,_1A - v C Ko(M) = 0 which is a contradiction. [

Lemma 3.3.2 A homomorphism ¢ : M' — M" of exhaustive left A-modules
is an isomorphism if and only if Bg(¢) is an isomorphism of vector spaces.

Proof. Assume that E,(¢p) is an isomorphism of vector spaces. Then, by
Lemma 3.3.1, we see Ker¢ = 0 and Coker¢p = O since Ko(Ker¢) C
E;(Ker¢) = Ker(Eg(¢)) = 0 and Kog(Coker¢p) C Eg(Cokerg) =
Coker (Eg(¢)) = 0. O

Recall the (A, A,)-bimodule P, (A) defined in Subsection 2.6, which is
an exhaustive left A-module. Therefore, for a left A,-module X, the space
P,(A) ®4, X is an exhaustive left A-module. We note that A, = E, (P, (A)).

Lemma 3.3.3 For a left A,-module X, the map A, ®4, X — Pp(A) ®4, X
induced by the inclusion A, — P, (A) is injective.

Proof. We set Ef;(P,, (A) = Zkel‘oo\l“n P, (A)[A]. Then the decomposition
P,(A) = E,(P,(A) ® Er(P,(A) = A, ® EF(P,(A)) is a direct sum
decomposition of a right A,-module. Hence the map E,(P,(A)) ®4, X —
P,(A) ®4, X is injective. O

Now we come to the second main result of Part I. Recall the number g
defined by (2.3.3).

Theorem 3.3.4 Let (A, h) be a weakly quasi-finite algebra graded by
Hamiltonian and let n be an integer such that n > g. Then the functors
E,(=) and P,(A) ®p, — are mutually inverse equivalences of categories
between the category of exhaustive left A-modules and the category of left
A, -modules.

Proof. Let X be a left A,-module. By Lemma 3.3.3, the map A, ®4, X —
P,(A) ®4, X is injective. Therefore

X = A, ® X ZE,(Py(A) ®p, X). (3.3.2)
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Let M be an exhaustive left A-module. Then, by letting X = E, (M) in (3.3.2),
we have E, (M) = E,(P,(A) ®,, E,(M)). Since n > g, we have P, (A) ®4,
E,(M) = M by Lemma 3.3.2. O

Corollary 3.3.5 Let (A, h) be a weakly quasi-finite algebra graded by
Hamiltonian and let n be an integer such that n > g. Then the module P, (A)
is a progenerator of the category of exhaustive left A-modules.

Let us consider the case when A is quasi-finite. Then the algebra A, is
finite-dimensional for all n by Proposition 2.6.3. Thus we have the following
corollary.

Corollary 3.3.6 If (A, h) is a quasi-finite algebra graded by Hamiltonian
then the category of exhaustive left A-modules is equivalent to the category of
left modules over a finite-dimensional algebra.

We may likewise define the notion of exhaustive right A-modules and
exhaustive right <7 -modules by using the spaces I/ (A) and I/ (<7"), respec-
tively. We have analogous results for the right modules as well.

Note 3.3.7 Theorem 3.3.4 may be viewed as a particular case of a topological
variant of Morita equivalences. See [Gab] for general theory of equivalences
between abelian categories and module categories and [Gre] and [Mez] for
results closely related to Theorem 3.3.4.

4. Coexhaustive modules

We will now consider the notion of coexhaustive modules, which is dual to
that of exhaustive modules. In this section, we will give the definition of coex-
haustive modules and describe their topologies by means of the generalized
eigenspaces. The precise duality will be considered in the next section under
necessary finiteness assumptions.

4.1. Coexhaustive modules

Let (A, h) be a weakly quasi-finite algebra graded by Hamiltonian and let &7~
be the right filterwise completion.

Let M be a left .«7V-module endowed with a linear topology such that the
action &#¥ x M — M is continuous. Let us denote by [ (M) the closure
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of the space FY /" - M. We assume that {I/ (M)} forms a fundamental
system of open neighborhoods of zero.

Definition 4.1.1 A compatible topological left @/V-module is a left
&/~ -module endowed with a linear topology which satisfies the conditions
mentioned above.

Let M be a compatible topological left 7Y -module. Then we have
F oV - 1L/(M) CT,_,(M), L(Y) - MCI/(M) 4.1.1)
because the action &7V x M — M is continuous.

Definition 4.1.2 A compatible topological left <7~ -module is coexhaustive if
it is complete as a topological vector space.

Obviously, the completion of a compatible topological left <7~ -module has
a canonical structure of a coexhaustive left <7~ -module.

4.2. Generalized eigenspaces of coexhaustive modules

Let M be a coexhaustive left <7~ -module. Consider the space
Q) (M) = M/L/(M). 4.2.1)

Then this is a left Q, (A)(0)-module and hence decomposes into the sum of
the generalized eigenspaces as follows:

Q/(M) = > QI (M)[pl. 4.2.2)

HES,

Lemma 4.2.1 [f » € Ty, and n > m then the restriction Q) (M)[A] —
Q,f, (M)[A] of the canonical surjection is an isomorphism.

Proof. See the proof of Lemma 2.5.2. U

This lemma implies that the subspace ZAGFOO M[A] is dense in M. It also
implies that the space

E (M) = > Ml 4.2.3)

rely
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is a discrete subspace for each n. Consider the space E,f(/\/l) =
> ieraor, MIA] and let E;- (M) be its closure in M. Then the quotient

R, (M) = M/EL(M) 4.2.4)

is canonically isomorphic to E, (M).

Lemma 4.2.2 If M is a coexhaustive left &/ -module then the canonical
map Ep(M) — Q) (M) is injective and the canonical map Q,(M) <
Entg (M) is surjective.

Proof. By Lemma 4.2.1, we know that the map M[1] — Q,; (M)[A] is injec-
tive if A € T',. Hence the map E,,(M) — Q,, (M) is injective. Now recall
that Q,; (M) = err,,,+g Q,, (M)[A]. Hence the map Q,,(M) < E,;44(M)

is surjective. O

4.3. Exhaustion and coexhaustion

We will mean by the category of coexhaustive left «7V-modules the category
for which the objects are the coexhaustive left <7 -modules and the morphisms
are the continuous homomorphisms of left .« -modules.

Let M be aleft «7-module and regard it as a left A-module by identifying A
with a subalgebra of 7 via the canonical map A — o We set

V(M) =F/,_A-M. 4.3.1)
Lemma 4.3.1 If M is exhaustive then I, (M) = I/ (A) - M.

Proof. Since M is exhaustive, IrVner (Ad)) - v = 1,,(A(d)) - v = 0 holds for
sufficiently large m for each d and v € M. Since [/ (A) is the degreewise
closure of F¥, | A-A, wehave [;'(A)-v CFY, | A-M foreachv € M. Thus
[/(A) - M = I/(M) and the conclusion follows. O

Let M be an exhaustive left </-module. Then the lemma implies that the
action A x M — M is continuous with respect to the right linear topology
on A and the linear topology on M defined by LY (M). Let QY (M) be the
completion of M with respect to the linear topology defined by I/ (M):

QY (M) =1imQy (M), Q) (M) = M/Ly(M). (43.2)

n

Then QY (M) is a coexhaustive left <7 -module.
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Let M’ and M” be exhaustive left «/-modules and let ¢ : M’ — M"
be a homomorphism of left .o7-modules. Then ¢ gives rise to a continuous
homomorphism of left A-modules with respect to the right linear topology
on A. Hence it induces a continuous homomorphism Q7 (¢) : QL (M) —
QY. (M") of coexhaustive left .7 -modules. We call the functor QY (—) the
coexhaustion functor.

Conversely, let M be a coexhaustive left .27 -module and regard it as a left
A-module via the canonical map A — 7", Consider the space

KooM) = | Ka(M).,  Ky(M) = {v e M|L,(A)-v=0}. (433)

Then this is an exhaustive left A-module and hence an exhaustive left
of -module.

Let ¢ : M’ — M” be a continuous homomorphism of coexhaustive left
&/~ -modules. We regard ¢ as a homomorphism of left A-modules via the
canonical map A — &Y. If [,(A) - v = 0 then [, (A) - p(v) = p(I,(A) - v) =
©(0) = 0. Therefore, ¢ restricts to a homomorphism Ky (¢) : Koo (M') —
Koo (M) of left A-modules and hence a homomorphism of left .<7-modules.
We call the functor Koo (—) the exhaustion functor.

For an exhaustive left »7-module M, we set

Roo(M) = imR, (M) (4.3.4)

n

and, for a coexhaustive left .oV -module M,

Eoo(M) = | J Ex(M). (4.3.5)
Here the space R, (M) is defined by (3.2.4).

Lemma 4.3.2 For an exhaustive left </ -module M its coexhaustion ng(M )
is canonically isomorphic to Reo (M) as topological vector spaces. For a coex-
haustive left &/~ -module M its exhaustion Koo (M) is canonically isomorphic
to Eoo (M) as vector spaces.

Proof. Conclusions are clear by the arguments in Subsections 3.2 and 4.2. [
Now the following theorem is an immediate consequence of this lemma.

Theorem 4.3.3 Let (A, h) be a weakly quasi-finite algebra graded by Hamil-
tonian and let </ and </~ be the left and the right filterwise completions,
respectively. Then the functors QY (—) and Koo(—) are mutually inverse
equivalences of categories between the category of exhaustive left o7 -modules
and the category of coexhaustive left o/ -modules.



Quasi-finite Algebras Graded by Hamiltonian 307

In particular, the category of coexhaustive left .27¥-modules is an abelian
category.

We may likewise define the notion of coexhaustive right <7-modules by
using the spaces I,,(«7). We have analogous results for the right modules
as well.

5. Duality for quasi-finite modules

We now consider finiteness conditions for exhaustive modules and for coex-
haustive modules and discuss the duality between the categories of such
modules.

5.1. Quasi-finiteness of exhaustive modules

Let (A, h) be a weakly quasi-finite algebra graded by Hamiltonian and let </
and 7"V be the left and the right filterwise completions, respectively.

Definition 5.1.1 A quasi-finite left o/ -module is an exhaustive left .<7-module
M such that the spaces K, (M) are finite-dimensional for all n.

For an exhaustive right 2#¥-module N, we define the space K\ (N) in the
same way as K, (M) for an exhaustive left .o/-module M:

KY(N)={veN|v-I/(#¥) =0}. (5.1.1)

Definition 5.1.2 A quasi-finite right </ -module is an exhaustive right
&7~ -module N such that the spaces KZ (N) are finite-dimensional for all n.

The following proposition characterizes the quasi-finiteness of an algebra
by means of the quasi-finiteness of the canonical quotient modules.

Proposition 5.1.3 Ler (A, h) be a weakly quasi-finite algebra graded by
Hamiltonian. Then the following conditions are equivalent:

(a) A is a quasi-finite algebra.
(b) The left canonical quotient modules Q,(A) are quasi-finite for all n.
(c) The right canonical quotient modules Q) (A) are quasi-finite for all n.

Proof. We will show the equivalence of (a) and (b). Since K, (Q,(4A)) is an
(Hy,, Hy)-bimodule, the pair of the left and the right eigenvalues of & on
K, (Q,(A)) are in the finite set 2, x 2,. Then if K, (Q,(A))(d) # 0 then
d = ) — pu for some A € @, and u € . Therefore, we have
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Kn@QA)C P Q) @. (5.1.2)

—n<d<m+g

On the other hand, it is easy to see that Q, (A)(d) C K;,+4(Q,(A)). Therefore
we immediately see that K, (Q, (A)) are finite-dimensional for all m and n if
and only if Q, (A)(d) are finite-dimensional for all d and n. The proof for the
equivalence of (a) and (c) is similar. O

Now consider the case when (A, k) is a quasi-finite algebra graded by
Hamiltonian. Since E, (M) is a left A,,-module and A,, is finite-dimensional,
E, (M) is finite-dimensional if and only if it is finitely generated as a left
A,,-module.

Proposition 5.1.4 Let (A, h) be a quasi-finite algebra graded by
Hamiltonian. Then the following conditions for an exhaustive left <7 -module
M are equivalent:

(a) M is a quasi-finite left o7 -module.

(b) M is finitely generated as a left <7 -module.
(c) E,(M) are finite-dimensional for all n.

(d) Eg(M) is finite-dimensional.

Proof. We will show (a)=(c)=(d)=(b)=>(a). Assume that M is quasi-finite.
Then E, (M) are finite-dimensional since E, (M) C K, (M) by Proposition
3.2.1. In particular, E¢(M) is finite-dimensional. Next assume that Eg (M) is
finite-dimensional and let M’ be the left </-submodule of M generated by
E,(M). Then Ko(M/M") C Eg(M/M’) = 0. By Lemma 3.3.1, we have
M = M’ and hence M is finitely generated. Now assume that M is finitely
generated and let vy, ..., vx be a set of generators. Since M is exhaustive,
there exists ny, ..., ng such that I, (&) -v; = Ofori =1, ..., k. This implies
the existence of a surjective homomorphism Q,, (A) x --- x Qu (A) — M
of left .o/-modules. Since A is quasi-finite and hence the modules Q; (A) are
quasi-finite, so is the image M. O

5.2. Quasi-finiteness of coexhaustive modules

Let us now turn to the quasi-finiteness of coexhaustive modules.

Definition 5.2.1 A quasi-finite left «/~-module is a coexhaustive left
7V -module M such that the spaces Q,, (M) are finite-dimensional for all n.
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For a coexhaustive right .27-module N, we set

Qi N) = N/L,(N). (5.2.1)

Definition 5.2.2 A quasi-finite right </ -module is a coexhaustive right
«/-module N such that the spaces Q,, () are finite-dimensional for all n.

Let M be an exhaustive left .o7-module and let M be its coexhaustion. Then
the canonical map E, (M) — R, (M) is an isomorphism for each n. Therefore,
the consideration in Subsection 4.3 implies the following result.

Proposition 5.2.3 Let (A, h) be a quasi-finite algebra graded by Hamilto-
nian. Let M be an exhaustive left o/ -module and let M be its coexhaustion.
Then the exhaustive module M is quasi-finite if and only if the coexhaustive
module M is quasi-finite.

We have analogous results for quasi-finite right <7V -modules and for quasi-
finite right .7-modules.

5.3. Duality
Let (A, h) be a weakly quasi-finite algebra graded by Hamiltonian. Let M be
an exhaustive left .o7-module and consider its full dual space N:

N = M* = Homg(M, k). (5.3.1)

Then this space becomes a right .<7-module.
Since M is exhaustive, it decomposes into the sum of the generalized
eigenspaces M = (P, .r. M[A], which gives rise to

N=T] M (5.3.2)
rel

where M[A]* is the set of linear functions f : M — k such that f(M[u]) =0
holds for any u # A. Therefore, by setting

IuWN) = {f e N| fE.(M)) =0}, (5.3.3)
we have
N/LWN) = T M. (5.3.4)
rely

We give N the linear topology defined by J,, (NV).
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Lemma 5.3.1 The right o/ -module N endowed with the topology as above
is a coexhaustive right of -module.

Proof. Completeness of A" as a topological vector space is clear from the def-
inition. Since (f - a)(E,(M)) = f(a - E,(M)) = 0 holds for any f € N and
any a € 1,(«), we have N - I,,(&) C J,(N). Hence the action N x & — N
is continuous. Let I,(N) be the closure of N - I,(2). It remains to show that
{I,(N)} forms a fundamental system of open neighborhoods of zero. Since
T, (\) is closed, we have I,,(N) C JI,(N). Consider the quotient N /1, (N).
Since we have I,,(N) - I,,(«7) C L,(V), the quotient space N'/L,(N) is a right
Q, (A)(0)-module. In particular, it is a right H,-module. Hence it has the gen-
eralized eigenspace decomposition with respect to the right action of 4 with
the eigenvalues belonging to €2, C TI'y4. Since J,44(N) is the closure of
Ej+g(/\/), we have J,4,(N) C I,(N). Hence I,(N) form a basis of open
neighborhoods of zero. i

Thus we have shown that for any exhaustive left .<7-module, its full dual
naturally becomes a coexhaustive right .o7-module.

Conversely, let N be a coexhaustive right <7-module and consider the
continuous dual space M:

M= Homﬁom(/\/, K). (5.3.5)

Recall that the base field k is given the discrete topology.

Take any element of M, which is given by a continuous map f : NV — k.
Then, for any ¢ € </, the map a - f : NN — K is also continuous since
fora € F,o/ we have (a - f)(v + L,(N)) C f(v-a)+ fLi—p,N)) =
f (v-a) for sufficiently large n. We then have (I,,(«7) - f)(v) = f(v-1,(#)) C
F @, (N)) = 0 for all v. Therefore, the module M is exhaustive.

Thus we have defined contravariant functors Homy (—, k) and HomﬁOnt — k)
between the category of exhaustive left .o/-modules and the category of
coexhaustive right o7-modules.

Proposition 5.3.2 Let (A, h) be a weakly quasi-finite algebra graded by
Hamiltonian. Then the functors Homg(—, K) and Homf{"m(—, k) give rise to
mutually inverse duality of categories between the category of quasi-finite left

o/ -modules and the category of quasi-finite right </ -modules.

Note 53.3 A quasi-finite right .o/ -module is nothing else but a linearly com-
pact right «/-module. We may understand the above-mentioned duality as a
version of the Lefschetz duality [Lef] between discrete modules and linearly
compact modules. See also [Mac].
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5.4. Involution

Let (A, h) be a quasi-finite algebra graded by Hamiltonian. Suppose given a
linear involution 6 : A — A satisfying the following conditions:

(i) 6(a-b) =6(b)-0(a)foranya,b € A and 6(h) = h.
@ii) 6 : A(d) — A(—d) is continuous.

Note that by (i) we have [k, 6(a)] = [0(h),0(a)] = —6([h,a]). Hence
6(A(d)) = A(—d) and the condition (ii) makes sense. We then have that
6(I,(A)) =I(A). Hence 0 extends to anti-isomorphisms

Ooo : - A, 0L — o (5.4.1)

of filtered topological algebras such that 6o 0 6 = 1 and 63, o 0o = 1. We
will denote the maps 6, and 63 by the same symbol 6 by abuse of notation.

Let M be a left .o/-module and let # (M) be the same space M as a vector
space. We give © (M) a structure of aright </ -module by letting v-a = 6(a)-v
fora € &/ and v € M. Similarly, for a right &7V -module N, we define a left
&/-module ¥V (N) in a similar way.

Proposition 5.4.1 The functors © and 9 are mutually inverse equivalences
of categories between the category of left o7 -modules and the category of right
o/~ -modules.

Let us compose the involution, the duality and the exhaustion. Then we get
an auto-duality
D: M +— 9 (Keo(Homg (M, k))) (54.2)

of the category of quasi-finite left .27-modules. Note that Ko, (Homg (M, k)) is
the restricted dual space:

Koo (Homy (M, K)) = [ 7 ‘ F(E-(M)) = 0 for some n] . (5.4.3)

5.5. Finiteness theorems
Let (A, &) be a quasi-finite algebra and consider the following categories.
L1. The category of quasi-finite left .o/-modules.

L2. The category of quasi-finite left <7 -modules.
L3. The category of finitely generated left A,-modules.

R1. The category of quasi-finite right <7~ -modules.
R2. The category of quasi-finite right 7-modules.
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R3. The category of finitely generated right A,-modules.

Recall that quasi-finite left </-modules and right .&-modules are
exhaustive whereas quasi-finite left </-modules and right «7-modules are
coexhaustive.

The following theorem summarizes the results obtained so far regarding the
quasi-finite modules over quasi-finite algebras.

Theorem 5.5.1 Let (A, h) be a quasi-finite algebra graded by Hamiltonian
and let n be an integer such thatn > g.

(1) The categories L1, L2 and L3 are equivalent to each other.

(2) The categories R1, R2 and R3 are equivalent to each other.

(3) The categories L1, L2 and L3 and the categories R1, R2 and R3 are dual
to each other.

(@) If A has an involution 6 then the categories L1, L2 and L3 and the
categories R1, R2 and R3 are equivalent to each other.



Part 11

Quasi-finiteness and Zhu’s Finiteness Condition

6. Vertex operator algebras and current algebras

We now turn our attention to vertex operator algebras. In this section, we will
describe in detail the construction and properties of the universal enveloping
algebra associated with a vertex operator algebra, which we will simply call
the current algebra, in order to give precise statements which seem to have
been overlooked in the literature.

6.1. Vertex operator algebra

Recall that a vertex operator algebra is a graded vector space V with the grad-
ing being indexed by integers equipped with countably many bilinear maps
indexed by integers and two distinguished elements, called the vacuum vec-
tor and the conformal vector (or the Virasoro element), satisfying a number
of axioms ([Bor], [FLM], [FHL]), which we will describe briefly below. See
[MaN] for an account.

Let us denote the homogeneous subspaces of the grading of V by V¥ where
k is an integer. It is assumed that there exists a nonnegative integer m such that
V¥ = 0 for k < —m. Therefore, the grading of V is of the following form

o0
V= @ vk, (6.1.1)
k=—mg

We will write A(u#) = k when u belongs to the subspace V¥ and call A(u) the
weight of the element u.
Let us denote the countably many bilinear maps by

Mn VXV =V, (uv)r—=> upmv. (6.1.2)

It is assumed that they satisfy V(‘L)Vk c VIitk=n=1 1n other words, for
homogeneous « and v, we have

Aumv) = A(u) + A(w) —n — 1. (6.1.3)

313
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Then the sums in the following expression are finite:

o0

P
E i UG +)V) (prg—DHW
i=0

oo
=) <:) (U(pr— Wg+iyw) = (=D V(gr—iy U (p+iyw))-
=0 (6.1.4)
The bilinear maps (6.1.2) are assumed to satisfy (6.1.4) for any u, v,w € V
and any integers p, q,r.

The identity (6.1.4), or its equivalent generating-function form called the
Jacobi identity or the Cauchy-Jacobi identity, is the main identity of vertex
operator algebras, as discovered by Frenkel et al. in [FLM], although an equiv-
alent set of particular cases of the coefficient form (6.1.4) had been discovered
by Borcherds in [Bor].

The vacuum vector 1 is an element of weight 0. It enjoys, for any u € V, the
relations u(—1)1 = u and u(,)1 = 0 for n > 0. We set

Tu = u_p1. (6.1.5)

Then the axioms imply the relations 1(_yu = O and 1(,,yu = O forn # —1 and
that T : V — V is a derivation with respect to the operations (,) for every n.
The conformal vector w is an element of weight 2. It satisfies

wmw =0, (n>4orn=2), woqw =20, ogzyw € Kkl (6.1.6)

Then the axioms imply that the operators L, : V — V defined by L,u =
w(u+1yu satisfy the Virasoro commutation relation with the central charge cy
given by 2w@yw = cy 1. Among the Virasoro operators L, the ones with
n = 0 and n = —1 have special roles: the weights of V are given by the
eigenvalues of Ly and the derivation T agrees with L_1. In other words,

VE={veV|Lw=kv}, Tu=L_ju (6.1.7)

The weight subspaces are usually assumed to be finite-dimensional.

6.2. The current Lie algebras

Let us consider the space

Vit,t ™1 =V k[, 1. (6.2.1)
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We define a bilinear map V[t, Y x VI = Vi Y by setting

o
M@ ver =) <m> (uyv) @ " (6.2.2)
: 1
i=0
Consider the quotient space
g=VI[t,t /v, " (6.2.3)

where  : V[, 171 — V[, t7']is defined by
AuRM) =Tu 1" +nu 1" 1. (6.2.4)

Then the bracket operation on V[, 7~'] induces a bilinear operation on g
denoted by the same symbol which gives a structure of a Lie algebra on g
([Bor]). We will call the Lie algebra g the associated current Lie algebra. We
will denote the image of an element of V [z, 7] in g by the same symbol.
Sincen1® 1"~ ! = (1 ® "), we know that 1 ® 1" = 0 in gunless n = —1,
when 1 ® r~! is central.
It will be useful to introduce the following notation:

Jy(w) = u @ "HAwW-1 (6.2.5)

for a homogeneous u and extend it linearly. We denote its image in g by the
same symbol and assign the degree —n to J,(#). Then the associated current
Lie algebra is graded by the degree:

g=EPa@). (6.2.6)
d

Note the relation
(Lo, Ju(w)] = —nd,(u) (6.2.7)

for the element Ly = Jp(w), which follows from the axioms for vertex operator
algebras.

Let U be the quotient algebra of the universal enveloping algebra of the Lie
algebra g by the two sided ideal generated by Jp(1) — 1 and let us denote the
image of J, (1) by the same symbol. We give the degree d| + - - - + dj to the

element of the form J_g, (u1) -+ - J_g, (uy) with uy, ..., ux € V. Let U(d) be
the span of these vectors of degree d. Then we have
U=Pua@). (6.2.8)
d

by which the algebra U becomes a graded algebra. Note that the relation (6.2.7)
says that the image of L is a Hamiltonian of U.
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Consider the standard degreewise topology on U and let U denote the
degreewise completion. (See Subsection 1.3.)

6.3. The current algebras

For u, v € V and for integers m, n, r, consider the following expression in U:

00
m+ A(u) — 1
Bm,n,r(u’ v) = E ( ; >Jm+n+r(”(r+i)v)
i=0

-S>y (r) i) - Ty (0)
i=0 !
+ (=1 ,;(_l)i (:) Jnir—i®) - JpgiG). (63.1)

Then the first sum in the right-hand side is actually a finite sum whereas the
second and the last are infinite sums which converge in the linear topology of
ﬁ(—m — n —r). The relation B,, ,, - (4, v) = 0 turns our to be the counterpart
of the identity (6.1.4) in the action of V on a module, where the infinite sums
become finite when they act on each element of the module. (See the next
subsection for the definition of modules.)

Let B be the ideal of U generated by the elements of the form By, , »(u, v)
with u, v € V and integers m, n, r, and let B be the degreewise closure of B.
Then B is also an ideal of U.

Remark 6.3.1 The ideal B is in fact generated by the elements of the form
Bi.nr(u, v) withm = —A(u) + 1. Alternatively, it is also generated by the
elements of the form B, , (1, v) with r < 0.

We now define the current algebra U associated with V to be the quotient
algebra of U by the ideal B:

A

U=0/B. 6.3.2)

Then U is a graded algebra, since Bisa graded ideal, and the image of Ly is a
Hamiltonian.

Proposition 6.3.2 The pair (U, Ly) is a compatible degreewise complete
algebra graded by Hamiltonian.



Quasi-finiteness and Zhu'’s Finiteness Condition 317

Note 6.3.3 The construction of U is essentially due to Frenkel and Zhu [FrZ].
The left linear filterwise completion of U as in Subsection 1.5 is isomorphic to
the current algebra ¢/ (V) considered in [NaT].

6.4. Denseness of the current Lie algebra

Let U be the current algebra associated with a vertex operator algebra V. Let
us regard the current Lie algebra g as a subspace of U and let ¢ denote the
composition of the canonical maps U — U U By construction, U(d) is a
dense subspace of f](d).

The following observation is insightful.

Proposition 6.4.1 The image ¢(g(d)) is a dense subspace of U(d) for
eachd.

Proof. 1t suffices to show that ¢ (g) is dense in U with respect to the left linear
topology on U. Let us denote by ¢, : U — Q,,(U) the composite of ¢ with the
canonical surjection U — Q, (U). By the relation (6.3.1), we have

Jsu) - Ji(v) - 1

n A)+n
n—s+m\[(A)+n
= Z Z (—1)m< )( i )Js+t(u(s+A(u)—m—j—l)U) 1,

n—s
m=0 j=0
(6.4.1)

in the quotient Q,(U) for any integers s and ¢ provided s < n. Hence by
induction we have ¢, (U) = ¢,(g) for any nonnegative integer n. Therefore,
since ¢ (U(d)) is dense, ¢ (g(d)) is also dense. O

6.5. Exhaustive V-modules

Let M be a vector space and suppose given a series of bilinear maps

V x M — M indexed by integers which we denote by (u, v) — n,’l"’ (u)v. Such

an M is said to be a weak V-module if it satisfies the conditions listed below.
Set JM(u) = nﬁA(u)_l(u) and let B}, (u, v) be the expression (6.3.1)

with J,, being replaced by JM. Then the conditions are as follows:

(i) For any u € V and v € M there exists an m such that J,f"’ (u)v = 0 for

alln > m.
(i) The operator J,f” (1) is the identity if n = 0 and is zero otherwise.
(iii)) The identity B,"n{ ar@,v) = 0 holds for any integers m,n,r and

u,vev.
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We will say that a weak V-module is an exhaustive V-module if instead of
the condition (i) the following stronger condition is satisfied:

(i)’ For any v € M there exists an m such that JM (u1) - - - JM (uz)v = 0 for
alluy,...,ur € V wheneverny + --- + nip > m.

Remark 6.5.1 Thanks to the condition (iii), the condition (i)’ follows from
the apparently weaker condition that for any v € M there exists an m such that
J,f” (u)v =0forall u € V and n > m by successive use of the relation (6.4.1).

Let us consider the map J, : V — U which sends u € V to the image of
Jo(w) = u @ "T2®=1in U. Then any exhaustive left U-module M becomes
an exhaustive V-module by letting J,f"’ (u) be the action of J,(u) on M. We
will call this V-module structure on M the associated V -module structure.

Proposition 6.5.2 Let M be an exhaustive V-module. Then there exists a
unique structure of an exhaustive U-module on M such that the associated
V-module structure agrees with the given V-module structure on M.

Proof. Let J,f” 'V x M — M be the given V-module structure on M. Then
they induce a map g x M — M which gives a g-module structure on M
by the relation B% nr,v) = 0 with r > 0. By the universal property of
the universal enveloping algebra of g, this lifts to a U-module structure on
M because of the axiom (ii). Since M is an exhaustive V-module, the map
U(d) x M — M is continuous for each d when M is endowed with the discrete
topology. Hence this map prolongs to the action of the degreewise completion
U. Now the axiom (iii) is nothing else but the defining relations of the algebra
U. Hence the U-module structure induces a U-module structure on M , which

is exhaustive by Lemma 3.1.2. The uniqueness is clear on each step. O
Thus we have obtained the following result.

Theorem 6.5.3 The category of exhaustive V-modules is canonically equiv-
alent to the category of exhaustive U-modules.

Note 6.5.4 Recall from [DLM1] that a weak V-module M is said to be admis-
sible if it is given a grading M = @20:0 My so that J,(u) - My C My,
for any integer n and u € V. Then it is easy to see that any admissible
V-module is exhaustive. The converse is true if U is weakly quasi-finite.
Indeed, if U is weakly quasi-finite and M is exhaustive then it decomposes into
the sum of the generalized eigenspaces of the action of Ly by the argument of
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Subsection 3.2. Then setting My = errd MI[)] we have M = @7, My
with J,,(u) - My C My_,,.

7. Associated Poisson algebras

We will consider the associated graded algebra with respect to a filtration on
U and show that it has a structure of a degreewise complete Poisson algebra.

7.1. Zhu’s Poisson algebra

Recall that a (commutative) Poisson algebra is a vector space p equipped with
two bilinear maps - : pxp — pand {, } : p xp — p called the multiplication
and the Poisson bracket, respectively, such that p is a commutative associative
algebra with unity with respect to the multiplication, p is a Lie algebra with
respect to the Poisson bracket and the Leibniz identity holds:

x-y,ad=x-{y,z}+y-{x 2} (7.1.1)

We denote the unity of p by 1p.
Let V be a vertex operator algebra. We let C> (V) be the span of the elements
of the form u(,yv withu, v € V and n < —2. We set

u-v=uc—nv and {u,v}=uqv. (7.1.2)

The following result is obtained in [Zhu].

Proposition 7.1.1 (Zhu) The operations - and { , } induces a Poisson algebra
structure on 'V /Cy (V).

Let us call this Poisson algebra Zhu'’s Poisson algebra.

7.2. Poisson filtrations and the associated graded algebras

Let V be a vertex operator algebra and let g, U, U and U as in the preceding
section.

Let G, g be the image of @kﬁp vk Qkklz, 71 in g and let G, U be the sum
of subspaces Gy, g---Gpgwithk =0,1,...and py +---+ py = pin U.
Then G is a separated filtration on U satisfying

G,U-G,U C Gp1,U (7.2.1)

for any integers p and q.
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Let G, U(d) be the closure of the image of G,U(d) = G,U N U(d) in U(d).
Then the associated graded algebra is given by

gU=PPait@. «50@) =G6,0)/G,-10@). (7.22)
d P

Considering the quotients by B, we obtain the induced filtration G,U of the
current algebra U and the associated graded algebra:

gU= P «U@. gUW) =P eSun). (7.2.3)
d=—00 P

Let us give the space grU the induced degreewise topology and let 5t°U be
the degreewise completion of the algebra grU:

g°U = Pa‘u@). &U@ =limgUW@) /1,(e°U@). (7.24)
d n

Then this is a compatible degreewise complete algebra. We will denote the
image of J, (u) in 89U by v, (u).
Proposition 7.2.1 The algebra U is quasi-finite if and only if 8t°U is so.

Proof. By the construction, we have

Qu(&U)(d) = g°QU)(d), QuU)(@) = | GpQ.MU)), (7.2.5)
p

where G,Q, (U)(d) denotes the induced filtration. Hence Q, (U)(d) is finite-
dimensional if and only if Q, (g~rGU) (d) is so. O

7.3. Associated Poisson structure

Consider the operation of taking commutator of elements of U:
UxU—-TU, (ab)+la,bl=a-b—->b-a. (7.3.1)
Then by the relation (6.3.1) we have
> (m+ Aw) — 1
[Jm (), Ju(V)] = Z < ; )Jm+n(u(i)v)- (7.3.2)
i=0
Lemma 7.3.1 [G,U, G,U] C Gp441U.

Proof. The left-hand side of (7.3.2) belongs to Ga@)+aw)U whereas the
element J,,4,(u()yv) in the right-hand side belongs to Ga)+A@w)—i—1U for
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i > 0. Hence an element of [G,U, G, U] is written as a sum of elements of
Gpiq-1U. O

Thanks to this lemma, the multiplication of grU is commutative and the
operations [, ]: G,U x G4U — Gp4,-1U induce operations

grgU X grgU — grgﬂ_lU, (a, B) = {a, B} (7.3.3)

G

p+q_1[U, where a and b are

by letting {«, 8} be the image of [a, b] in gr
representatives of « and S, respectively.

In general, we will call a compatible degreewise topological algebra with
a Poisson algebra structure for which the Poisson bracket is continuous a
compatible degreewise topological Poisson algebra. In case the degreewise
topology is complete then we will say that the Poisson algebra is a compatible

degreewise complete Poisson algebra.
Proposition 7.3.2 The multiplication and the bracket operation defined as

above endow the space 8tSU with a structure of a compatible degreewise
complete Poisson algebra.

7.4. Relation to Zhu’s Poisson algebra

Let us look more carefully at the relations B, , (1, v) = 0. Let p be an integer
andletm = —A(u) + 1. Thenin case m +n + r = p we have

Jpueyv) = Z(—l)i (};) Imr—i (W) - Jnti(v)
i=0
— (=1 g(—l)i (};) Inpr—i (V) + Inyi (u). (7.4.1)

Then the left-hand side belongs to Ga(u)+A)—r—1U whereas the right-hand
side to G (u)+Aw)U. Therefore,

Jpuv) =0 ifr < =2. (7.4.2)
This implies that the map J, : V — gr9U factors a map

Yy V/Co(V) — Ol (7.4.3)
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Now substitute r = —1 in (7.4.1) and replace m by m + 1. Thenm +n = p
and

Tp@n) = Y Jni () - ui ) + Y i1 ) - T (0. 7 4.4
i=0 i=0

Projecting (7.4.4) to the associated graded algebra, we have

Vo) = Y Ymi @) - Yngi W)+ Y Vi1 (V) Y1 (1),
=0 =0 (74.5)

Note 7.4.1 The results in this section and the next are reformulations of the
arguments in Subsection 3.2 of [NaT].

8. Poisson current algebras

In this section, we will construct a universal Poisson algebra satisfying the rela-
tions (7.4.5), which we will call a Poisson current algebra, and will investigate
its properties.

8.1. Symmetric algebras on the loop Lie algebras

Let p be a Poisson algebra. A Poisson ideal of p means a subspace a of p such
that both p - a C a and {p, a} C a hold.

Consider the case when p is given a grading p = &P, pX indexed by integers
satisfying

oy Lt @.1.1)
Then the unity 1, must belong to p°. We will call a Poisson algebra endowed
with such a grading a graded Poisson algebra. We denote A(x) = r when
xep.

Recall the well-known fact that the symmetric algebra on a Lie algebra has a
canonical structure of a Poisson algebra induced from the Lie bracket operation
on the Lie algebra.

Letp = P, pX be a graded Poisson algebra and let p[z, 7~ !] be the loop Lie

algebra
plt.t 1 =p @k ks, t 71 (8.1.2)

with the Lie bracket defined by [x ® t"", y ® t"] = {x, y} ® """,
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For each homogeneous x, put
W, (x) = x @ ("TAO! (8.1.3)

and extend it linearly to all x. Then the Lie bracket operation takes the
following form: [W,, (x), W, (¥)] = Wintn ({x, ¥}).

Let q be the quotient of p[z, 1 by the span of the elements W, (1) with
n # 0. We will denote the image of W, (x) in q by the same symbol. Since
[ (1p), W, (x)] = 0, the space q becomes a Lie algebra.

Now let S be the quotient algebra of the symmetric algebra on g by the ideal
generated by Wo(1p) — 1 and let us denote the image of W, (x) in S by the
same symbol. We give the degree di + - -- + dj to the element of the form
W_g (x1) - W_g (xx) with x1, ..., x, € p. Let S(d) be the span of these
vectors of degree d. Then we have S = @ 4 S(d). The algebra S becomes a
Poisson algebra for which we have

S(d) -S(e) CS(d +e), {S(d),S(e)} C S +e). (8.1.4)
Recall the standard degreewise topology on S defined by

I,(S)) = Z S(d — k) - S(k), (8.1.5)

k<—n—1

which is separated. Then the multiplication maps S(d) x S(e) — S(d + ¢) are
continuous. Moreover we have the following.

Lemma 8.1.1 The Poisson bracket operation S(d) x S(e) — S(d + e) is
continuous with respect to the standard degreewise topology.

Proof. Let i be any integer with i < —n — 1. Then we have {S(d), S(e — i) -
S@)} C {S(d), S(e—i)}-SUE)+{S(d), S(i)}-S(e—i) C S(d+e—i)-S(i)+S(e—
i) - S(d +i). Therefore, {u + 1 (S(d)), v + I,,(S(e))} C {u, v} +1,(S(d + ¢))
if k and m satisfy k, k —e,m,m —d > n. O

Let S be the degreewise completion of S with respect to the standard degree-
wise topology Then by Lemma 8.1.1 the Poisson algebra structure on S
extends to S. Let us denote the i image of W, (x) under the canonical map S — S
again by the same symbol.

The algebra Sisa compatible degreewise complete Poisson algebra.



324 A. Matsuo, K. Nagatomo and A. Tsuchiya

8.2. Poisson current algebras

Let x, y be elements of p and let p be an integer. Motivated by the relations
(7.4.4) and (7.4.5), choose integers m, n withm + n = p and set

o
Ny, ) = W (6 3) = Y (Wi () Wi (0) + Wi 1 () - Wi 1 (X)),
i=0
(8.2.1)
By the commutat1v1ty of S this does not depend on the choice of m, n.
Let N denote the degreewise closure of the ideal of S generated by the
elements of the form N, (x, y) with x, y € p and p an integer.

Lemma 8.2.1 The ideal N is a Poisson ideal of S.

We let S = S(p) be the quotient of S by the Poisson ideal N:
s=8§/N. (8.2.2)

We will call the Poisson algebra S the Poisson current algebra associated with
the Poisson algebra p.

Proposition 8.2.2 The algebra S is a compatible degreewise complete
Poisson algebra.

8.3. Quasi-finiteness

Now assume that our Poisson algebra p is finite-dimensional and let xy, . .., x,
be a basis of a linear complement of kl, in p. Then the algebra S is
spanned by the elements of the form W_g (x;,) - - - W_g, (x;,) with £ > 0 and
dy = - > dg.

Consider the left canonical quotient module Q, (S) = S/I,(S). Then Q,(S)
is generated as a left S-module by the image 1, of the unit of S.

For each k > 0 and d > —n, consider the set

Mi(d) = {(d1,....d) |dy =+ >dp > —nandd) + -+ dy =d}.
(8.3.1)

We will call a vector of the form W_g, (x;,)---W_g, (x;,) - 1, a vector with
index (dy, ..., dr). We put

M) = {(d,....,d)|di > >dy > —nanddy + - +di = d}
(8.3.2)
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and

N = |J m@. 1@ = J . (8.3.3)
k=0 k=0

Lemma 8.3.1 The space Q,(S)(d) is spanned by vectors with indices in
I1(d).

Proof. Since the module Q, (S) is exhaustive and the image of each S(d) is
dense in S(d), the space Q,(S)(d) is spanned by vectors with indices in IT(d).
Let us show that any vector with index in I (d) is a linear combination of
vectors with indices in I ).

Introduce the lexicographic order on the set Ilx(d): we define

(dy,...,dy) < (e1,...,er) by d; < e and in case di = e recursively by
(dp,...,dr) < (e2,...,er). Then as this is a total order on a finite set, there
exists a maximum element: thatis (d + (k — D)n, —n, ..., —n).

We now proceed by induction on the length k. The case k = 1 is trivial.
Assume that the claim is true for any vector with index shorter than k& and
suppose given a vector

Wog (xip) - Wog (X)) - 1 (8.3.4)

withd;, > --->dy > —n—1.1fd; > --- > d > —n — 1 then we have
nothing to prove so we consider the case when d; = d; | at some position i.
Recall the relations N, (x, y) = 0, which imply

o0

Vg (xi) - Wog, (Xit1) = Woog, (X - Xi41) — Z(‘I’d,-—j(xz') Wy (Xig1)
j=1
+ Wy, —j(xig1) - W45 (xi)) (8.3.5)

Hence the vector (8.3.4) is rewritten as the sum of a shorter vector and a finite
number of vectors greater in the lexicographic order. By the inductive hypothe-
sis, the shorter vector is written by the vectors with indices in 1 (d). Then apply
the same argument to the vectors with greater indices in the rest of the sum. The
recursion stops within a finite number of steps, at most at the maximum. [J

Note 8.3.2 The argument described above is a refined variation of the proof
of Theorem 3.2.7 in [NaT]. The idea of utilizing the relation (8.3.5) goes back
to [GaN]. See [Buh] and [Li2] for related results.

We will say that a compatible degreewise complete Poisson algebra is quasi-
finite if the conditions of quasi-finiteness for a compatible degreewise complete
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algebras are satisfied except the existence of a Hamiltonian. Now the following
result is an immediate consequence of Lemma 8.3.1.

Theorem 8.3.3 If p is finite-dimensional then the algebra S is quasi-finite.

Proof. By Lemma 8.3.1, the space Q,(S)(d) is spanned by the vectors with
indices in I d) = U/fio ﬁk(d), which is a finite set. Since p is finite-
dimensional, the number of the vectors with a fixed index is finite. Hence
Q.. (S)(d) is finite-dimensional. O

9. Current algebras and Poisson current algebras

In this section, we will show that Zhu’s finiteness condition on a vertex opera-
tor algebra implies the quasi-finiteness of the associated current algebra. This
will be done by relating the results of the preceding section to the Poisson
algebra gr9U associated with U.

9.1. Relation to the current algebras

A homomorphism of degreewise topological Poisson algebras is a map from a
degreewise topological Poisson algebra to another such that it is a homomor-
phism of Poisson algebras that preserves the gradings for which the restriction
to each homogeneous subspace is continuous.

Let V be a vertex operator algebra and let p be Zhu’s Poisson algebra
V/C2(V). Recall the notations in the previous sections of Part II.

By the definition of Zhu’s Poisson algebra, (7.4.2) implies that the maps
V —> ng[U which sends u € V¥ to the image ¥, (u) of J,(u) in grkG[U factors
a map

Yy p — goU. 9.1.1)
Then the set of the maps ¥, : p — gr9U gives rise to a single map
viqg— ngU 9.1.2)

which sends W), (x) to ¥, (#), where x = u is the class of u € V in p.

Now the relations (7.3.2) and (7.4.2) imply that the map ¢ is a homomor-
phism of Lie algebras. Since grOU is a Poisson algebra, this map induces
a unique homomorphism S — grSU of Poisson algebras by the univer-
sal property of the symmetric algebra. We denote this map by the same
symbol .



Quasi-finiteness and Zhu'’s Finiteness Condition 327

Lemma 9.1.1 The map  prolongs to a surjective homomorphism S —
89U of degreewise topological Poisson algebras.

Proof. The assertion follows immediately from the construction by noting the
relation ¥ (I,(S)) = I, (ngU), where the latter space is the one induced from
I, (V). O

Now let S be the Poisson current algebra of p as defined in Subsection 8.2.
The relation (7.4.5) implies that the ideal N is mapped to the closure of ngﬁ.
Therefore, the map S - 819U induces a homomorphism S — &SU of
degreewise topological Poisson algebras.

Thus we have verified the following result.

Theorem 9.1.2 Let V be a vertex operator algebra and let U be the asso-
ciated current algebra. Let gtSU be the degreewise completion of grU and
let S be the Poisson current algebra associated with Zhu’s Poisson alge-
bra V /Cao(V). Then there exists a surjective homomorphism S — gt9U of
degreewise topological Poisson algebras.

9.2. Consequences of Zhu’s finiteness condition

A vertex operator algebra V is said to satisfy Zhu'’s finiteness condition or said
to be C»-finite if Zhu’s Poisson algebra p = V /C,(V) is finite-dimensional.
By combining Proposition 7.2.1, Theorem 9.1.2 and Theorem 8.3.3, we
immediately see that Zhu’s finiteness condition implies quasi-finiteness.
Namely, we have the following theorem which is the main result of Part II.

Theorem 9.2.1 If a vertex operator algebra V satisfies Zhu's finiteness
condition then the associated current algebra U is quasi-finite.

Let V be a vertex operator algebra satisfying Zhu’s finiteness condition and
let U be the associated current algebra. Let U, be the finite-dimensional alge-
bra associated with U as defined in Subsection 2.6 and let g be the number
defined by (2.3.3). Then Theorem 9.2.1 allows us to apply the results of Part I
to (U, Lyp). For instance, we have the following.

Corollary 9.2.2 Let V be a Cy-finite vertex operator algebra and let n be
an integer such that n > g. Then the category of exhaustive V-modules is
canonically equivalent to the category of left U,-modules.
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Moreover, the finiteness theorems in Subsection 5.5 hold for the various
categories of U-modules.

[Bor]

[Bou]

[Buh]

[DLM1]

[DLM2]

[DLM3]

[DLi]

[EGA]

[FeF]

[FHL]

[FLM]

[FrZ]

[GaN]

[Gab]
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On Certain Automorphic Forms Associated to
Rational Vertex Operator Algebras
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Abstract

To every rational vertex operator algebra V we associate an automorphic form
on I[''(1) that we call the Wronskian of V. We have previously shown [M2],
[M3] that in the case of Virasoro minimal models it is possible to give qual-
itative arguments about the Wronskian by using the representation theoretic
methods. Here we apply the theory of automorphic forms and extend our pre-
vious work to a larger class of vertex operator algebras. We also give a detailed
analysis of two-dimensional modular invariant spaces that arise from affine
Kac-Moody Lie algebras.

As a main byproduct of our analysis we provide new proofs of certain
Dyson-Macdonald’s identities for powers of the Dedekind n—function for Cj,
BCj and Dy series, and related identities (e.g., Jacobi’s Four Square Theorem).

0. Introduction and notation

The existence of a fusion ring and modular invariance of graded dimensions,
or characters, are the most interesting features of every rational conformal field
theory [MS]. When it comes to vertex operator algebra theory, proving mod-
ular invariance [Zh] (cf. [DLM1]) and ultimately the Verlinde formula [Hul]
is a formidable task. A key ingredient in proving modular invariance is played
by the so-called Cp—cofiniteness [Zh] which, in particular, guarantees the con-
vergence of all one-point functions on the torus. The C,—cofiniteness plays
an important role in the proof of the Verlinde conjecture as well [Hul]. Even
though the vector space spanned by irreducible characters is a PSL(2, Z)—
module (i.e., a modular invariant space), one cannot state the Verlinde formula
without having an action of SL(2,Z) (the operator $2 does not act as the
identity in general-charge conjugation). In fact, irreducible characters are

330
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sometimes linearly dependent. A proper algebraic framework in which all
irreducible characters are accounted is the one of modular data and modular
tensor categories [Hul], [Hu3]. Modular data were studied intensively by sev-
eral authors [Ga], [CG], [Ban], etc. There are classification results for modular
data with a small number of irreducible modules (or primaries) so one hopes
that modular data approach will help in classification of rational conformal
field theories. Individual irreducible characters have also interesting proper-
ties. The most important result in this direction was obtained in [Ban], where
it was proven that every irreducible character is in fact a (meromorphic) func-
tion on an appropriate modular curve X (N). One should say that this result
does not apply verbatim to rational vertex operator algebras. In fact, Bantay’s
construction [Ban] uses some facts that are still conjectural in the setting of
rational vertex operator algebras.

In this paper we focus on certain number theoretic properties of modular
invariant spaces spanned by irreducible characters, viewed as PSL(2, Z)-
modules (so we will ignore the Verlinde formula at this point). The main
motivation is our previous work [M2] [M3] where we have proved various
g-series identities by using representation theoretic methods. Here, by using
classical theory of automorphic forms, we extend our results to a larger class
of rational vertex operator algebras.

Let us outline the content of the paper. To every rational vertex operator
algebra V, or more precisely, to a modular invariant space spanned by the
irreducible characters of V, we associate an automorphic form Wy (t) that we
call the Wronskian of V. Since our space is a PSL(2, Z)-module, we show
that Wy () is a meromorphic modular form on I'’(1) (see Theorem 1.4). Then
we utilize this fact to show that, under certain conditions, Wy (7) is a power of
the Dedekind n-function (see Theorem 2.2 and Proposition 2.4). Even though
this phenomena has been observed in a variety of important models, there are
cases where the Wronskian fails to be an n-power (see Section 6). It is an
open question to describe YWy () as an infinite product in terms of some easily
calculated data. Such a formula would have to capture arithmetic properties of
the zeros of Wy (t) (see Proposition 2.3).

As an application of our results to familiar rational vertex operator algebras
we have (cf. Theorem 3.1 and Theorem 4.3):

Theorem 0.1. Let V be one of the following:

(i) Vertex operator algebra L s, (k — 1,0) associated to the affine Kac-
Moody Lie algebra of type A(ll), keN,
(ii) Virasoro vertex operator algebra L(c, ,0) associated to M(p, p')

Virasoro minimal models, k = w
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(iii) Rank one lattice vertex operator algebra Vi, where L = Zo and
(0, ) =2N, k=N + 1.

Then
Wy (7) = (o) &=,

In particular, for appropriate choices of k, p and p’, the above formula give
a series of Dyson-Macdonald’s identities for C;, BC; and D; series of affine
root systems, respectively.

The part (ii) in the theorem was proven earlier in [M3] by using representa-
tion theoretic methods.

We analyze further the case of two-dimensional modular invariant spaces
that arise from rational vertex operator algebras. In particular, we compute
Wy (t) for a class of rational vertex operator algebras associated to affine
Kac-Moody Lie algebras that have exactly two inequivalent modules (see
Proposition 5.2). These models are essentially powers of 7(t), so by using
explicit formulas for the characters we can prove several classical g-series
identities. Here we give two examples that are due to Ramanujan [M2], and
Jacobi, respectively (see Corollary 4.2):

Corollary 0.2.
0 n 5
n\ nq (1)
1-5 - = , 0.1
,;<5> 1—¢g" n(S7) ©-D
4
et 2n 2n—1
2nq 2n — g 2
I+8 (Z 1+¢2 1+4q21 ) = (Z(_q)n ) - 02
n=1 nez

It is worth saying here that considering Wronskians in this context is moti-
vated by a more or less classical situation in number theory and the theory of
Riemann surfaces where Weierstrass points on modular curves can be studied
via holomorphic differentials (i.e., cusp forms of weight 2) and Wronskians
[Mir], [Ro]. We hope that Wy (t) and their zeros play a similar role and may
unravel some hidden arithmetic properties of rational vertex operator algebras.
A word of caution here. In the vertex operator algebra setting irreducible char-
acters give rise to modular invariant spaces (of weight 0), not of weight 2.
Also, in the vertex operator algebra setting we are dealing with meromorphic
modular forms (there will be poles at cusps in general). A possible resolution
is to consider the Wronskian of derivatives of irreducible modules which are
of weight two. We explored this direction further in [MMO].

Notation: Throughout the text we will be using the following notation: N; the
set of non-negative integers, H; the upper half-plane (which does not include
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the cusp at 0o) and ¢ = ¢**'*. To simplify the exposition we will often use
“characters” instead of “modified graded dimensions”. As usual, for N > 1
we let

F(N)z{[‘c’ S}ESL(Z,Z): aEdElmOdN,bECEOmOdN},

FO(N):{[i Z }GSL(ZZ): CEOmOdN}.

The Eisenstein series are given by

B 2 00 2k—1 _n
Gor(7) = ——2 4 . Sy )
@) " k=Dl = 1= g"
—(2k)!
Ey(r) = Gox (7).

Acknowledgment: Some portions of this paper were presented at the confer-
ence Moonshine-the First Quarter Century and Beyond, Edinburgh, July 2004.
I would like to thank the organizers for the invitation. My thanks also go to
Sunil Mukhi for informing me of his old work on RCFTs and modular forms.

1. Wronskians and rational vertex operator algebras

In this part to every rational vertex operator algebra V we associate a canonical
automorphic form Wy (t) that we call the Wronskian of V. We shall see that
this automorphic form coincides with a certain graded trace computed on a
tensor product of several copies of V.

Let us recall first the main parts in the definition of vertex operator algebra
(for more details see [LL], for example). Vertex operator algebra (V, 7Y, 1, w)
consists of a Z—graded vector space

V= ]_[ V,, dim(V,) < 400,
nez

with two distinguished vectors 1 € Vj (the vacuum vector) and w € V, (the
conformal vector), equipped with the vertex operator map

Y : V — End(V)[[x, x '],

subject to certain grading conditions, the truncation condition, the creation
property and most importantly the Jacobi identity. In addition, the confor-
mal vector w defines a representation of the Virasoro algebra (i.e., essentially
unique central extension of the Lie algebra of vector fields on the circle), so that
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Y(w,x) = Z L(n)x™"2,
nez

m3—

m
2 8m+n,OCa (L.1)

[L(m), L(n)] = (m —n)L(m +n) +

Y(L(—1Dv,x) = %Y(v, x),

where ¢ € C (the number c is called the central charge of V). Moreover, the
operator L(0) is compatible with the grading of V; L(0) - v = nv, for every
v € V,,. Finally, Y (1, x) is the identity operator on V.

Naturally, we can define the notion of a module for a vertex operator alge-
bra, with an important difference in a relaxation of the grading condition for a
module M, now being a C—graded vector space

M =[] M,. dim(M,) < 4o,
reC
where, again, M admits an action of the Virasoro algebra (with the same central
charge) and the grading stems from the action of L(0).
We say that a vertex operator algebra V satisfies Co—cofiniteness condition
if dim(V /C,(V)) < 400, where

C(V)={u_pv : u,veVl}.
The following definition is from [DLM1] [DLM2]:

Definition 1.1. We say that a vertex operator algebra V is rational if V is
Chr—cofinite and every admissible V—module is completely reducible.

For various reasons it is important to study graded dimensions, or simply
characters, of irreducible V—-modules, where the character of a V—-module M
is defined as

trlpg™ @5 = g7/ " dim(M,)q"
reC
where ¢ is as in (1.1). Of course, for rational vertex operator algebras it suf-
fices to study irreducible characters, i.e., characters associated to irreducible
representations. Then an important result proven by Zhu [Zh], and improved
slightly by Dong, Li and Mason [DLM1], states that for every rational vertex
operator algebra V the vector space spanned by irreducible characters is mod-
ular invariant, i.e., an SL(2, Z)-module. Moreover, it is known [DLM1] (see
also [AM)) that in the rational case the irreducible characters take the form

o
tulug" O~ ="y ang",
n=0
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where r is a rational number.
Suppose that V is a rational vertex operator algebra. Denote by My the
finite-dimensional vector space spanned by irreducible characters of V. Let

dy = dim(My).

If a vertex operator algebra is fixed we will often omit writing the subscript V
and write d instead. It is known that in general dy does not equal the number
of mutually inequivalent irreducible modules of V (see Section 3.). Now, pick
a basis { f1, ..., fg, } for My. Consider the Wronskian

f Lo fa

A
A M B

fl(dv_l) f2(dv—1) o f;j"_l)

where
, d\’ .
9= (qd—) @, j=1
q
Clearly, W(q ,, )( f1, ..., fa,)(7) is holomorphic and has a g-expansion given
dq
. . . . d\ _ .1 d

by expanding the determinant. Keep in mind that (q @) =—i5-7.
Definition 1.2. Let V be a rational vertex operator algebra. Then the Wron-
skian Wy (t) of V is defined as a (non-zero) multiple of W( >( fi, ., fay)

with the property that the leading coefficient in the g-expansion is 1.

The previous definition clearly does not depend on the choice of a basis
for My . In what follows we will need a few basic properties of the Wronskian
determinant.

Lemma 1.3.

(a) Let A be a linear operator on My and f and h holomorphic functions
in H, then

W(q%>(A-f1,.. A - fq) = det(A) W( )(fl,,f)

(b) d
W(qdi)(f'fl,---,f'fd) =f W(qdi)(fl,n-, fa)

(© (h(r)q )(fl, s f2) = h(t)d(d—l)W(qdi>(f1, s f).
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Proof: The first formula is clear. Part (b) follows from the Leibnitz formula

()™ = Xn: (Z) £ g1—0)

k=0

and properties of the determinant (apply row operations!). Similarly with (¢).
|

Let us recall a few basic definitions in the theory of automorphic forms and
functions (for details consult [Miy] or [Mil]). Let ' C T'"(1) be a congruence
subgroup (e.g., I'o(N) or I'(N)). We say that a holomorphic function f in
H is a modular form of weight k£ with respect to T', if it has a g-expansion
f(x) =3 ,-0anq""", where r € N, and it satisfies f(y - 1) = j(y, )" f(x)

Z ] and j(y, t) = (ct 4+ d). The number r is also

denoted as ord;s (f). Cusps of I' C I'(1) are defined as equivalence classes of
QU{ioo} under the action of SL(2, Z).If ' = I'(1) then there is only one orbit
and the corresponding cusp is ico. A function f is said to be holomorphic at
iocoifr > 0. Similarly, f is said to be holomorphic at the cusp » € QU {i oo} if
f (v - 1) is holomorphic at i oo, where v - ico = r. For a function f(r) defined
on H we define an action of y € I'(1) by (flxy)(r) = j(y, %y - ).
We say that f is an automorphic form on I"(1) of weight k, with the multiplier
system x, if (flx)(y - ) = x(y)f(r), where yx is a character of I'(1).

In the following theorem we do not use much of the theory of vertex operator
algebras so it applies for an arbitrary modular invariant vector space M.

whereyeF,y:[i

Theorem 1.4. Let V be as above, then the Wronskian Wy (t) is a modular
form of weight k(k — 1) for T'(1):=T(1)/[C (1), ['(1)]. Moreover, the sixth
power of Wy (t) is a holomorphic modular form for SL(2, Z), with a possible
pole at the infinity.

Proof: For simplicity letd = dy. Let fi, ..., fa be abasis for My . As usual let

0 -1 11
5= |: 1 0 ] » I'= [ 01 ] '
Let us introduce constants S© via

d
faS 1) =) Shfp(a), a=1,...d.

b=1

The vector space My is in fact a PSL(2, Z)-module, because S 2 acts as the
identity operator. Also, (ST)3 = I and S* = I, where [ is the identity matrix.
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From these formulas it follows that det(S) = +1 and (det(T))® = 1. We have
to compute

l’L g eeey ’ S - T).
For that purpose notice that

i d i
. d d
e .y |2 ) _ b(._2

Jfa (S -1) = (r —d(27tir)) (fa(S t))—}:lSa <r —d(zm.r)) Jb(T).

The previous formula, combined with Lemma 1.3 (a),(c), yields

Wiy g NS, fa(S-1)) = det($) T/ DWW\ (f1(T), oos fa (D).
(T Tnidt ) (q dq)

Thus

-1
Wy (—) = +79@=Dyy (7).
T

For the T action a similar computation yields

Wy (Tt +1) = {eWy (1),

where (¢ is a sixth root of unity. Let us recall again [DLM1] that every irre-
ducible character of a rational vertex operator algebras has rational g-powers
truncated from below. Thus, the Wronskian JV(t) has g-expansion

0]

Wy (1) = q% Zanq", reZ.
n=0

This is a cusp form if r > 0. To prove that Wy () is a modular form on the
commutator subgroup I'/(1) it is enough to recall that, by the definition, I''(1)
is generated by elements of the form aba~'b~!, which act trivially on any
one-dimensional representation of SL(2, Z). |

Remark 1. The group I'’(1) is closely related to a congruence subgroup I"(6)<
SL(2,7Z),Infact, the group I"(6) is the smallest principal congruence subgroup
under which the multiplier system for Wy trivializes. If we use a presentation
for SL(2, Z/6) given in [CG] it easily follows that the multiplier system factors
through the quotient SL (2, Z/6), thus Wy (7) is a modular form for I"(6).

Remark 2. Let L(c,, ,, 0) be the Virasoro vertex operator algebra associated
to M(p, p’)-minimal models [LL], [FZ], [M2], [M3]. Then

WL(CP,I,/,O) ('L') = n(f)zk(k—l)’
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where k = wép/_l) is the number of irreducible modules for L(c, ,, 0). In
the case of M(2, 5) minimal models [M2] the Wronskian is 77(1’)4. This fact
is useful for proving the Ramanujan’s formula (0.2).

Remark 3. The previous theorem does not apply for rational vertex operator
superalgebras. The vector space spanned by irreducible characters in the vertex
operator superalgebra setting is no longer modular invariant. However, if we
add appropriate twisted modules and super graded traces (i.e., supercharcaters)
we can construct three Wronskians that (conjecturally) get permuted under the
action of SL(2, Z). For an explicit constructions of these automorphic forms
in the case of N = 1 superconformal minimal models we refer the reader
to [M4].

The next result gives another interpretation of Wy. In fact, the follow-
ing construction works for vertex operator (super)algebras as well. Let us
introduce some notation first. For every homogeneous v € V,,, Y(v,x) =
Znez vpx L acting on a V—-module M, let o(v) = v,_1; a grading pre-
serving operator on M. Thus we have a well-defined trace map (which for a
moment we consider only as a formal g—series):

v > tr|yo(v)gt @O/, (1.2)
and its multi-linear extension
VI - Qug = trlyo(v) -+ Q@ O(Uk)qL(O)_C/24.
The antisymmetrization map
k
Alt: AFV — v®

is defined as usual. Consider now
A{UALI=21L A LI=2P1 A n L2011 e Ve
Proposition 1.5. Suppose that V is rational and M a V®% —module. Then
tr| yr0 (Alt {1 AL[=2]TA - A L[—z]k—ll}) gL O=¢/24 _ 3 (1),

where ) € Q (possibly zero).

Proof: Firstly, we may assume that M is an irreducible v®' _module. Thus,
M=M & - --® M;, where M; are irreducible V-modules [FHL]. Now,
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111, @M@ M, 0 (Alt {1 AL[=21TA--- A L[—2]d_11}> gL O—e/24 _

L(0)—c/24 L(0)—c/24

trlp, q trlp,q
tr|pr, 0(L[—2]1)g L@ —¢/24 tr| p,0(L[—2]1) gL @—¢/24

trlan o(LI=21"")gH O~y 0(L[-217 1)g O~/
tr|quL(0)7c/24
trlp,0(L[—2]1)g " O =e/2

tr|pr, 0(L[—2]47 1) gL ©)—e/24

If the characters of My,...,M  are linearly dependent then
U 41y 00, (Alt {1 AL[=2]TA--- A L[—2]k_11}) gLO=e/24 _ g

because the determinant is equal to zero. Let us compute entries of the
determinant. It is known [Zh] that

trlpro(L[=21"D)g O/

i .
E : d\’ .
= P,',.,' (G, Gy, Ge) (q_) tr|MqL(0) c/24’
j=0 dq

where P; j(G2, G4, Gg) are certain polynomials in Eisenstein series G2, G4
and Gg, and more importantly P;; = 1, for every i. Now, from properties of
the determinant it follows that

] 11, @My, 0 (Alt {1 AL[=21TA--- A L[—2]d_11}) gL O—c/24

is a multiple of the Wronskian Wy (7).
Now, the statement obviously works for an arbitrary v®' _module simply
because every V®d—module is a sum of irreducible modules (cf. [LL]).
|

2. Differential equations and Wy (1)

The Wronskian determinant is a very useful gadget for studying homoge-
neous ordinary differential equations. We review this well-known relationship
applied in the special case where solution spaces are modular invariant sub-
spaces. We should say here that some results from this session have been



340 Antun Milas

known for a while by physicists and number theorists (e.g., for a related dis-
cussion in the setup of rational conformal field theory setting see [AM], [Mul],
[Mu2] and [MMS)).

Denote by 2 (H) the space of holomorphic functions in the upper half-plane
that have g-expansion of the form

s 00
qui Z ai(m)qm.
i=1 m=0

Let Gr) be the Grassmannian of k-dimensional subspaces of € (IH) and D,
the affine space of k-th order differential operators

() Sn (o)

where P;(g) are meromorphic functions in H. Then there is an injective map
W from Gr) to D) given by

W(qi)(f9 flv LX) fk)

5 eeey _lk
(f1s s fi) > (=D w(q%)(fl,.--, i)

; 2.1)

where {f1, ..., fi} is any basis of (f1, ..., fx) € Gry). The preimage of W is

Vg i
obtained by solving the differential equation (—1) m = 0. The
coefficients P;(g) in
k—1 i
(q‘[ )(f fl,...,f d n d 1
(—Df == )+ P@ (a5 ) .
Wig s (fis oo fi0 dgq §0 ’ dq
are meromorphic functions in general, but if the Wronskian W(q 4 )( f1s s f¥)
q

is non-vanishing in H, then P;(¢g) will be holomorphic.

14
Instead of (q dd—q) , it is more convenient to work with a slightly modified
differential operators. As in [Ro] we let

d

O =qg—,
T qdq
d

= (g +2G2)0yq,
dq

d
= (q— +2kG)O ! k>3
dq
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From
Ga(—1/7) = T2Ga(v) — —,
2mi
Ga(t + 1) = Ga(v),
it follows
k k
®r+1 = ®T’
ek, =*ek. (2.2)

Now, we introduce generalized Wronskian determinants

O0<ii<ip<-++<ip_q <lig. 2.3)
In particular Wé’f """ - We, . It is not hard to see (see [Ro] for instance) that
We, (f1, s fi) =kkW(q%)(f1,---,fk), 2.4

for some nonzero constant A;. From the above formulas we have:

Lemma 2.1. Let {f1, ..., fr} be a basis of My. Then for every iy, ...ix as in
(2.3)
Wa (fr oo fi)
We, (f1. - fi)
is a (meromorphic) modular form of weight 2i; 4 2ip + - - - + 2iy.

Now, we consider again the map W where instead of (q %)—derivative we

work with the ®-derivative. This time to an element (fi, ..., fx) € Gr) we
associate

)k We, (f. fi. - fO)

We, (f1, .- fi)
Theorem 2.2. Let S = {f1, ..., fk} be a basis of a modular invariant space
My and suppose further that Wy (t) is non-vanishing in the upper half-plane.
Then there is a unique k™ order differential equation with coefficients being
quasimodular forms, with a possible pole at the infinity, with a basis of solution
being S. Moreover,

(

(2.5)

Wy (1) = n(r)**=D,

In particular, if

00
fi — qhi—0/24 Zar(ll)qn’
n=0
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and the exponents satisfy
hi #hj, fori # j,

then the coefficients P;(q) are holomorphic at the infinity and

k
24Zh,~ =kQk —2+0¢). (2.6)
i=1
Proof: The first part follows immediately from Lemma 2.1 and (2.5) (the
uniqueness is obvious). Suppose now that the Wronskian Wy () is non-
vanishing in H. Then

k—1
Wo. (fs fis s fi) 5 ‘
R =0"f + 2 Pi(1)®' f =0, 2.7
( ) W('ﬂf(fl, cey fk) f par (7:) f ( )

where P;(q) are quotients of certain generalized Wronskians appearing in
Lemma 2.1. From Lemma 2.1 we know that P; (g) is a holomorphic modu-
lar form of the weight 2(k — i), with at most polynomial growth at the infinity.
Because of (2.4) it follows we see that P; will be holomorphic in H. Thus,
13,- € C[Gy, Gg, j]. In particular, I3k,1 (g) = 0 (i.e., there is no holomorphic
modular form of weight 2 with a polynomial growth at the infinity). Let us
recall that the ring of holomorphic quasimodular forms is invariant under the
action of (g %), ie, fori =1,2,3, (q %) G»; () is expressible in terms of
the basic Eisenstein series G»(7), G4(t) and G¢(t). Thus, in
k-1

k—1 k i
k 5 i, d . da
® f+i§P,(r)® f= (qdq) f+i§Pl(r) (qdq) fi

P; are quasimodular forms. It is easy to see that Py_1(t) = k(k — 1)G2(7). To
show

Wy (1) = n(r)* &=,

we just recall the Abel’s lemma for ODEs and proceed as in Theorem 8.1 [M2]
or as in [M3]. The equality (2.6) is obtained by comparing the leading powers
in the g-expansion of n(r)”‘(k_l) and Wy (7). [ |

If Wy (7) has a zero in H, then the previous theorem fails and Px_1(g) has
poles in general. For instance, consider

Es

li

=y =0,
y + E4y

where Wy (t) = j(t). Modular forms such as j(r) admit beautiful product
formulas (after Gross, Zagier and Borcherds) so it is tempting to seek for an
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infinite-product formula for YWy in general. One idea is to apply a result of
Bruinier, Kohnen and Ono [BKO]:

Proposition 2.3.

k(k = )Ex(r)  EZ(1)Es(v) » ezord; Wy)

Pei(r) = . —,
2 AT S T® =@
where
Iif z=1i,
e; = % if z=e¢"/3,

1 otherwise.

Proof: Firstly, we recall Theorem 1 from [BKO]: Let F(tr) = qh ZZOZO anq",
be a meromorphic weight k modular form for I"(1), then
() F (D) _kEx®)  Ey(0)Es(r) 5 eord, (F)
F(7) 12 A(7) (@) —j@

zeH/ T(1)

Because of P,_j(t) = K\,Li’, we just have to show that Theorem 1 in [BKO]
also applies for modular forms with a character and, in particular, for Wy (7).
According to Theorem 1.4, Wv(r)6 is a modular form for SL(2, 7Z), which
together with

Wy (D5 Wy (1)
Wy(D)® Wy (1)

now proves the claim. ]

=6P_1(7)

From the previous proposition one can in practice obtain an infinite-product
expression for Wy (t) (cf. [BKO]).

There is an elegant way of checking whether a modular form is non-
vanishing in H (the same result was obtained in [MMS] as well):

Proposition 2.4. Suppose that Wy (t) is of weight k(k—1), k € N and satisfies

k(k —1
ordiss W) = %

then Wy (t) is non-vanishing in H.

Proof: Let us recall that Wy (t) is actually an automorphic form with a
character, so that the sixth power of Wy () is a modular form for I"(1).

An application of the Riemann-Roch formula in the case of a meromor-
phic modular form f on the genus zero surface X = X (1), gives (see [Mil],
[MMS)):
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ord; (f)  ord,(f) k
ordjes () + = + g +ZQ:0rdQ(f)=6,

where p = /3 and the summation is over the remaining points in H/ I'(1).
Suppose now that f = Wy (7)°. Then, 2k = 6m(m — 1) and ordjso(f) =
w. Because f is holomorphic, it follows that YWy (7)° has no zeros in the

upper half plane. Clearly, the same holds for Wy (7). |

3. Lattice vertex operator algebras of rank one

In this part we apply the results from the previous section in the case of rank
one lattice vertex operator algebras.
Let L = Zo be arank one even lattice such that

(o, ) = 2N,

where N € N. We denote by V|, the corresponding lattice vertex operator alge-
bra [D] [LL]. It was proven in [D] and [DLM2] (cf. [LL]) that V7, is rational for
every N and for a set of representatives of equivalence classes of irreducible
Vi -modules we can take

Viis, L€ L°/L,

where L° is the dual lattice of L (cf. [LL]). For a set of representatives of cosets
of L°/L we choose i 5,1 =0, 1,..2N — 1. Clearly,

|L°/L| = 2N.

The central charge of V7 is one and

choni(q) =trly,,, o " 071
2N
i 2
() Z g m+i/2N)
_ ZveL-{-z’%q 2 _ mel.
n(r) n(7)

It is easy to see that for every i we have

choy i(g) = chonyon—i(g). 3.1

If we analyze the leading terms in the g-expansion of chyy ;(q), it follows that
(3.1) are essentially the only linear relations between characters. Thus, for a
basis of the vector space My, we may choose

choy i(g), i =0,...,N.
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The lowest weights of chyy ; are given by

;2
honi = N i=0,..,N
Therefore
ad 1 NN +1)
Z honi— = | = ——F—.
P 24 12

Now from Proposition 2.4 and Theorem 2.2 we have:

Theorem 3.1. Let L = Za, (o, ) = 2N, N > 1, and Vi, as the above, then

dy =N +1,
and
Wy, (1) = (@)D,
If welet! := N + 1 in the previous formula and factor % from each of

choy i(g) in the Wronskian Wy (1), we get the following series of Dyson-
Macdonald’s identities for the affine root system of type D; (see [Mac],
p.138):

Proposition 3.2.

[Vl

2 _vIl
N> =) xp(v)giD,
v

where in the summation v = (vy, ..., v;) € 7!, such that v; =i—1 (mod 2/-2),
VIl = Xisy v xp®) =[]0 —v}) and v € Q.

Proof: Follows along the lines of the proof of Proposition 4.4 given below. W

4. Vertex operator algebra L 4, (k, 0)

In this section we study the Wronskians Wy (t), where V = Ly, (k, 0) is the
level k vertex operator algebra associated to Agl) [LL]. One would hope that
for these vertex operator algebras we can apply methods from [M2], [M3],
to obtain the differential equation satisfied by irreducible characters directly
from the Cy-cofiniteness. Even though we had some success in the k = 1
case, the Cr—cofiniteness did not provide us with a suitable ODE for £ > 2.
Thus, let us first focus on the vertex operator algebra L4, (1, 0) with exactly
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two inequivalent irreducible modules. Recall the well-known formulas for
irreducible characters [FL] (cf. [K]):
>

L(0)—c/24 _ neZ
n(7)

Ezqm+bz
L(0)—c/24 _ n€Z
n(t)

trlz, (1,09

and

trfr, (1,09

Theorem 4.1. Irreducible characters tr|LAl(1,,')qL(0)_1/24, i = 0,1 forma
basis for the solutions of

d\? d 25
(Qf).ﬂﬂ+QGﬂﬂ<q—)yU)——%hﬁW@)=0 4.1)
q dq 4

Proof: Let V.= L4, (1, 0). Firstly, recall that the vertex operator algebra V is
Ch—cofinite and dim(V /C2(V)) < 8 (cf. [DLM2]). Moreover, we have

[ Vi ccaw.

i>4
Thus,

L*[-2]1 € C»(V).
Let M be a L4, (1, 0)-module. Then, according to Zhu [Zh] there exists v; €
V5 such that
tlyo(L[~21D)g O~V = hGa(Dtrlpo(vr)gh O~
+ (1G3(0) + vaGa(D)tr g O, (4.2)

where A, vi,v» € C. The vector space V, is four-dimensional, and only
non-zero multiples of he[—1]?1, where {xq, X_q, ho} is the standard basis
of slp, contribute with a non-zero trace in (4.2). Therefore we may assume

v] = L[—2]1. After some computation, in parallel to [M2], Theorem 6.3, we
obtain

d\* d
@3?)ﬂﬂ+@—MGﬂﬂ(%Z)ﬂﬂ+@Mhﬁf+wGMﬂW@)=Q
where y = tr|y gt —1/24,

From the asymptotic behavior of characters it follows that 21_—2)‘ = }‘ -
thus A = 0. Similarly, from the g-expansion we see that v; = 0 and vy =

ol

4;|
[
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Remark 4. Of course, it would have been much easier to use modular invari-
ance directly and apply results from Section 2, to prove (4.1). In some sense
our proof is representation theoretic since it relies only on the C-cofiniteness.

The previous Theorem 4.1 and Theorem 6.2 in [M2] give the following
classical identity.

Corollary 4.2. (Jacobi’s Four Square Theorem)

4
. ((2n — g1 (2n)g* W

1Y (B - ) = (Zeret) - e
n=1

nez

Proof: Apply Jacobi Triple Product Identity to write two 6 constants

2
by = Y g ")

nez
and

) =Y q"

nez

as infinite products:

02(t) =2¢"* [ J(1 = ¢* (1 + 4™,

n=1
03() = [J(1 —g*) (1 + ¢
n=1

Now,

W( i)(ChL(l,O)(T),ChL(l,l)(T))
qdq

1 ng™ — (2n — Dg>" '\ 5
=242y L 42y = 1 14+ ¢"M*4.4
q <4 Zl+q2n+ > Tr g []a+am%4s
n=1 n=1 n=1
Formulas
S =%
bs(r) = ) (=1)"q" = -,
nez n=1 1+C]
Wi, a.0(@) = n(@)*
now imply (4.3). |

As in the previous section we have the following description of
WLy, (k,0)(T)-
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Theorem 4.3. Foreveryk > 1

Wi, t.0)(1) = (@)D,

Proof: Let us denote by h; ; the lowest weight of L4, (k,i — 1) and by ¢ the
central charge. It is known (cf. [LL]) that

it
T Ak + 2
3k
k= ——.
k+2
Then
g N k(k+1)
5 (s - L) = LD,
, 24 12
i=1
The proof now follows directly from Proposition 2.4 and Theorem 2.2. |

As a consequence we have the following result which is a series of Dyson-
Macdonald’s identity for C;—series (cf. p. 136 in [Mac]):

Proposition 4.4. Forl > 2,

[Ivl]

2
n(@? M =y xemg T,
n

where in the summationn = (ny, ..., n;) € Z, such that n; = i mod 2(I + 1),
xe@) = ([Tizy 1) [ (0 = n3), Il = Yi_, ni, and py € Q.

Proof: Let us recall the formula for specialized characters of irreducible
L 4, (k, 0)-modules (see [K]):

Z n qn2/4(k+2) _ Z n qnz /4(k+2)

nez nez
1 n=imod2tk+2) n= —imod2(k +2)

2 n(0)?
Z nqn2/4(k+2)

nez
n= imod2(k +2)

chip, i-n() =

= ) , 4.5)
wherei =1, ..., k + 1. By Theorem 4.3 we have
N Wy (1) = (o) EHDHED, (4.6)

On the other, Wy (7) can be computed by expanding the determinant, so by
using the formula (4.5) we have
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X W, g ©hlLy w0, chlLy, w0)

k+1 2 2 2

n n k+1 n;

= ) [TrV Gt g Rimt awhr,
VGG sk 124

(nl,,..,nk+1)eZk+1 i=1

nj = i mod2(k +2)
where V(z1, ..., zx) is the Vandermonde determinant, where ji; is a rational
number. Now, take k =1 — 1. [ |

5. Modular invariant spaces with dy = 2 and the Schwarzian

In this section we study the dy = 2 case in more details. Let V be a rational
vertex operator algebra with exactly two inequivalent irreducible modules that
have linearly independent characters. We are actually not aware of examples
of simple vertex operator algebras with exactly two inequivalent irreducible
modules whose characters are proportional. On the contrary, there are several
known examples of rational vertex operator algebras for which dy = 2 and
the number of irreducible inequivalent modules is > 2. In the dy = 2 case the
Wronskian is of weight 2 for I'’(1) with a non-trivial multiplier system (other-
wise there would be a holomorphic weight two modular form on SL (2, Z) with
at most polynomial growth at the infinity). Let us recall that the modular curve
X'(1) = H/T'(1) is of genus one, so the space of holomorphic differential
is one-dimensional [Miy]. More precisely, if we denote by Si(I") the vector
space of cusp forms of weight k for I, then

Lemma 5.1.

dimcS(I'(1) = 1,

dimc S (I°(6)) = 1,
where both vector spaces of cusp forms are spanned by 1(t)*.

In fact X(6) = H/I'(6) is also a genus one modular curve with a
holomorphic differential n (v)*dr.
Let us recall

: E4(7)
n(t)
which is the third root of Klein’s absolute modular invariant j(t) = ¢~ +
744 + - - - . Here, E4(7) is the normalized Eisenstein series of weight 4 (see the

introduction).
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Even though there are no classification results of rational vertex operator
algebras with dy = 2, it is possible to classify modular data with exactly
two inequivalent irreducible modules. By solving the constraints from the
Verlinde formula and the 2-dimensional fusion algebra one obtains 12 inequiv-
alent modular data [Ga], which all can be constructed via affine Kac-Moody
Lie algebras [Ga]. In what follows we compute Wronskians for these twelve
examples. This is by no means the classification result for Wy (7) withdy = 2.

Proposition 5.2. Let Ly, (m, 0) stand for the level m vertex operator algebra
associated to the affine Kac—Moody Lie algebra of type X ;1) (cf. [LL]), and let
cy be the central charge of V.

(i) We have the following table:

x ) v cv Ty Wy
1
AV a0 1 b g
1
EY L0 7L g
1
Y Lpao 2L gt
1
G Lga.00 2 1 et

where

= (- 5) (- 5)

and ho and hy are the lowest weights of two irreducible V—-modules.
(ii) Let

V =Ly, (1,0) ® Lg(1,0),
where L, (1, 0) is a vertex operator algebra from the table. Then
Wy (@) = j (@0 @),

with Ty = —1,
(iii) Ler
V =Lx (1,00 ® Lg,(1,0) ® LE(1,0),
where Ly, (1, 0) is a vertex operator algebra from the table. Then
Wy (@) = j (@ n@)*

and Ty = —%.
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Proof: The third and the fourth column in the table can be computed by using
the theory of affine Lie algebra and the Sugawara construction [K], [KW]. In
particular, o # h in all cases. Thus, for every V from the table

Wy(r) =g/ +---.

Therefore Wy (t) is a cusp form on I'’(1). Now, Lemma 5.1 implies that
Wy (1) is n(t)*, which proves Part (a).

Recall that Lg(1,0) is a holomorphic! vertex operator algebra. Also, it is
known (cf. [K]) that tr|LE8(1‘0>qL(O)_1/3 = j!3(1). Thus, we have a one-to-
one correspondence between the equivalence classes of irreducible V-modules
and the equivalence classes of V ® L, (1, 0)-modules [FHL]. The same fact
applies for the vertex operator algebra V ® L, (1, 0)®2. Parts (b) and (c) now
follow from (a) and the second formula in Lemma 1.3. ]

Remark 5. For completeness let us recall here that the vector space of mod-
ular functions for I'V(1) with a polynomial growth at infinity is given by
(C[j]/3, (G- 1728)1/2] (cf. [KZ]). Thus, the space of modular forms of weight
two for I'/(1), with the same behavior at the cusps, is given explicitly by
n(@)*CL'7. (G —1728)!72).

Let f1, f> be a basis for My . Then the action of I'(1) on H induces an
action of I'(1) on the %—plane in the natural way. Explicitly,

S1(©
fily 1) ang tan

Sy 1) B ary h(@) +a22’

f2(0)

where

[ andn ] e GL(2,C).
axy axn
Let

fi(@)
7) = )
#(7) fa()

We shall denote by {g; t} the Schwarzian derivative of g. Explicitly,

2
g// / g//
wa=2(5) - (5)
Let us also recall the chain rule for the Schwarzian

{goh; )y = (W) g h(D)} + {h; 7).

1 A vertex operator algebra V is called holomorphic if, up to equivalence, the only irreducible
V-module is V itself.
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If we take now
at +b

h(z) = ,
(@) ct+d

such that ad — bc = 1, a, b, ¢, d € Z, then by using

{h; T} =0,
we have
{g: h(D)} = (cT +d)*{goh; T}
= (ct +d)4 {w; r} = (ct +d)4{g; T}.
az g +axn
Thus

{g; THaly - 1) ={g; },

for every y € I'(1).

The Schwarzian derivative also appear in the context of second order ordi-
nary differential equations. Let us recall this basic but important fact. Every
second order ODE of the form

d\? d
(qd—> y(t) + Pi(7) <q—) () + P(7)y(7) =0, (5.1
q dq

can be brought to its projective normal form

d\?. » L4\,
(CIE> y(T) + 2(t)—§<q%> 1(T) —

where y(t) = y(r)/+~/W and W is the Wronskian of a fundamental system.

Let y1, y» be a pair of linear independent solutions of (5.1) or (5.2). Then the
()

P (t)

) y(r) =0, (5.2)

ratio f(1) = i;(r) satisfies
d 2
{fs t}=4Py(v) -2 4@ Pi(7) — P (7). (5.3)
Proposition 5.3. Let fi and f> form a basis for My, then
{ﬂ; r} 5.4
12

is a meromorphic modular form of weight 4. In particular, if Wy is non-
vanishing then (5.4) is holomorphic, including at the infinity. Thus, it is a
multiple of E4(7).
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Proof: We already proved the first part. Because of (5.3) it follows that (5.4)
can have a pole only at the infinity. However, because of Pj(g) = 2G2(g) =
ap+aig+---,

ordise (¥" + P1(q)y") > ordicoy-

On the other hand, having a pole at the infinity would imply

ordico (¥ + P1(q)y") = ordiec P2(q)y < ordico (),
which gives the contradiction. |

Expressions of the form { f; t}, where f is a Hauptmodul for certain genus
zero congruence subgroups such as I'g(n) or F(J{ (n) were studied in [McS].
In particular, it was shown that the Schwarzian derivative of the Hauptmodul
for the torsion free subgroups is always a multiple of E4(tr). Some of our
examples can also be used to prove related formulas. For instance, in the case
of L4,(1,0) we have

2
1
Corollary 5.4. Let 0,(t) = Zq<n+2) and 03(t) = Zq"z. Then
nez nez

chr, ,1(7) 0
I ACDALL ;T = {—2; ‘L'} = —45G4(7).
chz, 1,0(0) 03
Also, for V = L(—22/5, 0) studied in [M2], dy = 2 and we have
Corollary 5.5. Let x5(n) = (%), (Legendre symbol). Then

chy(-22/5,-1/5)(t) =
Jx3) (1) = 25215 g3 l_[(l — g")~xs(n

chy(—22/5,0)(7)

n=1
and
) 144
lixsy = —?G4(T)-

(The function jxs) is the Hauptmodul for the genus zero curve X(5) =
H/T(5).)

6. Conclusion and an outlook

In this note we examined various number theoretic aspects of the Wronskian
determinant associated to a rational vertex operator algebra. Even though our
methods are those of automorphic forms rather than vertex operator alge-
bra, it is interesting to see that many classical modular g—series identities
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arise from considerations of graded dimensions of modules. Having in mind
that the coefficients of irreducible characters are non-negative integers, often
with interesting combinatorial interpretation, it is an open problem to find a
link between divisibility properties of partitions and vertex operator algebra
theory.

There are several closely related directions that we have already explored
related to our present work:

e In [M4], in parallel with [M2] and [M3], we derived several infinite series
of g-series identities from consideration of N = 1 super minimal models.
As an example, in the case of N = 1 minimal models of type (2, 8), we
obtained a classical Carlitz’s g-series identity :

L 2% Y5() 1nq”n _ n3(4Z)Z(2r)n2(r)
o —q n-(87)
where xg(-) is the Kronecker symbol mod 8.

o It would be interesting to find a proof of Theorem 3.1 and Theorem 4.3
directly from the Cr—cofiniteness, in parallel with [M2] and [M3].

e It is not hard to construct examples of Wronskians Wy (t) with zeros in
the upper half plane. We already indicated that one can just tensor a VOA
with a holomorphic vertex operator algebra such as Lg, (1, 0). Here are
two additional more interesting examples:

Let V = L(c2,7,0) ® L(c2,7,0) where L(c2,7, 0) be the VOA associated
to M(2, 7)-minimal models [M2]. Then dy = 6 (symmetric square) and

Wy (1) = n(0)*® Ee (1),

with the zero at T = +/—1.
The zeros of Wy (t) can be more complicated (transcendental?). Let V =
L(c2,9,0) ® L(c2,9,0), for which dy = 10. Then

12202
Wy (1) = n(t)'® E () (j (r) + -5

e In [MMO] we investigated the following modular form for the full
modular group:

W(q%)(ch/l, ..., chy)
W(q%)(chl, ey chy)’

6.2)
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where chy,...,chy are irreducible characters of M (2, 2k+ 1) Virasoro min-
imal models. We proved that an appropriate normalization of (6.2) give
rise to supersingular j-invariants.
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Moonshine and Group Cohomology

C. B. Thomas

Introduction

If M is the Monster simple group, then to each rational conjugacy class (g)
there is associated a formal g-expansion

@ =q""+) a;mq"

n=1

with integral coefficients, such that

M1)

(M2)

For each n > 1 the function g > ag(n) is the character of a repre-
sentation space H,.

For each (g) there is an integer i dividing the greatest common
divisor (24, |g|), and a discrete I' sandwiched between the congru-
ence subgroup I'g(N) and its normaliser in SLr(R) (N = h|g|)
and commensurable with SLy(Z). If Z denotes the upper half-plane
compactified by the cusps of I', then

The character j,(q) generates the field of meromorphic functions
defined on the Riemmann surface I'\ Z of genus zero.

We shall refer to an infinite representation space of type (M1) as a McKay-
Thompson series, and to (M2) as the ‘genus zero’ property. Similar Moonshine
modules can be constructed for other groups, notably for centralisers Cpy(g) of
elements in M. Simon Norton proposed a rule for relating these (see Section 5

2000 Mathematics Subject Classification. Primary 20J06, 20D08; Secondary 55N20, 55N34.
Key words and phrases. sporadic simple group, group cohomology, generalised cohomology
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below) and we shall regard McKay-Thompson series as being doubly indexed
in this sense, once by the degree n and once by a family {g} of group elements
representing conjugacy classes. Quite independently of the work of Conway
and Norton topologists were becoming interested in a 2-variable generalisation
of K -theory called “elliptic cohomology’, and it has since become clear that, at
least for some finite groups G, there is a close relation between doubly-indexed
McKay-Thompson series and the elliptic cohomology of the classifying space
BG. This explains our use of the term ‘elliptic object’, for which however
the ‘genus zero’ condition remains a mystery. One motivation for writing this
survey is to encourage the calculation of E{l*(BG) for subgroups G of M
in the hope of identifying a cohomological condition equivalent to the more
complex-analytic conditions (M2). That this is not an impossible undertaking
is shown by the fact that, depending on which variant of elliptic cohomology
one uses, one can neglect the 2 or 3-Sylow structure of G.

For any cohomology theory A* the calculation of 4*(BG) begins with
that of H*(BG, Z) or H*(BG,F),). In part because K%(BG) is given by a
certain completion of the representation ring R(G), the subring of ordinary
cohomology generated by characteristic classes of representations is particu-
larly important. Indeed for some groups and some theories, such as Morava
K-theory K (n)*, such classes serve to generate the cohomology as a module
over the coefficients. For example this holds for the elementary non-abelian
group p fz of order p3; K (n)* = K (n)®'®" is generated by Chern classes, but
H Odd( p 1++2’ 7)), although small, is non-trivial.

The contents of the paper are as follows: the first two sections are devoted to
ordinary cohomology and include what is known about H*(BM, Z). Section 3
is concerned with a single example, the eventual aim being to calculate the
cohomology of Coj at the prime 5. In Section 4 we introduce increasingly
complicated coefficients 4* (point), starting with variants of K -theory, first to
build up to the universal theory (cobordism localised at a single prime p), and
then drop down again to vz-periodic theories. The last section is devoted to
Moonshine modules and elliptic objects.

Some readers are warned that this is not an expanded version of my Edin-
burgh lecture, but may be a version of the lecture which I should have given.
The original lecture, devoted mainly to calculations in ordinary cohomology,
will be published elsewhere.

1. Cohomology of finite groups

We start with a topological definition. If G is a finite (or more generally a
discrete) group a classifying space BG = K(G, 1) is a space X such that
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m1(X) = G and the universal covering space X is contractible. Such spaces
can be shown to exist, either by inductively adding cells to a 2-complex
realising G geometrically (1-cells corresponding to generators and 2-cells to
relations), or by allowing G to act on an infinite-dimensional Stiefel manifold
via a unitary representation. The latter construction has the advantage of show-
ing that BG may be approximated by smooth finite-dimensional manifolds. If
A is an abelian coefficient group, we then define

H*(G, A) = H*(BG, A).

This definition is independent of the particular model BG, since this is
unique up to homotopy type. Those expecting a more algebraic definition
should note that we assume a trivial G-structure on A, which will usually be
the integers Z or the finite field IF,,. With attention paid to a G-action we must
define our cochains on the equivariant chains of X.IfAisa ring, H*(G, A)
can be given the structure of a graded ring; we shall be particularly interested
in the commutative subring

HE"(G, A) = @ H?!(G, A).
k>0

Let H be a subgroup of G, so that BH 1is a covering space of BG with cov-
ering map Bi (say). We write the induced map asi*: H*(G, A) - H*(H, A)
(restriction), and if j: G — G/H (H normal in G) there is a similarly defined
map j*: H*(G/H, A) — H*(G, A) (inflation). Conjugation by an element
g.x > gxg~ !, induces ¢,: H*(H, A) — H*(H$, A), with HS = gHg™!,
and we can also define a covariant map i, : H*(H, A) - H*(G, A) (corestric-
tion/transfer), which is an H*(H, A)-module rather than a ring homomorphism
(Frobenius reciprocity). One way to define this at the level of cochains is to
mimic the construction of an induced representation. Thus, let G| be contained
in G with index s and let ' be some subgroup of the symmetric group S;.
The wreath product G F is the semi-direct product of s copies of G| with F,
the latter group acting by permutation on the former. Embed G in the prod-
uct by first choosing left coset representatives {1 = gi, ..., gs}, noting that
Y8j = &q(j)Xj foreach y € G2, some x € G1, and some permutation o € Sy,
and mapping y to (xy, ..., X5, ). At the cochain level first extend f to a map
defined on the chains of (G| x --- x G1) x F and then restrict down to the
subgroup G.

With these relations with and between subgroups we can prove the basic
proposition that the cohomology of G is detected by the cohomology of a
representative family of Sylow p-subgroups G . Restricting attention to p-
torsion we have that
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H*(G, A)(p) = stable elements in H*(G , A).

Here an element x is said to be stable if, for all g € G, the restriction of x to
H*(G, N gGI,g_l) is unchanged if we first conjugate by g. From the defini-
tion one sees that the image of H*(G, A)(p) in H*(Gp, A) certainly consists
of stable elements; the converse depends on properties of the composition
i*i,. Note that the stable elements are contained in the set of normaliser-
invariant elements H*(G p, AN, where N = Ng(G p), which is usually easier
to calculate. Hence the usefulness of

Proposition 1.1. If G, is abelian H*(G, A)(,y = H*(G,, AN,

The main point of the proof of Proposition 1.1 is that, if G is abelian, the
centraliser Z of G, N G% contains both G, and G} as (conjugate) Sylow
subgroups. It is also important to note that the argument definitely requires
trivial G-action on the coefficients A.

Much of what we will prove in later sections depends on the relation
between cohomology and the representation ring R(G). One can show that,
given a complex representation p of degree n, there exist (Chern) classes
ck(p) € H2k(G, 7Z), 1 < k < n with the following properties:

(Cl) If p: Gy — G» is a homomorphism and p: G, — U, a representa-
tion, then ¢*(ck(p)) = ck(@*p), where ¢* p denotes the representation
pp: G1 — U,.

(C2) Denote the total Chern class by co(p) = 14+c1(p)+- - -+cn(p). Then
Co(pl + /02) = Co(P)Co(PZ)-

(C3) The first Chern class ¢ defines an isomorphism between H (G, 7Z)
and the 1-dimensional representations Hom(G, C*).

One possible proof of existence and uniqueness goes as follows. Use (C3)
as a definition of the class c;. Because as an additive group C is divisible
the coboundary map H'(G, C*) — H?(G, Z) associated with the short exact
sequence of coefficients

z—cZc
is an isomorphism. Property (C2) provides an immediate extension to sums
of 1-dimensional representations. From the previous discussion it suffices to
consider groups of prime power order, which are monomial, i.e., such that an
irreducible representation of degree greater than one is induced up from a 1-
dimensional representation of some proper subgroup. In principle the Chern
classes of an induced representation can be calculated in the same way that we
have defined corestriction, i.e., via H*(H  S,, Z), and an intermediate deter-
mination of the classes for the permutation representations of the symmetric
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groups S, (m < n). See the original paper of L. Evens [7], together with that
by V. Snaith [20], on explicit induction.

Definition 1.2. The Chern ring Ch(G) < H®°"(G, Z) is the subring gener-
ated by the Chern classes of the irreducible representations of G.

(It is sometimes useful to consider the larger subring Tre(G) generated by
transferred Euler classes of real representations.)

Proposition 1.3 (Evens-Venkov). H*(G, Z) is finitely generated as a module
over the Chern subring Ch(G).

For a proof see [23].

This proposition allows us to regard Ch(G) as a calculable approximation
to H*(G, Z) for many groups G. Using property (C2) we can also define the
total Chern class of a virtual representation [p1] — [p2] as ce(01)/ce(02), and
one way of extending the theory to modular representations is to apply ce to
the Brauer lift of a representation in characteristic £. More elegant construc-
tions than the one outlined above apply both to finite and zero characteristic,
see [11].

First examples

(1) Cyclic group p = C), generated by A.

Let @ be the one-dimensional representation mapping A to { =
e2milp a primitive pth root of unity. Then H*(C p» L) = F,la] where
o =c1(@) € H>.

(2) Elementary abelian group of rank 2 (p,p) = C ,‘;‘ x C ﬁ . With the
obvious notation H**'(C, x C,,Z) = Fjla, B], and there is a
3-dimensional exterior algebra generator .

Warning: with increasing rank the Z-cohomology of an elementary
abelian group becomes complicated. Thus H*(3C p» Z.) contains an ele-
ment outside the Chern subring. With F ,-coefficients the situation is
much simpler (use the Kiinneth formula). One obtains H**"(rC,, Z)
from the kernel of a ‘coboundary derivation’ §: H*(rC pFp) —
H**1(rC,, F,) associated with the sequence

757 —F,
(3) Elementary non-abelian or order p3, p_lfz with presentation

(A,B,D: A=[B, D], A = central).



Moonshine and Group Cohomology 363

The abelianisation of p_lfz is isomorphic to Cf X CPE, providing genera-

tors B and 8 in H? as in Example 2 above. For the remaining generators of
H®¥" let & be the 1-dimensional representation of (A, B) which maps A to ¢
and B to 1; then the induced representation i, is a typical representative of
the family of p-dimensional irreducible representations of p1++2. A formula of
Riemann-Roch type shows that s; (i,&) = cor(ak) for2 < k < p — 1, where
s is the k-th Newton polynomial in the Chern classes c;.

Ch(pl™?) = Ho*"(pl*2 Z) is generated by B, 8, cor(@) 2 <k < p—1)
and ¢, (i,@). Perhaps surprisingly, given that the group has exponent p, the last
generator has order p? rather than p. There are two exterior algebra generators
w and y in dimension 3. We omit the numerous relations in A",

For an expanded version of the results in this section the reader is referred
to [23] and the references therein.

2. An elementary non-abelian group E(p) of order p*

We quote an elementary proposition from representation theory, see [13,
pp295-297].

e Let G be a non-abelian p-group which contains an abelian subgroup H
of index p. Then there exists a normal subgroup K of G of order p such
that K is contained in H N [G, G] N Z(G).

e If H, K < G are as above then every irreducible character of G is given
by either (i) the inflation of an irreducible character of G/K or (ii) the
transfer of some 1-dimensional character ¢ of H, which satisfies K SZ
Ker .

e If |G| = p" and |G/[G, G]| = p™, then G has p™ I1-dimensional
characters and p"~% — p™~? irreducible characters of p-dimensional
representations.

By way of an example consider G with presentation
G=(A,B,C,D:A=central, [B,C]=1, [C,D]=B, [B,D] =A).

Write

H=G,=(A,B,C)=(p,p,p), [G,G]=(A,B), K =(A),
G/IG. Gl =C§ x CP.
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We have a diagram of subgroups and quotients:

(p.p.p)
(A, B) G

Here the class of B is central in G/{A). The maps i and i’ are inclusions, and
J is a quotient map.

The quoted proposition shows that the irreducible characters of degree
greater than 1 are either inflated from the quotient (B, C, D) = plfz or trans-
ferred from the subgroup (A, B, C) = (p, p, p). Call these types (a) and (b)
respectively. Taking both together we have p?> — 1 irreducible characters of
degree p, obtained from representations of G| mapping either A or B to a root
of unity and the remaining two generators to 1. Arguing as for plfz in Exam-
ple 3, and with self-explanatory notation, we see that the Chern subring of
H®®"(G, Z) is generated by classes «, § (of degree 2), cor(a”)cor(8%) (2 < r,
s < p — 1) and the top-dimensional classes ¢, (1), ¢, (02) for representative
representations p1, and p, of types (a) and (b) respectively.

The calculation of the Chern subring suggests how to obtain the complete
cohomology via a triple comparison of spectral sequences for the restrictions
i* and i’" and the inflation j* above. (The spectral sequence of a group exten-
sion is explained and used in [23, Chapter 4].) The problem is to understand the
spectral sequence for the extension G. That for G (abelian) is easy to under-
stand, that for G, is described briefly by G. Lewis in [15] (for total degree
< 2p it collapses after page 3 (Corollary 6.34)), while that for G/(A) is the
main object of study in the same paper (collapse after page 4 (Lemma 6.18)).

In general one complicating factor is the fact already referred to in
Example 2 of Section 1, namely that Ch(3C,) is properly contained in
H®"(3C,, Z). This does not occur for [F,-coefficients, or for some among
the generalised cohomology theories to be considered in Section 4, and is the
one of the reasons why the analogous calculation seems to be much easier.

For p = 5 we will return to the inclusion i’: G, — G when discussing the
Conway groups. Again, with special attention paid to the prime 5, H*(G, F))
has been studied by D. Green using the programme described in [10] and
briefly considered in the recent survey [5] by J. Carlson.
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3. The sporadic simple groups M4, Co1 and M

In this section we put together the result that H*(G, Z)(p) is detected by the
stable elements in H*(G,, Z) with the calculations for p-groups of low rank.
Hence our permitted Sylow subgroups are cyclic (p), elementary abelian of
rank 2 (p, p), p fr+2 and the group E (p) of exponent p and order p*. With little

in the way of additional proof we will list the p-torsion in Z-cohomology for
M4 (p = 3), Coy (p = 5, Chern ring only for p = 5), M (11 < p < 31).

For primes p > 41 dividing the order of the Monster calculation is easy and
well-known. Another reason for their omission is a desire to understand the
various relations between M and the exceptional Lie group Eg. We therefore
concentrate on those primes dividing the order of Eg(IF,;) for small values of g.

An exception is the prime p = 23, which from the cohomological point of
view shows itself to be slightly anomalous.

The first result combines an easy calculation for cyclic groups with a
3-primary calculation in [9]. It does however appear to be typical, and illus-
trates the close relation between cohomology and modular characters. For M»4
the 2-modular character 7 (in honour of J. A. Todd) takes the following values
on regular conjugacy classes of prime order

124 1636 1454 1373 1373 12112 123 123 38
" 5 | 1—i7 1+iJ7 0 —1+4i/23 —1-i/23 |
2 2 2 2

Proposition 3.1. H®"(My4, Z)odd is generated by the Chern classes of
the representation t. H®Y (Mo, Z)(p>sy = 0 and HOY(Moy, Z)@3) has an
exterior algebra generator in degree 11.

Conway’s group Coy of order 221 3° 5472111323

p = 11: H*(Coy, Z) () < F,[x] with generator a power of x determined by
the index of a Sylow p-centraliser in its normaliser. With the notation of the
Atlas, if pp has degree 276 and p17 has degree 673500, the three generators
concerned may be taken to be c19(02), c12(02) and c11(p17).

p = 7: a Sylow 7-subgroup is abelian, so the stable elements coin-
cide with those invariant under the normaliser-mod-centraliser (Weyl group)
action. For Co;7 the group acting is isomorphic to 3 x T* (T* =
binary tetrahedral group), and the invariant elements (&;) are generated in
degrees 12, 36, 48 and 35, subject to the relations
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£3 =0, &3+ & +36hE4s =0.

The first of these restricts to a generator of H*(Co2, Z)(17), which can be
identified with ce(p2), where p> is the natural representation of the group in
the Leech lattice. Since there are two conjugacy classes of elements of order
7 in Cop at least one other representation contributes to the Chern subring.
Inspection of the character table suggests that pj, (see above) may suffice.

p = 5: the partial calculation in Section 2 points to the classes ¢;(p;)
(j = 2, 17) again exhausting the (proper) Chern subring of H*(Coy, Z)s). As
at the prime 7 it is instructive to restrict to the subgroup Co,, for which Co3 5
is isomorphic to the subgroup G, of E(5) of order 5%, Tt is known (see for
example [2, Theorem 5.6]) that Ch(Co3) 5y = H®*"(Coz, Z)(s) is generated
by the Chern classes of p, of degree 23. Since, working either in characteris-
tic 2 or with the 276-dimensional representation of Coj in characteristic zero,
Ch(Coy)s) maps onto Ch(Coy)(5), we also have a surjection for H®V". At
least one other representation is needed for the kernel; compare the roles of the
inflated (i *E) and transferred (i *@) representations of E(5) itself.

The reader may find the character values below helpful in following the
discussion.

1 5C SA 5B 7X 7Y

Co; 276 21 6 1 10 3
673750 0 0 0 0 0

Coy 23 -3 =2 -2
275 - 5 0 -2

The Monster (order divisible by 7° 112 133 17 19 23 29 31)

17 < p < 31: Arguing as for the Conway group (p > 1) and with irreducible
representations numbered as in the Atlas we have generators c16(02), cg(02),
c11(p16), c28(02) and c15(026)-

p = 13: the cohomology has been calculated by M. Tezuka and M. Yagita
[11, Theorem 6.6].

The Chern subring is properly contained in H®V*"(M, Z)(13y which is
properly contained in the normaliser-invariant subring. The existence of two
conjugacy classes again suggests that more than one representation (0;) is
needed to obtain the Chern subring. This is confirmed by the presence of ele-
ments constructed both from cor(«!?) and cor(e!?) — ﬂlz — 812 (notation as
in Section 1, Example 3) in the stable cohomology.
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p = 11: this is much easier than for p = 13. There are generators in dimen-
sions 40, 60 (two), 80 (two), 160 and 240. Since there is only one conjugacy
class of elements of order 11, a single representation provides generators of the
Chern ring, and inspection of the character table shows that these are c110(02)
and c120(p2). They may be identified with the so-called Dickson invariants
for the action of the Weyl group 5 x I* (I* = binary icosahedral group) on
Fiilx, y1.

Remarks for p = 7. This is an extremely interesting question, which is prob-
ably just within the bounds of human calculation. A Sylow subgroup My is
isomorphic to an extension of C7 by an extra-special group of order 7°, con-
tained in an extension of C3 x S5 by 73:“4. (Here the * again denotes ‘binary’.)
A related, possibly easier question is the determination of H*(G2(p), Z)p)
for small values of p. Besides helping with the Monster (p = 7) this would
also throw light on the Lyons group (p = 5).

4. Generalised cohomology theories

Our aim is to interpret a module of Moonshine type as an element of 2*(BG),
where i* is a cohomology theory admitting complex orientations. This means
that h* = {h" : n € Z} is a family of functors from a suitable class of cell
complexes to abelian groups, satisfying the same (Eilenberg-Steenrod) axioms
as H* = {H" : n > 0}, except for the so-called dimension axiom. Thus we
allow h*(point) to be more complicated than {H 0(point) = Z, H"(point) =
0 (n > 0)}, and we shall also assume that like H*(X), h*(X) is a graded
commutative ring. The theory #* is said to be complex oriented if an Euler
class e (L) is defined for any complex line bundle L over X, such that

e ¢"(L) is natural for bundle maps,

e ¢"(L) € h*(X), and

e h*(CP") is the truncated polynomial algebra over 2*(point) generated by
x, the Euler class of the canonical line bundle over the projective space,
with x"*1 = 0.

Such a theory admits Chern and Euler classes as in Section 1. The relation

ML ® L) =) aij e (L1) (L),
i,j

with a;; € h?>1=i=P (point), determines a formal group law for /*,

Fu(x,y) =Y aijx'yl.
iJ
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Furthermore, at least if 2 is invertible in 2% (point), the theory A* is very nearly
determined by the pair (h*(point), Fj,), and hence there is a universal coho-
mology theory corresponding to M. Lazard’s universal formal group. In case
this seems too abstract here are some examples:

(1) H*(point, Z), F, = x + y,
(ii) K*(point) = Z[u,u"'], Fx = x + y — uxy, complex K-theory (u €
K ~%(point) is the Bott periodic element). For ‘real K -theory’ we shall
use KO*(X) ® Z[%] with coefficients Z[%][U, v (degree v = —4).
Increasing the complexity of the coefficients we have
(iii) EI}(X) = EII*(X) with EIl*(point) = Z[%][S, e, e (degree § =
—4, degree ¢ = —8) and formal group

F(x,y) = xV/RY) + yv/R(x)/1 — ex?y?,

R(x) = 1 — 28x% + ex*. Here J stands for Jacobi; there is a related
theory Ell},(X) (here W stands for Weierstrass) with coefficients
ZIE1g1. 82, AL,

As parent ‘universal’ theory we shall take oriented cobordism, modulo 2-
torsion. This has coefficients

. 1
Q5o (point) = Z[E][M’ X8, X12, ... 1,

where in the dual homology theory the generator x4; can be represented by
the complex projective space CP?/. For those with a non-topological back-
ground we should point out that for ‘bundle-based’ theories such as K* and
K O* it is the cohomology which has a nice geometric interpretation, while for
‘manifold-based’ theories such as Q%,, it is the dual homology. It is possible
(author’s unpublished manuscript from the 1960s) to describe 2" (X) in terms
of maps into X from manifolds modelled on an n-codimensional subspace of
a separable Hilbert space.
The universality of cobordism is illustrated by results of the kind

Q) (X) ®gy, L= K (X),

both sides being regarded as Z/2-graded. Variants of this Conner-Floyd
isomorphism hold both for K O* and elliptic cohomology.

In Section 5 we will show that a good bundle-theoretic approximation
can be found for ElI*(BG), provided that G is a finite group for which
El1°Y(BG) = 0. What is the significance of this condition?

The problem with the variants of the universal cohomology theory is that the
coefficients are polynomial rings on infinitely many generators, and that some
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way must be found to cut these down to a more usable size. The first step is to
localise at a single prime p. As a building block for the local theory we obtain
B P* with coefficients Z,[vy, va, ...] with deg(v;) = 2(pj — 1), where Z,)
denotes the ring of integers localised at p, and B P* inherits a complex orien-
tation from ©*. Concentrating on a single degree, and passing from Z,y to F,
we obtain the Morava K -theory K (n)* with coefficients F,[v,, v, 11, and an
inherited complex orientation. In case this seems too abstract it is worth noting
that K (1)* turns out to be the mod p reduction of a certain (J.F. Adams’) sum-
mand of p-local K -theory, that K (2)* has a similar interpretation (A. Baker’s)
in elliptic cohomology, and that by mapping v, to zero in the non-periodic
theory with coefficients I, [v,] we recover non-surprisingly H*( ,F).

The advantage of Morava K-theory is that it has good applicable proper-
ties, and that, by considering all values of n, some results can be pulled back
to localised cobordism, and then pushed forward to geometrically interesting
theories such as elliptic cohomology. For p > 3, K (n)*(X) is a commutative
graded ring, the coefficients form a graded field in the sense that all graded
modules are free, and hence there is a Kiinneth isomorphism

Km)*(X x Y) = K)*(X) @k m* Km)*(¥).

Let X = BG, an infinite cell complex having only finitely many cells in each
dimension.

Definition 4.1. The finite group G is good in the sense of Hopkins, Kuhn
and Ravenel [12] if K(n)*BG is additively generated as a K (n)*-module by
transferred Euler classes of complex representations of subgroups of G.

If G is good, then K (n)°%(BG) = 0. This is immediate from the definition.

Proposition 4.2 (I. Kriz). If H is a normal subgroup of G and G/H = C,,
the goodness of H implies that of G if and only if a certain spectral sequence
with E;* = H'(Cp, K (n)*(BH)) collapses.

Now consider a split extension of the form
(elementary abelian p-group) < G — C;,.
Proposition 4.3 ([14, Thm 3.1]). An extension of the form above is good.

This can be generalised, for example by allowing the normal subgroup to be
elementary non-abelian. For variants see papers by M. Tezuka and N. Yagita,
in particular [21, §2]. Kriz’s result is stronger than the one stated, since,
besides proving the vanishing of K (7)°%, he also obtains the structure of
Kn)**"(BG).
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Corollary 4.4. The groups C, Cp x Cp, p_lfz and E(p) (of order p*) are all
good.

Proof. Cp is good, hence so is C,, x --- x Cp, and the remaining groups
are extensions of the kind allowed in Proposition 4.2. Arguing more directly
Tezuka and Yagita (op. cit. supra [21, Thm. 4.10]) show that

Chpp(pl™) = BP*(BG). O

Comparison of Proposition 4.2 with Section 2 shows that K -theoretic calcu-
lations for finite groups can be easier than for ordinary cohomology. Case by
case analysis shows that (p > 5) all groups of order p* are good. Examples
of groups of order p® are known to be non-good, and I suspect that the same
holds for p°.

Theorem 4.5. If G is a finite group such that for each odd prime p dividing
the order of a Sylow subgroup G j, is good, then El°Y(BG) = 0.

Proof. For an arbitrary cohomology theory A*, such that 1/2 € h*(point),
h*(BG) is detected by @ h*(BG p). A theorem of D. Ravenel, S. Wilson

PlG|
p=odd

and N. Yagita [18] implies that B P*(BG) is concentrated in even dimensions
and that BP®*"(BG) is flat over the coefficients, provided that G, is good.
Hence delocalising, the same holds for Q% (BG), and for EIlI*(BG) as a

quotient of this universal theory. 0

Examples 4.6.
ElISY(BMay) = ELISY(BCoy) = 0.

If we restrict attention to extensions G such that the normal subgroup is of
type (p, - - - , p) and the quotient of type (p'), then B P*(BG) can be obtained
more directly from a spectral sequence with E;"Y = H"(Cp, BP*(BH)).
B P*(B H) vanishes for s odd, and is p-torsion free for s even. Hence Eg’s =0
unless r and s are both even, the spectral sequence collapses and E5* = Eg.
In particular BP°Y(BG) = 0.

Algebraically the results of this section suggest that EII*(BMy4) is gener-
ated as an El/*-module by the Chern classes of the Todd representation t. In
the next section we consider this more geometrically.
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5. Elliptic Objects

Let ¢: R(G) — Z map an element of the complex representation ring of
the finite group G to its virtual dimension, and let R(G) be the completion
with respect to powers of I = Kere. Then, if we regard K* as a Z/2-graded
cohomology theory

R(G)™= K%BG), @)
K'(BG) = 0. (ii)

At least for a restricted class of groups G we would like to set up a similar iso-
morphism in elliptic cohomology, and result (ii) above explains the emphasis
on groups which are HKR-good in the previous section. Arguing in terms of
characters localised at the prime p one can prove

Theorem 5.1 ([12], [19], [24]). For any finite group G, with G equal to
conjugacy classes of commuting p-power pairs, and R = EII*(point), let R
be the algebraic closure of the quotient field of the p-adic completion. Then, if
Ell*(BG), is the p-adic completion of EII*(BG), there is an isomorphism

ElI*(BG), ® R - Map(G'? . R).

This result motivates the still-conjectural definition of an ‘elliptic rep-
resentation ring’ given in [2]. We start with a bundle construction due to
J. L. Brylinski [4], who restricts his attention to the loop space LM of a finite-
dimensional, simply-connected, C°°-manifold M. LM is a Fréchet manifold
modelled on the space of unbased C°°-maps from S! into M, and admits an
action by A = Diff*(S!), whose fixed point set is the subspace of constant
loops diffeomorphic to M. Let E be an infinite dimensional complex vector
bundle over LM admitting an A-action covering that on M. Infinitesimally we
can consider the action of A on local sections of the bundle E to be an action
of the Virasoro Lie algebra

a = Vect(S") = Vect(S) @ R,

and this restricts to a fibrewise action of a on the restriction of E to the fixed
point set M.

Definition 5.2. The restricted bundle E|y; is admissible if, for some fixed
integer m, it admits a decomposition

E|M = @En

1
ne.. 7
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under the action of the infinitesimal generator L of the rotation subgroup of
Difft(S1), such that

(i) E), has finite fibre dimension, and
(ii) E, =0forn < ng € Z.

Denote by Ky (LM) the Grothendieck group of admissible a-equivariant
vector bundles over LM, and note that there is a forgetful map

Ky(LM) — K(M)[lg"/™]]
[E]— Z [E,lg" (Laurent series).
1

ne,-7

Now replace M by the non-simply-connected space BG, which we have
already noted can be approximated by C°°-manifolds. Let

G? ={(g1,82) € G xG:g18 = g81},

To(2) = {(Z z) €SLy(Z):c=0 mod 2} ,

and
Z ={r € C:im(7) > 0}.
As usual g = €277, Then I'g(2) x G acts on G@ x Z via

. at +b
A, . , JT) = d_—b 71’ —Cc _a 71’ )
(A, g)(g1,8,7) (gglgz 8 881 &8 p——

This is a sightly modified version of S. Norton’s rule, introduced in
the Appendix to [17], quite independently of the development of elliptic
cohomology.

Denote by BCg(g) the classifying space for the centraliser of g in G, as g
runs through a family of representatives for the conjugacy classes in G.

Definition 5.3. The graded elliptic representation ring REI*(G) =
(REII**(G) : k > 0} consists, up to equivalence of finite-dimensional
representations on subspaces, of the following data:

e For each centraliser C(g) a representation space

Pg = @ Hg p,

1
ne. -7

such that H,, ; € R(C(g)) and Hg , = 0 for n < no(g).
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e If char, p = Y, xcio)(Hgn)g", so that char, p : G? x 7 > C, we
require that for each pair (g1, g2) € G®, char, pg, (g2) is amodular form
of weight 2k for some congruence subgroup I' C I'g(2).

e As (g1, g2) varies in G® the class function F = char, p satisfies the
equivariant modularity condition

F(A-(g1,8,7) = (ct +d)"*F(g1, g2, 7).

Up to finite index REII*(G) coincides with the coefficient ring E€LF; for
Devoto’s equivariant cohomology theory. If completion is with respect to the
kernel of the augmentation map ¢ : £€£7; — E€L7, induced by the inclusion of
the identity in G, then

SLC*(BG)[1/|G|] = EUL5,

see [6, 24].

For a good group G EII°Y(BG) = 0 and elements of EII®*"(BG) are
detected by generalised characters. These two statements are analogues of (i)
and (ii) for K -theory.

Our definition has been chosen to fit in with Brylinski’s, each representa-
tion H, , being associated with a flat bundle over BC¢(g). The next lemma,
due to R. Steiner, shows how these combine to give an admissible bundle
over LBG.

Lemma 5.4. The free loop space LBG satisfies

LBG ~ ]_[BCG(g),
8

where g runs through a set of representatives for the conjugacy classes of G.

Norton’s formula thus serves to tie together the graded flat bundles over the
disjoint components of L BG. Our definition also fits in with that of an ellip-
tic object proposed by G. B. Segal in [19]. His bundles come equipped with a
connection, which we can neglect in the case of BG, because of the built-in
flatness. The action of the Virasoro algebra is reflected in the modularity con-
ditions. Without being too precise we can refer to an element in RE![*(G) as
being defined by a compatible family of McKay-Thompson series. Restrict-
ing to the component BG = BCg (1) we obtain an element in R(G)[[ql/m]],
having some of the properties of a Moonshine module.

For each of the groups M, Co;, and M>4 the candidates for a Monster or
almost-Monster module have characters which, when restricted the conjugacy
class of g, are modular functions rather than forms, i.e., the class concerned
belongs to EII°(BG) (restricted to K°(BG)[[¢]]). What of the ‘genus zero’
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condition, that is, how can one give a cohomological condition for the charac-
ter to generate the function field of I'\Z for some subgroup I' sandwiched
between a congruence subgroup I'g(N) < SL»(Z) and its normaliser in
SL>(R)? So far as I know this remains an open problem, although a clue to its
solution may lie with the replication formulae establishing relations between
the finite dimensional summands of the Monster module for M. If H, = H, i
is the n-th summand in the McKay-Thompson series, then J. Conway and
S. Norton claimed (and later R. Borcherds [3] proved it for the Moonshine
module V7 of 1. Frenkel, J. Lepowsky and A. Meurman [8]) that H, can be
expressed in terms of Hy, H,, H3 and Hs under the action of Hecke operators
{T:n}. In the first instance these are defined for modular forms, can be extended
to McKay-Thompson series by the modularity of the characters, and more sys-
tematically to the cohomology theory EII*(X), see various papers of A. Baker
starting with [1].

In the final section of [2] an attempt is made to apply this general programme
to an ‘almost Moonshine module’ associated to the group Cog, the quotient of
which by a central subgroup of order 2 gives Co;. Thus let L be an even,
unimodular 24d-dimensional lattice admitting the finite group G as a group of
automorphisms. Write f: L — 27 for the associated quadratic form, V for
the representation space L ®7 Q and

o0
OL(q) =Y anq",
n=0

where
(an = {x € L: f(x) =2n}]).

Then 67, is the character of an infinite dimensional representation space g,
which can be more explicitly described as the complex group algebra C[L]
of the lattice. For each conjugacy class (g) the character is a modular form
of specific weight 2k, level N and twisting factor £. We obtain meromorphic
modular forms with the same labels for a second representation space Qg as
follows. If p: G — SL344(Q) describes the group action on V, let p(g) have
characteristic polynomial equal to

[ [nto®,

i>1

where

(o) =g -q".
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The label N actually equals &|g| with & dividing the g.c.d. (24, |g|), the same
level appearing in the original Moonshine data. Taking characters of both sides
we see that

Q6 =q'A—=(Vg+Vg* +---)),

where A denotes the exterior algebra. As a candidate for a Moonshine module
write

0/ =q¢ (CIL1® Sym(Vq + Vg> +---),

where Sym denotes the symmetric algebra. For the group Cog,d = 1 and L is
the Leech lattice. For technical reasons to do with low-dimensional cohomol-
ogy (satisfied for example by the Mathieu group M3 € Coy) the construction
given in [2] is not quite as general as one might hope. But with more care these
should be removable, the basic idea being transparent and elegant.

In the case of Coy it turns out that for some conjugacy classes (g) the charac-
ter of ®/ Q¢ does not satisfy the ‘genus zero’ condition. There may be some
connection between this and the fact that ‘classical’ elliptic cohomology is
defined away only from the prime 2.

There are other examples which illustrate the significance of the Hecke
operators as cohomology operations. In [16], G. Mason studies the McKay-
Thompson series Q¢ for G = Mp4. If g represents a conjugacy class in Moy
regarded as a subgroup of the symmetric group S»4, and g decomposes as a
product of @; cycles on length i, where 1 <i < r anda;+2a+---+ra, = 24,
then the value of the character of Q¢ at g equals n(g) above.

Note that with g = 1,

n@) =q [[0—4am* =A@,
n>1

the usual discriminant function. It turns out that the form 7, are eigenforms
(cusp forms invariant under the Hecke operators) since the space of forms
(level N, weight 2k and twisting function ¢) taking the value zero at each
cusp, containing 7., has dimension one. What makes this example partic-
ularly interesting is that, on the one hand the coefficients of A(g) are the
Ramanujan numbers 7(n) and on the other they equal the dimensions of cer-
tain (virtual) representations of M»4. The first few terms of the sequence of
dimensions are

1 —24 252 —14722 4830 —6048 — 16744 84480 ---,

and, given the definition of €24 in terms of the exterior powers of a vir-
tual representation built from copies of the 24-dimensional representation
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V, it should be possible to find replication formulae for the corresponding
summands.
By way of conclusion here are two further problems:

(1) Identify those sporadic simple groups G for which, at least locally,
ElI*(BG) is generated over Ell*(point) by transferred Euler classes.
In particular, for which groups is E/[°Y(BG) = 0? Study the action of
the Hecke algebra.

(2) Relate the elliptic representation ring of M4 to EIl*(BM>4) as a mod-
ule generated by the Chern classes of the Todd representation. Start
locally with Devoto’s description of EI/I*(BC)), and extend this to
the non-abelian group pfz. Can one throw any additional light on
Moonshine restricted to the Mathieu groups?
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Abstract

We consider the application of permutation orbifold constructions towards
a new possible understanding of the genus zero property in Monstrous and
Generalized Moonshine. We describe a theory of twisted Hecke operators in
this setting and conjecture on the form of Generalized Moonshine replication
formulas.

1. Introduction

The Conway and Norton Monstrous Moonshine Conjectures [CN], the
construction of the Moonshine Module [FLM] as an orbifold vertex operator
algebra and the completion of the proof of Monstrous Moonshine by Borcherds
[Bo2] provided much of the motivation for the development of Vertex Oper-
ator Algebras (VOAs) e.g. [Bol], [FLM], [Ka], [MN]. Another highlight of
VOA theory is Zhu’s study of the modular properties of the partition func-
tion (and n-point functions) for generic classes of VOAs [Z]. Zhu’s ideas were
generalized to include orbifold VOAs [DLM] whose relevance to Monstrous
Moonshine is emphasized in refs. [T1], [T2]. Norton’s Generalized Moonshine
Conjectures [N2] concerning centralizers of the Monster group has yet to be
generally proven using either Borcherds’ approach or orbifold partition func-
tion methods although some progress has recently been made in refs. [H] and
[T3], [IT1], [IT2] respectively.

In this note, we sketch a possible new approach to these areas based on
permutation orbifold VOA constructions [DMVV], [BDM]. In particular, we
introduce a theory of twisted Hecke operators generalizing classical Hecke
operators in number theory e.g. [Se]. We then discuss permutation orbifold
constructions where the classical Hecke operators naturally appear and finite
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group and permutation orbifold constructions where the twisted Hecke oper-
ators appear. Using these ideas we formulate a conjecture on the nature of
Generalized Moonshine replication formulas generalizing replication formu-
las for the classical J function and McKay-Thompson series in Monstrous
Moonshine. Detailed proofs will appear elsewhere [T4].

2. Replication Formula for the J Function

We begin with a brief review of Faber polynomials, Hecke algebras and the
replication formula for the classical J function. Consider

Hg) =q7 ' +0+ ) akg",
k>1

the formal series in g. Define the Faber polynomial P,(x) for ¢(g) to be
the unique n'* order polynomial with coefficients in Z[a(1), ...,a(n — 1)]
such that

P,(t(@) =q "+ 0(q). (1)

Thus P (x) = x, P>(x) = x* —2a(1), P3(x) = x> — 3a(1)x — 3a(2) etc. The
Faber polynomials for ¢ satisfy the following generating relation e.g. [Cu],
[NI]

exp | =2 - Pu) | = pla(p) — ). @)

n>1

for formal parameter p.
Let f(r) be a meromorphic function of r € H, the upper half complex
plane. Then for integer k > 1 define a right modular group action on f for

y = (‘Cl Z) e = SL(2,7) as follows

(fley)(@) = (ct +d)F fy0), 3)
at+b

with yt = 7. Then f is a modular form of (necessarily even) weight k if
f is holomorphic in T and

flky = 1.

Define the standard Hecke operators 7 (n) for n > 1 with the following action
on a modular form f of weight k [Se]

1 b
Tmf@=— Y a Y f(‘”; ) @

a>1,ad=n 0<b<d
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These satisfy the Hecke algebra relations

T(mn)=Tm)T(n), ((m,n)=1,
T(p)T (p")=T (pmH) +p*ir (p’"il) , m>1, primep. (5

One finds

(T Hlxy =Tm) f, (6)

i.e. T'(n) f is also a modular form of weight k.
The classical example is the Eisenstein series G of even weight k > 4 (with
Gy (t) = 0 for odd k) [op.cit.]

1
GO L Gy

m,nez
(m,n)#(0,0)

2
— 20k +2 (’”i)‘Zok g, @

where ¢ = exp(2wit) andox(n) = ) din d*. Furthermore, Gy is an eigenfunc-
tion of 7' (n) with eigenvalue determined by the coefficient of ¢" normalized to
the coefficient of ¢ i.e.

T (n)Gy = ok—1(n)G. )]
Thus it follows from (5) that for k odd

or(mn) = or(m)or(n), (m,n) =1,
o1 (p)or(p™) = ak( ’"“) + proy (p’”—l), m > 1, prime p. (9)

In fact, it is easy to check directly that (9) holds for all k € C.
The classical modular invariant function of weight 0 is given by

Gi

4 6
= Zc(k)qk =g ' 404 196884g + 21493760¢> + . ..
keZ
with standard normalization ¢(—1) = 1 and ¢(0) = 0. J is a hauptmodul

for the genus zero group I' and is thus a generator for the field of modular
invariants. Thus
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roim= Y 3 e(M)g (10)

a>l,aln ~ seZ
_ l —n
=4 + 0(q). (11)

is a polynomial in J which from (1) and (11) must be

1
TmJ () = —Pu(J(T)), 12)

where P, is the Faber polynomial corresponding to J. Eqn. (12) is called the
replication formula for J.
Eqn. (10) also implies that

1
Y PTmI@= Y ctrs)y —pUg“=— Y c@rs)log(1—p'g").
n>1 r>1,s€Z a>1 a r>1,s€Z

Then (2) implies the famous J function denominator formula [N1], [Bo2]

exp —anT(n)J(‘[) = l_[ (1 _ prqs)c(rx)

n>1 r>1,s€Z
=p(J(p)—J(q). (13)

This formula is one of the cornerstones of Borcherds’ celebrated proof of the
genus zero Moonshine property where (13) is a denominator formula for a
particular generalized Kac-Moody algebra constructed from the Moonshine
Module V7 [Bo2].

3. Twisted Hecke Operators and Eisenstein Series

The definitions of modular functions and Hecke operators above can be gen-
eralized to "twisted" versions as follows. We define a twisted modular form
of integer weight k to be a holomorphic (in 7) function f = f((6, ¢), t) for
0, ¢) € U(1) x U(1) such that

flky = 1,

where

(Fler)(©, 9), T) = (T +d)* f(y (0, 9), yT),

with left group action

v (©,¢) = (09", 6°9"). (14)
Clearly the case (9, ¢) = (1, 1) defines a standard modular form of weight k.
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We can extend the definition of the Hecke operator 7' (n) to twisted modular
forms as follows:

OV IS SIS f<(9“¢”,¢d),‘”d—+b), (1)

a>1,ad=n 0<b<d

which includes the standard definition in the case (0, ¢) = (1,1). For¢ = 1
and 6 = 1 for integer m, this Hecke operator is essentially that which appears
in Borcherds’ proof [Bo2] and is discussed at length in ref. [F].

We also define a homothety operator!

R f((0,9), 1) = f((0", ¢"), 7). (16)
These operators satisfy the Hecke algebra [T4]

R(mn) = R(m)R(n)
R(m)T (n) = T(n)R(m)
T(mn)=Tm)T(n), ((m,n)=1,
T(T (p") =T (p") + p='7 (¢~ ) R(p), =1, prime p, (17)

and one again finds

(T Hlxy =T0) f, (18)

i.e. T(n) f is also a twisted modular form of weight k.
A twisted Eisenstein series G ((6, ¢), t)) of weight & > 1 can also be
defined [DLM], [MTZ]. In particular, for k > 4 we define?

_ de)n
Gr((0,¢), 1) = m,%:z TEE

(m,n)#(0,0)

for 6, ¢ € U(1) with G¢((1, 1), 7)) = Gi(7) IMTZ]. Gk ((0, ¢), T) is not an
eigenfunction of 7' (n) in general. However, for prime p

T(P)Gi((6, $), 7) = p* ' Gr (6, ¢), T) + R(P)GK((6, $), 7). (19)
Hence if (6, ¢) = (67, ¢P) then T (p) G ((6, ¢), T) = 0k—1(p)Gk((0, 9), T).

1 A similar operator is defined in the standard case [Se].
2 The notation used here differs from that of op.cit.
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4. The Permutation Orbifold of a C = 24 Holomorphic Vertex
Operator Algebra

4.1. The Orbifold of a Holomorphic VOA

We now consider a Vertex Operator Algebra V (VOA) of central charge 24
e.g. [FLM], [Ka], [MN]. We assume that V is a Holomorphic VOA (HVOA)
so that V is the unique irreducible module for itself with modular invariant
meromorphic partition function [Sch], [DM]

Zv@ =Try (¢"O7") = 3 atog*

k>—1
= J(1) + a(0).

For example, the Moonshine Module V? is a HVOA with Zyi(t) = J(v)
whereas Zy, (t) = J(t) + 24 for the Leech lattice HVOA V;, [FLM].

Let G be a finite subgroup of the automorphism group of V. Then for g € G
define the orbifold trace function

Zy((g. 1), 1) =Try <qu<0)—1> ’
(so that Zy ((1, 1), ) = Zy (1)). For the Moonshine Module V*

Te(r) = Zy:((g, 1), 1), (20)

is the McKay-Thompson series for g € M, the Monster group of automor-
phisms of V&,

Since V is holomorphic, there is a unique twisted module M}, foreach s € G
[DLM]. For g € C(h), the h centralizer, g induces a class of linear maps ¢ (g)
on My, so that we may define a twisted orbifold trace function’

Z((g. 1. 9) = Z((g. 1), 7) = Trag, (g 7"), @1

a meromorphic function for r € H [op.cit.]. We define a right action of the
modular group for y € I as follows*

(Zloy)((g, h), T) = Z(y (g, h), y 1), (22)
with
y(g.m = (g“n" gn).
The trace function enjoys the modular invariance property

(Zloy)((g, h), 7) = €,(g. M Z((g. h), 7). (23)

3 denoted by Z(h, g_l, 7) in ref. [DLM],
4 The O subscript denotes the modular weight of Z((g, h), 7).
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for cocycle €, (g, h) € C* [op.cit.] generalizing earlier ideas of Zhu concern-
ing trace functions [Z]. Specializing to the McKay-Thompson series (20), these
results imply that T, (7) is a meromorphic function on H satisfying the modular
invariance property (23) for h = 1.

Let us consider orbifolds without a global phase anomaly i.e. where each
¢(g) acting on M}, can be chosen such that €, (g, #) = 1 so that [Va]

(Zloy)((g, h), T) = Z((g. h), D). (24)

In particular, this condition implies that for 4 of order m
Z(L by, =Y a(d.h K gkm (25)
,h), T 1), — )

for some integers a((1, h), %) > 0. We next define the G —orbifold partition
function by

1
|G|

ZG_Orb(T) —

D Z(g o)

g,heG
gh=hg

1
=Y = Y. Z(g W), (26)
[h]zeG IC(h)]

geCq(h)

for centralizer C(h) = {hg = gh|g € G} and where [h] denotes a conjugacy
class of G. Clearly Z¢~°(7) is also modular invariant. The most well-known
example is the original construction for the Moonshine Module V¥ as a Z,
orbifold of the Leech lattice VOA [FLM].

4.2. Permutation Orbifolds

Let V" = V @ V ® ...V denote the n'”* tensor product VOA with partition
function Zyen(t) = Z(7)" and central charge 24n. The symmetric group S,
naturally acts on V®” as an automorphism group. For each 8 € S, there is a
unique B-twisted V®" module Mg which can be explicitly constructed from
the original HVOA V [DMVV], [BDM], [Ba]. Furthermore, we may explicitly
compute the permutation orbifold partition function Z5 =™ (7).

We illustrate this in the first non-trivial case for V ® V. Then Sy = (o) for
2—cycleo whereo :u @ v > vQuforallu @ ve V® V. We thus find

Zygy (0, 1), 1) = Z(27).



Monstrous and Generalized Moonshine and Permutation Orbifolds 385

The o —twisted module M, has partition function

Zyev((1.0). 1) = Try, (¢"07") =2 (3).
with
Zvev((@,0), 1) = Z (T : 1) ,
following (24). Thus we obtain
752707y — %2(1)2 +TQ)Z(1), (27)

for Hecke operator T (2) of (4) for weight zero.
In general, for B8 € S, consider the cycle decomposition

B=oMol™. . oM, (28)

where o} denotes a k—cycle. The conjugacy classes of S, are enumerated by
the set of partitions of n = ) kmy. The centralizer is then

1<k=<n
C(B) = Sm; x (S, X Cy™) x ... X (Sm, X c,™), 29)

of order [[ k™ my! with cyclic group Cy = (ok) and S, the permutation
1<k<n

group on the my cycles oy. We may construct Mg = ®kM§n1k which has

partition function [BDM]

21 .0 =Tru, (4707) = TT z(3)"™

1<k=<n k

One eventually finds that the S, permutation orbifold partition function is
[DMVV]

1
ZS,,forb — 7 , ,
() § ICAI E ((a, B), 7)

[Bl€SK aeC(B)
1
= 2: ]‘[ —— (T (k) Z (7)™, (30
mk!
mi,...My 1<k<n
Skmg=n —

for the classical Hecke operator T (k) of (4).
It is natural to define a permutation orbifold generating function by

2™ (p,q) =1+ Y p"Z5 (1), 31

n>1
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for a formal parameter p. Thus we obtain [op.cit.]

1
ZP™(p, q) = exp ZP”T(”)Z(T) = H W’ (32)

n>1 r>1,s€Z

where Z(t) =) 1o a(k)qk . This is clearly of the form of the inverse of the
LHS of denominator formula (13). Thus such expressions canonically arise in
the context of permutation orbifolds for C = 24 HVOAs.

Specializing to the case of the Moonshine module V% where Z(7) = J(7)
we obtain

1

Zperm — T J - -
(p.@) =exp | D p"T(WJ (1) =@

n>1

= 14+pJ @+ (V@2 =) 1™+ ( @ =20 @ e (D —c @) P+
(@* =3¢ 7 @ =20 @c@—c @) +c(1?) p'+

This formula and the infinite product formula of (32) very strongly suggest that
Zperm( P, q) is the partition function for a doubly graded symmetric bosonic
module with Monster characters which is, algebraically speaking, the inverse
of the alternating homological structure constructed by Borcherds [Bo2]. Fur-
thermore, infinite product formulas such as that of (32) have been given the
interesting interpretation as a "second quantized" string partition function
in the physics literature [DMVV]. A rigorous VOA construction for such a
structure would be of obvious interest.

5. Finite Group and Permutation Orbifolds

Let us now consider orbifolding V®" with respect to G x S, where G acts
diagonally on V®" and S, is the permutation group for V®". We consider
again a C = 24 holomorphic VOA, with modular invariant partition function
and where (24) is holds. We may construct unique twisted sectors for each
(h, B) € G x S, [BDM] to find [T4]

750 (g h), 7) = Z l‘[ —(T(k)Z((g,h) 7))k, (33)
miy,...Mmy 1<k<n

kak_n

where here T (k) is the twisted Hecke Operator of (15). Then (18) implies

(T(M)Z((g. h), THloy = T(M)Z((g, h), 7). (34)
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We may define a permutation orbifold generating function generalizing (31)
as follows:

ZP™((g, h), poq) = Y pn Z5 (g, h), T)

n>1

=exp | Y pnTMZ(g.h).0)|. (39

n>1

where A is of order m and using (33). For g = 1, this expression reduces to an
infinite product formula generalizing (32) to find

ros\ a5
zem .oy = [ (1-phar) .66

r>1,s€Z

where Z((1, 1), 7)) = Yy a (1, "), £) g

6. Monstrous and Generalized Moonshine - the Genus Zero Property

We now consider the FLM Moonshine Module VOA V? [FLM] and its rela-
tionship to Moonshine. The original Monstrous Moonshine paper of Conway
and Norton described evidence for an unexpected relationship between proper-
ties of the Monster finite group and the theory of modular forms [CN]. Many of
these relationships are now understood to be generic to orbifold constructions
in conformal field theory/VOA theory e.g. [FLM], [T1], [T2], [DLM]. How-
ever, the special feature that sets the Moonshine Module V7 apart from other
VOAs is the Genus Zero Property [CN]. This states that for each g € M, the
McKay-Thompson series T, (1) of (20) is a hauptmodul for some genus zero
modular group I'g. Thus for g of prime order o(g) = p, one finds (excluding
one class of order 3) that either I'y = I'g(p) with ¢ = p— (in the notation
of [CN]) or else with g = p+ with I’y = T'o(p)+ = (Fo(p), Wp) where

a b
rn={(* *)

lution. In general, we say that g € M is Fricke if 7}, is invariant under a Fricke
involution Wy : 7 — —1/Nt where N = ko(g) and k|24 and is otherwise
non-Fricke. k = 1 in the global phase anomaly free cases where (24) holds.
The distinction between Fricke and non-Fricke classes is particularly impor-
tant in the orbifold interpretation of Moonshine [T1]. There is very significant
evidence for the general conjecture that the genus zero property for a McKay-
Thompson series is equivalent to the statement that for any global phase
anomaly free element g, orbifolding V' with respect to (g) for g Fricke results

¢ =0 mod p} and W, : T — —1/pr is a Fricke invo-



388 Michael P. Tuite

in V7 again whereas orbifolding V? with respect to (g) for g non-Fricke results
in the Leech lattice VOA [T2].

Generalized Moonshine refers to the still generally unproven conjecture of
Norton [N2] that for each commuting pair g, 2 € M, then Zy:((g, k), 7) is
either a hauptmodul for a genus zero modular group or is a constant. It is
easy to show using (23) that (1) Zy:((g, h), T) is constant iff g¢h? is non-
Fricke for all (¢c,d) = 1 [N2], [T3] and (2) if g, h € (k) for some k € M
then Zy((g, k), 7) is a hauptmodul (since it can then be modular transformed
to a McKay-Thompson series [T3], [[T1], [DLM]). In the remaining "non-
trivial" cases, we may use (23) again to transform Zy:((g, k), ) to a trace
over a Fricke twisted module so that the genus zero property reduces to an
analysis of & Fricke cases alone. The case of 4 = 2+, with centralizer 2.B
for the Baby Monster B, has now been proved by Hoehn [H]. The relationship
between orbifoldings of the Moonshine module and the genus zero property
of Generalized Moonshine for 4 = p+ is discussed at length in [T3], [IT1],
[IT2], [1].

The approach taken in Borcherds’ proof of the Monstrous Moonshine genus
zero property is to firstly prove a twisted denominator identity generalizing
(13) [N1], [Bo2]

exp [ =Y p"TMT(x) | = p (Te(p) — Te(@)) - (37)

n>1

This is the defining formula for completely replicable functions [N1], [FMN]
from which it follows that the leading coefficients of Tgi (v) fori =1,2,...
determine T, (7). Koike showed that the list of hauptmoduln appearing in the
Moonshine Conjectures are completely replicable [Ko]. Based on this result
and an analysis of the leading coefficients (using the explicit form for T, (7)
found by FLM for 2— centralizers in the Monster [FLM]) Borcherds then
demonstrated that indeed T, (7) obeys the genus zero property. This part of
the proof was improved upon in [CG] where meromorphicity, modularity and
the genus zero property are shown to generally follow from the infinitely many
replication formulas that follow from (1) and (37), namely

1
TMTe(q) = = Fu (Te(9)) (38)
n

where F), is the Faber polynomial for Ty (q).

However, as already noted, T;(q) is known to be meromorphic on H from
[DLM]. Furthermore, by combining (38) with the general modular transfor-
mation property (23) (or (24) in the absence of global anomalies) one can also
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expect to obtain the genus zero property for T, in a more direct fashion along
the lines of the methods described in refs. [T1], [T2].

On the other hand, in the permutation orbifold construction based on V¥,
(37) reads

crm

2y D pg) =exp [ Y p"T ) Zy:((2, 1), )

n>1
_ 1
P(Zy:((g, 1), p) = Zyi((g, 1), @)
Recall our previous remarks concerning the reduction of Generalized Moon-

shine to Fricke classes. Consider / a global phase anomaly-free Fricke element
of order o(h) = m so that Z((1, h), q™) = Zy:((h, 1), q). It follows that

1
p(Zy: (A, h), p™) — Zy: (1, h), g™))

exp [ Y p"TmZ ((1.h).q") | =

n>1

Hence from (36) we find for such Fricke / that

1
pin (Zya((1, b, p) — Zya((1, h), q))'

This together with the general result (36) again suggests the existence of a
symmetric bosonic construction forming a doubly-graded module for the cen-
tralizer of C (h) for each such Fricke element 4. It is thus natural to conjecture
that for all order m global phase anomaly-free Fricke elements / the following
holds

A (WO N 39)

Crm

258, b, poq) =exp | Y pn T () Zy=((g, h), q)

n>1

1
= . (40)

 pi (Zys (8. ). p) — Zy: (8. ). q))

From (1), this is equivalent to the following Generalized Moonshine replication
formula for global phase anomaly-free Fricke elements &

1
T(n)ZVU((gvh)v 51) = ;Fn(zvh((g»h% Q))’ (41)

where F), is the Faber polynomial for Zy:((g, i), ¢™)). The equivalence of
this replication formula to the genus zero property for Generalized Moonshine
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would therefore require a suitable generalization of the various Monstrous
Moonshine arguments.
We conclude with the example of n = 2. Then (41) implies

Zy: ((gz, h) ,2r> +Zy ((g, hZ) ’ %) L7y ((gh’ h2> R ;L 1)

1
= Zy:((g, h), 1)* —2a ((g, h), ;) :

where Zy1((g, h), 1) = q’ﬁ +0+a((g, h), %) qﬁ + ... which corresponds
to an example quoted in ref. [N2]. In particular, for 4 = 2+ and g of order 2
then using Fricke invariance we find

T+1

1
Th(1) + T, (%) + Tgn ( ) = Zy:((g.h). 1) — 2a ((g, h), 5) ,

which can be easily verified in each case.
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Abstract

We survey recent computational results concerning the Monster sporadic
simple group. The main results are: progress towards a complete classification
of the maximal subgroups, including showing that L,(27) is not a subgroup;
showing that the 196882-dimensional module over G F'(2) supports a quadratic
form; a complete set of explicit conjugacy class representatives; small repre-
sentations of most of the maximal subgroups; and a partial classification of the
‘nets’ (in the sense of Norton).

1. Introduction

Our aim in this paper is to update the survey [27] by describing the various
explicit computations which have been performed in the Monster group, and
the new information about the Monster which has resulted from these calcu-
lations. We begin by summarising [27] for the benefit of readers who do not
have that paper to hand.

The smallest matrix representations of the Monster have dimension 196882
in characteristics 2 and 3, and dimension 196883 in all other characteristics.
Three of these representations (over the fields of orders 2, 3, and 7) are now
available explicitly [9, 15, 25]. It is hoped that the data and programs to manip-
ulate them will be made available in the next release of MAGMA [16]. The
generating matrices are stored in a compact way, and never written out in full.
The basic operation of the system is to calculate the action of a generator on a
vector of the underlying module.

Our first construction [15] was carried out over the field G F(2) of two
elements in the interests of speed, and proceeded by amalgamating various
3-local subgroups. Unfortunately, these 3-local subgroups are too small to
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contain many useful subgroups, so we embarked on a second construction [9]
over G F(3), in order to utilise the much larger 2-local subgroups. In [27] we
described how Beth Holmes used this construction to find four new maximal
subgroups, and obtain a complete classification of subgroups of the Monster
isomorphic to one of 11 listed simple groups (out of 22 still unclassified). The
third construction [25] was over G F (7), again using the 3-local subgroups, and
the same generators as in the G F (2) case. Thereby one can calculate character
values modulo 14, and obtain good conjugacy class invariants.

2. The 2-local construction

The 2-local construction, although not the first, is easier to describe than the
3-local constructions, and is closely related to the Griess construction [6]. We
shall not describe the construction itself, merely the outcome, and refer the
reader to [9] for details. The idea is first to construct the involution centralizer
21424-Coy, in such a way that we can both calculate in this subgroup, and
calculate its action on the module of dimension 196882 over G F'(3). Then we
make a special ‘triality’ element which normalizes a subgroup 22.2'1.222 My,
the centralizer of a 4-group.

Now the 3-modular irreducible representation of degree 196882 for the
Monster restricts to the subgroup 2!¥24:Coy as the direct sum of three con-
stituents, of degrees 98304, 98280 and 298. The constituent of degree 98280
is monomial, and that of degree 98304 is a tensor product of representations of
the double cover, of degrees 24 and 4096. Any element of this subgroup can
therefore be specified by three matrices (over G F'(3), or more generally, any
field of characteristic not 2), of sizes 24, 4096, and 298, and a monomial per-
mutation on 98280 points. (Note however that this representation is not unique:
negating the matrices of size 24 and 4096 gives a second representation of the
same element.)

By careful choice of basis we can ensure that the triality element can be
written as a monomial permutation on 147456 points, followed by 759 iden-
tical 64 x 64 matrices, and an 850 x 850 matrix. In particular its action on a
vector can be quickly computed.

It is important to realise that the only elements of the Monster which are
stored in one of these two compact formats are the elements of 2!+2*-Co; and
the triality element (or rather, eight triality elements, being the elements of
order 3 in the A4 generated by the normal 2 and a triality element). Every
other element of the Monster is stored as a word in these generators. (Some
improvements on this are possible, but seem not to be worth the extra effort.
For example, it would be possible to devise a compact format for most, if not
all, of the subgroup 22.2!1 222 (M>4 x S3).)
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3. The 3-local constructions

When we first seriously considered a computer construction of the Monster
some ten years ago, we decided to produce matrices over G F(2), since cal-
culation with such matrices is much faster than with matrices over any other
field. The disadvantage, however, is that the maximal 2-local subgroups are
no longer available as ingredients of the construction. Thus we decided to use
maximal 3-local subgroups instead. Here again we give only a sketch of the
construction, and refer to [15] for details.

The role of the involution centralizer is now taken by a maximal subgroup
of shape 3!712:2-Suz:2. The restriction of the representation to this subgroup
consists again of a ‘tensor product’ part, of dimension 131220, a ‘monomial’
part, of dimension 65520, and a ‘small’ part. The small part has dimension
142 over GF(2), or dimension 143 in any characteristic bigger than 3. The
‘monomial’ part is in reality induced from a 2-dimensional representation of
a subgroup of index 32760. The ‘tensor product’ part is again not exactly a
tensor product: if we restrict to the subgroup of index 2, it is the direct sum of
two (dual) tensor products over G F'(4), each tensor being the product of one
90-dimensional and one 729-dimensional representation.

To generate the Monster, we adjoined a ‘duality’ element normalizing a cer-
tain subgroup of shape 32.3°.3'0. (M, x 22). Again, by careful choice of basis
we were able to write this extra element as a combination of a ‘monomial’ per-
mutation on 87480 subspaces of dimension 2, two 324 x 324 matrices (repeated
11 and 55 times respectively), and a 538 x 538 matrix.

In fact these calculations are considerably simplified if there is a cube root
of unity in the field. For this reason, we repeated the calculations over the field
of order 7, and obtained the same set of generators for the Monster in this
different representation [25].

4. Basic calculations

There are just two basic operations available to us in any of the constructions
we have described. The first is to multiply together elements in our chosen
maximal subgroup to create new generators in this subgroup. The second is to
act on a vector by one of these generators, or by the extra ‘triality’ or ‘duality’
element.

An element of the Monster is stored as a word xt;x»2t> ..., where the x;
are in our maximal subgroup, and the ¢#; are equal to the extra generator (or
possibly its inverse, in the 2-local version). If we take a ‘random’ vector v in
the underlying module, the chances are extremely good that it lies in a regular
orbit under the Monster. Thus the order of an element x is, with probability
very close to 1, equal to the smallest positive integer n such that vx" = v.
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In [15, 27] we described how to improve this probability to exactly 1 at the
expense of taking two (carefully chosen) vectors instead of one.

The first serious calculations we attempted used the G F(2) construction to
try to improve estimates for the symmetric genus of the Monster. By character
calculations alone, Thompson had shown that the Monster was a quotient of
the triangle group A(2,3,29) = (x,y,z | x> = y®> = 2% = xyz = 1),
and the challenge was to find the minimal value of n such that the Monster
is a quotient of A(2, 3, n). From Norton’s work on maximal subgroups [18] it
seemed very likely that this minimal value was 7. However, the probability that
a random pair of elements of orders 2 and 3 has product of order 7 is around
1073, so we would need to look at something like 100 million pairs to have
a reasonable chance of finding (2, 3, 7)-generators for the Monster. This took
some 10 years of processor time. See [24] for more details.

5. The quadratic form

The 196882-dimensional representation of the Monster over the field of two
elements is self-dual, so the Monster preserves a symplectic form on the
module, and embeds in the symplectic group Spi196s82(2). The question as to
whether the Monster also preserves a quadratic form seems difficult to answer
from a theoretical perspective. Beth Holmes and Steve Linton (and indepen-
dently Jon Thackray) calculated explicitly a quadratic form which is invariant.
They did not determine whether this form is of + or — type.

6. Traces and conjugacy classes

The trace of a matrix is easy to calculate, but it is less obvious how to calculate
the trace of a linear transformation given in the form of a computer program.
Ultimately it seems to be necessary to calculate the corresponding matrix, and
extract the diagonal entries. This is obviously rather time-consuming compared
to the tracing of individual vectors we have been doing up till now.

Now if p is any prime, the trace modulo p can only distinguish between
different p’-parts of elements, since modulo p we have Tr(x?) = Tr(x). Thus
in order to distinguish conjugacy classes, it is necessary to calculate traces
modulo two distinct primes. Since we used exactly the same generators in the
representations over G F(2) and over G F(7), we can calculate the trace mod 2
and the trace mod 7 for the same element of the group, thus obtaining the value
of the degree 196883 character modulo 14. Combining this invariant with the
order of the element and the traces of its powers, we are able to identify the
conjugacy class of any element, up to a few ambiguities.
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With this apparatus Richard Barraclough has produced a list of conjugacy
class representatives [3]. To do this, he first improved the efficiency of our pro-
grams so that a trace modulo 7 now takes only a few hours to calculate. Then
he conducted a wide search through words of length 1 and 2. Most classes
turned up in this way, and the few that did not had representatives in the
subgroup 3!'712:2-Suz:2. Thus a more targeted search was conducted in this
subgroup. For example, this subgroup contains representatives of both classes
27A and 27B, lying above class 9A in Suz. By finding elements of this type,
and explicitly calculating their centralizers, it was possible to find representa-
tives of classes 27A and 27 B, since they have different centralizer orders in the
Monster.

7. Shortening words

As is well-known, the main difficulty in computing with a group whose ele-
ments are given as words is in preventing the words getting too long. We were
able to find two tricks which in combination overcome this obstacle in most
cases. The first trick takes two commuting 2B-involutions, and produces a
short word conjugating one to the other. The second trick is a method of rewrit-
ing a word known to be in the involution centralizer 2't2*-Coy, as a word of
length 1.

To take the second part first, note that if we find a word in the generators,
representing an element which commutes with the original 2 B-element, then
it belongs to the original subgroup 2'+2%:Coy. Therefore it can be written in
‘standard’ form (in two ways) as a combination of a 24 x 24 matrix, a 4096 x
4096 matrix, a monomial permutation on 98280 points, and a 298 x 298 matrix.
This standard form can be determined by calculating just 36 rows of the full
196882 x 196882 matrix for this element, so can be obtained fairly quickly.
Moreover, if necessary we can even express this standard form as a word in the
original generators for the subgroup.

The first trick relies on the fact that all 2B-elements in 2!124-Co; can be
obtained from the central involution by a subset of the operations: (1) con-
jugate by the triality element to take it to a non-central involution of 21424,
(2) conjugate by a random element of 2!724-Coy, (3) conjugate by the triality
element again to move it outside 2'*24, and (4) conjugate again by a random
element of 2!+24:Co;. Thus to conjugate an arbitrary 2 B-element in this group
to the central involution, it suffices to conduct two random searches to find the
correct conjugating elements to reverse the above operation.

Combining these tricks with Ryba’s method for conjugating an involution in
a group to an involution in a known subgroup [14], we can in principle shorten
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any word to one of length less than about 20. Specifically, given an arbitrary
element g which powers to a 2B-element x, there is a good chance that xz will
power to a 2B-element y, where z is our original 2B-element. Since x and z
both centralize y, we can use the first trick to conjugate y to z, say y¥! = z
where w has length at most 4. Using the trick again, we can conjugate x™! to
z, say x"1*2 = z where ww; has length at most 8. We then use the second
trick to write g*1"2 as a word of length 1, and thus obtain a word of length at
most 17 for g. More generally, if 4 is an arbitrary word, we can multiply it by
arandom word of short length (preferably length 1) until we find an element g
satisfying the above hypotheses. This is likely to produce a word of length at
most 18 for h.

8. Maximal subgroups

A great deal of theoretical work on classifying the maximal subgroups of
the Monster has been done in [17, 18, 19, 23], which reduced the problem
to classifying conjugacy classes of simple subgroups of just 22 isomorphism
types, subject to a variety of other conditions. In her PhD thesis [7] Beth
Holmes dealt with 11 of the 22 isomorphism types, namely L»(g) for ¢ =
9,11, 19, 23,29,31,59,71 and L3(4), U4(2) and M. Since then she has
completed the cases Ly(g) for g = 7,8,16,17,27, and L3(3), U3(3), and
U3z (4). This leaves just the cases Lo (13), U3 (8) and Sz(8).

The only really effective method of classifying such simple subgroups in a
computational setting is to choose an abstract amalgam generating the desired
isomorphism type of subgroup, and to classify all embeddings of that amalgam
in the Monster. We then look at each embedding to decide whether it indeed
generates a subgroup of the required isomorphism type.

The most successful calculation of this type has been the classification of
subgroups generated by two copies of As intersecting in Djq (see [7]). This
amalgam can generate Ly(g), for any ¢ = %1 (mod 5), as well as L3(4),
so this deals with eight of the required cases. In particular, we found four new
maximal subgroups by this method, including subgroups isomorphic to L>(59)
and L,(71), thus answering a long-standing question. In addition, we found
new maximal subgroups L>(29):2 and L,(19):2. (In fact, the L,(29) case was
done by a different method, but with hindsight it would have been easier to use
this method.)

Four more of these cases, namely L,(7), L2(17), L3(3) and U3z(3), were
dealt with by an amalgam of two copies of S4, intersecting in Dg (see [8]).
The case Usz(4) used a subgroup 5 x As, extending a diagonal Cs (there are
two classes, so both need to be considered) to D1g. In the case L;(8) we can
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assume the 7-element is in class 7B, so from the 2-local analysis [17] we know
the 23:7 centralizes a 2 B-element, and most of the calculation can then be done
inside the corresponding subgroup 2!7%*Co;.

The case L;(27) relies on an amalgam of 33:13 and Dy intersecting in
13, and the fact that there are just two classes of 3°:13 in the Monster (this
follows fairly easily from the results of [23]). In one case a simple counting
argument shows that there is no such L,(27), while in the other case we needed
to check a handful of cases computationally. In particular, there is no subgroup
isomorphic to L>(27) in the Monster, which answers another long-standing
question.

Regarding the three outstanding cases, L2(13), U3(8) and Sz(8), our com-
puters are currently working through the cases for L,(13). After that, the case
of U3(8) should present no serious problems. Our strategy in this case is to
take a subgroup 3 x L»(8), and extend one of the diagonal elements of order 9
toa Dig.

The final case, Sz(8), is proving more tricky. The only approach we can
think of is to start with a group 23:7 and extend a 7-element to D14. We can
use the fact that Sz(8) contains 2313:7 to reduce the number of possibilities
for the 23:7. Nevertheless, it is not easy to classify these subgroups. We know
that the involutions are in class 2B. Now there are three classes of 2B-pure
subgroups of order 4, whose normalizers involve composition factors M»4,
M, and Ag respectively. A fairly easy counting argument shows that the first
of these cannot occur in a putative subgroup Sz(8).

In the second case, the normalizer of the 4-group has the shape (22 x
21720)-(S3 x M15:2) inside 2'+24-3- Suz:2 inside 2! 724 Coy. Now in Sz(8) we
have 2313/22 = 4 o Qg, which embeds uniquely (up to conjugacy) in Mi,:2.
In this embedding the central involution is of M,-class 2B. Thus the 23 we
are looking for is either entirely inside 21424 or maps to a 2B-element in M;.
In the former case, the whole of 2313:7 must lie inside 2'72*-Coy, and it is
straightforward to show that this does not happen. In the latter case it turns out
that the 23:7 lies in the maximal subgroup 2°.2°.212 218 (L3(2) x 3S6), with
the 23 lying in the normal 23.2°.2!% but not in the 23.2°. It can be shown that
it is unique up to conjugacy. At this stage it seems to be necessary to resort to
computer calculations.

A similar analysis of the third type of 2B? is in progress.

9. Explicit representations of subgroups

The Monster contains many interesting subgroups, which it may be useful
to study independently. To facilitate such study, we have tried to construct
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small representations of these groups, whenever such representations exist [4].
These representations are available from the Monster page of [26]. In many
cases one of these subgroups may be described as a certain non-split exten-
sion of a group acting (not necessarily faithfully) on a module. While previous
constructions have concentrated on representing p-local subgroups irreducibly
in characteristic different from p, the smallest faithful (reducible) represen-
tations are usually to be found in characteristic p. John Bray has developed
effective methods of constructing such non-split extensions explicitly by glu-
ing together indecomposable (but reducible) modules for the quotient group.
Various techniques are then employed to ensure that the group constructed is
indeed isomorphic to the desired subgroup of the Monster.

In two of the larger cases, namely the 3-local subgroups 32.3%.319 (M x
284) and 33.32.3%.3%.(L3(3) x SDis), we felt that the only reliable method
of ensuring that we obtained a group of the right isomorphism type was to
find it explicitly as a subgroup of the Monster. We then employed ad hoc tech-
niques to try to find some smaller representations—in this case permutation
representations.

To date we have representations of all the maximal subgroups except some
of the 2-local subgroups. The latter do not appear to have faithful permutation
representations of reasonable degree, and new methods will be required for
these cases.

10. Character tables

Richard Barraclough has calculated the character table of the group
31412.2- §7:2 used in some of our constructions of the Monster, along with
various closely related groups [2]. There are many subtleties which make
this calculation difficult, not the least of which is the fact that there are two
non-isomorphic groups of this shape, whose character tables look very similar.

It would be interesting to have the character tables of other maximal sub-
groups. From the representations described in the previous section, it should be
possible to calculate some of these character tables without difficulty. However,
the larger subgroups still present a formidable challenge.

11. Nets and their classification

Norton has generalised the ideas of Moonshine to commuting pairs of elements
of the Monster, introducing functions F' which are invariant under the action
of the modular group via F(g,h) = F(g*h#, g”h%) when a6 — By = 1.
This even makes sense for non-commuting elements g and 4, in the case when



New computations in the Monster 401

g = ab and h = bc, and a, b, ¢ are involutions. In this case, the action of
the modular group corresponds to an action of the three-string braid group on
triples of involutions.

In the case when a, b, ¢ are in class 2A, there are about 1.4 x 10° con-
jugacy classes of triples (a, b, ¢), which fall into about 14,000 orbits under
the action of the braid group. These orbits are (roughly speaking) what Nor-
ton calls ‘nets’: they have a combinatorial structure of a polyhedron of genus
0 or 1. A complete classification of these nets would be of great interest in
clarifying and developing the ideas of generalised moonshine.

There are various ways of dividing up the set of nets into more manageable
subsets, for example according to the product abc, or the group generated by
a, b, c, or the centralizer of a, b, c. So far, Richard Barraclough has a com-
plete classification of the nets which are centralized by any element of prime
order bigger than 3, and is working on the ones centralized by an element of
order 3 [1].

The classification of nets with trivial centralizer will be difficult, however.
Ultimately it requires calculating the orbits of certain groups on the nearly 10%°
involutions in class 2A. This is a major challenge for the future.

12. A presentation for the Monster, and a new existence proof?

Norton has shown how to produce a presentation for the Monster on generators
closely related to the 2-local subgroups we used in one of our constructions.
The proof of this presentation, however, requires deep arguments. We hope
to be able to verify that certain elements in our group satisfy the relations
of this presentation. It may then be possible to provide for the first time
a computational proof of existence of the Monster, independent of Griess’s
proof.
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