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Nat'l'g,%rliche Konstruktionen verallgemeinerter
Kac-Moody Algebren als bosonische Strings

Zusammenfassung

Wir konstruieren die Zustandsr'l'g,%ume einiger bosonischer Strings als BRST-
Kohomologiegruppe. Diese besitzen die Struktur einer verallgemeinerten Kac-
Moody Algebra.

Dazu betrachten wir meromorphe konforme Feldtheorien von zentraler Ladung
24 mit lediglich einem Prim'i(;%rfeld. Dies sind mit einfachen Str'ig)%men erweiter-
te Wess-Zumino-Witten Theorien, genauer sind es H'i(;%chstgewichtsdarstellungen

von affinen Lie Algebren vom Typ ﬁp_lyp, wobei p = 2, 3,5 bzw. 7 ist. Wir neh-
men die Existenz der Struktur einer konformen Feldtheorie auf den zugrunde
liegenden Vektorr'l'(;%umen an, im Fall p = 2 wurde sie bereits gezeigt. Es gibt
Beweisideen ﬁ'j)%r die 'i('}%brigen Fi'(')%lle. Das Tensorprodukt von jeder dieser
Theorien mit derjenigen der hyperbolischen Ebene (zentrale Ladung 2) hat zen-
trale Ladung 26. Daher ist der BRST-Formalismus anomaliefrei und liefert eine
verallgemeinerte Kac-Moody Algebra als BRST-Kohomologiegruppe vom Grad
eins. Diese Algebra interpretiert man als Zustandsraum anomaliefreier bosoni-
scher Strings auf einem Orbifold kompaktifiziert, dessen Impulse auf einem Git-
ter liegen. Damit wir den BRST-Formalismus anwenden k'l';}%nnen, m'l'[}%ssen
wir die Zustandssumme, welche durch Wess-Zumino-Witten Energiespektren
gegeben ist, als Summe 'i[;%ber das Kompaktifizierungsgitter schreiben. Unser
Hauptresultat ist eine Methode, die alle vier F'fj)%lle auf analoge Art und Weise
beschreibt.

Natural constructions of some generalised Kac-Moody
algebras as bosonic strings

Abstract

We construct the spaces of states of certain bosonic strings as the BRST-
cohomology group. These have the structure of a generalised Kac-Moody al-
gebra.

For this we consider meromorphic conformal field theories of central charge 24
with just one primary field. These theories are Wess-Zumino-Witten models
extended by simple currents, strictly speaking they are highest weight repres-
entations of affine Lie algebras of type A,_1,, where p = 2,3,5,7. We assume
that the underlying vector spaces have the structure of a conformal field theory.
Proofs are partially done and conjectured for the remaining cases. The tensor
product of these theories with the conformal field theory of the hyperbolic plane
has central charge 26. This allows the application of the BRST-formalism and
yields a generalised Kac-Moody algebra as the degree one BRST-cohomology
group. This algebra can be interpreted as the space of states of an anomaly



free bosonic string which is compactified on an orbifold whose momenta lie on a
lattice. The application of the BRST-formalism requires the partition function,
which is given by the Wess-Zumino-Witten energy spectra, to be rewritten as a
sum over the compactification lattice. Our main result is a method describing
the four cases analogously.
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Chapter 1

Introduction

The goal of this diploma thesis is to construct anomaly free bosonic strings
moving on orbifolds of dimensions 18, 14, 10 and 8.

String theory is a quantum theory of a one-dimensional object, called a
string. These theories became popular because string theory predicts a massless
spin 2 particle which can be interpreted as the graviton. Since it also contains
the gauge bosons of the other fundamental interactions one hopes that string
theory could be a theory of all fundamental interactions.

As the string propagates in space-time, it sweeps out a world sheet that is the
generalisation of a world line of a point particle. A key property of string theory
is the invariance of the two-dimensional world sheet metric of the string under
conformal transformations. Hence it can be described by a two-dimensional
conformal field theory. Two dimensional conformal field theory is special, since
its symmetry group is infinite and the generators of the symmetry group have
the structure of a Virasoro algebra. The central element of the Virasoro algebra
acts as a number and is called the central charge.

In this thesis we apply the BRST-formalism (Becchi-Rouet-Stora-Tyutin) to
certain meromorphic conformal field theories of central charge 24. The BRST-
cohomology group of degree one has the structure of a generalised Kac-Moody
algebra and can be interpreted as the space of physical states of a bosonic string.
These theories are anomaly free and the string moves in 18 (respectively 14, 10,
8) dimensional space-time.

The BRST-method is a general method for the quantisation of the fields
in gauge theory. For the quantisation procedure one considers the symmetries
of the Lagrangian. One requires that the Lagrangian is invariant under the
symmetry group. The BRST-transformation acts on the classical Lagrangian
as the gauge transformation and leaves the total Lagrangian unchanged. Then
one applies the canonical quantisation procedure. By Noether’s theorem any
symmetry gives a conserved current and the symmetry is generated by the
corresponding charge Q. The BRST-formalism requires Q? = 0, and the charge
@ allows a cohomology decomposition of the space of states. It turns out that
the space of physical states is the space of those states |¢) which are annihilated
by @ modulo the states @ |¢).

One can apply the BRST-formalism to string theory. It turns out that the
procedure is only anomaly free if the central charge of the Virasoro algebra is
26 because the central charge of the conformal field theory of the ghosts is —26.
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Otherwise Q% # 0 and the BRST-formalism breaks down. In flat Minkowski
space-time central charge ¢ = 26 means that the dimension of space-time is 26.
In spaces with arbitrary metric the dimension is less or equal 26. We construct
18, 14, 10 and 8 dimensional string theories.

We are interested in the anomaly free construction of a bosonic string theory
out of the underlying conformal field theory. Candidates for the conformal field
theories are given in [S3]. All but one of the suggested theories listed there have
the extended symmetry of certain Kac-Moody algebras. Conformal field the-
ories with such a symmetry are called Wess-Zumino-Witten theories. We take
four candidates listed in [S3] which are Wess-Zumino-Witten theories of type
A and construct the bosonic strings. The strings are compactified on an orbi-
fold. Before we can apply the BRST-formalism we have to rewrite the partition
function of the conformal field theories which are given by Wess-Zumino-Witten
energy spectra as a sum over the compactification lattice.

From a mathematical point of view the procedure is interesting because the
space of physical states has the structure of a generalised Kac-Moody algebra.

Schellekens lists meromorphic conformal field theories of central charge 24
generated by just one primary field in [S3]. We will consider the cases of the list
which are highest weight representations of highest weights of affine Lie algebras
of type A,_; of level p, where p is a prime number. There are two problems to
be solved before applying the BRST-construction. First, the partition functions
are computed in terms of Wess-Zumino-Witten characters extended by simple
currents. In this formulation the compactification lattice is not obvious. This
problem will be solved in this thesis. For two of the four problems under con-
sideration this has already be done in [HSch] and [Kl]. We provide a general
method, using results from the theory of modular forms, which covers all the
four theories. This method can be used to construct all bosonic string theories
listed in [S3]. The second problem is that only in one case it is proven that the
highest weight representations suggested by Schellekens can be provided with
the structure of a conformal field theory [DGM]. Proofs for the remaining cases
are conjectured in [M2]. We will assume this to be true.

The main result of this thesis is that the character (partition function) of

~ 2
the highest weight representation of type Aﬁs_/ 1(2 -b

rewritten as a sum
xv= Y Az
AeN’/N

, p=2,350r 7 can be

over the grading lattice IV of genus
o o(p™*?), €, =+ for p=2,5,7 and ¢, = — for p = 3,

and minimal norm 4, except for p = 7 it is 6. The lattice N is the unique
lattice in its genus of maximal minimal norm. The 1, are theta functions of the
lattice N and the coefficients f) which give the degeneracy of the spectrum of
the string are

[ h(r)+go(r) fA=0
M= { 9 (7) i if \# 0 and —\?/2 = k/p mod Z (1.0.1)

where
h(r) =1/(n(T)n(pr)" =g ' +m+ ...



and the gp(7) are the T-invariant parts of h(r/p) and n(7) is the Dedekind
eta-function. We found three different methods for the proof of (1.0.1). The
f» are polynomials in certain modular functions called string functions. The
first method requires the knowledge of these functions. They were only known
for the cases p = 2 and p = 3. We calculate them for p = 5. The number of
distinct string functions of type A,_1, is of order pP~!, hence the problem is
not tractable for p = 7. Thus we need a different method. We find two more
methods using the theory of modular forms. The calculation of the coefficients
of the string functions is laborious. For the new methods we only need to know
the first coefficient. We shortly explain the most general method. We show that
the fy, as well as h(7) and its T-invariant parts, transform under the same Weil
representation. Then we use the fact that a modular form of negative weight for
a Weil representation, which is holomorphic at the cusps, must be zero. Hence,
we only have to verify that the f\ transform under a certain Weil representation
and we have to calculate its expansion at the cusps. This procedure can also be
applied to the remaining cases of Schellekens list.

We apply the BRST-formalism to the conformal field theory V @ Vp, , ® V.

V is the conformal field theory in [S3] with spin-1 algebra Zlifi/ 1(’;;2_1) where

p=2,3,5,7, Vp, , is the conformal field theory of the hyperbolic plane and Vg
is the conformal field theory of the ghosts which has central charge —26. Hence
the total central charge is zero and the theory is anomaly free. The space of
physical states of the bosonic strings is the cohomology group of degree one.
The hyperbolic extension of the grading lattice is the momentum lattice of the
string. It has rank 48/(p + 1) + 2 and its physical states have the structure of
a generalised Kac-Moody algebra. By the above results on the character of V'
the number of states of a certain energy is given by the coeflicients of the f).

A Lie algebra can sometimes be identified by its denominator identity. So
we show that the denominator identity is

P H (1 — e)lh(=a?/2) H (1 — e)h(=pa?/2)

acL™ acL’t
= Z det (w)w (e” H(l —enn)m H(l - ep"”)m> .
weWw n>0 n>0

One might ask the question of the physical relevance of the string theories
found. The bosonic string theories found are important tools as models of
theories of nature, though they only describe half of the nature, because they
contain no fermions. Also, the string theories are not in four-dimensional space-
time and the string is compactified on an orbifold. However, we live in four-
dimensional space-time, hence we are interested in a four-dimensional theory.
We saw that the space of physical states has the structure of a generalised Kac-
Moody algebra. There is a candidate for a four-dimensional theory constructed
by the automorphism ¢ of the Mathieu group with eta product ng = n(7)n(237).
The problem is to find the underlying conformal field theory, since it is most
likely generated by more than one primary field. This problem could be covered
in a subsequent PhD-thesis.

We describe the chapters of this thesis.

In chapter 2 we introduce string theory and conformal field theory and its
relation.
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In chapter 3 we give a short overview of the results on lattices and modular
forms necessary for this thesis.

The purpose of chapter 4 and 5 is to recall some facts of affine Lie algebras
and its representation theory.

Chapter 6 is the heart of the diploma thesis. There we rewrite the charac-
ters of the conformal field theories, calculate the corresponding lattices and the
coefficients f). We give three different proofs of the identity (1.0.1).

In chapter 7 we use the results of chapter 6 to construct some generalised
Kac-Moody algebras in a natural way as bosonic strings.

Chapter 8 summarises the new results obtained in this thesis.

The appendix lists transformation properties of string functions, f) and eta
products. We also describe some proofs in more detail.

The main results of this thesis which are described in chapter 6 and 7 are
summarised in the preprint [CKS] which we intend to submit soon.

I would like to express my gratitude to Nils R. Scheithauer for ideas and
helpful regular discussions. I also would like to thank Michael G. Schmidt, who
made this diploma thesis possible. Finally, I thank my family for supporting
me over all these years, I also thank you Katharina for everything.



Chapter 2

Conformal field theory

In this thesis we are interested in bosonic string theories. It turns out (see section
2.1) that conformal field theories are therefore of particular interest. Thus this
chapter gives an overview on conformal field theory. Further we consider its
relationship to vertex algebras, in particular to those giving us bosonic string
theories via the BRST-method.

Before we explain conformal field theory in general we start with an intro-
duction of bosonic string theory, since this is the topic of our main interest.
Then we give another example of conformal field theory, the Ising model.

2.1 Bosonic string theory

The simplest string theory is the bosonic string. Since it does not contain space-
time fermions but contains a particle with imaginary mass, the bosonic string
is not a candidate for a theory of nature. Still it is useful. There are many
references, a short introduction is [S1] and a standard textbook is [P].

This section is organised as follows. We are interested in a quantum string
theory. So we first look how we can describe a string classical. Then one
quantises the theory and by considering all gauge symmetries there should be
a theory without unphysical states. It turns out that the physical states of a
bosonic string theory are the BRST-invariant states of a conformal field theory
with Virasoro algebra of central charge 26.

As common practise we use the Einstein convention. First we consider a
classical zero-dimensional object, a point particle. The particle moves in D flat
space-time dimensions, the metric is

N = diag(—1,1,...,1).

The motion of such a particle can be described by giving its position at any time.
The problem is that this does not allow a covariant description of the particle.
Therefore one introduces a separate variable 7 parametrising its world line. The
parametrisation is arbitrary and a different parametrisation of the same path
is physically equivalent, i.e. any physical quantity should be invariant under
the parametrisation. In order to describe the motion of the particle we want an
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action which is Poincarl';}% invariant, e.g. the length of the world line

Spp = 7m/d7'\/ 7X“X‘u.

The dot denotes a 7-derivative.

The same idea can be applied to string theory. Instead of lines we con-
sider surfaces, called world sheets, and the embedding in space-time is given
by X*(7,0). The purpose of ¢ is the description of the direction of the string
and 7 parametrises the time-like direction. Now the action is proportional to
the surface area of the world sheet. In order to express this action in terms
of X#(1,0), define the induced metric hq, = 0, X" 0y X,, where indices a,b run
over values (7,0). Then the Nambu-Goto action is

1
Snag = *7/ drdo+/—det hgp.
world sheet

2ma!

This action has the unpleasant property that it contains a square root. By intro-
ducing an independent world sheet metric v,3(7, o) with Lorentzian signature
(—,4) we get a different but classical equivalent action, the Polyakov action (y
denotes the determinant of the world sheet metric)

1

2ma’

Sp = deU\/—V’yabaaX“aqu. (2.1.1)

world sheet

This action has three symmetries.
° Poincar'l'g)% invariance in D dimensions

o Reparametrisation invariance in 2 dimensions. It is also sometimes called
diffeomorphism invariance and in fact it is a general coordinate transform-
ation in two dimensions:

aam 80_/5 ,
do'™ W%;é (T (Ta U)a OJ(T’ U)) = Yap (7'7 0')- (212)

e Weyl invariance. The Polyakov action is invariant under local rescalings
of Yap

/

Yas = Xy s (2.1.3)
for an arbitrary function w(7, o) without changing X*.

The last two symmetries are redundancies of the two-dimensional theory on
the world sheet. This means that the two-dimensional action has less degrees
of freedom then it seems to have. This is analogous to gauge symmetry in
quantum field theory. One may fix these redundancies by a suitable gauge.
We consider the conformal gauge, this means we fix the two-dimensional metric
Yap- Reparametrisation invariance allows us to put 2 components of the metric
to zero. Using Weyl invariance another degree of freedom can be removed,
so that finally none is left. We use this freedom to transform the metric to
the flat Minkowski metric 7,3 = diag(—1,1). This is called conformal gauge.
Two-dimensional conformal gauge is special, since only for a two-dimensional
world sheet metric all degrees of freedom can be removed by reparametrisation
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invariance and Weyl invariance. This is a reason why string theory is easier
than theories of membranes. The action is now

1

4rad

drdon®P9, X" 95X . (2.1.4)

world sheet

This is the action of D free bosons. Varying the action with respect to X*#
yields the equation of motion in conformal gauge to be

0 0
2 Y Ixk =
{872 802] X 0 (2.1.5)
with the general solution
Xt(o,7)=X{ (14 0)+ XE(T—0). (2.1.6)

Recall that in classical electrodynamics some symmetries are left even though
the gauge was fixed. For example, if we fix the Lorentz gauge, 04, = 0,
then we still have not fixed the gauge transformation A, — A, + 0,A, with
00, A = 0. The same occurs here. Consider a special coordinate transformation
that changes the metric by an overall factor:

o't Ho'®
Do’ 507/5%26(7/(73 0),0'(1,0)) = Mo, T)Vap(T,0). (2.1.7)

Then one can remove A(o, 7) using a Weyl transformation and the consequence
is that the metric has not changed at all. The transformation of this kind are
called conformal, since they preserve angles but not length. The transformations
satisfying (2.1.7) form a group called the conformal group. In p space and ¢
time dimensions it turns out to be the group SO(p + 1,q + 1) if p + ¢ is larger
than 2. If p+ ¢ = 2 it is the group of all transformations of the form

T =f(r+0)+g(r—0)
o' =f(r+o)—g(tr—o0)
with arbitrary continuous functions f and g.

Now we consider the spectrum of a string. The string has a centre of mass
motion and vibration. The vibration can be decomposed in normal modes. Is
the string in one of these modes then the energy of the mode can be viewed as
the mass of the string.

First we consider closed strings. Then the world sheet of the string is a
cylinder, i.e. we have periodic boundary conditions

XH(0,7) = X* (27, T).
We can write X* in a Fourier series

XW(o,m) = 3 € fi(r).

neZ

(2.1.5) implies
O2fi(r) = —n?fli(7)

with the solution

(1) = ake™ +bke ™ for n # 0 and f¥(r) = pT + ¢".
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So the final result with some convenient factors is
4 1 . .
XH(o,7) = q¢" + &' p'T + iy % ; g(aﬁe_m(ﬂ'”) +ate”™™m=9)) (2.1.8)
n

X* should be real which implies

(ak)* =t (2.1.9)

—_n-

The discussion of the open string with boundaries 0 and 7 is slightly more
laborious. The variation of the action (2.1.4) is

1
2o’

1
2o

xS = / droX,0, x| . (2.1.10)

=0

/dT/ do(8X,,)0,0° X" —
0

The first term vanishing requires the equations of motion 9,0*X* = 0. The
second term vanishes by imposing the Neumann boundary conditions d, X* = 0
at the boundaries. The same procedure as above yields

1 .
X0, 1) = q" + 2a/p"1 + iV 2/ Z —(ake™"T cosno). (2.1.11)
n#0 "
Now we quantise the theory. The Lagrangian is

1

L=———
dma!

Ys
/ dod, X" 9" X,
0

so that S = [drL. The number p is one for open strings and two for closed
strings. Then the canonical momentum is

The substitution of Poisson brackets and commutators gives the relations of the
quantised theory:

[X*(o,7),I1"(0',7)] = in*"d(c — 0’) and

2.1.12
[X*(o,7), X" (o', 7)] = [II"(0,7), 11" (0’ ,7)] = 0 ( )
Then the relations for the modes are
" vl [AB AV — k [LV(S
[aﬁaal] [akaal} " Ok+1,0 (2.1.13)

[ay,a]] =0 and [¢",p"] =in"".
This justifies the interpretation of ¢* and p* as centre-of-mass coordinate and
momentum. From (2.1.9) we get

(af)t = a*,.

(2.1.14)

So the modes become rescaled harmonic oscillators.

Since the metric n*¥ is not positive definite there are states with negative
norm, called tachyons. The reason for this is that we have not considered the
second equation of motion obtained by the variation of the free boson action
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(2.1.4) with respect to n®?. It is Ty, = 0 with the energy-momentum tensor 7'
with components

TOO =T11 :XZ—FX/Z and T01 :T10 :X 'X/.

Now let us see what this means for the quantised theory. First choose more
convenient coordinates 0= = 7+ 0. Then the derivatives are 0+ = 1/2(0, +9,).
In these coordinates the components of the energy-momentum tensor are

1

T = §(T00 +To1) =0+X -0+ X
1

T~ = §(T00 —Tn)=0-X-0_-X

The definition of the modes for closed strings is

1 27 .
Ln = / dO’eanT++
2ral J,

1 2w

doe™™moT__

n — )
2mo 0

Substitution of the mode expansion of the modes of X yields

1 - 1 _ _
Ln:§Z:an,m-am: and aniz:an,m-am:

m m

p* and : : denotes normal ordering. Similarly one has
for open strings

1

L,=——
2ma/

™ ) ) 1
doe™ T ma —— S Qe * Qi
/0 oe +e =5 Z « e}

m

with oy = v2a/p*. One calculates the commutators of the modes L,, to be

© (m® = m)dmino (2.1.15)

[Ln7 Lm} = (m - n)Lm+n + E

¢ operates as a number and is called the central or conformal charge. The
algebra consisting out of the modes L, and the central charge c is called a
Virasoro algebra. Often c is also called conformal anomaly.

It remains the problem of the unphysical negative norm states. There are
some methods to get rid of them: the light-cone gauge, the covariant operator
method, the covariant path integral method and the BRST-quantisation.

We will apply the BRST-method in this thesis. It is a more general way of
quantising gauge theories than the other three methods mentioned above. In
section 2.9 we explain it in a more technical way.

The total Lagrangian consists out of the classical Lagrangian, the gauge fix-
ing Lagrangian and the ghost Lagrangian. The BRST-transformation acts on
the classical Lagrangian as a gauge transformation and leaves the total Lag-
rangian invariant. Then the fields are quantised by turning Dirac brackets into
commutators. By Noether’s theorem, any symmetry yields a conserved current
and a charge . In turn the charge () generates the symmetry transformation.
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The BRST-formalism requires the corresponding charge to be nilpotent, strictly
speaking @2 = 0. The central charge of the ghost Virasoro algebra is —26. Q2
can only be zero if the total central charge is zero, hence the BRST-formalism
requires the central charge of the Virasoro algebra of the underlying conformal
field theory to be 26. Otherwise the BRST-method breaks down and there are
anomalies. Now one considers the physical space H of states. quires Q2 = 0,
and the charge @ allows a cohomology decomposition of the space of states.
It turns out that the space of physical states is the space of those states [¢)
which are annihilated by @ modulo the states @ |¢’). Furthermore, they have
the properties:

e by |U) = 0 for a certain ghost operator by (without a shift by the conformal
weight the ghost operator is by).

e Ly|¥) =0 and Lo determines the mass of the string.

We remark that for a string theory in flat Minkowski space central charge
equals 26 means that the dimension of the space must be 26 and in a space
with arbitrary metric this requires the dimension to be less or equal 26. In this
thesis applying the BRST-method (see for chapter 7) we obtain bosonic string
theories of dimension 18,14, 10 resp. 8.

In order to find a bosonic string theory we must find conformal field theories
with a representation of a Virasoro algebra of central charge 26.

2.2 The Ising model

Before we explain what a conformal field theory is we give an example of their
appearance in physics, the critical Ising model on the lattice (see [Ru]).

The Ising model is an example of a critical system in statistical mechanics.
Statistical systems that are close to second order phase transition are character-
ised by long range phase transition of order parameters. They lead to singularit-
ies in the thermodynamic functions. This can be described by two-dimensional
Euclidean field theory. At the critical point the correlation length diverges and
hence the effective field theory becomes scale invariant. This together with the
assumption that the interaction is local implies conformal invariance.

A QFT is considered to be the continuum limit of a lattice model with the
sum over the states on the lattice a discrete version of the path integral.

Let Ly be a square lattice of N x N sites. The configuration of spins is a
function s : Ly — {£1} which assigns each lattice site a spin. The energy of a
configuration is then

where the sum is only over neighbouring sites on Ly. The partition function is
the sum over all possible states

Zr, = Z e BEls]

all configurations s
where 8 > 0 is the inverse of the temperature. In general a field ¢(z) is a map

s — ¢(z)[s] € C which depends only on spines at sites in a certain neighbour-
hood of z. An example of a field is the spin field o(z)[s] = s,. The correlation
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function of spin fields on an infinite lattice is

(o@)olen))y = lm —— 3 s s, e PP

all configurations s

For a generic choice of the inverse temperature /3, the correlators will either go to
constants or decay exponentially. Also, there exists a phase transition between
the ordered, low temperature phase and the disordered, high temperature phase
at the critical temperature 1/8.. At this point the correlators display a power
law behaviour. The continuum limit of a correlator for points p1, ..., pm in R2
is

(6(p1),---6(pm))= Tlggo r*(o(rp1),... ,a(rpm)>ﬁ ) (2.2.1)

c

The constant « is the largest number such that the limit is finite. In the present
case it turns out to be @ = m/8. The hat distinguishes between continuum
fields and lattice fields. Note that the continuum correlators are scale invariant
by definition

<6()\;01)7 . ,&()\pm)>: li}r{.lo ro‘<a(r)\p1), e U(T)‘pm»ﬁr,:

lim 7""<0(1")\p1), .. ,U(T)\pm)> = >\71<6(p1), BN 5'(Pm)>-

Ar—00 Be
A scale invariant theory with a local interaction is conformal invariant. We re-
mark that the continuum limit describes the long-range behaviour of the lattice
model at a critical point.

2.3 Classical conformal field theory

Conformal field theory is a tool in theoretical physics. In the last two sections we
have seen its appearance in statistical mechanics and in string theory. Recently
it also became important in the AdS/CFT-correspondence.

There are many introductions to this topic. For our purpose [S2] and [Ke]
are suitable. A standard textbook is [DMS].

First we consider classical conformal invariance. Recall the conformal trans-
formation in section 2.1 which were essentially general coordinate invariance

9o'F 3015
WW’}/I/{&(’T’(’D 0),0'(1,0)) = Yap(1,0). (2.3.1)
and Weyl invariance
Yop = P . (2.3.2)
We consider a flat space, i.e. a space with metric g,, = n,, = diag(—1,
oo, —1,1,...,1) with ¢g-times the eigenvalue —1 and p-times the eigenvalue 1.

The dimension of the space is then d = p + q.
The energy-momentum tensor is defined in terms of the variation of the
action S under changes of the space-time metric

Juv = Guv + 59;41/-

Then the definition is )
08 =5 / A%\ /gT" 8., - (2.3.3)
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General coordinate invariance in flat coordinates implies
a,IT"" =0

and Weyl invariance implies the tensor to be traceless
T, =0.

A conformal transformation can now be defined as a coordinate transformation
which acts on the metric as a Weyl transformation. Consider a general coordin-
ate transformation « — a’ such that z* = f#(2) with the following effect on
the metric
afr of°
! ! / !
guu(x) - g;u/(x )= 'k ngo(f(x ) o g;w(x )- (2.3.4)

A tensor ¢ of rank n is called a conformal field if it transforms as

_ aful afun

T O Qalim

Do () Do (F(2)). (2.3.5)
We want to know which transformations have the property (2.3.4). Let
' = z' 4+ e(x) be an infinitesimal transformation. Its inverse is then z# =
z'" — e(z') + O(€?). Then we have from (2.3.4) §g,, = —0u€, — Dp€, = WG

and hence 9
Ou€y + 0vey = Eaﬁe,igw. (2.3.6)

The solutions of this equation are (for d > 2)
e Translations: z# — z# + o
o (Lorentz) Rotations: z# — z# + whz”
e Scale transformations: z# — z# + oax*
e Special conformal transformations: z# — x* + b*z? — 2mMb - x.

The generators of these transformation form the algebra SO(p+ 1,q + 1).
The conserved current of the conformal symmetry is

JM(G) =Twe”

since 0,,J,,(€) = (0"T )€’ + T}, (0"€”) vanishes because of (2.3.6) and because
the energy momentum tensor is conserved, symmetric and traceless.

From now on we will only consider conformal field theory in two dimensions.
The case of two dimensions in Euclidean space is special. We remark that a Wick
rotation of the Euclidean formulation on a cylinder yields the Minkowski space-
time formulation of a field theory. The conditions for an infinitesimal conformal
transformation are Cauchy-Riemann equations d1e€; = Os¢y and 0160 = —0s€y.
In complex variables € = €1 — i€2,€ = €, + ieg and z = z' — ix?,Z = 2 + a2
the condition becomes 9,é(z,%) = 03¢(z,Z) = 0. Therefore, the conformal
transformations can be identified with the analytic coordinate transformation

2= f(z), 2= f(2), [f(z)#0.
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_Zn+1 d

These transformations are generated by L, = 7> and the corresponding

barred quantity. These operators satisfy the relations
[Ly, L) = (n—=m) Ly, [Ln, L] = (n—m)Lytm and [Ly, L,,]) = 0. (2.3.7)

The two commuting parts {L,,} and {L,,} of this algebra are known as the two-
dimensional local conformal algebra or Witt algebra. The independence of the
algebras {L,,} and {L,} justifies the use of z and Z as independent coordinates.

The energy momentum tensor can be transformed into complex coordinates.
The result is using that the tensor T}, is conserved and traceless

ng =1z, = 0’ Tzz = T(Z) and ng = T(Z) (238)

T(z) and T(%) are the holomorphic and antiholomorphic parts. The conserved
current is then

Ju(€) =Tye’ — J, =T(2)e(z), Jz=T(2)e(z). (2.3.9)

The components of a tensor ¢ of rank n are of the form ¢, .z :(z,%).
Under a conformal transformation this transforms into

(LCY (2O, . e 7). (23.10)

2.4 Quantum conformal field theory

Now we want to quantise the theory. Therefore the transformation to complex
coordinates is convenient. Further we make the space direction finite by impos-
ing periodic boundary conditions. Scale invariance allows us to set the length of
one period to 27r. The Euclidean coordinates (z!, %) = (z',iz") can be thought
of coordinates on a cylinder. The charge is defined as

| T S 2
= —_— d = — d —1 .
Q 277/0 xJ 271_/0 x (—iJ*)

Using (2.3.9) this equals

—%{fdzjgyl(z,z) - ]{dzJCyl( -)}.

The integration is along a closed contour that encircles the cylinder. The orient-
ation is such that § dz = § dz = 2m. For convenience we perform a conformal
transformation w = e**. This transformation maps the cylinder on a plane with
the time coordinate mapped to the radial coordinate. Under this transformation
the charge becomes

?{dw jw)h =1 gplane () %dw )i 1Jphne(w7w)}.

In classical theories the ordering of fields is irrelevant. In the quantum theory
they become operators, so we have to specify the ordering of products. In order
to have well defined expectation values one imposes time ordering:

A(tq)B(ty) fort, >t
TA(ta)B(ty) = { B(tb)A(tab) for ¢, > tZ
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After mapping from the cylinder to the plane, the Euclidean time coordinate is
mapped to the radial coordinate, and time ordering becomes radial ordering

A(

z,Z)B(w
B(w,w)A

(2

A correlation function in field theory on the cylinder has the form

w) for |z| > |w|
, 2

RA(z,z2)B(w,w) = { ) for Ju| > |2]

OIT(Ax(t1) - - - An(tn)) [0)

where |0) and (0| are in and out states at t = —oo and t = oo respectively. After
the conformal mapping, the correlation functions are

(0| R(A1(21,21) ... An(2n, Zn)) |0)

where |0) and (0] are states at z = 0 and z = oo respectively. The current for an
infinitesimal conformal transformation is T'(z)e(z) (2.3.9). The corresponding
charge is
1
c==—¢d T(z).

Qe = g § de(2)T(:)
By Noether‘s theorem (. should generate the conformal transformation with
the global form

. . Of(w)\" .
! _
Blw,m) = ¢'(w,0) = (522 ) 6(f(w), ),
with f(w) = w+e(w) and h the conformal weight of the field ¢. The infinitesimal
form of this transformation is

dep(w, @) = hoye(w)p(w, @) + e(w)dy, (w, @).

The desired commutation relation is

bep(w, w) = [Qc, p(w, w)]. (2.4.1)
Considering radial ordering the commutator is

[@@W@ﬂgLfMWW@@MMWX

~ omi

The integration makes only sense if the radially ordered product is analytic in
some neighbourhood of the point w. Therefore it can be expanded in a Laurent
series. The contour integral will give the desired result (2.4.1) if the Laurent
series takes the form

R(T(2)é(w, @) = (Z_hw)2¢>(w,w) + ﬁf)mﬁ(w,w) Fo. (242

This property plus the corresponding property for the anti-holomorphic quant-
ities defines a conformal field.
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2.5 The Virasoro algebra

The operator product of the energy momentum tensor is

R(T(2)T(w)) = e C—/i})‘l + e _zw)2T(w) + - _1 "

OuT(w) +.... (25.1)

If the first term were absent (¢ = 0) then T'(z) would be a conformal field of
weight 2, which would be expected classical. Quantum effects yield this extra
term, called conformal anomaly (we will call it also central charge).

Consider the transformations z — 2z’ = z — 2"*!, the corresponding current
is J"(z) = T(2)2"*! and the normalised operators are

1
L, = 5l dzz" T (2).

The inverse of this relation is
T(z) = Z 2 "2,

The commutators of the L,, are calculated using contour integrals, they give the
commutation relations of the Virasoro algebra

wmgAszmwmm+%mﬁfmmwm. (2.1.15)
Since the Virasoro algebra arises naturally in a conformal field theory we
are interested in its representations. A lowest weight representation is a rep-
resentation containing a state with a smallest eigenvalue of Ly. It is reason-
able that a physical theory has this property, since Ly + Lo is the Hamilto-
nian, which is usually bounded from below. Let |h) be such a state, then
LoL, |h) = [Lo, Ly |h) + LnLo |h) = (h — n) Ly, |h), hence

L,|h) =0, forn>1.

This allows us to interpret the L,,,n > 1 as annihilators. The states L,,,n < —1
generate new states called descendants.

The vacuum of the theory is defined by the condition that it respects the
maximum number of symmetries. The maximal symmetry is

L,10) =0, forn>—1.

This state is the vacuum and it will always be assumed that it is the unique
state with this property.
The connection between lowest weight states and conformal fields is

|k, 7)) = $(0,0)|0) (2.5.2)

for a conformal field ¢(z, z) of weights h and ZL This state is a lowest weight
state with Lg-eigenvalue h and Lg-eigenvalue h. The conformal fields are also
often called (Virasoro) primary fields.
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2.6 Wess-Zumino-Witten theories

Often one deals with theories that have more symmetries than just the Virasoro
algebra. These theories have a larger symmetry algebra which contains the
Virasoro algebra as a subalgebra. These generalised algebras are often called
chiral algebras, since they are generated by currents that are holomorphic or
anti-holomorphic. One advantage of a larger symmetry algebra is that less
primary fields are required. The conformal spin of a current is the difference
between the holomorphic and anti-holomorphic conformal weights h — h. In
terms of the conformal spin a classification of extensions of the Virasoro algebra
is

% Free fermions

1 Affine Lie algebras

% Superconformal algebras

2 Virasoro tensor products

> 2 W-algebras.

We are interested in conformal field theories with the extended symmetry of an
affine Lie algebra.

In section 2.8 we will describe vertex algebras. A vertex algebra has the
structure of the chiral part of a conformal field theory. Vertex algebras can be
constructed from affine Lie algebras [FZ] and they have the additional symmetry
of the affine Lie algebra. Then the conformal fields correspond to the highest
weights of a highest weight representation of an affine Lie algebra in the same
way as in (2.5.2) for Virasoro highest weights. In physics these conformal field
theories are called Wess-Zumino-Witten theories. A nice reference is [F1] and a
summary is given in [Schw].

Wess-Zumino-Witten theories are defined as those conformal field theories
whose chiral symmetry algebra is generated by at least the energy-momentum
tensor T'(z) and the currents

JYz) = Z zmmole
m
whose modes satisfy the commutation relations of the Virasoro algebra and
[Ly, T3] = —mT},,,. One also requires the Virasoro generators Ly, to be of the
Sugawara form, i.e.

1 _ _ ~ ~
L,=—"— Y R(T*T":T% T -
26" + g¥) DRI Ty T2

m

where the 7’ wm generate the centrally extended loop algebra g of a certain Lie
algebra g (Adding a derivation to g gives the affinisation g of g (4.2.2)). The
level kY of the relevant g-modules, the dual Coxeter number g¥ and the killing
form K are introduced in chapter 4. The sum makes only sense if one introduces

normal ordering : :. A possible normal ordering prescription is

Cab amby, form <0
mER T bpay, form >0
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To get a consistent theory the factor (k¥ + ¢g¥)~! and hence the level k¥ must
be a constant. Therefore it is necessary that all representations appearing in a
Wess-Zumino-Witten theory have the same level. Many quantities of interest
can be studied in terms of the finite-dimensional simple Lie algebra g and of the
level k. For example the Virasoro central charge is

kY dim g
(g, kY) = W

2.7 Fusion rules and simple currents

The three point function (0| ¢;(21)¢;(22)dx(23) |0) of conformal fields ¢;, ¢;, dr
of conformal weight h, ho, h3, equals

h3—h1—h2( hl—hz—ha(z h2—h3_h1.

Ciji(z1 — 22) 29 — 23) 3—21)

The operator product of two operators ¢;, ¢; can be expanded in a complete set
of operators. Taking the limit z; — z5 one can show that the operator product
expansion has the form

$i(2,2) 6 (w, @) = Cyje(z — w)e=hi=hi (z — )l =Fi=hs g (w0, 7).

The coefficients C;;, satisfy certain selection rules called fusion rules which can
be written as follows

¢ X ¢ =Y Nion.
k

The value of Ni’} indicates the number of distinct ways of coupling the fields.
The fusion rules are related to the modular transformation properties of the
partition function of the theory. The partition function can be written as

P(r,7) = Z Mijxi(m)x; (7). (2.7.1)

Here i and j label certain highest weight states, ¢ standing for the holomorphic
part and j for the anti-holomorphic part, M;; its multiplicity. The functions x
are the characters of the representations (see chapter 6). The transformation

properties of x; under 7 +— —% is given by the symmetric matrix S

N —

Xi(=1/7) = Y Sijxs (7).

0

Ju

[

The fusion rule coefficients are determined by S:

N-1 t
SinSjnS
k __ m-gntgn
NiF =D g
n=0 m

This is the Verlinde formula, it implies that the fusion algebra is both associative
and commutative.
If a primary field ¢; has the following simple fusion rules

i X ¢ = Gy
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for all fields ¢;, then ¢; is called a simple current. Simple currents organise the
fields in a conformal field theory into orbits of order dividing N. They form an
abelian group called the centre of the conformal field theory. One can regard
the action of the centre on the primary fields as an extension of the conformal
field theory. Then the fields are given by a set of orbit representatives and the
centre. In this case the centre is also called glue group.

In this thesis we are interested in simple currents of certain Wess-Zumino-
Witten theories. Therefore we need the following result of [F2]: Except for
the trivial simple current, a primary field ¢, is a simple current of the Wess-
Zumino-Witten theory with underlying affine Lie algebra g (except for g = Fg
level 2) at level k if and only if A is a k-multiple of a cominimal fundamental
weight.

2.8 Vertex algebras

A nice reference for this section is [K2| and a compact overview is [Sch3].

A chiral algebra is the algebra of all holomorphic fields of a conformal field
theory. Chiral algebras and vertex algebras are essentially the same, we state
the definition of [K2| of a vertex algebra. Let V = V5 & V5 be a direct sum of
two vector spaces. 0 and 1 stand for the cosets in Z/2Z of 0 and 1. An element
a in V has parity p(a) in Z/27Z if a in V,(,). A field is a series of the form a(z) =
Y omez a,z~ "' where a,, in End(V) and for each v in V one has a,v = 0 for n
sufficiently large. The vector space V together with a vacuum vector |0) in Vj
and a parity preserving state-field correspondence a — a(z) = >, o, apz "1
(parity preserving means p(a,b) = p(a)+p(b)) is a vertex algebra if the following
axioms are satisfied:

The operator T on V defined by Ta = a_2 |0) satisfies
T, a(2)] = da(z);
(translation covariance)
|0) (2)a = a and a(z) |0) |,—0 = a; (vacuum)

(z — w)"a(2)b(z) = (—1)P@PO)(z — w)"b(2)a(z) holds for n sufficiently large.
(locality)

A vertex algebra containing a Virasoro element w in Vg satisfying

1. The operators L,, = w41 give a representation of the Virasoro algebra
of central charge c, i.e.
m? —m

Lm,Ln: - Lmn
(Lo Ll = (m = 1) Lo +

5m+n,00;

2. Ly is diagonalisable on V;
3. T = Lfl;

is called a conformal vertex algebra of central charge c.
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We are interested in vertex algebras associated to representations of affine
Lie algebras. Frenkel and Zhu showed in [FZ] that one can provide certain
representations of affine Lie algebras with the structure of a vertex algebra.

We are also interested in vertex algebras associated to a lattice L of finite
rank d, since it can be thought of as a bosonic string theory with d space-
time dimensions compactified on a torus. L represents the allowed momentum
vectors of the theory.

We summarise the construction of a vertex algebra to a given integral lattice
L with bilinear form (-,-). First we decompose the integral lattice L = L U Lt
with Ly = {a € L|a? = 0 mod 2} and L; = {a € L|a? =1 mod 2}. Define
h = L ®z R and the bosonic Heisenberg algebra

h=h@R[t,t""]®Re
with central element ¢ and commutation relation

[h1(m), ha(n)] = mdm1no(h1, he)c.

Here hi(m) denotes hq ®t™. Then h = h@t~1R[t~1] is an abelian subalgebra of

~

1 and by S (h™) we mean the symmetric algebra of polynomials in h~. Physically
the elements of S(h™) can be interpreted as oscillators. Further we need a 2-
cocycle € : L x L — {£1} with the properties:
€(a,0) =€(0,a) =1
G(Ol,ﬁ) — (_1)(a,ﬂ)+a2626(6’a)
(e, B+7)e(B,7) = (e, Be(a + B,7)

This gives us the twisted group algebra R[L]. with basis e*, « in L and products
e“e? = e(a, Be*tP.
Now we have the vector space
V =S8(h")@R[L].
which can be provided with the structure of a vertex algebra.
V' decomposes into a direct sum V = V5 @ V7 with V; = S(h™) ® R[Lj]..
The Heisenberg algebra h has a natural action on V with h(—n) acting
multiplicatively for n > 0, h(0)e® = (h,«a)e* and h(n)e* = 0 for n > 0.
Therefore we call the h(—n),n > 0 creation operators and the h(n),n > 0

annihilation operators.
A vertex algebra structure is obtained by defining:

e®(z) = e*(2)Te*(2)”

with e*(2)" = e exp{ Z a(—m)%}

m>0

(z)" = 2" exp{~ 3 a(m)® -}

m>0

and with h(z) =3, ., h(n)z™""! we set

h(—n —1)(z) = 8 h(z) for n > 0.
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The bosonic normal ordering is defined by putting all creation operators to the
left of all annihilation operators. Then with

(hi(=n1 = 1)+ hy(=nx — 1)e®)(2) =
e*(2)T 1 hi(=ny — 1)(2) - hi(—ng — 1)(2) 1 e*(2)”

extended linearly to V it becomes a vertex algebra with vacuum 1 ® €.

2.9 The BRST-construction

The BRST-construction (Becchi-Rouet-Stora-Tyutin) is a formalism to obtain
a Lie algebra g out of a vertex algebra V. Since V describes the chiral states of
a conformal field theory, g can be interpreted as a Lie algebra of chiral physical
states. The BRST-construction can be applied to a Z graded differential algebra

A= @ A, with an additional Zs-grading A = Aj® A7 the elements of Ag being
nez
the bosonic states and those of A7 the fermionic states plus the ghosts. Since we

are interested in a bosonic string theory we don’t need fermions, so Aj contains
only ghosts. We assume that there is a fermionic operator @ satisfying Q2 = 0
and QA, C A,4+1. Then we have the following chain
H A, A, S A0S

with ImQa,_, € Ker@Q4,. This allows us to define the cohomology groups
H? =KerQ)a, /Im Q) A,_, Whose elements can be interpreted as physical states.
We will apply the construction explicitly in chapter 7. We are interested in an
anomaly free bosonic string theory. Therefore let V' be a conformal vertex al-
gebra whose Virasoro algebra has central charge 24 and Vi, , the vertex algebra
of the unique even unimodular Lorentzian lattice II; ;. Then V ® Vp, , repres-
ents the Fock space of a bosonic string. The ghost system is the lattice vertex
algebra of the one dimensional standard lattice Z. It has central charge —26,
hence the central charge of V ® Vp, , ® V7 vanishes, which makes the theory
anomaly free.

2.10 Meromorphic ¢ = 24 conformal field theories

This thesis bases on the list of possible meromorphic conformal field theories of
central charge 24 in [S3]. We already noted that such conformal field theories are
of particular interest, since they allow us to construct bosonic string theories.

In [S3] conformal field theories with the simplest kind of fusion rules are
considered. These are those theories with one primary field 1 and fusion rule
1 x 1 =1. The modular transformation properties of these theories are simple.
In particular if the central charge is a multiple of 24 the partition function
is modular invariant, and one can consider a corresponding purely chiral con-
formal field theory. In such a theory all correlation functions are meromorphic,
therefore we call these theories meromorphic conformal field theories.

The aim of [S3] is to obtain a list of all possible meromorphic conformal field
theories of central charge 24. Therefore some trace-identities and the fact that
the character must be modular invariant are considered. It is shown that if the
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number of spin-1 currents does not equal 0, then the chiral algebra contains a
spin-1 algebra with total charge 24. Hence the partition function of any such
theory must be a modular invariant combination of affine Lie algebra characters.
The trace identities hold only for 69 distinct combinations of affine Lie algebra
highest weight representations. The modular transformation properties of the
characters are well known (chapter 13 in [K1]). So one calculates exactly one
modular invariant partition function for each of the 69 cases. The results are
listed at the end of [S3]. In this thesis we consider conformal field theories V'
with spin-1 algebra 2;71,11 where r = 48/(p* — 1) and p = 2,3,5 or 7.

So far it is a problem to construct all these theories. There are 24 conformal
field theories associated to the Niemeier lattices. Applying Zy orbifold twists
yield 15 more theories (see [DGM]). Proofs for most of the remaining cases are
conjectured using Z3 orbifold twists or applying Zs orbifold twists to the twisted
theories (see [M1] and [M2]).



Chapter 3

Modular forms and lattices

In this chapter some aspects of modular forms and lattices are briefly introduced,
since they are necessary to proof the main results of this thesis. Introductions
to modular forms are found in [KK] and [FB]. Introductions to lattices are
found in [CS] and [E]. For a complete overview we refer to [CS], except for
the part about the Weil representation which can be found in [Bul.

3.1 The modular group

The modular group SL(2,Z) =T is the group consisting of all 2x2 - matrices
with determinant 1. It acts on the upper half plane H = {7 € C |Im 7 > 0} via

ar +b

T Mr=——,
cT+d

with M = (¢ %) € SL(2,Z). SL(2,Z) is generated by T = (§ 1) and S = (% §),
which will be proven later. One defines the exact fundamental domain of I' as

1 1 1
F(F)::{T€H|*§<Re’f§§, |7] > 1 and |7] > 1 for 7§<R€7‘§0}

The name is justified by the following facts:
e for every 7 in H exists an M in I" such that M7 in F(T)
o7 and M7 in F(I'), M in T, iff
1)r=Mrand 7=4i , M==+Sor
2) 7=Mrand 71=e>/6 M= +TSor +(TS)?
Now we consider a subgroup A of I'. A fundamental domain of A is a subset F
of H with the following properties:
e F is closed in H.
o for every 7 in H exists a M in A with M7 in F .
o If 7 and M7, M in A, are in the open kernel of F, then M = +1d.
Let A’ be the subgroup of I" generated by A and —Id and

r= U A M,
1<v<[I:A’]

24
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a disjoint union of I' in right congruence classes of A’, where the M, are not
unique. One can show that

FA)= | MF

1<y<[I:A]

is a fundamental domain of A [KK]. The cusps of F(A) are the images of
A M, ic0 of ico.
The principal congruence group (mod N) is defined as follows:

I(N)={M inT | M = Id mod N}.

Another important class of subgroups of I' is
a b\ .
To(N) = . 4 ) I'lc=0 modN . (3.1.1)

The index of T'o(N) in T is given by N leN(l + ;1)) Therefore the number of
cusps of I'g (V) is finite, a complete set of representatives for the cusps is given by
2 for ¢[N, c>0,0<a < (c, %) and (a,c) = 1. Ty(p), for p prime, is generated
by T and (Z 2) el , 0 <k < p,aand b such that the matrix is in I". This fact
is proven by induction to |c|: For ¢ = 0 it is true, since T™ = (10 ”f) Now let
le| >0, (2 %) in To(p) arbitrary, then (5 5)T™ (¢ %) = (7 %), = pla+ mc) + ke.
Choose m such that —|c| < (a +mc) < 0, then || = |p(a + me) + ke| < |c| for
one k, 0 <k <p.

3.2 Modular forms

Let f be a meromorphic function on H, then for M in SL(2,R) the meromorphic
function on H f|, M is defined by

(flxM)(1) = (e +d)"*f(M7T), kin Z.

The function f is called modular of weight k, if f is meromorphic on H and
fleM = f for every M in I'. A function f is called a modular form of weight k,
if f is modular of weight k£ and f has at most one pole at ico, or equivalently if
f has a Fourier-expansion of the form

f(T): Z O[f(m) 627rim7'7

m>mo

which for suitable v > 0 for I'm 7 > ~ absolute and compact-uniform converges.
The modular forms of weight k£ form a vector space over C. The modular forms
of weight 0 form a field. A modular form f of weight k is called integral, if f
is holomorphic on H and if there is no pole at ico, or equivalently if f has a
Fourier-expansion of the form

f) =Y aglm) e,

m>0

which for suitable v > 0 for I'm 7 > 7 absolute and compact-uniform converges.
The space of integral modular forms of weight 0 is C.
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Now we consider modular forms of a congruence group. A subgroup A of I' is
called a congruence group, if there exists a positive n, such that I'(n) C A. The
index in I' of a congruence group is finite. A group homomorphism

x: A — {z € C|lz|=1}

is called an abelian character of A. The trivial character, which maps every
element of A onto 1, will be denoted by 1.

A function f : H — C is called an integral modular form of weight k for the
congruence group A and the abelian character Yy, if

e f is holomorphic on H

o flxL = x(L)f for every L in A.

e f|iM is holomorphic at ico for every M in I'.

The set M (A, x) of all integral modular forms of weight & to A and y is a vector
space over C. One can show ( [KK] p.172) that

Mo(A, 1) = C. (3.2.1)

3.3 The Dedekind n-function

The Dedekind n-function is a holomorphic function 7 : H — C defined by

o0

,,7(7_) _ 67ri-r/12. H (1 o 627rz'm7')

m=1

The T transformatlon 1s n(T + 1) = e™/12. (1), and the S transformation is

(=1/7) = \/7/i-n(1)( [KK] p.168). Since the product [[>c_ (1 — e27™7) is
abbolute convergent one has 7n(7) # 0 for every 7 in H (cf. [FB] p.196). The
general transformation properties are the following (cf. [R] p.163):

forM:(gdb)El"withc>0
(M) =e(M) - CT+d/i'7i(T)

d o F (bd(1—c?) +e(atd)) ad

2) i 12 ,C O 3.3.1

(M) = (c) md 3 (qe(1—d2)+d(b—c (33.1)
(E) et T3 (ac( )+d(b=<)) d odd

d
(7) is the Legendre-Jacobi symbol
c
this yields [Schl],

(kST + j)/m) = e(A)y/m7/m/i n((K'T + j')/m")

(/K =G5+ kE)Em (3.3.2)
4= ( m/k' —j' /K )

with j, k,m and j/, k" and m’ integers such that A in SL(2,Z), km = k'm/ and
m/k’" > 0. Some examples are calculated in appendix C since they are necessary
for our purpose.
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3.4 Lattices

A lattice L is a finitely generated free Z-module with a Q-valued quadratic
form ¢ : L — Q, such that the associated bilinear form (), ((a,b) — (a|b) :=
q(a+0b)—q(a)—q(b)) is non degenerate. Note that g(a) = a?/2. Two lattices L;
and Ly are isomorphic (isometric) if there exists an isomorphism of Z-modules
v : L1 — Lo which preserves the bilinear form.

A lattice (L, q) is called integral if the bilinear form takes only integral values
on L. Further, we say that L is an even lattice if the quadratic form g is integral.
The vector space V := L ®z R arises in a natural way from the lattice L. A
quadratic form on L can be uniquely continued to a quadratic form of V. Then
there exists a basis B = {e1,...,e,} of V with L = >°!_| Ze;. B is called a
basis of the lattice L, r the dimension of the lattice and the signature of L is
the signature of the space (V,¢). The matrix

A= A(L,B) := ((eilej))ij=1,...r

is called the Gram matrix of the lattice L relative to the basis B. Two lattices
L and M of the same dimension r are isomorphic if and only if there exist two
basis B and C and a T in GL,(Z) such that

A(M,C) = T*A(L, B)T.

The discriminant disc(L) of a lattice L is the absolute value of the determinant
of the Gram matrix, (note that the determinant is independent of the choice of
the basis). An unimodular lattice is a lattice with discriminant 1.

The dual lattice L’ of an integral lattice L is the module

L'={veL®zR: (v|L) CZ}.

with the quadratic form ¢. The Gram matrix of L’ is the inverse of the Gram
matrix of L. Since L is integral L C L', the factor group L'/L is called the
discriminant group of L, it is of the order disc(L). The level of an even lattice
is the smallest natural number N such that Ng(y) is integral for every v in
L'. For a positive definite lattice the minimal norm is the smallest norm of the
nonzero lattice vectors.

Two integral quadratic forms are said to be in the same genus if they are
equivalent over R and the p-adic integers for all prime numbers p. For our
purposes it is sufficient to consider genera of even lattices whose discriminant
group is ZZ’f, where p is prime and k € Z~ . Such genera are uniquely determined
by the signature (r,s), p, k¥ and a generalised version of the Jacobi-Legendre
symbol which can take the values 4+ and —. It is symbolised by

H7'78(pik)-

Unless k = r+s and p # 2, the sign can be determined by the equation (cf. [CS,
p. 386, Th. 13])
r—s=42-2—(p—1)k mod 8 (3.4.1)

For p = 2 the sign is listed in table 15.5 on page 387 of [CS]. Two lattices of
the same genus are not necessarily isometric, but lattices of the same isometry
class are in the same genus.
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It is often necessary to rescale a lattice, changing L to L =kL = {kx
x € L}, k in R. The parameters of L and L are related as follows: A = k2A,
disc(L) = k?* disc(L) (n is the rank of L) and minimal norm of L = k2 minimal
norm of L. We denote vkL by L(k). Obviously, kL = L(k?). If L is even and
k in Z~o then the map

L'/kL — (VkL) /(VkL) = 1/VkL ]VEL
with
x+kL = Vk(z/Vk+VEL) — z/Vk+ VkL

is an isomorphism of groups.

3.5 Gluing Theory

We want to describe the general n-dimensional integral lattice L that has a
sublattice which is a direct orthogonal sum Ly ® Lo @ - - - ® Ly of given integral
lattices L1, ..., Li of total dimension n. Any vector of L can be written

Yy=y1+y2+-+ Yk (3.5.1)

where each component y; is in the subspace spanned by L;. Since the inner
product of y; with any vector of L; is the same as the inner product of y with
that vector it is an integer and hence y; must be in the dual lattice L.

Any y; can be altered by adding a vector of L;, so y; is a representative of a
system of representatives for the cosets of L; in L. They are called glue vectors.
The quotient group L./L; is called the glue group for L;. So L is generated by
Li®Ly® - @ L and certain glue vectors y; (3.5.1).

3.6 The Lattice A, and the hyperbolic plane

In this thesis Euclidean lattices (s = 0) (especially A,,) and Lorentzian lattices
(s = 1) are considered. An important Lorentzian lattice is the hyperbolic plane,
which is the unique even unimodular two dimensional lattice I[; ; with Gram

matrix
0 1
A_<1 0).

The lattice A,, n > 1 is defined by

A, ={(zo,21,...,2,) €Z" | 2o + ... + 2, = 0}, (3.6.1)
with basis B = {(-1,1,0,...,0),(0,—-1,1,0,...,0),...,(0,...,—1,1)} and Gram
matrix

2 -1 0 0 O
-1 2 -1 0 0
-1 2 ... 0 0
A= S R (3.6.2)
0 0 0 2 -1
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The minimal norm is 2, the discriminant is n + 1, the glue group is Z/(n + 1)Z
and the glue vectors are

) ) 1 t—n—1 1—n—1
i = (

. =0, ... 3.6.3
n+1""""n+1" n+1l 777 n41 ) ! A ( )

(i—n—1)—times i—times

This yields

A;z = U(['L] + An),

=0

the discriminant of A/, is 1/(n 4 1) and the minimal norm is n/(n + 1).

3.7 The Weil representation

Of primary importance for our considerations are modular forms for the Weil
representation of SL(2,7Z).

Let L be an even lattice of even dimension, L'/L its discriminant group.
The set of formal linear combinations Z'ye /L zyeY, x, in C, can be extended
to a C-algebra by defining e7e® := ¢7*°. This algebra is the group ring C[L//L]
of the discriminant group. It has a hermitian bilinear form
(Z’y NAIDIP yveé) = Z'y Ty Y-

The Weil representation of SLy(Z) on C[L'/L] is defined by

pr(T)e’ = e(—~2/2) e’

_ e(sign(L)/8) 8
St = ——+~ e((v, e
pL(S) L B;L//L ((7:8))

where S = (9 ') and T'= (} 1) are the standard generators of SLy(Z).

A modular form for the Weil representation py of weight k, k£ in Z, is a
holomorphic map F from the upper half plane H to C[L’/L] which transforms
as

F(EE0) = er o ((2)) Fir).

F(7) can be written as

Z fy(T)e?

yeL'/L

The transformation properties of the components f., are (e(a) = €>™?):

Fr+1)=e(=2%/2) f ()

e(sign(L)/8
f’Y(_l/T) - m ﬁELZ//L T)

Such modular forms can be constructed by lifting scalar valued modular
functions for T'o(NN) [Schl]. Suppose that the level of L'/L divides N. Let f be
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a scalar valued modular function for I'g(N) of integral weight k and character
xr- Then

F(ry= Y flu(m)pr(M )

MeTo(N)\T'

is a vector valued modular form for py, of weight k which is invariant under the
automorphisms of the discriminant group.

Now we consider the following cases. Let p be a prime such that p? — 1
divides 48, i.e. p = 2,3,5 or 7. Then there is an automorphism of the Leech
lattice of cycle shape 1"p™ with m = 24/p + 1. The fix-point lattice A, is the
unique lattice its genus without roots. Let

L=A, &I :(p)®1L,.

Then L has level p and genus

apg22(p ™t

with €, =+, —,+,+ for p =2,3,5,7. The eta product

1 » 1

is a modular function for I'g(p) of weight —m with poles at the cusps 0 and
ico. Note that for p = 7 the function f has character x(j) = (£). We define
functions gi by

h(t/p) = go(T) + 91(T) + - - - + gp—1(7) (3.7.2)
with g;|7(7) = e(j/p)g;(7), i.e

p—1

;Z@ —kj/p)h((m +k)/p). (3.7.3)

k=0

We can lift the function h to a modular form F' =) F.e” on the discriminant
of L. Then F has components

Ey(m) = f(T) +g0(r)  ify=0 (3.7.4)
= g;(7) if v#0 and v*/2 = —j/p mod 1. (3.7.5)

The components F, with 4?/2 =0 mod 1 are modular for I'g(p) of weight —m
and with nontrivial quadratic character in the case p = 7.

This result will become important in chapter 6, where we calculate the coef-
ficients of the partition function.

3.8 Theta Functions

The theta functions of a lattice transform under the dual Weil representation.
Let L C R™, n even, be a lattice, z in R™ and 7 in H then the theta function
¥.41(7) is defined as:

OESY emiT(at2)? (3.8.1)
x€L
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One can also show that the theta functions are invariant under the action of the
principal congruence subgroup of N, where N is the level of L [E]

2 A)(T) =V (1) for A= ( CCL 2 > in ['(N) and p in L'

(Fp+r

and also

A a

(W5 A)(r) = (d) 91(7) forA:( ’ 2) in To(NV)

holds (A = (—1)%disc(L) and (%) is the Jacobi-Legendre symbol).



Chapter 4

Lie algebras

In this chapter Lie algebras are considered, in particular affine Lie algebras and
generalised Kac-Moody algebras. A complete introduction from a physical point
of view is given in [KMPS] and [F1]. For mathematicians the standard reference
is [K1]. [H] and [FH] introduce finite dimensional Lie algebras.

We first recall how Lie algebras typically appear in quantum mechanics.
A quantum field theory is usually formulated in terms of the Lagrangian. Of
major importance is the symmetry group of the Lagrangian, which is the group
of those transformations of the fields that leaves the Lagrangian unchanged. The
continuous part of this group is the Lie group G of the Lagrangian. The set of
infinitesimal transformations of G form a Lie algebra, which is often viewed as a
linear approximation of the group. For many purposes, e.g. if one is interested
in local symmetries, the Lie algebra is more convenient than the Lie group G.

In quantum mechanics one has a Hilbert space of physical states on which the
observables act as linear operators. The Hilbert space carries representations of
G and its Lie algebra, a knowledge of the representation theory is of primary
importance in finding a solution to a quantum mechanical problem. Symmetry
properties of the problem can be related to known properties of Lie groups and
Lie algebras.

4.1 Finite dimensional Lie algebras
A Lie group is a set endowed simultaneously with the compatible structure of
a group and a C* manifold. Compatible means that multiplication and inverse

operation are differential maps. A Lie algebra g is a vector space together with
a skew-symmetric bilinear map, the Lie bracket,

[ ]:eaxg— g
satisfying the Jacobi identity
[X.,Y],2) + [[Y. 2], X] + [[2,X].Y] = 0 for XY, Z in g.

Lie algebras are related to Lie groups. The tangent space on the neutral
element of a Lie group G is a Lie algebra g. This can be seen as follows: let x

32
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and y be smooth curves in G containing the unit element, say z(0) = y(0) = 1,
then the tangent vectors of x and y on 1 are

d d
X = &x(t)\tzo and Y = &y(t”t:o-
The Lie algebra g is the real span of all such tangent vectors. We have the scalar
multiplication

d
AX = (M),

the addition

d
X +Y = Syl

and the Lie bracket

1 d2
2 dt?
where [z(t),y(t)] is the group commutator. Then skew-symmetry and Jacobi
identity are satisfied. Of primary importance is the exponential map, exp : g —
G which maps some neighbourhood of 0 in g to some neighbourhood of 1 in G.
For any X = $(t)[;—o in g we obtain the adjoint representation Ad(g), g in
G, by conjugating x with g:

(X, Y] = [(£), y(£)]li=0,

Ad(g)(X) = S g7(1)g =0

If g = exp(Y) then the adjoint representation ad of the Lie algebra g is
(adY)(X) =[y,2], XY €g,

its relation to Ad is (Ad(expY))(X) = (exp(ad Y))X, via the Baker-Campbell-
Hausdorff formula.

Denote by T the maximal abelian connected subgroup of G, and by g
its Lie algebra. Set go = ig(, then we have the modified exponential map
exp(27mi(+)) : go — T, X — exp(2miX). The kernel of exp(27i(-)) in go is a
lattice L (the bilinear form is the killing form (4.1.3)).

Suppose that G acts as unitary linear operators on some complex finite
dimensional vector space V. Since T is abelian its operators can be simultan-
eously diagonalised (which means in physics that the corresponding observables
can be measured simultaneously). Then there exists a basis {v;} of V such that
tv; = ¢j(t)v; ,tin T and ¢;(t) in the unit circle. For X in go, we then have
amap p; : go — R with exp(2mi(X))v; = 2™ (X)y;. In particular, for X in
L,exp(2mi(X)) =1 € ¢ ,thus p; : L — Z. The p; are the weights of the module
V', they lie in the dual lattice L’. V decomposes into a direct sum of weight
subspaces

V= v

peL (4.1.1)
Vi ={v e V]exp(2mi(X))v = 2™ Xy for all X in go},

the dimension of the weight subspaces is called the multiplicity of the weight.
The set of weights will be denoted by P(V'). Via the adjoint representation we
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obtain the root space decomposition g = @ g*. Let A = P(g) \ {0}, then the
peL’
root space decomposition is

s=he P o (4.1.2)
acA

with A = —A and § := g¢ is a Cartan subalgebra. The elements in A are called
roots. For finite dimensional g, all roots have multiplicity one, in general this is
not true. The sublattice of L’ generated by A is the root lattice Q. L'/Q is the
congruence group and its elements are the congruence classes.

Up to now the lattices have no geometric structure, therefore we introduce
a bilinear form, called the killing form.

(X|Y)=Trad(X)ad(Y), X, Yeg (4.1.3)
which is invariant
([X,Y]|Z2) = (X|[Y, Z]) for X,Y,Z €9

For semisimple Lie algebras it is non degenerate. L is integral, so we have
L C L'. The isomorphism

vibh— b hes (b)) (4.1.4)

allows the weight lattice and the root lattice to be considered as subsets of the
Cartan subalgebra h. For each root o € A define the Weyl reflection

(o),
(ala)

The group W generated by all r, is the Weyl group. Each generator r, has a
set of fixed points

Ta :bgp = bp, pr—=p—2

Po ={p € br : (pla) =0}

which is a hyper plane in hg. They divide hg into disjoint open sets, which are
cones. These cones are called Weyl chambers and W acts simply transitively
on them. If we choose one such chamber C, and a set of roots bounding it, we
obtain a basis a1,...,qa, of Q. Since P, = P_,, we may choose the basis in
such a way that C' is the positive cone

C={pecbr: (ulay)>0fori=1,...,n}.

The roots aq,...«a, are called simple roots. Note that, since A is stable under
the action of W, the simple roots are a set of orbit representatives in A of W.

Each root can be expressed as a sum of simple roots with entirely non-
negative or non-positive coefficients. This gives a partition

A=A UA_

where A, refers to non-negative coefficient roots and A_ to non-positive coef-
ficient roots. For oo € Ay we simply write a > 0. Withny := € ¢g* (4.1.2)
aEA 4
implies
g=n dhdn_.
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We later identify ny with sets of annihilation and creation operators acting on
highest weight representations of g.
{aY} with o = 20 12) 4q 4 basis of L, the coroot basis. Together, the a;
J z [CHAED)
and o define the Cartan matrix

A = (aij)i =1 = (2(%'%))”

(as] ;) i,j=1 .

Any simple Lie algebra is completely characterised by the indecomposable
Cartan matrix, requiring that

It is possible to recover the Lie algebra corresponding to the Cartan matrix
up to isomorphism from the Cartan matrix A:

Define the Cartan subalgebra as h := C?"~", r the rank of A, with standard
scalar product (:|-) and orthonormal basis {h;}. Choose simple roots a;,i =
1,...,n, such that a;(h;) = J;;, and simple coroots satisfying ai(a}/) = a;;.

Then one obtains the Lie algebra corresponding to the Cartan matrix via
the Chevalley-Serre construction: let the Lie algebra g be generated by h € §
and elements eq, ..., ey, f1,..., fn such that the relations

h, 61‘] = ai(h)ei, (415)
]

(ade;) ~e; = (ad f;) " f; = 0 for i # j

hold.

4.2 Kac-Moody algebras

Lie algebras arise in the description of symmetries, since many systems possess
infinitely many independent symmetries, infinite dimensional Lie algebras are
also important to physics. In particular Kac-Moody algebras are of importance,
we already mentioned its applications in two-dimensional conformal field theory.
They are also closely related to the symmetries of integrable quantum systems
(often called quantum groups).

A Kac-Moody algebra is a generalisation of the simple Lie algebras. A matrix
A = (aij)} j—, obeying (C1-C4) is called a generalised Cartan Matrix. Further,
if all proper principal minors of a matrix are positive,

det A{i} >0Vi=0,...,r (4.2.1)
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we call this matrix degenerate positive semidefinite. A Kac-Moody algebra is
obtained from a generalised Cartan matrix. An affine Lie algebra corresponds to
a degenerate positive semidefinite generalised Cartan matrix with determinant
0. The simple Lie algebras are those with Cartan matrix A with det A > 0.
Instead of (4.2.1) the requirement that there exists a diagonal matrix D such
that DA is symmetric and positive semidefinite and that rank A = r is also
sufficient. Since the rank of an affine Cartan matrix is r, it has one right (a;)!_,
and one left (a))i_, eigenvector with eigenvalue zero. The a; (a;) are called
Coxeter labels (dual Coxeter labels). Their sums are called Coxeter number h
(dual Coxeter number hY). This allows us to fix D in such a way that
a;
(aulay) = Zay;.

The affine Lie algebras can be classified completely. By deleting the zeroth
column and row of an affine generalised Cartan Matrix one obtains its simple
counterpart. In the non twisted case one can also do the converse, this is called
affinisation. Given a simple Lie algebra g with Cartan subalgebra h and Killing
form (-|-) the affinisation of g is the vector space

9:=9g®C[t,t '|®@CK o CD (4.2.2)

provided with (for z,y € g, n,m € Z and A, u € C) the Lie bracket

[zt +AD,y@t" + uD] :=
[z,y] @ " + At @ y — umt™ @ & + Myt (z|y) K.

CK is the centre of g and K = o + ...+, is the canonical central element.
g is isomorphic to the non twisted simple affine Lie algebra of the same type
and rank as g. The Cartan subalgebra b of g is h @ CK @& CD. The element D
acts as a derivation ¢t on g ® C[t,t7!]. Setting A(K) = A(D) = 0 extends a
linear functional on h to E Then E* can be defined as

b =h*®CAy @ CH
with linear functionals Ay and ¢ defined by

Ao(h & Cd) =0 Ao(K) =1
5(he&CK)=0 5(d) =1.

This gives a natural projection - : H — b with Ag =6 =0.

A set of simple roots {ai,...,q;} of g can be extended to a set of simple
roots {ag, ..., o} of § with ag = § — 0 and 6 = ajaq + - -+ + ap«, the highest
root.

4.3 Generalised Kac-Moody algebras

The fake monster Lie algebra led Borcherds to the definition of generalised
Kac-Moody algebras. Therefore these algebras are sometimes called Borcherds
algebras. A generalised Kac-Moody algebra is defined as follows. Let A = (a;;)
be a real quadratic matrix satisfying
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Qij = Qji
ai; <0 fori#j
2(17;j/aii e Z ifa; > 0.

Then the universal generalised Kac-Moody algebra G is the Lie algebra with
generators {e;, f;, hi;} defined by the relations

e, f5] = hij

[hij,ej] = 5z’jaik6k

[hij, fi] = =bijain fr (4.3.1)
1_aij/a”€j = (ad fi)l_a”/a“fj =0if Aiq > 0, ) #]

(ade;)
[61‘, ej] = [fu f]] = O lf aij = O
A generalised Kac-Moody algebra G is obtained from a universal generalised

Kac-Moody algebra G by factoring out a subspace of the centre and adding a
commuting algebra of outer derivations.



Chapter 5

Highest weight modules over
Kac-Moody algebras

In this chapter we state results of the representation theory of Kac-Moody al-
gebras, in particular the notion of a highest weight representation. Recall the
lowest weight representation of the Virasoro algebra on the space of conformal
fields (2.5.2). We are particularly interested in the character of such a represent-
ation. One of the main tasks of this thesis is to rewrite the characters of some
conformal field theories in a suitable manner. These theories are representations
of affine Lie algebras and hence its characters are composed of affine Lie algebra
characters.

The standard textbook about affine Lie algebras and its representation is
[K1].

5.1 Highest weight representations

A representation ¢ of the Lie algebra g is a homomorphism of g into End V', V
a vector space, i.e.

P([X,Y]) = ¢(X) 0 ¢(Y) = ¢(Y) 0 ¢(X).

V is often called a g-module, and accordingly one writes X (v) instead of ¢(X)(v)
for v € V. While for g there is no definition of a product other than the Lie
bracket, for the representation ¢ one has the composition of maps. With the
help of this products one can define arbitrary power series. This is the concept
of the universal enveloping algebra U(g) which consists of all finite formal power
series in the elements of g (actually the definition of the universal enveloping
algebra is different but the equivalence to finite formal power series is shown
with the help of the Poincaré-Birkhoff-Witt-theorem). Each representation of g
uniquely induces a representation of the universal enveloping algebra U(g).
Recall the triangular decomposition

g=n  ohdn_
and the corresponding decomposition of the universal enveloping algebra

Ulg) =Uny) ©U(h) @ U(n-).

38
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A g-module V is called a highest weight module with highest weight A in h*
if there exists a nonzero vector v, in V, the highest weight vector, such that b
acts diagonally, ny annihilates vy and V is the orbit of vy under the action of
Un_):

h(va) = A(h)va for hin b,
ny(va) =0 and (5.1.1)
U(g)(va) =V

There exists a unique up to isomorphism g-module M (A) with highest weight A
with the property that every g-module M (A) with highest weight A is a quotient
of M(A). This module is called a Verma module. It is a free U(n_)-module
of rank one generated by a highest weight vector and M (A) contains a unique
proper maximal submodule M’(A). The quotient L(A) = M(A)/M'(A) is the
unique irreducible highest weight module with highest weight A. Any highest
weight module V' can be decomposed into a direct sum of weight spaces

Vi ={v € V]h(v) = A(h)v for h € b}.

The dimension of V) is called multiplicity of A and is denoted by multy .
Having an irreducible highest weight representation L(A) one defines the
character chy to be the formal e* expression

chy = Z multp (\)e?. (5.1.2)
AEP(V)

P(A) is the set of weights of L(A). The character of affine Lie algebras can be
identified with modular functions by setting e* = ¢ = €?>™7.7 € H. For the
character of a Kac-Moody algebra there exists a so called Weyl-Kac character

formula ()
det (w)e™\Ar
chy = Lwew det () (5.1.3)
> wew det (w)ew ()
with the Weyl vector p which has the property (p|a) = —a?/2 for all simple
roots a. det(w) is one for w a product of an even number of simple Weyl
reflections and minus one otherwise. For the denominator the identity

ef H (1 — e )multle) — Z det (w)w(e”)

aEA L weW

holds.
For generalised Kac-Moody algebras, the imaginary simple roots affect the
right hand side, so that one gets a correction term S

e’ H (1 — e)mult(e@) — Z det (w)w (e”S) . (5.1.4)
OLGA+ weWw
S takes into account all roots composed of the imaginary simple roots, that is
S = Z e(a)e” (5.1.5)
aceAU{0}

where €(«) is (—1)™ if « is the sum of a set of n pairwise orthogonal imaginary
simple roots, and 0 otherwise (cf. [B3]). Identities of this form can be used to
construct generalised Kac-Moody algebras.
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5.2 Integrable highest weight representations of
affine Lie algebras

We are interested in integrable highest weight representations.
The weight lattice P is the set

P={reb\Na))eZi=1,...,n} (5.2.1)

Elements from P are called integral weights, P contains the root lattice Q.
The set of dominant weights P, is the set of those elements of P with A(«)
nonnegative. A highest weight representation is called integrable if all e; and f;
are locally nilpotent on V. This condition is equivalent to

e;(vpa) =0, fij\(ay)ﬂ(v/\) =0 foralll1<i<n

Now we consider integrable highest weight representations of affine Lie al-
gebras. Let K be the canonical central element and define the level k of A in b*
to be A(K). Denote by P* (respectively PF) the set of (dominant) weights of
level k. The dual element of the canonical central element K is the null-root §.
A weight A is called maximal if A 4 ¢ is not a weight, the set of those weights is
denoted by max(A). The null-root yields a decomposition of the set of weights
into weight strings

P(V)= o {A—né:neZs} (5.2.2)
A€ max(A)

The aim of this section is to simplify the character, therefore we define the
modular anomaly of any dominant weight A:

2 2
- 2'(12:’5']{) _ % (5.2.3)
and introduce the normalised character
Xa = e ™ ch(V). (5.2.4)
Further we define for any weight A in P(V') the rational number
MmAN = Mp — N
' 2k
and the string function
ey = e"mand Z mult p,p) (A — nd)e " (5.2.5)

neEZ

(and ¢} = 0 if A not in P(V)).
For any A € P, the character of A can be written as ([K1] chapter 12) (the
coefficients cﬁ, called string functions, will be introduced in the next section)

XA = Z Cﬁ\xé)\.

AEPE / (kM +C5)
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M is the root lattice of A, ([K1] chapter 6). Introduce the orthogonal projection
* from f)\* to M ®zC (with 6 = 0). The condition <)\, K> = k allows us to express
the sum in terms of P: ~

XA = Z CQHX

XeP/kM

P is the weight lattice of A\n, hence

Xa= Y, b= > A= Y don (5.26)

AEM* /kM XEM*(1/k)/M (k) NEM (K)* /M (k)

where
0y = Z q%S2 eVEs,
SEAFM (k)

6 is a modular function on H x C* by mapping s — (s, z) and setting g = e>™".

5.3 String functions

Now only the explicit calculation of the string functions is missing. This is done
for some examples in [KP]. In this thesis the string functions of A4-characters
are calculated in section 6.3.

A string function is holomorphic on the upper half plane and for a given
module L(A) there are only a finite number of distinct string functions, since

Ci\u(A)+m~/+a5:C§\\ forw € W, v € Manda € C.

The coefficients of the Fourier expansion at i0o of the string function cf\\ are the

weight multiplicities multy (A—nd). They can be calculated with the Freudenthal
recursion formula

A+ P2 = A+ pl?)multa(A) =2 Y mult(e) Y (afA + ko) multy (A + ka).
aEAL k>1
(5.3.1)
It is a consequence of the denominator identity ([KMPS]). Further we describe
the transformation properties of the string functions (for type A, B, E) under
the modular group I' which is a result of [KP]

1 — '
ex(=2) = [M'/kM| 712 (—ir)™!/? > Saae((AX)/k) X (7)
A'€PY  mod C§
XNeP¥ mod (EM'4Cé)

Sar = i3 M (ke + R)M[TV2 Y e(w)e(—(A + p,w(N +p))/(k +hY))
wew
A (T +1) = e(man)er(r)

(5.3.2)
where e(a) = €?™. These are our main tools in finding the results of the
following chapter. The Freudenthal formula gives us the first coefficients of
the Fourier expansion of the string functions. This suggests some identities
with products of the Dedekind eta-function. These identities are proven by
comparing their transformation properties.



Chapter 6

Characters of some conformal
field theories

In this chapter we consider some irreducible highest weight representations of
the list from Schellekens [S3] and suppose that they can be provided with the
structure of a conformal field theory.

The most laborious task of this diploma thesis is to rewrite the character as
a sum over the discriminant group over certain lattices N

Xv=Y. [ar2)

AeN'/N

and to calculate the coefficients f). This will be done in this chapter.
The important new results are indicated by a box.

6.1 The characters

-~

In this chapter we consider the theories in [S3] with spin-1 algebra A7_; , with
r=48/(p> — 1) and p = 2,3,5 or 7. We will rewrite their characters in a very
simple form which is convenient for our purposes and also shows that they are
invariant under SL(2,7Z).

Therefore we note some useful facts.
_Let p=2,3,5 or 7. The central element of the affine Kac-Moody algebra
Ap_1 is given by K = af + ... 4+ ay_; and the weight A = (ng,...,np_1) =
noagy +...4+n,_1ay_; haslevel \(K) = ng+...+n,_1. The weights of ﬁp_l of
level p can be identified with the weights of A, 1. We call A /A, 1 = Z/pZ
congruence group and its elements congruence classes. We define the class of
Aasng+2n; + ...+ pny—; mod p. The group of simple currents of A,_; is
isomorphic to Z/pZ and acts on the weight A = (no, ..., n,—1) by cyclic shifting
of the coefficients n;. The class of A is invariant under the simple currents.

The string functions of A,_; of level p are invariant under the following
action of a simple current s:

Ay =ch (6.1.1)

This can be shown using Freudenthal’s formula (5.3.1).

42
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The discriminant of /pA,_1 is isomorphic to

(Z/pZ)P~* x (Z/p°Z) .

There is also a natural isomorphism from the discriminant to A}, ; /pA,_1 (cf.
p-29).

Let A be in Aj,_;. Write A\ = njay + ... +np 10 ;. We identify A with
the weight noay +niay +... +np 105 where ng = p (n1+...+np_1) of
ﬁp_l of level p. Then we map noay +niay + ... +np_105 4 to (no7 e Tp_2)
with 7; = n; mod p and M,_» = ng +2n1 +. —|—pnp 1 mod p?. This gives us
a map

71 Ay (LI (Z/p°T)
which induces an isomorphism A7, /pA, 1 — (Z/pZ)*~* x (Z/p*Z).

If A is a weight of A\p_l of level p and class ¢ then w(A) = (x,...,%,7) with
j =1 mod p.

There is a one-to-one correspondence between congruence classes and simple

currents such that for any weight p of congruence class i and the corresponding
simple current s the identity

A _ A
C/\eru = Cs.\

holds for all A in P and A in P*.Let A = (no,...,n,—1) € P.

This can be seen as follows. Let s be the simple current which shifts every
entry of a weight one to the right and g an element of congruence class 1. Then
m(A+pp) = n(v) with v = (ng,...,np—3,np—2 — p,Np—1 + p). Applying the
Weyl reflection w = wq, - . . Wa,,_, to v gives w(v) = (Np_1,M0, ..., Np_2) = .\
so that by the invariance of the string functions under the Weyl group cﬁ\‘ o =
cﬁ( Mpp) = cé‘_ »- The general case now follows by induction on the congruence
class because every element of congruence class i 4+ 1 can be written as the sum
of an element in class 1 and an element in class .

Let V be the conformal field theory with spin-1 algebra AT_1 where r =
48/(p* —1) and p = 2,3,5 or 7. Then V is the sum of irreducible hlghebt Welght
modules of AT _, the weight of each factor Ap 1 having level p. The highest
weights are obtamed by acting with a subgroup G of the group of simple currents
of A}, on orbit representatives. We denote by M the set of highest weights.
We consider the group G also as a linear code in [F}.

We describe this in more detail (cf. [S3]).

In the case p = 2 the glue code G is the binary Hamming code of order 16
generated by the rows of the matrix

e e e e e e
O P HFOOODOOOoO M
S OO DO DO OO
_— OO, OO oo oo
OO DD DD OO —=O
O OO OO OO
[N eNeNoNoNoNeNael =N
— O OO0 ~HOOO
OO DD DO OO=HOOO
OO OO0 OO O
OO oo OO, OO O O
_—_ 0o 0O, OO0 0oO oo
[N eoNeNoNelilt o NoNoNoNo)
O OO OO OO
[eNoNeNol i oNoNeNoNeNo)

OO OO =
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and the orbit representatives are
o (2,0)16.
e 8x(1,1)6.

e The remaining orbit representatives can be described as follows. In the
dual binary Hamming code of length 16, for every codeword of weight
8, identify the 1-components with the highest weight (1,1) and for the
0-components allow all combinations of (2,0) and (0, 2) such that both of
these highest weights appear an odd number of times.

In the case p = 3 the glue code G is the ternary zero-sum code of length 6
generated by the rows of the matrix

NN NN DN
OO OO
[esllevilenll N =]
OO = OO
o= O OO
= O O OO

and the orbit representatives are
e (3,0,0)5.
e (1,1,1)%(3,0,0)? and all permutations.
e (2,0,1)%(0,1,2) and (2,1,0)5(0,2,1).
e 6x (1,1,1)8.
In the case p = 5 the glue code is FZ and the orbit representatives are
e (5,0,0,0,0)%

e (2,0,1,0,2)%

(2,0,0,2,1)(3,0,1,1,0) and (3,0,1,1,0)(2,0,0,2,1).

(1,1,1,1,1)(1,0,0,1,3) and (1,0,0,1,3)(1,1,1,1,1).
o 4x(1,1,1,1,1)2
In the case p = 7 the glue code is F7 and the orbit representatives are

e (7,0,0,0,0,0,0

).
e (2,0,0,1,3,0,1) and (2,1,0,3,1,0,0).
e (2,0,0,2,0,3,0).

).

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

3% (1,1,1,1,1,1,1)
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The elements of the code G and the dual code G+ are in (Z/pZ)" so they
can be identified naturally with the discriminant of A7 ;. Then G* is the
orthogonal complement of GG. We denote by A7 _; x G the lattice obtained by
gluing the elements of G to A} _;

Case-by-case the congruence classes are calculated. The result is that M C
Ap_q % G*. Two elements are in the same congruence class if and only if they

differ by a root lattice vector. This means cﬁ # 0 only if A and A are in the
same congruence class. Therefore any nonzero contribution to the character of
V' comes from a weight A in A7 ; X G+

Now we are ready to rewrite the character.

Xv = Z mult A xa

AeM
= Z mult A H Z A1) Or(T, 2i)
AeM i=1 XA, _, /pAy—1

Z Z Z mult A Hc)\ ) O, (T, 2i)

A€DualAy_, /pA; | TEM/G AeG.T

Z Z Z (mult A) /|G| H e (T) Oy, (7, 20)

AeA;_leL/pA . ANeM/G geG

Since any nonzero contribution to the character of V' comes from a weight A in
Ar | x G

Xv = Z Z Z mult A) /|G| Hcg 2 (7)) O (7, 24)

AEAT  XG+/pAy | AeM/G geqG

Using cﬁ\\ = czjf\‘ for any simple current s in G.

T

v = Z H (7, 2:) Z Z multA/|GA|Hcgl

NEAT_ xGL /pAr_ | i=1 AEM/G geG

Using the one-to-one correspondence between congruence classes and simple
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currents we get

XV = Z Z H 9>\i+Ni (T’ Zl)

AEAT_ | XG+/p(A]_ xG) pep(A;_ 1 xG)/pAL_, i=l1

Z Z mult A)/|Ga| H Cot it

AEM/G g€G

= Z Z H 9)\i+#i (7—7 ZZ)

AEAT (XGL/p(Ay_ xG) pep(A]_1XG)/pA]_, =1

Z Z (mult A) /|GA|H q“ i 1

AEM/G geG

= Z Z H 0>\¢+IM (T’ Zt)

XEAT_ xGL /p(AT_ xG) pep(Ar_, xG)/pAy_, i=1

Z Z (mult A) /|G| H Coins

AEM/G g€G

Now

Z H '9)\i+m (T’ zl) =

pe€p(A;_ xG)/pA;_ | i=1

> H ST e(ri+ i+ )220+ (N + i+ v, 2) =
HEP(A;,IXG)/PA;,I i=1 vEpA,_1
Z Z H e(T(Ni + i + i) /20 + (Ni + i + i, 1)) =

HEP(A]_ XG)/pAy | vepAL_, i=1

> He X+ i) /2p + N+ s ) =

pEP(A;_ XG) i=1

Z H /\ Jr:ul /2+f(A Jr/u'hzl)) = 19)(7‘,2’),

HEVP(A,_ 1 XG) i=1

where ) (7, z) are the theta functions of the lattice N = /p(A},_; x G). Finally
the character is

Xv = Z (T, 2)
AE(1//PIAL 1 XGH)//P(A]_1 XG)

S S (mulsA) |GA\H oo (T) ] (6.1.2)

AEM/G geG

= > SA(T) Oa(T, 2)
AE(1//P)(AL_ 1 xGH)//P(A]_ 1 XG)
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with

) = Z Z(mUItA)/\GM H ng-\/ﬁ/\i(T)'
=1

AeEM/G geG

6.2 The grading lattice

Consider the lattice N = (/p(A;_; x G). First observe that the dual lattice
N"is (1/y/P)(Ay_; x G*). In the cases p = 5 and p = 7 this is obvious, since
N = \/pA’, | and N' = (1/\/p)A;_,. For the other two cases we calculate
this explicitly. First one computes that the product of two weights A, p in A;_l
depends only on the congruence class, i.e.

(AisAj) = —ij/p mod 1

for A; in congruence class 7 and ); in congruence class j. Recall that the product
of two elements = (i1, ...,4,) and y = (j1, ..., jr) of two codes is i1j1 +- . . ir-Jy
mod p. This means (A, ) in Z if and only if the code word corresponding to
the congruence class of A is orthogonal to the code word corresponding to the
congruence class of . G+ is the orthogonal complement of G, hence N’ is the
dual lattice of N.

We want to know the genus of the lattices N. Recall the generators of G
as the rows of the matrices listed in the last section. Denote the i-th row by
b;. Then in the case p = 2 the code G* is generated by by + -+ 4+ b7, b1 + bs +
b3, by + by + bs, by + by + bg, bg + by + b1y and in the case p = 3 the code G is
generated by by + - -- + bs. Hence in all four cases we have G C G. But this
means pN’ C N. Therefore the discriminant of N is

disc(N) = disc(y/p(4,_; x G))
=pP~disc(4;,_; x G)
= pHdise(A]_,) /|G
=p/|G|?
=2%2/222 = 910 for p =2,
=3'%/319=3% forp=3,
=5'"/5* =5° forp=5,
=77 =7 forp="1.

The signum is + except for the case p = 3 it is — ((3.4.1) and (|CS, p. 387,
Th. 13]). The minimal norm of \/pA’_, is p — 1. Hence the minimal norm of

p—1
N is (p — 1) times the minimal distance of G, where the distance of a nonzero
codeword (a1, ...,ap) is the number of nonzero entries a; # 0. The minimal

distances are 4 for p = 2, 2 for p = 3 and 1 otherwise. Hence the minimal norm
is 4 except for p =7 it is 6.
We conclude: the grading lattice N is of genus

gm0 (p "2, (6.2.1)

with €, = + for p =2,5,7 and ¢, = — for p = 3, m = 24/(p + 1) and minimal
norm 4, except for p = 7 it is 6.
N is the unique lattice in its genus of maximal minimal norm.
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6.3 The coefficients f)

The result of the last two sections was that the character of the conformal field
theories V' can be written as

xv(rz)= Y. AT 2) (6.3.1)
AeN'/N
over the grading lattice IV of genus

Hzmg(pe"(m"’?))7 ep =+ for p=2,5,7 and ¢, = — for p =3,

and minimal norm 4, except for p = 7 where it is 6.
The coefficients fy have the form

M= 32 Dot A)/IGA T egi i, (7)-

AEM/G geG

for X in N' = (1/\/p)(A;_, x G*). From now on we will naturally identify
(1/y/P)(A;_; x G*) with A7 | x G* to get rid of the factor /p.
Recall the eta product
1 . 1

and the T-invariant parts of h(7/p)

1822 ,
9i(7) = » > e(=ki/p)h((r+k)/p)
k=0
introduced in section 3.7. Then the f) have the following form:
_J (1) +go(r) ify=0
fy= { gr(T) if v # 0 and —~2/2 = k/p mod Z (6.3.2)

There are three methods to prove the identities (6.3.2). We will explain
them, since this has been most of the work and the first proofs led us to the
final one.

In the cases of A\Lg and 2273 the string functions are explicitly known. They
are modular forms for the modular group I'(16) of weight —1/2, respectively
I'(18) of weight —1. Hence the fy are modular functions for I'(16) of weight —8,
respectively of T'(18) of weight —6. The space of modular forms for a congruence
group of given weight is finite dimensional, its dimension can be calculated with
the theorem of Riemann and Roch, but this is difficult. We found another way
to calculate an upper bound of the dimension.

Denote by Vi (I'(N)) the space of modular forms of the principal congruence
group I'(N) with poles of order one. Consider the map

ma : Vi(D(N)) — Vig12(D(N))

J(r) 5 AW - o) (6:3.3)
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with the Delta function A(7) = (v/2mn(7))*2. The kernel of this map is trivial
since n(7) and hence also A(7) have nonzero values on the entire upper half
plane H. This means that the dimension of Vi (I'(IV)) is at most Vi112(T'(INV)).
The order of the poles of the f\(7) is one, hence A(7) - f1(7) has no poles at
the cusps, which means it is holomorphic at the cusps. So the A(7) - fa(7) are
integral modular forms. Example 3 on page 26 of [G] gives a formula for the
dimension of integral modular forms of given weight k

aim(ar () = B we TT - 2,
p|N

p prime
Hence we have

dim(V_g(I'(16))) < 944,
dim(V_g(T'(18))) < 1836 and
dim(V_4(I'(10))) < 468.

So in order to prove (6.3.2) we only have to compare sufficiently many coef-
ficients.

For the two remaining cases the string functions are not explicitly known.
So we calculate them for A4 5. Using the Freudenthal formula, one gets the
first coeflicients, comparing them with the first coefficients of the Dedekind
n-function suggests the following identities. We use the short hand notation
¢ (1) for the sum over all simple currents s. This list of string functions is one

of the main new results.

i2??100201(7') = 5011210002(7') = 2012121011(7') 2)010101011(7')

?10200202(7') = §031011010(7') = 2012022020(7) 2010(?2020(7')

i210(?2220(7') = 2)033110001(7') = §032021010(7') 503?(?1010(7') (6.3.4)
i230(?1210(7') 2051010000(7') = 203212(901(7) 203?100001(7') = C2011111011(7)

§236)0200(T) = 5011012020(7') = §01222(§)02(7') Cs. 1020(?02(7') = ?10101211(7)

%(1)%%(1)(7') = C§110§2120( )
c30110(7) = €2 50110(7) (6.3.5)

4 eiin1(7) + ezoo00(7) = 4 X101 (7) + € 50000 (7)

[e1iin1(7) — €S0 (7)] =

1 1.31001 11111 - 7](57) (6.3.6)
7 [€5.50000(T) — €50000(T)] = ()
350000 (T) — ko000 (T) + 5 [€255002 (1) + 2 %1601 (7)) =
1 (6.3.7)

0505?80000( ) — ios?oQoOoo(T) + [62.012121011(7') - Cg?loﬂon(ﬂ} = (n(m)n(57))2
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02.050000000(7') ;05202800(7) Cé(l)(l)(lJtl)(T)‘*‘ 2150000100(7')
62910101011(7) ;012121011(7') H}H(T) - C?PPEM(T) = (6.3.8)
n(7)*n(57)
n(7/2)*n(27)*n(57/2)n(107)
11111 11111 77(107)77(27)3
— = 6.3.9
11111 (7) 50000(7) n(57)2(7)6 ( )
n(107)?
)+ 1ebilh) sy ) = I e
[0 (T) — ettt (7] + 5516250000 (T) — 50000 (T)]+
390001 (1) — 31001 (T) + €2 X%5002(T) — c13005(T)+
2[e250110(T) — e30110(T) + 2 10%20(T) — 10220 ()] =
1 S0 (7) — ettt ()] — $edh000(7) — chogos ()] + (6.3.11)
313001 (T) — 1001 (T) + €3 13002 (T) — c13002(T)+
n(r/5)
—[e250r0(T) — c3o110(7T) + 20520 (T) — c10m0(T)] = ()P
2 ey %001 (1) + 2 €250 () + [ (1) — 0 (7)]+
2 ci20002(T) + 2 %0000 (T) + [t 00 (T) — 3 5h0 (T)]+
2 i 2500 (T) + 2 %1501 (T) + [t a0 (T) — %000 (T)]+
2 ci3on10(T) + 2 0 (7) + [ed%i001(T) — 22001 (7)) +
2 ¢ligho(T) + 2 AP0 (T) + [e i01222(?02(7) — 3002 (T)] =
% csu601 () + %8 25002 (T) + To (s () — 00 ()] +
% ¢5 1a002(T) + 203101910(7) + % [ 10320 (T) — om0 (T)]+ (6.3.12)
% 12%)2220(7'> 203111(?01(7) + % [ ;032021010(7') - 203%)1010(7')]
% cxon10(T) + 5 2 %0000 (T) + I N0 () +
T70 %501 (T) — %1001 (T)]+
5 50000 (T) + ?3 2 oan0 (T) + + e (1) +
1% [Ci012220002( ) — §010200002( )=
1
(n(T)n(7/5))?
S (00 () + A (1) + 007 4 1 9220(r)] =
Ae M
(6.3.13)
1n(1)n(r/5)

n(7/2)%n(27)3n(27/5)n(7/10)
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S () 11 ) — 00 ) — 20y = IO 5

Ky n(7/5)*n(r)°
S (0000 (r) + cl0220(r) — 2641111 (7)) = n(r/10)* (6.3.15)
e oA A n(r/5)*n(r/2)*n(r)

M = {11111, 10220, 12002 , 30110 , 31001 }

The identities (6.3.11) - (6.3.15) are the S transformations of (6.3.6) - (6.3.10).
(6.3.5) follows directly from (6.3.6), the string function identities in (6.3.4) hold
because of (6.3.6) and the S transformation, i.e. the identities, which are not
obtained by (6.3.6), one gets from the S transformation (appendix B) of the
identities already obtained. So we have to prove (6.3.6) - (6.3.10). The proof
is as follows: we consider the quotient of the left hand side and right hand side
of an identity and call it A(7). We show, that A(7) is an integral modular
form for a certain congruence group of weight zero and hence constant (3.2.1).
Comparing the first coefficient yields the constant.

Consider (6.3.6), then

A(7) = (eiii(r) — &) (1) ((57) /n(7)?).

['o(5) is generated by T, ST°S,ST3ST?S, which are easily calculated for the
string functions using the transformation matrices in appendix B. One gets:

(et (7) = e (M)IT) = et (7) — e (7)
1
(11111 (7) = it (M)ISTS) = oy (i (7) — i) (7)

1
((C%HH(T) - C§}9101111(7))|5T35T25) = W(C%HH(T) - C153.110101111(7))

The transformations of n(57)/n(7)° are obtained using (3.3.2) and (C.0.4):

(n(57)/n(7)*|T) = n(57) /n(7)?
(1(57) [n(7)°|STS) = (—=— (n(r/5)/n(r)?)|ST?)

Vo
(625ﬂi/12M(7}((7 + 5)/5)/77(7‘)5)|S)

= T/’
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(n(57)/n(r)°|ST*ST?S) =

(s (1 /5) ()| STST?) =

<e—1°ﬂi/12M<n<<r +2)/5)/n(r)7)|ST?S) =
(e—lom'/m

1 5 3\
m;(n((ﬂr?)/a’))/n(ﬂ )IST?) =

—257i/12 1 1 =
(e=20m/ N E—— (T+3)2(77((T+5)/5)/TI(T)5)|S) =

1 . B
e o NO/)IS) =

e GO

(

We have shown that A(7) is invariant under the action of I'g(5). Since every
string function and n(7) are holomorphic on H and 7n(7) # 0 for every 7 in H,
A(7) is also holomorphic on H. Comparing the first coefficients of the Fourier
expansion of ci11i(7) — 3124 (7) and n(57)/n(7)° yields, that A(r) has no
pole at ¢co. There is neither a pole at 0, since the first coefficient of the S-
transformations of e} (1) — 2100 | (7) and n(57)/n(7)° are also equal. 0 and
ioco are the only cusps of I'g(5), therefore A(7) is an integral modular form for
To(5) of weight zero with trivial character, hence A(7) is constant. Comparing
the first coefficient shows that the constant must be 1.

The other identity of (6.3.6) as well as (6.3.7) are proven exactly in the same
way. (6.3.9) and (6.3.10) are a little more laborious, since the eta products and
the string functions cH1 () — cAAA(r) and el () + 4B () — 5900, (7)
are modular forms for I'y(10). T'o(10) is generated by T, ST3ST3S, ST-2ST>S
728, ST?ST~1S and ST~1ST?ST 35, the cusps of I'g(10) are 1/1,1/2,1/5 and
1/10.

The proof of equation (6.3.8) is the hardest one, because right-hand side and
left-hand side of (6.3.8) are not T-invariant. Consider the quotient of left-hand
side and right-hand side

A(7) = (c2%0000 (1) + i %0000 () — 250001 (1) — 2520, (7)+

CéflJ(l)(lJ(l)(T) + 03.150(90100(7') — et (r) = e (7)/ (6.3.16)
n(7)*n(57)

n(7/2)3n(27)3n(57/2)n(107)

We show that A(7) is in Mg(Ty(10) N T'(2),1). T'x(10) NT'(2) is generated by
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(calculated with magma)

R
ST§ST§ST S,
ST="ST~2STS,
TST—3ST3S,
ST3ST~5S8TS,

ST‘3ST3STST2STGST%S,
ST 3ST3STST*ST?ST?S and
ST 38T 48T 38T 1'ST2ST-88T 28T 1.

Using appendix B and appendix C we calculate that A(7) is invariant under the
action of T'y(10) NT'(2). The cusps of T'o(10) NT'(2) are 0,1/3,1/4,1/5,2/5 and
ico. We check that A(7) has no poles at these cusps. Since A(7) is holomorphic
on the upper half plane H it is in My(Ty(10) NT'(2),1) and hence constant, the
constant is one. This proves (6.3.8).

Using these identities we can prove (6.3.2) for 1@175 by comparing sufficiently
many coefficients.

Having computed the S and T transformation of the string functions we
immediately get the transformation of the f, because they are polynomials in
the string functions. Also the first coefficient of the string functions gives us the
first coefficient of the f). So we can apply the method used above to prove the
string function identities in order to prove the identities (6.3.2). We consider
Ax. (1) = (fo(T) = fao (7)) /h(7) for every isotropic element Ay and show that
Ay, (1) is an integral modular form of weight zero of trivial character, hence
constant. Comparing coefficients yields the constant to be one. Applying the S
transformation to all of these identities yields the remaining identities.

In the appendix we list the known string functions, the S and T matrices
and the first coefficients of the f) and we describe the proofs in more detail.

There is a third method of proof. Regarding the transformation properties
of the coefficients fy in the case Ag7 (A.4.1), we immediately observe that
the fy transform under the Weil representation py of the grading lattice V.
Computer calculations show that this is also true for the other three cases. An
immediate consequence is that the character xy is modular invariant, since the
theta functions transform under the corresponding dual Weil representation.
Another immediate consequence is that equation (6.3.2) is true. This can be
seen as follows: Recall the modular form F(7) for the Weil representation py
of section 3.7

F(r)= ) Fn)e

YEN'/N
with
Fy(r) = h(r) + go(r) if v=0
= gi(7) if —4%/2=k/p mod 1
with 1
h(r)= ———————=q¢ ' 4+m+...

(n(T)n(pr))™
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and the gj the T-invariant parts of h(7/p) = go(7) + g1(7) + ... + gp—1(7).

Further define }
Firy= Y fy(n)e
YEN'/N

and consider F(7)— F(7). This is a modular form for SL(2,Z) (since F(r) and
F(7) are modular forms) of negative weight. We calculated the first coefficients
of the f., and observed in the previous proof that the first coefficient of fy equals
the first coefficient of Fy for every A in N’/N. Furthermore F(7)— F(7) has no
singular terms so that F(7) — F(7) is a holomorphic modular form of negative
weight which is also holomorphic at the cusp ico. A well known result of the
theory of modular forms is that a modular form for SL(2,7Z) of negative weight
without singularities at the cusp ico is zero. Therefore F(7) = F(7) and since

the 7 are linear independent (6.3.2) must be true.



Chapter 7

Construction of some bosonic
string theories

This chapter corresponds to chapter 4 of [Sch3| where the physical states of a
bosonic string corresponding to the fake monster algebra are constructed. Let
V Dbe the vector spaces defined in the previous chapter. We assume that these
vector spaces can be provided with the structure of a conformal vertex algebra
of central charge 24. This has been conjectured in [M2]. We further have to
assume that V' has a positive definite bilinear (-,-) form with the property that
the adjoint of the Virasoro generator L,, is L_,.

7.1 The Lie algebra of physical states

Recall the grading lattices N = Hgm,o(pep(mﬁ)), where p = 2,3,5,7 and m =
24/(p + 1), associated to the spaces V. As in section 2.9 we define the vertex
superalgebras
V=VeVy, oV,

V. is the vertex superalgebra associated to the one-dimensional lattice Zo with
02 = 1. We define the ghosts b = e and ¢ = e° and the ghost current
§j¢ = o(—1). The ghost number operator is j§' = (0), the ghost number of b
is —1 and of ¢ it is 1. A Virasoro element of V,, of central charge —26 is

1 3
Wb = 50(—1)0(—1) + 50(—2).

Suppose that w? is an Virasoro element of V@V, , then wG+wM is a Virasoro
element of central charge 0 of V. The BRST-current is 5757 = ¢_; (0™ +1w®)
and the BRST-operator is Q = j§# 7. Q satisfies the relations

Q> =0, LY, Ql=Q, {Q,by11} =L, and [@Q,L,] =0.

Then the vector space
C =V nKerby NKer Ly

is invariant under ) and graded by the ghost number

c=pcr.

acl’
meZ

%)
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where L = N @ II; ;. Since [j{', Q] = Q we have the sequence

G om1 L om & omit O

with cohomology groups H]'. Let

H= HY

acl’
MmeEZ

H' = P H,

a€cl’

then

is the space of physical states of the compactified bosonic string. The product
on C' defined by
[u, v] = (bou)ov

projects down to H. It has the property deglu,v] = degu + degv — 1 hence it
also projects down to H', with this product H' becomes a Lie algebra.

V = &mezVm is Z-graded by the eigenvalues of the Virasoro generator Ly.
There is an action of the Lie algebra of type A} ;. For s in the weight lattice
A’} 1, we denote by V,,(s) the subspace of V;, on which the action of the Cartan
subalgebra of A’ ;71 has weight s. Applying the no-ghost theorem (Theorem 5.1
of [B3]) we get

H} =

(03

) 7.1.1
Vl(()) @RI ifa=0 ( )

{ Vicaz palan) ifa#0

where ay, ; and ay: denote the projections to the respective lattices. With the
Z-grading of [B3] we see that H' is a generalised Kac-Moody algebra.

The Cartan algebra Hi of H! has dimension 2m + 2 by (7.1.1). The di-
mensions of the other pieces H}, a # 0, can also be expressed in terms of
Fourier coefficients of f, with v = ans mod N. Let [f,](n) be the n-th Fourier
coefficient of f, for n in Q, then the dimension of H, L is the Fourier coefficient
corresponding to the the Ly-eigenvalue of Vl—af,l 1/2(aN,)e—0tN’.

dim Hy = [£,](1 -0} /2 = (1 - o, ,/2) = [/,](—0?/2) (7.1.2)

(the number 1 appears here because the energy levels are counted from —1 due
to modular normalisation).

We summarise the results of this section. The BRST-operator Q with Q% =
0 acts on the vertex superalgebra V.=V & Vy, , ®V,,. The cohomology group of
degree one, H}, is the space of physical states of a bosonic string. It carries the
structure of a generalised Kac-Moody algebra and it is graded by the rational
lattice N’ @ II ;. The no-ghost theorem implies that the graded dimensions
are dimH} = 2m + 2 if @ = 0 and dim H} = [f,](—a?/2) if o # 0 (with
v = ans mod N).

7.2 Multiplicities and the denominator identity
It remains to determine the denominator identity for H'. For the case p = 2

this is done in [HSch| and for the case p = 3 it is done in [Kl|. The arguments
for the other two cases are exactly the same.
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Let A be the Leech lattice and A, the sublattice fixed by an automorphism
of cycle shape 1™p™. For p = 2 this is the Barnes—Wall lattice, for p = 3 this
is the Coxeter—Todd lattice, for p = 5 this is the Maass lattice and for p = 7
it is the Barnes—Craig lattice. The lattices L = N @ II; ; and A, & II 1(p) are
of the same genus. Since there is only one class in this genus the lattices are
isomorphic by Corollary 22 in chapter 15 of [CS].

Consider the lattice L = A, & II; 1(p) with elements (s,m,n), s in A,, m,n
in Z and norm (s,m,n)? = s? — 2pmn. The lattice L has a Weyl vector p of
norm 0 since the lattices L are the unique lattices of its genus and it is known
that these lattices contain such a vector. We choose p = (0,0,1/p). Recall that
a Weyl vector has the property (p,a) = —a?/2 for all simple roots a. Now for
any root « = (s,m,n) is (p,«) = —m. Then the simple roots of the reflection
group of L’ are the norm 2/p vectors of the form (s, 1/p, (s> — 2/p)/2),s € N’
and the norm 2 vectors (s, 1, (s> —2)/(2p)) in N, (s € N with 2p|(s? —2)). Now
fix a Weyl vector p and the Weyl chamber containing p. The roots np, n € N5
are imaginary. In a Lorentzian space the inner product of two imaginary roots
in the same cone is zero only if both vectors are proportional to the same
norm zero vector. Hence writing np as a sum of simple roots with positive
coefficients, the only summands appearing in the sum are positive multiples of
p. All the np are disconnected, this implies that they are all simple roots. Their
multiplicities are given in (7.1.2). If p|n the multiplicity is 2m and m otherwise
(where m = 24/(p + 1) as always in the last chapter). We have already found
all the simple roots. This can be verified as follows. Let k be the generalised
Kac-Moody algebra with root lattice L', Cartan subalgebra L’ ® R and simple
roots as stated above. The denominator identity of k is calculated in Theorem
3.2 of [Schl]

e’ H (]_ — ea)[h](7a2/2) H (1 _ ea)[h](fpa2/2)
acLt acl't
(7.2.1)
= Z det (w)w (e‘) H(l _ e”/’)m H(l _ epnp)m) .
weW n>0 n>0

W is the reflection group generated by the norm 2/p vectors of L’ and the norm
2 vectors of L C L'. Using (7.1.2) and the definition of the f, we see that
H' and k have the same root multiplicities. We fixed the Cartan subalgebra
and the fundamental Weyl chamber, therefore the product in the denominator
identity determines the simple roots of H'. H' and k have the same simple
roots and are thus isomorphic.



Chapter 8

Summary

We summarise the new results obtained in this thesis. They are also summarised
in the preprint [CKS] which we intend to submit soon.

In this thesis we consider the theories in [S3] with spin-1 algebra 2;_1717 with
r=48/(p?> — 1) and p = 2,3,5 or 7. We rewrite the character as

w= 3 K)o

AEN'/N
over the grading lattice N of genus
Hgm_ro(pep(m“)), m=24/(p+1), ¢, =+forp=2,5"Tand e, = — forp =3,

and minimal norm 4, except for p = 7 it is 6. The lattices are the unique lattices
of maximal minimal norm in its genus. The 9y are theta functions of the lattice
N and the coefficients fy, which give the degeneracy of the spectrum of the
string, are of the form

| h(T)+go(r) fA=0
f)‘_{gk(T) 0 i) £ 0 and —A2/2 = k/p mod 7 (8.0.1)

The h(7) are modular for Tg(p) of weight —m = —24/(p+1), they are expressed
in terms of the Dedekind eta-function:

h(r) = ((r)n(pr)) ™ =q~ +m+..., q=eT"7

The gj are the T-invariant parts of h(7/p) = go(7) + ... + gp—1(7) with T-
eigenvalue e~ 27k/P,

The most laborious part of this thesis is the proof of (8.0.1). We find three
methods of proof. In the cases p = 2 and 3 the string functions are known. The
fa(7), h(7) and its T-invariant parts are modular forms for certain principal con-
gruence groups I'(IV) of some weight k. The vector space of modular forms for
a principal congruence groups I'(N) of weight k is finite dimensional. So (8.0.1)
can be verified by comparing sufficiently many coeflicients. For the remaining
cases there were not any string function identities known so far. Therefore, we
calculate the string function identities of A4 5 ((6.3.4)-(6.3.15)). The proof of
the string function identities uses the fact that an integral modular form for a
congruence group of weight zero and trivial character is constant. In order to
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prove an identity we take the quotient of the left-hand side and the right-hand
side and show that this is an integral modular form for a congruence group of
weight zero and trivial character. Hence it must be constant, the first coefficient
of the Fourier expansion yields the constant to be one. This method requires
the knowledge of the transformation properties of the string functions under
the modular group. Since the f)(7) are polynomials in the string functions we
could also calculate the transformation properties of the fy(7) and apply the
same method of proof as in the case of the string functions. This is the second
method of proof. Regarding the transformation properties of the fx(7) of Ag 7
we observe that they transform under the Weil representation of type py, where
N is the corresponding grading lattice. Computer calculations show that this is
also true for the other cases. The fact that the f)(7) transform under a certain
WEeil representation gives us an appealing third proof. We consider the modular
form F(7) for the Weil representation py of section 3.7

F(r) = Z F,(r)e”

~YEN'/N
with
Fy (1) =h(T) +go(r) if v=0
= gi(7) if —9?/2=k/p mod 1

Further we define

F(r) = Z fy(m)e”

YEN'/N

and consider F(7) — F(7). This is a modular form of negative weight. We
calculate the first coeflicients of the f, and observed in the previous proof that
the first coefficient of fy equals the first coefficient of F) for every A in N’/N.
Furthermore F'(7) — F(7) has no singular terms so that F(r) — F(7) is a holo-
morphic modular form of negative weight which is also holomorphic at the cusp
i00. A well known result of the theory of modular forms is that a modular form
for SL(2,Z) of negative weight without singularities at the cusp ico is zero.
Therefore F(7) = F(7) and since the e” are linear independent (8.0.1) must be
true.

Hence we finally obtain a general method which should allow the treatment
of all cases of Schellekens list.

We use all these results for the construction of the space of physical states
of some bosonic strings. Therefore we assume that the vector space V defined
as a direct sum over the set M of highest weights given by the list of [S3] of
irreducible highest weight representations of type E;—l,p with r = 48/(p? — 1)
and p = 2,3,5 or 7 has the structure of a vertex algebra of central charge 24
whose Virasoro generators satisfy L, = LT_n with respect to a positive definite
bilinear form. The assumption is very likely, in the case p = 2 it is already
proven [DGM] and in most of the remaining cases proofs are conjectured [M2].
Let Vp, , be the vertex algebra of the unique even unimodular Lorentzian lattice
in two dimensions I ;. Then the tensor product with the vertex algebra V' has
central charge 26, so we can apply the BRST-formalism. The space of physical
states g is the BRST-cohomology group of degree one

g:= HERST(V ® Vﬂl,l)'
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g describes the states of a (48/(p + 1) + 2)-dimensional bosonic string compac-
tified on an orbifold. It has the structure of a generalised Kac-Moody algebra.
Its denominator identity is

P H (1 — e¥)lM(=e?/2) H (1 — e)M(=po?/2)

aeLt acL't
= Z det (w)w <e” H(l —emtr)m H(l — e”"p)m> ,
weWw n>0 n>0

where L' = N’ @ II 1 is the strings momentum lattice and [h](n) is the n-th
Fourier coefficient of h(7).

Finally, we describe the relation between the grading lattice N, the eta
product h(7) and a generalised Kac-Moody algebra (see also [Sch2]). The Leech
lattice A is the unique self-dual even 24-dimensional lattice. The Mathieu group
Mo3 acts on the Leech lattice. Let g be an element of square-free order n such
that 01(n)[24 (01(n) = 3y, d). As an automorphism of the Leech lattice, g has
a characteristic polynomial Hd‘n(xd —1)2%/21(") The corresponding eta product
is ng = [lajn n(dr)?*/71(") . The fix point lattice A9 is the unique lattice in its
genus without roots. We can lift 1/, to a vector valued modular form F}; on the
lattice L = A9@ Il 1 @10 1 (n) and apply the singular theta correspondence to Fj,
to obtain an automorphic form ¥, of singular weight. This can be summarised
by the diagram

g—1/ng = Fy— ¥,

The expansion of ¥, in any cusp is

P H (1 — e)lhl(=e?/2) H (1 — e)ll(=pa®/2)

acLl™ aeLl’t
= > det (w)w <ep [Ta-e»m]]a- epnp)m) :
weWw n>0 n>0

This is the denominator identity of a generalised Kac-Moody algebra.

In our cases the fix-point lattice AY is related to the grading lattice in such
a way that L = N & II ; and AY & I 1(p) are isomorphic and the eta product
associated to the cycle shape is 1/h(7).

Elements of the Mathieu group yield ten distinct generalised Kac-Moody
algebras. We have constructed four of them. A fifth candidate is the number 8
of Schellekens list. This is a highest weight representation of type A5 6C2 341 2.
We expect the eta product to be h(r) = 1/(n(7)n(27)n(37)n(67))? and the
grading lattice N to be the unique lattice of genus ITs ¢(25°37¢) and maximal
minimal norm. The method of proof should be exactly the same, since it is not
necessary for our procedure that the highest weight representation is of type A.

It remains the question about the physical relevance of the procedure. The
theories are bosonic string theories, i.e. there are no fermions. Furthermore our
space of states is not four dimensional, but larger (the dimensions obtained are
18,14, 10 and 8). The space of states of a four-dimensional bosonic string theory
might be given by the generalised Kac-Moody algebra of the fix-point lattice
II50(2371) with eta product n(7)n(237). So far, there exists no candidate of a
corresponding vertex algebra, but there are promising ideas of construction.



Appendix A

String functions

In this chapter we describe the second method of proof in more detail, in par-
ticular we state the transformation properties of the string functions and the
coefficients fy. The transformation properties of the string functions under the
modular group are (5.3.2):

A(=1/7) = |M' kM| (i) 712 > Saae((AN)/E) e (7)
A'ePY  mod Cs
NeP* mod (kM’+Cé)

Saar =i M (6 + R )MTY2 N e(w)e(—(R + 5w(N + p))/(k + 1Y)
weEW
CI/\X(T +1) = e(mA)\)Cf\\(T).

This allows us to calculate the transformation properties by computer. We will
use the following notation. Let B =< ¢1(7),...,¢,(7) > be a basis of string
functions, then we define the S- and T-matrices by

ci(1)]8 = (—ir) /2 Z Sijei(T)
ci(T)|T = ZTz‘jCj(T)~

The definition of the S- and T-matrices of the f) is completely analogous. They
are obtained from the matrices of the string functions, since the fy are polyno-
mials in the string functions.

Al AL

The string functions of A\Lg and A\Zg are determined in [KP]. They are for A\LQ

c30(7) = co(T) = éo(7) + a(7),
ga(7) = er(7) = éo(7) — é(r),
AL = ool :77(27)
11( ) 2( ) 77(7-)2

61
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with

_ 1 )
2n(27)n(r/2)"

éo(T) = () and ¢ (1)

We choose the following two bases of string functions. This has technical
reasons and the results are conciser.

B =< ¢éy(1),é1(1), ca(T) >
B =< ¢y(1),c1(7), ca(T) >

The S- and T-matrices are (£16 = €2™/16 a 16-th root of unity):

i 1 0 0 ) 0 & 0
S=[(0 0 v2], T=| ¢t o0 , (A1.1)
1
0 o 0 0 0 1
L[ 1 w2 e 0 0
S=51 1 1 —2v/2 | andT=| 0 ¢&¢ 0 |. (A.1.2)
V2 =2 0 0 0 1

This yields the identity
216(7)° = 2% (7)° + ea()®,

which is true because the difference 246 (7)* —24¢; (7)®+¢2 ()8 is invariant under
SL(2,7Z) (using A.1.1 and A.1.2) and it has no singularity at ico (comparing
coefficients). Hence it is zero.

Now, we consider the f, (7). [HSch| shows, that they can be written in the
form:

fo(r) ify=0
f4(m) =1 fi(r) ify#0and~5/2=0mod 1 (A.1.3)
f2(r) if~yi/2=1/2mod 1
with
fo(T) s = co(T)'C + 1 (1)'0 + 140(co(T) er (7)1 4 co(7) ey (7)) +
448(co(7)8¢1(T)10 + ¢o(1) ey (1)) + 870¢o (1)8¢1(1)8

0 c )
Filr) 1 =27(o(7)° = é1(m) )ea(7)® = 23en(7)'
)

—21265(r)%1(7)®

Using the matrices A.1.1 and A.1.2, we obtain the transformation properties



Al AlS 63

of the f,(7):

1 1 1 1
S = % 527 15 —17
496 —16 16
(A.1.4)
1 0 0
T = 0 1 0
0 0 -1

Now we are ready to prove (6.3.2). Using (C.0.1) we observe, that h(7) is a
modular form of weight —8 and trivial character of the congruence group I'y(2),
which is generated by 7' and ST?S. The same holds for the f,(7) with norm
0, since T? =Id. The cusps of I'y(2) are 0 and ico. The Fourier expansions of
h(r) and (fo(7) — f1(7)) at ico are

h(r)=q¢ ' +8+...
fo(r) = A(T) =q¢ " +8+...
and at 0
h(=1/7) = 16¢~ Y2 4128 + ...
fo(=1/7) = fi(=1/7) =16 /> + 128 + .. ..
Hence A(1) = (fo(7) — f1(7))/h(7) has no poles at the cusps 0 and ico. Fur-
thermore A(7) is holomorphic on the upper half plane H, since this is true for
the string functions and for the eta-function and n(7) # 0V 7 € H. This means

(fo(r) = f1(7))/h(1) is in My(Ty(2),1), hence constant, and the constant is one.
The S transformation of fo(7) — f1(7) (A.1.4) and h(7) is

h(=1/7) = 2*(go(7) + g1(7)) and
fo(=1/7) = fi(=1/7) = 22 (f1(7) + fa(7)).

This completes the proof of (6.3.2).
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A2 AL,
The string functions in the notation of [Kl] are
c12(7) == ! = P 2t 4T
n(67)n(187)
C12345(T) 1= 777(7?();7)_327(7?32 =q¢ ' +1-2¢2 -3¢ +...,
es(7) = 777(]?322832 — 1+ 6q +24¢% + 78¢° + . ..,
1
cers(T) = W

Cco34(T) 1= 012345(7) — c12(7) — ¢5(67),

ex(r) o= L 3 Greau
n=0

c1(7) := c12(7/6) + ca(1) = q*1/6(1 +2¢+8¢°+24¢% +...),

1 n+1 T+n 1/2 2 3
c3(T) = N (=1) 0234(T) =q /(1 4+4q+ 15¢~ +44¢° + ...),
n=0

T+n) = ¢/5(1 4 6q +20¢> + 61¢°> +...),

ca(r) = fZC casa ( )=q1/3(2+10q+36q2+112q3+...),
¢ _i n T+n _ —1/18 1 4 16 2 59 3
6(T) == 182C180678(718 ) =4 (1+4q+16¢* +59¢° +...),

cr(7) = ZC%{?"CMS ) ¢*/B(1 4 6q + 22¢> + 704> + ...),

es(7) = 18 Z (ie cors ( ) =¢"V/18(2 4+ 99+ 33¢%> +98¢> +...)

(A2.1)

where & := exp(2mi/{f). The point of these roots of unity is simply to extract
every (-th Fourier coefficient. The string functions c¢;(7),ca(7) ..., cs(7) occur
now according to Table A.1 (class 0) and Table A.2 (class 1). The class 2 string
functions can be obtained from Table A.2 via the diagram automorphism. These
results are obtained from [KP] and [KI].

Two bases of string functions are

B =< c1(7), c2(7), c3(7), ca(7), ¢5(7), ¢6(7), c7(7), cs(7) >

B=< c1(7), ea(7), e3(7), ea(T), e5(7), C6(7), E7(T), C5(T) >,

where é5(7) := %3(06(7)+67(T)+68(T)),57(T) = %(06(7)+£357(7—)+§?2,08(T))758(7) =

%(66(7') + &cr(1) + &3¢8(7)). The ¢;(7) are expressed in terms of 7-products
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A
(0,0,3) | (0,3,0) | (3,0,0) | (1,1,1)
(0,0,3) C1 Co Co Cy
\ (0, 3, 0) Co C1 Co Cy
(37()’0) C2 C2 C1 Cq
(171a1) C3 C3 C3 Cs5

Table A.1: String functions for class 0

A
(0,1,2) | (1,2,0) | (2,0,1)
(0,1,2) Ceg Cg Cr
A (1,2,0) Cyr Cg Cg
(27071) Cs Cr Ce

Table A.2: String functions for class 1

in (A.2.1). The S- and T-matrices are (£ = €2™/! a I-th root of unity):

1 1 1
2 2 2
1 1 1
3 3 -3
- 1 3 3 §2
_ 2 2 2
ST N B S
2.35 —3% 0
0 0 0
0 0 0
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(A.2.2)

(A.2.3)

Considering all known symmetries, i.e. the f,(r) are invariant under the
Weyl group, the diagram automorphism and automorphisms of the glue group,
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then all pairwise distinct coefficients f,(7) are:

fo.o = c§ +30cica +40cic3 + 90c3cy + 60cich + 22¢5 + 15c3 ¢+
60c2ct + 60cicact + 6¢5,
fo.1 = 6c5ca + 15cica + 60cicy 4+ Thcicy + 66¢1ch + 21cs+
60cicact + 15¢3c; + 60cic; + 6¢5,
fi1= 0103 + 10010203 + 40010203 + 80010303
+ 10cicics + 80cicaes + 40cicacics + 15¢i e3¢y
+ 32c5e3 + 40c3c3es + 30caesct + 6ccs,
fo.1 = 3cici + 24c cach + T2cic5ch + 6eiccE
+ 96¢4 0263 + 24¢4 026465 + 2401636405 + 48c§c§
+ 24c2cic? 4 48cyescies + 9cacy + 6,
fo.o = 9c3c3 + 5dcieach + 3cicach
+ 108chc§ + 120102046; + 27clcgcic§ (A2.4)
+ T265¢3 + 12c5¢4¢3 + Bdeacscicd + 2Tc3c5es + 6cics, -

fi2 = 27clc3 + 61(25 + 10801@03 + 40162(:5 + 24clcgc4cg
+ 108c3c; + 4cics + 48caczcacs + 5dcacic: + 6cics,
fa2 = 81c103 + 1501C3c5 + 1626263
+ 30caczcs 4+ 90cieacs + 6eycl,
fosz = 24303 + 1350305 + 605,
fa3 = 6chcs + 15¢c2 4 60cierca + 60cacies 4 15cicy
+ 6cocl + 60cocies + 15¢3cs + 6erey,
fr.3 = o+ 30cgcres + 20cac3 + 20cic + 90cicEcl
+ 30cgcrcs + 30cgercy + 5 + 203y + 5,
fo.a = 6cier + 15¢ac2 + 60cicies + 15cacs + 60cacrca
+ 60cgcicz + 6cges + 6cies + 15c¢3cs.

fo.0(7) corresponds to v = 0.

We choose B =< fo,0(7), fo,1(7), fo.2(7), fo.3(7), fo.a(7), f1,1(7), fi2(7),
f1,3(7), f21(7), f2,2(7), fo,3(7) > as a basis, then the T' matrix is

€3 (A.2.5)
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We consider the f,(7), which are listed in (A.2.4). The S-transformation for

{fo.0(1) = fo,1(7), fo,0(T) = fo,2(7T), fo,o(T) — fo,3(T), fo,0(T) — foua(T)} —
{fo,0(7), fo1(7), fo,2(7), fo.3(7), fo,a(T), f1.1(7), f1,2(7), f1,3(7), f2,1(7T), f2,2(T), f2,3(7)}

is (using (A.2.2))

0 0 0 0
o 0 o0 1
0 171 180 160
0 72 63 64
L | 720 486 486 504
S=g| 0 9 18 12 | (A.2.6)
0 234 225 120
729 486 486 477
0 63 45 60
0 180 198 192
729 486 486 477

Now we are ready to prove (6.3.2). Using (C.0.2) we observe, that h(7)
is a modular form of weight —6 and trivial character of the congruence group
['o(3), which is generated by T and ST3S. The same holds for the f,(7) with
norm 0, since 7% = Id (A.2.5). Comparing the cusps of h(7) and f,(7) yields
(foo(T) = fon(T))/R(T),n =1, ...,4 is in My(T'¢(3),1), hence constant, and the
constant is one. The S transformation of fy o(7) — fon(7) (A.2.6) completes the
proof.

A3 A%

Using (C.0.4) we observe, that h(7) is a modular form of weight —4 and trivial
character for the congruence group I'g(5). The same holds for the f,(7) with
norm 0. Comparing the cusps of h(7) and f,(7) yields (A.3.1) (f(7)—fy (7))/h(T)
(v =0,9 #0,7?/2 =0 mod 1) is in My(Iy(5),1), hence constant, and the
constant is one. The S transformation of f.,(7)-f,(7) (A.3.2) gives us again
(6.3.2).

f(50000,50000) (7) = f11111,11111)(7) =

J(50000,50000) (1) — f(50000,11111)(7') =

f(50000,50000)(7') - f(30110,10220) (1) = (A3.1)
1

f(50000,50000) (T) = f(31001,12002) (T) =

(n()n(57))*
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350 115 10 150 190 250 175 10 290 10
300 120 5 200 220 250 150 5 270 5

5= 52| 345 112 8 160 192 240 185 8 292 13
360 108 12 145 198 240 180 7 288 12
250 75 250 290 10 75 175 190 250 10
250 100 250 270 5 100 150 220 250 5
240 80 240 292 13 80 185 192 240 8
240 8 240 288 12 8 180 198 240 7
S-transformation of A — C ,where (A3.2)

A = {f(50000,50000) — f(11111,11111)5 f(50000,50000) — f(50000,11111)5
f(50000,50000) — f(30110,10220) f(50000,50000) — f(31001,12002) }

C = {f(10220,30110), fi1111,11111)> F(11111,50000) [(12002,31001) 5
Ja1111,12002)5 f(31001,10220) f(30110,30110)> f(12002,50000) »
J(10220,11111)5 f(10220,50000)> f(31001,30110)> f(12002,12002) »
J(10220,12002) f(11111,30110)> f(50000,30110)> f(31001,31001),
f(10220,10220) f(31001,11111)> f(30110,12002) f(31001,50000) }

A4 Ag;

In this case it is more difficult to compare sufficiently many coefficients, since the
string functions of Ag 7 are not known and obtaining the weight multiplicities
via the Freudenthal formula is laborious. But S- and T-matrices are easily
calculated. Since every A in M is a weight of congruence class 0 (cf. section
6.1), we only have to consider f,(7) for v in class 0. Further we know that
the f) are invariant under the affine Weyl group and diagram automorphisms.
Hence we only have to consider a set P of pairwise distinct f) and define

R={3¢e€ N'/N|f5 € P}.

Then the transformations are:

—1

S = (Sfyj)fy,geR where S:Y,g = %

Y e(318)/7)

6€0
e (A1)

T = (e(—(V17)/2)05.6)5 5er
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Hence we can write the transformation of the f,(7) as

Iy +1) = e(=(1)/21(7)
f’y(fl/'r) =7 " Z Sfy,SfS(T)
SeR
=Y a2 e/ s) (A.42)

SER =
§EN'/N

e(sign(N)/8) _
= "7 " e((v,9)) f5(7)
VNN 5ENZ,/N R

This is exactly the way like elements of a Weil representation of type pn, N
the grading lattice of genus II50(77°), transform (cf. section 3.7). This fact
simplifies the proof of (6.3.2).

(A.4.3) is a list of the f, with the corresponding norm and first coefficients
calculated with the Freudenthal formula.

Norm 0 mod 7: fioo0s21 =3+ .., for02031 =3+ ...,
fiiii111 =34 ..., froo0000 =q L+ ...

Norm 1 mod 7: fs020020 = 947 + ., fisora00 = 9q7 + ...,
Fa101012 = 9¢7 + ., fs100001 = 97 + ...

Norm 2 mod 7 : fao11110 = 22q% + ..., fa202001 = 22q% o,
Fso10010 = 22¢7 + ..., fis00003 = 22¢7 + ...

Norm 3 mod 7 : fiooso01 = 51¢7 + .. , foroa200 = 51¢7 + ...,
Fizno012 = 51q7 + ..., faor1102 = H1g7 + ...

Norm 4 mod 7 : fiaoio1 = 108¢7 + ... , fiozooz0 = 108¢7 + .. ,
Fro21201 = 1087 + ..., f3200002 = 108¢7 + ...

Norm 5 mod 7 : farioo11 = 221¢7 + ... . faroz000 = 221¢% + .. ,
Fraon021 = 2217 + ..., fao02200 = 22147 + ..

_1 _1
Norm 6 mod 7 : foso0012 =¢q 7 + ..., fio03300 =G 7 + ...,

(A.4.3)

1 1
fi120021 = ¢ 7 + ..., faor01 =¢ 7 + ...

Recall the modular form F(7) for the Weil representation px of section 3.7

F(r)= Z F,(1)e”

YEN'/N
with
Ey(r) = h(1) + go(r) if v=0
= gi(7) if —9?/2=k/p mod 1
with
_ 1 _ -1 2 3 4 5
h(T) =q " +3+99+22¢° +51¢° +108¢" +221¢° +... (A.4.4)

~ (n(r)n(77))3
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and the gj the T-invariant parts of h(7/p) = go(7) + g1(7) + ... + gp—1(7).

Further define R
F(r) = E fy(1)eY
YEN'/N

and consider F(7) — F(7). This is a modular form for SL(2,Z) (since F(r) and
F(7) are modular forms) of negative weight. Regarding (A.4.3) and (A.4.4) we
observe that the first coeflicient of f) equals the first coefficient of F) for every A
in N'/N. Furthermore F(7)— F(7) has no singular terms so that F(7) — F(7) is
a holomorphic modular form of negative weight which is also holomorphic at the
cusp ¢oo. A modular form for SL(2,Z) of negative weight without singularities
at the cusp ioco is zero. Therefore F(7) = 15(7') and since the e7 are linear
independent (6.3.2) must be true.



Appendix B

S- and T-matrices of @1,5

We note the S- and T-matrices of the string functions of class 0 of type /T475.
They are the main tool in proving the string function identities listed in section

6.3.

We use the convenient basis B := By U By

31001

11111

31001

11111

31001

g 11111
By :={ c30110 — €5.30110 » C10220 — C5.10220 » C12002 — C5.120025
11111 31001 11111 31001 11111 31001
€31001 ~ €s.31001 » €11111 — Cs.11111 5 €50000 — €5.50000>
cll 31001 PSRRI 31001 11111 31001
€30110 T C5.30110 > €10220 T C5.10220 > €12002 T C5.120021
11111 31001 11111 31001 11111 31001
€31001 T C5.31001 + Cr1111 T Cs.11111 » C50000 T €5.500001
(50000 4 10220 (0000 | 10220 (50000 4 10220
Cs11111 T Cs.11111 » €5.10220 T €5.10220 » €s.30110 T Cs.30110>
50000 4 10220 (50000 | 10220 (50000 4 10220
Cs.31001 T €5.31001 » €s.12002 T €s5.12002 5 €s.50000 T €s.50000 (B.0.1)
y = { 12002 12002 12002 12002 12002

Cs.31001 » €5.12002 » €s.10220 5 Cs.30110 » €5.50000°

50000 10220 (50000 10220 50000 10220
Cs.11111 — Cs.11111 » €5.10220 — €5.10220 1 €s.30110 — Cs.30110>
(0000 10220 50000 10220 30110 12002
Cs.31001 — €s5.31001 » €s.12002 — €s.12002 5 Cs.11111 5 Cs.111115
A0110 30110 30110 30110 30110

Cs.12002 > €5.30110 » €s.31001 5 Cs.50000 > €s.10220 >

(H0000 110220

5.50000 5.50000

since the representation of the string functions of A4 5 of SL(2,Z) decomposes
into the two irreducible representations corresponding to the basis By, respect-

ively By. Denote by ¢ := €27/10 a 10-th root of unity and a = (£ 4+ &~

71
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b= (£ +¢72)/2 its real parts.

S1

U\‘)_l

—10a

100

—10a

0

0

4

1

0

0

0

3 0

0

0

0

0

0

0

0

0
-5 =30
-5 =30
5 =20
5 =20
1 -24
-1 -1
-5/2  —15
—-5/2  —15
5/2  -10
5/2  -10
/2 —12
-1/2 -1/2
—1/2 12
5/2 15
5/2 15
—5/2 10
—5/2 10

12 1/2

106

o

SO DD DD DODDODODDODO OO OO

)
-1

15/2
15/2
~15/2
—15/2
~1.5
3/2
~1/2
5/2
5/2
—5/2
—5/2
1/2

0 0 5
0 0 5
10a —-10b -5
106 10a -5
—6 -6 -1
1 1 1
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
—10a 100
106 —10a

0 0

0 0

4 4

1 1
—15a 156
156 —1ba

0 0

0 0

6 6

3/2 3/2

2 2

50  —ba
—5a 5b
0 0

0 0

/2 1/2

30
30
20
20
24

—_

OO DD DO DODDODO O OO

0

0
—10b
10a
—6

—15b
15a

3/2
-3

5a
—5b
1/2

—10b
10a

—4
-1
—5b
ba

—2
~1/2

—5a
5b

1/2

0

0
10a
—10b
—6

15a
—15b

3/2
—3

—5b
5a
1/2

~1/2

5b
—5a

1/2

30
30
20
20
24

45
45
30
30
36

3/2
12
15
15
10
10

1/2

—10a
100

1/2

(B.0.2)
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§6
By =
-1
By =
B,
T, =
5450 —5/2 0
—5/2 54 5b 0
0 0 5/2
0 0 —5-—5b
a a a
—6 —6 4
0 0 100
0 0 —10a
10a  —10b 0
—10b 10a 0
6a 6a —4b
—6a —6a 4qa
5—5a —5/2 0
0 0 5/2
—5/2 5—ba 0
—-b —b —b
0 0 5a — 5
1 1 1

By

52
58
1
1
51
53
57
B;
-1

0 20a
0 20a
—5—-5b  30a
5/2  30a
a a
4 24
—10a 30
10b 30
0 20
0 20
—4b  —24b
4a  24a
0 —20b
50 —5 —30b
0 —20b
—b —b
5/2 —30b

1 1

-1

106
—10a

—10b

73

(B.0.3)
0 10a
0 —10b
—10a 0
100 0
1 1
—4 6
10a 0
—10b 0
0 —10a
0 100
4 —6
4 —6
0 —10b
106 0
0 10a
1 1
—10a 0
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—100
10a

OO = O

100
—10a
—6
—6
10a

—100

-1

APPENDIX B. S- AND T-MATRICES OF Ay

5 —ba 5 —ba 0 —-5/2 =200 0 20
50 —ba  —5/2 0 5—5a —20b 0 20
—5b 5a 0 5/2 0 —30b 5a—5 30
—5b 5a 0 ba—a 0 —300 5/2 30
—b a —b —b —b —b —b 1
-1 -1 —6 4 —6 24 4 —24
5 5 0 —10a 0 30 106 —30

5 5 0 106 0 30 —10a -30
-5 =5 —10b 0 10a 20 0 —-20
-5 =5 10a 0 —10b 20 0 —20
—a b —6a 4a —6a 24a 4a 24
b —a 6a —4b 6a —24b —4b 24
—5a 56 5-+5b 0 -5/2 20a 0 20
5a —5b 0 5/2 0 30a 5b—5 30
—5a 50 —5/2 0 5456 20a 0 20
a —b a a a a a 1
5a —5b 0 —5-—5b 0 30a 5/2 30
1 1 1 1 1 1 1 -1

(B.0.4)
—1
59
By = ¢
63
57
(B.0.5)
Bs
By
T2 = 53
57

By
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S-transformation of
n((kr +j)/m)

Formula (3.3.2) allows us to calculate the S-transformation of n((kt + j)/m).
For our proofs we have to verify that certain eta products transform exactly
in the same way under certain congruence groups as the corresponding string
functions (resp. f).

We list all the transformations necessary for our purpose.

n((r +1)/2)IS = V/7/i n((r +1)/2) (C.0.1)
n((r +1(/3)|S = 712 /7 ]i (7 +2)/3) (C.0.2)

n((r+ 1) /9|8 = e >" 2/ /i (7 + 3)/4)

(C.0.3)
n((T+2)/4)|S = v2r/in((2T +1)/2)

(7 +1)/5)|8 = T2/ T /i (1 + 4)/5)
(7 +2)/5)|S = V/7/i n((r +2)/5) (C.0.4)
n((r+3)/5)|S = V/r/i n((r +3)/5)

n((r +1)/DIS = T2 /2 i ((r + 6)/7)
n((r +2)/7)|S = e /7 i ((r + 3)/7) (C.0.5)
n((r + /7|8 = e /7T (4 5)/7)

(0]
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APPENDIX C. S-TRANSFORMATION OF n((Kt + J)/M)

a(r +1)/10)|8 = - W’? T+ 9/10)

T+ 210)18 = 72 arfi (2 + 4)/5)
A +90S = AT i+ /10

T+ D/10)1S = =27/ (27 +2)/5) (C06)
n((7+5)/10)|S = v/5r/i n((57 +1)/2)

n((r +6)/10)|S = \/27/i n((2r +3)/5)

A+ /A0S = 2/ n((r +7)/10)
1((r +8)/10)]S = /12 /3] (27 +1)/5)
n((r+1)/20)|S = e =272 /7 i (7 +19)/20)
(7 +2)/20)|8 = /12 /27 (27 +9)/10)
0((r +3)/20)| 5 = =™ /123/7 /i (7 +13)/20)
n((7 +4)/20)|S = e~ 57/12 /a7 ]i y((47 + 4)/5)
0((7 +5)/20)|S = e~ 2712\ /57 [i (57 + 3)/4)
n((7 +6)/20)[S = V2ri n((27 + 3)/10)
n((7+T)/20)8 = /7 in((r +17)/20)
n(( /2

I(r +9)/20)18 = /2 /r i (7 + 11)/20)

+10)/20)|S = /107 /i n((107 + 1)/2)

Bl

)

)

)

)

)

)

)
T+ 38)
)

n )/
)

)

)

)

)

)
)
)
)
)
)
)
0)[S = VAri n((47 +2)/5) (C.0.7)
)
IS
)
)
)
)
)

((
n((T +12)/20)|S = /47 /i n((47 + 3)/5)
n((T + 14)/20)|S = \/27/i n((2T + 7)/10)
n((1 4 15)/20)|S = e*™/12, /57 /i n((57 + 1)/4)
n((r +16)/20)|S = ™/ /47 /i n((47 4+ 1)/5)
(( /

n((r 4 18)/20)|S = e5™/12, /27 /i n((21 + 1)/10)
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