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To the memory of Friedrich Hirzebruch
with great admiration



Preface to the Third Edition

It is pleasing that this book seems to be still sufficiently popular to warrant a third edition
and has proven to be suitable for master courses. I recently gave such a course and while
preparing for it I found that there were still some mistakes in the book and that the notation
was not always consistent. Moreover, recently a question which was stated as an open
problem in the book has been solved [67]. Therefore I have taken the opportunity to make
the necessary changes and to improve and update the book.

I would like to thank Elisabeth Werner for pointing out that the codes in Sect. 2.10
which were erroneously called Reed-Solomon codes in the previous editions are in fact
Hamming codes. This has now been corrected. I am grateful to Richard Borcherds for
suggesting that I include a very short proof of the uniqueness of the Leech lattice as an
application of the results in Chapter 4. This has been added as Remark 4.2. Finally the
layout of the book has been changed.

I would like to thank Springer Spektrum, especially Ulrike Schmickler-Hirzebruch, for
making a new edition of the book possible.

Sadly, on May 27 this year, Friedrich Hirzebruch, on whose lectures this book is par-
tially based, passed away. I would like to express my gratitude and my admiration by
dedicating this book to his memory.

Hannover, July 2012 Wolfgang Ebeling



Preface to the Second Edition

The changes from the first edition are as follows. Numerous corrections and improve-
ments have been made. More basic material is included to make the text even more self-
contained and to keep the prerequisites to a minimum. Automorphism groups of lattices
and codes are treated in more detail. In particular, a new section, Sect. 4.5, on Conway’s
result about a relation between the Leech lattice and the automorphism group of the 26-
dimensional unimodular hyperbolic lattice has been added. There are some hints to new
results. Finally, several new exercises have been added.

A short course on some of the main topics presented in detail in the book can be found
in [23].

I would like to thank R. E. Borcherds, G. van der Geer, F. Heckenbach, B. Herzog,
H. Koch, J. H. van Lint, V. Remmert, P. Schenzel, J. Spandaw, Z.-X. Wan, W. Willems, and
J. Zintl for sending me or communicating to me corrections, comments, and suggestions
for improvements. In particular, I am grateful to J. Spandaw for pointing out an error in
the proof of Proposition 1.2 and for his suggestion of a correct proof which I followed.

Last but not least I would like to thank Ulrike Schmickler-Hirzebruch from Vieweg for
her support and encouragement during the preparation of the second (and also of the first)
edition of the book.

Hannover, May 2002 Wolfgang Ebeling



Preface to the First Edition

The purpose of coding theory is the design of efficient systems for the transmission
of information. The mathematical treatment leads to certain finite structures: the error-
correcting codes. Surprisingly problems which are interesting for the design of codes turn
out to be closely related to problems studied partly earlier and independently in pure
mathematics. This book is about an example of such a connection: the relation between
codes and lattices. Lattices are studied in number theory and in the geometry of numbers.
Many problems about codes have their counterpart in problems about lattices and sphere
packings. We give a detailed introduction to these relations including recent results of
G. van der Geer and F. Hirzebruch.

Let us explain the history of this book. In [58] J. S. Leon, V. Pless, and N. J. A. Sloane
considered the Lee weight enumerators of self-dual codes over the prime field of charac-
teristic 5. They wrote in the introduction to their paper: “The weight enumerator of any
one of the codes ... is strongly constrained: it must be invariant under a three-dimensional
representation of the icosahedral group. These invariants were already known to Felix
Klein, and the consequences for coding theory were discovered by Gleason and Pierce
(and independently by the third author) ... (It is worth mentioning that precisely the
same invariants have recently been studied by Hirzebruch in connection with cusps of
the Hilbert modular surface associated with Q(+/5). However, there does not appear to be
any connection between this work and ours.)” In 1985 G. van der Geer and F. Hirzebruch
held a summer school on coding theory in Alpbach in the Austrian alps. There they found
such a connection.

In the winter semester 1986/87 Hirzebruch gave a course at the University of Bonn
entitled “Kodierungstheorie und Beziehungen zur Geometrie” (”Coding theory and re-
lations with geometry””). Among other things he explained the above mentioned results.
Some lectures were given by N. J. A. Sloane and N.-P. Skoruppa. In January 1987 the
author gave his inaugural lecture on ”The Leech lattice”.

When the author came to Eindhoven in October 1988 he gave a course entitled “Lat-
tices and codes”. He lectured two hours a week from October 1988 until April 1989. This
course was partially based on notes of Hirzebruch’s lectures taken by Thomas Hofer and
Constantin Kahn and on an unpublished note by Nils-Peter Skoruppa [83]. The aim of
this course was to discuss the relations between lattices and codes and to provide all the

xi



xii Preface to the First Edition

necessary prerequisites and examples to be able to understand the result of van der Geer
and Hirzebruch. During the course notes were prepared and distributed. These formed the
basis for the present book.

A lattice I' in Euclidean n-space R" is a discrete subgroup of R" with compact quotient
R"/I". The relation between lattices and binary codes has been studied by a number of au-
thors (cf. e.g. [60], [84], [85], and [4]). It is one of the themes of the book of J. H. Conway
and N.J. A. Sloane [21]. There is some overlap with that book, but whereas [21] is mainly
a collection of original articles, we have tried to write a coherent and detailed introduction
to this topic. Of course we had to make a choice, and there is much more material in [21]
which we don’t mention. The main topics we have chosen for are the connections between
weight enumerators of codes and theta functions of lattices, the classification of even uni-
modular 24-dimensional lattices, and the Leech lattice. The results of van der Geer and
Hirzebruch can be considered as a generalization of the results on weight enumerators
of codes and theta functions of lattices in the binary case. They are based on a relation
between lattices over integers of number fields and p-ary codes, p being an odd prime
number. The only reference for these results is a letter of Hirzebruch to Sloane reprinted
in [36]. We give a detailed account on these results.

Another example of a relation between coding theory and a seemingly unrelated branch
of pure mathematics is the link between coding theory and algebraic geometry recently
established by Goppa’s construction of codes using algebraic curves. This was also men-
tioned in Hirzebruch’s lectures but it is not treated in this book. We refer the interested
reader to [57].

We now give a survey of the contents of this book. The book has five chapters.

In the first chapter we give the basic definitions for a lattice and for a code. We explain
the fundamental construction of a lattice I'- in R” from a binary linear code C. This leads
to a correspondence between (doubly even) self-dual binary linear codes of length n and
certain (even) unimodular lattices in R”. The basic example is the extended binary Ham-
ming code of length 8, which corresponds to the famous lattice of type Eg. The Eg-lattice
is an example of a root lattice, i.e., a lattice generated by vectors x € R" with x> = 2.
The root lattices play an important role in our book. They are studied and classified in
Sect. 1.4. We determine which root lattices come from codes. Some additional facts about
root lattices which will be needed in Chapter 4 are collected in Sect. 1.5.

Chapter 2 deals with important functions associated to lattices and codes. On the one
hand one has the theta function of a lattice. From the theta function one can compute the
number of lattice points on spheres around the origin. We show that the theta function of
an even unimodular lattice in R" is a modular form of weight 7. For the proof of this fact
we have included introductory sections on modular forms. In the presentation of this ma-
terial we are influenced by Serre’s book [81]. On the other hand one has the (Hamming)
weight enumerator polynomial of a code. We discuss several applications of the theory of
modular forms to weight enumerators of codes via the correspondence between lattices
and codes. First we derive a certain relation between the weight enumerator coefficients
of a doubly even self-dual code of length 24. We are lead to the following question: do
there exist doubly even self-dual codes of length 24 which have no codewords of weight
47 In Sect. 2.8 we show the uniqueness and existence of such a code: it is the extended bi-
nary Golay code (our proof follows [7]). Analogously we ask for the existence of an even
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unimodular lattice in R?* which contains no roots, i.e., vectors x with x> = 2. Using the
Golay code we construct such a lattice: the Leech lattice. In Sect. 2.9 we present a relation
between the Hamming weight enumerator of a binary linear code C and the theta func-
tion of the corresponding lattice Ic. We deduce the MacWilliams identity and Gleason’s
theorem. Finally we discuss extremal codes and extremal lattices. In Sect. 2.10 we con-
sider an important class of codes, the quadratic residue codes. Some of the corresponding
extended codes are extremal. We recover again the Hamming code and the Golay code.

In Chapter 3 we present Venkov’s proof [89] that Niemeier’s enumeration [68] of
the even unimodular 24-dimensional lattices is correct. For this purpose we first study
modified theta functions, namely theta functions with spherical coefficients, and their be-
haviour under transformations of the modular group. These are results due to E. Hecke
[32] and B. Schoeneberg ([78], [79]). They are used to classify root sublattices of even
unimodular lattices. In dimension 24 we derive that the root sublattice of an even uni-
modular lattice in R?* is one of a list of 24 root lattices. Each root lattice of this list can
be realized in one and only one way up to isomorphism. In this way we get Niemeier’s
classification of the even unimodular 24-dimensional lattices. We also prove that the cor-
respondence C — I¢ induces a one-to-one correspondence between equivalence classes
of doubly even codes C in I and isomorphism classes of even lattices in R" containing
a root lattice of type nA;. This was observed by H. Koch [46]. Now 9 of the 24 Niemeier
lattices contain such a root lattice, and hence they correspond to binary codes.

One of the 24 even unimodular 24-dimensional lattices is the Leech lattice, which
does not contain any roots at all. Chapter 4 is devoted to this lattice. We first show the
uniqueness of this lattice. Then we discuss the sphere packing and covering determined
by the Leech lattice. J. Leech conjectured soon after the discovery of this lattice that the
covering radius of this lattice is equal to v/2 times its packing radius. This was proved
by J. H. Conway, R. A. Parker, and N. J. A. Sloane in 1982 [17]. Their method of proof
involved finding all the deep holes in the Leech lattice, i.e., all points in R** that have
maximal distance from the lattice. They discovered that there are precisely 23 distinct
types of deep holes, and that they are in one-to-one correspondence with the 23 even
unimodular lattices in R?* containing roots. The original proof (reprinted in [21]) partly
consists of rather long case-by-case verifications. Later R. E. Borcherds [5] gave a uniform
proof by embedding the Leech lattice in a hyperbolic lattice of rank 26. We indicate
Borcherds’ proof in Sect. 4.4. We also mention (in Sect. 4.3) the 23 constructions for the
Leech lattice, one for each of the deep holes or Niemeier lattices, found by Conway and
Sloane [20].

So far we have only considered binary codes. In Chapter 5 we present a generalization
of the results of Chapter 2 to self-dual codes over the prime field IF,, where p is an
odd prime number. In the binary case we constructed an integral lattice in R” from a
binary linear code of length n. We generalize this construction by associating a lattice
over the integers of a cyclotomic field to a code over IF,. The necessary basic facts from
algebraic number theory are provided and lattices over integers of cyclotomic fields are
studied in Sect. 5.1. The construction is given in Sect. 5.2. In Sect. 5.3 we consider theta
functions for such lattices as studied e.g. by H. D. Kloosterman [43] and M. Eichler [24].
These theta functions depend on p—g] variables z;, [ =1,..., ’%1. They are Hilbert modular
forms. We state and prove the theorem of van der Geer and Hirzebruch which gives a
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connection between the Lee weight enumerator of a self-dual linear code C over F), and
the theta function of its associated lattice I¢. In Sect. 5.4 — Sect. 5.6 we give applications
of this result. In the case of ternary codes (p = 3) a well-known result of M. Broué and
M. Enguehard [4] is derived. We consider the equation of the tetrahedron and, with a short
digression to the (excluded) case p = 4, the equation of the cube. Finally we turn to the
case p = 5 and explain the relation between the paper [34] of Hirzebruch and the paper
[58] by Leon, Pless and Sloane mentioned in the beginning. We conclude this chapter by
indicating in Sect. 5.7 how one can verify that certain theta functions are Hilbert modular
forms. The Sect. 5.7 is essentially a translation into English of the unpublished paper [83]
of N.-P. Skoruppa. Parts of this paper have also been used in Sect. 3.1.

The book is partially based on, but not identical with Hirzebruch’s lectures, as it is also
expressed in the different title. The following topics of these lectures are not included in
this book: the determination of the number of doubly even self-dual codes of length n and,
as already mentioned, a section on Riemann-Roch for curves and applications in coding
theory. On the other hand, we have added Chapter 4 on the Leech lattice. Moreover, our
presentation is in many places more detailed and contains among other things in addition:
a proof of the existence of a fundamental system of roots for any root lattice (Sect. 1.4),
and the proof of the uniqueness of the binary Golay code and Conway’s construction of it
(Sect. 2.8).

We have tried to keep the prerequisites as minimal as possible. The original course was
intended for third year students having the German ’Vordiplom’. A basic knowledge in
algebra and complex analysis is required. Several exercises can be found in the text.

Theorems, Propositions, Lemmas, etc. are numbered consecutively within each chap-
ter. So e.g. Theorem 1.3 refers to the third theorem in Chapter 1. Each chapter is divided
into sections. The 4-th section in Chapter 5 is referred to as Sect. 5.4.

The author would like to thank Dr. Thomas Hofer and Dr. Constantin Kahn for making
their notes of Hirzebruch’s course available to him.

He is grateful to the participants of his course in Eindhoven for their interest and crit-
icism. He would like to thank Prof. Dr. A. E. Brouwer, Prof. Dr. J. H. van Lint, and
Prof. Dr. J. J. Seidel for many useful hints. For example he learned from Prof. van Lint
the introduction of the Golay code as included in this book. He would like to express his
thanks to all his former colleagues at Eindhoven for their support.

The author is grateful to Prof. Dr. F. Hirzebruch, Dr. Ruth Kellerhals, and Dr. Niels-
Peter Skoruppa for reading parts of an older version of the manuscript, for their criticism
and helpful remarks. He is particularly indebted to Prof. Dr. F. Hirzebruch for permission
to use notes of his course and for his help and encouragement during the preparation of
this book.

The author would like to thank Kai-Martin Knaak and Robert Wetke for setting the
manuscript into TeX.

Hannover, January 1994 Wolfgang Ebeling
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Chapter 1
Lattices and Codes

1.1 Lattices

In this section we introduce the basic concept of a lattice in R”. For references see [81],
[61], [9], [45], and [72].

Definition. A lattice in R” is a subset I" C R” with the property that there exists a basis
(e1,...,e,) of R" such that I' = Ze| & ... D Zey, i.e., I' consists of all integral linear
combinations of the vectors ey,...,e,.

Example 1.1 The standard example is the lattice

7" CcR"
consisting of all points in R” with integral coordinates. Here (e1,...,e,) is the standard
basis of R” (see Fig. 1.1).
A
L] L] L] L L] L] L]
[ ] L] L] 1 L] L]
%) P
0 el
L] L] L] L L] L] L]
L] L] L] L L] L] L]

Fig. 1.1 Standard lattice Z> C R?

W. Ebeling, Lattices and Codes, DOI 10.1007/978-3-658-00360-9_1, © Springer Fachmedien Wiesbaden 2013



2 1 Lattices and Codes

Let I" be a lattice in R”". A basis (ey,...,e,) of R" with ' =Ze| @ ... Ze, is called a
basis of I'. The quotient R" /I" is an n-dimensional torus. It is obtained by identifying the
faces of the fundamental parallelotope

P={Aei+...+ e, |0< A < 1}

In particular, the quotient R”/I" is compact. Conversely, by a theorem of Bieberbach, a
discrete subgroup I' C R”" with compact quotient R”/I" is a lattice [80].
The volume of a lattice is

vol (R"/I") = vol (P) = |det((ey,...,e,))]

where ((e1,...,e,)) is the matrix whose rows are the vectors ey, ...,e,. This is true for
the standard lattice Z" C R", where P is the n-dimensional unit cube. It follows in general
from the transformation formula of integrals, since ((ey,...,e,)) is the transformation
matrix of Z" into I'.
More generally, let I'” C R” be a lattice with I"" C I'. Then clearly the index |I"/I"’| is
finite and
vol (R"/I"") = vol (R"/T") |T"/T”"| .

We denote the Euclidean scalar product of two vectors x,y € R” by x-y. So

n
XY= inyi~
i=1

The Euclidean scalar product is a non-degenerate, positive definite, symmetric bilinear
form. Put a;; = ¢; - ¢; and let A be the matrix ((a;;)). Let C be the matrix ((e1,...,ep)).
Then A = CC". Therefore

vol (P) = |detC| = VdetA.

Let V = RR". We identify V with the dual vector space V* = Hom (V,R) by means of
the mapping V — V*, x — f;, with fy(y) =x-y. Let I be a lattice in R”. We denote
the dual lattice of I' by I'*. It is

I' = Hom (I',Z)
={xeR"|x-yeZforallyeI}.

Let (e1,...,e,) be a basis of I', and let (e],...,e;) be the dual basis, i.e., €] -¢; = §;;.
Then
n
e? = Z bije]'
j=1
and B = ((b;;)) = A~!. The e} form a basis of I"*. One easily computes that the matrix

(e -€7)) is equal to B. This shows in particular that

1

vol (R"/T"") = Yol (RA/T) °
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Alattice I' C R" is called integral, if x-y € Z for all x,y € I'. Another characterization
of integral lattices is the following.

Definition. Let R be a commutative ring with unity. A symmetric bilinear form module
(S,b) over R is a pair consisting of a free R-module S of rank » (i.e., isomorphic to R")
and of a symmetric bilinear form b : S xS — R.

Proposition 1.1. The integral lattices in R" are precisely the symmetric bilinear form
modules (S,b) over the ring of integers Z, where b : S X S — 7 is a positive definite
symmetric bilinear form.

Proof. Let I' C R" be an integral lattice. Then I" is a free Z-module of rank » and the
Euclidean scalar product is a positive definite symmetric bilinear form on I" with values
in Z.

On the other hand, let (S, ) be a symmetric bilinear form module over Z with a positive
definite symmetric bilinear form b. Consider the real vector space V := S® R. Then b
extends to a scalar producton V. Let (g, ..., &,) be an orthonormal basis of V with respect
to the scalar product b, and identify V with R" by mapping (&, ...,€,) to the standard
basis of R”. Then b becomes the Euclidean scalar product of R” and § C R” is an integral
lattice. This proves Proposition 1.1. 0O

Two symmetric bilinear form modules (S,5) and (S',5') over R are called isomorphic
if there is an R-linear bijection & : S — §' satisfying b’ (h(x),h(y)) = b(x,y) for all x,y € S.
Let (S,b) be a symmetric bilinear form module over R. An R-linear bijection 4 : S — S
satisfying b(h(x),h(y)) = b(x,y) for all x,y € S is called an automorphism of (S,b). The
automorphisms of (S,b) form a group Aut(S,b) called the automorphism group of (S,D).
By Proposition 1.1, these notions carry over to integral lattices in R".

Also without the assumption that b is positive definite, a symmetric bilinear form mod-
ule (S,b) over Z is called an integral lattice. In the first three chapters of this book, lattices
will be lattices in R”. But in Chapter 4 we shall also consider some indefinite integral
lattices. Moreover, in Chapter 5 we shall also study symmetric bilinear form modules
(lattices) over the ring of integers of a certain algebraic number field.

Now let I' be an integral lattice with basis (ej,...,e,), and let A be the matrix A =
((ei-ej)). Then A is an integral matrix and the determinant detA of A is an integer. This
integer is independent of the choice of the basis. For let (€], ...,€,) be another basis of I,
and let A = ((ei-€j)). Then

n
¢i=Y gije;.
j=1
and the matrix Q = ((¢;;)) is in GL,(Z), which means in particular that detQ = +1. But
A=0AQ',
so detA = detA. So detA does not depend on the choice of the basis (ey,...,e,), and this

number is also called the discriminant of the lattice I', written disc (I"). We have already
seen that
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vol (R"/T") =/ disc (I'),

vol (R"/T™*) = dlslc(r)

From the formula
vol (R"/T") = vol (R"/T*)-|"*/T|

we derive the following formula for the discriminant of I":
disc (I') = | /I].

Alattice I' C R" is called unimodular if I'* =I". This amounts to saying that I" is an in-
tegral lattice, and that the canonical homomorphism V — V*, x — f; with fi(y) = x-y,
maps I onto I'*.

Analogously, let (S,b) be a symmetric bilinear form module over a ring R. The dual
module S* of S is the module Homg (S, R). The symmetric bilinear form module (S,b) is
called unimodular, if the canonical homomorphism § — S*, x — b(x, ), is bijective.

In matrix terms, this means the following. Let I" be an integral lattice with basis
(e1,...,en). Then I' is unimodular if and only if the matrix A = ((e; - ¢;)) has integer
coefficients and its determinant disc (I") is equal to 1. The last condition is equivalent to

vol (P) = 1.

Let I' be an integral lattice in R”. A Z-submodule A of I" is called a sublattice of I. It
is a lattice in some subspace W C R" which is isomorphic to R¥ for some k. In particular,
the dual lattice A* is defined to be

A"={xeW|x-ycZforallyc A}.

A sublattice A of I" is called primitive if I' /A is a free Z-module. If K is a subset of
I'" we call the Z-submodule

Kt ={yerl|x-y=0forallx €K}

the sublattice orthogonal to K.

Let Ayq,..., A, be sublattices of I". The lattice I" is called the orthogonal direct sum of
the sublattices Ay,...,A;, denoted by I' = Ay L ... L A, if I' is the direct sum of the
submodules Ay,..., A, andx-y=0forallx € A;, y € Aj, and i # j.

Proposition 1.2. Let I be a unimodular lattice in R" and A be a primitive sublattice of
I'. Then
disc (A) = disc (A™).

Proof. (Cf. also [59, (2.3)].) We show that there is a natural group isomorphism I" /(A L
A1) — A*/A. Since I' /A is torsion free, the mapping i* : I'* — A* dual to the inclusion
i: A — I is surjective. Since I" is unimodular, we have I'* = I" and we get a surjective
mapping i* : I' — A*. Factoring both sides by A, the mapping i* induces a surjective
mapping
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1:T/A — A*/A.

We claim that the kernel of this mapping is the image 7 of AL in I"/A. Since i*(A+) =0,
itis clear that I C ker 1. Conversely, suppose that x € I" represents an element of the kernel
of 1. Then there exists a y € A such that i*(x —y) = 0. But this implies x — y € A, Hence
the class of x in I" /A lies in /. Therefore we get an isomorphism

I'/(ALAT) = AY/A

Since A is primitive, the same is true for A, as one can easily see. Moreover, (A+)+ =
A. Therefore we can interchange the roles of A and A+ and find a group isomorphism
/(A LAY) = (AH)* /AL, In particular

dise (A) = [(A1) /AM] = [T /(A LAY =|A"/A| = disc (A),

what had to be shown. 0O

Exercise 1.1 Let I be a lattice in R” and A C I" be a unimodular sublattice. Show that
'=A_1LA".

An integral lattice I" is called even if x> = x-x = 0 (mod 2) for all x € I'. In ma-
trix terms, this means that the diagonal elements e; - ¢; of the matrix A are all even.
Analogously, a symmetric bilinear form module (S,b) over Z is called even if b(x,x) =
0 (mod 2) for all x € S.

1.2 Codes

In this section we define the concept of a code. As a general reference for coding theory
we refer to the book of J.H. van Lint [56]. We partly follow [37].

Error correcting codes are important for the transmission of information, e.g. in tele-
phone and satellite communication and in compact disc players. The problem is that in
any kind of communication the original message might not be received correctly because
of noise or transmission errors. Therefore the message is encoded with a certain redun-
dancy such that in the process of decoding possible transmission errors can be detected
and corrected. The design of such error correcting codes is the subject of coding theory.

Mathematically a message is a finite sequence of symbols from some alphabet, for
which we take a finite field IF, with ¢ = p" (p prime) elements. In communication and
computer technology one frequently uses for obvious reasons the field F, i.e., the letters
0, 1. Each of these letters is called a ”bit”. Encoding can be considered as an injective
mapping f : F’g — I where n > k > 0. The image of the mapping f, f(]F’;) =:CCIy,is
called a code (of length n).

Definition. A code C of length n is a nonempty proper subset of Fy.

If |C| = 1 the code is called trivial. Trivial codes are excluded in the sequel. If ¢ = 2 the
code is called a binary code, for ¢ = 3 a ternary code, etc. The elements of C are called
codewords, and n is called the wordlength of C.



6 1 Lattices and Codes

In a simplified picture, with the use of codes the transmission of information consists
of three essential steps as follows:

message decoded message
— — ’ channel ‘ — ’ decoder ‘ —
aEIF’; fla)eC b gb)eC

The message is put into a coding device called the encoder. The message can be data
sampled in certain periods from some acoustic signals, the degree of blackness of some
square of a grid for the recognition of a picture (e.g. a satellite picture) or part of data to
be stored in a computer memory. The message leaves the encoder as a codeword f(a) of
a code C; technically this may be a sequence of impulses of different amplitude. Such a
codeword now passes through an information channel with noise. An information channel
can be an electromagnetic field, but it can also stand for the process of saving and subse-
quent loading of a binary word in a computer. The word noise should also not be taken
literally; it can mean e.g. electrical interference, dust or scratches on a compact disc or the
bombardment of a computer chip by a-particles. As an effect of this noise the codeword
arriving at the decoder at the receiver may be falsified. Of course it would be desirable to
detect possible errors. To enable this, the idea is to choose the code C in such a way that
the codewords differ from each other as much as possible. Then the decoder looks for the
codeword which most resembles the received word.

A very simple example is the binary repetition code of length 3. Here ¢ =2, k =1,
n=3,C={(0,0,0),(1,1,1)} C F3. The information to be transmitted is ’yes” or "no”.
”Yes” is encoded in (1,1,1), ”no” in (0,0,0). If the decoder receives (0, 1,0), then it
is reasonable to assume that "no” was transmitted, because (0, 1,0) differs only at one
position from (0,0,0) but at two positions from (1,1, 1). Hence the output of the decoder
will be ”no”. One easily sees that this code corrects one error, i.e., if there is a transmission
error at at most one position, then this will be detected and corrected in any case.

In order to describe this phenomenon in a quantitative manner, we introduce the fol-
lowing notions. Let x = (x1,...,x,) € . The weight w(x) of x is the number of nonzero
xi. If x € Fj, y € Fj, then the (Hamming) distance d(x,y) of x and y is defined by
d(x,y) == wlx—y).

Let C be a nontrivial code. The minimum of the distances d(x,y) for x,y € C, x # y, is
called the minimum distance of the code C. An (n,M,d)-code is a code with wordlength n,
M codewords, and minimum distance d. E.g. the repetition code of length 3 is a (3,2, 3)-
code.

One can easily see that a code with minimum distance d can correct exactly ¢ errors
where ¢ is defined by d = 21 + 1 for d odd, resp. by d = 2(¢ + 1) for d even.

To ensure a correct transmission of information one is, therefore, interested in codes
with a big minimum distance d. The repetition code has d = 3, but it has a disadvantage.
It is too wasteful: 3 bits for the transmission of a one-bit-information. A spacecraft is
subject to energy and time limits; computer memory should not be wasted. This leads to
the fundamental problem of coding theory: In order to achieve large minimum distance
one needs a big alphabet or words with many positions, in any case a large expenditure.
But this is again undesirable.
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In mathematical terms one introduces besides the minimum distance d also the infor-
mation rate R of a code in Fp:
N log, [C|
log,, [IFg|

Here |C| resp. || denotes the number of codewords resp. of all possible words. If C is
a binary code, the number log, |C| can be interpreted as the minimal number of yes-no-
decisions which one needs to locate each codeword. The repetition code of length 3 has
information rate %

With these notions the main problem of coding theory can be “formulated” as follows:
Find codes where the two incompatible objectives of a big minimum distance d and a big
information rate R are realized.

Presumably the historically first of the more subtle and efficient codes is the Hamming
code ([29], [30]). (A nice reference for the history of this code is [88].) This is a binary
code of length 7. It is defined by the mapping

4 7
5 — IF)
()C],XZ,X3,X4) = ()Cl,)Cz,X3,X4,X5,X6,X7)

where xs, xg, and x7 are determined in such a way that the sum of the 4 elements in a
circle of Fig. 1.2 is always 0. This yields 3 linearly independent linear equations in ]F;

Fig. 1.2 The conditions defining the Hamming code: the sum of the elements in a circle has to be equal
to zero

The set of solutions is called H. This is a 4-dimensional linear subspace of IF; Therefore
the code is a so called linear code.

Definition. A linear code C is a linear subspace of Iy.
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If C is a linear code, k is the dimension of C and d is its minimum distance, then C is
called an [n, k,d]-code.

For a linear code C the minimum distance is equal to the minimum weight, i.e., to the
minimum of the weights of nonzero codewords.

Consider the vectors of Fy as column vectors. Then a linear code is defined by an exact
sequence

0—F A F Bk 0

where A and B are linear mappings. The exactness of the sequence is equivalent to the
three conditions rank A = k, BA = 0, rank B = n — k. The code C defined by this sequence
can be obtained in two ways.

First C = A(JF’;) C [y The linear mapping A is given by an n x k matrix A. The columns
of A form a basis of C. Usually one considers the transpose G = A’ of A; this k X n matrix
for which the rows form a basis of C is called a generator matrix of C.

On the other hand C = ker B, i.e., x € C if and only if Bx = 0. The linear mapping B is
given by an (n — k) x n matrix B. The rows of B are the relations defining C. The matrix B
is called a parity check matrix of C. For every x € Iy we call Bx € IFZ*’C the syndrome of
x. The codewords of C are characterized by syndrome 0. We have defined the Hamming
code by indicating the syndromes. In this case, if at most one error can occur and if an
error occurs, then the syndrome indicates the position at which the error occurred.

Let C be a linear code defined by an exact sequence as above. From linear algebra we
know that a linear mapping ¢ : V — W between vector spaces V and W induces a dual
mapping ¢* : W* — V* between the corresponding dual spaces W* and V*;if V and W are
finite dimensional, then we can identify the vector spaces with their corresponding dual
spaces after the choice of bases. Therefore the above sequence induces a dual sequence

i B Al
OHIFZ k%]FZ%IE";%O.

The condition BA = 0 is equivalent to the condition A’B’ = 0. This exact sequence defines
the dual code C*,i.e.,C+ :=B' (]Fg’k). If C has dimension k then C* has dimension  — k.
For x,y € Fj; we define their scalar product x -y by

X-yi= in)’i-
Lemma 1.1. C* = {y € F} | x-y = 0 for all x € C}.

Proof. By definition, y € C*- if and only if A’y = 0. But A’y = 0 is equivalent to A’y -z =0
forall z € ]F’;. Now A’y -z = y'Az = y-Az. Therefore x € C* if and only if x -y = 0 for all
y € C = A(F}), which proves the lemma. [

A linear code C is called self-dual if and only if C =C L. Note that dim C+dim C+ =n,
soC=cCt implies that n is even, dim C = % and C C C*. This is also sufficient for a code
C to be self-dual. Note also that C C C if and only if x-y = 0 for all x,y € C.

A binary code C is called doubly even, if the weights w(x) of all codewords x € C are
divisible by 4. A doubly even code C satisfies C C C*, since over Z
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xy= %((Xﬂ)2 —x*=y?).

The symmetric group ., operates on Fy by permutation of the coordinate positions.
Two codes C and C’ over Iy are called equivalent, if they have both wordlength n and
if there is a 0 € ., with 6(C) = C'. The automorphism group Aut (C) of a code C is
defined by

Aut(C):={oc €. |o(C)=C}.

Now we return to the Hamming code H of length 7. The 2* = 16 codewords of the
Hamming code are

0000000 1000110
0001101 1001011
0010111 1010001
0011010 1011100
0100011 1100101
0101110 1101000
0110100 1110010
0111001 1111111

One sees that the minimum weight is 3, therefore H is a [7,4,3]-code. There is 1 word of
weight 0, 7 words of weight 3, 7 words of weight 4, and one word of weight 7.

The information rate of the Hamming code is R = %. If one would use the repetition
code with the same minimum distance as the Hamming code for the transmission of 4-bit-
words, one would have to repeat each 4-bit-word three times. The information rate of this
repetition code is %. The information rate of the Hamming code is therefore % ~ 1.71
times as big as the one of the repetition code and that means that the Hamming code can
transmit 71% more information than the repetition code during the same time.

As a set of generators of H one can take the 7 codewords of weight 3. These correspond
to seven 3-element-subsets of a 7-element-set with the property that any two have exactly
one element in common. (They form a so called 2-(7,3, 1)-design, see Sect. 2.8.) They
correspond to the lines of a projective plane of order 2

Py (F) = F3UF, U {oo}.

The seven points and seven lines of this plane form the configuration of Fig. 1.3. The

incidence matrix is
0110100

0011010
0001101
1000110
0100011
1010001
1101000
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3 2 5

Fig. 1.3 Configuration of the lines of P; (F5)

In this way we recover the seven codewords of weight 3 of H. Hence a submatrix of this
matrix is a generator matrix for H. Note that the 1’s in the first row are at the positions
1,2, and 4 which are the quadratic residues modulo 7 (see also Sect. 2.10). The other
codewords are the 7 vectors obtained from the rows by interchanging 0’s and 1’s, the zero
vector and the vector with all components equal to 1.

The automorphism group of the Hamming code is the automorphism group of the
projective plane P> (IF;) and hence equal to the group GL3(TF;), which is a simple group
of order 168 studied by F. Klein.

The Hamming code is not self-dual, but it can be extended to a self-dual code of length
8 by a general recipe. Let C C I} be a binary code of length n. Consider the mapping

I F - Fat!
(X1 e ey Xn) = (X1 ey Xy X1 4o X))
The code C := I (C) is called the extended code . This means that we have added an extra
overall parity check to the code C. The extended code H := I(H) of the Hamming code is
called the extended Hamming code . This is an [8,4,4]-code with 1 codeword of weight 0,

14 of weight 4, and 1 of weight 8. Thus it is doubly even and self-dual, since all weights
are divisible by 4.

1.3 From Codes to Lattices

From binary linear codes we can construct lattices. Take the standard lattice Z" C R" and
consider the reduction mod 2:

p:Z"— (Z)2Z)" =TF5.
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This is a group homomorphism. Let C be an [n,k,d]-code. Since F}/C = F27%, C is a
subgroup of index
|F3/C|=2""*

of 5. Therefore p~1(C), the preimage of C in Z", is a subgroup of index 2" of Z". In
particular p~!(C) is a free abelian group of rank n. Therefore p~!(C) is a lattice in R".
One has

vol (R"/p~!(C)) = |2"/p~!(C)| vol (R"/Z")
=2k,

Definition. I := %p’l (©).
The set I¢ is a lattice in R”. Let x,y € I¢. Then x and y can be written

1
XZE(C‘FZZ)» =5

for some c,c’ € {0,1}" representing codewords in C and some z,7' € Z". By abuse of
notation we shall identify in the sequel 4 with the subset {0, 1}" of Z" and write briefly
¢,c’ € C. Now

(' +27)

1
X = 5(62 +4cz+47%)

and
ey = ()2 -
_ i((chc')z ~P—()) (modZ)
= Jewd (modZ).

It follows that x -y € Z for all x,y € I if and only if ¢- ¢’ € 27 for all ¢,¢’ € C. Therefore
I¢ is an integral lattice if and only if C C C+. Moreover, we see that x* € 27 for all x € I
if and only if ¢> € 47 for all ¢ € C. This means that I¢ is even if and only if C is doubly
even.

Finally we see that

k=

NS IN

<~ vol (R"/p~!(C)) = 2"?
(R

<~ vol R"/I¢) =1.

From this it follows that C is self-dual if and only if I is a unimodular integral lattice. So
we have shown:

Proposition 1.3. Let C be a linear code.
(i) C C C* if and only if It is an integral lattice.
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(1) C is doubly even if and only if I¢ is an even lattice.
(iii) C is self-dual if and only if I¢ is unimodular.
As an example consider the extended Hamming code H. Then I; ;7 1s an even unimod-

ular lattice in R3. We want to determine a basis of this lattice. First we consider the seven
vectors determined by the rows of the matrix defining the Hamming code

fi = \%(0,1,1,0,1,0 0,1)
o= \%(o 0,1,1,0,1,0,1)
fi= \%(0 0,0,1,1,0,1,1)
fu = \%(1000,171,0 1)
f5 = \%(0,1,0 0,0,1,1,1)
fo = \%(1,0,1,0,070,1,1)
fr= \%(1,1,0,1,070,0,1)

Then f2 2 forall 1 <i<7.Moreover f;-fj=1forall 1 <i, j <7 withi# j, since any
two lines of P (F,) intersect in a point. Put

e1=fl,ea=fr—fi,e3=f3—fr, ea = fa— f3,
es = f5— fa, e6 = fo — f5, e1 = f1— fe-

Then e% =2forall1 <i<7 ande;-e; € {0,—1} forall 1 <i,j <7,i# j. In order
to describe the matrix ((e; - e;)), we associate a graph to these elements as follows. We
represent each vector ¢; by a vertex. We connect the vertices corresponding to ¢; and e;
for i # j by an edge if and only if e; - e; = —1. This graph is called the Coxeter-Dynkin

diagram corresponding to {ey,...,e7}. It is the following graph
el e) e3 ey4 es €6 €7
It follows that the vectors ey, ..., e7 are linearly independent.

Next we consider the line through the points 2,3, and 5 in Fig. 1.3 as the line at infinity
and take the complement of this line where we attach the following weights to the points
in Fig. 1.3:

0— —1
1— -1
4—1

61— —1.
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This means that we take the vector

1
eg:=—(—1,-1,0,0,1,0,—1,0) € .

Clearly e = 2. It follows from the construction that

fi= 0 fori=1,2,3,4,
8 JiT Y “1fori=5,6,7.

Therefore the Coxeter-Dynkin diagram corresponding to {ey,...,es} is the graph

el e es [ és €q ey

.

This graph is the Coxeter-Dynkin diagram of an exceptional Lie group of type Es. In
particular det((e; - e;)) = 1. Therefore ey, ..., eg form a basis of I;. We call the lattice I};
the Eg-lattice.

We determine the number of vectors x € I ; with x? = 2. This is equal to the number of
vectors y € p~ ' (H) with y? = 4. Write y = ¢ 42z with ¢ € H and z € Z" as above. There
are 14 possibilities for ¢ with ¢ = 4. In each case one can replace any of the 1’s by —1’s.
Since each ¢ with ¢? = 4 contains exactly 4 ones, this yields 16 possibilities for each c.
For ¢ = 0 one has y? = 4z°. There are 8 - 2 possibilities for z € Z" with z2 = 1. Therefore
there are

14-16+8-2 =240

vectors x € I ; with ¥ =2.
We recall some facts from group theory. Let G be a group with identity element 1, and
let X be a set. We say that G acts on X if there is a mapping ¢ : G x X — X such that

(A1) ¢(g1,0(g2,x)) = ¢(g182,x) forall g1, g> € G and x € X;
(A2) ¢(1,x)=xforall x € X.

These two conditions imply that ¢ induces a group homomorphism from G to the sym-
metric group on X.

Let G and H be groups and assume that G acts as a group of automorphisms on H. Let
¢ : G x H— H be the corresponding group action. The basic example is when G and H
are subgroups of a larger group G’, G normalizes H, and the action of G on H is by inner
automorphisms: ¢ (g,h) = ghg~'. The semi-direct product H - G is defined as follows: as
a set it is H x G, and the multiplication is defined by

(h1,81)(h2,82) = (M 9(g1,h2),8182)-
Exercise 1.2 Check that this makes H - G a group.

We have a short exact sequence of group homomorphisms
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1-HLSH GAG—1
where i and p are defined by

i(h)=(h,1), p(h,g)=g.
A short exact sequence of group homomorphisms

156 %6 Lo

is called split if B has a right inverse, i.e., if there exists a homomorphism g’ : G — G”
such that 8 o B’ = idg». One also says that the sequence splits.

Lemma 1.2. Let

15H%G e

be an exact sequence of group homomorphisms where G acts on H. Then this sequence
splits if and only if G’ is isomorphic to the semi-direct product of H and G.

Proof. First assume that this sequence splits. If 8’ : G — G’ is aright inverse of 8, then we
define y: H-G — G’ by y(h,g) = a(h)B’(g)- One easily checks that ¥ is an isomorphism.

Conversely, given y: H-G — G', define B’ : G — G’ by B’(g) = y(1,g). Then one easily
checks that 8 is a right inverse of 3, so the sequence splits. This proves Lemma 1.2. O

Exercise 1.3 Show that Aut(I¢) contains a subgroup isomorphic to the semi-direct prod-
uct of (Z/27Z)" (acting by sign changes) and Aut(C).

1.4 Root Lattices

We have seen that the lattice I, for H the extended Hamming code, is generated by
vectors x € R” with x> = 2. In this section we want to consider lattices with this property.
Let I C R" be an even lattice, i.e., x2 € 2Z for all x € I". Let

R:={xel|x*=2}.
An element x € R is also called a root.

Definition. An even lattice I" C R" is called a root lattice, if R generates I".

Now let I" be a root lattice, and let R be the set of roots. Let x,y € R. Then the Cauchy-
Schwarz inequality

yields
x-y€e{0,+1,—1,+2,-2}

and
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xy=42 <<= x==+y.

Note that
xy=1 <= (x—y)?=2 <= x—yeR.

Theorem 1.1. Let I C R” be a root lattice. Then I" contains a basis (ey, ..., e,) with

7 =2, 1<i<n,
ei-ej € {0,—1}, 1<i,j<n i#j.

Theorem 1.1 goes back to Witt [94]. Note that ¢;-e; = —1 means that the angle Z(e;, e;)
between ¢; and e; is 120°.

Definition. A subset S of R is called a fundamental system of roots if

(i) Sisabasisof I'.

(ii) Each B € R can be written as a linear combination 8 = ¥, cgkq 0 with integral
coefficients k¢, all non-negative or all non-positive.

Let S be a fundamental system of roots of R. Then § is a basis as in Theorem 1.1: Let
o,B €S, a#PB.If a-f >0 then we must have o - B = 1. But this means that a — 3 is a
root, contradicting condition (ii). Therefore o - B < 0 for all @, B € S with o # 3.

In order to prove Theorem 1.1 it therefore suffices to show that each root system con-
tains a fundamental system of roots. We follow [82] and [39] in the construction of such
a fundamental system of roots.

Letr € R” be an element such that 7 - & # 0 for all o € R. Such an element exists: The
set R is finite, since it is the intersection of a discrete set with a compact set. The set

Hy={xeR"|x- =0}

for o € R is a hyperplane in R”. But the union of finitely many hyperplanes in R" cannot
exhaust R", giving the existence of 7. Let

Rf={aeR|t-o>0}.

Then we have R = R,” U(—R;"). An element a € R;" is called decomposable, if there exist
B,y € R such that a = B + 7; otherwise, « is called indecomposable. Let S, be the set
of indecomposable elements of R,".

Proposition 1.4. The set S; is a fundamental system of roots for I'. Conversely, if S is a
Sfundamental system of roots, then there exists at € R" such thatt-o > 0 for all o € S,
and S = S;.

For the proof of Proposition 1.4 we shall proceed in steps.

Lemma 1.3. Each element of R;" is a linear combination of elements of S; with non-
negative integer coefficients.

Proof. Otherwise, there would be an o € R;” which does not have this property. Since
t-B >0 forall B € R,", we may assume that & is chosen so that ¢ - & is minimal. The
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element « is decomposable, because otherwise it would belong to S;. Therefore @ = 3+
with B,y € R, and we have

t-a=t-f+t1-7.
Sincet-f >0and?-y>0,t-f <t-oandz-y<f-a. Since ¢ - o was minimal, the elements
B and 7y can be written as linear combinations of elements of S; with non-negative integer
coefficients, and hence «, too. This contradicts the assumption. O

Lemmal14. -3 <0foro,p €8, a+#pB.

Proof. Otherwise, o -8 = 1 and hence Yy = & — 8 € R. Then either y € R or —y € R;". In
the first case oo = 8 + ¥ would be decomposable, in the latter case f = o + (—7y) would
be decomposable, both being contradictions. [

Lemma 1.5. The elements of S; are linearly independent.

Proof. Suppose that ). aq 0 = 0. This relation can be written as
aES;

Y bgB =Y cyy

where bg,cy > 0, and where 8 and y range over disjoint subsets of S;. Put 1 = Y.bg3.

Then
A4 :Zbﬁcy(ﬁ-y) <0
By

by Lemma 1.4, forcing A = 0. Then
0=1-A=Y bg(t-P),

so that bg = 0 for all 8, and similarly ¢y = O for all ¥, as required. O

Lemma 1.6. Let {}1,...,7,} be a basis of R". Then there exists an element t € R" with
t-y>0foralll <i<n.

Proof. Let 8! be the orthogonal projection of % on the subspace U; spanned by all basis

vectors except ¥;, fori=1,...,n. Let § := % —&/. Then §;-y; =0 for 1 < j <wn, j#1,
n

and &;- ;= 6;- (6 + ) = 6i2 > 0. Thent = Y r;§; is an element as required provided
i—1

=

thatall ; > 0. 0O

Proof of Proposition 1.4. That S; is a basis for I as required follows from Lemmas 1.3,
1.5. Conversely, let S be a fundamental system of roots of R, and let € R” be such that
t-a >0 forall @ € S. Such an element exists according to Lemma 1.6. Let R™ denote
the set of all roots which are linear combinations with non-negative integer coefficients of
elements of S. Then we have R™ C R, and (—R") C (—R;"), so that R* = R," since R =
RTU(—RT). Therefore the elements of S are indecomposable in R, and hence S C S,.
Since S and S; have the same number of elements, we have S = §;. This finishes the proof
of Proposition 1.4. O
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It turns out that the possible systems {ey,...,e,} with the properties of Theorem 1.1
can be classified. We recall that we can associate a graph (the Coxeter-Dynkin diagram)

to {ei,...,en}. We represent each e; by a vertex. The edges are defined by the following
rule (i # j)
eirej=—1<=¢; ej
ei-ej:O <:>.€,' .ej
Let G be the Coxeter-Dynkin diagram corresponding to a basis {ey,...,e,} as in The-
orem 1.1.

Lemma 1.7. G contains no cycles.

(r=3)

Fig. 1.4 A minimal cycle

Proof. Suppose that G contains a minimal cycle as in Fig. 1.4, where x1, ..., x, denote the
corresponding basis vectors. Then we have

(x1 —|—...—|—xr)2 =2r—2r=0,
which is impossible. This proves Lemma 1.7. O

Lemma 1.8. G does not contain a subgraph of the form of Fig. 1.5.

Proof. For the basis vectors corresponding to the subgraph of Fig. 1.5, we have
(21 4. 264+ X 14 X ) =8 +8—8(r—1)—16=0.

This proves Lemma 1.8. O
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Xr42 Xr+4
R (r>1)
X1 X2 Xr—1 Xr
Xr41 Xr43

Fig. 1.5 A graph not contained in a Coxeter-Dynkin diagram of a root lattice

Xpi
Yq—1
Xp2

Yq-2

Xy
Y1
(p.q,r>1)

Fig. 1.6 General form of a connected Coxeter-Dynkin diagram

Now suppose that G is connected. Then according to Lemmas 1.7 and 1.8 the graph
must have the shape of Fig. 1.6. Let

1
w=c+ ;[(p— Dxi+(p—2)x2+ - +xp-1]
1
+5[(q— Dyi+(q=2)y2+ - +yg-1]

+%[(r— Dzi+(r—=2)z2+-+2z0-1].
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Then the vectors xi,...,Xp—1,Y1,--.,Yg—1,%1,---,2—1,w form a basis of the Q-vector
space I' ® Q over Q. Note that x; Ly;, x; Lz, yi Lz, forall i, j, and w Lx;, wly;, wlz;, for
all i, since, for example,

(p—1)-2-(p-2)

w-x] =c-x1+ =0,
p
—i —irl p—i—1
woxg= Pl PRl PTIE L s,
p p p
1
WeXpo| = ;(2*(19*(17*2))) =0

Therefore

1 1 1
=—14+—-+-+-.
p q r
Since the scalar product is positive definite, w?> > 0. This yields the following necessary
condition on the numbers p,q, r:

111
—+-+=->1
poq r

This inequality has the following solutions with p < g <r:

A lattice I is called reducible, if I is the orthogonal direct sum I" =17 L I of two lat-
tices I} C R™, I, C R" with ny,ny > 1; otherwise it is called irreducible. If the Coxeter-
Dynkin diagram G corresponding to a root lattice I" is connected, then the lattice I" is
irreducible. In general the root lattice I" is an orthogonal direct sum of lattices I; corre-
sponding to the connected components G; of the graph G. Therefore we have proved the
following theorem up to the existence of the corresponding lattices.

Theorem 1.2. Every root lattice is the orthogonal direct sum of the irreducible root lat-
tices with the Coxeter-Dynkin diagrams indicated in Fig. 1.7.

We now show the existence of the corresponding irreducible lattices.
A,: Consider R"*! with standard basis (€1,...,&,.1). Let e be the vector e = & + & +
ot = (1,1,...,1) e R Let

F:{x:(xl,...,xn+1)€Z"+l |x-e=x;+...+x,41 =0}.
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-~ e . e o o (n vertices) A
L e o (n vertices) D, (n>3)
(D3 = A3)

T Eﬁ
. . I . . . . E7

Fig. 1.7 Coxeter-Dynkin diagrams of the irreducible root lattices

Then I is a lattice in e =2 R". The lattice I" is generated by elements & — g (1<i,j<
n+1, i j), which are the roots in I". There are n(n+ 1) of them. The set {&; — €, & —
€,...,E+1 — &} is a basis of I with Coxeter-Dynkin diagram

& —§& & —& & —& Entr1 — &
Let A be the matrix of the scalar product with respect to this basis (cf. Sect. 1.1). Then
2 —1 0
-1 2 -1
A= -1 2
PR |
0 -1 2
Then one easily computes
disc (Ap) =detA=n+1.
D,: Forn >3 let

I'={(x1,...,x,) €Z" | x1 +...+x, even}

In other words, I" is obtained by coloring the points of the cubic lattice Z" alternately
black and white with a checkerboard coloring, and taking the black points. Then I is a
lattice in R", and it is generated by elements £¢&; +¢; and £¢ F¢; (1 <i,j <n, i # j),
which are the roots in I". There are 2n(n — 1) of them. The set {&; — €1,&3 — €,...,& —
€,-1,€1 + &} is a basis of I with Coxeter-Dynkin diagram
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&+ &

o O« e e e e e e — e

&6 —8& & —8& & — & & — &1

& — €&

The lattice I is of index 2 in the lattice Z", so
disc (D,) = 4.
To give another construction of D,,, consider the even-weight-code
C={(ut,...,un) €F5 |us+...4u, =0}.

Then I = p~!(C), where
p 7" — (Z)27)"

is the reduction-mod-2-mapping. The code C is the kernel of the linear function

F} — Ty
(U1, eostty) — U1+ ... Fuy

Therefore
Z"/p~1(C) = F3/C=7)27.

This also yields disc (D,) = 4.

E3: We have already constructed this lattice from the extended Hamming code of length
8. We know that this lattice is unimodular.

E7: Consider the lattice Eg, and let (eq,...,eg) be a fundamental system of roots with
Coxeter-Dynkin diagram (cf. Sect. 1.3)

el [59) es €4 és €q ey

.

Letv:=2e; +3ey +4e3+ Seq + 6e5+ 4eg + 2e7 + 3eg. Then v is a root of Eg. Define
I'={x€Eg|x-v=0}.

This is a lattice in the orthogonal complement of the vector v in R® which is isomorphic
to R7. Since ¢;-v =0 for i =2, ...,8, the fundamental roots e, ... ,eg of Eg are contained
in I'. The Coxeter-Dynkin diagram corresponding to these roots is a graph of type E;.
Using e; -v = 1, one can easily see that these roots generate I". Hence I is a root lattice
of type E7. By Proposition 1.2 we have
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disc (E7) = disc (A}) =2.
Eg: Consider again the lattice Eg and let vi = v and v, = —ej. Then vy - v, = —1. Define
I'={x€Eg|x-vi=x-v, =0}

This is a lattice in the orthogonal complement of the two vectors v; and v, in R® which is
isomorphic to RO. Since ¢; - vy = 0 for i = 3,...,8, the fundamental roots e3,...,eg of Eg
are contained in I'. The Coxeter-Dynkin diagram corresponding to these roots is a graph
of type E¢. Again one can easily see that these roots generate I'. Hence I" is a root lattice
of type Eg. By Proposition 1.2 we have

disc (Eg) = disc (A2) = 3.

Therefore we have shown the existence of lattices corresponding to the Coxeter-
Dynkin diagrams of type A,, D,,, E¢, E7 and Eg. This completes the proof of Theorem 1.2.

We have constructed the lattice Eg as the lattice I¢ for a suitable binary linear code C.
We now want to discuss the question: For which of the irreducible root lattices I" do there
exist binary linear codes C with I" = I'? Note that until now we only know that I" = I¢
for Eg, and in case D,, we know I' = p~!(C), butnot I" = It = \%p’l (C). The following
proposition will give a precise answer to this question. In order to state this proposition,
we need another definition.

Let I" be a root lattice in R”, and o € I" be a root. Consider the linear transformation
of R" given by

X

xX—x—2—a=x—(x-a)o

-
This is a reflection at the hyperplane a* orthogonal to a. We call it s4. It leaves o™
pointwise fixed, and sends any vector orthogonal to the hyperplane o into its negative.
Let W(I') be the subgroup of GL,(R) generated by the reflections s, corresponding to
the roots ¢ of I'. This group is called the Weyl group of I".

For the following two lemmas see also [39, 10.4].

Lemma 1.9. Let I' C R" be an irreducible root lattice. Then the Weyl group W (I") acts
irreducibly on R", i.e., if U is a W(I")-invariant subspace of R", then either U = 0, or
U=R"

Proof. Let U be a nonzero subspace of R” invariant under W (I"). The orthogonal com-
plement U+ of U in R" is also W (I")-invariant, and R" = U ©@U*. Let & € I be a root.
Suppose that o ¢ U. Let u € U be arbitrary. Since s¢(U) =U, u— (u- &)ox € U. This im-
plies that u- & = 0. Since this is true for any u € U, we have o € U*. Therefore each root
lies in U or in U~. Since R spans I", we have I' = (UNT") L (U-NTI). But this implies
that U+ NI = {0}, since I" is irreducible. Therefore I’ = U NI, and hence U = R”, since
I' spans R". This proves Lemma 1.9. O

One says that a group G acts transitively on a set X if for any x,y € X there exists a
g € G such that ¢(g,x) =y where ¢ : G x X — X denotes the group action.
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Lemma 1.10. Let I' C R" be an irreducible root lattice. Then the Weyl group W (I") acts
transitively on the set of roots R.

Proof. Let a and f3 be arbitrary roots of I". By Lemma 1.9, the elements w(e), w € W(I'),
span R". Therefore not all w(¢t) can be orthogonal to 3. After replacing o by w(at) for
some w € W(I") if necessary, we may assume that @ and f3 are non-orthogonal. We may
also assume that o and B are distinct and o # —f3, because otherwise we are done. Hence
a-fB = +1. Replacing B if necessary by —f8 = sg(8), we may assume that - = 1.
Then sgsgsa(B) = sasp(B — &) = sa(B — @ — ) = a. This proves Lemma 1.10. O

Remark 1.1 Lemma 1.10 implies that in the constructions for the lattices E;7 and Eg
above one can take any root v and any pair of roots vy, v, with vy - vy = —1 respectively.

Proposition 1.5. Let I' C R” be an irreducible root lattice. Then the following statements
are equivalent:

(i) I' = I¢ for a binary linear code C C IF}.

(ii) I" contains n pairwise orthogonal roots.

({iii)nAy=A; L... LA, (ntimes) CT.

(iv) =1 e w(I).

(v)2r*cr.

(vi) I is of type Ay, D,, (n > 4, n even), E7, or Eg.

Proof. (1)=(ii): Let I = I for a binary code C C F4, and let (&), ...,&,) be the standard
basis of R”. Then %28,- € I¢ for all 1 <i < n. These are pairwise orthogonal roots.
(i1)<(iii): This is trivial, because a single root spans a lattice of type A .
(i1)=-(iv): Let ay,..., a, be pairwise orthogonal roots of I". Then o, ..., o, form an
R-basis of the vector space R”. Let x € R". Then x can be written x = ¥ §;o; with &; € R.
l

Then

SaySay - - Sy (X) = S Sety - - - Sary (Z’g’,ﬂq)
f
—Zgi%’
i

= —X,

$0 —1 =S¢, Say - --Sa, € W(I').
(iv)=-(v): Let —1 € W(I"). Then —1 = sp, sp, ...sp, for certain roots Bi,...,B € I'.
Let x € I'*. Then —x = sg,sp, ...sp, (x) = x+y with y € I". Therefore
2x=—yel.

(V)& (vi): The quotient I'*/I" is a finite abelian group of order |I'*/I'| = disc (I).
Now 2I'* C I' is equivalent to

r*/r=(z/2z), disc(I') =2',

forsome [ > 0. ForI"' = A,
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;xio},

= {(x17x27"'7xn+1) € Zn+1

I'* is generated by I and (-2 1 1

B _ 1
PEN R LR EEER n+1)’andhenCe

/I =7/(n+1)Z.
ForI"' =D,
F—{(xl,...,x,,)GZ" ineven} ,
11 1
Y S
+ (2’2’ ’2)
and

v o [ (Z)27) x (Z./27) for n even,
r /F:{(Z/4Z)X fﬁrnidi,

where I'*/I" is generated by ; = (1,0,...,0) and @, = (%,%,...,%), if n is even, and

by @, if n is odd. Note that @ = 2@, (mod I') if n is odd. Thus 2I'* C I' if and only if
I'=A,D, (n>4,neven), E7, or Eg.
(vi)=-(i): We indicate a binary linear code C with I¢ = I in each of the listed cases:
A C= {O} CcIF,
D,, (n > 4, n even): Here C is the "double” of the even weight code cc IF;/ 2, ie.,

C= {<ul,...,un/2) eFY? | Yu =0} cF/?,

C={vels|v=_(ur,u,...,uy,uyp), 4= (Ur,u2,...,uy) eC}.

E;:C=H + C F!, where H is the Hamming code. This code consists of 0 and the 7
codewords of weight 4 of the Hamming code H.

Es: C = H C F8, where H is the extended Hamming code, as we have seen above.

This completes the proof of Proposition 1.5. 0O

Exercise 1.4 Let I' C R” be a root lattice and w € W (I") be an involution. Show that there
exists a set S of pairwise orthogonal roots such that w is equal to the product of the sq,
aes.

We give a second, direct, proof of (i)=-(v) in Proposition 1.5. For this proof we need a
general fact which we formulate as a lemma.

Lemma 1.11. Let C C I} be a binary linear code. Then
IF =T

Proof. Let p : ZI" — IF; be the mapping induced by reductionmod 2. Lety € I -1, x € I¢.

Then y = %37 x= %fwith yep'(Ch),x€p!(C). Now Xy € 2Z, and therefore
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x-y € Z. This proves I .. CI7.
Now let k = dim C. Then

2nk
u= VOI(R"/I‘C):W:27* ,

1 n
= vol (BRI = 2 = 2% = vol (R"/Igu),

which implies that [, =I7. O
Proof of Proposition 1.5, (i)=-(v): Let I' = I¢ for a binary linear code C C IF;. Then
I'" =TI by Lemma 1.11. Let x € I;*. Then x = Lz(c+2y) forc € C* and y € Z". Then
2x = iz (0+2z), with z € Z". Thus 2x € I, what had to be shown. 0O

In Table 1.1 we have listed the groups I'*/I" and their orders in each case. We have
also listed the numbers of roots |R|. These are obtained as follows: for A, and D, see the
existence proof concerning Theorem 1.2. The number of roots of Eg was computed in

Sect. 1.3. Similarly one gets the number of roots of E7, using that E7 = I';1 where H is
the Hamming code of length 7. For Eg see Example 5.1 and Exercise 5.1.

Exercise 1.5 Determine the number of roots of E7, using E7 = I, .
If I C R” is a root lattice and R is its set of roots then the number

_ IRl
n

h:

is called the Coxeter number of I". The Coxeter numbers of the irreducible root lattices
are listed in the last column of Table 1.1.

Table 1.1 List of groups I'*/I”

r r/r |r*/r| R| h

A, Z/(n+1)Z n+1 n(n+1) n+1
7.)27) x (Z/27:) neven

D, {EZ§4Z; (Z/22) nodd } 4 2n(n—1) 2(n—1)

Es Z)3Z 3 7 12

E; Z7/27 2 126 18

Es [0} 1 240 30

Proposition 1.6. Let I" C R" be an irreducible root lattice. Then for a fixed y € R" we

have
Z(x-y)zzz.h.yz’

XER

where h is the Coxeter number of I
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For the proof of this proposition we need some preparations.
Let P € Clyj,...,ys) be a complex polynomial in n variables yj,...,y,. Such a poly-
nomial P is called harmonic or spherical, if and only if AP = 0, where

no9
A=Y =
i:zlay?

is the Laplace operator.
Let I' C R" be aroot lattice and let R be its set of roots. Consider the polynomial

0= ¥, (o= 1?)

XER

in the variables yy,...,y,. Since

Af=1Y (A (x1y1+-~+xnyn)2—%A (* (y%+...+y,%))>

x€ER

2n
= 2 x2+...+x,2 —x2>
= O’

the polynomial f is harmonic.
We also need the following lemma (cf. [6, Chap. V, §2, 1, Proposition 1]).

Lemma 1.12. Let I' C R” be an irreducible root lattice, and let W (I") be the Weyl group
of I'. Then the following is true:
(i) Each endomorphism of R" commuting with every element of W (I") is a homothety
(i.e., a scalar multiple of the identity).
(ii) Let b be a nonzero bilinear form on R" invariant under W (I"). Then there exists a
p €R, p #0, such that
b(x,y) =p(x-y)

Sforall x,y € R".

Proof. (i) Let g be an endomorphism of R” commuting with every element of W(I"). Let
o € I be aroot, and let L = Rex. Then g(L) C L, since

—g(x) = g(sax) = sag(x)

forallx € Land L = {x € R" | sqx = —x}. Therefore there exists a p € R such that g(x) =
px for all x € L. Let U be the kernel of g—p -1 . Then U is a subspace of R"” which is
invariant under W(I") and nonzero, since it contains L. By Lemma 1.9, U = R”, and
g=p-1.This proves (i).

(ii) Let b be a nonzero bilinear form on R” invariant under W (I"). From linear algebra,
it is known that there exists an endomorphism g of R” such that

b(x,y) = (g(x)) -y
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for all x,y € R”. Since b is invariant under W (I"), the endomorphism g commutes with all
elements of W(I"). In fact, let x,y € R" and w € W(I"). Then one has

and hence gw(x) = wg(x). By (i) there exists a p € R such that g = p - 1 . Hence

b(x,y) = p(x-y)
for all x,y € R", which proves (ii). O

Proof of Proposition 1.6. The polynomial f(y) is a quadratic form in y,...,y, invariant
under the Weyl group W(I'). By Lemma 1.12(ii) f(y) is a multiple of the quadratic form
y?. Since f is harmonic and A (y?) = 2n, f has to be equal to zero. This yields the formula
of Proposition 1.6. O

1.5 Highest Root and Weyl Vector

We continue our discussion of root lattices. The material in this section, however, will
only be needed in Chapter 4. A general reference for this section is [6].
Let I' C R” be an irreducible root lattice, let R be its set of roots, and let (e, ... e ) be

a fundamental system of roots of I". Then each root @ € R can be written as & = ): kie;
with integral coefficients k; all non-negative or all non-positive. If all 5; > 0 (relsp all
ki < 0) we call a positive (resp. negative) and write @ > 0 (resp. & < 0). The collections
of positive and negative roots (relative to (ey,...,e,)) will usually be denoted by RT and
R™ respectively. We define a partial ordering on the set R of roots of I, compatible with
the notation o > 0, as follows. For o, B € R we define a > f3 if and only if o — B = Y kse;
with all k; > 0.

Lemma 1.13. Relative to the partial ordering < on R, there is a unique maximal root 3.
This root satisfies the following two properties:

() B-ei>0foralll <i<n.

(ii) If B = Y mje; then all m; > 0.

Proof. Let B =Y m;e; be maximal in the ordering. Then § >0or B <0.1f B <0, 8 #0,
then B < —f, B # —p, which is a contradiction to the maximality of 8. Thus m; > 0
forall 1 <i<n. LetlI={i|1<i<n, m>0}andJ be the complement of I in the
set {1,2,...,n}. Then I # @. Suppose J is non-void. Since (ey,...,e,) is a fundamental
system of roots, e;-e; < 0 forall 1 <i,j <n, and since I" is irreducible, there exists an
i€landa je€Jwithe;-e; <0.Then
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B-ej=Y m(er-ej)<0.

kel

But this implies that 3 4 ¢; is a root, contradicting the maximality of 3. Therefore J is
empty and all m; > 0. This argument also shows that 3 - ¢; > 0 for all 1 < i < n, with
B -e; > 0 for at least one i, since {ey,...,e,} spans I".

Now let 8’ be another maximal root. The preceding argument applies to ', so 8’
involves (with positive coefficient) at least one ¢; with § - e; > 0. It follows that ' - 3 > 0,
and § — B’ is a root unless B = B’. But if § — ' is a root, then either § < B’ or else
B’ < B, which is absurd. So f is unique, and Lemma 1.13 is proved. O

The root B in Lemma 1.13 is called the highest root of R. For each of the lattices of
Theorem 1.2, the coefficients m; of the highest root are depicted in Fig. 1.8.

1 1 1 1 1
e e . [P
1
......... [P

2 2 2 1
1
1 2 3 2 1 2 3 4 3 2 1

IZ IZ

2 4 6 5 4 3 2

Fig. 1.8 Coefficients of the highest roots of the irreducible root lattices

Recall that s, for a root « is the reflection at the hyperplane ot

Lemma 1.14. Let o = e; for some 1 < j < n. Then sq permutes the positive roots other
than o.

n
Proof. Let B € RT —{a}, B = ¥ kiei, where k; € Z, k; > 0. The root 3 cannot be pro-
i=1

portional to , since otherwise 32 = 2 and k ;> 0 would imply 8 = «, contrary to the as-
sumption on f3. Therefore we must have k; > 0 for some i # j. Now sq(B) =8 — (8- a)«,
so that the coefficient of e; in s4(f) is still ;. This means that s, () has at least one pos-
itive coefficient, and hence sq(B) € R™. Since « is the image of —a, sq(B) # . This
proves Lemma 1.14. O

Lemma 1.15. Let p = % Y a.Thenp-ej=1foralll <i<n.
o>0
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Proof. By Lemma 1.14, s,(p) =p —e; andhence p-¢; =1 forall 1 <i<n. O

The vector p is called the Weyl vector of I'.

Lemma 1.16. Let f = )E m;e; be the highest root. Then

i=1

where h is the Coxeter number of I'.
Proof. By Lemma 1.15,
p-B=) mi(p-e)=) m.
On the other hand,
pﬁzfzaﬁ

oc>0

= ZO (((;; l;)) —1 (SinCea.ﬁ 6{071}1111168806:[3)

Z(ﬁ

O!ER

Applying Proposition 1.6 we get

Zmﬁ-lzh

This proves Lemma 1.16. O

Let B be the highest root of I'. Let e, := —f. Then according to Lemma 1.13,
en+1-€; <0 forall 1 <i<n According to Fig. 1.8, —1 < ¢4 - ¢; except for n = 1
(type A1), where e; - e; = —2. We represent the inner product —2 in the Coxeter-Dynkin
diagram by connecting the corresponding vertices by two edges. Then the Coxeter-Dynkin
diagram corresponding to (ej,...,e,+1) is called the corresponding extended Coxeter-
Dynkin diagram. The extended Coxeter-Dynkin diagrams are the diagrams shown in
Fig. 1.9.

In contrast to the extended diagrams, we call the Coxeter-Dynkin diagrams of the irre-
ducible root lattices the ordinary diagrams.

Let p be the Weyl vector. We shall compute p2. For that purpose let (€7,...,e;) be the
dual basis of (ey,...,e,). Then Lemma 1.15 implies that p = e} +...+¢. So

p>=Y e ¢ =Y bij,
i,j i,j

where B = ((b;;)) is the inverse matrix of the matrix A = ((e; - ¢;)) (cf. Sect. 1.1).
We shall list the matrices B in each case of Theorem 1.2.
A,: Consider a fundamental system of roots {ey,...,e,} with Coxeter-Dynkin diagram
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(n+ 1 vertices)

D,  TSe e e ... (n—+ 1 vertices)

Es

Eg

Fig. 1.9 Extended Coxeter-Dynkin diagrams

6"1 e; e; en
Then
e = nj—l [(n—i+1er+2(n—i+Dea+...+(i—1)(n—i+1)ei_
+iln—i+ e +i(n—i)eir1+ ... +iey)
fori=1,...,n.
D,,: Consider a fundamental system of roots {ey, ..., e, } with Coxeter-Dynkin diagram

€n
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Then

1
e =ei+2er+...+(i—Dei—1+ilei+eip1+...+en2)+ Ei(e"_l +eu)

% 1 1 1
e | = E[el +2e+...+(n—2)ep2+ Shen-1 + E(n —2)en),
1 1 1
ey = E[el +2e+...+(n—2)ep2+ i(n —2)en—1 + inen].
Eg: Consider a fundamental system of roots {ej, .. .,eg} with Coxeter-Dynkin diagram
€] () es [ es €q ey

.

Then we have

4 5 6 4
8 1012 8
121518 12

2 2 3
3 4 6
4 6 9
51015202416 8
612

4

2

—_—

2
12 18 24 3020 10 15
121620 14 7 10
4 6 8107 4 5
36 91215105 8

o]

E7: Corresponding to the set of roots {e,...,es} of Eg we have

oo
I
BIW = DN LI DI W
W NNV RN
NI L O\ O[5 Llun
[a—
N\DO\UJ
E-N VS ) Ne sl e NN SN ]

AN bk~
DN W R W~
(NSRS O I S @ N S NoR S ) ST [9)

Eg: Corresponding to the set of roots {es,...,es} of Eg we have

455 4 2
45942
3 3 3
5 10 %4
334332
p_|246423
- 4 8 10 5
1103738
532331
123212

Computing }' b;; in each case one gets
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Lemma 1.17. If h is the Coxeter number of I then

1
2 _
p-= 12nh(h+ 1).

For Sect. 4.3 we need the following lemma.

Lemma 1.18. Let I be an irreducible root lattice, and let (ey,...,e,) be a fundamental
system of roots of I'. Then the vectors of I * that have inner product 0 or 1 with all positive
roots of I' (with respect to (ey,...,ey)) form a complete set of coset representatives for
r*/r.

Proof. Lety € I'*, y # 0, be a vector with y- o equal to 0 or 1 for all positive roots of I".
If B denotes the highest root of I', then y- B = 1, because otherwise y- 8 = 0 which would
imply y-e; =0 for all i, 1 <i < n, a contradiction. Since

n
B= Zmiei , allm; >0,
i=1

we must have y-e¢; = 1 for some j with m; =1 and y-e¢; = 0 for all i # j. This implies
y = ¢}, where ¢ is an element of the dual basis (ej,...,e;) of (e1,...,e,) satisfying
e;f -e; = 5,-j. Let J be the set of indices i, 1 <i < n, with m; = 1. Examining the above
list of matrices B we see that the vectors ej, j € J, form a complete set of nonzero coset

representatives for I'*/I". This proves Lemma 1.18. O



Chapter 2
Theta Functions and Weight Enumerators

2.1 The Theta Function of a Lattice

Let I' C R” be a lattice. We associate to I a function which is defined on the upper half
plane
H={reC|Imt>0}cCC.

For t € H let g = ™7,
Definition. The theta function of the lattice I" is the function
O (1):= Y ¢**
xel
forteH.

We shall show later that this is a well defined function. Now let I" C R” be an integral

. . . L+
lattice. Then the numbers x - x for x € I are nonnegative integers. The coefficient of ¢2”
is equal to the number of x € I" with x-x =7.

Now let I be an even integral lattice. Then

Or(7) =Y aq,
r=0
where a, = [{x € I" | x-x =2r}|, so Or is the generating function for the finite numbers

a,. The number a, counts the points of the lattice I" lying on a sphere of radius v/2r around

n—1
the origin. This shows that a, grows like the area of the sphere, hence like (@) . But
—1
fim { (\/ﬂ) S

so the series Y a,q" converges for |g| < 1, which is equivalent to 7 € H.
r=0

33

W. Ebeling, Lattices and Codes, DOI 10.1007/978-3-658-00360-9_2, © Springer Fachmedien Wiesbaden 2013



34 2 Theta Functions and Weight Enumerators

Our aim will be to prove the following theorem:

Theorem 2.1. Let I be an even unimodular lattice in R". Then
(i)n=0 (mod 8).
(ii) Or is a modular form of weight 7.

2.2 Modular Forms

- {o- 12

acts on H by fractional linear transformations

The group

a,b,c,d € 7, ad — bc = 1}

_at+b

T—g(1)= i d

Note that Im g(7) = ‘ITT 5 > 0if Im7>0.

The center {41} of SL,(Z) acts trivially. The quotient G := SL,(Z)/{+1} is called
the modular group.
Let S and T be the elements of G represented by the matrices

0-—1 11
S_(IO) and T_(01>'

The elements S and 7" act on H as follows:

1
S:r»—>—;, T: 71— 71+1.

We shall show that G is generated by these elements.

Two points 7,7’ € H are equivalent under G if there is an element g € G such that
T = g(7’). This is clearly an equivalence relation. The equivalence class of an element
7 € H is also called the orbit of T under G. A fundamental domain for the action of G on
H is a subset D C H such that every element of H is equivalent to an element in D, and
two elements of D are equivalent only if they lie on the boundary of D. The stabilizer of
apoint T € H in G is the subgroup G; = {g € G| g(t) = 1}.

Let D be the subset of H formed of all points T such that [t| > 1 and |Re 7| < 1 (cf.
Fig. 2.1). Let = &2%/3,

Theorem 2.2. (i) The subset D is a fundamental domain for the action of G on H.

(ii) Let T € D. Then Gy = {1} for t ¢ {i,n,—7M}, G; = {1,S}, G, = {1,5T, (ST)?},
and G_z = {1,TS,(TS)*}.

(iii) The group G is generated by S and T.

Proof. (Cf.[81, Chap. VII, §1].) Let G’ be the subgroup of G generated by S and T.
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] ] ]
T T T

1
-1 ~1 0

[

Fig. 2.1 A fundamental domain for the modular group

a) We shall first show that for every T € H there exists an element g € G’ such that
g(7) € D. Let T € H and choose
_(ab ,
g= (c d) €eG

~ Imz
et +dP?

such that —% < Reg(r) < % and
Im g(7)

is maximal. This is possible since Im g(7) > Im 7 and thus |cT +d| < 1. But for a fixed
7 € H there are only finitely many pairs (c,d) € Z x Z such that |cT+d| < 1. We claim
that [g(7)| > 1 and hence g(7) € D. For suppose that [g(7)| < 1. Then

Im g(7)
Im Sg(7) PO > Img(7),
which is impossible by the choice of g.

b) We now show that if 7,7’ € D, T # 7/, are equivalent, then Re 7 = % Ret = —
and 7 =t—1l,or Ret=—4, Ret'=}and 7 =1+ 1L or|t]=|t|=1and 7' = -1
Together with a), this shows that D is a fundamental domain for the action of the group G
on H. At the same time we shall prove assertion (ii). Let T € D. Let

ab
g= (c d) cG
such that 7" = g(7) € D. We may assume that Img(7) > Im 7 because otherwise we
can interchange the points T and 7’ and replace g by its inverse. As we have already

1
2



36 2 Theta Functions and Weight Enumerators

seen above, this implies |C’L'—|—d\2 < 1. Write T=x+1iy. Since Tt € D, y > % 3. Hence
et +d|? = c*y? + (cx+d)? < 1 implies ¢* < §. Since c € Z, c = £1 or ¢ = 0.
Let us first consider the case ¢ = 0. Then d = 1 and 7’ = g(t) = 7+ b. But 7/ € D,
T# 7/, impliesh=1and Re 1 = —%, Ret = %, orb=—1and Ret = %, Ret = —%.
Now suppose that ¢ = 1. Since |¢7 +d| < 1 we have three possibilities:

((X) |T|:1’d:O,
B) t=nd=1,
(yy t=-7m,d=-1

In case (), the condition ad —bc = 1 implies b= —1 and g(t) =a— L. If t & {n, -7},
then we must have a = 0 and hence g = S. This also shows that G; = {1,S}. If T = 1) then
eithera=0and g=Sora=—1and

g= (_11 _01> =T ls=(ST)"' = (ST)°.

This also shows that (ST)? € Gy. Finally, if T = —7], then eithera=0and g=Sora= 1

and
1-1

__L
n+1

0-1
g—(l 1 )—STGGn.

The case () can be treated similarly.

Finally the case ¢ = —1 can be reduced to the case ¢ = 1 by changing the signs of a, b,
c,and d.

¢) We finally show that G = G'. Then assertion (iii) follows. Let g € G and let 7y be a
point in the interior of D. By a) there is an element g’ € G’ with g'g(1)) € D. By b) we
must have g’g = 1. Hence g € G'. This completes the proof of Theorem 2.2. O

Incase (f),b=a—1and g(n) =a . This implies @ = 0 and

Definition. Let k be an even positive integer. A holomorphic function f : H—— C is called
a modular form of weight k, if the following conditions are satisfied :

() f (Zt) = (ct+d)* f(r) forall (‘;Z) € SLy(Z),

2T

(ii) f has a power series expansion in ¢ = e“™'", i.e., f is holomorphic at infinity 7 = ico.

Note that the first condition implies that f(t) = f(7+b) for all b € Z, so f is periodic.
This implies that f has a Laurent series expansion in g = e>%%;

~+oo
f(r)= Zarqr-

The second condition means that this is actually a power series, i.e., a, = 0 for r < 0.
In view of Theorem 2.2, a modular form f of weight k is given by a series
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T) = Z arq"
r=0

which converges for |g| < 1 (i.e., T € H ), and which satisfies the identity

f (—1) — (1),

So in order to show that ¥ is a modular form of weight % 5, We have to show that 2 5 is
even, and that 9 satisfies the identity

Sr (—1_) = 200 (1).

This will follow from the Poisson summation formula.

2.3 The Poisson Summation Formula

Let I' C R”" be an arbitrary lattice, and let f : R" — C be a function which satisfies the

following conditions (V1), (V2), and (V3):

VD [f(x)]dx <eo

(V2) H}Fhe series Y |f(x+u)| converges uniformly for all u belonging to a compact
subset of Rz.er

The condition (V1) implies the existence of the Fourier transform fof f, which is defined
by the formula
£ )= /f(x)efzmx'y dx.
Rn

The condition (V2) implies that the function F(u) := Y, f(x+ u) is continuous on R".
xel’
The third condition will be:

(V3) The series Y f(y) is absolutely convergent.
yel'™*

Theorem 2.3 (Poisson summation formula). Let f: R" — C be a function satisfying
the conditions (V1), (V2), and (V3). Then

Y S0 = S m vol ( R"/F IS

xel” yel™

Proof. We assume first that I" = Z". The function

W= Y fletu)

xel’
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is continuous by (V2) and periodic in u, i.e., F (u+x) = F(u) for all x € Z". Hence it can
be developed into a Fourier series

¥ &)

yez"

where a(y) := [ F(t)e >*"dt. We shall show that
[0,1)"

a(y) = f()- (2.1)

Then condition (V3) implies that the Fourier series of F converges absolutely and uni-
formly, hence it converges to a continuous function, hence to F. Then

FO)=Y fx)="Y fO).

xel yezZ
which is the Poisson summation formula. The identity (2.1) follows from the following

equalities:

a) = [ L flrne

0.1 xezn

Z / f(x+t)e—27ri(t+x)~ydt

er"[

071]11

Z / f(t’)efzm,'ydt’
XL o,

= 1)
In the general case I' = M - Z", where M € GL,,(Z). (The matrix M was denoted by C in
Sect. 1.1.) From Sect. 1.1 one can derive that I'* = (M") "' - Z". Now

Y rx) =Y rMx) =Y fulx)= Y, fuy),

xell xeZ" xezZr yez

where

Fus) = [ fote)em ar
RII

- deiM R/ F@)e M)y a =)
= T 7)Yy =) ),

But since I'* = (M")~!-Z", it follows that
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X;f(x) :yezz'nfM(y) = Vol ( R"/F yezr'*f

This proves the Poisson summation formula. O

. . . . . .
Lemma 2.1. The function f : x— e~ ™ (x € R") is equal to its Fourier transform, i.e.,

12 —27ix 2
/e T, Zﬂtxydx:e Ty
Rn

Proof. By Fubini’s theorem it suffices to show the formula for n = 1. Let f(y) =

[ ™ e~ dx for y € R be the Fourier transform of f(x). Integration by parts with
R

g(x) = 2™ 1 (x) = —27xe ™ shows that

e
. . -~ 2
yields 0. Hence there is a constant ¢ such that f(y) = ce”™". But

f(O) = /e_mz dx=1.

R

Hence ¢ = 1, which proves the lemma. O

2.4 Theta Functions as Modular Forms
We want to prove Theorem 2.1. In order to be able to apply the results of Sect. 2.3, we
first show the following lemma.

Lemma 2.2. Let I’ C R" be a lattice. Then the series

Z qzxx Z em‘rx

xel” xel’

converges uniformly absolutely for all T with Im T > vy > 0.

Proof. LetI' =M -Z" for M € GL,(R), and let
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£ := min (Mx).
[x|=1

Then € > 0 and (Mx)? > ex? for all x € R". This yields the following estimation

n
.2 . 2 _ 2 -’ — 2

Z M| — Z emT(Mx) < Z o TVOEXT _ Z o~ TIVOEr < o,

xel’ xezZ xez" r=—o0

This proves the lemma. 0O

Lemma 2.2 shows that ¥r is well defined and holomorphic for 7 € H.

Proposition 2.1. We have the identity

o (2)= () samm @

Proof. Since both sides of the identity are holomorphic in 7 € H, it suffices to prove this
formula when t = it with# € R, ¢ > 0. The Fourier transform of e Y s (\ﬁ)" e’
This follows from Lemma 2.1 with X = %x. Therefore the Poisson summation formula
yields

o (—?) Y - Y e
u xel” xel”

1 n a2
- vol (R*/I") Z (\ﬁ) ¢«

yeIl'™
b
vol (R*/I")

—¢3

O+ (il‘),

which proves Proposition 2.1. O

Proof of Theorem 2.1. Let I" be an even unimodular lattice in R". We first prove (i).
Suppose that n is not divisible by 8. We may also assume that n = 4 (mod 8) because we
can replace I', if necessary, by I’ L I"or I" L. I" L I" | I". Proposition 2.1 then yields

since I'* =T  and vol (R"/I") = 1. Since 9Yr is invariant under 7,
O ((TS)T) = =129 (7).
From this formula one derives
Or ((TS)*1) = —(—1)29p(t) = —0r (7).

But (TS)3 = 1, which is a contradiction. This proves (i).
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To prove (ii) it remains to show the identity at the end of Sect. 2.2:

S (—i_) = 290 (1).

But this follows from Proposition 2.1, since n =0 (mod 8), I'=I"*and vol (R"/I") =
1. This shows that ¥r is a modular form of weight 7, and finishes the proof of Theo-
rem2.1. O

2.5 The Eisenstein Series

We now consider some further very important examples of modular forms:

Definition. Let k € Z, k even, k > 2. The series

1
G(r)= ) ——
(m,n)e 72 (mT+n)
(m.n)#(0,0)

is called the Eisenstein series of index k.

Proposition 2.2. The Eisenstein series Gi(7T) (k even, k > 2) is a modular form of weight
k.

It is clear from the definition that Gi(7) is invariant under 7 : T — 7+ 1 and that

We have to prove that Gy : H — C is holomorphic and that Gy has a power series expan-
sion in g = ¢***. We need the following lemma.

Lemma 2.3. Let L be a lattice in C =2 R2. Then the series

converges for ¢ > 2.

Proof. Let (0, ), @1, @, € C, be a basis for L. Let P, be the parallelogram with the
vertices =m@; +=ma, for m € Z, m > 1 (this means the boundary of the convex hull of
these points ). Then (cf. Fig. 2.2)

|PnNL| = 8m.

Let r = min;ep, |7|. Then mr = mingep, |7|. Then
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Fig. 2.2 The parallelogram B,

1 1

— < 8m
yEPuNL ly|° (mr)°

Hence the series
1 > 1
% ve m; y%m vl°
¥

is majorized by the series

i (8m) ! > = const. i
= (mr)

m=1

1
mo—1 !

But this series converges for ¢ > 2, since it can be majorized by the integral

dx
xcfl'
1

O
Lemma 2.4. Gy is holomorphic in the upper half plane H.
Proof of Lemma 2.4. First suppose that 7 is contained in the fundamental domain D. Then
|mt +n|* = m*1T+2mnRe T +n* > m* —mn+n* = |mn +n|*

This implies
mT+n| ™ < |mn +n|

for k even, k > 2. By Lemma 2.3, the series
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1
L el
(mm)£(00)

converges for k > 2. This shows that the series Gy (7) converges uniformly on every com-
pact subset of D. Applying the result to G;(g~'7) for g € SL,(Z)/{#1} shows that the
same holds for each of the transforms gD of D, which cover H. Thus Gy is the limit of a
sequence of holomorphic functions, which converges uniformly on every compact subset
of HI. Therefore Gy is holomorphicon H. O

We now want to derive the power series expansion of Gy in ¢ = ¢*™. First consider
the Riemann §-function
|
Els)= ), —-

s
m=1 m

The right hand series converges for s € C, Res > 1, since fors = o +it, 0,1 € R,

slogm’ :eologm — .0

[m’| = |e me.

So the Riemann §-function { is defined and holomorphic for s € C with Res > 1.

Proposition 2.3. Let 6,(r) := Y. d' denote the sum of the I-th powers of the positive divi-

d\r
sors of r. Then one has
Gi(1) =2{(k) Z k1 (
Proof. We consider the function T — 7 cotg 7. Since
B l7l'T+e*l7Z'T
T Cotg T = ﬂlﬁ 5

T — mcotg ©T is a meromorphic function for T € C, which is holomorphic for T € H
and has poles on the real axis, namely for T € Z. Since

lim rtcotgmt =1,
7—0

the residue in 7 = 0 is equal to 1, and the same is true for all T € Z. By the theorem of
Mittag-Leffler (see for example [1, Chap. 5, §2.1] )

1 ( 1 1 )
ncotgmt—f—k + .

Q

T—m T+m
On the other hand

2TiT
1 1
et 41 n.q+

TCOtg T = Mi—— =T
g eanr_l q—l
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| o
m<12~> mi|1-2Y 4").
1__q n=0

Combining these two formulas, we get

Ly (A im>_ni(12§qn>.

Differentiating this formula (k — 1)-times yields the identity (valid for k > 2):

=

(—1)k i (k_l))i{:(Zﬂti)anqu”.

~ (t+m =
Now (for k even)

1
(nt+m)k

Gi(t)= )

(m,n)€Z?
(m.n)#(0,0)

+22 Z nT—l—m

n=1meZ

Applying the above identity with 7 replaced by nt, we get (k even!)

—1 _nd
q

aok
S
>~

U
Il
-
3
I
=}

2
—~
3
~—
I
[\
U
—
=
~—
_|_
—
=
|
[—
~~— ~—
gk

~

\
I

—
bl
\
—_
N
013
il
=~
~
~—
(SN}

This proves Proposition 2.3. 0O

Proposition 2.2 follows from Lemma 2.4 and Proposition 2.3.
One normalizes the Eisenstein series to get the constant term ag = 1 in the power series
expansion in q.

Definition. The normalized Eisenstein series is the series

Now the values (k) for even k can be expressed in terms of the Bernoulli numbers By.
The Bernoulli numbers By, are defined by

o k
x X
— = E By —.
-1 & "k
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In particular Bo=1,B) = —%, By =0 for k > 1,k odd, and, for example, B, = é, By =
Bs = 45
307

Pr0p051t10n 2.4. If k is an even integer, k > 2, then

Proof. We consider the function 7 — 77 cotg 7. Then putting x = 27i7 in the definition
of By yields
JTIT Te —TiT eZTCi‘L’ +1

TTCOtgMT = mr - = TiT—5=
eTiT _ p—TiT e2mit _ |

, 2mit = (2mit)
:”lr+62nir_1:l+23k k!
k=2 '

= 2wk
= 1+];23k A T".

On the other hand, by the formula in the proof of Proposition 2.3, we have

T T
ﬂTCOthET*1+Z (17—1- +1 )
m —m

1+2):72 1—22

m=1 mll_*
R

Comparing coefficients yields the formula of Proposition 2.4. O

T
m2!

||M8

Corollary 2.1. With the Bernoulli numbers By one has
2k &
E =1—— Z O — 1

Proof. By Proposition 2.3, the definition of Ej, and Proposition 2.4, the coefficient in
front of the infinite sum is equal to
2(2m’)k _ (27ri)k 2k _%
(k—1)12¢(k) — (k—1)! (2mi)*By By’

This proves the corollary. 0O

So, for example,

E4(7) = 14240 Z o3(r)q"
r=1
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E¢(1) = 1—504

r

os(r)q".
1

=

Now consider
E; —EZ.

This is a modular form of weight 12 with constant term ay = 0 in the power series expan-

sion
.
Z arq
r=0

in g. A modular form with constant term ag = 0 in the power series expansion in ¢ is
called a cusp form. So E 2 — E62 is a nontrivial cusp form whose power series expansion in
q starts with

(3-240+2-504)g = 1728¢.

We shall compute the coefficient of ¢ as an exercise. We have

E4(1) = 14-240g+240-9¢% +- - -,
Eo¢(T) = 1 —504g —504-33¢% +---.

So the coefficient of ¢* in the power series expansion of E; — EZ is
3-240-9+3-240-24042-504-33 —504-504 = —1728 - 24.
So
(E3 — E2) (t) =0+ 1728g+ 1728(—24) - ¢* + - --

In fact one has the following identity which we state without proof (for a proof see e.g.
[81, pp. 95-96]):

1 [ee]
A=——(E)—E}) = 1—q")**.
1728( 4 6) CIH( q)

r=1

2.6 The Algebra of Modular Forms

Let k be an integer. The modular forms of weight k form a C-vector space which we
denote by M. We have M; = 0 for k odd (by definition or extending the definition of
a modular form to allow odd weights). In this section we want to determine the vector
spaces M, for k even.

We shall first derive a formula about the orders of the zeros of a modular form. Let f
be a holomorphic function on H, not identically zero, and let p be a point of H. Let

£(z) = ioamp)f
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be the power series expansion of f in p. The smallest integer r with a, # 0 is called the
order of f at p and is denoted by v, (f).
Let G =SLy(Z)/{+£1} be the modular group. When f is a modular form of weight &,

the identity
o —k at+ b
7(6) = (ex-ray 47 (427

shows that vy (,)(f) = v, (f) for all g € G. In other terms, v, (f) depends only on the
image of p in H/G. We define V;(f) to be the smallest integer r with a, # 0 in the power
series expansion

f(r)= Z arq"
r=0

of fin g = *™".

We denote by e, the order of the stabilizer G, := {g € G | g(p) = p} of G of the point
p. We have e, = 2 if p is congruent modulo G to i, e, = 3 if p is congruent to 1) modulo
G, and ¢;, = 1 otherwise.

Theorem 2.4. Let f be a modular form of weight k, which is not identically zero. One has

1 1 1 k

Vie()+ Y, = V() = Vi) + 5Vl + 30 (H)+ Y V() ==,

WG er 2 3 5o 12
7N

where [i],[n] denote the classes of i,n respectively in H/G.

One can define a complex analytic structure on the compactification }ﬁ/\G =H/GU

{ico} of H/G. This turns H/G into a Riemann surface. One can show that this Riemann
surface is isomorphic to the Riemann sphere P; (C) = §? = C U {ieo}. Theorem 2.4 can
then be derived from the residue theorem on P (C). The dimensions of the spaces M; of
modular forms of weight k can then be computed using the Riemann-Roch theorem on
P, (C). A proof following these lines can be found in [28].

We give an elementary proof using the residue theorem in the complex plane C (cf. [81,
Chap. VII, §3]). We first have to verify that the sum in Theorem 2.4 makes sense, i.e., that
f has only a finite number of zeros in H modulo G. Indeed, since f is holomorphic at ico,
there exists p > 0 such that f has no zeros for 0 < |¢| < p; this means that f has no zeros
outside the compact subset D, of the fundamental domain D defined by the inequality
Im T < 2™, Since f is holomorphic in H, it has only a finite number of zeros in Dp.

Proof of Theorem 2.4. We integrate the logarithmic derivative of f along the boundary
of the compact subset D, of the fundamental domain D of the action of G on H, cf.
Fig. 2.3. Let € be this contour, oriented counterclockwise. By the choice of p, D, contains
a representative of each zero of f in H.

We first suppose that there are no zeros of f on the boundary of D,. By the argument

principle we have
L rre, y
27ri/¢ f(7) de= peH/va(f).
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B ¢ D
T S
Fig. 2.3 Contour ¢
On the other hand
flr)
/ef(r)d“
Bf(n) Cf'(v) bf'(7) Efi(z) A f(7)
/Af(r)dv:qL/B f(T)dT+/C f(T)dT+/D f(T)dT+/E f(r)df'

Now the first and fourth integral on the right-hand side cancel each other out, since the
transformation 7' € G transforms the arc AB into the arc ED and f(7T7) = f(7). The
transformation S € G transforms the arc BC into the arc DC. Since f is a modular form of
weight k, f(S7) = t* f(t). This implies that

F89 1L
TGRRANIGE

Cp) P ) f(ST)
b o | =, (f(f) f(Sr))‘”

Hence we get
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There remains to compute the integral

4 f'(7)
/E f(r) dr.

Under the change of variables g = ¢**7, the arc EA is transformed into the unit circle
centred around the origin, oriented clockwise. By the choice of &, the origin is the only
possible zero of f inside this circle. Therefore we get

A
/Eﬂr)drffzmvm(f).

Putting everything together yields the formula of Theorem 2.4 in the case when there are
no zeros of f on the boundary of D.

If there are zeros of f on the boundary of D), we modify the contour € by taking small
arcs around these zeros as indicated in Fig. 2.4. We compute the limit of the integral of

B D

I
o
l— 4
—_

Fig. 2.4 Modified contour ¢

f'/f over € as the radii of these circles tend to 0.
Let o be the circle centred around 1 which contains the arc BB and is oriented clock-
wise. Then

@,
/wf(r)dr——van(f).
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When the radius of @ tends to 0, the angle of the arc BB’ tends to % Therefore the limit
of the integral

¥ pi(r)
s f "

as the radius of  tends to 0 is equal to

We get the same contribution by the limit of the integral over the arc DD’ which lies on a
small circle around —1].
Similarly we obtain for the limit of the integral of f’/f over the arc CC’

2mi
5 vi(f).

Finally, let A be a zero of f on the boundary of D which is different from 1, —1,
and i. Then the orbit of A under G intersects the boundary of D in two points, and the
contributions from the two small semi-circles around these points cancel each other. This
completes the proof of Theorem 2.4. O

Let M,? denote the C-vector space of cusp forms of weight k. By definition, M,? is
the kernel of the linear form f +—— f(ico) on M}, which associates to f the coefficient
ag = f(ieo) of the power series expansion

flr)= Z arq"
r=0

of f in g. Thus we have dim M /M,? < 1. Moreover, for k > 4, k even, the (normalized)
Eisenstein series Ej is an element of M, with Ej(iec) = 1 # 0. Hence we have

MkzM,?EB(C-Ek (for k > 4, k even).

Theorem 2.5. (i) We have My, = 0 for k odd, for k < 0, and for k = 2.
(ii) We have My = C, M{ =0, and, for k =4,6, 8, 10, M) =0, My = C - Ey.
(iii) Multiplication by A = ﬁ(Ei’ — E2) defines an isomorphism of My_1» onto MJ.

Proof. Let f be a nonzero element of M) and consider the formula of Theorem 2.4

k

)+t + X v - L.

2 peH/G
p#lil[n]

Since all the terms on the left hand side of this formula are > 0, we have k > 0. The
formula also shows that the case k = 2 is impossible. This proves (i).

To prove (iii), let f = A, k = 12. Then the right-hand side of the above formula is equal
to 1. We have already seen in Sect. 2.5 that V;(A) = 1. The above formula then shows
that A does not vanish on H. Therefore multiplication by A is injective.
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To prove surjectivity, let f be an element of M?, and set g = %. Then g is of weight
k—12. One has

R T e

By definition, Vi (f) > 1. Therefore v,(g) > 0 for all p, and hence g is holomorphic in H
and at infinity. This shows that g € M_,. This proves (iii).

Finally, we prove (ii). If k < 10, then we have k — 12 < 0. From (i) and (iii) we deduce
that M,? =0 and dimM;, < 1 for kK < 10. Now (ii) follows, since E} is a nonzero element
of Mk.

This completes the proof of Theorem 2.5. O

If we apply the formula of Theorem 2.4 to f = E4 and k = 4, then we see that the only
zero of E4 in D is 1, and it is of order 1. Similarly we find that the only zero of E¢ in D is
i, and Vl'(E6) =1

Let M =Y 7, M, be the sum of the vector spaces M. This sum is direct, since by the
transformation formula, a non-trivial modular form has a unique weight. We have already
made use of the fact that multiplication of functions defines a mapping

M xM; — Mk+l-

=

This turns M = @ M, into a graded algebra.
k=0

Let f1,..., fm € M. Recall that f1,..., fi, are called algebraically dependent, if there
is a non-trivial polynomial P € C[xy,...,x,] such that P(fi,..., fx) is identically zero.
Otherwise, f1,..., fi, are called algebraically independent.

Corollary 2.2. The algebra M of modular forms is isomorphic to the polynomial algebra
CI|E4, Eg] of complex polynomials in the Eisenstein series E4 and E, i.e.,

M = C|E4, Eq).

Proof. (Cf. also [53, pp.10-12].) We first prove that E4 and E¢ generate the algebra M. For
this purpose, we have to show that each vector space M}, is generated by monomials in Ey4
and Eg. This is clear for k < 6 by (i) and (ii) of Theorem 2.5. Let k be an even integer with
k>8.Let f € My. Let g = ESEP  where a = r, p =0, if k= 4r,and o = r—1, f = 1,
if k =4r+ 2. Then g is a modular form of weight k£ which does not vanish at infinity.
Therefore we can find A € C such that f — A g is a cusp form. If kK < 10, then f —Ag =0
by Theorem 2.5(ii) and we are done. If k > 12, by Theorem 2.5(iii) there exists 1 € My_1»
such that
f—Ag=Ah.

Now the proof is finished by induction on k.
In order to prove that M is isomorphic to the polynomial algebra C[E4, Eg), it remains
to prove that Es and Eg are algebraically independent. Assume that P is a non-trivial
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complex polynomial such that P(E4,E¢) = 0. Then every monomial of weighted degree
k occurring in P with a nonzero coefficient is a modular form of weight k. Since M is the
direct sum of the vector spaces My, all such weights have to be the same. Therefore we can
assume that P is a weighted homogeneous polynomial of weighted degree k. Moreover,
E,4 divides each monomial of P. Otherwise, we would have

P(E4,Eg) = cEE + E4P(E4, Es),

where ¢ € C, ¢ # 0, a is a non-negative integer with o > 1, and P a non-trivial weighted
homogeneous polynomial of weighted degree k — 4. Since E4(n) = 0 and Eg(n) # 0,
this is impossible. Therefore ¢ = 0, and we find a relation P(E4, Eg) = 0 of lower degree.
Using induction, we derive a contradiction. This concludes the proof of Corollary 2.2. 0O

As a first application of this corollary we show the uniqueness of the Eg-lattice.
Proposition 2.5. Let I” be an even unimodular lattice in R8. Then I is isomorphic to Eg.

Proof. Let Ur be the theta function of I'. By Theorem 2.1, ¥r is a modular form of
weight 4. By Theorem 2.5, My = C- E4. Since O has constant term 1 in the power series
expansion in g, 9r = E4. So

O (1) = 14 240q + higher order terms.

This implies that there are 240 roots in I". These roots generate a (possibly reducible) root
sublattice of rank < 8. This lattice must be of type Eg, since any other root lattice of rank
< 8 contains less roots (cf. Table 1.1). Therefore I" is isomorphic to Eg. O

Remark 2.1 The history of the Eg-lattice starts in the second half of the last century.
In 1867, H. J. S. Smith [86] proved the existence of an even unimodular 8-dimensional
lattice in a non-constructive way. Later, explicit constructions were given by A. Korkine
and G. Zolotareff in 1873 [49, 50, 51], and by H. Minkowski (1884) [63]. The Eg-lattice
occurs in many branches of mathematics. For example Milnor used it in his construction
of exotic spheres (~1958). He used a basis with Coxeter-Dynkin diagram (see [62])

where ¢;8 — — —e¢; means ¢;-¢; = 1, i.e., Z(e;,e;) = 60°. In fact one has to interchange
straight and dashed lines in order to get Milnor’s original basis.

Exercise 2.1 Show that this diagram defines the Eg-lattice, i.e., reconstruct the standard
diagram of Eg.
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2.7 The Weight Enumerator of a Code

Let C C IF be a (linear) code of type [n,k,d]. Recall that we denote by w(u) the weight
of a codeword u € C (cf. Sect. 1.2).

Definition. The Hamming weight enumerator of C is the polynomial

Wc(X,Y) — Zanw(u)Yw(u)

ueC

n . .
=Y Ax"y,
i=0

=l

where A; is the number of codewords of weight i. This is a homogeneous polynomial of
degree equal to the length of the code. Note that

n

ZA,‘ = qk.

i=0
Example 2.1 For the Hamming code H C IF}

Wu(X,Y)=XT+7X*Y3 +7x3v* + 17,
and for the extended Hamming code HcC Fg
W5 (X,Y) =X5+ 14x*y* +-v5.
We now want to give applications of the results on theta functions and modular forms.

Proposition 2.6. Let C C I} be a self-dual doubly even code. Then n = 0 (mod 8).

Proof. This follows from Theorem 2.1, since the lattice I¢ is an even unimodular lattice
in R" by Proposition 1.3. There is also an independent proof, using only results from
coding theory. O

Proposition 2.7. Let n = 24. Let C C F%“ be a self-dual doubly even code, and let
Wce(X,Y) be the Hamming weight enumerator of C. Then A; = 0 for i # 0 (mod 4) and

Ag =759 —4A,.
Proof. We denote by ¢ the theta function dr;. of the lattice I¢. Then
ﬁc(f) = Z arqr7
r=0
where aj(ay) is the number of elements x = %(c +2y) €I, c €C,y € Z?4, with x> =

2 (resp. 4). So
a; =24-2 + 16Ay,
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since a; is the number of pairs (c,y), ¢ € C, y € Z** with ¢ +4cy+4y*> =4, and 4 =
(£1)2 4+ (£1)2+ (£1)? + (£1)? = (£2)? are the only ways to write 4 as a sum of squares.
Similarly

24
ay =285 +16A4-20-2+ <2> -4,
So we can derive a relation between A4 and Ag from a relation between a; and a,. O

Lemma 2.5. Let f be a modular form of weight 12 and
f(r)= Z arq"
r=0

its power series expansion in q. Then
ay = —24a; 4 196560qy.

Proof. By Corollary 2.2 we have only to verify this for EZ and E62, or, more conveniently,

for A = ﬁ(Ef —E?) and EZ. Now

1

as we have seen at the end of Sect. 2.5, and

E¢ = 1—504g—504-33¢>+...,
E? = 1—2-504g+ (504> —2-504-33)g* + ...
= 1—1008g4220752¢% + ...,

but 220752 = 196560 + 24 - 1008. This proves the lemma. O
Proposition 2.8. Let I" C R** be an even unimodular lattice. Then
az = 196560 — 24aq;.

Proof. This follows from Lemma 2.5, since the theta function ¥ is a modular form of
weight 12 (Theorem 2.1), and ag = 1 for 9. O

Now Proposition 2.7 follows from Proposition 2.8.
Example 2.2 Let us consider the code C = H ® H @& H C F3*. Then
We(X,¥) = (x8+14x*v* 4 v8)°

= X2 42X 2074 (3. 142 + 3)X 1Oy8 4.
= X? 4+ 42x20y* 4 501X 10y8

and 591 = 759 — 168, which is the assertion of Proposition 2.7.
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Propositions 2.7 and 2.8 give rise to the following questions: Is there a linear code G
with A4 = 0? Is there a lattice I" with a; = 0? Note that such a lattice cannot be of the
form I, since a; > 48 for I¢. _

Let us suppose that there exists a linear code G with A4 = 0. Then this code determines
759 8-subsets (i.e., subsets with 8 elements) of the set {1,2,...,24}. Since G is doubly
even, each 5-subset is contained in at most one of these 8-subsets (otherwise add the
two codewords; you get a codeword of weight not divisible by 4 or of weight 4 which is

excluded by A4 = 0). There are
24 8
=1759.

5-subsets. Therefore each 5-subset is contained in exactly one of the 759 8-subsets. This
means that the codewords of G of weight 8 form a Steiner system S(5,8,24). By a theorem
of Witt [93], such a system is unique to within a permutation of the set {1,2,3,...,24}.
The group of permutations of this set fixing the Steiner system S(5,8,24) is the Mathieu
group M4 (see [66, Chap. 20]). This is a sporadic simple group.

Remark 2.2 The lines in P,(IF,) form a Steiner system S(2,3,7), and this corresponds to
the binary [7,4, 3] Hamming code.

2.8 The Golay Code and the Leech Lattice

We now show that there exists a unique doubly even linear code GC IE‘%A' with A4 = 0.
This is the extended binary Golay code, discovered by M. J. E. Golay in 1949 [27]. The
presentation in this section is strongly influenced by [7] and by personal communication
and private notes by J. H. van Lint.

We shall first show that there is at most one such code. For the proof of this fact we
follow [7]. We need some preparations.

Definition. Let S be a set with v elements and let *B be a collection of k-subsets of S
(which we call blocks) with the property that any z-subset of S is contained in exactly A
blocks. Then the pair (S,B) is called a t-design, more precisely, a t-(v,k,A) design. The
elements of S are called the points of the design. A Steiner system is a t-design with A = 1.
A 1-(v,k, 1) design is also called a Steiner system S(z,k,v).

For the proof of the following proposition we need some elementary facts from design
theory (cf. e.g. [8]). Consider a 7-(v,k,A) design. Let S; be a given set of j points with
0 < j <t and denote by A; the number of blocks containing §;. There are two ways to
choose ¢ points starting with the given j ones. One can first choose a block containing S;
and then choose t — j further points from this block. There are

o
#(i55)
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possibilities for this choice. On the other hand one can first choose ¢ — j arbitrary further
points and then a block containing all ¢ points. This yields

v—j A
t—J
choices. So we obtain the equality

(k=0 _ (v
W ()= () -
It follows that the number A; is independent of the choice of the original set S;. The

number Ay is the total number of blocks and is usually denoted by b. The number 4; is
the number of blocks containing a given point and is also denoted by r.

Lemma 2.6. In a 2-(v,k,A) design with b =v and k = r, any two blocks have exactly A
COmmon points.

Proof. We arrange the characteristic vectors of the blocks as the rows of a b x v matrix M
with entries O or 1. This matrix is also called the incidence matrix of the design. By our
assumptions b = v. The conditions that any block contains k points and that any point lies
in r blocks can be expressed in terms of M in view of k = r as follows:

MJ]=kl=r]=JM.

Here J is the v x v matrix with all entries equal to 1. The condition that any pair of points
lies in A blocks can be expressed as follows:

MM = (r—A)I+AJ,

where I is the v X v identity matrix. Since M commutes with J and M' = ((r — A)I +
AJ)M_I, M also commutes with M’ and we have

MM = (r—2)I+ AJ.
This means that any two blocks have exactly A points in common. O
Proposition 2.9. There is (essentially) only one 2-(11,5,2)-design.

Proof. The collection of blocks of a 2-(11,5,2) design is a set of 5-subsets of an 11-set
such that every pair of points is contained in exactly 2 blocks. By Equation 2.2 we have
b=v =11 and r = k = 5. Therefore the conditions of Lemma 2.6 are satisfied and it
follows from this lemma that any two blocks have 2 common points. Therefore we can
conclude as follows. Without loss of generality we can assume that the characteristic
vector of the first block is (1 11110000 00). The remaining blocks correspond to the
2-subsets of the first five points. One can order these lexicographically. It is an elementary
exercise to show that we are left with two possibilities (up to permutation of the points)
for the incidence matrix. It is either the matrix
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11111000000
11000111000
10100100110
10010010101
10001001011
01100010011
01010001110
01001100101
00110101001
00101011100
00011110010

or its transpose. But the transpose matrix is obtained by interchanging columns 4 and 5,
7 and 8, and 9 and 10 and the corresponding rows. In this way one sees that up to renum-
bering of the points one obtains exactly one such design. This proves Proposition 2.9.
O

Definition. A code C C 5 with minimum distance d = 2e + 1 is called a perfect code if
one of the following equivalent conditions holds:

(i) Every x € [F} has distance < e to exactly one codeword.

i [Cl(1+ () +...+ () =2

Theorem 2.6. Let C be a binary (24, 212, 8)-code containing 0. Then C is a doubly even
self-dual linear [24,12,8]-code, and there is up to equivalence at most one such code.

Proof. Let C be such a code. Take any coordinate position and delete it (one calls this
process puncturing of the code). One finds a (23,2'2,7)-code Cj. Since

() (3)+ () -

the punctured code Cy is perfect. It follows from this fact that the code Cy has weight
enumerator coefficients Ag = Ax3 =1, A7 =A1 =253, Ag =A15=506,A1 =A;p =
1288. (This can be seen as follows: Since C is perfect, the sphere around 0 € Cy of radius
3 covers the vectors of weight at most 3. The (243) vectors of weight 4 must be covered

by spheres of radius 3 around codewords of weight 7, so that A7 = (%43’) / (D = 253; next

As = [(3) —47(1)]/ (%) = 506; etc.) Now if C contains a word of weight w not divisible
by 4, then by suitably puncturing we would find a Cy containing a word of weight w or
w — 1 not equal to 0 or —1 (mod4), which is a contradiction since any puncturing yields
the above weight distribution. Hence C has weight enumerator coefficients Ag = A =1,
Ag = A6 =759, Ao = 2576. Giving an arbitrary vector in C the role of 0 we see that all
distances between codewords are divisible by 4. If u,v € C then

d(u,v) =wu) +w(v) —2{u,v),

where ( , ) is the inner product with values in the real numbers. So (u,v) is even, and
it follows that C C C*-. But C™ is a linear subspace of dimension 24 — dim(C) < 12. It
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follows that the span (C) of C has < 212 elements. Since C has 2'% elements, we see that
C = C* and Cis linear.

Consider a vector u of weight 12 in C such that u+uz = 1 (1: the all one vector)
for some vector u of weight 12. Consider the code C, obtained from C by omitting all
coordinate positions where u has a 1. This code has word length 12, dimension 11, and all
words have even weight. Hence it must be the even weight code of length 12 consisting
of all vectors in ]F%2 of even weight. This means that C has a generator matrix of the form

111| 1 | 0 |011

A (Ol])t (]1l)t 111 )

where I} is the 11 x 11 unit matrix and & is the notation for a row vector with k compo-
nents of type a. The matrix A has the following properties

(i)  Every row has weight > 6.
(i)  Any two rows have distance > 6.

The first row of the above generator matrix of C corresponds to u. Since every row of
this matrix has distance > 8 to u, every row has weight 6 in A. From equality in (i) one
can easily deduce equality in (ii). Let J be the 11 x 11 matrix with all entries equal to 1.
Then J — A is the incidence matrix of a 2-(11,5,2) design. The uniqueness of C thereby
follows from Proposition 2.9. O

We now show the existence of such a code. The construction which we give is due to
J. H. Conway (see also [21, Chap. 11]).

We start by constructing a special [6,3,4]-code over F4. Here Fy = {0, 1, 0, @}, w? =
o + 1 = ®. The words of this code are of the form

(a.b.¢, (1), f(@).f(®)),  where f(x) == ax’ +bx+c.
This code is called the hexacode. A generator matrix for this code is

1001 ww
0l10lww
001111

Exercise 2.2 Show that the minimum distance of this code is 4, and that no codeword has
weight 5.

We now construct a binary linear code G of length 24 as follows. The words of this
code are represented by 4 x 6 matrices with entries O or 1 satisfying the following two
rules:

(A) The six column sums and the first row sum have the same parity.
(B) If r; denotes the i-th row (1 <i < 4), then r, + @r3 + @ry is in the hexacode.

Such a codeword is found in the following way:
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@) Pick a word in the hexacode.

(i)  Choose a parity of the first row.

(iii)) Choose the first 5 columns in such a way that the sum in (B) yields the corre-
sponding coordinate in the chosen hexacodeword. The following columns yield
the indicated elements of Fy:

0 0 0 0 1 1 1 1

0 1 1 0 1 0 0 1

0 1 0 1 1 0 1 0

0 1 0 1 0 1 0 1

0 1 0 1 0 1 0 1
0} o o 0} [0] [0] [0] [0]
1 0 0 1 1 0 0 1
0 1 0 1 0 1 0 1
1 0 1 0 0 1 0 1
0 1 0 1 1 0 1 0

(iv)  In column 6 we have only one choice.

We observe that rules (A) and (B) are linear. So G is a linear code. There are 4> choices
for (i), 2 choices for (ii), and 2 choices for each of the five columns in (iii). Therefore
G has dimension 2-3+1+5 = 12. If in (ii) above we take even and in (i) a nonzero
hexacodeword, we find a word of G of weight > 4-2 = 8. I£ in (ii) above we take even
and in (i) the hexacodeword 0, we find either O or a word of G of weight > 2-4 = 8. If in
(i1) above we take odd then we clearly find a word of weight > 6. Weight exactly 6 would
imply that the hexacodeword has weight 5, which is not possible by Exercise 2.2. So we
find again a word of weight > 8. Therefore G has minimum weight > 8.

We conclude that G is a [24,12]-code with minimum distance > 8. So we have shown
the existence of a code with the parameters of Theorem 2.6. So there is a unique (up to
equivalence) [24,12,8]-code, and this code is called the extended binary Golay code.

Exercise 2.3 Consider those words in G which have the property that the third and the
fifth column of the 4 X 6 matrix are equal to the first column, and the fourth and sixth
column are equal to the second column. Show that the 4 x 2 submatrices of these words
consisting of the first and second column form the extended binary [8,4,4] Hamming
code.

The (original) binary Golay code G is a [23,12,7]-code which is obtained from G by
deleting some column of the generator matrix of G. We shall show that it doesn’t matter
which column to delete. Hence the binary [23,12,7]-Golay code is also unique.

In order to show the uniqueness of the Golay code, we give another construction of the
extended binary Golay code.

Consider the icosahedron as a graph. Let A be the adjacency matrix of this graph. This
is obtained as follows: number the 12 vertices of the icosahedron by vy,...,vi>. Then A
is a 12 x 12 matrix with entries O or 1 and a;; = 1 if v; and v; are joined by an edge, and
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a;j = 0 otherwise. Let / be the 12 x 12 unit matrix and J be the 12 x 12 all one matrix.
Then the rows of the 12 x 24 matrix (I J—A) generate the extended binary Golay code.

Exercise 2.4 Prove this. (First observe that the generated code is self-dual and that (J —
A" I) generates the same code. This allows one to study only linear combinations of 2 or
3 basis vectors. Consider first the sum of two rows of the generator matrix corresponding
to two distinct vertices v; and v of the icosahedron. There is a one at position 12 +i
(i=1,2,...,12) of this vector if and only if the vertex v; of the icosahedron is joined by
an edge to v; or v but not to both of these vertices. Since there are exactly two 1’s among
the first 12 components of this vector, one has to show that for any choice of distinct
vertices v; and vy there are at least 6 such vertices. To show this, use the symmetry of
the icosahedron. Similarly, consider the sum of three rows corresponding to three distinct
vertices v;, vk, and v;. There is a one at position 12+ of this vector if and only if the
vertex v; is either adjacent to exactly two or to none of the vertices v;, vk, and v;. In this
case one has to show that there are at least 5 such vertices.)

_ We have already seen that the automorphism group of the extended binary Golay code
G is the automorphism group of the Steiner system S(5,8,24), and this is the Mathieu
group Moy.

Proposition 2.10. The automorphism group of the extended binary Golay code G acts
transitively on the 24 coordinate positions.

Proof. Let A be the adjacency matrix of the icosahedron. It follows from the above re-
marks that (I J—A) and (/ —A" ) both generate G. Since the symmetry group of the
icosahedron is transitive on the 12 vertices, the claim follows. O

Corollary 2.3. Let C be a binary code containing 0 with word length 23, minimum dis-
tance 7, and |C| > 2'2. Then C is the binary Golay code.

Proof. Extend C by a parity check bit to obtain G. Thus C is obtained from G by suppress-
ing some coordinate position, but all positions are equivalent, since the automorphism
group acts transitively on the coordinate positions by Proposition 2.10. 0O

We have already seen that the Hamming weight enumerators of the codes G and G are
equal to

We(X,Y) = X2 +253X10y7 4+ 506X 18 + 1288x 2y !!
+1288x Y12 4 506x8Y"0 + 253Xy 1 + ¥,

Ws(X,Y) =X+ 759X 078 4 2576X 12y 12 + 759X ¥y 10 + Y24,

Now we want to construct an even unimodulNar lattice with a; = 0, i.e., which con-
tains no roots, using the extended Golay code G. Let us first consider the lattice Iz =
%p’l(a), where p : Z** — F2* is the reduction mod 2. Let us put for brevity I =
p~'(G). Then

a) = 48
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and the 48 roots correspond to the vectors of type (£2)'0%? of I". Here the notation a*b’
means k components of type a and [ components of type b. Proposition 2.8 yields

ar = 196560 — 24a; = 195408.

The vectors x € I" with x> = 8 are the 759 - 28 vectors of type (+1)%0'6 where (+1)¥ is a

contribution of G, and the (%) -4 vectors of type (42)20?2. They yield 195408 vectors of
type I of squared length 4.

Now x € I' = p~!(G) can be written as x = ¢ + 2y with ¢ € G and y € Z2*. Since G is
doubly even, Y} x; € 27Z. Therefore we can define a homomorphism

o:I' —TF,

1
X — szi (mod 2).

Note that Y x; =2Yy; (mod 4) implies that

%Zx,- = Zy,- (mod 2).

Now A := o~ (0) is a sublattice of I" of index 2 which contains no vectors of squared
length 4. The lattice I can be written as the disjoint union

I' =AUN

of A with the set N := a~!(1). Then the set AU (3 - 1+N), 1:=(1,...,1) € Z**, is also
a lattice. Now an element of (§ -1+ N) is of the form § - 1 4c+ 2y, with ¥y; odd. Then

2
(;-1—|—c—|—2y> =6+2-(1-y)=6+2- (Zy,-) =0 (mod 4).

So we can make the following definition:

Definition. The Leech lattice is the lattice

e 2 (10 (1)),

Lemma 2.7. The lattice Ay is an even unimodular lattice, which contains no roots.

Proof. That Ay4 is even, follows from the above arguments.

Note that the lattice A := %A is a sublattice of the unimodular lattice I’ G of index 2.
Since it has also index 2 in Apg4, it follows that Ay4 is unimodular.

Since A contains no vectors of squared length 4 and the shortest vectors in (3 - 1+Z>*)
are of the form (:I:%7 ey :I:%) and therefore have length 6, we see that Ay4 contains no
roots. This proves the lemma. O

We finally indicate the 196560 vectors of squared length 4 in Ay4. We shall indicate
the corresponding vectors of squared length 8 in AU (% “1+N ):
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type number
(£1)80'6 (ind) 759-27 = 97152
(£2)%0% (ind) 4-(3)= 1104
2

(1) (£3)" (in 114+N) 212.24 = 98304
total = 196560

2.9 The MacWilliams Identity and Gleason’s Theorem

In this section we want to derive the MacWilliams identity for binary linear codes and
Gleason’s theorem from the theory of modular forms.

First let us consider the following theta function. Let

A(t) =Y ¢ =1+429+2¢"+2¢4° +....

XE€Z

This is the theta function of the lattice I' = v/2Z. So

A@) = E gt = X g,

xel’ x€27

Consider also

Br):= Y gt

x€27+1

This is not a theta function of a lattice. Then

A(T) +B(T) = Z q%(xx) — Z q%(xx)

X€Z xeLz

S

But the lattice %Z is the dual lattice of I = v/2Z. Hence from Proposition 2.1 we derive
the following transformation formula

A (i) _ (;)lﬂ\%(A(T)JrB(T)).

Replacing 7 by f%, we get from this formula

(+3)- ()" Jpue-ren

A

The matrix
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defines a transformation in the (A,B)-plane which is a rotation by 45° followed by a
reflection. The following homogeneous polynomial in A and B of degree 24 is invariant
under this transformation:

A (A2 —B) (A2 BY) = a'Bt (At —BY)".

Since A*B* (A4 — B4)4 is also invariant under the transformation 7 +—— 7+ 1, it is a mod-
ular form of weight 12. Now

1

B(1) = Z q4(4y2+4y+1) = q% Z qy2+y = 2q% + higher order terms.

x€2Z+1 YEZL
x=2y+1 -
Thus
B*(7) = 16g + higher order terms,
A*B* (A4 — B4)4 = 16¢g + higher order terms,
and hence

A*B* (A —BY) = 16A = 16q [T (1 - ¢)*.
n=1

Proposition 2.11. Let C C I} be a binary linear code with Hamming weight enumerator
We(X,Y). Then
Or. = We(A,B).

Proof. Consider a codeword ¢ € C, and let p : Z" — T be the reduction mod 2. Then

Y gt = Y gilen) — g peie)
xe 5P 1) xep~1(e)

by the definition of A and B. This proves the proposition. [
Example 2.3 For the extended Hamming code H we have
W;(X,Y) = X5+ 14x*y* + 18

and hence
Vg, = E4 = A% +14A%B* - B®.

Theorem 2.7 (MacWilliams). Let C C I} be a binary linear code of type [n,k,d). Then
1
WcL(X,Y) == ?WC(X+Y,X7Y)

Proof. We derive this identity from the corresponding identity for theta functions (Propo-
sition 2.1) using Proposition 2.11. We have

we(a(=2) (=)
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1
(3)% L 9r:(t)  (by Proposition 2.1)
—\i/) ke y Frop '
T\2 1
:(ﬂ 0. () (by Lemma L11)
T\2 1
= () 57Wer (0. B(2)

By the transformation formulas of A and B, we have on the other hand
wela(=L) 8(-1)) = (7)"/2 L We(A(r) +B(2),A(7) — B(1))
C T 3 T - i 2n/2 C B .

1
Wer (A,B) = ?Wc(A +B,A —B).

We know from Corollary 2.2 that the algebra of modular forms is isomorphic to the poly-
nomial algebra C[E4, Eg). This implies that the modular forms of weight divisible by 4
form a polynomial algebra C[E4, A] generated by E4 and A. But

Thus

E, =A% +14A%B* + B?,
1

A= —A*B*A* — BY*.

Therefore A and B are algebraically independent over C. This proves Theorem 2.7. O
Corollary 2.4. If C C T} is a self-dual code, then
X+Y X-Y )

V2 V2 )
This means that the Hamming weight enumerator is invariant under a rotation by 45°
followed by a reflection.

We(X,Y) :WC(

Example 2.4 Forn=2,k=1,C = {(0,0),(1,1)} C F3 we have
We(X,Y)=X>+Y2

This polynomial is invariant under rotations.

Theorem 2.8 (Gleason). Let C C I be a doubly even self-dual code. Then the Hamming
weight enumerator We(X,Y) is a polynomial in

¢ :=W5(X,Y) =X*+14x*v* +v®

and .
E=xv*(x*—vY)
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or, equivalently, in the weight enumerator Wy of the extended Hamming code and the
weight enumerator

Ws(X,¥) = (X®+ 1474 +78)° —a0x?r* (x* —v*)°
of the extended Golay code.

Proof. Wc(A,B) is a modular form of weight 5. Since C is doubly even and self-dual, % is
divisible by 4. As we have already seen in the proof of Theorem 2.7, every modular form
of weight divisible by 4 is a polynomial in E4 and A. Hence W¢(A, B) is a polynomial in

A%+ 14A*B* 4 B® and A*B* (A4 - B4)4. This proves Theorem 2.8. 0O

Theorems 2.7 and 2.8 can also be proved (and were first proved) without using the
theory of modular forms.

Analogues of Theorems 2.7 and 2.8 for so-called local weight enumerators were ob-
tained in [74] using theta functions with spherical coefficients (which are considered in
Sect. 3.1).

Example 2.5 Let n =32, and C C IF%Z a doubly even self-dual code. Then, by Theo-
rem 2.8,

We(X,Y) = (X84 14x4v* +v8)*
+xY (= v (X8 4 1ax0Y + 1Y),

If this code has minimum distance 8, i.e., As = 0, where A4 is the coefficient of X28Y*,
then b = —56. Thus
Ag = 14% .6 +4 — 560 = 620.

Now let n = 24m+ 8k, k = 0,1,2. Let C C F; be a doubly even self-dual code with
weight enumerator We(X,Y). By Theorem 2.8, We can be written as

We=Y bjdm-iltkei  pecC.
j=0

Now suppose that the b; are chosen so that We(X,Y) has as many leading coefficients
equal to zero as possible. Then also the first possibly nonzero coefficient, the coefficient
of X"—4m=4y4m+4 which we denote by A}14- 1 uniquely determined. So

We(X,Y) = X"+ Al X4yt

The resulting W¢ is the weight enumerator of a doubly even self-dual code with the great-
est minimum weight we might hope to attain, and is called an extremal weight enumerator.
A linear code having this weight enumerator is called an extremal code. An extremal code
has minimum distance d > 4m + 4. In fact it has minimum distance d = 4m + 4, since it
can be shown that A3, ., # 0 for all m > 1. For example, for k = 0 one has the following

*
formula for A4m+4.
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Theorem 2.9. For an extremal doubly even self-dual code C C F%, n = 24m, one has

A _(n)\ (S5m—2 4m+-4
44— \5 )\ m—1 5 )
Proof. This follows from the fact that the codewords of C of weight 4m 44 form a 5-

design (Theorem of Assmus and Mattson, cf. [66, Chap. 6, §4, Theorem 9]). For details
see [66, Chap. 19, §5]. O

Example 2.6 For m = 1: Ag =759, form =2 : A}, = 17296.

But, by a result of Mallows, one has
A2m+8 <0

for n = 24m sufficiently large. This shows that extremal doubly even self-dual codes of
length n = 24m can only exist for finitely many m. A computer was used to show that
A}, g first becomes negative at around n = 3720:

1.163-10'7°,
—5.848-10'°.

Q

*
A624

Q

*
A628

In fact one knows the existence of extremal doubly even self-dual codes for n < 64 and
some n > 72. It is not known whether there exists such a code for n = 72. For more details
see [66, Chap. 19, §5].

There are similar results for lattices. Let I" be an even unimodular lattice in R", n =
24m+ 8k, k = 0,1, or 2. The theta function ¥ can be written as

m i )
or = Y bE;" AL biec.
j=0

If
‘&F(T) =1+ a§m+2q2m+2 +..,

then this theta function is called an extremal theta function and a corresponding lattice
is called an extremal lattice. For an extremal even unimodular lattice, one can also show
that a3, , > 0 for all m, but a3, , , < 0 for all sufficiently large m. So like extremal codes,
extremal even unimodular lattices can only exist for finitely many . The coefficient a5, , 4
first becomes negative at around n = 41000. The existence of an extremal even unimodular
lattice in R7? was only proven in 2010 by G. Nebe [67]. For more details see [21, Chap. 7,
§71.

2.10 Quadratic Residue Codes

By Example 2.5 an extremal doubly even self-dual code of length 32 would have mini-
mum distance d = 8 and Ag = 620. Similarly, an extremal doubly even self-dual code of
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length 48 would have minimum distance d = 12 and A = 17296 (cf. Example 2.6). So
far, we do not know the existence of such codes. Our aim in this section is to construct
such codes. This construction will be part of a general construction of an important class
of codes, the so called quadratic residue codes. A general reference for this section is [56,
Chap. 6].

Let p be a prime number. Then we denote the field Z/pZ by F,. If F, is any finite
field with g elements then ¢ must be a power of some prime number p, so g = p" for
some r. The number g determines F,; up to isomorphism: The multiplicative group F7 is
a cyclic group of order g — 1, and the elements of [, are exactly the g distinct zeros of
the polynomial x7 — x. Therefore I, is the splitting field of x? — x and therefore uniquely
determined by g.

The mapping ¢ : F, — F,, x — x?, is a field automorphism of F, which fixes the
subfield IF,. We have 6" = 1. The automorphism ¢ generates the Galois group of [,
over IF, which is therefore cyclic of order r. If s divides r then ¢ generates a cyclic
subgroup of order r/s. The subfield Fix(c*) of I, fixed by o* consists of the zeros of the
polynomial x”* — x. Hence Fix(c*) = Fps C IFpr. The polynomial x”" — x is the product of
all irreducible polynomials over F, of degree s with s|r which are monic, i.e., where the
coefficient of x°* is 1. The orbits of the Galois group of - over IF,, are just the zeros of
the irreducible factors of x”" — x.

Example 2.7 Let p =2, r = 4. Then [F},| = 15 and

KO x=x(x+ D+ x+ D Hx+ D+ 2+ D+ 2 x4 1).

Let o be a generator of F7,. The orbits of the Galois group of 4 over F; are
{l}a {aaazaa4aa8}a {a3aa67a12aa9} {asaalo}a {a7aa147a13aa11}'

Let k = IF, be a finite field with ¢ = p” elements. We denote by k[x] the ring of poly-
nomials over k. Let n be a natural number with (n, p) = 1 and consider the polynomial
x" — 1 over k. The multiples of X" — 1 form a principal ideal in k[x] which we denote by
(x" — 1). The elements of the quotient ring k[x]/(x" — 1) are represented by polynomials
ap+ayx+...+a, X! with a; € k for 0 <i <n— 1. We therefore identify k[x] /(x" — 1)
with k" by mapping ag +ajx+ ... +a, X"~ to its n-tuple of coefficients (ag,...,a, 1).

Now let X" — 1 = g(x)h(x), where g(x),h(x) € k[x] and deg(g) = m < n and consider
the code

C = {a(x)g(x)(mod x"* — 1) |a(x) € k[x]} C k".

Such a code is called a cyclic code. This code is a linear code of length » and dimension
n —m. The reason for the name cyclic code is the following: If C is a cyclic code and
c(x) =co+cix+...+c,1x" ! is any codeword, then xc(x) is also a codeword, i.e.,

(Cn,I,CO,Cl,...,Cnfz) eC.

Conversely, one easily sees that a linear code C having this property corresponds to an
ideal in k[x]/(x" — 1) and therefore is cyclic.
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The polynomial g(x) is called the generator polynomial of C. Write g(x) = by +bix+
eoot by X1 with by = ... = b,_1 = 0. The codewords g(x), xg(x), ... , ¥" g(x)
generate C, hence a generator matrix of C is given by the first n — m rows of the matrix

bo by ... by
Bt bo ... by
by by ... by

It is in general not so easy to determine the minimum distance d of a cyclic code. We
now assume that

() = (x—a)(x—a?)- - (x—a")g(x)

in k[x], where ¢ is a primitive n-th root of unity. A cyclic code with such a generator poly-
nomial is called a BCH code, because it was first considered by R. C. Bose, D. K. Ray-
Chaudhuri, and A. Hocquenghem.

Proposition 2.12. The minimum distance d of C is at least r + 1.

Proof. Assume that allx’l +...+a,x" is a codeword in C, where the f; are pairwise dis-
tinct integers with 0 <t <n—1fori=1,...,r. Then we must have

a o' +... +a,a" =0

atl Ot2t1 + e + atr(XZt’ = 0

atl Oc”' + ... —i—atr(x”’ =0.

These are r linear equations for a;,, ..., a;.. The determinant of the coefficient matrix is
ot L.Loalr R |
o L a? a LAt
=olt...ofr
a oo (atl)rfl (atr>r71
= 4ol g H(ati — (xtj)7
i<j

since the last determinant is a Vandermonde determinant. Since « is a primitive n-th root
of unity, this determinant is different from zero. Therefore the above system of linear
equations has only the trivial solution and Proposition 2.12 follows. O

Remark 2.3 The bound of Proposition 2.12 is usually called the BCH bound.

Note that if ko C k is a subfield of k and g(x) lies in ko[x] then we can consider every-
thing over k. The corresponding linear code C C k¢ also has dimension n — deg(g) over
ko.
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Now let p =2, g=2",and n = qg— 1 = 2" — 1. Furthermore, let o be a primitive n-th
root of unity, and let g(x) € F,[x] be an irreducible polynomial with g(a) = 0. By the
remarks at the beginning of this section, g(x) has degree m and

gx) = (x—a)(r— ) (x—ot)--- (x—a®").

The corresponding linear code C,) C Fy is called a (generalized) Hamming code. By
Proposition 2.12 it has minimum distance at least 3. Since g(x) € F»[x] we can also con-
sider the linear code C C 5 over I, of the same length 7 and dimension n —m.

Proposition 2.13. The linear code C is a perfect code with minimum distance 3.

Proof. If C is an [n,k,d]-code with d > 2r + 1 then spheres of radius 7 around codewords
are pairwise disjoint. This implies that

#[ie (1) ()] <2

2" 4n] = 2"

In our case we have

Therefore d must be less than or equal to 4. Assume now that d =4. Let ¢ € C be a
codeword of weight 4. Then there exists x € C of weight 2 with d(x,c¢) = 2. Since the
spheres of radius 1 around codewords cover I, there exists a ¢’ € C with d(x,c’) = 1. But
then d(c,c’) < 3, a contradiction. Therefore the minimum distance of C is 3 and by the
definition of Sect. 2.8 C is a perfect code. This proves Proposition 2.13. O

For m = 3, C is a binary [7,4,3]-code and hence equal to the [7,4,3]-Hamming code
H introduced in Sect. 1.2. For m = 2 we get the repetition code of length 3 considered in
the same section.

We want to determine the dual code to a Hamming code. For that purpose let x* — 1 =
g(x)h(x) in F2[x], where n is odd. Denote by C, the cyclic code with generator polynomial

g(x).

Lemma 2.8. The dual code Cgl is equal to the cyclic code C;; generated by the polynomial
h(x) = x%ehp(x1) (mod x" — 1).

Proof. Since deg h= deg h and deg g + deg i = n, we have dim Cg +dim C; = n. In
order to show that C;; C C; note that the inner product a- b of two elements a(x),b(x) €
F,[x]/(x" — 1) is the constant term of a(x)b(x~!). But g(x)h(x~!) = g(x)h(x)x e =
(2" — 1)x™" has constant term 0. This proves Lemma 2.8. O

A linear code C C IF] is called a simplex code if and only if all nonzero codewords
have the same weight d. For the weight enumerator of a simplex code C of dimension m
we have

W.(X,Y)=X"+ax" 9,

where a = 2" — 1.
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Lemma 2.9. Let C be a simplex code, and let n =2" — 1. Then C L+ has minimum distance
>2ifand only ifd = S (=2""1).

Proof. By the MacWilliams identity (Theorem 2.7) we have

Wi (X,Y) = zim((X+Y)”+a(X+Y)"*d(x—Y)d).

The coefficient of X"~'Y is

1 1
ﬁ(rH—n(n—d—d)) = z—mn(n—i—l—Zd).

Lemma 2.9 follows from this. O

Now consider a Hamming code C. This is an [n,n —m, 3]-code over F with n =2" — 1.

Exercise 2.5 Show that the minimum distance of the dual code C* is > 2! by using
Proposition 2.12.

Proposition 2.14. The dual code C*- of a Hamming code is a simplex code with minimum
distance 2" "

Proof. The code C is a linear code of length n and dimension m. By Lemma 2.8 the
generator polynomial of C* is &, deg(h) = n — m. Then the codewords

0,h(x),xh(x),....x" 'h(x)

are contained in C*. We claim that they are all different in F,[x]/(x* — 1). Otherwise, a
difference (x” —x*)h(x) must be divisible by x" — 1, hence must vanish at all roots of unity.
In particular o~ ! must be a zero of X" —x°, i.e., " — o5 = 0 for r,s < n, r#s, which is
absurd. Therefore C- has exactly 2" codewords, all having the same weight. Hence C-
is a simplex code, and by Lemma 2.9 its minimum distance is equal to 2", This proves

Proposition 2.14. O

In particular the dual H of the [7,4,3]-Hamming code H is a simplex code; this code
was considered in Sect. 1.4.

We consider again a general cyclic code over a finite field k of characteristic p > 0. For
a natural number n with (n, p) =1 let

¥ 1= g()h(x),

and let C be the cyclic code in k[x]/(x" — 1) generated by g(x). Since X" — 1 has no multiple
zeros, the polynomials g(x) and (x) have no common divisor in k[x]. Hence there exist
polynomials a(x),b(x) € k[x] such that a(x)g(x) + b(x)h(x) = 1. Define

c(x) :=a(x)g(x) (mod x"* — 1).

Then ¢(x) is a codeword in C which satisfies ¢?(x) = c(x). Therefore c(x) is called an
idempotent of C. Moreover, ¢(x)g(x) = g(x) implies that ¢(x) p(x) = p(x) for all p(x) € C.
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So ¢(x) is an identity element for C. Now let o be an n-th root of unity in an extension field
of k. Then ¢(ot) = ¢(et)c(a) and hence c(a) =0 or c¢(er) = 1. It follows that ¢(o) =0
if g(a) =0 and ¢(a) = 1 if k() = O for all n-th roots of unity a. There is a unique
codeword ¢(x) € C with ¢?(x) = ¢(x) which satisfies this condition: For if ¢(x) is such a
codeword, then c¢(x) has to be a multiple of g(x) and 1 —¢(x) a multiple of /(x) in k[x]. But
this means that there exist polynomials a(x) and b(x) such that 1 = a(x)g(x) + b(x)h(x).
This implies that a(x) — a(x) is a multiple of i(x), hence ¢(x) is uniquely determined
modulo x" — 1.

Since ¢(x)g(x) = g(x), we see that c(x) generates the ideal C. Hence the codewords
obtained by cyclic permutations of the coefficients of ¢(x) generate the code C.

We shall now introduce quadratic residue codes. For that purpose we assume that the
prime p satisfies p =7 (mod 8). Then F, = Z/pZ = {0} UQUN where Q is the set of
quadratic residues and N is the set of non-squares in IF,. A quadratic residue in F, is the
residue class of a square in Z. The sets Q and N have the same number ”Tfl of elements.
Now let n := p and consider the polynomial x” — 1 over k = F,. If 2" — 1 =0 (mod p)
(e.g.if m = p—1) then x” — 1 splits over [Fo» into linear factors.

Example 2.8 For p = 23 we can take m = 11, since 2'! — 1 = 2047 = 23 -89. This implies
that 2 is not a generator of (F»3)*. But 5 is a generator. The powers of 5 in Fy3 are

5,2,10,4,20,8,17,16,11,9,22,18,21,13,19,3,15,6,7,12,14, 1.
Let o be a primitive p-th root of unity in Fom. Then

p—1

X —1= H(x—aj).
=0
Define
g(x) = [[x—0a"),

reQ

h(x) == (x—1) H(x—(xr).

reN

Then xP — 1 = g(x)h(x). We claim that g(x) and A(x) both have coefficients in F,. To
prove this , we have to show that a? = a for all coefficients, hence that

H(x— a2r> = H(x— o)
reQ reQ

and that the same identity holds with Q replaced by N. But by assumption p = —1 (mod 8),
and hence 2 is a quadratic residue. Therefore the claim follows.

Definition. The cyclic code C of length p over F, with generator polynomial g(x) is called
a (binary) quadratic residue code.

We shall determine an idempotent for C. Define
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c(x) = Zx’ € Falx].

reQ

Since p = —1 (mod 4), we have —1 € N. Therefore the substitution ¢ — ¢~ ! changes the
code, and the idempotent of C must depend on . Clearly ¢?(x) = c(x) in Fp[x]/(x” —1).
Therefore c¢() =0 or ¢(f) = 1 for every p-th root of unity . We have ¢(1) = pr1 =1
If B denotes a p-th root of unity different from 1, then

c(B)+e(B)=1.

Forif =o', s€ Q,then B! =, —s € N and

Y =1

re QUN

Moreover we have c(a*) = ¢(o) for s € Q. Therefore we see that ¢(x) is an idempotent
for C where we have to replace « by o~ ! if necessary, yielding an isomorphic code.
The minimum distance of a quadratic residue code is in general not known.

Proposition 2.15. Let a € C be a codeword with weight w(a) = d.
() Ifd is odd (i.e., a(1) #0), then d* —d +1 > p and d = 3 (mod 4).
(ii) If d is even, then d =0 (mod 4).

Proof. Let a(x) = Y%, x% where the k; are distinct elements of Z/pZ. Define a(x) :=
a(x~!). Then a(a") = 0 for r € Q and a(a”) = 0 for r € N. First assume that d is odd,
so a(1) # 0. Then a(x)a(x) is a multiple of the polynomial 1+x+...+x”~! and hence
equal to this polynomial in F[x]/(x? — 1). It follows that the weight of a-a is p. On the
other hand, by evaluating the product a(x)a(x) we see that there are > monomials and
d of them (of the form x%ix~%) coincide. This implies that d> —d + 1 > p. Another type
of cancellation may arise from a pair with the same exponents. But then there is always
a corresponding pair with the same exponents but opposite signs. Hence, if terms in the
product a(x)a(x) cancel then they cancel four at a time. Therefore d> —d + 1 —4e = p for
some e > 0. Since d is odd, it follows that d = 3 (mod 4). This proves (i).

If d is even then a(x)a(x) = 0 in F5[x]/(x” — 1). As above we obtain d> —d —4e =0
and hence d = 0 (mod 4). This proves (ii) and completes the proof of Proposition 2.15.
O

LetC C JF‘Z’H be the corresponding extended code of C (cf. Sect. 1.2). We have dimC =
dimC = p— ’%l = pTH By Proposition 2.15 C is doubly even and therefore C C C*. It

follows that C is also self-dual.
Letc(x) =co+cix+... —|—c,,,1xp_1 be the above idempotent of C. So ¢, =1ifre Q
and ¢, = 0if r € Q. Then the first ”TH rows of the matrix
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11 1. 1
1 co C1 - Cp—1
G=| 1ep-1co-cpa
1 Ccl1 C2 -+ (o

form a generator matrix for CcC ]F‘;“l , where we have taken the overall parity check

in front. We now number the coordinates of ]Fé7+1 by the points of the projective line
Pi(Fp) =F,U{e} ,ie., by «,0,1,...,p— 1. The group PGL,(F,) of fractional linear
transformations z > fﬁfd’ a,b,c,d € F,, with ad — be # 0 operates on IFgH by permuta-
tion of coordinates. We consider the subgroup PSL,(F,) of fractional linear transforma-

tions with ad —bc = 1.

Proposition 2.16. PSL(FF,) C AutC.

Proof. (Cf. [55, Proof of Theorem (4.4.8)].) The group PSLZ(IFI,) is generated by the
fractional linear transformations S: z+—z+1land 7 : z — f%. Clearly S is a cyclic shift

of 0,1,...,p— 1 and fixes o. So it leaves C invariant.
To study the action of T, number the rows of G by ,0,1,....p— 1. So G =
((8ij))i,jefeo0.1,...p—1}- Define hjj:=g_1 1, H:=((hij)). We have to show that the rows
VN P -1

of H belong to the code C. Let i € {e0,0,1,...,p—1}.

If i =cothen heo j =g, 1 =80,j+ &), since T interchanges 0 and e and interchanges
quadratic residues and non—/squares. Hence row oo of H is the sum of two rows of G. The
case i = 0 is treated analogously.

If i € Q then we consider the sum of the i-th row of H and the i-th row of G. Note
that g;; = go,j—; and h;; = go,—}+%' This shows that g;; + h;; is equal to zero for j =i and

Jj = o0 and equal to one for j = 0. IfjeNthenwehavej—ieQifandonlyif’i—;' EN,

and hence g;; +h;; = 1. If j € O then we have j—1i € Q if and only if ’l—;’ € Q, and hence
gij+hij = 0. This proves that the sum of the i-th rows of H and G is the sum of row 0 and
row o of G. Hence the i-th row of H is the sum of 3 rows of G.

If i € N then one can similarly show that the i-th row of H is the sum of the i-th and
0-th row of G.

This proves Proposition 2.16. O

Remark 2.4 The fractional linear transformation z +— bz, b € ), is in PSL,(F,) if and
only if b = a? for some a € [, If b is not a square in ), then this transformation sends
the code C to the other isomorphic code which is obtained by replacing o by !, This
corresponds to the fact that PGL;(IF,,) contains PSL;(IF,) as a subgroup of index 2.

Note that the group PSL;(IF,,) is doubly transitive, i.e., any pair of different points can
be transformed into the pair (0,0) or into any other pair of different points.

Example 2.9 The quadratic residue code C of length p =7 over F; is the Hamming
code H. The extended code C coincides with the extended Hamming code H. The group



74 2 Theta Functions and Weight Enumerators

PSL;(IF7) is isomorphic to the group GL3(F,) = Gj6s which is the automorphism group
of the Hamming code H (cf. Sect. 1.2). The automorphism group Aut (C~’) acts transitively
on the positions. Hence all positions are equivalent. Hence the subgroup of Aut(H) con-
sisting of automorphisms leaving a position invariant is again Aut (H) = Geg. Therefore
we get _
|Aut(H)| =8-168.

Consider the subgroup W C Aut (H) which consists of all g € Aut (H) with g(0) = 0 and
g(o0) = oo. The group W can be considered as a subgroup of .% and is isomorphic to the
group of the rotations of a cube. Hence it is also isomorphic to .#4 and has order 24. The
subgroup W NPSL,(IF;) consists of dilations of P; (F7) by squares and hence has order 3.

Example 2.10 Let p = 23 and consider the binary quadratic residue code C of length
p. This is a [23,12]-code. As usual, let d denote the minimum distance of C. The BCH
bound yields d > 5, by Proposition 2.15 we obtain d > 7. By Corollary 2.3 C is the binary
Golay code. Hence we have got another construction of the binary Golay code. Moreover,
C is the extended binary Golay code. By Proposition 2.16, PSL;(F23) C Aut (C) Moy,
where My, is the Mathieu group which is a sporadic simple group of order

|May| =210.3%.5.7.11-23 = 244823040 .
On the other hand

23
|PSL,(F23)| = 7(232 —1)=2%3.11-23.

Hence again PSL(F23) # Aut (C).

But E. F. Assmus and H. F. Mattson have proved the following theorem which we
quote without proof (see [66, Chap. 16, §5, Theorem 13]).

Theorem 2.10. If p =7 (mod 8), %(p — 1) prime, and p < 4079 then apart from the two
exceptions p =T and p = 23 one has

Aut ( ) PSL, ( )

V. Remmert [75] has shown that the statement of Theorem 2.10 holds for all prime
numbers p = 8m — 1 with m > 3.
As an application of Proposition 2.16 we prove

Corollary 2.5. The minimum weight of a binary quadratic residue code C is odd.

Proof. Let @ # 0 be a word of minimum weight in C. Since PSL,(IF,) is transitive on the
positions and contained in Aut (5), we may assume that a has a 1 at the check position .
Onmitting the position oo yields a word a in C with w(a) = w(a@) — 1. But C is self-dual and
doubly even, and therefore all weights are even. This proves Corollary 2.5. O

Denote by d(C) (resp. d(C)) the minimum weight of the code C (resp. C). Combining
Proposition 2.15 and Corollary 2.5 we get
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Example 2.11 For p = 31 we get d(C) > 7 and d(C) > 8. Hence C is an extremal doubly
even self-dual code. By Example 2.5 the minimum distance of C must be equal to 8 and
Ag = 620.

Exercise 2.6 Determine the numbers A7 and Ag for the binary quadratic residue code C
of length 31. (Clearly A7 + Ag = 620.)

Example 2.12 For p = 47 we get d(C) > 11 and d(C) > 12. Again C is an extremal
doubly even self-dual code and the minimum distance is equal to 12. By Example 2.6 we
have A, = 17296.

Example 2.13 For p = 71 we also derive d(C) > 11 and d(C) > 12. One can show that
d(&) = 12. This means that the extended quadratic residue code C of length 72 is not
extremal. As already mentioned, it is not known whether there exists an extremal doubly
even self-dual code of length 72.

Example 2.14 For p = 167 the minimum weight of C is unknown. One only knows that
16 <d(C) < 24.



Chapter 3
Even Unimodular Lattices

3.1 Theta Functions with Spherical Coefficients

In this section we study modified theta functions, namely theta series with spherical coef-
ficients, and their behavior under transformations of the modular group. The results of this
section are due to E. Hecke [32] and B. Schoeneberg [78, 79]. Our presentation follows
[71, Chap. VI] and [83].

Let P € C[xy,...,x,| be a complex polynomial in n variables xi,...,x,. Recall from
Sect. 1.4 that such a polynomial P is called harmonic or spherical, if and only if AP =0,
where

" d
A=) —
Loz

is the Laplace operator. If P is spherical and homogeneous of degree r, then P is called
spherical of degree r.

Theorem 3.1. A polynomial P € C[xy,...x,| is spherical of degree r if and only if P is a
linear combination of functions of the form (& -x)", where & € C"*, E2 =0 if r > 2.

Proof. (Cf. [71, Chap. VI, Proof of Theorem 18].)
"< Let P = (€ -x)" with & € C", €2 = 0. Then

AP = Z% <Z§ij) =r(r—1) <Z§i2> (-2 =0.
i i ] l

”=>": For the proof of the other implication we consider the inner product on functions
f,g: R" — C defined by

(r.9)= [ r@etdx
K
where K = {x € R" | ¥.x? < 1}, dx = dx; ...dx,. Let P € C[x,...,x,] be a spherical

polynomial of degree r which is orthogonal (with respect to this inner product) to all
functions of the form (& - x)”, where £ € C" and &2 = 0 if r > 2. We show that P = 0.
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In order to show this, we need four formulas. Let f be a homogeneous polynomial of
degree rin xy,...,x,. Then

9f(x)
8x,~

x; = rf(x). 3.1

Let @; := (—1)"ldx, .. .dx;...dx,, ®:= Y x;0. Then dx = dx;e;. Integrating equation
(3.1) and applying Stokes’ theorem gives

_ 2
r/fa)—/<;axi-x,>a)—/Af(x)dx, (3.2)
JK oK K
where K = {x € R" | Y47 = 1}. A third formula is
/Af(x)dx =r(r+n) /f(x) dx. (3.3)
K K
This follows from (3.2) and Stokes’ theorem:
d
[fo=[Lrso= [ L5 (rmde=+n) [ 0
IK ok ' K ! K
Finally we have

(3.4)

af d
A(fe) = fAg+eaf+2)y 2128

Now let g = (€ -x)", where £2 = 0 and r > 2. (The claim is trivial for r = 1.) Then
g and all its partial derivatives are spherical, and the same is true for P and its partial
derivatives. Then, from equations (3.3) and (3.4),

Of/P g(x)dx = const/A Pg)(x )dxfconst/ Z 8 8 )dx
- dx;  Odx;

(x) d"g(x)
. = const. /Z’a)ﬁ1 o 3)611 o dx.

Now iteration of (3.1) gives
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So the above equation yields P(&) = 0 when &2 = 0. Hence P(x) is divisible by §(x) =
x? = Yx?. So P(x) = 8(x) f(x) for some polynomial f(x). Then equations (3.2) and (3.3)
yield (note that § = 1 on dK)

/f dx— const. /ffa)

= const./éf?w

K
= const./P(x)mdx
K

We shall show that P is orthogonal to all homogeneous polynomials of degree < r. There-
fore

/f f(x)dx = const. /P f(x)dx=0.

Thus f =0,s0 P =0.

It remains to show that P is orthogonal to all homogeneous polynomials f of degree
< r. We show this by induction on r. From equations (3.3) and (3.4) and the induction
hypothesis we get

/P dxfconst/APf x)dx
= const. / P(x)Af(x)dx
K

= const./P(x)Azf(x) dx
K
=0.
This proves Theorem 3.1. 0O

Now letI" C R" be a lattice, z € R" be a point in R", and let P be a spherical polynomial
of degree r. Let T € H. We define

Definition. , ‘ )
Oirp(t)i= Y Px)e™™ =Y P(x+z)e™
xez+I xell

The function ¥, p is holomorphic in H. It follows from the definition that ¥, . p =
O,1rpifzi,220 €R", z1 =25 (mod I'). We now want to study the behavior of ¥, p un-
der substitutions of the modular group. We want to apply the Poisson summation formula.
For that purpose we need to know some Fourier transforms.
Lemma 3.1. We have Table 3.1 of Fourier transforms. Here f(x) is the original function,
and f(y) is its Fourier transform.
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Table 3.1 Fourier transforms

f(x) )

f(0) =e®(F)7 (zem) 70)= (/7)o (~F <arg /T < 7)
) = (D (7 ez e R Py = (f3) oo’

F@) =P@)e™ (PEClxi,....x)) Fo =P (5 s s ) e
F)=(E-xye ™ (e, 62 Oforr>2) f(y)= (Q)’e—nﬂ

F06) = (& (x+2)) &™) 0rer Fo)=(/3)" (52) exmeremio

Proof. For the first row see the proof of Proposition 2.1. It is equivalent to
n
/em(f%)xzefzmx'y dx = <\/?> e (3.9
i
Rl’l

The second row follows from this equality by replacing x by x + z.
The third row follows from applying the differential operator

p 1 d 1 4
2widy,” 7 2mi dy,
to the equation
/e—ﬂfxze—Zﬂ:ixy dx = e—n’yz.
R

(This equation is Lemma 2.1.)
The fourth row is a special case of the third row:

. —my? _ EV\' g . K K
( e > ( : )e v (&yl""’ay,,)

The fifth row follows from applying the differential operator (—5=&V)" to equation
(3.5) and then replacing x by x+z. O

Proposition 3.1. We have the identity

1 p n+2r
) i - . P 271'1) Z m‘E}
z+F,P( ‘L') (\/7) 1 vOl ]R”/F yg*

Proof. By Theorem 3.1 41 p(7) is a finite sum of series of the form

Y (E-(x+2) e e, E2=0forr>2.

xel”
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Now by Lemma 3.1 and the Poisson summation formula (Theorem 2.3)

Y (& (x+2)) M)

xel’

+2
— \/? ”r i 1 Z (5 . y) r627riy-ze7riry2
i vol (R"/T") &, '

This gives the formula of Proposition 3.1. O

For the remaining part of this section we make the general assumption, that I' C R" is
an even integral lattice, that n is even, that P is spherical of degree r, and that k := % +r.

Note that I' C I'*, and that y;,y, € I'*, y; =y, (mod I') implies that y; -x = y, -
x (mod Z) for all x € I" and y? = y3 (mod 27Z). Therefore we have the following formulas
forpeI' (v(I') := vol (R"/T")):

(T1) Spirp(t+1) ="’ 0, 1 p(1),
1 1 T\ ;

(T2) Up+r.p (‘) =—=(7) i7" ¥ &MPOirp(1).
T v(I) (z) o

The group SL;(Z) operates on H and on the set of all functions f : H — C by associ-
ating to f the function f|;A defined by

(f1k4) (7) := f(AT)(cT+d)

for T € H, A € SL»(Z). The formulas (T1) and (T2) describe the transformation of ¥ p
by T and S respectively, where S and T are the transformations of Sect. 2.2 which generate
SL,(Z).

Proposition 3.2. The group SL(Z) leaves the span of all Opirp (p € I'*) invariant.

More precisely we have the following formulas. Let p € I'*, A = <i Z) € SLy(Z). Then
we have
U A= !
il = S
e—n’ib(d62+20'p) Z em%lz Dosrp
cel* /I’ A€r* fel'
A=p+do (I')
if c#0, and
1 o2
Opir.p|, A= Wemahp Bap+Ip
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ifc=0.
Remark 3.1 One has
dime span {8 rp|p eI /I'} < |*/T).

In general the left-hand side is smaller than the right-hand side, because e.g. 9 p = 0, if
r = deg P is odd, or

Ypirp=(—1)"0pirp.
Proof of Proposition 3.2. The formula for ¢ = 0 is a generalization of the formula (T1)
and follows from the definition of ¥ r:

Bpir.p (a T+ab Z P(x m a*t-+ab)x?

xep+I
)
emabp Z P mr
xep+I"
)
— emahp Z P mrx
xeap+I"

— 7 oTiabp? Bap1p(T).

We now assume that ¢ # 0. We may assume without loss of generality that ¢ > 0, since

(%)

We use a little device which is sometimes attributed to Hermite. We write

-1 0
Ypir.p| A= Opirpl, < 0 _1>

a‘L‘—|—b_a 1

ct+d ¢ clet+d)

Since y,y2 € I'*, y1 =2 (mod cI") implies that y? = y3 (mod 2¢Z), we can write

Ypirp= Y, Oiierp

Ael*/cl
A=p(I)

Now by applying the formulas (T1) and (T2), we get

5 a 1
Arel P\ ¢ c(ct+d)

ﬂk 19X+LFP !
c(et+d)
J

C aq2
- W(cﬂrd)k y Fi(ER200) g (1 +cd)

oe(cl)*/cl’
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k

C (an2 2
_ W(Cr—i_d)k Z em(czl +2A0+cdo )190+cF,P (czr)_

oc(cl)*/cl’
We now sum over Z instead of . Note that (cI")* = %F* and v(cI") = "v(I"). Thus

¢ (42242024462 2
(Orerrhd) (0= s L SRR 00 i
celr*/r

1 m’(’—%erZngricz)
= — e c c c 19 ‘ZFP(T)'
v(I)cen/2 jktr Gelg'czp oret

Therefore we get

(19P+F7P|kA) (7)= Z G(0)gc2r p(T)

cel*/car
where |
mi 2 2
G(o) = —— o2 (aA* 4240 +da?)
erE
A=p (')
Now
glz—&-m—c—kécz = g12+wl _|_d 2
c C C C c
d? d
=2 +do)?— 62— 2bAc + 02
C Isi c
d
— YA +do)? —2bhc+d =% 52,
c
Thus
1 . ) ,a 5
G(o) = ——— ¢ mib(do7+20p) i (A+do)
V(F)Cn/2 ikt AEFZ"/L-F
A=p(I')
_ 1 77tib(d0'2+26p) idA2
= V(F)C"/z ik+re AEFZ*;CF e .
A=p-+do (I')

This shows in particular that the coefficient G(o) only depends on ¢ mod I". Therefore
we have

(19,)+rp|k Z G(0)V+r.p(T),
oer*/r

yielding the formula of Proposition 3.2 forc #0. O

We examine the coefficients of the formula of Proposition 3.2 for ¢ # 0 more closely.
Let
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S .= Z oA
rer/cr
A=p-+do (I')

Replacing A by A +cu, where p € I'*, cu € I', we get

S = Z oTié (Atep)?

rer*/cl’
A=p+do (I')

_ em’acu2 Zem’(%lz+2alu)
A

_ eni(ucu2+2a(p+d0')u) Zeni%lz
A...
_ em‘(acu2+2a(p+d0)p) .S

Hence S can only be different from zero if

em(acu2+2a(p+dc)u) -1

forallu e I'* withcu €T

Definition. The minimum of all N € N with Nu? € 27 for all u € I'* is called the level
of I'.

Lemma 3.2. Let N be the level of I'. Then NI'* C I'.

Proof. Let (ey,...,e,) be a basis of I', and let A be the matrix ((e;-e;)) (cf. Sect. 1.1).
We claim that NA~! is an integral matrix. In fact, let (e},...,e}) be the dual basis of
(e1,...,en). Now

N(ei €)= 5V (6] +))7 — (&)~ (€))?),

and by definition of N, Nu? € 27 for all u € I'*. Hence Nej-ej € Zforall 1 <i, j<n,
and therefore NA™! = ((Ne? 'ej.)) (cf. Sect. 1.1) is an integral matrix. But

n
Ne:-k = ZNb,'jej,
j=1

where B = ((b;;)) =A~!. Since NB = NA~! is an integral matrix, Ne; € I" forall 1 <i <
n. This proves NI'* C I', and hence the lemma. O

Remark 3.2 Let A = (—1)"/?disc (") and let N be the level of I". Then AA~! is an
integral matrix with even diagonal elements. The same is true for NA~! as we have shown
in the proof of Lemma 3.2. It follows that N | A and A | N".

Now let N be the level of I" and suppose that N | ¢. Then S can only be different from
zero if a(p +do)u € Z for all u € I'*. But this is equivalent to a(p +do) e '™ =T
But then ap + o € I" since bco € I' by Lemma 3.2. Finally we have
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ﬂaerF,P = (— l)rﬂ—ap+F,P-
Therefore we have proved

Corollary 3.1. Let I' C R” (n even) be an even integral lattice of level N, p € I'*, A =

(Ccl fl) € SL»(Z), and suppose N | c. Then

; 2
19'p+FP’kA = S(A)enlabp 0MP+F,P7

where

—Ll Z MR forc #0,
g(A) = V() Giey’ Ael/el
d—"? forc=0.

One can consider the following subgroups of finite index of SL,(Z):

v = { (44) esta@| e}

L(N) = { (2‘2) €SLy(Z) | a=d=1(N), CEO(N)}

o= {(25) x| (12) = (31) o)

The last group is the principal congruence subgroup of level N of SL,(Z). It is a normal
subgroup of SL,(Z).
By Corollary 3.1 one has in particular

ﬂrﬁp‘kA = 8(A)‘l91"7p

for A € Iy(N). This formula implies that the mapping € : I5(N) — C* is a group ho-
momorphism. Such a group homomorphism is called a character of Iy(N). We want to
determine this character. For the following corollary cf. [28, §22, Corollary to Lemma 9].

Corollary 3.2 (Reciprocity law for Gaussian sums). LetA € I5(N), A= (a b) ,d,c#

cd
0. Then
eA)=d"? Y MR
A€l /dr

-1
0-—1 0-1
19F,P|/<A:’5F~P|/<<A'<1 0) ) <1 O)’
k

and apply twice the transformation formula of Proposition 3.2. 0O

Proof. We write
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Lemma 3.3. Let A € I§(N), A =

7N
o Q
U
N~
I~
)
S

for any integer .
Proof. This follows directly from Corollary 3.1. O

Let G(b,d) (for d # 0) be the Gaussian sum

Glbd):= Y €MV,
A€l /dT

For the following lemma cf. [28, §22, Lemma 10].

Lemma 3.4. Let A € [H(N), A = CCI Cl:, , d,c # 0. Then the Gaussian sum G(b,d) is a

rational number. Moreover, G(b,d) = G(1,d).

Proof. Since I' is even, G(b,d) is a sum of dM roots of unity and hence lies in the field
Q(&), where { = ¢¥*/4_By Corollary 3.2,

G(b,d) =d"’e(A).

By Lemma 3.3 we get

G(b,d) = dn/2g(A) = d"/z(d—klc)’"/z Z ikt 12
A€l /(d+1e)l

for all integers /. Hence G(b,d) € Q(&), where § = ¢2™/(@+1¢) for all integers I. Since
¢ and d are coprime, there exists an / such that d and d + /c are coprime. For this /
we have Q(§) N Q(&) = Q, thus G(b,d) € Q. Moreover, G(b,d) is invariant under all
automorphisms of Q({). Using the automorphism ¢ — £, we see that G(b,d) = G(1,d).
This proves Lemma 3.4. 0O

Let A € IH(N), A = <Z Z) Corollary 3.2 and Lemma 3.4 show that £(A) depends

only on d. In fact, Lemma 3.3 implies that €(A) depends only on the congruence
class of dmod N. Therefore, using the formula of Corollary 3.2, we get €(A) = 1 for
A € IT(N). Therefore € factors to a rational character of I5(N)/I;(N), and hence, via
Io(N) /I (N) = (Z/NZ)*, A — d mod N, to a character of (Z/NZ)*, which we de-
note by .

It remains to determine X (d) (= x(d mod N)) for an integer d. It suffices to compute
x(p) for a prime number p, p # 2, which is coprime to N. Choose integers # and u with
pt —uN = 1. Now we apply Corollary 3.1 to
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_(r1
A= (uN t) ’
Since x(t) = x(p), we get

2PV (@wN)> = Y Mt
A€l /uNT

A2 P
( ) emuN> (mod p)
A€l /uNI'

= (el oy o ) 1@2G072) (100d )
Nows((1 !

N pt>) = 1, and v(I") = disc (I')!/2, where disc (I") is the discriminant of I"
(cf. Sect. 1.1). Moreover p f disc (I'), and thus

2(p) = (+(r)vy)"" (mod p)

p—1
2

= (disc (F)(—l)"/z) (mod p).
If we set A = (—1)"/?disc (I), then we get

p—1

x(p)=A"7 (mod p) = <?) ( Legendre symbol ).

According to common use in number theory we write

A

d
instead of y(d). So we have finally proved the following theorem.
Theorem 3.2. We have

Spirp|,A="0pirp  forAcT(N),

A
Srpl A= (d) Orp for A€ IH(N).

3.2 Root Systems in Even Unimodular Lattices

Now we specialize to the case where I" C R" is an even unimodular lattice. Then we have
the following corollary of Theorem 3.2.
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Corollary 3.3. Let I' C R” be an even unimodular lattice, and let P be a spherical poly-
nomial in n variables of degree r. Then Or p is a modular form of weight 5 +r, and a
cusp form if r > 0.

Proof. The first assertion follows from Theorem 3.2, since a unimodular lattice has level
and discriminant 1, and n = 0 (mod 8). So it remains to show that ¥r p is a cusp form if
r> 0. Now

Orp(t) =Y e’
s=0

2TiT

where g = e”™*, and

xel’
x2=2s

Now if r > 0 then ¢y = P(0) =0, so Or p is a cusp form. This proves Corollary 3.3. O

We want to apply Corollary 3.3 to the classification of even unimodular lattices of
dimension < 24. The idea of this application is due to B. B. Venkov ([89], see also [21,
Chap. 18]), and we shall follow his presentation.

We want to classify root systems in even unimodular lattices. Let

L={xel|x¥*=2}
be the set of roots in I". Let

P ey

fx) = (x-y

for a fixed y € R". Then the polynomial f is harmonic (cf. Sect. 1.4). By Corollary 3.3,
Oy is a cusp form of weight 5 +2. So for n = 8, 16, 24 the theta function ¥r y is a
cusp form of weight 6, 10, 14 respectively. But by Theorem 2.5, such a form is identically
equal to zero. So all the coefficients ¢, of the expansion

Ors(t) =Y cq
r=0

have to be equal to zero for n = 8, 16, 24. So we have proved:

Proposition 3.3. Let I C R" be an even unimodular lattice, and let n =8, 16, or 24. Then
for a fixed y € R" we have

Z (x-y)*— Zx2 Y o
xel’ xel n
x2=2r x2=2r

In particular we have the following equality for the roots in I:

1
Y (xy)? =2 (B 5% (3.6)

xel;
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Corollary 3.4. Either I; = 0 or I spans R".

Proof. If I does not span R”, then there is a y € R", y # 0, which is orthogonal to all
elements of I3. Then Formula (3.6) implies [[3| =0. O

Corollary 3.5. Let I' C R”" be an even unimodular lattice, and let n = 8, 16, or 24. Then

all irreducible components of the root lattice spanned by I have the same Coxeter number
h, and h=1|I|.

Proof. This corollary follows from Propositions 3.3 and 1.6 by choosing y € R" to lie in
an irreducible component of the root lattice spanned by I3. O

Now let us consider the implications of Corollaries 3.4 and 3.5 for the cases n = 8, 16,
and 24 separately. We denote by (I3)z the root lattice spanned by I3. For n = 8 we get
(I3)z = Eg (cf. Proposition 2.5).

Letn =16 and let ' C R!© be an even unimodular lattice. Then dr is a modular form
of weight 8 (by Theorem 2.1). By Corollary 2.2, dr = Ef, where Ej is the Eisenstein
series of weight 4. Hence |I3| = 480 by Sect. 2.5. So by Corollary 3.5 all irreducible
components of (I3)z have the Coxeter number 30. By Corollary 3.4 I3 spans R'. A look
at Table 1.1 yields the following two possibilities for (I3)z:

(B)z=Es LEs  or  (I3)z =Dis.

Proposition 3.4. Let I' C R** be an even unimodular lattice. Then (I3)z is one of the
following 24 lattices :

0,
2441, 12A2, 843, 6A4, 444, 3As, 2A12, Aoa,
6Dy, 4Dg, 3Dg, 2D1>, Doy,
4Eg, 3Es,
4As | Dy, 2A7 1 2Ds,2A9 1 Dg, Ays L Do,
Eg J_DIG, 2E7 1 Dl(), E; J_A17, E(, J_D7 J_All.

Proof. The proof is the combinatorial verification that these 24 possibilities for (I3)z are
the only possibilities for root systems I, which satisfy the following two properties:

(i) I, spans R,
(ii))  All the irreducible components of (I3)z have the same Coxeter number.

Let
24 24 8

(B)Z = @O@Ai 1 @ﬁjl)]‘ 1 @’}/kEk.
k=6

i=1 j=1

Condition (i) means that
24 24 8
ZiOCi-l- Zjﬁj-l- Zk}/k =24.
i=1 j=1 k=6

Using Table 1.1, one easily checks that condition (ii) leads to the following equations:
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o = 24,
jB; =24,
Ky = 24,

(2j—3)oj_3+ jB; = 24,
1o +7B; + 67 = 24,
17007 +10B10 + 777 = 24,
16816+ 8% = 24.

The solutions to these seven equations yield exactly the possibilities of Proposition 3.4.
For more details see [89]. This proves Proposition 3.4. O

Exercise 3.1 Let I" C R*? be an even unimodular lattice. Show that for a fixed y € R*?
we have

~528 ), ((x-y)z—x;ﬁ =) ((x-y)"‘—x;f)- (3.7)

xell xel
x2=2 x2=4

(Hint: A cusp form of weight 18 must be a multiple of the cusp form AEjg.)

Exercise 3.2 Let C C ]ng be a doubly even self-dual code. We assume that C is extremal,
i.e., A4 = 0 and hence Ag = 620. Let gm be the number of codewords of weight m+ 1 in
C which have a 1 at the first position. Show that A7 = %Ag. (Hint: Apply Formula (3.7) to
the lattice It C R and to the vector y = (1/2,0,...,0) € R32)

Exercise 3.3 Let C C ng be a doubly even self-dual code, not necessarily extremal.
Derive a relation between Ay4, Az, Ag, and A7 from Formula (3.7).

In the next section we shall consider the question, in how many ways each of the above
root lattices can be realized as a root sublattice of an even unimodular lattice of the same
dimension.

3.3 Overlattices and Codes

We now want to discuss the existence and uniqueness of even unimodular lattices con-
taining a given root lattice of the same dimension as the root sublattice. More generally
we are concerned with the problem of the existence and uniqueness of embeddings of one
lattice into another of the same dimension. This problem can be treated with the technique
of discriminant forms which we now want to describe (see also [69]).

Let I" be an even lattice in R”. Then we have a canonical embedding I" < I"* into the
dual lattice of I'". The quotient group

Gr:=I*/T
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is a finite abelian group of order disc (I") (see Sect. 1.1). We define a mapping br :
Gr xGr — Q/Z by

br(x+T,y+I)=x-y+7Z, where x,y € I'*,
and a mapping ¢r : G — Q/27Z by
qr(x+T)=x>+27Z,  wherexecI'*.

Then br is a finite symmetric bilinear form, and gr is a finite quadratic form. By this
we mean a mapping g : G — Q/27Z defined on a finite abelian group G satisfying the
following conditions:

(i) q(rx)=r*q(x) forallr€Zandx€G,
(i) g(x+y) —q(x) —q(y) = 2b(x,y) (mod 2Z),

where b : G X G — Q/Z is a finite symmetric bilinear form, which we call the bilinear
form corresponding to g. The form gr is called the discriminant quadratic form of I".
Let A be an even lattice in R". We call an embedding A < I", where I" is another even
lattice in R", an even overlattice of A. We are interested in classifying such overlattices
of the given lattice A.
Let A — I be an even overlattice of A. Then we can consider the quotient group

HF ZZF/A,

which is a finite abelian group of order [I" : A], where [I" : A] is the index of A in I". We
have a chain of embeddings
AT ST A"

Hence Hr C A*/A = G4. The subgroup Hr C G, is isotropic, i.e., g4 |Hr = 0, since I
is an even lattice. Now we have

Proposition 3.5. The correspondence I' — Hr is a one-to-one correspondence between
even overlattices of A and isotropic subgroups of G . Unimodular lattices correspond to
isotropic subgroups H with |H|*> = |G, .

Proof. The proof of the first assertion amounts to a simple verification, which can be left
to the reader. The second assertion follows from the formula

disc (I') = [[" : A] % disc (A)

(cf. Sect. 1.1). O

Two lattices I', I’ C R" are called isomorphic if there is an orthogonal automorphism
u € 0,(R) with u(I') = I'". An automorphism of the lattice I" is an orthogonal auto-
morphism u € O,(R) with u(I') = I'. Two overlattices A < I" and A < I"’ are called
isomorphic if there exists an automorphism of A extending to an isomorphism of I" with
r.

In order to formulate the next result, we observe that an isomorphism u : A — Ap
of lattices induces an isomorphism u* : A" — A; of the dual lattices and determines an
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isomorphism % : gz, — g, of their discriminant quadratic forms. In particular there is an
induced homomorphism O(A) — O(g, ) between the automorphism groups of A and g, .

Proposition 3.6. Twwo even overlattices A — I' and A — I'' are isomorphic if and only if
the isotropic subgroups Hr C G and Hr» C G4 are conjugate under some automorphism
of A.

The proof of Proposition 3.6 is again a simple verification and can be left to the reader.

We now turn to the case that A is a root lattice. We want to embed A into an even
unimodular lattice of the same dimension without creating new roots. That means that we
are looking for even unimodular overlattices A < I" such that I" \ A does not contain
any root. This is translated into a condition on the isotropic subgroup Hr as follows. We
introduce a length function I, : Gy, — Q on G, defined by

IA(&) =min{x* |xeA,x=E} for & € Gy,

where X denotes the residue class of x in G4. Then I" \ A does not contain any root if and
only if I (&) # 2 for all £ € Hr. Hence we get the following corollary of Propositions
3.5 and 3.6.

Corollary 3.6. Let A C R” be a root lattice. There is a natural one-to-one correspondence
between isomorphism classes of even overlattices A — I with I> = Ay and orbits of
isotropic subgroups H C G with I (§) # 2 for all & € H under the image of the natural
homomorphism O(A) — O(gqa). Unimodular lattices correspond to subgroups H with
[H? = |Gy |

Example 3.1 Let A = D), for n =0 (mod 8). Then we know from Sect. 1.4 that
A={(x1,....x) €Z" |} xieven },
Gy =A"JA 2(Z)27) x (Z.]27),
and G, is generated by ®; and @p, which are the classes of (1,0,...,0) and v =
(3.1,...,) respectively. Now
1
ga(a) =1, qa(an) =0, bA(wl,COz)ZE,

lA((Dl):l, lA((Dz):V = —.

Thus for n > 16 there is a unique (up to conjugation under automorphisms of A) isotropic
subgroup H C G4 with [H|?> = |G| and I4 (€) # 2 for all & € H, namely the subgroup
H =1{0,0,} of G4. By Corollary 3.6 there is a unique (up to isomorphism) even unimod-
ular lattice I C R” with root sublattice (I3)z equal to D, namely the lattice

D, (v) := Dy U (Dy+v).

This shows in particular that for n = 16 there are up to isomorphism only two even uni-
modular lattices in R", namely the lattices
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Eg LEg and D16(V).

This is a result due to Witt.

Analogously to the above theory for even lattices there is a theory for doubly even
binary codes. The following results are due to H. Koch (cf. [46]).
Let C C IF4 be a doubly even code of length n. The set

Cy:={ceC|w(c)=4}

is called the tetrad system of C. A code C generated by fetrads, i.e., by codewords ¢ € C
with w(c) = 4, is called a tetrad code. By Theorem 1.2 and Proposition 1.5, a tetrad code
can be decomposed into irreducible tetrad codes, which up to equivalence are the codes
dyy, k=2,3,..., which is the ”double” of the even weight code of length £,

e7 ::HL, eg :=H,

where H and H are the Hamming code and the extended Hamming code respectively.
Analogously to the case of lattices we define the finite abelian group

Ge:=CY/C,
and the weight function we : G¢ — Z by

we(n) :==min{w(y) [y=n}  forn € Gc.

The symmetric group .7, operates by permutation of coordinates on . Recall that two
codes C and C' in [} are called equivalent, if there is a ¢ € ./, with 6(C) = C'. The
automorphism group Aut (C) of C is defined by

Aut(C):={oe.%,|0o(C)=C}.

An automorphism ¢ € Aut(C) induces an automorphism ¢ € Aut(C*) of the dual
code, and determines an automorphism @ € Aut (G¢) of G¢. Hence there is a canonical
homomorphism Aut (C) — Aut (G¢).

Proposition 3.7. Let C be a tetrad code in 5. There is a natural one-to-one correspon-
dence between equivalence classes of doubly even codes in 45 with tetrad system Cy4 and
orbits of subgroups H of Gec with we(§) € 47— {4} for all & € H under the image of the
natural homomorphism Aut (C) — Aut(Gc). Self-dual codes correspond to subgroups
H with |H|* = |G¢|.

The proof of Proposition 3.7 is completely analogous to the proof of Corollary 3.6.

In Sect. 1.3 we associated to a code C C F} a lattice I¢c C R". Recall that I¢c =
%p’l(C), where p : Z" — [} is the reduction mod 2. Let (&i,...,&,) be the standard
basis of R”. Then %2& € I¢ for all 1 <i < n. These are n pairwise orthogonal roots.

Thus I¢ contains a root lattice of type nA;. The results of Sect. 1.3, Corollary 3.6 and
Proposition 3.7 can be combined to yield the following theorem.
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Theorem 3.3. The correspondence C — I¢ induces a one-to-one correspondence between
equivalence classes of doubly even codes C in 5 and isomorphism classes of even lattices
in R" containing a root lattice of type nA;. Self-dual codes correspond to unimodular
lattices.

Proof. This follows from Corollary 3.6 and Proposition 3.7. The details of the proof can
be left as an exercise to the reader. O

3.4 The Classification of Even Unimodular Lattices of Dimension 24

In Sect. 3.2 we classified the possible root systems in an even unimodular lattice of di-
mension 24. In the last section we saw that the problem of classifying the even unimod-
ular lattices containing a given root lattice of the same dimension as the root lattice can
be translated into the problem of classifying certain subgroups of finite abelian groups.
Theorem 3.3 tells us that even unimodular lattices in R” containing the root lattice nA
correspond to doubly even self-dual codes in IF5.

Example 3.2 One of the root lattices of Proposition 3.4 is the root lattice 24A;. Let I C
R4 be an even unimodular lattice containing 24A; as the root sublattice, i.e., containing
no other roots than the roots of 24A;. Then by Theorem 3.3 I" = I for a doubly even self-
dual code C C F3* without tetrads. We showed the existence of such a code in Sect. 2.8.
It is the extended Golay code G C F3*. In Sect. 2.8 we also showed that such a code is
unique up to equivalence. Hence by Theorem 3.3 such a lattice I exists and is unique up
to isomorphism.

Now, for each of the root lattices A of Proposition 3.4, it is possible to show the ex-
istence and uniqueness of the corresponding subgroup of G4, respectively of the corre-
sponding code. Thus one can prove:

Theorem 3.4 (Niemeier). Up to isomorphism there exist precisely 24 even unimodular
lattices in R**. Each lattice is uniquely determined by its root sublattice. The possible root
sublattices are the 24 listed in Proposition 3.4.

This result was obtained by H.-V. Niemeier in 1973 [68]. Niemeier used among other
things a method of M. Kneser [44], which involves studying neighbours of lattices (see
Sect. 4.1), requires extensive calculations, and does not explain the appearance of the
strange list of root lattices. This list was explained by B. B. Venkov [89]. The outline of
the proof of Theorem 3.4 above is due to Venkov [89].

Using Proposition 1.5, we obtain the following corollary of Theorem 3.3 and Theo-
rem 3.4.

Corollary 3.7. From the (up to isomorphism) 24 even unimodular lattices in R**, 9 cor-
respond to doubly even self-dual codes in IE‘%“. They correspond to the root lattices

24A1, 6Dy, 4D, 3Dg, 2D12, Doy, 3Eg, 2E7 1 Dyg, Eg L Dys.
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Some other lattices are obtained by considering codes over F,, see Sect. 5.4.
The 9 lattices of Corollary 3.7 correspond to the doubly even self-dual codes in ]F%4
with tetrad systems

0, 6ds, 4ds, 3ds, 2d12, dra, 3eg, 2e7+dio, eg+dis.

By Theorem 3.3, the fact that each of the corresponding even unimodular lattices in R>*
is uniquely determined by its root sublattice follows from the fact that the corresponding
code is characterized by its tetrad system. H. Koch has shown that the above 9 codes
satisfy a certain completeness principle and he has used this to show that each of these
codes is uniquely determined by its tetrad system, see [47] and the following exercise.

Exercise 3.4 Let us consider the case 6D,4. The corresponding lattice is given by a doubly
even self-dual code C C F3* with tetrad system Cy of type 6ds. We denote by (Cy) the
code generated by Cy, hence (C4) = 6ds. We have

C/(Ca) € Giey = (Ca)*/(Ca) = F

where Fy = {0, 1,0, @} with 1 = (1,1,0,0), ® = (1,0,1,0), @ = (1,0,0, 1). Here x de-
notes the equivalence class of an element x € F§ in dy /ds. Show that (C4)*/(C4) is
the hexacode in ]Fg (cf. Sect. 2.8). (Hint: By Proposition 2.7 there are 735 codewords
of weight 8 in C, which are either represented in the form (0,0,a1,a2,a3,a4), a; € F},
and permutations of the positions in Fg or belong to 15 codewords of weight 8 in (Cy4).
There can be at most 3 words of the form (0,0,a;,a2,a3,as4), a; € F},, in C/(Cy4). For
each codeword of this form yields 16 codewords of weight 8 in C. There are 15 pos-
sibilities for the distribution of zeros. But there can be no more than 16-3-15 = 720
codewords of weight 8 in C/{Cy). Therefore there are exactly 3 codewords of the form
(0,0,a1,a2,a3,a4), a; € F;, in C/(C4). After a possible permutation of the positions
in F3*, we may assume that these are the words (0,0,1,1,1,1), (0,0, ®, ®,®, ®), and
(0,0,0,w,®,®). In particular, the last row of the generator matrix of the hexacode in
Sect. 2.8 is in C/(Cy). First show that also the 6 words (1,1,1,1,0,0), (0, ®,®, ®,0,0),
(0,0,0,®,0,0), (1,1,0,0,1,1), ®,,0,0,0,®), and (®©,®,0,0,®,®) are in C/{Cy),
possibly after another permutation of the positions in IF%“. Then show that also the first
and second row of the generator matrix of the hexacode are in C/(Cy4).)

Note that we obtained in particular in Sect. 3.2 and Sect. 3.3 the classification of Witt in
dimension 16: There are (up to isomorphism) exactly two even unimodular lattices in R'®.
Each lattice is uniquely determined by its root sublattice. The possible root sublattices are
Eg+ Eg and D¢. Both even unimodular lattices correspond to doubly even self-dual codes
of length 16.

So we have classified even unimodular lattices up to dimension 24. One can derive
from the Minkowski-Siegel mass formula that the number of inequivalent even unimod-
ular lattices of dimension 32 is greater than 80,000,000 [81, p. 55] (but see also [48]).
Doubly even self-dual codes are classified up to length 32 [16]. The number of inequiva-
lent doubly even self-dual binary codes of length 40 is greater than 17,000.



Chapter 4
The Leech Lattice

4.1 The Uniqueness of the Leech Lattice

In Sect. 2.8 we defined an even unimodular lattice Ayy C R?** with x-x >4 forall 0 # x €
Ayg: the Leech lattice. This chapter is devoted to this important lattice. We shall first show
the uniqueness of this lattice. We shall prove the following theorem.

Theorem 4.1 (Conway). The Leech lattice is the unique (up to isomorphism) even uni-
modular lattice in R** without roots.

This characterization of the Leech lattice was given by J. H. Conway [11] in 1969.
The following proof, which uses the classification of even unimodular lattices in R** with
nontrivial root systems (see Chapter 3), was given by Venkov [89] (= [21, Chap. 18]).

The proof will involve the concept of a neighbour of a lattice (cf. [44]).

Definition. Two lattices A and I" in R" are called neighbours if their intersection A NI~
has index 2 in each of them.

Let A C R” be an even unimodular lattice. Then a neighbour of A can be constructed
as follows. Take any vector u € A satisfying

Li2

— € Z,

A
: ¢ A,

u
2
and define
Ap:={x€A|x-u=0(mod2)},
A¥ = AU (g+A1).

Then it is not difficult to show that A; = A NA"*, A" is unimodular, A and A" are neigh-

bours, all neighbours of A arise in this way, and u, 1’ produce the same neighbour if and

only if 5 = %’ (mod Ay). Note that the construction of the Leech lattice in Sect. 2.8 was a

special case of this construction.
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Proof of Theorem 4.1. Suppose that A C R?* is an even unimodular lattice with Ay = 0.
We want to prove that A is isomorphic to the Leech lattice. The theta function of A is a
modular form of weight 12. By Corollary 2.2, the condition A, = @ implies that the theta
function of A is the same as the theta function of the Leech lattice. For the space M1, of
modular forms of weight 12 is 2-dimensional, and we have two conditions for the theta
function of A: ap = |Ag| = 1, a; = |Az| = 0, where

(1))=Y aq, qg=e"",
r=0

(cf. also Lemma 2.5). This implies in particular that Ag # 0.

We now consider a neighbour of the lattice A. Let u € Ag, 5 ¢ A. Consider the neigh-
bouring lattice I' := A* = A U (§ + A1) where A} = {x € A | x-u =0 (mod 2)}. By the
remarks above, I" is an even unimodular lattice in R?*. The set I3 of roots in I" is non-
empty, since 5 € I. We shall prove that the root sublattice of I" is equal to kA for some
k. For this purpose, it suffices to show that any two roots x,y € I with x # +y are or-
thogonal to each other. Let x,y be two roots of I" with x # +y. Assume that x-y # 0. By
the Cauchy-Schwarz inequality, x -y = £1 (cf. the remarks at the beginning of Sect. 1.4).
Changing the sign of y if necessary, we may assume that x-y = 1. This implies that x —y is
aroot. But since A, =0, we have x,y € % +Aj, and hence x—y € A; C A, which is a con-
tradiction. This shows that (I3)z = kA for some k. Then, according to Proposition 3.4,
we must have k = 24. By Example 3.2, I" is isomorphic to I~ for the extended Golay

code G. Therefore we can choose elements el,...,ex in R?* such that ¢; - e i =0if i # j,
ei2 = %, and ey, ..., ey is a basis of R4, Moreover, Y nje; € I' if and only if n; € Z for all
1<i<24andp ((nl,n27...,n24)) S G.

Since A and I' are neighbours and any neighbour of I is of the form I'"” for a suitable
v €I, there exists a v € I' with V4—2 €Zand 3 €I suchthat A=T"=T1U(3+13)
where [ = {x €I | x-v=0 (mod2)}. Then v =Y me; with m; € Z fori =1,...,24.
Each m; must be odd. For assume that m; is even. Then (2¢;) -v =m; =0 (mod 2) and
hence 2¢; € I C I'V = A. But (Zej)2 =2 and hence 2¢; € Ay, which is absurd, since
Ay = 0. Therefore each m; is odd. By the remarks on neighbouring lattices, v is defined
modulo 2I7. Hence we may assume that m; = £1 (mod4). Since s2,,(e;) = (1 —28;j)e;
for 1 <1, j <24, by applying appropriate automorphisms s»., we can even arrange that
m; = 1(mod4). For all 1 <i, j <24 we have 4e; +4e; € 217, in particular also 8e; € 2I7.
Therefore the m; can be chosen (modulo 2I7) in such a way that m; € {1,5} and m; = 1
for2 <i<24.Forv=e|+...+ex we would have (%)2 =3, which is not possible, since
% € A and A is an even lattice. Therefore we must have m; = 5 and hence

1
v=>5e;+ey+...ep4 =4e; +—"-1.

V2

But in Sect. 2.8 we have constructed the Leech lattice as the lattice I'” for such a v. Hence
I'V is the Leech lattice. This completes the proof of Theorem 4.1. O

Remark 4.1 There is a minor error in the original proof of Venkov which was also copied
in the first edition of this book, see [91].
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4.2 The Sphere Covering Determined by the Leech Lattice

In this section we shall consider the sphere packing and covering determined by the Leech
lattice.
Let I' C R" be a lattice. The minimum squared distance of any two lattice points is

dr =min x-x.
xel”

x#0

This is called the minimum squared distance of the lattice. If we draw spheres of radius

r=2Vir
around the points of I" we obtain a sphere packing in R", namely infinitely many non-
overlapping (n — 1)-spheres in R”. The number r is called the packing radius of I'.

The packing radius of the Leech lattice Ay4 is equal to 1, and the corresponding sphere
packing is very dense. It is the densest known sphere packing in R?*. The Leech lattice
was discovered by J. Leech in connection with the sphere packing problem [54].

The sphere packing problem is the problem to find the densest sphere packing. Closely
related to the packing problem is the so called kissing number or Newton number problem:
Given an (n— 1)-dimensional sphere, what is the maximal number 7, of (non-overlapping)
(n—1)-dimensional spheres of the same radius touching it? It is easy to show that 7] = 2,
T, = 6, but already difficult to show that 73 = 12. (There was a famous controversy about
this number between Isaac Newton and David Gregory.) We have shown that

T8 > 240,
since there are 240 roots in the lattice Eg, and
T > 196560,

since there are 196560 vectors of squared length 4 in Ay4 (cf. Sect. 2.7). A. M. Odlyzko
and N. J. A. Sloane ([73], cf. also [21, Chapter 13]), have shown that the above inequalities
are in fact equalities. These are all the known Newton numbers.

Dual to the packing problem is the covering problem: Find the least dense covering of
R" by overlapping spheres! The packing radius r of a lattice I" C R” was defined above.
It is the largest number p, such that spheres of radius p centred at the lattice points do not
overlap. The covering radius R of a lattice I' C R" is the smallest number p, such that
spheres of radius p centred at the lattice points of I" cover the whole R”. In this section
we want to give an outline of the determination of the covering radius of the Leech lattice
due to J. H. Conway, R. A. Parker, and N. J. A. Sloane ([17], see also [21, Chap. 23]). For
this purpose one investigates the holes of the Leech lattice.

Let I C R" be a lattice. A point ¢ € R" whose distance from the points of I" is a local
maximum is called a hole of I". Let ¢ be a hole of I', and let d be the minimum distance of
¢ from the points of I". Then there are at least n+ 1 points of I" having distance d from c,
and these lattice points form the vertices of a convex polytope P of dimension n which is
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Fig. 4.1 Packing radius r, covering radius R, and Delaunay polytope

called the Delaunay polytope of c. Two holes are equivalent, if their Delaunay polytopes
are congruent under translations and automorphisms of the lattice I".

A hole is called deep if d is equal to the covering radius R of I". Otherwise it is called
shallow.

We want to determine the deep holes of the Leech lattice Ap4. We first need two lem-
mas. The first one can be found in [12] (see also [21, Chap. 10]). For the second one see
[17]1([21, Chap. 23]).

Lemma 4.1 (Conway). Every element of Aag is congruent modulo 2Az4 to an element of
squared length at most 8.

Proof. We count the number of congruence classes modulo 2A;4 of vectors of squared
length at most 8. Let a, denote the number of elements x € Ay with x% = 2r. From the
theta function of Ap4, which is by Sect. 2.7

Vay, = E3 — 7204,
we get

a) = 0,

ay = 196560,

a3z = 16773120,
as = 398034000.

So there are a; + a3 + aq vectors of squared length at most 8.
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Now let x,y € Ay be two vectors with x%,y? < 8, x # £y, which are congruent modulo
2Ay4. Then since x +y € 2Ay4 and Ay, contains no roots we must have (x +y)> = x? +
2xy+y? > 16. But since x> and y* are both at most 8, this is only possible if x-y = 0 and
x?> =y? = 8. In particular if x> < 6 then x is only congruent to —x modulo 2Ax4. If x> = 8
then x can only be congruent modulo 2A,4 to —x and to vectors orthogonal to x. If y and
z are such vectors then y and z have to be orthogonal to each other, too. Therefore the
vectors congruent to x modulo 2A;4 but different from 4+x must be orthogonal to x and
mutually orthogonal. There are at most 46 such elements. Therefore a congruence class
of some vector x with x> = 8 contains at most 48 elements. We have therefore at least

distinct classes of Az4/2A24. But this sum turns out to be equal to 224 which is the order

of Aga/2A24. Hence every element of Ay /2Az4 is represented by an element of squared
length at most 8. This proves Lemma 4.1. 0O

Lemma 4.2. Let ¢ be a deep hole of Ayg with Delaunay polytope P. Let vy,...,vy be the
vertices of P. Then (v —v;)* = 4,6, or 8, for i # j.

Proof. Since the v; are in Ay, we have (v; —v;)? >4 for all i # j. Now assume that i # j
and (v; — vj)2 > 8. By Lemma 4.1 there exist x,y € Ay with x> < 8 and v; — v, =x+2y.
Set X' :=v;—y, x" :==v;+y, and z:= $(vi+v;). Then x =« —x" and z = 1 (¥ +x").
Since v; and v; have the same distance from ¢, we get

2= 1(v,-—l/j)z—&-(z—c)z.

(vi—c)*=(i—2)>+(z—c) 2

By interchanging x” and x” if necessary, we may assume that (x' —x”') - (z —c) < 0. Since
(vi —v;)? > 8 by assumption, we have

(=) = (=2 +2({ —2)- (z— )+ (z—¢)?

— %szr(x’—x”)~(ch)+(Z*C)2
< %(Vifvj)er(Z*C)z
= (V,'—C)z.

But this means that x’ is closer to ¢ than v;, which is impossible. Thus (vi— vj)2 =4,6, or
8, for i # j. This proves Lemma 4.2. O

Let ¢ be a deep hole of Ay, and vy, ..., vy be the vertices of its Delaunay polytope P.
By Lemma 4.2, (v; — vj)2 =4,6, or 8, for i # j. Conway, Parker, and Sloane associate a
graph to ¢ as follows. The vertices are in one-to-one correspondence with the vectors v;
(and are denoted by the same symbols). Two vertices v; and v; are

(i)  notjoined if (v; —v;)? =4,

(i)  joined by an edge if (v; —v;)? =6,



102 4 The Leech Lattice

(iii) joined by two edges if (v; —v;)? = 8.

The resulting graph is called the hole diagram corresponding to c.
Now suppose that R = v/2. Then (vi— c)2 =2foralll <i<v,and

6)) (vi—vj)2:4<:>(v,'—c)~(vj—c):0
(i) (vi—v)?=6+ (vi—c)-(vj—c)=—1
(i) (vi—v;))?*=8+= (vi—c) (vj—c)=-2

So in this case the hole diagram is the Coxeter-Dynkin diagram corresponding to the set
of vectors {vi—c |1 <i< v}

The notion of an extended Coxeter-Dynkin diagram was introduced in Sect. 1.5. We
have the following two propositions (cf. [17, Theorem 5] and [17, Theorem 6]).

Proposition 4.1. A hole diagram with no extended Coxeter-Dynkin diagram embedded in
it contains only ordinary Coxeter-Dynkin diagrams as components.

Proof. This follows from the proof of Theorem 1.2, i.e., from the classification of irre-
ducible root lattices. 0O

Proposition 4.2. The radius of a hole with a diagram in which all components are ordi-
nary Coxeter-Dynkin diagrams is less than /2.

Proof. Such a diagram corresponds to a fundamental system (ej,...,ey) of roots of a
root lattice I' in RY. By the definition of the hole diagram, the vectors ey, ...,e, have
the same mutual distances as the points vy, ...,vy. Therefore we can identify the points
V1,...,vy with the endpoints of the vectors ey, . .., ey. Let H be the affine hyperplane of RY
containing these points. In H there is also a point corresponding to the centre ¢ of the hole.
But the origin in RY does not lie in H, since it is not a linear combination of ej,...,ey.
The origin has distance v/2 from the endpoints of the vectors ey, ...,ey. Thus |v; —c| =
Y/ (vi—c)? < v/2foreachic {1,...,v} (cf. Fig. 4.2). This proves Proposition 4.2. O

€2

Fig. 4.2 See the proof of Proposition 4.2

Now Conway, Parker, and Sloane proved the following two theorems ([17], see also
[21, Chap. 23]).
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Theorem 4.2 (Conway, Parker, Sloane). The covering radius of the Leech lattice is

R=2.

Theorem 4.3 (Conway, Parker, Sloane). There are 23 inequivalent deep holes in the
Leech lattice under congruences of that lattice, and they are in one-to-one correspondence
with the 23 even unimodular lattices in R** containing roots. The components of the hole
diagram of a deep hole are the extended Coxeter-Dynkin diagrams of the irreducible
components of the root sublattice of the corresponding even unimodular lattice.

Conway, Parker, and Sloane derived these theorems from the preceding results by a
rather long case-by-case consideration. Later R. E. Borcherds gave a uniform proof of
these results [S]. We indicate Borcherds’ proof in Sect. 4.4.

4.3 Twenty-Three Constructions of the Leech Lattice

Let I" C R” be an even overlattice of a direct sum of lattices
LeL®...dI;.

By Sect. 3.3 such a lattice is obtained as follows. The lattice I" is generated by I} & I> &
... I} together with certain vectors

y=yi1+y2+...+,

where each y; lies in I*. These vectors y are called glue vectors, and we say that the lattice
I' is obtained by gluing the components I1,...,I; together by the glue vectors y.

In particular the 23 even unimodular lattices in R?* containing roots can be obtained by
gluing certain irreducible root lattices together by certain glue vectors. For abbreviation
let us call these 23 lattices described by Niemeier the Niemeier lattices.

Now Conway and Sloane ([20], see also [21, Chapter 24]) gave a construction of the
Leech lattice from each Niemeier lattice, using gluing theory. In order to state these re-
sults, we need some preparations. We follow [5].

Let I C R” be an irreducible root lattice, and let (ey,...,e,) be a fundamental system
of roots of I". Recall that the Weyl vector of I is the vector

1
p252a7

a>0

where the sum is over the positive roots of I" (with respect to the given fundamental
system of roots of I'), cf. Sect. 1.5.

Now let N be a Niemeier lattice and choose a fundamental system of roots for its
root sublattice. The Weyl vector p of N is half the sum of the positive roots of N (with
respect to the given fundamental system of roots). It is the sum of the Weyl vectors of the
irreducible components of the root sublattice of N. By Corollary 3.4 the root sublattice of
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N has the same rank as N, and by Corollary 3.5 all its irreducible components have the
same Coxeter number /. We call /i the Coxeter number of the Niemeier lattice N.

Lemma 4.3. The squared length of the Weyl vector p of N is 2h(h+ 1).

Proof. Let ny,...,n; be the ranks of the irreducible components of the root sublattice of
N, and let i be the Coxeter number of such a component. By Lemma 1.17 we get

k
2 _ . _
pr=) 12nlh(h+1) 2h(h+1),

since ny + ...+ n; = 24. This proves Lemma 4.3. O
For the following two lemmas see also [5, Lemma 2.6] and [5, Lemma 2.7].
Lemma 4.4. The Weyl vector p of N lies in N.

Proof. Since N is unimodular, it suffices to show that p lies in the dual lattice N*. This
means that we have to show that p -y is an integer for all y € N. By definition

1
p=3 a,
2%,

where the sum is over all positive roots & of N. Therefore

(2p-y)* = ((g,oa) ~y)2
“(ze)

= Z (a-y)? (mod 2).

a>0

By Proposition 1.6
Z (a-y)?> =y*h =0 (mod 2),

a>0

as y? is even. Therefore the term (2p -y)? is an even integer. Since p -y is rational, p -y
has to be an integer, which proves Lemma 4.4. 0O

Lemma 4.5. For y € N we have

P )2 1
L >2(1+-].
(h Y) = ( T
The vectors y € N for which equality holds form a complete set of representatives for
N/, where I is the root sublattice of N.
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Proof. Since p? = 2h(h+ 1), we have

P2 1\ (p—hy)?—p?
(5) _2(1+h> TR
by =2p-y

h
Y y-aP-Yya

a>0 a>0

= Y (by Proposition 1.6)

_ Z (y-a)f—y-a
- )
o>0 h
where the sums are over all positive roots o of N. The last sum is greater than or equal to
0 because the numbers y - o are integers. This proves the first part of the lemma.

The above sum is equal to zero if and only if y- ¢ is O or 1 for all positive roots & of
N. Let

r=nlhL1..11I

be the decomposition of the root sublattice I" into irreducible components. Then a vector
y € N can be written
y=yi+ty2+... .+,

with certain vectors y; € I;*. If y- cc is 0 or 1 for all positive roots & of N, then each y; € I}*
has inner product O or 1 with all positive roots of I;. By Lemma 1.18 the vectors y; € I;*
with this property form a complete set of representatives for I;* /I7. Therefore the vectors
¥y € N that have inner product 0 or 1 with all positive roots of N form a complete set of
representatives for N/I", and this proves the last part of Lemma 4.5. O

We are now ready to indicate the construction of Conway and Sloane. Let N be a
Niemeier lattice with root sublattice I". Choose a fundamental system of roots of I"
whose Weyl vector is p. Let {fi,..., fv} be the union of the fundamental system of roots
and the set of the corresponding highest roots for the irreducible components of I'. Let
{g1,--.,8u} be the set of vectors of the form g; = y; — %, where y; is any vector of N such
that g; has squared length 2(1 + %) By Lemma 4.5, the vectors y; form a complete set of
coset representatives for N/I". In particular we have u = y/disc (I'). The set {g1,...,8u}
will be the set of glue vectors.

Now Conway and Sloane proved the following theorem:

Theorem 4.4 (Conway, Sloane). With the above notations one has:
(i) The vectors Y. m;f; +Y.n;g; with Y n; = 0 form the lattice N.
(ii) The vectors Y m;f; + Y. n;g; with Y m; +Y n; = 0 form a copy of the Leech lattice.

Part (i) follows because {fi,...,fv} is a system of generators for I" and {y1,...,yu}
is a complete set of coset representatives for N/I". For a proof of (ii) we refer to [5].

In particular for the Niemeier lattice with root sublattice of type 24A; we get the con-
struction of the Leech lattice of Sect. 2.8.
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4.4 Embedding the Leech Lattice in a Hyperbolic Lattice

In this section we indicate Borcherds’ proof of Theorem 4.2 and Theorem 4.3 [5].

Up to now, we have only considered lattices in R”, i.e., positive definite lattices. Recall
from Sect. 1.1 that an integral lattice L is a finitely generated free Z-module provided with
an integer valued symmetric bilinear form. We denote the bilinear form L x L — Z by
(x,y) — x-y. We also write x> for x - x. In this section we shall study integral lattices
where this form is indefinite.

Let L be an indefinite integral lattice. Then L contains vectors x with x> = 0. A vector
x € L with x> = 0 is called an isotropic vector of L. A vector x € L is called primitive, if
x=dyforyec Landd € Z implies d = 1.

Example 4.1 We denote by 0 the Z-module Z with the trivial bilinear form defined by
x-y=0
for x,y € Z.

Example 4.2 Let U be the free Z-module of rank 2 generated by two elements ej,es
provided with the symmetric bilinear form defined by

(x1e1+x202) - (yi€1 +y202) = x1y2 +X21.

Then U is a unimodular integral lattice, called a unimodular hyperbolic plane. The matrix
((e;-ej)) of this form with respect to the basis {e},e, } is the matrix

(Vo)

The vectors e and e; are primitive isotropic vectors of U.

Let L and L’ be integral lattices. The orthogonal direct sum of L and L', denoted by
L 1 L, is the direct sum of the Z-modules L and L' provided with the symmetric bilinear
form defined by
(c+x) -y ) =xy+ay

forx,ye Landx',y € L.

Example 4.3 Let I be a free Z-module of rank n+ 1 with generators ey, ..., e,41. Define
the symmetric bilinear form on I" by prescribing the values on the generators e, ..., e,+1
by means of the Coxeter-Dynkin diagram corresponding to this set of vectors. Let the
Coxeter-Dynkin diagram of the set {ej,...,e,} be an ordinary Coxeter-Dynkin diagram
and the Coxeter-Dynkin diagram corresponding to {ey,...,e,+1} be the corresponding
extended Coxeter-Dynkin diagram. This means in particular that 7 =2 for all 1 <i <
n+ 1, i.e., the generators eq,...,e,41 are roots in f, and eq,...,e, generate a root lattice
I' of rank n. Let ;
ﬁ = Z m;e;
i=1
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be the highest root, and define
72:=PB+ent-

Then z satisfies

2 = (en1+B)° =4+2(ens1-B) =0,
z-e,=0 foralll <i<n.

Therefore z is a primitive isotropic vector in I” which is orthogonal to ey, ...,e,. So
r=r.o.
We need a lemma about primitive isotropic vectors in even unimodular lattices.

Lemma 4.6. Let z be a primitive isotropic vector of an even unimodular lattice L. Then 7 is
contained in a sublattice U of L which is a unimodular hyperbolic plane, and L=U 1L
for an even unimodular lattice L.

Proof. (a) We first show that there exists a y € L with z-y =1 (cf. [81, Chap. V, §3,
Lemma 3]).

Let f, be the linear form y — z-y. Suppose f; is not surjective. Then f(y) € dZ for
somed € Z,d >2and all y € L. Then f, = dg for some g € Hom(L,Z). But g(y) = %Z ‘Y
since z -y defines an isomorphism of L onto its dual L* = Hom(L,Z). This implies that
% € L, contradicting the fact that z is primitive. Hence f; is surjective and there exists a
yée€ Lsuchthaty-z=1.

(b) Choose y € L such that y-z = 1. If y?> = 2m, replace y by y — mz to obtain a new y
such that y> = 0. The submodule of L generated by {z, v} is then a unimodular hyperbolic
plane U.

(c) Since disc(U) = —1, one clearly has UNU* = {0}. Moreover, if x € L, the linear
form y — x-y (y € U) is defined by an element xy € U. We then have x = xo 4+ x; with
xo€Uandx; €U+, hence L=U L U".

(d) Since disc(L) = 41 and disc(U) = —1, disc(U*) = %1, so U~ is unimodular.

Parts (a)-(d) constitute the proof of Lemma 4.6. O

We now embed the Leech lattice A4 into a hyperbolic lattice. That means that we
consider the lattice
L=Ay 1U.

We consider coordinates (4,m,n) € L with A € Ayg, m,n € Z, and
(A,m,n)* = A2 +2mn.

Let A € Ay4 and consider the element
~ 1 2
A= l,l,l—il eL.

Then A isarootin L, i.e.,
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=y 1,,)\?
K:{I: (1,1,1—;12) ’ leAm}CL

The set A can also be characterized in the following way. Let w be the isotropic vector
(0,0,1) € L. Then A is the set of all roots x in L which satisfy

Let

x-w=1.
For let x = (A,m,n) € L be a root with x-w = 1. Since
(A,m,n)-(0,0,1) =
it follows that x-w = 1 if and only if m is equal to 1. Furthermore
=(A,1,n)? =2

implies that A2 +2n =2,ie,n=1— A%
We identify the vectors of Ay4 with the elements of the subset A C L. For A, 4 € Ayq

we have
A= A,l,l—f)L . ,u,l,l—iu
:A-u+27 YR u?
2
1
— (A —p)
So we get

A—p)l=4<=A1-1=0
A—pu)P=6<=A-f=-1
A—pu)P=8<c=A-fi=-2

Let ¢ be a deep hole of Ay4, and let vy,...,v, be the vertices of its Delaunay polytope.
It follows that the hole diagram corresponding to c is the Coxeter-Dynkin diagram of the
system of roots {vy,...,vy,} of the lattice L.

The following Lemma 4.8 is the main step in Borcherds’ proof of Theorem 4.2 (cf.
[5, Lemma 5.1]). For the proof of this lemma Borcherds uses an algorithm of Vinberg
[90]. We modify Borcherds’ proof avoiding the use of this algorithm. Instead we use the
following lemma.

Lemma 4.7. Let I' be an irreducible root lattice of rank n, and let T be the lattice " 10,
where the lattice 0 C I is generated by a primitive element 7 € I Lette Hom(F Z) be
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a linear form with t(¢t) # 0 for all roots ¢ in I". Then there exists a system (eyq,...,ent1)
of roots in I with the following properties:

(i) The Coxeter-Dynkin diagram of (ey,...,en+1) is the extended Coxeter-Dynkin dia-
gram of .

}
(ii) The primitive isotropic vector z is equal to Z mje; with all m; > 0 and Z m; = h,
i=1 i=1
where h is the Coxeter number of I.

n
(i) (e1,...,en) is a fundamental system of roots for I' and Y. m;e; is the highest root

i=1
of I'.
(iv) Foralli, 1 <i<n+1,t(e;) > 0.

Proof. Let R and R be the sets of roots in I" and I” respectively. Define
—{aeR|t(a)>0},RF =RNR;.

Since 7(o) # 0 for all & € R, we have R = R U(—R,") and R = RIU(-R). Let S; be
the set of indecomposable elements of R+ (cf. Sect. 1.4), and let S, = S, NR. Then §; is
a fundamental system of roots for the root lattice I". This follows from Lemmas 1.3, 1.4,
and 1.5, where one can replace the element ¢ € R” by a linear form 7 : R* — R with
t(a) #0forall @ € R.

Let S; = {ey,...,en}. The same proof as for Lemma 1.3 shows that each element of
R,+ is a linear combination of elements of Sl Since R,+ generates I, it follows that there
exists an indecomposable e, | € St not contained in I".

Consider the natural projection I' — I and denote the i image of an element & € r
under this projection by @. Since {ey,...,e,} is a fundamental system of roots for I',

n
enyl = Zciei
i=1
with integer coefficients c;, all non-negative or all non-positive. By Lemma 1.4
ent1-6 <0 forl<i<n.

If 2,.1 € R}, then Lemma 1.5 would imply that ey,...,e,,e,:1 would be linearly inde-
pendent, a contradiction. Therefore 2,1 € —R;", and all ¢; have to be non-positive.
We claim that —e, | is equal to the highest root 8 corresponding to I'. For —e, |
satisfies
(—€ut1)-€;>0 forl <i<n.

Of course —e, 1 < . Therefore
n
B=—en1+) diei
i—1

with all d; > 0. But the right-hand side can only be a root if all d; = 0, since



110 4 The Leech Lattice

2 2
<—€n+1 + Zdi€i> =2 +2(—8nt1) (Zd ez) + (Z di€i>
Fy =1

> 2

unless all d; = 0. Therefore —e,+; = 3, and hence z = f3 + e,,+1. Therefore (ey,...,en+1)
is a system of roots of I" with the required properties. That

m+1

Z I’I’l,':h
i=1

follows from Lemma 1.16. This proves Lemma 4.7. O

Lemma 4.8 (Borcherds). Let X be a set of elements of A such that the Coxeter-Dynkin
diagram corresponding to X is a connected extended Coxeter-Dynkin diagram. Then X is
contained in a subset Y C A such that the Coxeter-Dynkin diagram of Y is a disjoint union
of extended Coxeter-Dynkin diagrams and the numbers of vertices of the corresponding
ordinary Coxeter-Dynkin diagrams sum up to 24.

Proof. Let X = {x1,...,x11}, where the numbering is such that the Coxeter-Dynkin di-
agram of {xj,...,x;} is the corresponding ordinary Coxeter-Dynkin diagram. As in Ex-
ample 4.3, let

k
ﬁ = Z m;Xx;
i=1

be the corresponding highest root, define my | := 1, and consider the vector

k+1

= Z mi;Xx;.
i=1

Then z is a primitive isotropic vector. According to Lemma 4.6, 7 is contained in a sublat-
tice U’ of L which is a unimodular hyperbolic plane, L = U’ L N for an even unimodular
lattice N of rank 24. This lattice must be positive definite and it contains roots, e.g. the
roots xi,...,Xy, hence it is a Niemeier lattice.

By Corollary 3.5 the irreducible components of the root sublattice of N all have the
same Coxeter number 4. Let I} be such an irreducible component, different from the com-
ponent spanned by {xi,...,x;}. Consider the lattice I; = I; L (z), where (z) denotes the
sublattice generated by z. Since w = Ay L (w), there are no roots in L perpendicular to
w.Soy—w-y(y€e I; ;) 1s an integer valued linear form on F which does not vanish on
the roots of F By Lemma 4.7 there exists a system (eq,...,e;.1) of roots of F with the
following properties:

(i)  The Coxeter-Dynkin diagram of (ej,...,e;1) is the extended Coxeter-Dynkin di-

agram of I.
I+1 I1+1
i) z= Z njej, alln; >0, Z nj=nh.
=
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I
(iii) (ei,...,e;) is a fundamental system of roots for I" and Y nje; is the highest root

j=1
of I'.
(iv) Forall j,1 <j<I+1,w-e;>0.
- k+1
We show that the elements ey, ...,e;, are contained in A. Since z = ) m;x; and x;-w =
j=1
1for1 <j<k+1, wehave
h=2z-w.
I+1
Since also z = Y. nje;, we have
Jj=1

1+1 1+1
h= anej -w:an(ej~w).
j=1 j=1

By property (iv), ej-w >0 for 1 < j < [+1, so we must have e¢;-w =1 for all
Jj€{l1,...,1+1}. Therefore {ej,...,e/+1} C A.

Now let Y be the union of the set X with the sets {ej,...,e;+1} for each irreducible
component I; of the root sublattice of N different from the component generated by
{x1,...,x¢}. Then Y is a subset of A with the required properties. This proves Lemma 4.8.
O

We are now ready to complete the proof of Theorem 4.2 which was started in Sect. 4.2.

Proof of Theorem 4.2 (cf. [5]). Let ¢ be a hole of radius greater than or equal to v/2. By
Proposition 4.1 and Proposition 4.2 the hole diagram of ¢ contains an extended Coxeter-
Dynkin diagram. Let V be the set of vertices of the Delaunay polytope P of ¢ correspond-
ing to this extended Coxeter-Dynkin diagram. By Lemma 4.8 there exists a set of vectors
W of the Leech lattice Ap4 containing V, such that the Coxeter-Dynkin diagram of W is a
disjoint union of extended Coxeter-Dynkin diagrams and W spans a sublattice of rank 24.
LetV ={vi,...,veq1}, let V= {¥1,...,Vks1} be the corresponding subset of A, and let

k+1

=Y my;
=i

be the corresponding primitive isotropic vector as in the proof of Lemma 4.8. Then z can
be written as follows in the coordinates (A,m,n) of L= Ay 1 U:

z= <C,h,—;(’:>,

where
k+1
=) myi€Ay
i=1
and £ is the Coxeter number corresponding to vy, ..., Vi 1. This follows from Lemma 1.16.

Now for A = (A,1,1— %12) € A we have
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z2:A=0
182 o) _
<:><C,h,2h)~</l,l,12/l>0
1o\ 18
<:>C-l+h(l—2/l>—2h_0

@h(l—;(g— i-l“ﬂ)):o

Therefore ¢’ = % is a vector of A4 ® R which has distance v/2 from the points of V and

is the centre of a hole of radius /2. The vectors of W are the vertices of the Delaunay
polytope P’ of ¢’. The point ¢’ is also the centre of V. But since V corresponds to a
component of the hole diagram, we have (v — w)2 =4 for all vertices v,w of P withv eV,
w ¢ V. Therefore the centre of V is also the centre of P (cf. Fig. 4.3). Hence we must have

Fig. 4.3 Two non-joined vertices in the hole diagram

P =P and ¢ = ¢’. Hence ¢ has radius /2, and A has covering radius v/2. This proves
Theorem 4.2. 0O

For the proof of Theorem 4.3 we need some auxiliary results.
Let N be a Niemeier lattice with Weyl vector p and Coxeter number s. We consider
the lattice
M=N_L1U.

Let (y,m,n) be coordinates for M with y € N, m,n € Z such that
(y,m,n)? = y* + 2mn.

By Lemma 4.4 the vector w := (p,h,—(h+1)) is in M and by Lemma 4.3 it is isotropic.
Lemma 4.6 implies that w is contained in a sublattice U’ of M which is a unimodular
hyperbolic plane, and M = U’ 1. N’ for an even unimodular lattice N'. We will show that
the lattice N’ has at most half as many roots as N (cf. [5, Lemma 4.2]. In fact it follows
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from Sect. 4.3 that N’ has no roots and is isomorphic to the Leech lattice. Unfortunately
we don’t know of any elementary direct proof of this fact. We can only show that there are
no roots in N’ which have inner product 0 or +1 with z = (0,0, 1) (cf. [5, Lemma 4.1]).

Lemma 4.9. There are no roots of M that are perpendicular to w and have inner product
0 or £1 with z=(0,0,1).

Proof. Let r = (y,m,n) be aroot of M that is perpendicular to w. First suppose that r has
inner product O with z. Then r-z = 0 implies m = 0, and hence r> = y*> = 2, s0 y is a root
of N. Furthermore

0=r-w=0,n) (p,h,—(h+1))=y-p+nh,

and thus y- p = —nh. But this is impossible, since we have 1 < |y-p| < h— 1 for any root
yof N.
Now suppose that r has inner product 1 with z. Then r-z = 1 implies m = 1. Further-
more
O=rw= (y,l,n)~ (p7ha7(h+1)) :ypf(h+l)+nha

and
2=r=(y1,n)? =y +2n.
Therefore
p)2 > L yp P
B T AL i
(y n) TV T e
h—h—1
:2—2n+2nT+2(h+1)h

=2

But this is impossible by Lemma 4.5.

If r has inner product —1 with z, then —r has inner product 1 with z. But we have just
seen that this is impossible. Hence no root in w* can have inner product 0 or &1 with z.
This proves Lemma 4.9. 0O

The following lemma is [S, Lemma 4.2].

Lemma 4.10. If N’ contains roots, i.e., if N is a Niemeier lattice, then its Coxeter number
K is at most %h

Proof. Assume that N’ contains roots. Let I; be any irreducible component of the root
sublattice of N’. By Lemma 4.9 all roots in w' have nonzero inner product with z. There-
fore it follows from Lemma 4.7 that we can find a system (ey,...,e,+1) of roots in wt
with the following properties:

() (e1,...,ent1) is a fundamental system of roots for I;.
n+1

Z mj:h’.

n+1
(i) w= Y, mje; with all m; > 0, and
=1 j=1

j=
(i) Forall j,1<j<n+1,e;-2>0.
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Now
n+1
(Zrn) = (p.h~(h+1))-(0.0,1) =

Since e -z >0, Lemma 4.9 implies that e; -z > 2. Since this is true forall j, 1 < j <n+1,
we obtain /' < %h and therefore the claim of Lemma 4.10. O

Lemma 4.11. For any Niemeier lattice N, the lattice M =N L U can also be decomposed
as M =A 1L U', where U’ is another unimodular hyperbolic plane and A is isomorphic
to the Leech lattice.

Proof. By Lemma 4.10 the lattice M = N L U can also be decomposed as M = N’ |
U’, where U’ is a unimodular hyperbolic plane and N’ a Niemeier lattice with Coxeter
number at most %h or a lattice containing no roots. By repeating this we eventually get an
even unimodular 24-dimensional lattice A with no roots. By the uniqueness of the Leech
lattice, this must be the Leech lattice. Therefore Lemma 4.11 is proved. O

Lemma 4.11 also follows as a special case from a general structure theorem about
indefinite unimodular integral lattices: see [81, Chap. V, §2, Theorem 6].

Proof of Theorem 4.3. Let ¢ be a deep hole of Ay4. Then the hole diagram of ¢ contains
an extended Coxeter-Dynkin diagram. Let xy, ..., x; be the vectors of A corresponding

to it and let
k+1

= Z m;Xx;
i=1

be the corresponding primitive isotropic vector. As we saw in the proof of Theorem 4.2, 7
can be written as follows in the coordinates (A,m,n) of L= Ay 1L U:

= (en35)

where { is a certain vector in Ay and h is the Coxeter number corresponding to
X1y-.-,Xkr1. As we have shown in the course of the proof of Lemma 4.8, 7+ contains
a Niemeier lattice N with Coxeter number h. Let vy,...,v, be the vertices of the Delau-
nay polytope of c,and letvy,..., vy, v; = (vl, 1,1— %vlz) be the corresponding vectors of

A. Now for A = (A, 1,14 kz)eAwehave

~ ¢ 2

as we saw in the proof of Theorem 4.2. Since c is the unique vector in Ays ® R which

has distance v/2 from Vi,...,Vy, it follows that ¢ = g and z-v;=0foralli, 1 <i<wv.
Therefore the vectors vy, ..., vy are roots in the Nlemeler lattice N. Since

o 1 1
v,..vj:<v,,1,1 3V ) <v,,1,1 23)
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15 15
= v,'-v]-+1f§vl- +1f§vj
1
=2-z(i~ vj)?
— (i=0): (v =),
the hole diagram of ¢ is the Coxeter-Dynkin diagram corresponding to the vectors
V1,...,vy. Therefore the components of the hole diagram of ¢ are the extended Coxeter-

Dynkin diagrams of the irreducible components of the root sublattice of N. Since N is
determined up to isomorphism by its root sublattice, this establishes a mapping from the
set of deep holes of A4 to the set of isomorphism classes of even unimodular lattices
in R?* containing roots. It is clear that the isomorphism class of N only depends on the
congruence class of ¢ under congruences of A4, because the congruence class of ¢ is de-
termined by the hole diagram. It also follows that non-equivalent deep holes correspond
to non-isomorphic Niemeier lattices.

It remains to show the surjectivity of this mapping. But by Lemma 4.11, for any
Niemeier lattice N we can find a vector z € L = Ay L U, such that z- contains a lat-
tice isomorphic to N. This proves the surjectivity of the mapping and completes the proof
of Theorem 4.3. O

Conway and Sloane have found nice coordinates for the lattice L = A L U which has
led to very simple definitions of the Leech lattice, see [19] (= [21, Chap. 26]). We shall
indicate the most elegant of these constructions.

Let R™! denote the real (n + 1)-dimensional vector space of vectors

K= (X1, X [ K1)
with inner product defined by
XYy =X1Y1+ ... +XpYn = Xnt1Yn+1

forx = (x1,..., X0 | Xut1), Y= V1, -, V0| Yns1) € R, Assume thatn = 1 (mod8). Define
I, 1 to be the set of vectors x = (x1,. .., X, | x,+1) with all x; € Z. This is an odd unimodular
lattice. Let I be the submodule of I, | formed of elements x such that x - x is even, i.e.,

X1+ ..+ Xy —Xpp1 € 27.

One has [I, | : I'] =2. Let II,, ; be the lattice in R™! generated by I" and by

_ (L Il
u=\z-513)

Since n =1 (mod8), one has 2u € I'. But u ¢ I", so [IL,; : I'] = 2. The lattice II,, ; is the
set of all x € R™! for which all x; are all in Z or all in Z + % and which satisfy

X1+ X, —Xpp1 € 27.
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Therefore we have x-u = %(xl +... Xy —Xy11) €EZ.Since u-u = "4;1, this shows that I, |
is an even integral lattice. Moreover the fact that I" has the same index in I, 1 as in II,, ;
shows that II,, 1 is unimodular, too. (II,, 1 is a neighbour of I,, 1, cf. Sect. 4.1.)

The lattice II, ; is the unique even unimodular hyperbolic lattice of rank n4-1 up to
isomorphism. For n = 25 this follows from Lemma 4.6 and Lemma 4.11, for the general
case see [81, Chap. V, §2, Theorem 6].

Now consider the lattice Il5 | and the vector

w=(0,1,2,3,...,23,24|70)

inII,, ;. It is known that the only solutions of

O+ 12422+ +m*=n’

in positive integers are (m,n) = (1,1) and (m,n) = (24,70) (cf. [65, p. 258]). Therefore
w is an isotropic vector in Il5 1. Conway and Sloane [19] proved the following theorem
by using Theorem 4.4.

Theorem 4.5 (Conway, Sloane). The lattice w/(w) is isomorphic to the Leech lattice.

For the proof we refer to [19].
Similarly, consider the lattice Ilg ; and the isotropic vector

1
w=2(LLLLLLLL1[3)

in Iy ;. Then w /(w) is isomorphic to the lattice Eg (cf. [14], [70], and [19, Lemma 6]).
Exercise 4.1 Find the roots in w /(w).

Exercise 4.2 Consider the lattice I, ; for 1 <n < 8. Let
wi=(1,...,1]3) €L,.

Show that the lattice wb C I, is an even integral positive definite lattice of rank n and

discriminant —w?.

Exercise 4.3 Derive Table 4.1 of lattices w' for 1 < n < 8. Here the ring O is the subring
{4+5v/=T|a,b€Z,a=b(mod 2)} C C=R? with the symmetric bilinear form defined
in Sect. 5.1, and (21/2) denotes the lattice in R spanned by 2+/2.

4.5 Automorphism Groups

In this section we state Conway’s remarkable result [13] (= [21, Chap. 27]) on the relation
between the automorphism group of the Leech lattice and the automorphism group of the
26-dimensional unimodular hyperbolic lattice.
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Table 4.1 Lattices w' CT,1,1<n<8

n w? wt

8 -1 Eg

7 -2 E

6 -3 Ee

5 —4 Ds

4 -5 Ay

3 -6 A LAy

2 7 ring O of integers of Q(v/—7)
1 -8 (2v2)

As in Sect. 4.4, let L = Ap4 1 U and let Aut(L) denote the automorphism group of L.
As above, we consider coordinates (A,m,n) € L with A € Ay, m,n € Z, and

(A,m,n)? = A%+ 2mn.

K:{I:(A,l,l—;)ﬂ) ‘ /IEA24}

= {xeL|x¥*=2andx-w=1}.

Letw = (0,0,1) and

We denote by R the subgroup of Aut(L) generated by the reflections corresponding to the
elements of A and £1.
The automorphism group Cop := Aut(Ay4) of the Leech lattice is a group of order

22239547211 -13-23 = 8315553613086 720000.

The quotient group Co; := Cop/{+£1} is a famous sporadic simple group discovered by
Conway [11]. We define a group Co.. as follows: Let A4 act on Ay by translations. Then
Co., is the semi-direct product

COs := Aoy - Aut(A24).

This is the affine automorphism group of the Leech lattice.

Let G be a group acting on a set X with group action ¢ : G x X — X. The stabilizer
of a point x € X is the subgroup Stab(x) = {g € G|¢(g,x) = x}. One says that G acts
simply transitively on X if it acts transitively and the stabilizers of all the elements x € X
are trivial.

Conway has proved [13] (= [21, Chap. 27]) (see also [5]):

Theorem 4.6 (Conway). The automorphism group Aut(L) of the lattice L = Ayg L U is
the semi-direct product of the subgroups R and Co.

Proof. a) We first show that R acts transitively on the primitive isotropic vectors of L that
are not orthogonal to any root of L. Let z = (&,a,b) be such a vector where & € Ayq,
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O#aGZ,andb:flﬁ.Fori:(171,17%12)€Kwehave

Since z is not orthogonal to any root, in particular z - 2 = 0 for all A € A. This implies

2
(5-2) 2
a
forall A € A. By Theorem 4.3 the covering radius of the Leech lattice is /2. Therefore
S cannot be the centre of a deep hole of Ay and there exists a A = (A, 1,1-4A%) e A

a

with
Fix such a I Let

Then 0 < |d'| < |a] and
.

() =2 (e M)A = (5 —(a—a')l,a/,—%;—(a—a/) (1—;/12» .

If @’ = 0 then & — aA = 0. This means that

55(2) = (0,0, 1),
Otherwise, let 5
1 1
4 :—5%—(a—a') <1 7\,2>
Since (s3 (z))? =0, we have

—2d'b' = (€ —(a—d)A)%
Therefore 2a’b’ < 0. Suppose a > 0. Then @’ > 0 and hence b’ < 0. Since b = —%% <0,
a—d >0,and 1 — 1A% <0if A # 0, we get 0 < || < |b|. The same is true when a < 0.
If ¥’ =0 then & — (a—da’)A =0, and hence

S~

5(2) = (0,£1,0).

The vector 53 (z) is again not orthogonal to any root. For let x € L be a root. Then

53(2) -x = z- 53 (x) # 0 since s5 (x) is again a root.
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If @’ # 0 and b’ # 0 we can repeat the process with @ := @' and b := b'. Since 0 <
|d'| < |a| and O < |b'| < |b|, after finitely many steps we will have ' = 0 or b’ = 0.
Therefore we see that z is equivalent under the action of R to (0,+1,0) or to (0,0,=+1).
For 0 = (0,1,1) € A we have

55(0,1,0) = (0,0,—1).

By definition, R contains +-1. This shows that z is equivalent under the action of R to
w = (0,0, 1). Moreover, since z- A # 0 for every A € A, we see that there exists a unique
element r € R with r(z) = w. This means that R acts simply transitively on the set of
primitive isotropic vectors of L which are not orthogonal to any roots.

b) Now let z € L again be a primitive isotropic vector that is not orthogonal to any root
and let Stab(z) C Aut(L) be the stabilizer of z. We show that Stab(z) is isomorphic to
Co... An automorphism of L which fixes z must also map the orthogonal complement of
z to itself. Since the orthogonal complement does not contain any root, it is isomorphic to

Apg L 0.

Now an automorphism g of A4 1 0 which fixes the generator z of the lattice 0 must be of
the form
gA+az) =h(z)+9(A)z+az (A € Ayg,a € )

for some h € Aut(Ays) and ¢ € Ajy. Since Aoy is unimodular, ¢ is of the form f, for
an element x € Apq where f, is defined by fi(y) = x-y for y € Ay4. Hence Stab(z) is the
semi-direct product of Aut(Az4) and Axs where x € Apq acts on Ayg L 0 by sending A +az
to A + (x- A)z+ az. Hence Stab(z) is isomorphic to Cow. This proves Theorem 4.6. O

Remark 4.2 Let I" be an even unimodular 24-dimensional lattice without any roots. By
the general structure theorem about indefinite unimodular integral lattices [81, Chap. V,
62, Theorem 6], the lattices I' 1. U and L = A | U are isomorphic. By Sect. 4.4, the
lattices I" and A correspond to primitive isotropic vectors of L which are not orthogonal
to any root of L. By part (a) of the proof of Theorem 4.6, there is an element of Aut(L)
which maps these vectors onto each other and hence maps I" onto A. This shows again
that the Leech lattice is unique (cf. [5, Corollary 6.2]).

Exercise 4.4 The covering radius of the lattice Eg is 1. Using this fact, prove that the
automorphism group Aut(L) of the lattice L = Eg | U is generated by the reflections
corresponding to the roots of L and £1. (Hint: This can be proved along the same lines as
Theorem 4.6.)

For further results concerning the embedding of the Leech lattice and other definite
lattices in a hyperbolic lattice see [18] (= [21, Chap. 28]) and [70].

The Leech lattice occurs in many different connections. For example, the Leech lattice
is related to the Fischer-Griess "Monster” simple group (see [21, Chap. 29] and [15]).
There were discovered some rather mysterious connections between automorphisms of
the Leech lattice and singularities of complex surfaces (see [77] and [22]).



Chapter 5

Lattices over Integers of Number Fields and
Self-Dual Codes

5.1 Lattices over Integers of Cyclotomic Fields

Up to now, we have only considered binary codes. In this chapter we want to present a
generalization of the results of Chapter 2 to self-dual codes over IF,, where p is an odd
prime number. The results which we want to discuss are due to G. van der Geer and
F. Hirzebruch [36, pp. 759-798]. In Sect. 1.3 we associated an integral lattice in R” to
a binary linear code of length n. In Sect. 5.2 we shall generalize this construction by
associating a lattice over the integers of a cyclotomic field to a linear code over IF,. In this
section we shall study lattices over integers of cyclotomic fields. For the background on
algebraic number theory see also [76] and [87].

Let p be an odd prime number. Let { := ¢2/?_Then " for r = 0,1,...,p— 1 are the
p-th roots of unity, and

1= (= =) (=),

The polynomial

I4x+x2 4. P P =P—1)/(x—1)
is irreducible over Q. Its roots in C are the primitive p-th roots of unity £, {2,... P!,
i.e., over C

l4x+x> 4. +x7! :(x—C)---(x—gl’—l),
By setting x = 1 in this equation, one derives the equation
p=01-0)01=C%) (18, (5.1)

We are going to study the field K := Q({). It is the field obtained by adjoining { to Q.
Since p — 1 is the degree of the minimal polynomial of { over Q, K is a vector space over
Q of dimension p — 1. The elements 1,{,...,{?~% form a basis of this vector space, so
each element o € Q(&) has a unique representation

a:a0+alc+...+a,7,2<§1"2, a; € Q.

121

W. Ebeling, Lattices and Codes, DOI 10.1007/978-3-658-00360-9_5, © Springer Fachmedien Wiesbaden 2013



122 5 Lattices over Integers of Number Fields and Self-Dual Codes

‘We shall show that the set
p=2 )
o= Z aiC !
i=0

is the ring of integers of K. For this purpose we need to calculate the traces of some
elements in K.
Let K be an algebraic number field, i.e., a field extension of Q of finite degree n = [K :

a; €7 fori:071,...7p—2}

Ql

An element x € K is called integral over Z, if there exist a, . ..,a,,—1 € Z such that
ag+aix+...+ a1 X" +x" =0,

i.e., if x is a root of a monic polynomial with integral coefficients. The elements of a
number field K which are integral over Z are called the integers of K. They form a subring
9 of K. This ring O is a free Z-module of rank n.

For a number field K of degree n, there exist n distinct embeddings o;: K — C, i =
1,...,n. These embeddings o; fix Q, i.e., 0;(a) = « for all & € Q. Then the trace of an
element o € K over @, denoted by Trg /Q(a), is defined by

Trgg(a) := Zn%cri(a).

One has Trg/g() € Q. The number Trg /g () is the trace of the endomorphism of the
Q-vectorspace K defined by multiplication by . If there is no danger of confusion, we
write Tr(ct) instead of Trg /g(0t).

For K = Q({) there are p — 1 embeddings o1,...,0,-1 : K — C given by

o.(§)=¢", r=1,....p— L

Then the trace of an element o« € Q(&), a =ap+a; § +. .. +ap_2C1”2, is easily computed
to be
Tr(a) = (p—1ao—a1 —ar— ... —ap—. (5.2)
Note that the o, leave Q({) invariant. Thus they form a group (with respect to composi-
tion), the Galois group of Q(&) over Q.
Let O be the ring of integers of Q(&). Evidently O contains § and its powers. Let
P := (1 —{) be the principal ideal of O generated by the element 1 — § € O.

Lemma 5.1. PNZ = pZ.

Proof. Formula (1) shows that p € 8. Thus pZ C 8 NZ. Since pZ is a maximal ideal
of Z, the assumption P NZ # pZ implies PNZ = Z, i.e., that | — { is a unit in O. But
in this case the conjugates (1 - i) of 1 — £ must also be units; hence p must be a unit
in O NZ by formula (5.1); and thus p~—! must belong to Z, which is absurd. This proves
Lemma5.1. O

Lemma 5.2. For any a. € B, Tr(a) € pZ.
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Proof. Let o € B. Then o can be written @ = y(1 — §) for some y € O. Each conjugate
yi(1 = &%) of y(1—¢) is a multiple (in O) of 1 — {, which is itself a multiple of 1— ¢,
since 1 =¢"=(1-¢) (1+&+...+ ¢ ). Since the trace is the sum of the conjugates,
we have Tr(y(1—{)) € B. Lemma 5.2 now follows immediately from Lemma 5.1, for
the trace of an integer belongs to Z. 0O

Proposition 5.1. The ring O of integers of the cyclotomic field Q({) is the subring

p—2
{(XZ Zaicl

i=0

ai €7 fori:O,...,p—Z} CK

of K.

Proof. Letox =ap+a 1 +... +a[,,2C”’2, a; € QQ, be an element of . Then

a(l=8)=ap(1 =) +ar(§—C%)+...+ap2 (CP2 =71,

Therefore Tr(ot(1—¢)) = ao Tr(1 — §) = app. By Lemma 5.2, pay € pZ, so ay € Z.
Since {~! = {7~!, one has { ! € O. Therefore

((X—ao)cil =a1+a2C—|—...+ap_2CP73 €90.

By the same argument as before, a; € Z. Applying the same argument successively, we
conclude that each a; € Z. This proves Proposition 5.1. O

We continue the study of the principal ideal 3 of O.
Lemma 5.3. 037! = (p) Cc O.

Proof. Consider the element

1-¢r _
= €Q(8), r=ts(mod p).
Since 1 == (1-8)(1++...+ &1, we have
1-¢ 14" s 1—1)s
16 =144+ e,

We conclude that 3 = (1 — §*) for arbitrary s £ 0 (mod p). Lemma 5.3 now follows from
formula (5.1). O

Now consider the mapping p : O — Z/pZ sending & = ap+a;§ +.. .+ap,2Cp_2, a; €
Z,to p(t) =ag+ay+...+ap—> (mod p). This is an additive homomorphism. Using
Lemma 5.1, the kernel of this homomorphism is easily seen to equal 3. This shows that

O/P=L/pL=TF),

and the mapping p can be considered as the reduction mod ‘.
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By the general remarks above, © is isomorphic to Z”~! as a Z-module. We shall define
a bilinear form on ©.

Consider again the general case of an algebraic number field K of degree n = [K : Q).
Let O be the ring of integers of K. Let o1, ...,0, : K — C be the different embeddings
of K in C, and let (0,...,@,) be a basis of the Z-module O. Then (o;(¢;)) is an n x n-
matrix. The number

Ag = (det(01(ay)))?

is independent of the choice of the o; and the basis (o, ..., ;) of O, and is called the
discriminant of K.

Now for x,y € O the mapping (x,y) — Tr(xy) defines a symmetric bilinear form on
the Z-module O with values in Z. So ( Tr(o;t;)) is an integral nx n-matrix. Then

det(Tr(oyet;)) = det (Z O'k(aiaj)>
3

= det (Z Gk(“i)“k(@i))
k

= det(op(y)) - det (o (%))
= Ag.

Now assume that K = Q(a), and let f(x) = ap+ajx+ ...+ a,x" be the minimal poly-
nomial of @ over Q. Assume in addition that a; € Z fori =0, ... ,n and that a,, = 1. Finally
assume that 1, o, ..., " ! is a basis of the Z-module ©.

Then

A = (det (o3 (o))’

1 G](OC) (71(06)”71 2
1 oy(a) - or(a)"!
= det
1 oq(a -
= H( (Vandermonde)
i<j
_ n n—1) /ZH (X G]

i#J

This shows that Ak is the discriminant of the minimal polynomial f(x) of «, since the
oi(a),i=1,...,n, are the conjugates of , i.e., the roots of the minimal polynomial f(x)
of .

Now we specialize again to the case a = {, K = Q({). In this case we get
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i#]j
_, p=1 p=l )
=07 T IT (¢-¢+)
i=1 k=l
kZ—i(p)
~cn= e T (-9
i=1 k=1
k#—i(p)
pot (P 2 Lo
=(~1)" (1,§k) C2p<p 1)
k=1

The absolute value of the discriminant Ag¢) also follows from Lemma 5.3.
For x € Q(&) let X denote the complex conjugate. We now consider the bilinear form
(x,y) = Tr(xy), x,y € O, on O. Since

Tr(xx) = Zc(x)?x) >0

for x # 0, x € O, where ¢ runs through the embeddings of Q({), this form is positive
definite. This form has determinant pP~2, as is easily deduced from det( Tr($¢/)) =

(-1 L pP~2 and the fact that the mapping x — X, considered as an endomorphism of the
@Q-vector space Q({), has determinant (—1 prl Thus the symmetric bilinear form
P y

(x,y) := Tr (?), x,y €9,

has determinant %
We have seen above that 8 = (1 — §) is a submodule of O of index p. We can
consider the bilinear form (x,y) = Tr %’ on P: By the foregoing it has determi-

nant p, and Tr (%) € Z for x,y € B, by Lemma 5.2. Moreover this form is even:
(x,x) = Tr (’%) € 2Z for all x € °B. For this we use the following remark.
Remark 5.1 The real subfield of K is

KNR={xeK|x=x}.

We denote this subfield by k. Let & € K, @ = ap+ a1 +... +a,_ 1§71 with a; € Q.
Then o € kif and only if ; = a,,_; fori=1,..., %. Let a € k. Then o can be written

oc:ao+a1(C+§—1)+a2(g2+§—2)+...+a% (C”T_I+C—PT_1)_
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p—1

This shows that k = Q({ 4+ ¢~ 1), and that (1, { +¢ 71, &2+ ¢72,.... ¢ ! +C*%+1)
is a basis of k over Q. In particular [K : k] =2, [k: Q] = pT_l. Moreover

XX XX
e () =2 ().

This shows that the above bilinear form on ‘3 is even.

Recall from Sect. 1.1 that a (positive definite) integral lattice is a free Z-module (free
abelian group) I" of finite rank n together with a positive definite symmetric bilinear form
(,): I xI' = Z with values in Z. This lattice is called even, if (x,x) € 2Z forallx € T".

So P with the bilinear form (x,y) = Tr (%) is an even integral lattice. In fact we can
prove the following lemma:

Lemma 5.4. The lattice 53 with the bilinear form (x,y) — (x,y) = Tr (%) is isomorphic
to the root lattice Ap_y.

Proof. By the definition of (, ) we have

wir=n(E5)-20
e n($5)-n(5)
- i(g+g2+...+§"*1) = —é, r# s (mod p).

This implies that
—1 —1 1
@-er-p =t (-0,
p p p

so the vectors {" — {* for r £ s (mod p) are roots in B. There are p(p — 1) vectors of this
form. This number agrees with the number of roots of A,,_1. Now the vectors

174‘7 Cfcza C27C3v"'7Cp_27Cp_l

form a basis of *3, and the corresponding Coxeter-Dynkin diagram is the diagram

1-¢ -0 pog g

which is the Coxeter-Dynkin diagram of A,,_1. This proves Lemma 5.4. O
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Remark 5.2 Note that the dual lattice * of B is O: The inclusion O C P* follows
from Lemma 5.2, which implies that Tr ( ) € Zforye O, x €B. In Sect. 1.1 we have

shown that the index [I"* : I'] of a lattice I in its dual lattice I"* is equal to the discriminant
disc (I') of I". So [B* : B] = p. Since also [O : P] = p, we conclude that P* = O

5.2 Construction of Lattices from Codes over [,

As before, let p be an odd prime number. Let C C I, be a (linear) code over ), of length

n. We assume throughout this section that C C C*. This means that x-y =0 for all x, y € C.
Let m = dimC.

Asin Sect. 5.1, let O be the ring of integers of the cyclotomic field Q({). We construct
a lattice I C 9" from C as follows. By Sect. 5.1, I will be an integral lattice of rank
n(p —1). The construction generalizes the construction of Sect. 1.3 for the case p = 2.

Definition. Let p : 9" — [, be the mapping defined by the reduction modulo the principal
ideal 8 = (1 — {) in each coordinate. Then define

Ie:=p Y(C)com

Letx,y € O" x= (x1,...,%,),y= (V1,...,yn) with x;, y; € O fori = 1,...,n. For each
coordinate we have the symmetrlc bilinear form defined by (x;,y;) — Tr (%) We define

=5 (3)

Letus define x-y =x1y1 +... + X, V0, Xy =X1y1 + ...+ X,yu. Then

x-y=x-y (modP),

since, for any o0 € O, one has & = & (mod B) (for proving this it suffices to consider the
case ot = §"). Now assume that p(x), p(y) € C. Then

0=x-y=x-y(mod ).

a symmetric bilinear form on O" by

By Sect. 5.1, this implies that

() €Z,
(x,x) € 2Z,

for all x, y € I C O". Therefore the lattice I is an even integral lattice of rank n(p — 1).
n
By Sect. 5.1 the bilinear form (, ) on O" has determinant (%) . Since p is surjective,

p~1(C) has index p"~™ in O", where m = dimC. Therefore the discriminant of the lattice
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Icis
disc (I¢) = p" ™.

Lemma 5.5. Let C C I, be a linear code of dimension m with C C C*. Then
IF =T

Proof. Let x € It, y € I... Then p(x) € C, p(y) € C*, and we have p(x) - p(y) =
0 (mod p). Therefore x -y € B, and hence (x,y) € Z. This proves I'.. C I
Now
= vol (R"P~1) /2 = ph=.

Since C* has dimension n — m, we have
disc (QL) = pn—2(n—m) — p2m—n7

and hence
vol (R'P~1) 1. ) = p"4 =

This implies that I ., = I . This proves Lemma 5.5. O
Putting everything together we get:
Proposition 5.2. Let C C F, be a linear code of dimension m with C C C*. Then the
lattice I, provided with the symmetric bilinear form (x,y) = il Tr (X’T?’) , is an even
i=

integral lattice of rank n(p — 1) and discriminant p"=>". If C is self-dual, then I¢ is
unimodular:

Corollary 5.1. If C is a self-dual code over F,, then n(p—1) =0 (mod 8).
Proof. This follows from Proposition 5.2 and Theorem 2.1. O
Note that the lattice I contains the root lattice nA,_1, since 3" C I¢.

Remark 5.3 Let I C R/ be an irreducible root lattice. Then the root lattices A of maximal
dimension / contained in I" can be obtained by the following algorithm, due to A. Borel
and J. de Siebenthal [3]. Consider the extended Coxeter-Dynkin diagram corresponding
to I' (cf. Sect. 1.5). Remove one vertex from this diagram. Then the remaining graph de-
scribes a root lattice of dimension / contained in I", and all such root lattices are obtained
in this way by repeating this process an appropriate number of times. One gets Table 5.1
of inclusions of root lattices which is adopted from the paper of Borel and de Siebenthal
[3]. Here D, = Ay L A, D3 = A3z. Note that we have already considered a special case
of these inclusions, namely the case /A; C I" in Proposition 1.5. Concerning the inclu-
sions nA,_1 CI', n(p—1) = [, p an odd prime number, we get from this table the only
inclusions

3A, C Eg,
4A, C Eg,
2A4 C Eg.
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Table 5.1 Maximal root sublattices of the irreducible root lattices

r maximal root sublattice

A —

D, D; L D;; (i:2,3,...,l*2)
Eg A LAs5, Ay 1Ay LA

E; Ay L Dg, A7, Ay L As

Eg Dsg, Ay L E7, Ag, Ay L Eg, Ay L A4

We may try to find a linear code C C ), with I¢ = I" in each of these cases.

Example 5.1 Consider the ternary linear code
C = {(0,0,0), (1,1,1), (=1,—1,—-1)} C F3.

This is a one-dimensional code with C C C*. Therefore the lattice I is defined; it is an
even lattice of rank 6 and discriminant 3. Since it contains the root lattice 3A,, but also
roots not contained in this sublattice, e.g. (1,1,1) € 93, it contains the root lattice Eg by
the above remark. Since this is a lattice of the same rank and discriminant, I¢ is equal to
Es.

Example 5.2 Consider the linear code C C IE‘§ with the generator matrix

1110

1201 /"
This code is self-dual. Therefore the lattice I is an even unimodular lattice of rank 8,
thus equal to Eg.

Example 5.3 Consider the linear code
€ =1{(0,0), (1,2), (2,-1), (=2,1), (—1,-2)} C F3.

This is also a self-dual code. Again the lattice I¢ is an even unimodular lattice of rank 8§,
thus I = Eg.

Exercise 5.1 In each of the above examples, determine the roots in I¢.

For the dimension 24 = n(p — 1) the prime numbers p = 3,5, 7, 13 are interesting.
For p = 3 consider the linear code C; C IF%Z defined by the generator matrix

100000011111
010000101221
001000110122
000100121012
000010122101
000001112210
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This is a [12,6]-code. One can show that C; C Ci-. One can either check this directly (te-
dious) or apply [56, (1.3.8)]. Therefore C; is a self-dual code which is called the extended
ternary Golay code. Its minimum weight is 6. Therefore I¢, is an even unimodular lattice
of rank 24 containing the root lattice 124, but no other roots.

The code C; has 132 pairs of codewords of weight 6 equivalent under multiplication by
—1. These are 132 6-subsets of a 12-set. They form a Steiner system S(5,6, 12) which can
be shown to be unique up to permutations. From this it follows that the extended ternary
Golay code is unique up to equivalence under the symmetric group. The automorphism
group of the Steiner system S(5,6,12) is the Mathieu group M. Therefore the automor-
phism group of the extended ternary Golay code is the semi-direct product of M, and the
group Zo, acting by multiplication by —1 (see [66, Chap. 20]).

Now consider the code C; C IF%Z defined by the generator matrix

111 000 000 000
000 111 000 000
000 000 111 000
000 000 000 111
120 120 120 000
000 021 012 012

This is a [12,6]-code, too. One easily checks that C, C CZL, hence C; is self-dual. By Ex-
ample 5.1 the lattice I, contains the root lattice 4E¢. Therefore I¢, is an even unimodular
lattice of rank 24 containing 4Ej.

Forp=5letC C Fg be the linear code defined by the generator matrix
0 -2
-20
12

1
0
-2

— N O

2
11
00
Then the lattice I¢ is an even unimodular lattice of rank 24 containing 6A4.

For p = 7 we consider the linear code C C F‘; with the generator matrix

1230
03-21)"

The lattice I'¢ is an even unimodular lattice of rank 24 containing 4A¢.

For p=131letC C F% be the linear code generated by the vector (1,5). The lattice I
is an even unimodular lattice of rank 24 containing 2A1,.

Summarizing we have shown the existence of the 5 Niemeier lattices with root lattices

1245, 4Eg, 6A4, 4Aq, 2A15.

One can show that all the self-dual codes needed to construct these lattices are unique
up to equivalence. By Corollary 3.6 the corresponding lattices are therefore unique up to
isomorphism.
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Combining these results with Corollary 3.7 we have proved Theorem 3.4 for 14 of the
24 cases.

5.3 Theta Functions over Number Fields

We shall associate a theta function to the lattice I¢. This will be a function from the prod-
uct of ”Tfl upper half planes H to C, as studied, for example, by H. D. Kloosterman [43]
and M. Eichler [24].

Let us first consider the case I' = A,_| C RP~! where p is an odd prime number
as before. Then I'*/I" = Z/pZ. Let p € I'*. In Sect. 3.1 we have considered the theta
function

-2
Vpir(z) =), €, ze M.
xep+I”

It was shown that 9, depends only on p € I'*/T" and does not change under the sub-
stitution p — —p. The lattice A, 1 has level N = p. So Theorem 3.2 yields in this case

r@) for (ff;)er( )

Bp
-t ab
Or (fﬁiﬁ) = (cz+d) ]2 (%) Or(2) for (c d) € Lo(p),

p-1
2

Opir (£55) = (cz+d)

where for the second identity we use

2)- (=29

by the quadratic reciprocity law (cf. [81]). Since I'*/T" = Z/pZ, we have to consider
p=0,1,..., ,%1 Hence we get qu + 1 theta functions
. p—1
'0'] ::ﬂj+r, fOrJ:O,17...,T.

For our purposes it is not sufficient to consider these theta functions of one variable. We
shall now introduce appropriate generalized theta functions of several variables. Consider
again the field K = Q({) where { = e2*/?. Let k = Q({ + ¢~ !) be the real subfield. Let
9 be the ring of integers in K, and let 3 be the principal ideal of O generated by the
element 1 — §. By Lemma 5.4 we can identify the lattice I" with the lattice 3 provided
with the symmetric bilinear form (x,y) = Trg /Q ( ) and the dual lattice I'* with O.

Then

ﬁj(Z): Z em’zTrK/Q(%>
xeP+j
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_ Z e2m’zTrk/Q(%)

xeP+j

for j=0, 1,..., £, by Remark 5.1.
Since k is the real subfield of K and [k : Q] = P—;], there exist exactly ’%l distinct

real embeddings 0;: k—R, [=1,..., ’%1. Each of these oy is of the form { 4+ ¢~ —
{4+ {2 for a suitable integer a. In particular, one has o;(k) = k. Hence the o; form
a group (with respect to composition), the Galois group of k£ over Q. We denote it by
Gal(k,Q). Consider the product

p—1

H72 =Hx...xH ((p—1)/2 times)

of ”Tfl upper half planes. Let z = (z1,..-,2(,—1)/2) be a point of H(P~1/2, We define the
theta function 6;(z) depending on qu variables z; € H by

0(2):= ), 2ma(i7),
xeP+j

where

- (p=1)/2 -
Trg (ztf) . . 0y (xxX)

Setting all variables z; equal to one variable z,, yields the old function ¥¥;. The function
0; is holomorphic in z € H(P-D/2,
Let O be the ring of integers in k. The group SL, (D) is the group of all 2 x 2-matrices

ap

y S
with entries «, 3, 7, 8 € Oy and with determinant €d — 7y = 1. This group operates on
H(P-D/2 py

=1

az+ B oi(a)z +o1(B)
rrs T Gparals)’

The norm Ny () of an element o € k over Q is defined by

(p—1)/2
Nk/Q(OC) = H O'I(OC).
=1

Forz e HP~1/2 y. § € Oy, we define

(p=1)/2

Nyjo(yz+6) = II:Il (c1(V)z+01(8)).
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For ¢ € Gal(k,Q) we set 6(z) = (z¢(1), - - - 7Z£(L71>), where € denotes that permutation of
2

the indices 1, ..., 2L guch that 0100 =0 for 1 <1< ”Tfl Finally let I" be a subgroup

2
of SLy(9y).

Definition. A holomorphic function f : H(P-1D/2 5 C s called a Hilbert modular form of
weight m for I', if

+ m
f<?’zz+§> =f(2) Niyg(r2+9) for all <zg) er.

It is called symmetric, if f(0(z)) = f(z) for all o € Gal(k,Q).

The condition of holomorphicity at the cusps is superfluous for p > 3, see [26, p. 18].
For a recent account on Hilbert modular forms see also [25].
Let p be the ideal p := PN O, of O where O denotes the ring of integers of k. Then

p=C+C =2)= (- -D).

By Lemma 5.3 we have

p7 =0
Analogously to Sect. 3.1 we define
a oaf oo =38=1(modp),
i) = { () €520 | r=0moa )}

Then we have the following result.

Theorem 5.1. The function 6, j =0,1,..., ”Tfl is a Hilbert modular form of weight 1
Sor the group I (p). Moreover one has

6 (az+ﬁ
0 Yz+ 6

) — 0y(2)- (i) Nyo(rz+8)  forall (? l;) € I (p).

Now let C C ), be a self-dual code. By Corollary 5.1 we have n(p —1) =0 (mod 8).
Let I'¢ be the lattice constructed from C in Sect. 5.2. Then I¢ is an even unimodular lattice
of rank n(p — 1). By the definition of the symmetric bilinear form on I¢, the usual theta
function of the lattice I is the function

Ve(z) =Y ezmmk/Q(%) , where z € H.
xel¢

This is a modular form in one variable z € H. Now I¢ is not only a Z-module, but also an
9O,-module. As above we can define a theta function in several variables. For z € H(P—1)/2
define
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6c():= Y, "0 (=5),

x€l¢

Theorem 5.2. The function ¢ is a Hilbert modular form of weight n for the whole group

The proofs of Theorem 5.1 and Theorem 5.2 will be given in Sect. 5.7.

Remark 5.4 The Hilbert modular forms 6; and 6¢c are symmetric (in the sense of the
definition above). This is due to the fact that the lattices J3 and I¢ are invariant under the
obvious action of the Galois group of Q(&) over Q.

The Lee weight enumerator of a code C C F)) is the polynomial

1 u
We (Xo, Xi,..., XPT,I) =Y xpWxp .X;;”;”“( )
2

ucC

where [y(u) is the number of zeros in u, and [;(u), fori =1,..., ,%1’ is the number of +i

or —i occurring in the codeword u. This is a homogeneous polynomial of degree 7.
We can now formulate the main theorem of G. van der Geer and F. Hirzebruch.

Theorem 5.3 (van der Geer, Hirzebruch, Theorem of Alpbach'). Let C C ]F; be a
linear code with C C C*+. Then the following identity holds:

0c = We (90, 01,..., Gu)~
2
Proof. Let c be a codeword of C. Then

Y &l — b6l o). ol o),

h ..0,"
xep~l(e)

since 7 7
Gj (Z) — Z ezﬂiTl‘k/Q (Z%) _ Z eZﬂ.’iTrk/Q (Z%)
xeP+j P

and p(P =+ j) = £ € F,. Summing over all codewords in C yields Theorem 5.3. O

A similar relation between the complete weight enumerator of a linear code C C F))
with C C C* and certain Jacobi forms over the field Q({ + ¢ ') was recently obtained in
[10].

We shall now give applications of the results of this section.

! Van der Geer and Hirzebruch like to call this theorem the Theorem of Alpbach because it was found
during their summer school on coding theory in 1985 in Alpbach in the Austrian alps.
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5.4 The Case p = 3: Ternary Codes

In this section we consider the case p = 3. In this case C is a ternary linear code. The field
K is the field Q(&), where

: 1 1
_ 2mi/3 1
=e 2+2v 3.

The real subfield k = Q({ + {~!) of K is equal to Q. The Hilbert modular forms are
therefore usual modular forms. Theorem 5.3 reads as follows:

Wc(e()7 91) =0c.

We consider the functions 6y and 6. The lattice B is isomorphic to A, (Lemma 5.4).
The lattice A, is the Z-module Z> with the quadratic form

(x,y)? = 2x% — 2xy +2y%.
Therefore

6o(z) = ), oMz =20y +2y%)
(x.y)ez?

M

(x.y)ez?

with g = ¢**. From this formula, one easily computes that the expansion of 6 in g starts
as follows (cf. [21, p. 111]):

0o(z) = 1-|-6(q+q3+q4+2q7—|—q9+q12+2q13+...).

Similarly one can compute

61 } _ 3 Z q)rfx)+y+x y

(x,y)€Z?
1
=3¢% (1+q+2¢* +2¢* +...).

The functions 6y and 0; are modular forms of weight 1 for the group

rG) = { (‘C‘ Z) esLa@)| (mod 3),}

1

0 (mod 3)
(Theorem 5.1). Then one has the following general result. Let N be a positive integer, and
let ¢ : Z — Z/NZ be the reduction modulo N. Then there is an induced homomorphism

d=
c=

¢ : SLy(Z) —» SLy(Z/NZ).
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The principal congruence subgroup I'(N) of level N is the kernel of this map and therefore
a normal subgroup of SL,(Z).

Proposition 5.3. The mapping @ is surjective.

Proof. Let Z b , ad —bc =1 (mod N), represent a matrix in SL,(Z/NZ). We can

d
write the determinant condition in the form ad — bc —mN = 1 for some integer m, hence
(¢,d,N) = 1. We can therefore find an integer k such that (¢, d + kN) = 1 (exercise!), and
can thus assume that (¢,d) = 1. Therefore there exist integers e, f such that m = fc — ed.

Then the matrix
a+eN b+ fN
c d

is a matrix in SL,(7Z) representing the given matrix in SL,(Z/NZ). This proves Proposi-
tion5.3. O

For N = 3 the image of the mapping ¢ is the group SL,(F3), so
SL,(F3) = SL,(Z) /T (3).

The group PSL,(IF3) = SL,(F3)/{+1} is isomorphic to the alternating group <7, since
PSL,(IF3) acts on the projective line over F5 preserving the cross ratio of the four points.
The group o7 is also isomorphic to the symmetry group of a tetrahedron. This is a sub-
group of SO3(R) consisting of 12 elements.

Consider the group SU;(C). This group is isomorphic to the three-dimensional sphere
S$3, which can also be identified with the quaternions of absolute value 1. There is a map-
ping

$3 — SO3(R)

sending a quaternion g € S3 to the rotation
-1 3
X—>qxq xe R,

where R? is identified with the purely imaginary quaternions. This mapping is a surjective
homomorphism, its kernel is {1}, so

SO3(R) = 83 /{£1}.

The preimage oy C SU,(C) =2 83 of the symmetry group of the tetrahedron .74, C SO3(R)
is called the binary tetrahedral group; it has 24 elements. The group SL;(F3) is isomor-

phic to the binary tetrahedral group oy C SU,(C).
The functions 6y and 6; are modular forms of weight 1 for I'(3). In fact they form a
basis of all modular forms of weight 1 for I"(3). Moreover, the functions

6, 65701,...,6005 1 6f

form a basis of all modular forms of weight k for I"(3). One has
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Theorem 5.4. The algebra of all modular forms for the group I'(3) is isomorphic to the
polynomial algebra C[6y, 6,].

Proof. The dimension of the space of modular forms of weight & for I'(3) can be derived
by similar arguments as in Sect. 2.6, see [28, §8].

The Eisenstein series Ey4 is the theta function of the unimodular Eg-lattice. We have
seen in Example 5.2 that the lattice Eg can be constructed as the lattice I for a ternary
self-dual code C of length 4. This code C has weight enumerator

X5+ 8XoX; .
By Theorem 5.3 we get
Eq= 65 +8606;.

This implies that 6y and 6, cannot be linearly dependent. For otherwise, E4 would be a
complex multiple of Gf . But this is impossible because 9;‘ is not a modular form, since

1

0! =43 f(q).

where f(q) is a power series in g.
We shall see below (see the proof of Proposition 5.4) that

1 43

— (B} —E})=———

_ 4 p3p\3

Now the algebra of modular forms of weight divisible by 4 is the polynomial algebra
C|E4,A). Therefore 6y and 0, are also algebraically independent. This proves Theo-
rem5.4. O

The group SL»(Z) acts on the space of modular forms of weight 1 for I"(3) as follows.

Let
ab
(C d) S SLQ(Z),

and let 8 be a modular form of weight 1 for I"(3). Then

) (“ZH’) (cz+d)™

cz+d

is again a modular form of weight 1 for I"(3). The group I"(3) acts trivially. So SL;(IF3)
acts on the space of modular forms of weight 1 for I'(3), hence, by Theorem 5.4, on
C-6y®C- 0. It follows that SL,(F3) acts on C[6p, 6] preserving the grading.

The generators S and T of SL»(Z) act as follows. By definition of 6y and 6; and by
Formula (T2) of Sect. 3.1, we have

6 (—) — (62 +261),

6 (—i) = i\%(eo(z)—el(z)).
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Hence S acts on C- 6y + C - 0; by the linear mapping defined by

(12
iv3 \1 -1 ’
By Formula (T1) of Sect. 3.1, we have

Oo(z+1) = 6p(2),

O1(z+1) = e 6,(2).

Therefore T acts on C- 6y + C - 8; by the matrix

1 0.
0% )

The modular group is the group G = SLy(Z)/{=£1}. It acts on the upper half plane H
without fixed points. In Sect. 2.6 we have already remarked that one can compactify H/G
by adding a point at e to get a Riemann surface H/G which is isomorphic to P; (C). An
isomorphism

j:H/G = P(C)

is given by the j-invariant:

_E} 1

. _ 3 2
J== _71728(154 Eg).

The mapping j sends oo to o, and maps H /G bijectively onto C.

Now consider I'(3) C SL»(Z). We have seen that SLy(Z)/I"(3) is the binary tetra-
hedral group. Since —1 ¢ I'(3), we may assume I"(3) C G. The group G/I'(3) is the
tetrahedral group. The theta functions 6y, 0; define a mapping

% . TG — ().
0

This mapping is a bijection. The group G/I"(3) acts on H/I'(3). Under the above map-
ping this action corresponds to the action of the tetrahedral group on a tetrahedron lying
inside the Riemann sphere IP; (C) as we shall see in a moment.

We have seen above that SL,(FF3) acts on the polynomial algebra C[6y, 0;]. The ring
of invariant polynomials under this action is denoted by

C 160, 6152 (F3)
Proposition 5.4. C [0y, 91]SL2 (F3) _ ¢ [E4,Eg) .
Proof. In the proof of Theorem 5.4, we have seen that

Eq= 65 +8606;.
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This homogeneous polynomial in 6y and 6; has 4 zeros in P, (C). Let us consider a sphere
$2 in R3 around the origin of radius v/2 and the projection from the origin to the sphere
S? of a tetrahedron which is inscribed in this sphere with the south pole as one vertex.
We identify S? with Py (C) = CU {0} under the stereographical projection from the north
pole to the equatorial plane (cf. Fig. 5.1). The image of the tetrahedron under the stereo-

north pole
(X] 7X2,X3)
. -~
_ﬂ 0 \/E (xvy)
(x+iy:1)=(6p:1)
south pole

Fig. 5.1 Stereographical projection of §? to CU {o}

graphical projection is illustrated in Fig. 5.2. Let the homogeneous coordinates of P (C)

Fig. 5.2 Stereographical projection of the tetrahedron

be (0 : 61) with oo = (1:0). Then the zeros of the homogeneous polynomial 6; -+ 86, 6;
are just the vertices of this tetrahedron under this identification.
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The action of G/I"(3) on P (C) is the action of the symmetry group of this tetrahedron.
Another system of 4 points invariant under this group are the midpoints of the faces of
the tetrahedron. They are zeros of the homogeneous polynomial

0} —6;6;.
But this is not a modular form, since it is equal to ql/ 3 times a power series in ¢. But
3
(6f —6561)

is a modular form of weight 12 for the whole group G = SL,(Z)/{=£1}. It is a cusp form,
so it has to be a multiple of A. By comparing coefficients, one can show that
6! —636,)° = —— (E} — E2
(61 —65061) =5 (Ei —Eg).
In particular one can deduce from this formula and the formula which expresses E4 in
terms of 6y and 6, that
Es = 68 —206;6; —867.

The zeros of Eg in P;(C) correspond to the midpoints of the edges of the tetrahedron.
This proves Proposition 5.4. 0O

Theorem 5.5 (MacWilliams identity for ternary codes). Let C C I be a ternary linear
code of dimension m with C C C*. Then

1
Wer (X.Y) = 2 We(X +2Y.X V).

Proof. The assumption C C C* is unnecessary and the theorem can be proved within the
framework of coding theory without this assumption, see [56, Theorem (3.5.3)]. However,
as in the case of binary codes (Theorem 2.7), we again give a proof using modular forms.
In order to be able to apply Theorem 5.3, we need the assumption C C C*.

By Theorem 5.3 we have

(o)1)
‘()

n 1
= (E) Fﬁpg (z) (by Proposition 2.1)

i R"/I¢)
no ]
_ (%) 7 01 (&) (by Lemma 5.5)
no ]
= (3) srWe: (02).02)).

On the other hand we have
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we (@ (=1) 0 (<1)) = (B)" Jeelanie) + 2610, 00c) - onG).

Z 1

Hence we get

1
Wei (60,61) = 37,Wc(90+291,eo —61).

By Theorem 5.4, 6y and 6, are algebraically independent. This concludes the proof of
Theorem 5.5. O

From Theorem 5.5 we immediately get the following corollary.

Corollary 5.2. If C C F5 is a self-dual code, then the Hamming weight enumerator
W (X,Y) is invariant under the transformation

A05)

We also get the following corollary proved by M. Broué and M. Enguehard [4].

in the (X,Y)-plane.

Corollary 5.3 (Broué, Enguehard). The Lee or Hamming weight enumerator of a self-
dual ternary code is a polynomial in the modular forms E4 and Eg.

Proof. Let W¢ be the Lee or Hamming weight enumerator of a self-dual ternary code
C C IF5. By Corollary 5.1, n is divisible by 4. We have to show that

We (60, 61) € C[69, 6,512 (F3)

Then the corollary follows from Proposition 5.4 and the fact that n is divisible by 4.
We have seen above that the action of S on C[6y, 6;] is given by the matrix

()
iv3 \1 -1 ’

Using the fact that n is divisible by 4 and Corollary 5.2, we see that W¢(6y, 6;) is invariant

under S. The action of the generator T on C[6y, 6;] is given by the matrix

10
Oe% '

Since C is self-dual, the weight of every codeword is divisible by 3. Therefore 6, occurs
in each monomial in W¢(6p, 6;) with a power divisible by 3. This shows that W¢(6y, 6;)
is also invariant under 7. We conclude that Wc(6p, 0;) is invariant under the action of
SL,(IF3). This proves Corollary 5.3. O

Example 5.4 Let us now consider the case n = 12. Let C C IF%Z be a self-dual code of
length 12. By Proposition 5.4 and Corollary 5.3 the weight enumerator of C has the form
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4 3)3 4_p3p3
(6 +86067) +a (6] —6561) .

Since C is self-dual, the weight of every codeword is divisible by 3. We now ask for a
linear code C with no codewords of weight 3. For such a code the coefficient of 98 613
must be zero. This implies that

3.8—a=0,

hence a = 24. Thus the weight enumerator of such a code is the polynomial
We(Xo, X)) = X0 +264X5X0 + 440X X)) + 24X 2.

Its expression in E4 and E62 is

5 3
We = gEi’ + gEg.

In fact, such a code exists: It is the extended ternary Golay code introduced in Sect. 5.2.

5.5 The Equation of the Tetrahedron and the Cube

We have seen in the proof of Proposition 5.4 that

6y + 8606 = Ey,
3 1
(6 ~6561)" = — 5 (E3 ~E5),

60 —2003 6 — 869 = Eg.

The zeros of the homogeneous polynomial er := 96‘ + 860913 in P;(C) are the ver-
tices of a tetrahedron as explained above. The zeros of the homogeneous polynomial
fr :=4(6} —6;6,) are the midpoints of the faces of this tetrahedron, the zeros of the
homogeneous polynomial k7 := Og — 2003 613 — 8016 are the midpoints of the edges of this
tetrahedron (always projected from the origin in R3 to the sphere S?). We have the relation

G+ =k

This identity is called the tetrahedral equation (cf. also [92]).
Now there are two tetrahedra in a cube, as shown in Fig. 5.3. The homogeneous poly-
nomials er = 6 + 86067 and fr =4 (6} — 636;) are transformed into each other by the

matrix
0 V2
1 .
VA

This transformation extends the symmetry group of the tetrahedron G/I"(3) to the sym-
metry group of the cube. The zeros of er are vertices of one of the two tetrahedra in the
cube, the zeros of fr, which correspond to the midpoints of the faces of this tetrahedron,
are the vertices of the other tetrahedron. So the 8 zeros of
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Fig. 5.3 The two tetrahedra in a cube

ec:=er-fr

are the vertices of the cube. The zeros of
Jfc:=kr =Es

are the midpoints of the 6 faces of the cube. The polynomial
ke = e — f7

is also invariant under the symmetry group of the cube. Its zeros are the midpoints of the
12 edges of the cube. By the tetrahedral equation we have

o= (G413 = (& —1) +4d 1
= k2 +4e}

This yields the equation
fé = k%‘ + 482‘7
which is called the equation of the cube.

This equation can also be obtained in another way. Once again we consider the binary
case, i.e., the case p = 2. In Sect. 2.9 we considered two functions A and B defined by

A= Z qV2/47 q= eZﬂ.’iz7
x€27

B= Y ¢

x€27+1

They played the roles of 6y and 0 in the binary case (cf. Proposition 2.11), and we saw
that
E, =A%+ 14A*B* + B®.
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They are not usual modular forms, but they are modular forms of half-integral weight for
I'(4).In fact A and B are modular forms of weight § for the subgroup I'(4) C SL,(Z). We
have I'(4) C G, and G/I"(4) is isomorphic to the symmetry group of a cube. Analogously
to the case I'(3), the group SL,(Z)/I"(4) is the binary cube group. The functions A, B
define a mapping

% : H/I'(4) — P (C).
This mapping is again a bijection. The action of the group G/I"(4) on H/I"(4) corre-
sponds to the action of the cube group on a cube lying inside S?> = P;(C).

Let S? be the unit sphere in R? around the origin and consider a cube inscribed in S2
with faces perpendicular to the coordinate axes. Consider the projection of this cube to the
sphere S? from the origin. Again we identify this sphere with IP; (C) by the stereographical
projection from the north pole to the equatorial plane. The homogeneous coordinates
of P;(C) are now denoted by (A : B) with e = (1 : 0). The homogeneous polynomial
e :=E4 = A% + 14A*B* + B in the variables A and B has 8 zeros in P (C) which are the
vertices of the cube, cf. Fig. 5.4.

Fig. 5.4 Stereographical projection of a cube

The midpoints of the faces of this cube are given as the zeros of
f=AB(A"—B*).
We have seen in Sect. 2.9 that
4 jdphad pnd_ 160 3
=A"B"(A"-B") = —— (E;—E§).
f ( ) = 1705 (B ~ o)

Hence we get
108f* =E] —E} =& — 12,
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with k := Eg, as before. This is, up to coefficients, again the equation of the cube. We also
get
E¢=A"> —33A%B* —334*B% + B'2.

5.6 The Case p = 5: the Icosahedral Group

As a final application of Theorem 5.3, we consider the case p = 5. In this case, the field
k is the field Q(+/5). The ring of integers O of k consists of all linear combinations
ap+ar(1+ \5)/2 with ag, a; € Z. The ideal p is the ideal generated by v/5 in Oy. The
group I'(p) is the group

rw ={(5%) estaon

Because —1 ¢ I'(p), the subgroup I'(p) can be regarded as a subgroup of the Hilbert
modular group G = SL,(9y)/{£1} = PSLy(9y). The group I'(p) acts freely on H?Z.
The quotient H?/I"(p) is called a Hilbert modular surface (see e.g. [33] and [26]). The
functions 8y, 6;, and 6, defined in Sect. 5.3 are Hilbert modular forms of weight 1 for
I'(p). They are symmetric, i.e., for all z;,z, € H we have

a=38=1(mod+5),
B =y=0 (mod+/5) }

0i(z1,22) = 0j(z2,2z1)  for j=0,1,2.

The factor group G/I"(p) is isomorphic to PSLy(Fs) because Oy /p = Fs. The group
PSL,(TFs) is isomorphic to the alternating group <7%. This is the symmetry group I of the
icosahedron and acts on the six axes of the icosahedron through its vertices in the same
way as PSL,(Fs) acts on the six points of the projective line P; (Fs).

The icosahedral group 7 is a subgroup of SO3(IR). It operates linearly on R3, where we
take as standard coordinates the coordinates x, x1, x2, and thus also on P, (R) and P, (C).
We shall consider the action on P> (C). The invariant theory of this action was studied by
Felix Klein [40]. We describe some of his results, following [34].

The first invariant polynomial considered by Klein is the polynomial

A ::x% —|—x%+x%,

which is invariant because it gives the equation of the sphere. This is an invariant polyno-
mial of degree 2. Klein uses coordinates

Ap = xo, Al =x1 +ixy, Ay = x| —ixo.

In these coordinates, A = A(z) + A1A,, and this defines an invariant conic. The action of the
icosahedral group I on [P, (C) has exactly 6 fixed points with an isotropy group of order 10.
These points are called poles. They correspond to the six pairs of opposite vertices of the
icosahedron. Klein puts the icosahedron in such a position that the six poles are given by
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Fig. 5.5 The icosahedron

5
(Ao, A1,4z) = <{00>

1 .
o) = (3.867), {=e 0svsa

The invariant curve A = 0 does not pass through the poles. Let B be a homogeneous poly-
nomial of degree 6 which vanishes in the poles. Let C be a homogeneous polynomial of
degree 10 which vanishes in the poles of higher order. Let D be a homogeneous polyno-
mial of degree 15 such that D = 0 is the union of the 15 lines connecting the six poles.
Such polynomials exist and are unique up to a constant factor. The zero sets of these poly-
nomials are complex-algebraic curves in P;(C). The curves B =0, C =0, and D = 0 pass
through the poles, and the poles are singular points of these curves. The singular point of
B =01in a pole is a so called ordinary double point. This means that the picture of a cor-
responding real curve in a neighbourhood of a pole looks as in Fig. 5.6. The curve C =0

Fig. 5.6 Singular point of B = 0 in a pole (ordinary double point)

has a double cusp with separate tangents in each pole, i.e., the picture of a corresponding
real curve in a neighbourhood of a pole looks as in Fig. 5.7. Klein gives explicit formulas
for the polynomials A, B, C, and D. They generate the ring of all polynomials invariant
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Fig. 5.7 Singular point of C = 0 in a pole (double cusp with separate tangents)

under /. We list Klein’s formulas:
A=A} +AA,,
B = 843414, — 2424342 + 4343 — A, (A? +A§> :
C = 320A5A2A% — 160A3AIA3 +20A3A7A5 + 6A7A3
44, (A? +A§) (3248 — 20424, A5 + 542A3) + AJ0 + AL,
12D = (A? - Ag) (—1024A10 + 3840434, A, — 3840454242
+ 1200A3A3A3 — 100424745 + A7A3)
+Ag (A" —ALY) (35245 — 160AGA 1A, + 10A7A3)
+ (A - a).
These polynomials satisfy a relation R(A,B,C,D) = 0. Here R(A,B,C, D) is given by
R(A,B,C,D) = —144D* — 1728B° + 720ACB?
—80AC?B+ 644 (5B —AC)” +C.
According to Klein we have the following theorem.

Theorem 5.6 (Klein).
Cl[Ao,A1,As)' = C[A,B,C,D]/ (R(A,B,C,D) =0).

The conic A = 0 is isomorphic to P; (C). When we restrict the action of I to the conic
A =0, we get the action of the icosahedral group on $> = P; (C). The curves B =0, C =0,
and D = 0 intersect A = 0 transversally in 12, 20, and 30 points respectively. These points
correspond to the 12 vertices, 20 midpoints of the faces, and 30 midpoints of the edges
of the icosahedron (always projected from the origin of R3 to §?). Putting A = 0 in the
relation R(A, B,C,D) = 0 gives the icosahedral equation ([42], [41], [92], [35])
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144K} = —1728¢; + f7,

withk; =D, e; =B, and f; =C

Remark 5.5 If we consider ey, k7, and f; as complex variables, then this equation defines
a hypersurface in C* with an isolated singularity at the origin. In the same way the tetra-
hedral equation and the equation of the cube define isolated singularities of hypersurfaces
in C3. For more information about these singularities see e.g. [52].

Now Hirzebruch has proved the following theorem [34]:

Theorem 5.7 (Hirzebruch). The ring of symmetric Hilbert modular forms for I'(p)
equals C[Ag,A1,A] where Ay, Ay, Ay have weight 1.

From Theorem 5.6 and Theorem 5.7 one gets the following corollary:

Corollary 5.4. The ring of symmetric Hilbert modular forms for SL,(Oy) of even weight
equals C[A,B,C].

Let C C IF% be the code of Example 5.3. This is a self-dual code. The Lee weight
enumerator of C is
WC(Xo,Xl,Xz) =X02 +4X1X;.

By Theorem 5.3,
Oc = We(60,61,6,) = 03 +46,6,.

By Theorem 5.2, 6¢ is a Hilbert modular form for SL; () of weight 2. By Remark 5.4,
it is symmetric. Therefore Corollary 5.4 implies that O¢ is a complex multiple of A. This
shows that 6y, 61, 6, form a basis of the vector space of symmetric Hilbert modular forms
for I'(p) of weight 1.

Let

R= <z/§> € SL, (D),

and let 6 be a symmetric Hilbert modular form of weight 1 for I"(p). Then we set
(811R)(z1,22) = (01()z1 +01(8)) " (02(1)22+ 02(8)) ' 0(01(R)z1,02(R)22).

This is again a symmetric Hilbert modular form of weight 1 for I'(p). This defines an
action of SL,(9) on the space of Hilbert modular forms for I'(p) of weight 1, hence on
C-0@C-6,®C-0,. The group I'(p) acts trivially. The action of R is described by a
3 x 3 matrix R. By Formula (5.3) and Proposition 5.8 of Sect. 5.7 we get the following
matrices for the specific elements of SL, (O

— 0 _ i 4 72 3
)
100

"’7 11 2
(o) (o)
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100

S (c+Ct 0 _
U—|1< 0 _C2_4‘2>_ 8(1)(1)

We denote by S, 7,U the images of S,T,U respectively in G/I"(p) = PSLy(Fs) = I. Then
S, T and U generate the icosahedral group 7, and this is the 3-dimensional representation
of I considered by Klein [40, p. 349] (cf. also [42, p. 213]). Therefore we see that

Ao =0y, A;=20;, Ar=26,.

Exercise 5.2 Let C C 5 be a linear code with C C C*. Derive from Theorem 5.3 and
Proposition 5.7 the following identity for the Lee weight enumerator of C and C:

1 Xo+2X1 +2X>,
Wer (X0, X1,X2) = o We | Xo+(C+ EHXi+ (82 +87)Xs,
Xo+ (02 + )X+ (8 +EHX%

This is the MacWilliams identity for Lee weight enumerators of linear codes over Fs (cf.
Theorem 2.7, Theorem 5.5, and [66, Chap. 5, §6, Theorem 12]).

Exercise 5.3 Let C C I} be a self-dual code. Using Exercise 5.2, show that the Lee weight

enumerator of C is invariant under the transformations §, f, and U of the (Xo,X1,X2)-
space.

Putting everything together we get:

Corollary 5.5 (Gleason and Pierce; Sloane). The Lee weight enumerator of a self-dual
code over Fs is a polynomial in the Klein invariants A, B,C.

This corollary was first proved independently by A. M. Gleason and J. N. Pierce (un-
published) and N. J. A. Sloane (cf. [64]).

Example 5.5 Let C C Fg be the self-dual code with generator matrix

1 2-2
0

S =N

1

0

considered in Sect. 5.3. By Corollary 5.5 the Lee weight enumerator of C has the form
A’+aB

for some a € C. One can easily see that the coefficient of X0X15 is equal to 12. This implies
that

a=—=.

8
Hence we obtain as the Lee weight enumerator of C:

3
We(Xo,X1,Xa) = A — $B= X$ +12Xo(X7 +X3) +60X3 X7 X5 +40X7 X5 .
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5.7 Theta Functions as Hilbert Modular Forms (by N.-P. Skoruppa)

In this section we give the proofs of Theorem 5.1 and Theorem 5.2. We indicate how one
can verify that certain theta functions are Hilbert modular forms. The method is entirely
analogous to the method presented in Sect. 3.1 for theta functions of integral lattices. It
goes back to Hecke, Schoeneberg, Kloosterman (and other people). Here we consider the
case of a lattice over the integers of a totally real algebraic number field. It seems that this
case was first treated by M. Eichler [24]. We follow the note [83].

We start with some general remarks concerning lattices over integers of a totally real
algebraic number field. Let K be an algebraic number field of finite degree r = [K : Q).
Let 01,...,0,: K — C be the different embeddings of K into C with o7 =id. Lety € K.
Recall that

N@y):=[]a)
i=1
is the norm of y, and

Ti(y) = ¥ i)
i=1

is the trace of y. These are rational numbers. Let O be the ring of integers of K. A frac-
tional ideal in K is a finitely generated O-module in K. Let a and b be fractional ideals in
K. Then one defines their product a- b as the O-submodule of K generated by all products
y-y where y € a and y’ € b. For a nonzero fractional ideal a we define

al:={yeK|yacO}.
Then one can easily show that a~! is again a fractional ideal, and that a-a~! = . So the
nonzero fractional ideals in K form a group with respect to the above multiplication. The
neutral element is the ideal O.

It will follow from a more general result proved below that a fractional ideal is a free
Z-module of rank r.

For a fractional ideal a one defines the dual ideal a* as

a*:={yeK| Tr(ya) CZ}.

This is also a fractional ideal. In particular one can consider the fractional ideal ® :=
(O*)~. It is integral, i.e., ® C ©, as follows immediately from O* O ©O. The ideal D is
called the different of K over Q.

Proposition 5.5. Let a be a fractional ideal. Then
af=o"ta"l

Proof. We have
Tr(D 'a 'a) = Tr(D*O) C Z,

whence © 1a~! C a*. For the converse, note that
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Tr(a*aO) C Z,
whence a*a C O* =©~!. This proves the proposition. O

We now make the general assumption that K is rotally real, i.e., 6;(K) C R for all
1 < j <r. We consider a vector space V over K of finite dimension n = dimg V provided
with a totally positive definite scalar product > - (i.e., - : V xV — K is a bilinear
symmetric mapping, and ¢;(v-v) > 0forall 1 < j<randallv e V\{0}).

A K-lattice I' in V is a finitely generated O-submodule I" of V which contains a K-
basis of V.

Example 5.6 Let V = K and ” - ” be the multiplication in K. A nonzero fractional ideal
in K is a K-lattice in V.

Example 5.7 Let p be an odd prime number, { = ¢*™/?. Let K =Q({ +¢ ) and V :=
Q(&). Then V is a 2-dimensional K-vector space. For v, w € V let

VW + VW
vew = .
P
This defines a totally positive definite scalar product ” - ” on V. Let I" be the principal

ideal of Oy generated by the element 1 — § € Oy. Then I' is a K-lattice in V.

More generally let V := Q({)". Then V is a 2n-dimensional K-vector space. Define the
scalar product ” - ” on V as the sum of the scalar products of the individual coordinates as
defined before. This scalar product is totally positive definite. Let C C F), be a self-dual
code, and let I C V be the lattice constructed from C in Sect. 5.2. Then I¢ is a K-lattice.

For a K-lattice I in V we define the dual lattice I'* by
I ={veVv|Te(v-I') CZ}.

Proposition 5.6. (i) A K-lattice in V is a free Z-module of rank r - n.
(ii) The set I'* is a K-lattice in V.

Proof. (i) A K-lattice in V is in any case a free Z-module of finite rank, since it is finitely
generated and torsion free. We show that any two K-lattices I'7 and I in V are commensu-
rable, i.e., I1 N I3 has finite index in both I'; and I. Let I and I; be K-lattices in V. Then
there exists a number N € Z, N > 0, such that NI] C I5. For let I] = Ov; +...+ Ovy,
I3 =Owi+...+Ow, for appropriate v;, wi € V, where {vi,...,vs} and {wy,...,w, } are
K-bases of V. Then v; = Y, y jxwy, for appropriate y jx € K. There exists N € Z, N > 0 with
NyjpeOforall1 <j<s, 1<k<t Thus Nv;ecI;forall 1 < j<s, whence NI7 C I5.
Clearly [I] : NI}] < oo. Together with NI7 C I NI3 C I, this implies [I7 : I] NI3] < eo.
Analogously, one can derive [I3 : I N3] < oo.

Since any two K-lattices in V are commensurable, each K-lattice in V is a free Z-
module of rank r-n, if only one K-lattice in V has this property. But evidently I" :=
Ovi+ ...+ Ovy,, where {vi,...,v,} is a K-basis of V, has rank r-n, since O is a free
Z-module of rank r.

(i) Obviously, I'* is an O-module. Write I' = Ze| + ... + Zey,, where {ej,...,em}

is a basis of V over Q. Then I'* = Zej + ... + Zey, where the ¢} are determined by the
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condition Tr (e;f 'ek> = 0j (Kronecker symbol). Therefore I'* is finitely generated and
contains a basis of V over K. Hence I'* is a K-lattice in V. This concludes the proof of
Proposition 5.6. 0O

Let I' be a K-lattice in V. Let {ey,...,e,;} be a Z-basis of I" as in the proof of the
previous proposition. Then
A(I") :=det(Tr(e;-¢j))

is called the discriminant of I'. It does not depend on the choice of the basis {e1,...,em}.
We now fix a K-lattice I" in V. For a given vg € V we define the theta function

. TiTr(zv?
9v0+F(Zla~--7Zr) = Z e lr(ZV)7
vevo+IT

where z1,...2, € H, and

Tr(2v?) :== ilzjcj(v -v).
=

Proposition 5.7. The series 0, is absolutely uniformly convergent in each subset of H"
of the form {(z1,...,z,) € H" | Imz; > yg for 1 < j <n} (yo € R, yo > 0). In particular
O0yy+1 is holomorphic in H'". One has

1 1
9\/0+F <a RS )
21 Zr

= (B)" () Ay Y e e,

t ! vel™

(Here and in the sequel we adopt the convention w* := eSWOEWIHAEW) yih < argw <
+7x forw,s € C, w#0.)

The proof of this proposition will be analogous to the proof of Proposition 3.1. We shall
apply the Poisson summation formula. For that purpose we need the following lemma.

Lemma 5.6. Let Z be a symmetric complex r X r-matrix, ImZ > 0 (i.e., Z = X 4+ iY with
real XY and Y positive definite). Let xo € R". Then

7\ 1/2

/efm'(x+xo)~Z’l(x+x0)87271:ix~y dx = +det () 627rix0~y€7riy-Zy

" .

R”
Proof. If one substitutes x — xop — x in the integral on the left-hand side, then one ob-
serves that it suffices to proof the formula for xo = 0. We can write Z = X +iY with real
symmetric matrices X, Y and Y positive definite. It is well-known that X and Y can be
simultaneously diagonalized. Thus there is a T € GL,(R) such that

71 0
T'ZT =
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for appropriate z; € C, Imz; > 0. If we set y = Tw, T'x = v in the formula of Lemma 5.6,
then this formula becomes

. V%*‘r v,z-
—Tmi| = +...+5 .
/e 21 or e—2m(vlw1+...+vrw,)

Rf

12
= +£det (Z) e”i(zlw%+...+z,wf)

——dvy...dv,
|detT| . !

1

where v = (vi,...,v,), w = (wy,...,w,). From this identity we can deduce on the one
hand that the integral in the lemma is defined, and on the other hand that it suffices to
prove the formula for the case » = 1. But for » = 1 the formula reduces to the first entry
of Table 3.1 in Sect. 3.1. This proves Lemma 5.6. O

Proof of Proposition 5.7. For each 1 < j < r, R becomes a K-module via
KXR> (x,p) — 0;(x)-p;

we denote this K-module by K;. Let V; := V @k K;. Then V; is a real vector space of
dimensionn,and V C V; viaV > v+ v® 1. We extend the scalar product

VxV —K;j, (v,w) — oj(v-w)

to a scalar product on V; in an R-bilinear way. This turns V; into a Euclidean vector space.
Let L; be an isomorphism of this Euclidean vector space V; with the standard Euclidean
vector space R”, i.e., L; : V; — R" is an isomorphism with 6;(v-w) = L;(v)-L;(w) for all
vwelV.

We now consider the embedding

L:V —R"
Vi (L1<V)7~"aLr<V))'

Then one can easily see that L(I") is a lattice in R™, that L(I'*) = L(I")*, and that

9vo+F (215-052,) = ™)
EE€L(vo)+L(I)
with
2Ey, 0
Z = . . )
0 zE,
where E,, is the n X n unit matrix.
For & e R™ and (z1,...,z,) € H" with Imz; > yo for 1 < j < r one now has

emé-Z(@‘ < ™08 L,
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This implies the first assertion of Proposition 5.7. The claimed transformation formula is
now a simple consequence of the formula of Lemma 5.6. This proves Proposition 5.7. 0O

From now on we make the general additional assumption that I" is integral (i.e., Tr(v-
w) € Z for all v, w € I') and even (i.e., Tr(Dv?) € 2Z for all v € I'). Then I' C I'* and
A(') = [[* : T'). Also, for v, w € I'* the expressions ¢™T'0"") and e2% ") only depend
on v and w modulo I". We also assume from now on that n = dimg V is even. Let k = %

We now consider the operation of SL,(£) on H" defined in Sect. 5.3. For a function

f: H’HC,k:%,and
(04
A= (y’;) € SLy (D)

we set

r

(f e A) (z1,eenz) = [T (05(0)2; +03(8) ™ f(01(A)zn,.., 0r(A)z).

j=1
This defines an operation of SL,(9O) on the set of all functions f : H" — C. Using this
operation we may rewrite the formula of Proposition 5.7 as
0-1 ki - Tr(vo-w
6v0+F |k (1 0 ) =i ki A(F) 1/2 Z eZmTr(vO w0)9w0+1_. (5.3)

woel™* /"

Here and in the sequel ”wg € I'*/I"” means that w( runs over a complete system of rep-
resentatives for I'*/I".

Proposition 5.8. The group SL,(O) leaves the span of all 6, . (vo € I'*) invariant.
More precisely we have the following formulas. Let v € I'* and A = (‘; g ) € SLy(9).

Then we have (with k = %)
_ —kr —k _1
Oir Kk A=iN(y) “A(")"2-

— i 2 iTr( %’
e wiTr(2Bvw+Béw?) Z em r( yU ) Opir

wel'* /" uel™ /yl”
u=v+dw (I')
ify#0, and
Ovir e A =N(8) *F T g, -
ify=0.

The proof of Proposition 5.8 is completely analogous to the proof of Proposition 3.2:
the case ¥ = 0 is obvious and for ¥ # 0 one writes

gj(a) 1
o;j(v)  0;(v)(o;(v)z;+0;(8))

0j(A)z; =
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and applies (5.3).
Now let 5
L= {xGD‘Tr(xDVZ) CZ forallvEF*}.

We call £ the level of T'. In the case when K = Q,

2

£:{n€Z n%EZ forallvEF*} = (N)cz,

for some N € Z, N > 0. In the case of an integral lattice I" we defined this number N to
be the level of I". It will follow from the next proposition that £ is an ideal in O.

Proposition 5.9. (i) Let 91 := gcd(% |veTI™), ie., let Nt be the O-submodule of K gen-

erated by the elements % forv e I'*. Then N is a fractional ideal in K.

(i) For the level £ of T one has £ =N =N"'D ' and &I'* C T.

(iil) Let n(L) := [O : £] (norm of £) and let e be the exponent of the finite abelian
group I'* /T (i.e., the smallest number e such that ev =0 forallv € I'*/T"). Then e | n(£).
Moreover, 2e € £, and e € £ if e is odd.

(iv) One has £ =9 ifand only if ' =I"*.

Proof. (i) Let I'* = Ov; + ...+ Ov, for appropriate vy, ...,v; € I'*. Then

2
WZZD%—I-ZDVJ'-V](.
J Jk

Hence D s a finitely generated O-module in K, i.e., a fractional ideal.
(ii) Evidently £ C {x € K| Tr(x0) C Z} = N*. For the converse, it suffices to show
that 9t C O. We first show that 0™ C I': Lety € 91", v, w € I'*. Then

i) =Ty (LE 22 ez

whence yI'™* C I'** =I'. Now 9UI'* C I' implies that 91" C O: Let ey,...,em, be a Z-
basis of I, y € M. Then ye; = Y ;tjrex with tj; € Z, since W[ C I'. This implies
det(t;; — yd;;) = 0. But det(#;; — yd;;) is a monic polynomial in Z[y| of degree rn. Thus
ye .

(iii) One has n(£) € £; by (ii) n(L)-I'* C I', whence e | n(£). Let v € I'*. Then
Tr (2653 %) = Tr(Oev-v) € Z, since ev € I" and v € I'*. Thus 2e € £. The statement
e € £ for odd e is left to the reader.

(iv) follows from (iii). This finishes the proof of Proposition 5.9. O

Since £ is an ideal in O, we can define subgroups Ip(£), I (£), and I'(£) of SL,(O)
as follows:

(L) == { (z g) € SLy(9) ‘ yEO(modS)},
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hi(g) = { (z‘;) € SLy(9)
ree) — { (‘; g) € SLy(9)

y=0 (mod £)

azézl(modﬂ),}
y=B=0(mod &) [°

aESEI(modS),}

As in Sect. 3.1, Corollary 3.1, we have as an immediate consequence of Proposition 5.8:

Corollary 5.6. Let A = (z [53) €Iy(L), veI'*. Then

B4 |1 A = e(A)e™ TP V2>9av+r,
where
iTr( %42
PN tary ey FE) fory 2o,
g(A) = uelJyT"
N(8)7* fory=0.

Moreover, similar to the proof of Theorem 3.2 in Sect. 3.1 one can show the following
proposition.

Proposition 5.10. There exists a character y : (9/£)™ — {£1} ((O/L)* multiplicative
subgroup of O /L) such that

e(jg) — x(§mod &) for <$§) e IH(L).

For p € Z, gcd(p, L) = 1, p prime, one has
—1)™2A(D
x(pmod £) = (H()> (Legendre symbol).
p

From this and Corollary 5.6 we then obtain the analogue of Theorem 3.2:

Theorem 5.8. We have forv e I'*

Ovir [k A= 0,41 forAeI (L),
Or 1A= x(Smod £)6r  forA= <Z g) eI(L),

where X : (O/L)* — {£1} is the character of Proposition 5.10.

Theorems 5.1 and 5.2 are obvious consequences of Theorem 5.8.

Example 5.7 (continued) We consider the lattice I' = (1 — §) in V = Q(&) of Example
5.7. We have seen in Sect. 5.1 that I'* = Oy . Therefore

A(D) =[I": T =[9v/(1=¢)| = p.
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Using Proposition 5.9, one can show that

e=(1-9)(1-7)) c o,

so £ = p in the notation of Sect. 5.3. Therefore Theorem 5.1 follows from Theorem 5.8.
For the lattice It of Example 5.7, I* = I¢, so £ = © by Proposition 5.9. Thus Theo-
rem 5.8 implies Theorem 5.2.
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