| Coding Theory
and Bilinear Complexity

S. Shokranian
M.A. Shokrollahi







Scientific Series of the International Bureau Volume 21







Forschungszentrum Jllich GmbH
Scientific Series of the International Bureau

Coding Theory and Bilinear Complexity

Salahoddin Shokranian

Departamento de Matematica, Universidade de Brasilia, 70910 Brasilia-DF {Brasil)
Department of Mathematics, Purdue University, West Lafayette, Indiana 47307 (USA)

Mohammad Amin Shokrollahi

Institut fir Informatik, Universitat Bonn, 53117 Bonn (Germany}

German-Brasilian-Cooperation
in Scientific Research and Technological Development




Die Deutsche Bibliothek - CIP-Einheitsauinahme

Shokranian, Salahoddin: : .

Coding theory and bilinear complexity : German Brasilian

cooperation in scientific research and technological

development / Salahoddin Shokranian ; Mohammad Amin Shokrollahi.
[Hrsg.: Forschungszentrum Jillich GmbH, Zentralbibliothek]. - Jiilich :
Forschungszentrum Jiilich, Zentralbiblicthek, 1993

{Scientific series of the International Bureau / Forschungszentrum

Jilich GmbH ; Vol. 21)

ISBN 3-89336-123-5

NE: Shokrollahi, Mohammad Amin:; Forschungszentrum < Jifich> /
Internaticnales Biro: Sclentific series of ..,

Herausgeber Forschungszentrum Jilich GmbH
und Vertrieb: ZENTRALBIBLIOTHEK
D-52425 Jiilich
Telefon (02461) 61-5368 - Telefax (02461) 61-6103

Druck: Graphische Kunstanstalt Dieter Gehler, Diiren-Birkesdorf

Copyright: Forschungszentrum Jilich 1993

Scientific Series of the International Bureau, Volume 21
ISSN 0938-7676
ISBN 3-89336-123-5




Contents

Preface

1 Linear Codes

1.1 Introduction . . . . & v o v v v vt e e e e e e e e e e e e
1.2 Linear Codes . . . . . ¢ i v v i v i e et e e e e e e e
1.3 Error Correchion . . . & v v v v v v v et e et e e e
14 CyclicCodes . . ... v oot vt it e
1.5 The Parametersof a Linear Code . . . . . . . . .. ... ... ..
1.6 AsymptoticBounds . .. ... ... .. .. . ... e
1.7 EXETCISES . . v v v i e i e e e e e e e e e e e e e e e

2 Algebraic Function Fields

2.1 Introduetion . . . . . . . . . . e e e e e e e
2.2 Valuations . . . . . . . . s e e e e e e e e e e
2.3 Relation of Valuations and Points in the Rational Case . . . . . . . .
2.4 Extension of Valuations . .. ... ... ... ... ... ...,
2.5 The Set of Prime Divisors . . . . . . . . . . i it v v
2.6 The Groupof Divisors . . . . . . . . ... oo e
2.7 The Linear Spaceof aDivisor . . . . . .. .. ... ... ... ...
2.8 The Theorem of Riemann-Roch . . . . . ... .. ... ........
2.9 EXErCISES . . v v v e v e e e e e e e e e e e e e e e e e e

3 Geometric Goppa Codes

3.1 Construction of Geometric Goppa Codes . . . . . ... .. ... ...
3.2 Codes in the rational function field . . . . .. ... ... .... ...
3.3 ANWNontrivial Example . . ... ... ... ... .. 0 0
34 Exercises . ... .. .. ... e f e e e e e

4 Codes above the Gilbert-Varshamov-Bound
4.1 Asymptolics . . . . . . .. L e e e
4.2 Codes Beyond the Gilbert-Varshamov-Bound . . ... ... .. ...

11
11
12
i4
15
15
16
18
19
20

21
21
22
23
26




CONTENTS.

5 Modular Function Fields 29
5.1 Imtroduction. .. ... . ..., .. .. .. .. oo 29
5.2 Congruence Subgroups . . . . . .. . ... 0 0o 29
B3 Exercises . . . . . .. . e e e e e e e e 34

6 The Space of Cusp Forms 35
6.1 Introduction . .. ... ... ... .. ... . ... 35
6.2 TheSpaceof CuspForms . ... ...... ... ... ... ..... 35
6.3 HeckeOperators . .. .. ... .. ... v, 36

7 Number of Prime Divisors of p-modular Fields 39
7.1 Relation to the Traces of Hecke Operators . . . . ... ... ... .. 39
7.2 Codes Beyond the Gilbert-Varshamov-Bound . . . . . ... ... .. 42

8 An Introduction to the Theory of Bilinear Complexity 43
81 Imtroduction. .. ... . ... ... .. ... . .., 43
8.2 Computation Sequences and Multiplicative Complexity . . . . . .. 45
8.3 Rank of Bilinear Mappings . . ... ... ... ... ...... ... b0
8.4 Concise bilinear mappings . . . . .. ... ... ... ... ... ... b3
8.5 Lower Bounds for some Computational Problems . . . . .. ... .. 54
8.6 Exercises . ... .. ... 59

9 ' Bilinear Complexity and Codes. 61
9.1 Bilinear Complexityand Codes . . . . . . ... .. ... ... ..., 61
9.2 A Lower Bound for Matrix Multiplication . . . . ... .. A 62
9.3 A Lower Bound for Polynomial Multiplication . . . . . ... .. ... 63
94 Exercises . . .. . .. .. e e e e e e e e e 65

10 Multiplication in finite fields ! 67

- 10.1 The Theorem of Chudnovsky & Chudnovsky . . ... ...... .. 67
10.2 An Asymptotic Linear Upper Bound . . . .. . .. PR 68
10.3 Further Results . . . . . . .. ... ............ Y (1]

11 Answers to all Exercises o Lo : 71

Bibliography | o : | o (i

i




Preface

The subject of the present book is naturally divided into three parts. The first
part (Chapter 1) deals with the theory of linear error correcting codes. Here one
is interested in the mathematical theory of secure information transmission, e.g.,
satellite communication. This should not be confused with cryptology where the
aim is to guard information against unauthorized access. The second part of the
book (Chapters 3,5, 6, and 7) deals with the theory of algebraic funciion fields and
applies this theory to the so-called modular funciion fields. These function fields—
or equivalently, algebraic curves—arise from compactifications of the fundamental
domain of the action of certain subgroups of SLy(Z) on the upper half plane. Re-
ductions of these curves modulo primes p (outside a finite set of special primes)
yields series of algebraic curves over finite fields with many rational points. Finally,
the last part of this book (Chapters 8-10) is devoted to a treatment of bilinear
complexity theory. Here one is interested in the minimal number of multiplications
necessary to compute bilinear forms. One of the most famous representatives of
this class of problems is that of determining the asymptotic complexity of matrix
multiplication.

The first two subjects merge to the theory of “Geometric Goppa-Codes”, also
known as “Algebraic-Geometric Codes” which is discussed in Chapter 3. There
exists excellent literature on this subject, among which we only mention [42]. For
obtaining asymptotically good linear codes from geometric Goppa codes, the main
problem is the construction of sequences of curves with many rational points, as is
described in Chapter 4.

On the contrary to the theory of error-correcting codes or that of algebraic
curves over finite fields, there does not yet exist an up to date concise treatment
of the theory of bilinear complexity !. Therefore we have decided to give a brief
account of the thecry which meets our demands in Chapter 8. With the tools
developed there we shall see in Chapter 9 that coding theory can be applied to
obtain lower bounds in complexity theory in the following sense: one can transiate
the complexity of a given bilinear map into the problem of determining a linear
code of minimal block length when the dimension and the minimum distance are

1The forthcoming book [8] will contain the first such atiempt
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Preface

given. The latter problem has been studied by coding theorists extensively. Their
results can be used to give lower bounds for the complexity of bilinear maps over
finite fields. This is the main subject of Chapter 9.

Last but not least, following CHUDNOVSKY and CHUDNOVSKY, the theory
of algebraic function fields can be utilized to obtain interpolation algorithms for
multiplication in finite fields. Specializing to elliptic function fields, these algorithms
turn out to be even optimal (in the sense of bilinear complexity). Specializing
to modular function fields, the theory yields (asymptotically) good algorithms for
muléiplication in finite fields (Chapter 10).

. In writing this book, it has been in the foreground of our attention to provide
the interested beginner with a basic knowledge of coding and complexity, their in-
terrelations, as well as their relation to algebraic curves. For a better understanding
we have provided exercises at the end of most of the chapters. We consider this
book as a first step towards more advanced literature.

This book is based on lectures given by the second author during his visits in
Brasilia in summer 1991 and summer 1992 and in the “XII Escola de Algebra” in
Diamantina 1992. It would have not been created without the German-Brazilian-
conventions through which an interaction of the authors was made possible. We
therefore would like to thank the German organizations KFA-INT and GMD and
the Brazilian organizations CNPq and FINEP which made this project possible.

Salahoddin Shokranian and Mohammad Amin Shokrollahi
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CHAPTER 1

Linear Codes

1.1 Introduction

This chapter contains introductory subjects on linear error correcting codes, which
are selected to serve only for the understanding of the book.

The origin' of coding theory lies in the practical problem of secure infor-
mation transmission. Here, in contrary to cryptography where one tries to make
information secure against unauthorized use, coding theorists want to guard against
damagement of the information (which has in almost all cases natural sources). So
the aim of coding theory is to present methods for recovering errors which occur
in the transmission of information. through a disturbed channel. What is the idea
behind these methods? Of course, if one sends information without any type of
preprocessing, one very unlikely is capable of correcting any errors. So the idea
is to add redundant information and hope that this makes error recovery easier.
Suppose for example that the information consists of four bits (i.e., a string con-
sisting of 0°s and 1’s) and person A wants to send the string (0, 1,0, 1) to person
B. He can repeal the first four bits two more times and send instead the string
(0,1,0,1,0,1,...,0,1). It is easy to see that person B can recover one error. So
if person A has the additional information that the transmission channel is very
unlikely to cause more than one error in twelve bits, he has solved the problem of
secure information transmission. A closer look at this so-called “repetition coding”
of person A reveals that he now has to spend three times as more transmission
energy, but is capable of guarding against just one error. Can he do better?

This is the central problem of coding theory: Add as few as possible redundant
information but do il in such @ way that you are capable of guarding against as many
errors as possible. Ol course one cannot fulfill both of these conditions at the same
time. So the problem which arises is how good one can reconciliate these aims.

In order to be able to give a mathematical foundation to coding theory, we
first have to agree upon the transmission alphabet. Originally, this used to be




1.2. Linear Codes

the alphabet consisting of 0 and 1, i.e., the finite field F. As a generalization
we consider the alphabet to be an arbitrary finite field F,. A code of block length
n is then defined to be a subset of Fj. We are not going to study codes in this
generality in these notes. Instead we want the codes to have an additional structure
more accessible to (linear) algebra. The next section will clarify our intention.

1.2 Linear Codes

We start with a definition:

(1.1) Definition. A linear code of dimension k and block lengih n over the finite
field Fg is a k-dimensional subspace of F7. The elements of C are called codewords.
o

Let us assume for the rest of these notes that whenever we speak of the vector
space F* we think of this vector space as equipped with the standard basis. Let
C be linear code of dimension & and block length n over Fy. Since any two vector
spaces of dimension k over F, are isomorphic, there is an embedding, call it ¢, of
F¥ into F such that the image of ¢ is C. Hence, ¢ can be described by a matrix
G = G¢ € F5*" (with respect to the standard bases in F¥ and F}).

(1.2) Definition. The matrix G¢ is called a generaior matriz for the code C. o

Thus the rows of G¢ generate the code ¢’ and hence, C can be uniquely described
by G¢. Equivalently, we can describe C as the null-space of a matrix H¢ in the
following way: Let {.,.} denote the usual scalar product on F}. By C* we denote
the following subspace of F§:

Ct:={ueF}|VceC:(uc)=0)}.
Then C! is a code of dimension n — & and block length n. Hc is defined to be a
generator matrix for C*+.

{1.3) Definition. Let C be a linear code of dimension & and block length n aver
F,. The code CL as constructed above is called the dual code to C and H¢ is called

a parily check mairiz for C. o

H¢ is indeed a check-matrix for C since ¢ belongs to C if and only if cH¢ = 0.
Let us clarify these concepts with some examples.

(1.4) Example.Consider the repetition code introduced in the introduction. In
this case the code—ecall it C1—is of dimension 4 and has block length 12. It is
defined over Fy. A generator matrix for €} is given by

G=(L|14]|14)

where I4 is the 4 x 4 identity matrix over Fa. o




Chapter 1. Linear Codes
(1.5) Example.Consider the code C3 defined over Fy having the generator matrix
1111
G= ( 0101 ) )

Clearly C; = {(0,0,0,0),(1,1,1,1),(0,1,0,1),{1,0,1,0)}. Gz has dimension 2 and
block length 4 and is defined over F,. o

The block length and the dimension are two fundamental parameters of a
linear code which specify the information rate and the length of the words trans-
mitted. In the next section we introduce another fundamental parameter which
measures the error correction capacity.

1.3 Error Correction

Up to now we have not told anything about the error correction capacity of a
linear code. In order to motivate the definitions which will follow now, let us make
a fundamental assumption on the nature of errors which can happen during the
transmission. Among various kinds of possible errors we are only interested in
those which convert one coordinate symbol into another. In addition, we require
that the probability that a symbol « is converted into a symbol # is the same for
all & and 4. In the binary case for example, we consider only those errors which
convert a 0 into a 1 and vice versa. Now it is intuitively reasonable to say that
a code has high error correction capacity if one has to change many coordinate
symbols to get from one codeword to another. This intuitive idea is made precise
by the following definitions.

(1.6) Definition. The metric d : F} x F§ — N given by
d(x,y) = {i] =i # wi}]

is called the Hamming metric on F}; d(x,0) is called the (Hamming) weight of x.
o

This metric is very well suited to the study of error correction capacity of a linear
code since it measures how many coordinate symhbols are to be changed in order to
get from one vector to another.

(1.7) Definition. The value minxzyec-d(x,y) is called the minimum distance of
C. A linear code of dimension k, block length n and minimum distance d is called
an [n, k, d)-code. o

Alternatively, the minimum distance of a linear code C is the minimum of the
weights of the nonzero codewords (why?).
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Equipped with the Hamming metric we can now formulate an abstract de-
coding procedure for linear codes: If u € Fy is the received word, decode u to a
codeword c € C' having the smallest Hamming-distance to u.

We want to note that the above abstract decoding procedure is not a sugge-
stion for an algorithm since it is by no means efficient. In general, giving efficient
decoding procedures is very hard and it is conjectured that decoding a given linear
code is NP-complete (which means that to the present state of knowledge, there is
no “efficient” algorithm for decoding a linear code given by its generator matrix [4]).
(See [14] for an exact definition of an NP-complete decision problem.)

It is easy to see that a linear code is capable of correcting up to e errors if
its minimum distance d satisfies d > 2e + 1 (This is left as an exercise). Hence the
minimum distance is a good measure for the error correction capacity of a linear
code.

1.4 Cyclic Codes

This section is devoted to a brief description of a very important class of linear
-codes, the class of eyclic codes. The aim of this section is to show how imposing
algebraic conditions on the code makes the description and the study of the code
easier. We want to emphasize that this section by no means provides a complete
treatment of cyclic codes.

(1.8) Definition. A linear code C of block length n over F, is called cyclic if
(en=1,¢0,...,tn_2) belongs to C' whenever (cp,...,cn—1) belongs to C. o

In other words, a code C is called cyclic iff it is invariant under cyclic per-
mutation of the coordinate places.

Cyclic codes can be described very nicely with the help of the group algebra
F¢[Ca) where Cy, is the cyclic group of order n. To this end, note first that this
group algebra is isomorphic to the residue class ring Fy[z]/(z" — 1) where we denote
by (2" — 1) the principal ideal generated by z" — 1 in Fy[z]. The isomorphism is
described by mapping the residue class of z to the generator of C,. and extending
this mapping linearly. We can embed C as a vector space into Fyfz]}/(z" — 1) by
mapping the codeword (co,...,¢,—1) to the residue class of the polynomial ¢ +
e1z + ...+ cpe12"~ 1. Thus we can identify C with a subspace of F,[z]/(z" — 1).
But C has even more structure. One can easily verify that the condition of being
cyclic equips C with the structure of an ideal of the ring Fy[z]/(z" —1). For this one
only needs to see that if ¢c(z) := ¢g+. . .+en_12”~! € C then z¢(z) mod (2" —1) also
belongs to C (why?). But this is just the condition of being cyclic stated in (1.8).

As an epimorphic image of the PID Fy[z], the ring Fg[z]/(z" — 1) is itself
a PID. Thus there is a polynomial g(z) which generates C as an ideal. If we take
g(#) among the generators of C to have the least possible degree, we immediately
see that g(z) divides z™ —1 (see the exercises). The auxiliary assumption that g(z)
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has highest coefficient equal to 1. makes this polynomial unique. In order to be able
to speak about this polynomial, let us agree upon the following definition:

(1.9) Definition. The polynomial g(z) the existence of which was shown above,
is called the generator polynomial for C. The polynomial k(z) := (z" — 1)/g(z) is
called the check polynomial for C. o

For several reasons, it is very desirable that the polynomial £ —1 is separable
over F, which means that it has different linear factors over an extension field of F,.
This condition is always satisfied when n and ¢ are coprime!. We want to assume
this from now on. If w is a primitive nth root of unity over F, the set of zeros of the
polynomial 2" — 1 consists of 1,w,...,w” ™! and the set of zeros of g(z) is a subset
of this. We denote the zero-set of g(z) by Var(g). It is clear that Var (g) contains
all information about the code | since the polynomial g(z) and hence the code C
can be uniquely determined by Var(g). How can one read off the parameters of
the code C from Var(g) or equivalently from g{z)? We are going to give a partial
answer to this in the following.

First of all, the block length of C' is given by n. This needs no further
comment. The determination of the dimension of €' is not very hard either. Indeed,
the code C consists of the polynomials g(x)f(z) mod (z" — 1) where f(z) is a
polynomial over F,. Since g(z)A(z) = z" — 1, we can reduce f(z) modulo h(z).
Thus C' consists of the elements g(z)f(z) where the degree of f is smaller than
the degree of h (observe that reduction mod 2™ — 1 is not necessary since now
deg(g(z)f(x}) < n). Thus the dimension of C equals the degree of k, i.e., n—deg(yg).

The determination of the minimum distance of the code C' is more difficult,.
Up to now there is no way to compute efliciently from Var(g) the actual value of
the minimum distance of C for arbitrary cyclic codes. (We call a method efficient if
it runs in time polynomial in n.) But there is a very nice result which gives a lower
estimate of the minimum distance of C using some data of the set Var(g).

(1.10) Theorem (BCH-BoUND). Let C be a cyclic code of block length n over
F; and g(z) be the generator polynomial for C. Further lel w be a primitive
nth rool of unily over Fy. If there exist natural numbers ip and 1| such thal
fwio,wihotl | wiet=1} € Var(y), then the minimum distance d of C salisfies
d>1+1.

The reader may consult [24] or [23] for a proof of this theorem,
let us clarify the subject with some examples:

(1.11) Example.Consider the cyclic code C defined over Fz having block length
7 and generator polynomial g(z) = 3 4+  + 1. Let us compute the zero-set Var (g):

1The reader familiar with the theory of representations of finite groups immediately sees that
this condition is equivalent Lo semisimplicity of the ring Fg[Cn].
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Let w be a root of g(z) in an extension field of F4 (in fact Fg will do, since g(x) is
irreducibie). Then Var(g) = {w,w?,w*}. Hence (1.10) asserts that the minimum
distance of C is at least 3 (Take 7y = 1 and { = 2). The dimension of C is equal to
7 — deg(g) = 4. A generator matrix of C is given by

1101000
0110100
0 0110160
0 001101

In fact, up to a permutation of the coordinates, this code is equal to the [7,4, 3}-
Hamming code. »

(1.12) Example.The polynomial 23— 1 decomposes over F3 in the following way:
B 1= (2 + Dg(2)f(2)

where g and f are irreducible polynomijals of degree 11 over F;. Let w be a primitive
23" root of unity over F. It is easy to see that one of these polynomials, say g,
has the zero-set {w* |1 < k < 22, (%) = 1}, where (..) is the Legendre symbol. Let
C be the code generated by g. The block length of C equals 23 and its dimension
is 12. Since {w,w? w3 w?} C Var(g), the BCH-bound asserts that the minimum
distance d of C satisfies d > 5. In fact one can prove that d = 7. This code is the
well-known (23, 12, 7]-Golay-Code. o

There are very eflicient decoding algorithms for cyclic codes which are able
to correct errors up to the BCH-bound (but unfortunately not further). These
algorithms heavily rely on the special structure of the cyclic codes. We are not
going to discuss them here, since this will lead us too much apart.

1.5 The Parameters of a,.Linea,r Code

One of the major questions in coding theory is the followmg Given n, k, d, and q,
does there exist a linear [n, k, d]-code over F,?

One step towards the solution of this problem is given by the following pro-
cedure with which one can construct new codes from given linear codes.

Suppose C is a linear [n, k, d]-code over F,. Let i < n be an integer and C;
be the linear code obtained from C by setting the ith coordinate of any codeword
in C equal to 0. In other words, if'(el, .,€n) is the standard basis of Fg» and m;
is the projection along e; onto Z: iziFeej, then C; i= mi(C). C is called the ith
punciured code of C. What can we say about the parameters of C;?
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(1.13) Lemma. Let C; be the ith punciured code of an [n,k,d}-code C, d > 2.
Then C; is an [n, k,d")-code where d' = d if all minimum weight codewords in C
vanish al coordinale posilion i, and d = d — 1 otherwise.

ProoF. Since m; is a linear map and C; = m;(C), C is a linear code of block length
n. Clearly, dim(C;) = dim({C) — dim(C N ker ;). Now ker m; = Fge;, hence, since
d > 2 is assumed, C N ker m; = 0 which shows that C; has dimension dim(C) = k.
The assertion on the minimum distance of C; is easy to see. D

With the help of this procedure it is now straightforward that a complete
solution to the question stated at the beginning of this section can be given once
the exact values of the following function are known:

(1.14) Definition. N[k, d) := min{n | 3 [n, k, d]-code over F}. ¢

In general, finding the exact value of Ny[k,d] for given k, d, and ¢ is very hard. In
the next section we shall learn some asymptotic results about this function.

One of the most basic properties of the function N, is that it is increasing in
the second variable,

(1.15) Lemma. If 6 < d, then N[k, 8] < N[k, d) for all k > 1.

PROOF. Clearly it suffices to prove the assertion for § = d—1. Let an [N, [k, d], k, d]
code C over Fy be given. We can construct from this code an [N, [k,d],d— 1, k])-code
by puncturing it at an appropriate position. This proves Ny [k, d— 1] < N,[k,d]). O

The Singleton Inequalily asserts that Ny[k,d] > k + d — 1 for all ¢ (See
Exercise 1.2). A more useful bound is the following.

(1.16) Theorem (GRIESMER-BOUND). We have
k-1
Ni'[kvd] 2 Z[E]:
i=0 '

where [2] is the smallest inleger greater or equal lo z.

We omit the elementary proof and refer the reader to [24].

1.6 Asymptotic Bounds

Although, as stated in the last section, very little is known about the exact behavior
of the function N, one has powerful techniques for obtaining asymptotic assertions
about this function. This section serves as a brief introduction to the topic of
asymptotic studies in the theory of error-correcting codes. We are not going to

7
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motivate this topie, since this is done in a very satisfactory way in different textbooks
(such as [23, 24, 42]).

Let ¢ be a prime power and C be-a linear |n, k, d]-code over F,;. We define
8(C) := d/n and R(C) := d/n. We can associate to every linear code C over F,
“the point (6(C), R(C)).in S := [0,1]> C R?. We are interested in the set X, of
accumulation points of the image U, of this extended mapping. We shall first show
that this is equal to the set of all limit points of sequences of linear codes. In
other words, we show that X, is the set of those points (6, &) € S such that there
exists a sequence of pairwise different (n;, ki, d;)-codes C; with the property that
6 = limé(C;) and R = lim R(C;): for this it is necessary to show that the limit
point of any such sequence is an element of ;. Suppose that (C;) is a sequence of
[ni, ki, di]-codes such that R(C;) = R and §(C;) = § are constant. Then (4, i) is the
limit point of a sequence of codes, but not necessarily a point in X, since it may be
an isolated point of U/y. But by puncturing the codes C; at appropriate positions,
we obtain a sequence of [n;, k;, d; — 1]-codes. Since ki/n; = R and (d; — 1)/n; — &
as 1 goes to co, we see that (4, ) is also an accumulation point of Uy, hence belongs
to . -

If (C;) is a sequence of different [n;, k;, d;]-codes, the n; have to go to infinity
for increasing i, hence this justifies the notion of “asymptotic studies”. The following
nice result due to MANIN [25] gives some information about the set L.

(1.17) Theorem. There ezists a continuous and decreasing function a4:[0,1) —
[0,1] such that ag(0) =1, ag(x) =0 for (g—1)/g <2 <1 and

%y = {(6,R) | 0 < R < ay(6)).

One of the central problems in coding theory is the determination of the
function «, (which is equivalent to the asymptotic determination of the function
N,). This seems to be very difficult. Up to now the exact value of a, is not known
even for a single § € (0,(¢q — 1)/q).

Because of lack of knowledge about the function «, it is desirable to have at
least lower and upper estimates for this function. In other words, we are looking
for functions (desirably given by explicit formulae) f such that a,(z)} < f(z) or
ag(z) > f(z) for = belonging to a certain interval in [0,(¢ — 1)/¢]. Among the
various results in this direction we just confine ourselves to present three; more
information on this topic can be found in [23] and [24].

(1.18) Theorem. Let Hy(z) := zlog,(¢ — 1) — zlog,(2) — (1 — z)log,(1 — =) and
6 :=(g-1)/q If0<z <0, we have:
(1) (PLoTKIN-Bound) ag(z) <1—=z/0.

(2) (MCELIECE-RODEMICH-RAMSEY-WELGH- Bound)

| ale) < M5V -2)),
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(3) (GILBERT-VARSHAMOV-Bound} a,(z) > 1 — Hy(z).

Over iwo decades of research made it plausible to think that the Gilbert-
Varshamov-curve 1 — Hy(2) was equal to ay(z), but the construction of codes via
algebraic curves lead to codes exceeding the Gilbert-Varshamov-bound (for square
g greater than or equal to 49). This construction will be discussed in Chapter 3.

1.7 Exercises
1.1, Let H € F{"79%" be the parity check matrix of the [n, &, d]-code C. Show
that if every ! columns of H are linearly independent, then d > | + 1.

1.2. Show that the parameters of a linear [n,k,d]-code satisfy the Singleton-
inequality k+d<n+1.

1.3. Show that the Hamming metric is indeed a metric on F7.

1.4, Show that if the minimum distance d of a code C satisfies d > 2¢ + 1, then C
is capable of correcting up to e errors.

1.5. Show that the minimum distance of a linear code C' is equal to the minimum
of the weights of the nonzero codewords of C.

1.6, Let C have the parity check matrix

000 1111
H=1 01 10011
101 0101
Compute the minimum distance of C. How many errors can be corrected by C7

1.7. Let ¢ be a power of a prime, n a natural number prime to ¢ and g1(z), ga(z)
be two polynomials in F,[z] dividing " — 1 such that the quotient g)(z)/g2(x) is
not constant. Show that the ideals generated by g;(z) and go2(z) in F [2]/(z" - 1)
are different.

1.8, Compute the number of different cyclic codes of length n over the field F,
(under the assumption ged(n, q) = 1) in terms of the number of irreducible factors
of z" — 1. How many cyclic codes of length 9 exist over Fy?

1.9. Let w € F; be a primitive nth root of unity and consider the cyclic code C
of length n over Fy having (z — w!)...(z — w') as a generator polynomial, where
is an arbitrary natural number less or equal to n. Compute the parameters of this
code and compare these with the Singleton-inequality.
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CHAPTER 2

Algebraic Function Fields

2.1 Introduction

In this chapter we are going to introduce the reader with a basic knowledge about
algebraic function fields of one variable. This introduction will be very brief and
we are going to emphasize only those subjects which will be relevant for future use.
Let us first explain what an algebraic function field of one variable is:

(2.1) Definition. Let k be a field and z an indeterminate over k. An algebraic
function field K of one variable is a finite extension of k(z). The elements in K
which are transcendental over k are called varigbles and the elements of K algebraic
over k are called constants. The algebraic closure of k in K is called the field of
conslants of K/k. The field k(z) is called the rational function field of one variable

overk. o

Since we are not going to study function fields of several variables, we shall
omit in future the extension “of one variable”. Moreover, we want to assume that
k is algebraically closed in K whenever we speak of the function field K/k.

If k is a perfect field, a given algebraic function field K can be described by
an equation f(z,y) = 0 where f is a polynomial of two variables with coefficients in
k [16]. This reveals to some extent the connection of function fields and algebraic
curves. Of course, this is merely a motivation and not an exact formulation. The
latter can be found in any textbook on commutative algebra or algebraic geometry.

The main aim of this chapter is to formulate the Theorem of Riemann-Roch.
For this, we shall first introduce the concept of a prime divisor by studying valuati-
ons on the rational function field. We shall then be able to introduce the group of
divisors and the appropriate concepts relevant to the “Riemann-part” of the Theo-
rem of Riemann-Roch. Introducing the canonical class, we will then be able to
complete the formulation of this famous theorem.

11




2.2. Valuations

2.2 Valuations

(2.2) Definition. Let K be a field and L a subfield of K. A multiplicalive (additive)
valuation on K is a nonzero mapping v: K — Ry (v: K™ — R) with the following
properties:

(1) Ya,be K : v(ab) = v(a)v(b) (Va,b€ K : v(ab) = v(a) + v(b)),
(2) Va,be K : v(a +b) < max(v(a),v(d)) (Va,b e K : v(ab) > min(v(a), v(}))).

A multiplicative (additive) valuation is called {rivial if v(a) = 1 for all a € KX
(v(a) = O for all @ € K*™). In the sequel we shall only study nontrivial valuations
(unless otherwise stated). A wvaluation of K/L is a valuation of K trivial on L.
An additive valuation v is called discrete if its image is isomorphic to Z. Two
multiplicative (additive) valuations v; and v on K are called equivalentif vy(z) < 1
(v1(z) < 0) implies v3(z) < 1 (vaz) < 0) for all z € K (for all z € K*). ¢

Let us extend the set R of real numbers by an element co with the assumption
that co > z and z £ 00 = 00 as well as z . 0o = oo for all z € R. One easily sees
that any additive valuation on K> can be extended to a valuation on K by setting
v(0) := co.

The following are examples of valuations:

-(2.3) Example.Let us study valuations on the field @ of rational numbers. If p
is a prime, we denote by ord,(z) the highest power of p which divides the integer
z. Thus we have for example ords(6) = 1, orda(18) = 2, ords(9) = 0. We can
extend ord,(.) uniquely to the field Q by setting ordy(£) := ordy(z) — ord,(u).
Now it is easily seen that for any prime p the mapping ordy(.) is a discrete additive
valuation on Q. Indeed, since the additivity of ordp(.) is clear (note that this need
not be the case when p is not a prime), it suffices to show that ordp(a + b) >
max(ordp{a),ord,(b)). But this follows easily from the fact that the ring Z of
integers is a UFD (Unique Factorization Domain), i.e., the factorization into powers
of primes is (up to ordering) unique.

Now fix a real number ¢ > 1 and set |a|, := o—°™4r(9), It is easily verified
that |.|, is a discrete multiplicative valuation on Q. If we choose ¢ = p, then we
call this valuation the normalized p-adic valuation on Q. »

(2.4) Example.Now let R be any UFD and x a prime element in K. Then we
can repeat the construction of the previous example to get an additive valuation
ord,(.) and a multiplicative valuation |.[r on R. These valuations can be uniquely
extended to the quotient field K of R in the same manner as for the ring Z and the
field Q.

We want to emphasize the case R = k[z], i.e., the case where R is the polyno-
mial ring of one variable over the field k. Here the prime elements correspond to ir-
reducible polynomials and we speak of ordp(;(.) for an irreducible polynomial p(z).

12
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It is clear that for two different irreducible polynomials p(x) and ¢(z) the valuations
ordy(z)(.) and orde(z)(-) are inequivalent: We have for example ordy(p(2)) = 1
but ordye)(p(z)) = 0.

(2.5) Example.The rational function field K = k(z) possesses another additi-
ve valuation which is not equivalent to any of the valuations ordg;)(.). This is

constructed as follows: Let h(z) := ﬁ%} € k(z). Then we define orde(h(z)) :=
deg(g(z)) — deg(f(z)). Note that this is a valuation and that it is well defined

(why?).

To any valuation v of K (additive or multiplicative), one can associate a
certain subring of K defined in the following way:

(2.6) Definition. Let v be a multiplicative valuation of K. The ring O, := {z €
K| v(z) < 1} is called the valuation ring associated to v. (In the case v is additive,
the condition < 1 is replaced by > 0). ¢

Note that two valuations are equivalent if and only if the corresponding va-
luation rings are equal. In fact, this explains why valuation rings are more natural
objects than the valuations. Let us study the basic structure of valuation rings.
In the sequel we suppose that v is a multiplicative valuation, the case of additive
valuations being similar. The elements of the set {z € K | v(z) = 1} are invertible
in @, since v(z) = 1 implies v(1/z) = 1/1 = 1. By the same argument we see that
the elements of {z € K | v(z) < 1} are not invertible. Hence we have computed the
set of invertible elements of O,.

(2.7) Lemma. OF = {z € K | v(z) = 1}.

The set M, := {z € K | v(z) < 1} is easily seen to be an ideal of O,. In
fact it is the only maximal ideal of (7,. It is an elementary exercise in algebra to
see that in this case O, /M, is a field.

(2.8) Definition. K(v) := O,/M, is called the residue class field of the valuation
v and the corresponding canonical homomorphism is called the evalualion map (or
residue class mapping) at v. o

Let us compute the valuation rings and residue class fields for the valuations
introduced in the last examples:

(2.9) Example.Denote by Z,) the valuation ring of ordy(.). A rational number
a/b belongs to Z(;) il and only if ord,(a) > ord,(b). Thus if we assume a and b to
be coprime, a/b belongs to Z(,) if and only if ord, () = 0, i.e., if and only if p does
not divide b. Hence we get '

Zp)={3 | abez, b# 0 modp}.

13




2.3. Relation of Valuations and Points in the Rational Case

For example we get % € Z(3) and % & Z(sy. If § € Z(py and a, b are coprime, we have
ordp(a/b) = ordp(a). Hence, if M(,) denotes the maximal ideal in Z(,), we have

a a
M= {3 | 2 €25, ordy(a) 2 1} = pZgy).

It is easy to show that Z(,y/pZ(,) ~ Z /pZ. Thus the residue class field of the prime
p is the finite field with p elements. o

(2.10) Example.Let p(z) € k[z] be an irreducible polynomial and Op(z) and M)
denote the valuation ring and the residue class field of the valuation ordg(z(.)- In
exactly the same way as above one shows that

Op(r) = {5% f(z), 9(z) € k[z], ordp(z)(g(2)) = 0}

and
Mp(zy = P()O0p(z)-

Again it is an elementary exercise to show that Opz)/ Mp(sy = k[z]/p(2)k(z],
hence the residue class field of ordp(,)(.) is an extension of degree deg(p(z)) of k.

As for the valuation ord,,(.) one can be easily show that the residue class
field of this valuation coincides with k. (See the exercises.) o

There is a simple correspondence between additive and maultiplicative valua-
tions in an algebraic function field K/k which may have been suggested by the
examples above: If v is an additive valuation in K/k, we get a multiplicative valua-
tion ' defined by v'(z) := a=*{*) where a is a positive real number greater than one.
On the other hand, if v’ is a multiplicative valuation on K/k, we get an additive
valuation v by setting v(z) := — log(v'(z)), where log is the logarithm to any base
greater than one.

2.3 Relation of Valuations and Points in the Rational Case

This section is meant to serve as a motivation for the future identification of valua-
tion rings and points of an algebraic curve.

For the sake of simplicity let & be an algebraically closed field (for example
equal to C). We have already computed a set of inequivalent valuations of the field
k{z)/k: All the inequivalent valuations but ordy, are in one to one correspondence
with the irreducible polynoinials in k[z]. Since k is algebraically closed, the irredu-
cible polynomials in k[2] are of the form = —a for some o € k. So all the inequivalent
valuations in k{(z}/k but ord are in one to one correspondence with the elements
of k.

Let us extend k by an element oo and agree upon the fact that the valua-
tion orde, corresponds to oo (this might look quite artificial but it has a rigorous
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justification). Then we see that the valuation rings in k(x)/k are in one to one
correspondence with k U {oo}, i.e., with the projective line over k.

Regarding the projective line as the most simple algebraic curve, this might
serve as a motivation for identifying valuation rings with points of a curve. (Note
that we have not defined the notion of an algebraic curve. We are just speaking
about the intuitive understanding of curve, for example as the set of zeros of a
polynomial in two variables.)

2.4 Extension of Valuations

Let J{ be a field and v a valuation on K. Further let L be a subfield of X. Then
the restriction of v to L is clearly a valuation on L. If O, is the corresponding
valuation ring in XK, it is not difficult to see that the valuation ring corresponding
to the restriction of v on L is given by @, N L.

(2.11) Definition. Let L be a field and K an extension of L. Further let w be a
valuation on L. The valuation v on K is said to be an eziension of w {o K, if the
restriction of v to L equals w. ¢

&

We have by now studied the valuations in the rational function field &(z) over
a field k. In order to be able to perform arithmetics in algebraic function fields, we
have to know the valuations of these fields trivial over the constant field k. Since
the restriction of any valuation of an algebraic function field to a rational subfield
yields (up to equivalence) one of the known valuations, we have therefore to ask
whether the valuations of k(z) can be extended to an extension field.

This question can be stated in the affirmative: Given a field extension K of
k(z) and a valuation v of k(z) there always exists an extension of v to K. The
extension of the valuation in k(z)/k to K is generally not unique. We are not
going to discuss the various ways of extending valuations to a field extension. We
confine ourselves to the fact that there exist different techniques for calculating
these extensions [1, 16].

2.5 The Set of Prime Divisors

In this section we want to introduce a standard terminology used in the rest of these
notes.

(2.12) Definition. Let K be an algebraic function field over k. We call a valuation
ring of K associated to a valuation of K/k a prime divisor of K/k. o

We denote prime divisors by capital letters such as P,Q,.... If a valuation
ring O is identified with the prime divisor P, we speak of O as the valuation ring
corresponding to P. The residue class field of a prime divisor is defined to be
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2.6. The Group of Divisors

the residue class field of the corresponding valuation ring. The same holds for the
evalualion map at a prime divisor. If P is a prime divisor of L/k, K is an extension
of L and @ is a prime divisor of K such-that its valuation extends the valuation
corresponding to P, we say that Q is less or equal 2o P: Q < P. (This means
that the reverse order holds for the valuation rings.) If P is a prime divisor, we
denote by ordp resp. |.|p the additive resp. multiplicative valuation corresponding
to P. (Note that there exist infinitely many equivalent valuations corresponding to
P. Unless stated otherwise, we take one valuation from each equivalence class in
an arbitrary manner.)

The notion of a prime divisor comes from the correspondence between a
valuation ring and prime elements in appropriate rings (for example prime numbers
in case of Q@ and prime (irreducible) polynomials in the case of a rational function
fields).

Let P be a prime divisor of the algebraic function field K and Kp its residue
class field. One can show that the constant field k of X can be embedded in Kp
and that the degree (Kp : k) is finite. This can easily be seen in the case K = k(z).

(2.13) Definition, (Xp : k) is called the degree of the divisor P. ¢

We denote the set of prime divisors of K/k by P(K/k). Let us state some
fundamental properties of this set:

(1) For any algebraic function field K/k the set of prime divisors P(K/k) is infi-
nite. In fact, since every valuation of k(z) can be extended to a valuation of
K and there are infinitely many inequivalent valuations in k{z), the assertion
follows.

(2) If « € K satisfies ordp(z) = 0 for all P € P(K/k), then z is a constant.

(3) (Finiteness property) If f € K*, then the number of prime divisors P such
that ordp(f) # 0 is finite.

(4) (“Product Formula”) For every P there exists a valuation |.|p corresponding to
P such that for every nonzero x € K we have ZPEP(K/k) ordp(z) deg(P) = 0.

The set of representatives of valuations stated in (4) is called a set of nerma-
lized valuations.

2.6 The Group of Divisors

The group of invertible elements of the field k(z) of rational functions in the inde-
terminate z over the field k is generated by the set of irreducible polynomials in
k[z]. In fact, one can write any rational finction as the product of integral powers
of irreducible polynomials. Since k[z] is a UFD (which means that the represen-
tation as a product of powers of irreducible polynomials is essentially unique) and
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k(z) is the quotient field of k[z], one can regard k(z)* as the free abelian group
over the set of the irreducible polynomials. If K is an algebraic function field, one
can always find in X a (unique) subring sharing the properties of k[z] in k(z) (the
integral closure of k[z) in K). But this ring is usually no longer a UFD. In order to
deal with this problem, one can introduce the following group:

(2.14) Definition. Let K be an algebraic function field and P(K/k) the set of
prime divisors of K. The divisor group D(K/k) of K/k is defined to be the free
abelian group over P(K/k).

We shall obey the notations of algebraic geometry (rather that of number
theory) and assume D(K/k) to be an additive group. Then by definition every
divisor A has a unique representation A = 3", ap P where P runs over all elements
of P(K/k) and the ap’s are integers vanishing for almost all P.

(2.15) Example.Let K = Fy(z). We denote by (co) the prime divisor correspon-
ding to orde, and by (p(z)) the prime divisor corresponding to ord,(,y where p(z)
is an irreducible polynomial over Fa. The following are examples of divisors over

Fg:

A=2xz) -5z +2+1), B:=20=+z+1)-3(z+1)—3(co).

Let f be a non-vanishing function belonging to the algebraic function field K.
Because of the finiteness property of the set of prime divisors stated in the previous
section, we can associate to f a divisor (f) defined by (f) := 3_pordp(f)P.

(2.16) Definition. (f) is called the principal diviser associated to f. o

(2.17) Example.Let K = Fy(z) and f = x(2® +2+1)/(z% +2+1). Then we have
ordz(f) = ordzay 41 (f) = —ordzag,q1 (f) = 1, ordeo{f) = =2

Hence we have (f) = (z) + (z® + 2 + 1) — (2? + z + 1) ~ 200. The divisor B of the
previous example satisfies B = (g) where ¢ = (2 +z + 1)2/(z + 1)®. To the divisor
A of the previous example there corresponds no principal divisor, since any function
f € K satisfying ord-(f) = 2, ordzayz41(f) = =5, ordy(f) = 0 for any irrducible
polynomial p in k[z] different from z and %+ z+1, and orde{f) = 0, is a constant
multiple of z2/(z? + z + 1)%, but for this function we have ordeo(f) =8 # 0. o

(2.18) Definition. Two divisors A and B of the algebraic function field are called
equivalent if A = B+ (f) for some function f € K. The set of all divisors equivalent
to a given divisor 4 is called the class of A (Sometimes denoted by [A4]). ¢
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(2.19) Example.Let again K = F3(z). Further let A = (z) + 2(z + 1) and
B = (23 4+ z 4 1). Then A and B are equivalent since A = B + (f) where f =
ez + D (23 +z+1).

The notion of the degree of a prime divisor was defined in the last section.
We can extend this to get the concept of the degree of a divisor:

(2.20) Definition. Let A = Y, apP be a divisor of the algebraic function field
K/k. The integer deg(A) := Y, ap deg(P) is called the degree of the divisor A. ¢

The product formula in the last section forces the degree of principal divisors
to be equal to 0 (why?). Hence we can extend the definition of the degree to divisor
classes: deg([A]) := deg(A). The sel of divisors of degree 0 in an algebraic function
field forms a group. The quotient of this group by the group of principal divisors is
called the class group of the field. It is of extreme importance for the arithmetic of
the function field and plays the same role as the class group in number fields.

2.7 The Linear Space of a Divisor

We can define a partial order on the group of divisors of an algebraic function field
in the following way: If A= 3" papP and B =3 pbpP, we define A < B if and
only if ap < bp for all P. Note that if we had written the operation in the divisor
group multiplicatively, this would have lead to the normat definition of divisibility.
Note also that this partial order is compatible with the operation in the divisor
group, i.e., A < B implies A + C < B + C for any divisor C.

(2.21) Example.The divisors A = (22 + 2+ 1) — 3(00) and B = (z+ 1) + (c0) are
not comparable in Fa(z) while A < (f) where f=z2+z+1.

Given a divisor A in an algebraic function field K/k, we can associate to A
the vector space L(A) := {f € K* | (f) > —(A)} U {0}. One can show that L{A)

is a finite dimensional vector space over the field k.

(2.22) Definition. L(A) is called the linear space of A. Its dimension is denoted
by dim(A) and is called the dimension of A. o

It can be shown that the dimension is constant on the divisor classes so we
can define dim([A]) := dim(A4).

The computation of the dimension of a divisor A will be the topic of the
discussions following. The linear space of certain divisors will be used later to
construct geometric Goppa codes.

The problem of determination of dim({A) for a divisor A can easily be solved
some cases (see for instance [16]):
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(2.23) Theorem. Lel A be a divisor of the algebraic function field Kfk. Then
dim(A) = 0 whenever deg(A) < 0. If deg(A) = 0, then dim(A) = 0 if A 1s nol
principal, If A is principal then dim(A) = 1.

The nontrivial part of the problem is to determine dim{A) for divisors of
positive degree.

2.8 The Theorem of Riemann-Roch

. For computing the dimension of a divisor, we first have to introduce a fundamental
invariant of the function field K/k. Suppose that A is a divisor of positive degree
of K/k. Then dim(A) — deg(A) can be proved to be at most equal to 1. So let us
define o(A) by dim(A) — deg(A) = 1 — ¢(A). Hence 6(A) is a nonnegative-integer.
The first question which arises is how big ¢(A) can get. It can be proved that there
exists a constant g = g(I/k) depending only on the field K /k such that 6(A4) < g
for all divisors A (see [1]).

(2.24) Definition. g = g(K/k) := max, o(A) is called the genus of K/k. o

The genus of a function field has many equivalent definitions. The one we
have depicted has the advantage to make the following “almost trivial”:

(2.25) Theorem (THEOREM oF RIEMANN). Lel K/k be an algebraic function
field of genus g and A a divisor of positive degree in K/k. Then dim(4) >
deg(A} + 1 — g. Moreover, we have equality if deg(A) > 2¢ — 1.

The study of the defect §{A) := dim(A) — deg(A) — 1 + g (also called the
indez of specially of A) leads to the Theorem of Riemann-Roch:

(2.26) Theorem (THEOREM OF RIEMANN-RocH). Let K/k be a function field of
genus g. There exists a unique class W = W(K/k) of divisors in D(K/k} such that
deg(W) =29 — 2 and dim(W) = g and

dim(A) = deg(4) + 1 — g + dim(W — A).

We are not going to talk about the so-called canonical class W the existence
of which is claimed in the last Theorem. We just note that divisors of degree greater
than 29—2 are nonspecial, i.c., their index of specialty is equal to 0. On the contrary,
divisors for which the index of specialty is not 0 are called special divisors. Let us
clarify the subject by some examples:

(2.27) Example.Let K = F3(z) be a rational function field over F3. Consider the
divisor A = 2(2)+ 2(z + 1) — (22 + 2+ 1). Let f € L(A). Then f=g (2> +z +
1/(z(z + 1))? where g is a polynomial of degree at most 2. To see this, note that
f can have poles of order at most 2 in z and (= + 1) which forces the denominator
of f to be of the form given; furthermore, orde(f) should be nonnegative which
yields the condition on the degree of g. Therefore we get dim(A) = 3. ¢
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(2.28) Example.By the same argumentation as above one can prove that if k(z)/k
is a rational function field and A is a divisor of positive degree in K/k, then
dim(A) = deg(A) + 1. Hence dim(A) — deg(A) = 1 for all divisors of positive
degree, which shows that the genus of (z)/k is equal to 0.

(2.29) Example.Now that we have learned about function fields of genus 0, let
us see how function fields of genus 1 look like. So assume that K/k is a function
field of genus one and that there exists a prime divisor P of degree one in K/k.
These fields are called elliptic function fields. By the Theorem of Riemann-Roch we
have dim(P) = 1. Since the constants clearly belong to L{P), we have L(P) = k.
Applying again the theorem we get dim(2P) = 2, hence there exists a function z
such that L(2P) = {1, 2). In the same way we get the existence of a function y such
that L(3P) = (1, z,y). Since for f,g € L(3P) we have fg € L(6P) we get

(1,z,y,2% zy,y%, 2% C L(6P).
But dim(6F) = 6. Thus there exist aq,...,as € k such that
apy® + (a1z + as)y = aaz® + a4z’ + a5z + as.

So the field K is generated by the equation given above. o

2.9 Exercises

2.1. Show that any valuation on a finite field is trivial.
2.2. Let v be a multiplicative valuation of K. Show that v(0) = 0 and »(+1) = L.

2.3. Let v be a multiplicative valuation on K. For a,b € K show that if v(a) # v(b)
then v(a + &) = max{v(a), v(d)}.

2.4. Show that two valuations of a field K are equivalent if and only if the corre-
sponding valuation rings are equal.

2.5. Show that M, is the unique maximal ideal of O,

2.6. Let R be a commutative ring with 1 and M be a maximal ideal of R. Show
that R/M is a field.

2.7. Show that orde(.) is a well defined valuation on k(z).

2.8, Show that the residue class field of the valuation orde, on k(z) equals £,

2.9. Prove the product formula in the case of the rational function field.

2.10. Show that in the case of a rational function field a divisor is principal if and

only if it is of degree 0.
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CHAPTER 3

Geometric Goppa Codes

In this chapter we shall introduce Goppa’s construction of codes over function fields
or equivalently codes on algebraic curves [15]. The first section describes the con-
struction of these codes while the next sections are devoted to the discussion of
examples. '

3.1 Construction of Geometric Goppa Codes

Let K/F, be an algebraic function field of genus g. Further let Py,..., P, be
different prime divisors of degree 1 of K/F,. Choose a divisor G of K /F, satisfying
29 — 2 < deg(G) < n and ordp,(G) =0 fori = 1,...,n. If f € Op, and Mp,
denotes the maximal ideal of Op, we set f(F;) := f + Mp,. Note that f(P;) € F,
fori=1,...,n,since the P; are assumed to be of degree one. Consider the following

mapping:

v LG) — F}
fo (f(P)y-. ., f(Pa))-
v is a well defined mapping: since ordp, (G} = 0, we have ordp,(f) > ordp,(G) =0
forall i = 1,...,n, hence f € Op, for i = 1,...,n, which implies that f(F;) is
defined and belongs to F;. The second trivial observation is that v is in fact a

homomorphism of F,-spaces. Hence the image C = Cx(G; P1,...,Pa)yof visa
linear subspace of F§, so it is a linear code.

(3.1) Definition. Cx(G; Py, ..., Py), is called a geometric Goppa code. o

The point now is that the parameters of C can be estimated by the Theorem
of Riemann-Roch:
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3.2. Codes in the rational function field

(3.2) Theorem. If K/F, is of genus g, then Cx(G; Py, ..., Pn)q 18 an [n, k, d]-code
with k = deg(G) — g+ 1 and d > n — deg(G).

ProoF. The assertion about the block length of Cx(G; Py, ..., Pn)g is obvious.
For computing k, we have to compute dim(G) and dimker 4 since k = dim(G) —
dimkery. The Theorem of Riemann-Roch yields dim(G) = deg(G) — g + 1. If
f € kery, then f(F) = 0fori =1,...,n. So ordp,(f) > 1 which means that
f € L(P1 4+ ...P,). This implies that kery € L(G — (P + ...+ P,)). But since
deg(G) < n, the degree of G — (P + ...+ P,) is negative, so the corresponding
linear space is trivial. It follows that ker« is trivial, i.e., v is an embedding. So
k= dim{G) = deg(G) —g + 1.

Now let ¢ be an element of Cx(G; Py,..., P,)g of weight d # 0. So there
exists a function f & L(G) such that y(f) = ¢. Since ¢ has weight d, it has n—d zero
coordinates which means that f(P;) = 0 for n — d of the prime divisors Py, ..., Py.
Reordering these if necessary we may assume that f vanisheson Py, ..., P_4. But
this means that f € L(G—Z?z_ld P;). Since d # 0, we have that ¢ #£ 0 and so f # 0.
It follows that L(G— 379 B;) # {0}. So we conclude that deg(G —3_1— B) > 0,
so d > n—deg(@). O

3.2 Codes in the rational function field

Now let K = F,(2). As we have seen, the prime divisors of degree 1 of K correspond
to the elements of FyU{00]}. Let ay, ..., op be elements of Fy and G = m(oo) where
0 < m < n. If we denote by Py,..., P, the prime divisors {z — ay),...,{(z — ayn),
we want to study the code Cx (G; P1,. .., Py)e. Of course it suffices to compute the
images of the basis elements of L(G) under the mapping v. For this we need a basis
of L(G). Now G = m(c0), so 1,z,...,2™ € L(G) since orde(2*) = =k > —m
for k = 0,...,m. By the theorem of Riemann-Roch (note that g = 0 in this case)

we get dim{G) = m + 1. Since 1,z,...,z™ are apparently linearly independent
over F,, we conclude that they form a basis of L(G). Now observe that z¥(P) =
z¥ mod (z—ai) = af. So a generator matrix for Cx (G} P, . . ., Pa)q is the following:

1 1 .01

431 gz ... *pn

af of ... o?

af’ of oy

it is also possible to give explicit formulae for the generator matrices of the codes
obtained from rational function fields for arbitrary GG. Since it is only a matter of
uninteresting computations, we just give an example:
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Chapter 3. Geometric Goppa Codes

(3.3) Example.Let K = F(z), Pi = (2}, Po=(z—1), Ps = (z—3), Py = (& -5}
and P; = (00). Further let G = 2(z — 2) + (z — 4). We have deg(G) =3 < n = 5.
We can thus apply the construction of Section 3.1. We first compute a basis of
L{G): We can verify immediately that g; := 1, g» := 1/(z — 2), g3 := 1/(z — 2)?
and g4 := 1/(x — 4) belong to L(G) (partial fraction decomposition). They are
easily seen to be linearly independent too. Since dim(G) = deg(G)+1 = 4 by
the Theorem of Riemann-Roch, they form a basis for L(G). We get the following
generator matrix for the code obtained from these data:

11111
3 615 0
21140
5 2 610

This matrix is obtained as follows: The (i, j)-entry of this matrix is gi(P;). If
P = (z — a), g(P) = g mod (¢ — a) = g(a). This explains the computation of
the numbers in the first four columns of the matrix. If P = (o0), then g(P) = 0
whenever ordeo(g) > 1. Since ordeo(g;) > 1 for i = 2,3,4, we get the zeros in the
last column of the matrix. Further, the function 1 evaluated at any prime divisor
equals 1, so the first row of the matrix is the all-one-vector. e

An interesting property of geometric codes over the rational function field is given
in the exercises.

3.3 A Nontrivial Example

In this section we want to construct a code over a function field of genus greater
than 0. Although we have not developed all the necessary tools for describing
all the steps of the construction in these notes, we think that this example can
nevertheless serve for the clarification of the subject. Let F4 := {0,1,w,&} be the
field with 4 elements. Define the function field X by K = Fa(z,y) with z®+4° = 1.
This function field belongs to the class of the so-called “Hermitian function fields”.
The “curve” described by the equation 3+ = 1 is called the “Hermitian curve”.
Without giving any computational details we remark that the genus of this function
field equals 1. (See, e.g., [34].)

We have pointed out in Section 2.3 the connection between prime divisors and
points of the corresponding curve. In particular we saw that (at least in the case of
the rational function field) there is a correspondence between the prime divisors of
degree one and the points of the projective line over the constant field. So in order
to get a description of the prime divisors of degree one of K we first have to compute
the points of the corresponding curve over Fg, i.e., the set of pairs (a,4) € FZ such
that a® + 8 = 1. But in order to get all the points we should work in the projeclive
plane over F4 rather than in the affine plane. The projective n-space over a field k is
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3.3. A Nontrivial Example

constructed as follows: Let *£"+! denote the set of nonzero vectors in k"1, We can
define on *k™*! an equivalence relation by calling two vectors x and y equivalent if
there exists a nonzero A € k such that x = Ay. The set of equivalence classes under
this relation is called a projective n-space over k. The coordinates of a point in the
projective space are called homogeneous coordinates. If n = 1 we call this space the
projective line and if n = 2 we call it the projective plane. What are the points
of the projective line over a field k7 If (z,y) belongs to the projective line and
y # 0, we see that (z,y) and (z/y, 1} represent the same point and if y = 0, (z,y)
is equivalent to (1,0). Hence the points of the projective line consist of (@, 1) and
(1, 0) where a runs over the elements of k. If we call (1,0) the point af infinily, we
get the known correspondence between prime divisors of degree one and the points
of the projective line. Since we are working with homogeneous coordinates, we have
to homogenize our equation, i.e., we should look for points satisfying the equation

.'1:3+y3 = z3,

A short computation yields that there are nine points satisfying this equation:

Q@=(1,0,1) P =(w,0,1) P,=(®0,1)
Py=(1,1,0) Py=(w,1,0) Ps=(w,1,0)
Ps=(0,1,1) P;=(0,w,1) Ps=(0,a,1).

Let o be an integer satisfying 0 < a < 8 and define the divisor G4 by G» = aQ.
We want to construct the code Cx(Gq; Py, ..., Ps)s. For this we need first a basis
of the space L(G).

Consider the function £ — 1. In order to be able to evaluate this function
at the projective points, we have first to homogenize it. This yields the function
f =z —2x Wesee that f(Q) = 0 and 1/f(Ps) = 1/f(Pa) = 1/f(Ps) = 0. Hence
(f) > @ — P3— Py— Ps. Now we use the following well known theorem [1}.

(3.4) Theorem. Let K/k be an algebraic function field and f € K. If(f)=A-B
where A and B are integral divisors, then deg(A) = deg(B) = (K : k(f)).

In our case k(f) = F4(z — 1) = Fy4(z), hence (K : k(f)) = 3. Since by the
above considerations B := Py + Py + P; is an integral divisor with (z — 1) > - B
and deg(B) = 3 we deduce that (x — 1) = A— (P, + P> + P3) where A is an integral
divisor of degree 3 and A > Q. But since (z —1) does not vanish at any other point,
we see that (z — 1) = 3Q — (P3 + Py + Ps).

The same reasoning yields (2 —w) = 3P, — (Pa+ P4+ Ps) and (¢ — W) =
3P, —(Pa+Py+P5). Now P +2% = 1,50 4 = (23~1) = (z—1)(z—w)(z —T). Since
the function y vanishes at @, P, P, we deduce that (y) = Q+P1+Pa—(Pa+Ps+Ps).
Now a basis for L(Gq) can be obtained very easily. Since f, :=1 € L(G,) for all
o, and dim(G4) = a by the Theorem of Riemann-Roch, a basis for L(Gy) is 1.
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Chapter 3. Geometric Goppa Codes

The function fa := y/(z — 1) has the principal divisor Py + P2 — 20,s0a
basis for L(Gs) is 1,y/(z — 1). Further, the function f3 := 1/(z — 1) has the divisor
(P34 Py + P5) — 3Q, so 1/(z — 1) € L(3G). On the same way we get:

fa=(y/(z - V)2 € L(4G), f5 = (v/(z — 1)*} € L(5G),
fo i= (u/(z — 1))* € L(6G), Jr:=(y*/(z 1)) € L(7G).

Now we use the following lemma:

(3.5) Lemma. Supposc K[k is an algebraic function field, P is a prime divisor of
K/k and f1,..., fm are nonzero functions in K. If ordp(fi) # ordp(f;) fori # j,
the functions fi,..., fm are lineerly independenti.

PrOOF. Let z and y be nonzero functions in K such that ordp(z) # ordp(y).
By Exercise 2.3 ordp(z + y) = min(ordp(z),ordp(y)). Repeating this reasoning
we get with the assumptions of the lemma: ordp(Y_;-, @i fi) = min{ordp(fi) | i =
1,...,m} where «; are arbitrary elements of k. Now suppose that Yimiaifi=0
for elements ay, ..., a, € k not all equal to 0. Without loss of generality we may
assume that a; is not zero. We get —a) fi = Y =, aifi. Taking ordp on both
sides of this equation we obtain ordp(f1) = min{ordp(f;) |i =2,...,m}. Thisisa
contradiction since the ordp(f;) were assumed to be different. D

Since in our case ordg(fi) =i for i > 1 and ordp(f;) = 0, we can apply this
lemma for P := @ to get that fi,..., fr are linearly independent.

(3.6) Theorem. L(Go)= (fi,.--,fa).}-

In order to compute generator matrices for the codes
Ck(Ga; Pi, ..., Pg)4 we have to know how to evaluate the functions f; at the points
P;. For this we have to homogenize the functions, i.e. replace z by z/z and y by
y/z. This gives

h=1, fa=y/(x - 2), fz=1/(z - 2),
fa=(y/(z—2))? fo=yi/(z -2  fo=(y/(x—2)
f: =y?z/(x - 2)%

Now evaluations of these functions at the points is trivial. We just give as an

example a generator matrix for the code Cx(G4; P1,.. ., Pe)a:
1 111 1111
0 01 W w 'l ww
w Wl w w1 11
0 01 w ol w w
"By (z1,...,7n) we denote the span of 4, ... ' Tn
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3.4, Exercises

Observe an interesting property of this code: With respect to the symmetric bilinear
form {x,y) = Z?=1 z;y; every codeword is orthogonal to every other codeword!

What about the parameters of the above code? Of course the dimension
equals deg(G4) = 4. By (3.2) the minimum distance d of this code satisfies d >
8 — deg(G4) = 4. It turns out that the minimum distance of this code is 4.

3.4 Exercises

3.1, If C(G; Py,...,P), is a geometric Goppa code over the rational function
field K = F,(z), prove that its minimum distance d satisfies d = n — deg(G).
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CHAPTER 4

Codes above the Gilbert—Vafsha.mov—Bound

In this chapter we shall show how one can construct codes which asymptotically lie
above the Gilbert-Varshamov-bound.

4.1 Asymptotics

In this section we want to investigate the asymptotic properties of geometric Goppa
codes.

For the rest of this section we fix a finite field F,. Let K be an algebraic
function field of genus g over F, having at least n + 1 prime divisors of degree
one, which we denote by Py,...,P,, Q. Further let G := «a) for some natural
number e satisfying 2¢ —2 < o < n. Let C := Cg(G, Py,..., Pu), be the geometric
Goppa code as constructed in 3.1. Denote by d the minimum distance and by k the
dimension of C. Then, by (3.2) we have

dén—a
k = a—-g+1.

Hence we obtain:

(4.1) H{CY+R(CY>1—g/n+1/n.

(See Section 1.6 for the definition of §(C) and R(C).) Now consider the set S of
sequences of function fields such that for every sequence ¢ in S the number of prime
divisors of degree one of K goes to infinity as K runs through the elements of ¢. For
each such sequence o we define 7, := liminfge, g(K)/n(K), where g(K) denotes
the genus of the function field K and n(K) + 1 is the number of prime divisors of
degree one of K.

(4.2) Lemma. For o € S let L, denote the line segment L, := {6,R)|6+R=
1= 7,6 €(0,1-7,)}. Then L, C £&,.
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PROOF. Let o € 5 be fixed. We may assume that limge, g(K)/n(K) = v5. Let
6 € (0,1 - v,) be given. For K € ¢ let a = a{K) := |(1 — §)n(K))'. Let Ck be
the geometric Goppa code constructed over K as above. By puncturing the code if
necessary, we may assume that Cx has minimum distance n(K) — a and dimension
a(K) — g(K) + 1. Hence, limgeq(6(Ck), R(Ck)) = (6,1 — 7, — 6), as was to be
proved. O

4.2 Codes Beyond the Gilbert-Varshamov-Bound

Let us consider a sequence ¢ € S. Since the Gilbert-Varshamov curve (see Sec-
tion 1.6)

G(z) :=1-zlog,(¢— 1) + rlog,(z) + (1 — z)log,(1 - )

is convex, the line L, either intersects G(z) in the interval (0, 1) in two points
(counting multiplicities) é;,8, and is above G(z) for é € (61, 82), ot L, does not
intersect G{z) in the interval (0,1). Thus, if we find sequences o, such that L,
intersects G(z), we have found sequences of linear codes which are asymptotically

above the Gilbert-Varshamov-bound.
. When does L, intersect G(z)?

(4.3) Lemma. L, intersecis G(z) if and only if v, < log,(2¢—1) — 1.
PROOF. Let us first compute when L, is tangent to G(z). We have
G'(X)=—log,(¢—1) - log, () + log,(1 — z).

Hence, G'(é9) = —1 for &y = (¢ — 1)/(2¢ — 1). So L, is tangent to G(xz) if v, =
$(b0) — 6o = log,(2¢ — 1) — 1. This proves the result. D

Our task is now to find sequences ¢ which satisfy the above inequality. In
the next chapters we shall sketch how to find such sequences.

1|z] is defined to be the largest integer < z.
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CHAPTER 5

Modular Function Fields

5.1 Introduction

In the previous chapters we have given an introduction to the theory of algebraic
geometric codes. One of the most striking facts about this class of codes is their
asymptotic significance, first realized by TsFasMAN, VLADUT, and ZINK [43]. They
showed that the class of algebraic geometric codes contains sequences of codes which
lie asymptotically above the Gilbert-Varshamov bound. As we saw in the previous
chapter, one can manage in proving such a theorem by considering sequences of
function fields over finite fields having many prime divisors of degree one relative
to their genus, In the following chapters we shall introduce the function fields used
in this context.

5.2 Congruence Subgroups

The main purpose of this section is to explain the construction of modular function
fields. Throughout this chapter G denotes the group GL2(R)* of real (2 x 2)-
matrices of positive determinant. It is clear that under the usual topology of R* the
group G becomes a topological group (which means that inversion and multiplica-
tion in G are continuous operations) and that SLo(Z) is a discrete subgroup of G,
i.e., every element of SL2(Z) has a neighborhood in G which does not contain any
other element of SLo(Z).

(5.1) Definition. Let N be a positive integer. The Hecke-subgroup I'o(N) is
defined by

I‘o(N)::{( (: 3) € SL2(Z) lcEOmodN}.
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The geometric structure of G is best reflected by its action on the upper half
plane H:= {z € C| Imz > 0} given in the following: for 4 := (¢ j) €GandzeH
we define the action of 4 on z by

- az+b
ez d

It is easily seen that this action of G on H is transitive. However, this is not true
for the restricted action of SLy(Z) on H (compare the exercises).
Now let ' be a Hecke-subgroup or SL2(Z). I acts on H as a subgroup of G.

(5.2) Definition. Let T be any discrete subgroup of SLy(R). Then F = F(T) is
called a fundamental domain for T\H if

(i) F is a connected open subset of H,
(ii) no two points of F' are equivalent under T,
(iii) every point of H is equivalent to some point of the closure of F under T'.

o

(5.3) Example.A fundamental domain for the action of SLy(Z) on H is given by
the following set [31]:

F(SL2(2)) = {z €H | —% < Re(2) < % 2] > 1}.

The closure of F(SLy(Z)) under SLy(Z) is given by

F'(SL(Z)) = F(SLay(Z))U{z€H||z] > 1, Re(z) = —1/2}
U{z€H|]z| =1,-1/2 < Re(z) < 0}.

Qur aim now is to associate to every Hecke-subgroup a function field of one
variable over C. For this we review first some basic topological facts.

Let X be a topological space. A compler analylic struclure S on X is a set
S such that

(i} S is a collection of pairs (U;, p;) with i in a set I of indices, where {U;}iers is
an open covering of X and p; is a homeomorphism of I/; onto an open subset
of C,

(i} if U; nU; # 8, the map
pivits pi(UinU;) — pi(Ui 0 U;)

is holomorphic, and
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Chapter 5. Modular Function Fields

(iii) S is maximal under the conditions (i) and (ii).

(See [32, §1.5].)

(5.4) Definition. A connected Hausdorff topological space with a complex analytic
structure is called a Riemann surface. ¢

Now let X be a Riemann surface and consider the set K(X) of meromorphic func-
tions f: X — C. This set forms a field which contains a rational function field over
C. Once one can prove that K(X) is a finite extension of this rational function
field, one obtains that K(X) is a field of algebraic functions of one variable over C.
The finiteness is in general not guaranteed. However, one can force the finiteness
by assuming that X be compact. The following theorem is classical. For a proof
the reader is referred to [28, §9.6].

(56.5) Theorem. The field of meromorphic functions on a compact Riemann sur-
face is an algebraic function field of one variable over C.

We would like to associate a compact Riemann sur{ace to a Hecke-subgroup
To(N). Let us study first the case of SLo(Z). A good candidate for a topological
space associated to SLz(Z) would be the set of orbits SLy(Z)\H. We define a topolo-
gy on this set in the following manner: if 7 is the orbit of the element z € H, the set
of open neighborhoods of Z is defined to consist of all SLa(Z)U/, where U runs over
the open neighborhoods of z in H. But with this topology the set SL2(Z)\H is not
compact: for instance, the sequence of orbits of the elements 1 + in, where n runs
over the positive integers, does not have a limit in SL2(Z)\H. But by considering the
set F'(SLy(Z)) it is easily seen that only sequences which converge to oo do not have
a limit in F'(SL2(Z}). So it is possible to compactify F/(SL.3(Z)) by adding to it 30
and defining an appropriate system of open neighborhoods for this new point. We
take the sets {oo} U{z € H| Im(z) > r} for all positive numbers r as a fundamental
system of open neighborhoods of co. The action of SLs(Z) on oo can be defined
by (23)oo := a/c; hence SLy(Z) acts on HU QU {c0}. The fundamental system of
neighborhoods of the orbit 55 of co is the set of all SLy(Z)U where U runs over the
fundamental set of open neighborhoods of co. With this topology, SLo(Z)\HU {55}
is seen to be a compact topological space (isomorphic to the Riemann sphere).

Defining an analytic structure on SLz(Z)\HU{co} which turns this topological
space into a compact Riemann surface needs some work. We just mention that this
is possible and refer the reader to [32, §1.5).

Now let us discuss the general case. In general, the fundamental domain
F(T'o(N)) of a Hecke-subgroup T'¢(N) is not compact. To compactify this set we
have to add to it a finite number of additional points in QU {oo} for which the
system of neighborhoods are to be defined properly.

In the sequel, we denote by H* the set HURU{c0)}. The action of G on H can
be extended in a straightforward manner to an action on H*. We call a non-identity
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element a of G parabolic if tr (a)? = 4det(a), or what is the same, if « has exactly
one real eigenvalue (of multiplicity two)., We leave it as an exercise to the reader to
prove that an element o € G is parabolic if and only if @ has a unique fixed point
in RU {oo}.

(5.6) Definition. A fixed point ¢ € RU {oo} of a parabolic element of a Hecke-
subgroup I'o(N) is called a cusp of T'o(N). Two cusps of T'o{N) are called equivalent
if there is an element of I'¢(N) which maps one of these cusps to another. o

(5.7) Example. Let a = (¢ :) € SLy(Z) be parabolic, i.e., (d + a)? — 4(ad — bc) =
(d — a)2 +4bc = 0, and 2z be a fixed point of a. If ¢ = 0, then ¢ = d = +1 and
z = co. Otherwise ¢z + (d — @)z — b = 0, which implies z = {(a — d)/c € Q. Hence
the set C(SLa(Z)) of cusps of SL2(Z) is contained in Q* := QU {oo}. We want to
show that Q* = C(SL2(Z)). Since co € C(SLa(Z)), it is fixed under the parabolic
element ((]) i) Let p/q be an arbitrary element of @ and suppose that p and ¢ are
coprime. It suffices to show that there exists o € SLy(Z) such that coo = p/q: then,
since oo is a cusp, there exists a parabolic element y € SL2(Z) such the yoo = co.
Hence the parabolic element aya~?! fixes p/g which shows that p/¢ € C(SL2(Z)).
Since p and ¢ are coprime, there exist u,v € Z such that up — vg = 1. The matrix
a = (?) € SLy(Z) satisfies oo = p/q. Hence C(SLz(Z)) = Q*. We also see that

all the cusps of SLy(Z) are equivalent. e

(5.8) Remark. The above example shows that the set of cusps of any Hecke-
subgroup is a subset of Q*. o

As in the case of SLy(Z), we can compactify the fundamental domain of any Hecke-
subgroup by adding to it a finite set of inequivalent cusps. For the fundamental
domain of the action of I'o(N) on H*, which we shall denote by I'o(N)\H*, we
introduce the following fundamental system of neighborhoods for each point:

o If z € H, the fundamental system of neighborhoods of z is the usual system
of Euclidean neighborhoods given by

Un(w) = {weH|[w—z| <),
wlere r runs over the set of positive real numbers.
o If z = oo, a fundamental system of neighborhoods of oo is given by
U(oo) ={w eH| Imw > r},
where again r runs over the set of positive real numbers.

o If z € @, a fundamental system of neighborhoods of z is defined by the set
consisting of z and the interiors of the circles in H which are tangent to z.
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We do not define neighborhoods for non-rational elements of R, since we shall only
add cusps of T'g(N) to the fundamental domain F(Ty(N)) and these cusps are
either rational numbers or oo, see (5.8). It turns out that under the topology defined
above, the set T'o{ N)\H* becomes a locally compact Hausdorff topological space {32,
pp- 12]. Furthermore, this space can be endowed with a complex analytic structure,
such that under this structure I'o( N)\H* is a compact Riemann.surface [32, §1.5).

(5.9) Theorem, Let T' = To(N) for some nalural number N. Then T'\H* is a
compact Riemann surface, i.e., an algebraic funclion field of one veriable over lhe
field C of compler numbers.

(5.10) Definition. The function field of the compact Riemann surface To(N)\H*
is denoted by Ky(N), and is called the meodular function field. ¢

By considering the arithmetic of the modular function fields, one obtains
‘formulas for the genus of the function fields Ko(N). For future applications we
confine ourselves to stating the result only in the case where N is a prime [32).

(5.11) Theorem. Let go(N) denote the genus of Ko(N). If N is a prime grealer
than 3, we have:

N-13 | _
[ 12 if N =1mod 12,
N-5 . _ '
—12— 1fN=5m0d12,
go(N)=+¢ n_
N-7 if N =T mod 12,
12
N+1 . _
BT if N =1l mod 12,
\

The function fields Ko(N) are defined over the complex numbers. As alge-
braic function fields of one variable they are finite extensions of a rational function
field C(t) over C, i.e., Ko(N) = C(t)(w) where w and ¢ are related by an equation
f(t,w) = 0 for some f € C[X,Y]. Now suppose that f € Z[X,Y]. What can we say
about the function field @(¢)(w) where w and t are related by the same equation
f(t,w) = 0?7 We could also go one step further and reduce the coefficients of f
modulo some prime number p and ask about the function field Fy(£,w) where { and
w are related by fy(t,w) = 0, f, denoting the reduction of f modulo p.

In general, if an algebraic function field K is defined over some field k of
characteristic 0 by an equation of the type f(z,y) =0, f € Z[X, Y], the arithmetic
properties are changed if one considers the function field over F, generated by the
reduction of f modulo p.
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(5.12) Example.Consider the elliptic function field K = Qz,y), 2 = 23— 3z -3.
Reduction modulo 3 yields the function field F3(z,y), y¥* = z?, which is of genus
ZETO.

‘ One of the most remarkable facts about the modular function fields Ko(N )
is the following theorem due to Iqusa [18] (we just state a weak version of this
theorem).

(5.13) Theorem. Ko{N) conlains a rational subfield Qo(N) such that Ko(N) is
generated over Ko(N) by an equation f(z,y) = 0, f € Z[X,Y], and such thal for
all p nol dividing N the funclion field KP(N) := Fp(z,y), fo(£,y) = 0, has genus
go(N), fp denoting the reduction of f modulo p.

We call the function fields KF§(N) generated by the polynomials f, of the
previous theorem p-moduler function fields.

There remain a lot of unanswered questions at this stage, one of the most
important being the question of the uniqueness of f upon imposing further condi-
tions on the p-modular function fields to be obtained by the reduction of f. These
questions can be best answered by using the language of algebraic geometry, which
we have not developed here. For our purposes it is sufficient to know that these
function fields exist and that their genus as well as their number of rational points
can be obtained by analytic arguments carried out in characteristic 0.

These function fields will be used to prove the existence of linear codes above
the Gilbert-Varshamov-bound. What we still have to compute is the number of
rational points of p-modular curves over F;, or an extension of Fy,. It is a remarkable
fact that this number, similar to the genus, can be computed using the analytic
structure of the modular function fields Ko(N) over the field C. We shall describe
this method in the next chapters.

5.3 Exercises

5.1. Show that the action of SL2(Z) on H is not transitive.

5.2. Show that with the topology described above, the fundamental domain
SLa(Z)\H is not compact.

5.3. Prove that an element o € §Ly(2) is parabolic if and only if it has a unique
fixed point in RU {co}.
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CHAPTER 6

The Space of Cusp Forms

6.1 Introduction

-As described at the end of the last chapter, we can employ analytic techniques to
cbtain the number of rational points of a p-modular curve over F,. This will be done
in the following way: let T denote a Hecke-subgroup or SLo(Z). We first define for
T a finite dimensional C-vector space, the space S3(I") of cusp forms of weight 2, of
holomorphic functions from H* to C which satisly certain transformation properties
and regularity conditions. Next we introduce on this finite dimensional vector space
a linear operator, the Hecke operator, the trace of which is fundamental in the
theory. The trace of the Hecke operators on the space of cusp forms is computed
via the Eichler-Selberg trace formula, which we shall only refer. The main fact is
now that the number of rational points of p-modular function fields over extensions
of F, is closely related to the traces of Hecke operators on S3(I'). In this way we
shall be able to compute this number and proceed with the proof of the theorem of
TSFASMAN, VLADUT, and ZINK.

6.2 The Space of Cusp Forms

For a matrix o = (*}) we put j(a,z) = ¢z +d for z € H. It is clear that j(a,z) is
a holomorphic function on H, and the relation

J(aB, z) = j(a, B2}5(B, 2),

can be verified quickly.

(6.1) Deﬁpition. Let k be an integer and I' be a Hecke-subgroup or SLy(Z). A
holomorphic function f:H* — C is called a modular form of weight k with respect
to T if

YaelV:eH: f(2) = j{e, 2) " flwz).
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6.3. Hecke Operators

A modular form of weight £ with respect to I' which vanishes at all cusps of T is
called a cusp form of weight k with respect to T'. o

When I is a Hecke-subgroup, one can compute the dimension of the space of
cusp forms Si(T') by studying the arithmetic of automorphic forms. The interested
reader is referred to [32, §2]. We focus our interest on the following fact.

(6.2) Theorem. Let T' be a Hecke-subgroup. For every natural number k the set
Se(T) is a finite-dimensional C-veclor space. Further, the dimension of Sa(I') equals
the genus of the modular funcilion field associated to T.

6.3 Hecke Operators

In this section we introduce linear operators on the vector space of cusp forms of

weight k. It turns out that in the case k = 2 the traces of these operators as

endomorphisms of S3(T') play an important role in the determination of the number

of prime divisors of degree one of the p-modular function fields K§(N} over Fpa.
To begin with, let T' denote a Hecke-subgroup I'g(N) for some N and

A= {( z 3) € Mo(Z) |cEOmodN,gcd(a,N):1,ad—bc>0}.

One can prove that for every a € A the double coset T'al’ has a decomposition
T'al' = UiTay;

where {¥:} is a finite set of representatives of the quotient T/(T N o™ 'T'a). Let
R(N) be the free abelian group generated by the double cosets I'al’ for o € A, i.e.,
R(V) is the set of all formal sums

E mqolal,

a€A

where mqy € Z for all @ € A and m, = 0 for all but finitely many «.

We can impose a structure of a Z-algebra on R(¥) in the following manner:
let o, € A, T'al' = UiT'ay, and '’ = U;TH;. We define the multiplication of
these double cosets by

(Cal)(TAT) =Y ¢4 T9T,
: YEA
where for every v € A we have ¢, := #{(4,7) | Taiffj = I'r}. It can be shown that -
this multiplication is well-defined [32]. Extending this multiplication linearly, we
obtain a structure of a Z-algebra on R(N).

{6.3) Definition. The algebra R(N) is called the Hecke algebra of the pair (I', A).
The elements of R(N) are called Hecke operaiors. ¢
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Chapter 6. The Space of Cusp Forms

To see why the elements of R(N) are called operators, we define an action of
R(N) on S;(T') as follows: For a double coset T'el' = UL Ta; € R(N) and a cusp
form f € Si(I') we define

d
((Cal)f)(z) = det(e)*/*1 Y j(ai, 2)* f{an2).

i=1

It can be shown that this action is independent of the decomposition of I'al’, and
(Tal) f € Sk(T') [32). Extending this action to R(N), we see that for every k, R(N)
can be viewed as an algebra of Si(I')-operators. This gives rise to C-representations
of R(N).

In the following we want to describe the structure of R(N). Using the theory
of elementary divisors we see that for every double coset Tal there exist uniquely
determined I,m € Z,I,m > 0, ged({, N) = 1, {|m, such that

I‘aI‘:l"((I] 0 )I‘.
m

Now set
! 0
T(L',m)._-I‘(0 m)'

and

T(n):= Y. T(,m).

tmz=n
1,m as above

Then one has the following theorem.

(6.4) Theorem. The Hecke algebra R(N) is the polynomial ring over Z generated
by T(p), T(p,p), T(q), where p runs over the primes not dividing N and g runs
over the prime divisors of N. In other words,

R(N) = Z[T(p), T(p,p), T(¢) | p, ¢ prime,p [N, q|N].

A proof of this theorem is given in [32] or [26]. In particular, it can be shown that
R(N) is a commutative and associative algebra [32].

As was indicated before, the traces of Hecke operators acting on the space
S3(T'o(N)) play an important role in the determination of the number of prime divi-
sors of degree one of a p-modular function field. We omit the difficult computations
concerning these traces and state only the result for prime N. The formula obtained
is a special case of the so-called Eichler-Selberg trace formula [22).
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(6.5) Theorem. Let N be a prime number and p be a prime different from N.
Then the trace of the Hecke operator T(p?) on S2(I) is given by

h{D)

=067 == 3 5 (1+ (B)) +7°+ 1+ sal),

where s runs over the inlegers salisfying —2p < s < 2p, [ runs over the positive
inlegers such thal f? is a divisor of D := 5% — 4p? and such that (s> — 4p®)/f* =0
or 1 mod 4, h(D) is the class number of the order Op of discriminant D of Q(v/D),
w(D) is the number of roots of unity of @p, and (-J%) is the Jacobi symbol.

A proof of this theorem can be found for instance in [17] (see also [27]). Also
the Selberg trace formula [33] can be applied to obtain this result.
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CHAPTER 7

Number of Prime Divisors of p-modular Fields

7.1 Relation to the Traces of Hecke Operators

Let K/F, be an algebraic function field of one variable and for every 7, let a,, denote
the number of prime divisors of degree one of the field KFgn/Fgn. The Z-function
of K is defined by

Z(K;u):= exp(z a,-uT,l).
i=1

It is related to the usual (-function of K/F, in the following way: the {-function
¢(K;s) of K/F,; is defined by {(K;s) = ) 4 N_(lﬂ where the sum runs over all
integral divisors A of K/F, and N(A) denotes the norm of the divisor A. Then
Z(K;q7*) =C(IK;s).

(7.1) Example.Let K = Fy(z) be a rational function field over F,. The number
of prime divisors of degree one of KFgn /Fyn is ¢" + 1. Now observe that

ul' oo ql'ui
Tt T

—log(1 — u) — log(1 — qu)

|
||'M3

I
gk
I
+
N

Hence we see that )

Z(Fg(z)iu) = T

The above example is in some sense characteristic. One can show the follo-
wing [29).
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7.1. Relation to the Traces of Hecke Operators

(7.2) Theorem. For every algebraic function field of one variable K/F, of genus
g, there ezists a polynomial L(K;u) € Z[u) of degree 2g such thai

L{K;u)
(1-u)(1—qu)

Many fundamental properties of the function field K are encoded in the
polynomial L(X;u). In particular, for any n the number a, is related to the zeros
of L. Note that L(K;0) = Z(X;0) = 1, hence L(K;u) = [[2., ¢(1 — osu) for some
al,...,agg e C

Z(K;u) =

(7.3) Theorem. Let ay,...,aq, be such that L(K;u) = H?il(l —aju). Then
29
Yan> 1 an=q"+1—2a{".
i=1
ProoF. Let E(u):=logZ(K;u)=73 r>, anz"/n. Then
29
FEu) = Zlog(l — o;u) — log(1 — u) — log(1 — qu).
i=1

Hence, if E(")(u) denotes the nth formal derivative of E(u), we obtain

n 1 ql'l

B = =02 e+ )

i=1

Now, since E(")(0) = (n — 1)la,, we obtain the assertion. O

Let us now go back again to Hecke operators. Let N be a prime. For a prime
p different from N we define the pth Hecke polynomial of S2(T'o(N)) by

Hy(u) := det(id — T(p)u + pid u?).

The connection between the p-modular function fields and Hecke operators is now
given by the following fundamental theorem.

(7.4) Theorem. Let N be a prime number and p be a prime different from N;
further let K = K{(N) be the p-modular funclion field over Fy. Then we have

Hp(u)

2= -y

Hence, L(K;u) = Hp(u).

40




Chapter 7. Number of Prime Divisors of p-modular Fields

For a proof of this theorem, the reader is referred to [13]. (See also [19] for another
type of discussion. Note that the number of prime divisors of degree one of the
p-modular function field equals the number of F,-rational points of a smooth curve
corresponding to this field.)

To obtain a formula for the number of prime divisors of degree one of

KF(N)Fp2, we have to make some remarks.
Let d := dim S2(To{N)) and ay,...,a4 be the eigenvalues of T'(p). Further
define for 1 < i < d the numbers «; and a} by

1 - aju+pu? = (1 - a;u)(1 — alu).
This implies a;a} = p and a;+a! = a; for all i. By the definition of H,(u) we obtain
Hp(u) = l_[:-j:](l — a;u)(1 — alu). By (7.3) and (7.4) we know that the number of
prime divisors of degree one of K} (N)F, is given by p* +1— Yo (e +al?). We
want to relate the latter summand with traces of Hecke operators.
Clearly, T(p)? has eigenvalues a,..., a3, hence tr(T(p)?) = Ef:i a?. But
a; = a; +af, thus a? = o + a}z + 2p, since aja; = p. We obtain

d
Y (ef + o’y = tr (T(p)?) — 2pd.
i=1
Now we have [32)
T(p) = T(p)* — pid.
This yields

tr (1(p)®) — pd

d
S (a2 +af®) + pd.

i=1

Now noting that d = dim S3(To(N)) = go(N) by (6.2), we obtain the following.

tr (T(p*))

(7.5) Theorem. The number of prime divisors of degree one of the p-modular
function field KE(N)F 3 /F 2 is given by p* + 1 — tr (T(p?)) + pgo(N).

Applying now the formula for the trace of T(p?) from (6.5), we get our final
result.

(7.6) Theorem. Let N end p be primes, p £ N. The number of prime divisors of
degree one of K§(N)Fpa is given by

S22 (14 (§)) + at¥o -,

s,/
where s, f, and D are as in (6.5).

41




- 7.2, Codes Beyond the Gilbert-Varshamov-Bound

Since the first term in the above formula is bounded as N goes to infinity, we see
that the number of prime divisors of degree one of KJ(N)F,s is almost equal to
go(N)(p — 1) as N becomes large.

7.2 Codes Beyond the Gilbert-Varshamov-Bound

Let p be afixed prime number. For every prime number N let Ky := K§(N)F,3 and
o be the sequence of function fields iy where N runs over the set of prime numbers
different from p. Let n(K ) + 1 be the number of prime divisors of degree one of
Kn [Fpa. By (7.6) limn g(Kn)/n(Kn) = P—i—l, which shows that v, = 1/(p — 1).
It is easily seen that for p> 7 we have v, < log,a(2p* — 1} — 1, hence (4.3) implies
the following theorem, see [43)].

(7.7) Theorem (TSFASMAN, VLADUT, ZINK). Lel p > 7. Then there ezisis
a sequence of linear codes over Fpa which asymplotically lie above the Gilbert-
Varshamouv-bound.

Using other techniques, it is possible to prove the above theorem over any
field Fpam where m is any positive integer and p > 7, see [42].

The function fields considered here are the best possible: one can show that
for any sequence o of function fields over Fy, ¢ a square, such that the number
n(X) + 1 of rational points of K goes to infinity as X runs through the elements of
o, we have that v, > 1/(,/g — 1), see [42].
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CHAPTER 8

An Introduction to the Theory of Bilinear Complexity

8.1 Introduction

In the course of these notes we shall investigate the problem, how many arithmetic
operations are necessary to compute a finite set of multivariate polynomials over
a field. One can assign different weights to different arithmetic operations; if, for
example, large integers are involved in the computation, then it makes more sense
to give more weight to the multiplication of these numbers than to the addition.
This stems from the fact that the best known algorithms for the multiplication
of two numbers having n binary digits require O(nlognloglogn) operations [30],
whereas addition of two such numbers requires only Q(n) arithmetic operations.
On the other side, if only computations with small rational numbers are involved,
one should assign the same weight to addition and multiplication/division.

Different weightings of arithmetic operations lead usually to different theories.
If, e.g., one wants to obtain the minimal number of additions necessary to compute
a set of polynomials, one often uses different tools than those necessary for the
study of the number of multiplications, say, The situation changes even more if one
is interested in both of these numbers at the same time, i.e., if one is interested
in the minimum (weighted) number of additions and multiplications necessary to
compute a set of polynomials.

Before making things more precise, it is useful to clarify the problem we are
interested in with the aid of some examples,

(8.1) Example. (Multiplication of polynomials of degree 1)

Here we are interested in an algorithm, which, given a pair of polynomials
P =piz+po and ¢ = g1z + g over a field K, computes (the coefficients of) their
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8.1. Introduction

product pg =: f = fox? + fiz + fo where

fa = p1qa,
fr = p1go + poqi,
Jo = pogo.

Furthermore, this algorithm should use the minimum number of arithmetic opera-
tions. Since the coefficients of the polynomials p and ¢ are not determined a priori
and since the algorithm we are interested in should work for every set of coefficients
in K, we can regard the coefficients as further indeterminates over K. Because of
notational reasons, we change the variables p; to z; and g; to y;. The computational
problem is now to compute the set of polynomials

fo =211,
fi = z1y0 + zom,
fo = zowo,

using the least number of arithmetic operations.

(8.2) Example. (Multiplication of complex numbers)

In this case, the problem is to give an algorithm to compute the product
ca = fi +ifs: of two arbitrary complex numbers ¢; = z; + iy; and c2 = 22 + iy,
Then

h=ziza—ny

Jo = z1y2 + zamn.
Again, we can regard the coefficients of ¢; and ¢z as indeterminates over the field R
of real numbers. The computation problem is to give an algorithm to compute the
polynomials fi, f; € Rz, 4, y1, 2], which uses the minimum number of arithmetic
operations. e

(8.3) Example. (Multiplication of 2 X 2-matrices)

Given two arbitrary 2 x 2-matrices X = (zij) and Y = (yi;) over a field K,
compute their product Z = XY = (zi;) using the minimum number of arithmetic
operations. Applying the rules for matrix multiplication, the problem consists of
computing the following set of polynomials over K using the minimumn number of

arithmetic operations:

zj = zawj + Tizyej, LI € {1,2}.

The problems introduced in the examples above may be stated in the follo-
wing unified way:

Let 21,...,z, be indeterminates over a field K. Further let f1,..., fmn €

K[zi1,...,z,). It isrequired to give an optimal computationof fi,..., fm

under the assumption that the elements of K U {),...,%,} can be

computed without any cost.
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8.2 Computation Sequences and Multiplicative Complexity

The problem at the end of the last section cannot be attacked yet, since it is by no
means precisely stated. It is, for instance, not clear what is meant by a computation.
In this section we shall make the concepts introduced intuitively in the last section

more precise.
The following definition will clarify the concept of the “computation of poly-

nomials”.

(8.4) Definition. Let z,,...,z, be indeterminates over the field K. A sequence
(g1v.-- gr) In K(21,...,2,) is called a computation sequence of length r if for all
p < r we have

Ju,, v, EK+EK::.-+EKg,: Gp = Upvp OF gp = Upfv,,up # 0.
i<s o<lp '

If fi,..., fi are polynomials in K[z,,...,2,] and (g1,...,¢-) is a computation se-

quence such that
{f].l"‘)f!} g I{"'ZI{I:S' +ZI{Q}J1

i<s psr
then we say that (g1,...,9,) computes the set {f,..., fi} over K. A computation
sequence (g1,...,4r) is called division-free if, with the above notations, each g, is
of the form g, = u,v,. ©

The length of a computation sequence is a measure for the cost of this se-
quence and hence may be used to define the concept of an optimal computation of
a set of polynomials. But before going into details, let us say some words about the
problem of weighting arithmetic operations in the model of computation induced
by (8.4). As is apparent from this definition, a computation sequence {g1,...,9r)
computes any finite set of polynomials in

K+Y Kzi+Y  Kg,.

i<a PErF

This means that scalar multiplications or K-linear combinations of polynomials
does not effect the cost of computation of these polynomials in the above mo-
del. Only when two nonconstant polynomials in the above set are multiplied or
divided, one needs a longer computation sequence. If we denote this type of mul-
tiplications/divisions by essential multiplications/divisions' (as opposed to scalar
mulliplications, i.e., multiplication with elements of K), then the length of a com-
putation sequence equals the number of essential multiplications/divisions in this
sequence. The weighting of arithmetic operations is such that essential multiplica-
tions/divisions are weighted with 1 and scalar multiplications are weighted with 0,
as are additions and subtractions.

1In the sequel, we shall denote essential multiplications by =*.
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(8.5) Definition. Let F := {f1,..., i} C K[zy,...,%,}). A computation sequence
of minimal length for F is called an optimal computation for F'. The length of an
optimal computation for F is called the (non-scalar) complezily of F and is denoted
by L. /}(F). The length of an optimal division-free computation sequence for F'
is called the multiplicalive complezily of F and is denoted by L.y (F) or merely by
L(F). o

Note that we have suppressed the dependency of Ly, ;; and L on the under-
lying field. See (8.9) for an example.

(8.6) Example. (Multiplication of polynomials of degree 1)

We have already seen that computing the product of two polynomials of
degree one over K is equivalent to computing the set F = {fo, f1, f2} of polynomials
in K[z, z1, %0, y1] where

Jo=zoyo, Si=zipo+2om, Sfo=zin-
A possible computation sequence for F is (g1, ..., g4) where

g1 = 2o * Yo = fo,
g2 =) * 30,
Ja—=Zo*,
ga=z1+y = fo.

Since fi = g2+ g3, we have L(F) < 4. o
(8.7) Example. (Multiplication of complez numbers)
As we have seen, this problem is equivalent to compute the polynomials
fi=zize—np, L=z +om
in Rz, z3, 41, y2)- A possible computation sequence is (g1, -- ., g4) Where

h =% %Iy,

g2 =Y1 ¥,
g3 =2I) ¥ Yo,
Ja=2T2*Yy.

Since fi = g1 — g2 and fo = g3 + g4, we have L({f;, f2}) < 4. ¢

(8.8) Example. (Multiplication of 2 x 2-mairices)
The problem is to compute the polynomials

fi; = zayy + =iayey, 4,5 € {1,2},
in K{2;;,9:; |17 € {1,2}]. A possible computation sequence is given by
Gijk = Tk ey, 1,5,k € {1,2}.
Since fi; = gij1 + gij2, we have L(fi; [ i, € {1,2}) < 8. o
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(8.9) Example. Usually, the complexity of a set of polynomials depends heavily
on the field K. Consider for instance the polynomial f := z? + 2% € R{zy,z).
Let us compute the length Lg(f) of an optimal division-free computation sequence
for f over R. We claim that Lg(f) > 2. Suppose not; then Lg(f) < 1 and since
f € R+ Rz; + Rxy we have Lp(f) = 1. Hence, there exist a;,b;,¢; € R,i=1,2,3
such that '

a:f + x% = (a1 + bizy + e1z3)(az + bazy + ca2z2) + as + baz; + caza.
Comparing coefficients we get
biby =e1e0 =1, biea + by = 0.
This implies that (b1c2)? + 1 = 0, which is impossible (over R). Hence Lg(f) > 2.
On the other hand, the computation sequence
G1:=T1 %21, g2 = Lo KTy

clearly computes f, i.e., Lg(f) = 2. What about Lc(f)? Note that over C we have
[ = (%1 + iz2)(21 — iz2), hence Le(f) = 1. This result may also be extended to
any field: Il K contains a primitive fourth root of unity, then Lg(f) = 1, otherwise

Lg(f) =2 o

It may look strange that divisions may help when computing a set of poly-
nomials. The following example shows that this indeed may be the case.

(8.10) Example. Consider the polynomial f = z3! over any field K. The following
computation sequence of length 7 computes f:

J:=zT*x, go=g1*¥z, ga:=g1%g2 Fa'=gat g,

g5 ‘= Gg4%44, Qs :=gs*gs, gr:=gs¥ 41,
since g7 = z®!. It can be shown that L(z3!) = 7. On the other hand, computing
z3? by squaring z five times and then dividing 232 by z gives a computation se-
quence of length 6 for the computation of 23!, The division step thus gives a better
computation.

We may ask how much divisions may help or even, whether there exist classes
of polynomials such that for their computation divisions do not help at all?

This question has been answered by STRASSEN [40]. Before stating (a sim-
plified version of) his result, we need a definition.

(8.11) Definition. Let z,,...,z, be indeterminates over the field K. A compu-
tation sequence (g1,...,9r) in K(z1,...,z,) is called guadratic if

)
ViSrElu.-,v.-GEK::,-: gi = Uivi.

i=1

In this case we shall also write ((u1,v1),..., (ur,v)) for {g1,...,8r). ©
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(8.12) Theorem {STRASSEN). Lei K be an infinile field and F C K[z,,...,2,]
be a finile sel of quadratic polynomials. Then there ezisls e quadratic compulation
sequence of length L, y(F) whick computes F. In particular, Li, j}(F) = L(F).

The reader may verify that the computation sequences given so far for the
multiplication of polynomials, multiplication of complex numbers and multiplication
of 2 x 2-matrices, are all quadratic.

We may still ask for simpler algorithms for computing quadratic polynomials.
To obtain simpler algorithms, we have to restrict ourselves to a subclass of quadratic
polynomials.

{8.13) Definition. Let K be a field and zy,...,2,,¥1,...,¥m be indeterminates
over K. A polynomial p € K[21,...,Zs,%1,-- -, Y] is called bilinear (with respect
oz = (2y,...,2,) and y:=(y1,...,ym)) if

p(z, 3_1) = Z AijTiYi,
ij

where a;; € K. ¢

Bilinear polynomials may be computed by simpler computation sequences
than quadratic ones.

(8.14) Definition. Let K be a field and zi,...,2,,%,.--,%m be indeter-
minates over K. A quadratic computation sequence ((uj,v1),...,(ur,vr)) in
K[z1,...,2a,Y1,...,Ym] Is called bilinear if for all ¢ = 1,...,r the u;, resp. v;
are linear homogeneous in xy,...,%,, resp. ¥1,.-., Ym- ©

For any finite set F of bilinear polynomials over K there exists a biline-
ar computation sequence which computes F: there exists by (8.12) a quadratic
computation sequence ((Uy,V1),...,(U;, V;)) for the computation of F. Hence
FC Yl KU;Vi. Now let for every i = 1,...,r U; = u; + u}, V; = v; + v} whe-
re ui, vj are linear homogeneous in z1,...,z, and u}, v} are linear homogeneous in
¥i,--., . Then,since F is a set of bilinear polynomials, we have F' C ZLI Kuvi+
{1 Kujvi. This shows that ((uy,v}),...,(ug,v)), (41, 21), ..., (u}, vg)) is & bili-

i=1
near computation sequence for F. The following definition thus makes sense.

(8.15) Definition. Let F be a finite set of bilinear polynomials over K. The
minimum length of a bilinear computation sequence for ¥ is called the bilinear
complezily (or rank} of F and is denoted by R(F). ¢

Clearly, L(F) < R(F) for a set F of bilinear polynomials, since bilinear
computation sequences form a subset of quadratic cormputation sequences. But the
foregoing argumentation also shows the following.
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(8.16) Lemma. Lel F be a finile sel of bilinear polynomials over K. Then
L(F) < R(F) < 2L(F).

We finish this section with a couple of examples.

(8.17) Example. (Multiplicaiion of polynomials of degree 1)
We want to give an upper estimate for R = R(fo, f1, f2) where

fo=zow, fi=zi04 20y, fo=z111.

The trivial algorithm leads to B < 4, as was shown before (It is easy to check
that the trivial algorithm is bilinear). The following bilinear computation sequence
shows that R < 3: '

g1 = 2o * Yo = fo,
g2 = (zo+ z1) * (w0 + 11),

ga=z1*m = [
Since fi = g2 — g1 — g3, the g; constitute a bilinear computation sequence for
{fU:fli fg} Of length 3 [ ]

(8.18) Example. {Multiplication of complex numbers)
Again, let
fi=z122 — 12, fo=T12+ 2
be the bilinear polynomials corresponding to the multiplication of complex numbers.

The bilinear computation sequence

g1 =21 % (22 4+ y2)
g2 =12+ {z1 +u)
g3 =z *(y1 —z1)

computes {f1, f2}, since f; = g; — g, and fo = g1 + g3. Hence R({f1,f2}) < 3.

(8.19) Example, (Mulliplication of 2 x 2-matrices)

Let again fi; denote the bilinear polynomials corresponding to the multipli-
cation of 2 x 2-matrices. We have already seen that R({fi; | 1,7 = 1,2}) < 8.
Consider the following computation sequence:

g1 = (211 + x22) * (y11 + yo2) g2 = (221 + @22) * ¥y
93 = 211 * (Y12 — ¥22) 9a = zaz* (—y11 + y21)
95 = (z11 + z12) * Y20 ge = (—z11 + z21) * (y11 + v12)

g7 = (z12 — T22) * (Y21 + y22)-
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Since :
Ju=gi+gs—gs+9r fru=gatgs

fa=g1+g4 fr2=g1— g2+ 93+ ge,

this sequence computes f;; over any field (even over any ring!). The corresponding
bilinear algorithm is known as STRASSEN’s matrix multiplication algorithm [41].
The major point of this algorithm is that it is valid over any ring. Hence one may
interpret z;; and y;; as matrices over a field K and use the algorithm recursively.
This gives an algorithm for multiplying n X n-matrices which uses asymptotically
O(n'°8a7) = O(n?-80735..} muyltiplications (which is better than the naive algorithm
which needs O(n?) multiplications). ¢

In the examples above we have only given upper bounds for the bilinear
complexities of the corresponding bilinear polynomials. The major problem is now
to give good or even matching lower bounds for these quantities. This will be done
in the next sections.

8.3 Rank of Bilinear Mappings

Bilinear polynomialsin (s+1) indeterminates over a field K can be viewed as bilinear
forms of the vector space K* x K'. Indeed, if

p(xlx - -'1I'J|y1:l"'lyl) = Eﬂijﬂiyj
if

is a bilinear polynomial over X, then for the pair (ej,...,e,) and
{e1,-..,€}) of natural bases of K?, resp. K!, p induces a bilinear form ¢, defined by
#p(ei, €) := aij. Analogously, linear homogeneous polynomials in m indeterminates
may be viewed as linear forms of K™.

A sequence (zy,...,z,) of bilinear polynomials (with respect to zj,...,z,
and y1,...,%) over K induces a bilinear mapping of ®: {* x K! — K" by requiring
that the kth coordinate of ® be equal to the bilinear form induced by 2z;. In this
way, bilinear polynomials induce bilinear mappings. It is also possible to speak
about bilinear algorithms for bilinear mappings. The next definition makes this
concept precise,

(8.20) Definition. Let U, V, and W be finite dimensional vector spaces over the
field KX and ®:U x V — W be a bilinear mapping. Denote by U*, resp. V*,
the dual spaces of U, resp. V. The bilinear complezity or rank R(®) of & is the
minimal number r such that there exist uj,...,u, € U*, v1,...,v. € V*, and
wy, ..., wr € W, satisfying

Vzel,yeV: @(z,y)= Zu;(z)v;(y)w,-.

=1
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The proof of many results on the rank of bilinear mappings become more
transparent if one uses the terminology of tensors and tensor product.

(8.21) Definition. A tensor product (U ® V,7) of U and V consists of a vector
space U @ V over K and a bilinear map .U x V — U ® V such that

(1) The K-span of the image of r equals U @ V,

(2) (Universal mapping property) For every vector space W and every bilinear
map ®:U x V — W there exists a linear map ¢: U ® V — W such that
P = ¢r. .

While the uniqueness of the tensor product (up to isomorphism) follows di-
rectly from the definition, the proof of the existence involves a certain construction
which can be read in any book on multilinear algebra or algebra (see, e.g., [21]). It
can be proved easily that the tensor product is associative, i.e.,

(UV)gWxU(VeW)=x:UsgVeW

for K-spaces I/, V, and W.
The connection between the K-space Bil{U x V, W) and tensor products is
given by the following isomorphism.

(8.22) Lemma. Bil(UxV,W) = U*@V*@W, where U* and V" denole the dual
spaces of U and V.

Proor. (Sketch) It can be proved that the homomorphism h:U* @ V* @ W —
Bil(U x V, W) defined by u* ® v* @ w — ({(a,b) — u*(a)v*(b)w) is an isomorphis-
m [21]. O

To ® € Bil(U x V, W) corresponds a unique tensor t € U*@V* @W according
to (8.22). Further, if ®(a,b) = 3, up(a)v,(b)w, for all (a,b) € U x V, we have
in view of the above isomorphism 7 = 3 o< Up © U © Wy If we call an element
u@vRw € U*@V*@W a iriad, we obtain that the rank of a bilinear mapping @ is
the minimum number r such that the tensor corresponding to ® can be represented
as a sum of r triads. One can thus also speak of the rankof a tensor in U* @ V' @W
defined as the rank of the associated bilinear map. The rank of the bilinear mapping
& is sometimes also called the fensor rank of @. In the sequel we shall make frequent
implicit use of the above isomorphism and mix up tensors and bilinear mappings.

(8.23) Example.Here we want to show that the rank of a bilinear mapping is a
generalization of the concept of the rank of a linear map. Let U/ and V be K-
spaces. If ¢ € Bil(U x V,K), then for @ € U the mapping ¢, which assigns
to b € V the value ¢4(b) := ¢(a,b) is a linear form on V, ie., ¢a € V*. Then
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Bil(U x V, K) =~ Hom (U, V*) under the isomorphism ¢ — (hy: a s ¢5). We claim
that R(¢) = 1k (hge).

Suppose that ¢ = 3° .. u, ® v,, where u, € U*, and v, € V* (we may
suppose that all the w, = 1 and r = R(¢)). Then for any a € U we have

ho(a) = da € ) up(@)vy,

per

hence rk(hyg) <.

On the other hand, let rk(hg) = r and v),...,v, be a basis of the image
of hg. Then, for any a € U there exist uj(a),...,ur(a) € K such that hy(a) =
2 p<r tp(a)v,. For the linear forms u, thus defined we obtain: ¢ =3 . 1, ® vy,
which shows that R(¢) < rk(hg). @ B

In the rest of this section we shall develop a simple but powerful tool for
proving lower or upper bounds for the bilinear complexity of a bilinear mapping,
by reducing it ko the bilinear complexity of some other bilinear mapping. We have
first to recall some basic facts.

Suppose that Uy, Vi, i = 1,2, are finite dimensional K-spaces and f €
Hom (U,,Us), ¢ € Hom(V;, Vo). Let (U; ® Vi, 1), i = 1,2 be the tensor pro-
duct of U/; and V;. Then 72(f x g) is a bilinear mapping from U, x Vi to U @ V5,
hence there exists a unique homomorphism h from U, ® Vi to Uz ® Vs such that
Ay ® vy) = f(u;) ® g(vy). We denote this homomorphism by f & g.

We recall a definition. Let U and V be K-spaces and ¢ € Hom (U, V). Then
p*: V* — U* defined by ¢*(A) := Ap is a homomorphism.

(8.24) Lemma. Let U;, V;, W;, i = 1,2, be finite dimensional K-spaces and ¢ €
U ® V* @ W,. Suppose that ¢* € Hom(U},U3), ¥* € Hom(Vy*, V), and n €
Hom (Wi, Wa). Then R{(* & ¥* @ n)(¢)) < R(4).

PROOF. Let ¢ =3 . t, ® vy ® w,, where r = R(¢), u, € Uj, v, € V7', and
w, € Wy. Then (9" ®%* @1)(¢) = T, " (up) ® ¥*(v,) ® n(w,), which proves
the assertion. D - -

The following lemma shows how this reduction technique can be used.

(8.25) Lemma. Let U;, Vi, Wi, i = 1,2, be finite dimensional K-spaces and ¢; €
Bil(U; x Vi, W;), i = 1,2. Further let p € Hom(U1,Us), ¥ € Hom(V1,V2), and
-1 € Hom (W, Ws) be such that the following diagram commutes:

Uox Vi LW
Lol b
U2 x Vo 2wy
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Then we have:

(1) If ¢ and 2 are surjective, then R($2) < R(¢1).

(2) Ifn is injective, then R($1) < R(62).
Proor. The condition that the above diagram commutes translates to
(8.26) (id ® id @ 7)(¢1) = (" ©®¥" ® id)(¢2).

(1) The surjectivity of ¢ and ¥ implies that there exist ¢~! € Hom (Us, Uy),
¥~! € Hom(Va, V1) such that pyp~! = idy, and ¢y~ = idy,. Application of
(=) @ (¥71)* @ id) to (8.26) yields

(™) @ (71 @ n)(d1) = ¢2.

Now (8.24) implies that R(¢2) < R(¢,).
(2) The injectivity of n implies that there exists n~! € Hom (W;, W) such
that n~'n = idw,. Application of (id ® id ® 7~') to (8.26) yields

$1=(p" @ ¥* ®@n")(42)
Hence (8.24) implies that R(¢;) < R(¢2). O

We shall use the above methods in the next chapter.

8.4 Concise bilinear mappings

For the construction of linear codes from bilinear algorithms it is important that the
underlying bilinear form is in some sense “nondegenerate”. The precise meaning
of this is given by the following. As usual, U, V, and W denote finite dimensional

vector spaces over a field K.

(8.27) Definition. Let ® € Bil (U x V;W). Then
(1) @ is called 1-concise if {u € U | ®(u, V) = 0} = {0}.
(2) @ is called 2-concise if {ve V | ®(U,v) = 0} = {0}.
(3) @ is called 3-concise if (B(U,V)) = W.
(4) @ is called concise if ® is i-concise for i = 1, 2, 3.

o

For studying the bilinear complexity of a bilinear mapping ®, it is not a restriction
of generality if we assume that & is concise. This is the content of the following
simple lemma the proof of which is left to the reader.
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(8.28) Lemma. For & € Bil(U x V;W) let U' .= {u € U | &(¢,V) = 0},
Vii={veV|&Unr) =0}, and W := (®(U,V)). Then

o U VIV - W
(u+U' v+ V') — &(u,v)

15 a well defined concise bilinear mapping and R(®') = R(®P).

In the sequel we shall make use of the following fact.

(8.29) Remark. Let ¢ € Bil(U x V; W) and suppose that ¢ has a representation
of the form ¢ = 37 .. 4, ® v, ® w,. Then we have:

(1) If ¢ is 1-concise, then {(uy,...,u,) = U*.
(2) I ¢ is 2-concise, then {v;,...,v;) = V",
(3) If ¢ is 3-concise, then (wy,...,w) = W.

In particular, if ¢ is concise, then R(¢) > max{dimU,dimV,dimW}. e

8.5 Lower Bounds for some Computational Problems

As was said before, the aim of (algebraic) complexity theory is to give in some way
the minimum number of operations necessary to compute (algebraic) quantities.
Hence, one tries to make assertions about all possible algorithms for the problem to
solve.

To determine the exact minimum number of operations necessary to compute
an algebraic problem, one has—in some way—to estimate from below this number
and at the same time to find a matching upper bound, i.e., to give an algorithm (or
prove the existence of an algorithm) which uses this number of arithmetic operati-
ons. So the problem is divided into two parts: Proving lower bounds and finding
(matching) upper bounds. The second problem is usually connected to the design of
algorithms and is generally considered to be easier than the first, for which only a
few general techniques are known. Proving (nontrivial) lower bounds for algebraic
computation problems is one of the most challenging topics in complexity theory.

Below we shall discuss some bilinear problems and give nontrivial lower ho-
unds for their bilinear complexity. Since we have not developed the tools for proving
most of these bounds, we shall content ourselves to the proofs of the most simple
lower bounds.

Let K be a field and D be a finite dimensional division algebra over K. We
consider the bilinear mapping u: D x D — D defined by u(a,b) := ab, i.e., we
consider the multiplication in D, where D is regarded as a vector space over K.
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(8.30) Definition. The multiplicative complexity, resp. rank of the bilinear map-
ping p as above is called the multiplicative complezily, resp. rank of D/K and is
denoted by L(D/I), resp. R(D/K) or merely L(D), resp. R(D) if K is clear from
the context. ¢

We identify g with the tensor in D* ® D*® D under the isomorphism given in (8.22).
Suppose that there exists a bilinear algorithm of length » for u. We can thus
represent u as a sum of r triads:

r
=) wi®uduw,

i=1

where u;,v; € D* and w; € ). Let = be a nonzero element of K. Then

u(z,D)=zDC Z ui(z)vi (D)w;.

i=1

Denote the dimension of I} over K by n. There exists a nonzero z in L such that
uy(z) = -+ = un—1(z) = 0 (why?). For this z we have zD C Y [_, ui(z)vi(D)w; C
S ien Kw;. Since D is a division algebra and z is nonzero, 2D = D and hence the
K-dimension of 2D is n. We see that r —n+ 1 > n, hence r > 2n — 1. We have
thus proved the following:

(8.31) Theorem. Let K be a field and D be e division algebra of degree n of K.
Then we have R(DJ/K) > 2n — 1.

We remark without proof that even L(D/K) > 2n — 1. The proof of this
assertion is more complicated than that of (8.31).

What is R(D/K) for a finite dimensional division algebra D over K7 Let
us first discuss the case where D is a simple field extension of K. The question of
upper bounds for the rank R(D/K) is very much related to the rank of polynomial
multiplication. To be more precise, for a natural number { let K[z]; denote the
K-space of polynomials of degree less than [ over K. Let @™ € Bil (K[z]; x
K[x]m, K[2)i4m~1) be the polynomial multiplication map. Then R(D/K) is related
to R(®%"). This is the context of the following lemmas.

(8.32) Lemma. Lei D be a simple field exiension of degree n of the field K. Then
R(D/K) < R(®%").

PRrROOF. Let p(z) be a monic irreducible polynomial of degree n over X such that
D ~ Klz]/(p(z)}) and & be the residue class mapping K[2] — K[z]/(p(z)) = D. We
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obtain the following commutative diagram

Klzls x Klzln -5 Kzlano

|~ 15, ln:

D X D = D

where v is the multiplication in D, &) is the restriction of & to K[z],, and &,
is the restriction of x to K[z]n-1. Since ; is surjective, (8.25)(1) implies that
R(D/K) = R(v) < R(®%"). O

(8.33) Lemma. Lei I and m be positive integers and K be a field such that |K| >
I+ m—2 Then R®Y™ <l4m—1.

PRrROOF. Let a1,...,04m—2 be pairwise different elements of K. For k > 1
we define yy: K{zle — K'*™1 by 14(f) := (f(a), ., f(arsm—3), F(0)), where
f(o0) stands for the coefficient of z*~! of f. It is clear that y; is injective if and
only if £ <14 m — 1 and surjective if and only if k > {4+ m — 1. Now consider the
[ollowing commutative diagram

P
K[z x Klzglm -5 Klz]ipme:

|7 [ |

Ki+m-1 o flHm-1  _H, Kitm-1

where u is component-wise multiplication. Since 9;m-; is bijective,we obtain
R(®Y™) < R(u) <1+ m—1by (8.25)(2). O
As a corollary we obtain from (8.31), (8.32), and (8.33) the following.

(8.34) Corollary. Let D be a simple field extension of K of degree n and |K| >
2n — 2. Then R(D/K)=2n-1.

Applying this corollary to the case K = Rand D = C, we see that the bilinear
algorithm for multiplication of complex numbers introduced in (8.18) is optimal (in
the sense of bilinear complexity) and that R(C/R) = 3. Also, application of (8.33)
to the multiplication of polynomials of degree less or equal to one shows that the
bilinear computation introduced in (8.17) is optimal and that R(@?{'z) = 3 for any
field K.

The reader can consult the exercises for further relations between polynomial
multiplication and the rank of simple field extensions.

Now the question arises what happens when |K| < 2n — 2. One result is the
following [11, 44)

86




Chapter 8. An Introduction to the Theory of Bilinear Complexity

(8.35) Theorem. If|K| < 2n—2, and D is a simple field extension of K of degree
n, then R(D/K) > 2n - 1.

In the next chapters we shall make more accurate assertions about R([J/K)
in the case of small finite ficlds with the aid of algebraic curves, There exist also
assertions about the bilinear complexity of non-simple field extensions and skew
fields over given fields. The interested reader may consult the forthcoming book [8]
on these subjects.

The leading problem of bilinear complexity is that of matrix multiplication.
Here one wants to compute the rank of the bilinear mapping which assigns to a
pair of square matrices their product. More precisely, if n is a positive integer, we
define L(K"*"), resp. R(KX™*") as the multiplicative complexity, resp. rank of the
multiplication map in K"*", Concerning lower bounds for R(K"*") we have the
following,.

(8.36) Theorem. For any field K we have R{K"*™) > 2n% — L.

ProoF. The following proof has been taken from [3]. During this proof we denote
by A the ring K"*". We shall need the following facts about A.

(i) Any minimal left (right) ideal of A has K-dimension n.

2

(ii) Any maximal left {right) ideal of A has K-dimension n? — n.

(iii) No right ideal R # 0 of A is contained in a left ideal L # A of A.

The proofs of these assertions are left as an exercise.
Suppose that r := R(K"*") < 2n*—1. Forp=1,...,r, let u,,v, € A*, and
wy € A be such that

r
(8.37) Vabe A: ab= up(a)uy(b)w,.

p=1
Observe first that E;=1 Ku, = A* since the multiplication map is concise, see
Remark (8.29) We may assume w.l.o.g, that uy,...,u,s are linearly independent
(note that A has dimension n? over K). Since r < 2n2 —1, 37,_ , Kv, # A*.
Hence, there exists 0 # b € A such that v,a(b) = --- = v (b) = 0. By (8.37) we have

then Ab C Eg;}l Kw,. Thus, Ab is a proper left ideal of A, hence it is contained
In a maximal left ideal L of A. Again by the conciseness of the multiplication

map, vi,..., v, generate A* hence we may assume that v,,...,vg2_; are linearly
independent over L, since [, has K-dimension n? — n by (ii) (note that after this
choice, uy,...,u,» need not be linearly independent anymore, but we don’t need

this in the sequel). This implies that for any y € A there exists ¢ € L such that

vp(e) = va(y), ..., v:(e) = ve (W)

57




8.5. Lower Bounds for some Computational Problems

Since r < 2nr? — 1, there exists 0 # a € A such that u,s{a) = --- = u.(a) = 0.
Hence, (8.37) implies
n=1
VyeAdcel: ay—ac=a(y—c)€ ZKwp C L.
=1

Thus we have ay € L for all y € A, hence aA C L, a contradiction to (iii}. O

BROGKETT and DOBKIN [5] as well as LAFON and WINOGRAD[20] have pro-
ved that even L{K™*™) > 2n? — 1 over any field K. Their proof is beyond the scope
of these notes. '

Applying (8.36) to the case n = 2, we get R(JX?*?) > 7. On the other hand,
STRASSEN’s algorithm introduced in (8.19) implies R(K?%*2) < 7 which shows that
R(K?*?) = 7 and that STRASSEN’s algorithm for multiplication of 2 x 2-matrices is
optimal. In Section 9.2 we shall see that the bound in (8.36) is not sharp (at least
for K =F3).

The asymptotic bilinear complexity of matrix multiplication is characterized
by the so called ezponent of matriz multiplication, usually denoted by wg, which is
defined as

wg = inf{y | R(K"*") = O(n")}.

Note that by (8.16) we have R{K™*") > L(K"*") > R(K™*")/2, hence R(I{"*")
and L{K"*") are asymptotically equal. It is known that wx at most depends on
the characteristic of K [12].

Although the model of bilinear complexity neglects operations in the field of
scalars, one can show that the number of all arithmetic operations for multiplication
of n x n-matrices is of the same order of magnitude as R{(K"*"), i.e., if we denote
by M (n) the minimum number of arithmetic operations necessary to multiply two
n x n-matrices over I, then Mg(n) = O(R(K"*")) (see for instance [12, p. 57-58]).
Hence wy = inf{y | Mk (n) = O(n")}.

The trivial algorithm for multiplying matrices implies wg < 3 over any field
K. Recursion of STRASSEN’s algorithm for 2 x 2-matrix multiplication shows that
wg < log, 7 for any field. The present world record for wg is held by COPPERSMITH
and WINOGRAD [10] who have shown that wg < 2.38 over any field K; (8.36)
implies that wg > 2 over any field K.

The complexity of many problems in linear algebra, like inversion of non-
singular matrices or solving systems of linear equations is directly related to the
complexity of matrix multiplication. Knowing the latter is therefore of fundamen-
tal interest.

We can now generalize the problems introduced in this section in the following
way: let K be a field and A be a finite dimensional associative algebra over K, i.e.,

A is a finite dimensional vector space over K endowed with a multiplication which
is bilinear and associative. We consider the bilinear map from A x A to A which
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assigns to every pair of elements in A their product, and ask for the multiplicative
complexity L{A/K) or the rank R(A/K) of this bilinear map. (We may also write
L(A) or R(A) if K is known from the context.) We mention without proof a general
lower bound due to ALDER and STRASSEN [2]:

(8.38) Theorem {ALDER-STRASSEN). Let A be a finite dimensional associalive
algebra over K. Then

L(A/K) > 2dimg(A) —1,
where t is the number of mazrimal two-sided ideals of A.

The proof of this theorem is beyond the scope of these notes. Let us ap-
ply (8.38) to the problems stated before: Il A is a division algebra of dimension
n over K, then the only maximal two-sided ideal of A is the zero ideal, hence
L(A/K) 2 2n — 1, in accordance with (8.31).

Let A be the ring of n x n-matrices over K. It is an easy exercise to prove
that the only maximal two-sided ideal of A is the zero ideal. Since the dimension
of A over K is n?, we obtain L(KX"*"/K) > 2n? — 1.

Another application of (8.38) is as follows:

Let G be a finite group. The group ring C[G] of G is defined to be the ring
of all complex valued functions on . For all elements ¢ € G we identify ¢ with
the characteristic function of {o}. Then it is clear that every element f € C{G]
has a unique representation as f = ) ., a,0 where a; € C. Extending the
multiplication of G by linearity, C[G] becomes a C-algebra of dimension |G|, where
|G| denotes the number of elements in G. By Wedderburn’s theorem, the number
of maximal two-sided ideals of C[G] equals the number k(G) of conjugacy classes
of G, hence, L(C{G]/C) > 2|G| — h(G).

In the next chapter we shall see how coding theory can be used to obtain

lower bounds for the rank of bilinear maps over finite fields.
Acknowledgement. The content of this chapter was presented by the second
author during the 12th school of Algebra of the Brazilian Mathemtical Organization.
We acknowledge the remarks of an anonymous referee of an expository article based
on these talks (submitted by the second author to matematmatica contemporanea)
which improved the presentation of this chapter.

8.6 Exercises
8.1. Suppose that ! and m are positive integers, K is a field and D is a simple field
extension of K of dimension at least { + t — 1. Prove that R(®}™) < R(D/K).

8.2, Let U' < U, V! <V, and W be finite dirensional K-spaces and ® € Bil(U x
V; W). Further let ®' be the restriction of @ to U’ x V'. Show that R(®') < R(®P).

8.3. Prove Lemima (8.28).
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CHAPTER 9

Bilinear Complexity and Codes

The relation between the bilinear complexity of bilinear mappings over finite fields
and the theory of linear codes was first observed by BROCKETT and DOBKIN [5].
The general procedure is as follows: one can assign to any bilinear computation of
length 7 for a bilinear mapping % a linear code of block length r with dimension &
and minimum distance d, where k and d depend only on @ (and not on the specific
algorithm considered). A lower bound for r is then given by the smallest number n
such that there exists an [n, k, d]-code over F, i.e., by a N[k, d] (see Section 1.5).

9.1 Bilinear Complexity and Codes

From now on we only consider bilinear mappings over finite fields. The main theo-
rem of this chapter is given by the following.

(9.1) Theorem. Let U, V, and W be finite dimensional Fg-spaces, € Bil (U x
VW) be 1-concise, and § = min{dim®(a,V) | 0 # a € U}. Further let & =
Do p<r Yo ® U ® Wy, whereu, €U*, v, € VY, and w, EW for 1 < p <r. Then

¥ Uu — F;
a (ul(a),..-,ur(a))i

is @ homomorphism and its image is an [r,dimU, d]-code over Fy where d > é. Thus
R(®) > N,[dimU, §).

PROOF. 7 certainly is a vector space homomorphism, since the u, are linear forms.
Hence the image of 7 is a linear code C. Now if a € kery, then

8@, V)= 3 up(a) v (VIw, = 0,

pEr 2,
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hence a = 0 by the assumption of the 1-conciseness of ® and thus ¥ is injective.
The dimension of C is therefore equal to dimU. For any a € I/ we have

(D(a: V) c z qum
Piup(6)#£0
hence we deduce that dim®(a, V) < |{p | us(a) # 0}| = wgt (y(a)), which shows

that the minimum distance d of C satisfies d > 8. Hence r > N[k, d] > N,{k, 6],
since N, is an increasing function of the second variable by (1.15). O

One can also formulate other versions of this theorem where U is replaced by
V or W, and prove them in an analogous way. We leave this as an exercise to the
reader.

9.2 A Lower Bound for Matrix Multiplication

As we have already seen, R(K"*") > 2n% — 1 by (8.36). The only n for which this
bound is known to be sharp is n = 2 (over an arbitrary field). In this section we
discuss an idea of BsHouTyY (7] to show that for X = F; and n > 5 the bound
2n? — 1 is not sharp. It is based on the following simple result.

(9.2) Lemma. R(F}*") > N[n,n?.
Proor. By considering the regular representation we can embed Fgn into F7*":
let z1,...,z, be a basis of Fyn /F;. For every o € Fyn there exists A, € F3*" such
that (az1,...,0z,) = (21,...,20)As. The mapping p: Fgn - F2>**, o — As isa
ring monomorphism, and p(F.) C GLs(F,).

Now lei @ be the restriction of the multiplication in F*" to Fgn x F2*".
Cleatly, R(F}*") > R(®) by Exercise 8.2. Now for any nonzero a € Fyn the
dimension of ®(a,Fy**) = a -F}*" is n?, since o is invertible. Hence, (9.1) implies
that R(®) > N,[n,n?*|. O

Now let us assume that ¢ = 2.

(9.3) Lemma. We have Y775 [n2/2°] > 2n% + n — 2 — [2log, n].

PrROOF. Let m := [2log, n]. Then 2™~ < n? < 2™ and
n-1 1'12 m
YFl 2 X
i=0 i=0

2n2—n—2+(n—1-—-m)
2m

| =

2
-+ (n—-1-—m)

(]

2> 4n—2—m
2n® +n—~2—[2log, m]. O

IV

As a simple consequence we obtain
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(9.4) Corollary. We have R(F3}*") > 2n% + n — 2 — [2logym]. Especially,
R(F3*™) > 2n? — 1 forn > 5.

PROOF. By the Griesmer bound (1.16), Nz[n,n2] > g(n) := iy [#?/2]. For
n > 7 we clearly have 2n+n—2—[2log, n] > 2n?—1. Further, g(5) = 51 > 2.25-1
and g(6) = 73 > 236 — 1, hence g(n) > 2n? — 1 for n > 5. Now (9.2) yields the
result. O

Combining this result with a projection technique, BsHoUTY has shown that
R(F3*") > 2%"2 + o(n?) for large n, see [7].

9.3 A Lower Bound for Polynomial Multiplication

We have already discussed the bilinear complexity of the polynomial multiplication
map ¢} in Section 8.5. We saw in (8.33) that R(®}™) = [+ m— L if K has at
least I + m — 2 elements. In this section we shall show how to obtain lower bounds
for this rank if K is a small finite field, using the theory of linear codes.

For the ease of notation, let us define Ry (n) := R(®g)). (In fact, the
methods we use here may also be applied to obtain lower bounds for R(‘D:;’:‘) for
[ # m, but we confine ourselves to the case { = m.)

Let 0 # f € Fy[z]n. Then the kernel of the multiplication with f is obviously
trivial which shows that dim(fF,{z],) = n. Hence, Ry(n) > Nyn,n] by (9.1).
Applying the Singleton bound Ny[n,n] > 2n — 1 we obtain R¢(n) > 2n — 1.

(9.5) Lemma. Ry(n) 2 2n —1.

This lemma is of course also a trivial consequence of (8.31) and (8.32): We
know by (8.31) that R(Fg»/F;) > 2n — 1 and by (8.32) that R(F¢n/F;) < Ry(n).

The Singleton inequality is very poor. Suppose for example that ¢ = 2 and
n = 4. Then the Singleton inequality gives N3[4,4] > 7 but the Griesmer bound
gives N3[4,4] > 4+ 2+ 1+ 1 = 8. Is it possible to obtain a better lower bound
for Ng[n,n] which is at least valid for large n? In other words, what is a good
asymptotic lower bound for Ny[n,n]? Here we can apply the asymptotic bounds
discussed in Section 1.6 in the following way.

(9.6) Lemma. Let B, be a conlinuous monolonically decreasing function in the
interval {0, ~L5] such that Ry(z) > ay(z) for every z € [0, 53], Re(0) = 1, end
Rq(-q;—l) = 0. Let & be the unique solution of Ry(§) = & in the interval (0,1).

(1) JF Ro(&) > ag(£), then Ny[n,n] > n/€ for sufficiently large n.

(2) If Ry(€) = ag(&), then there exzists for every € > 0 an ng such that for every
n > ng we have Ny[n,n] > n/(¢+¢).
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PROOF. For each n let C, be an [N,[n,n],n,n]-code. Further, let § :=
limsupn/N,[n, n]. By the definition of a; and our assumptions we have § < ag(8) <
Ry(8). In case (1) we obtain § < Ry(6), i.e., 6 < £. In case (2) we obtain § < §. O

The following corollaries are immediate.

(9.7) Corollary (BROWN-DOBKIN [6]). For large n we have Ry(n) > 3.52n.

Proor. We know already that Ra(n) > Ni[n, n]. For estimating the right hand
side from below we use (9.6)(2) with Ry(z) := Ha(3 — /=(1 —z)) from (1.18).
Solving R2(€) = £ numerically for £ € (0,3) we obtain £ ~ 0.283477, hence
Na[n,n] > n/0.2835 = 3.527n for large n. O

(9.8) Corollary. For large n we have Ry(n) > (2+ ;27)n.

Proor. We use (9.6)(1) with the curve Ro(z) = 1— 7=y & from {1.18) and obtain
R,(€) = € for £ = (g — 1)/(2q ~ 1). This gives the assertion. O

The lower bounds for R,(n) given in the last two corollaries are linear in n.
Is it also possible to give upper bounds for R,(n) linear in n? This would in fact
have an interesting coding theoretic application which we want to discuss in the
following.

Let us call a sequence C,, of linear codes good, if it contains a subsequence
Cim such that limé6(Cin) # 0 and lim R(Cy,) # 0. Suppose that Ry(n) < en for
infinitely many n for some constant ¢ depending possibly on F,. Then for every
such n there exits by Section 9.1 a linear [R,(n), n, n]-code. By adding eventually
zero coordinates to this code one obtains a [[en], n, n]-code C,. The sequence of
codes obtained so is a good sequence since lim(R(Chr),86(Cn)) = (c,¢) and ¢ # 0.
Hence an asymptotic linear upper bound for R,(n) would imply the existence of
a family of good codes and the effective construction of algorithms realizing the
asymptotic linear upper bound would yield an effective construction of a family of
good codes.

As the bilinear complexity of polynomial multiplication and that of multi-
plication in simple extension fields are related, we may also ask whether an upper
bound for R(Fgn /F} which is linear in r also yields families of good codes. Let a be
a nonzero element in Fgn. Then aFgn = Fyn, hence by (9.1) R(Fyn /F;) 2 Ng[n, n).
This shows that an asymptotic linear upper bound for R{F/F,) also yields a
family of good codes.

We have already seen that geometric Goppa codes give rise to sequences of
asymptotically good codes. Is it possible to use these codes to obtain linear upper
bounds for R4(n) or R(Fgs/F;)? An answer to this question is given in the next
chapter.
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9.4 Exercises

9.1. Let U, V, and W be finite dimensional Fy-spaces and ® € Bil(U x V; W)
be concise. Let 6; := min{dim®(U,b) | 0 # b € V} and & := min{rk(A®) |
0 # A € W*} (note that for A € W*, A® is a bilinear form on U x V and
it makes sense to speak of the rank of this bilinear form). Show that R(®) >
max{ N, [dimV, 1], Ny[dim W, &,]}.

9.2. Show that N[n,n] > 2n for n > 3¢ and hence R(F4n/F;) > 2n for n > 3¢
(Hint: use the Griesmer bound).

65




66

9.4. Exercises




CHAPTER 10

Multiplication in finite fields

10.1 The Theorem of Chudnovsky & Chudnovsky

In this section we discuss a connection between the bilinear complexity of multi-
plication in finite extensions of finite fields and algebraic function fields over finite
fields due to D.V. Chudnovsky and G.V. Chudnovsky. Recall that for any prime
divisor p of and algebraic function field K/k of one variable, the canonical residue
class morphism Ky: O, — K(p) (where O, is the valuation ring corresponding to p
and K (p) the residue class field of p) is called the evaluation map corresponding to
p. In the sequel we shall, by abuse of notation, denote restrictions of «, to subspaces
of @) also by &y. Also, we set R (n) := R(Fn /F,).

(10.1) Theorem. Lel g be a prime power and n be a posilive inleger. Suppose that
there ezists an algebraic funciion field K/F, of one variable such that K conlains
divisors p and D with the following properties:

o p is a prime divisor of degree n,
o L(D) C Oy and the cvaluation map ry: L(D) — K(p) is surjective,
o K/F, contains more than 2deg(D) prime divisors of degree one.

Then Ry(n) < dim(2D).

ProoF. Note first that K(p) ~ F =, hence for the multiplication ¢ in K(p) we
have R(¢) = R,(n). Second, by the theorem of independence of valuations [1], we
can find in the class of D a divisor D’ such that ord ,(D’) = 0 and such that for all
prime divisors P of degree one of K/F,, ord p(D') = 0. Because of ord ,(D') = 0,
Ky is defined on L(D’). Its kernel equals L(D’ — p) and hence the dimension of its
image is dim(D') — dim(D’ — p) = dim(D) — dim(D — p) = n. By changing D to
D' if necessary we may thus suppose that ord p(D) = 0 for all prime divisors of
degree one of K/F,.
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Let v be the restriction of the multiplication in K to L(D) x L(D). The
following diagram clearly commutes:

L(D) x L(D) = L(2D)

1;, 1.:,, ls. :

K@) x K@) > K@)

Since by assumption k,(L(D)}) = K(p), (8.25)(1) gives that R,(n) = R($) < R(v).

Let Py,..., Pn be the prime divisors of degree one of K/F,. Let y: L(2D) —
@l K(P;) be defined by v(g) := (g(P1),...,9(Pn)) (Compare Chapter 3). Since
N > 2D by assumption, v is injective. Without loss of generality we may assume
that the image of ¥ equals @&¢_, K(;) where d = dim(2D). Denoting by x the mul-
tiplication in the F,-algebra @f_, K (P;) (with multiplication and addition defined
component-wise}, the following diagram commutes:

v

L(D) x L(D) -  L(2D)

|5 g L
@ KP) x L KPR L @ K(P)
where  is the multiplication in ®{_, K(P;) and ¥ is the restriction of ¥ to L(D).

Since 7 is injective,we obtain by (8.25)(2) that R(v) < R(p) = d, hence Ry(n) =
R($) < R(v) < R < d. O

10.2 An Asymptotic Linear Upper Bound

Using p-modular function fields we want to prove the following theorem:

(10.2) Theorem (CHUDNOVSKY, CHUDNOVSKY). Lei p > 5. There ezisls an in-
finite sequence (n;) of infegers such that Rpa(n;) < 3n; + o(n;).

For the proof of this theorem we first need two preliminary lemmas.

(10.3) Lemma. Let K/F; be an algebraic function field of genus g and p be a
prime divisor of degree n of K. Suppose that K conlains a non-special divisor By
such that deg(Bo) + deg(p) > 29 — 1. Then there ezists a divisor D in the class of
By 4+ p such that the resiricied evaluation map L(D) — K(p) is surjective.
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Proor., By the theorem of independence of valuations there exists a divisor D in
the class of By +p such that ord, (D) = 0. Hence L(D) is contained in the valuation
ring corresponding to p and the restricted evaluation map is defined. The kernel
of this map is L{D — p) and hence the dimension of the kernel is dim(D — p) =
dim(Bp) = deg(Bo)} — ¢ + 1. Further, since by assumption deg(D) > 29— 1, D is
non-special and dim(D) = deg(D) — g +1 = deg(Bo) + deg(p) — ¢ + 1. This implies
that the image of the restricted evaluation map is n-dimensional. O

(10.4) Lemumna. Let I{/F  be an algebraic function field of one variable and let g
denote the genus of K.

(1) If an integer n satisfies n > log, g + 6, then K contains a prime divisor of
degree n.

(2) If an integer m satisfies m > g+ 2log, g + 6, then K contains a non-special
divisor of degree m.

For a proof of this lemma the reader is referred to [9] or [35). The technique
used for the proof is the manipulation of the {-function of the function field. As a
corollary we obtain:

(10.5) Corollary. Suppose that there ezisls an algebraic funclion field K/F, o
genus g, and an inleger n satisfying log, g+ 6 < n < g~ 2log, g — 7. Suppose
further that the number of prime divisors of degree one of K/Fq is greaier than
49 — 2. Then Ry(n) <39 —1.

PROOF (10.4) implies that K contains a prime divisor p of degree n. Let
=29 —1—n. Then m > g+ 2log, g + 6 by assumption, hence by (10.4) K/F,
contams a non-special divisor of degree m. Thus (10.3) implies that {/F, contains
a divisor D of degree 2g — 1 such that the restricted evaluation map L{D) — K(p)
is surjective. Further, K'/F, contains more than 4g — 2 = 2 deg(D) prime divisors
of degree one. By (10.1) we have Ry(n) < dim{(2D)=4¢9-1—-g+1=39-1. O

Proof (of (10.2)). For a prime ! different from p let K := K§(I). We
denote by g; the genus of K; (see (5.11) for explicit formulas). Discarding small
values of [ if necessary, the integer n; := g; — [2 !ogq gi] — T satisfies logq s +6 < ng.
Further, by (7.6) the number N; of prime divisors of degree one of K; over Fp,

satisfies
N2 a(p—1) 2 41 > 491 — 2,

since p > 5. Hence, by (10.5),
Rp:(n;) < 3g—-1
= 3nm+ 3flogq g;] + 20
3n; + o(my).
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This proves the theorem. o.
We see that the sequence of codes derived from the above algorithms gives
rise to the point (4,4) € Tpa. (See Section 9.3.)

10.3 Further Results

Besides the asymptotic result stated in the last section there exist results concerning
the exact value Ry (n) for different ¢ and n satisfying 1¢+1 < n. They can be derived
by applying (10.1) to different function fields.

For g a prime power, let £(q) be defined by

(q) = max{{ |t < 2,/7,(t,q) = 1}, if ¢ is not a perfect square,
8g) = 2./9 if ¢ is a perfect square.

Then the following theorem holds [36]
(10.6) Theorem. For 3g+1<n < 4(g+1+¢(q)) we have Ry(n) = 2n.

There exist also other ranges for ¢ where the exact value of Ry(n) is (almost
known) [37]. We just mention one of the results.

(10.7) Theorem. Let p be a prime number suck that (16p? — 12p+1)/5 is nol a
square. Then Ryz(n) € {2n,2n 41} ifdp® +1 < n< 3(p® +4p—4).

Also the complexity of the generation of these bilinear algorithms has been
the subject of investigation. We refer the interested reader to [38, 39].
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CHAPTER 11

Answers to all Exercises

Chapter 1

1.1. Denote by Hy, ..., H, the columnsof H. A wordc = (¢1,...,¢p) € F§ belongs
to € if and only if cH = 0. But

cH=cHy+---+egHy = Ec,-H.-.

<y #0

Hence, if every { columns of H are linearly idependent, ¢H # 0 for every nonzero
¢ € Fy of weight less or equal to ! and this shows that the minimum distance d of
C satisfies d > [+ 1. .

1.2. Let C be an [n, k,d}-code over F, and H € FS"'*”"‘ be a parity-check matrix
for C. The rank of H is n — k, hence every n — k + 1 columns of ¥ are linearly
dependent. There exist thus nonzero ci,...,cn-k+1 € F, such that ¢; Hy +--- +
n_k41Hn—ky1 = 0. Setting ¢ = (e1,. . . en—k41,0,...,0) we obtain thus ¢4 = 0,
ie.,c€C,ie,d<n—k+1

1.3. We have trivially d(z, z) = 0 and d(z, y) = d(y,z) for all 2,y € Fyn. It remains
to prove the triangle inequality, i.e., for arbitrary z,y,z € Fgn we have to prove
that d(z,y) < d(x,z)+ d(z,y). It suffices to show this for z,y,z € Fg (why?) and
this is trivial.

1.4. Let ¢ € C be transmitted and u with d(x, ¢) < e be received. We have to show
that ¢ is the unique codeword in C having the least distance to u: suppose that
there exists another codeword ¢ different from ¢ such that d(c¢’,u) < e. Then by
the triangle inequality we have d < d(c,¢') < d(u,¢) + d(u, ¢') < 2¢ < d which is a
contradiction.
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1.5. This is a trivial consequence of d(z,y) = d(z — y,0) where 0 denotes the
zero-word.

1.6. A trivial computation shows that the minimum distance of C' 1s 3. Hence C'is
capable of correcting one error by Exercise 1.4.

1.7. The condition implies that the degrees of ¢; and gz are not equal. Hence the
dimensions of the ideals generated by g; and g, are also not equal.

1.8. Since (n,9) = 1, we have z" — 1 = [[;_; hi(z) where h;(z) are different
irreducible polynomials over F;. The number of different cyclic codes of length n
over F, is equal to the number of different monic divisors of " — 1 over F,; by the
previous exercise. Hence there exist 27 cyclic codes of length n over F,.

Now note that over F; we have

P —1= (z 4 1)(z:2+a;+ 1)(z6+m3+ 1).
Hence there exist 8 inequivalent cyclic codes of length 9 over Fs.

1.9. By (1.10) the minimum distance d of C satisfies d > { + 1. On the other side,
the dimension of C equals n — I, hence d > n — k + 1. The Singleton Inequality
implies d < n —k + 1, hence, d = n — k + 1. This shows that for this code the
Singleton Inequality is sharp.

Chapter 2

2.1. Let v be a valuation on Fy and 0 # @ € F,. Then v(a)?™! = v(a?™') = v(1) =
1, hence v(a) = 1.

2.2, Let v(0) = r. Then for all b € K we have r = v(0) = v(0 - &) = rv(b}, hence
r = 0. Further we have »(1) = v(1 - 1) = »(1)?, hence either v(1) = 0 (which is
impossible, since for all 6 € K we have v(b) = v(1 - b) = v(1)v(8)), or v(1) = 1. To
see that v(—1) = 1, note that 1 = v(1) = v((—=1){(-1)) = v(-1)%

2.3. Assume that v{a) < v(b) and suppose that v(a + b) < »(b). Then u(b) =
v(a + b — a) < max{v(a + b),v(e)} < v(b), which is a contradiction.

2.4. We only show this for multiplicative valuations, the case of additive valuations
being similar. Let v and v’ be multiplicative valuations on K. Suppose that v and
v’ are equivalent. By symmetry, it is sufficient to show that @, C Oy.. Let z € (.
Then v(z) < 1. If v(x) < 1, then v'(z) < 1 by the equivalence and hence z € Q.
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If v(x) = 1, then by Exercise 2.3, we have v(z — 1) < 1, hence v’(:: —1) <1, hence
2—1€ 0y, e,z €O ‘ :

2.5. It is easily checked that M, is an ideal of @,: for z,¥ € M, we have
v(z+y) < max{v(z),v(y)} < 1, hence M, is additively closed. Further, for r € O,
and z € M, we have v(rz) = v(r)v(z) < 1, hence rz € M,. Now note that
M, = 0y \ OF, since OF = {r € O, | v(r) = 1}. This yields the assertion.

2.6. This is a standard exercise in algebra: If z + M is a nonzero element in /M,
then z € R\ M and the ideal Rz + M generated by x and M contains M properly,
hence equals R since M is maximal. Thus there exist r € R, m € M such that
1 = rz 4+ m. This shows that rz + M = 14+ M, that is r + M is the multiplicative
inverse of 24+ M in R/M.

2.7. If h(z) = g(2)/ f(2) = ¢'(z)/f'(2), then g(x)g'(x) = f(x)f (=), hence deg(g)+
deg(g') = deg(f) + deg(f), i.e., deg(f) — deg(g) = deg(f’) — deg(g’). Thus ords, is
well-defined. To see that it is an additive valuation it suffices to note that deg(fg) =

deg(f) + deg(g) and deg(f + g) < max{deg(f), deg(g)}.

2.8, It is easily seen that

% g(z), f(z) € k[z), g(2) # 0,deg(f) < deg(y)},

and

M= {L8 ¢ 0, | dextr) < aesto)},

are the valuation ring, resp. the maximal ideal corresponding to orde in k(z). We
show that for every h € ()., there exists a € k such that h —a € M. Let
h=f/g€ Ox. If f and g are not of the same degree, then A € M, and we may
take « = . Otherwise, let m be the common degree of f and g and let a be the
quotient of the highest coefficients of f and g. It is easily seen that h — o € M.

2.9. We have to show that for all 0 # h € k(z) we have }°_ord,(h) deg(p) = 0,
where p runs over all irreducible polynomials in k[z] and oo Tand deg(oo) = 1 by
the previous exercise. Let h := []._, p{', where p; are irreducible polynomials
and e; are integers. Then }°, ordp(h) deg(p) = 5.i_, ordp, (h) deg(p;) + ordeo (p) =
Y izy eitordeo(h). Now note that ordeo(h) = — Yi_, e, which yields the assertion.

2,10. Prinicipal divisors are of degree zero by the product formula, hence we have
to show that in the case of a rational function field k(z) any divisor of degree zero is
principal. Let A = Zp a, (p)+am(oo) where p runs over the irreducible polynomials
of k[z]. Let h := [, pr. Then it is easily seen that the divisor of & equals A.
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Chapter 3

3.1. By (3.2) the dimension k of the code equals k = deg(G) + 1 and its minimum
distance d satisfies d > n — deg(G) = n — k + 1. On the other side, the Singleton
Inequality implies that d < n —k + 1, hence d = n — k + 1 = n — deg(G)-

Chapter 5

5.1. Let us sce whether there exists 4 = (*}) € SLy(Z) such that Ai = 2i. We
obtain 28 = 2, which yields (b+ 2¢) + i(a — 2d) = 0. Noting that ad —bc =1 we
obtain 2d” + 2¢% = 1 which is impossible.

5.2. It is easy to see that the sequence (ni) does not converge in SL2(Z)\H and has
not any converget subsequences.

5.3. It is shown in (5.7) that a parabolic element o € SLa(Z) has a unique fixed
point RU {c0}. To show the converse, let & = (%) € SL,(Z) and z € C U {oo}
be a fixed point of «. If z = oo, then ¢ = 0 and 1 = det @ = ad. This shows that
a=d=+l,and a = (F1}), i.e, @ is parabolic. Otherwise cz? + (d — a)z — 6 = 0;
a has a unique fixed point in RU {oo} if and only if (d — a)? + 4bc = 0 which is
equivalent to 0 = (a + d)% — (dad — 4bc) = tr(a)? — 4 det(a).

Chapter 8

8.1. Let D = K[z]/(p(z)) where p is an irreducible polynomial over K. Consider
the following commutative diagram

I,m

&
I([ﬂ]; bt I([:E]m = I([m]1+m.—1

Jx, 1~m lx1+m-—1

D x D X D
where &: K[z] — D is reduction modulo p(z), £ is the restriction of & to K[z];, and

4 is the multiplication in D. By the assumptions &14m— is injective, hence (8.25)(2)
implies the assertion.
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8.2. Consider the following commutative diagram

vox v 2w

lidu; lidw lidwr

U x Vv 2w

where W' = (®'(U’,V')). Since idw- is injective, we have R(®') < R(®).
8.3. It is easy to see that &' is well-defined and concise. Consider the following

commutative diagram

U x v 2 ow

s e Jiap

vt x vyt 2w

where &) and &, are the canonical homomorphisms. Since &; and %2 are surjective,
we have R(®') < R(®) and since idw- is (in particular) injective, we have R(®) <
R(®') (by Lemina (8.25)).

Chapter 9

9.1. Let @ = E:'-=1 u; @ v; @ w; where u; € U*, v; € V* and w; € W. Analogously
to the proof of (9.1) we define linear mappings v1 and ¥, by

Vo= F;
b o= (vi(b), ..., (b)),

and
i W' — F
A= (Mu )., A(wr)).
The images of 74, and 7, are linear codes over F, which we denote by C; and Cs.
Let us compute the kernel of ;: let b € ker ;. Then

®(U,b) = gu,,w)%?wp =0,

which shows that b = 0 since ® is assumed to be concise (here 2-conciseness of ¢
would also suffice). Anlogously, if A € ker y,, we obtain A®(U, V} = 0 which shows
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that A = 0, since ® is concise {3-conciseness would suffice). Hence dimCy = dimV,
and dimCs = dim W. Now for any b € V we have

UL C S Feup,

Piwa(8)#0

hence we deduce that dim ®(U,6) < |{p | v,(b) # 0}] = wgt{71(b)), which shows
that the minimum distance d; of C) satisfies d; > 8,. Analogously, for A € W* we

have
AP = Z up @ v,,
p'A(w‘,)#O
which shows that tkA® < |{p | A(w,) # 0}] = wgt (v2(2)). This implies that the

minimum distance d2 of C, satisfies dy > &s.

9.2. Let m := [log, n]. Then we have

n m
n n
S[] 2 Them-m-y
i—o' ¢ i=o ¢
gt —1 1
= — —m-1
) qm—}-n m
= 2n+n1_1/qm -1
g—1
-1
2 2n+n l_m 1)
q—

the last inequality being a cosequence of ¢™ > n.

Now consider the function f(z) = ;’%ll—logq z—1. By studying the derivative

Fi(z) = 1/{g—1)—1/zIng, we see that f(z) is monotonically increasing for z > g¢.
Since n > 3q is assumed, this shows that

dg-1

ZI-%] > 2n+—q_—1 ~ [log, 3¢] —1
i=0

2
2n4+14 qu - [logg3'|
> 2n.
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