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Abstract

This thesis proposes an efficient method for performing Jacobian
group arithmetic on nonsingular projective curves defined over a
finite field F, and evaluates its time complexity. Such arithmetic
has been commonly used in cryptosystems based on algebraic curves
such as hyperelliptic curves.

For elliptic curves

y* =2 +ax +b,

there has been a well-known method which realizes its group arith-
metic. Also for hyperelliptic curves

2 2g+1
Y :$g+ +oe

D. G. Cantor proposed an efficient method. The idea is to con-
sider Jacobian group arithmetic as the arithmetic on the ideal class
group of the coordinate ring, since the two groups are isomorphic.
Furthermore, the method involves only the operations on F,[z], a
polynomial ring in one variable, so we can evaluate the time com-
plexity precisely, which is O(g?log® ¢) bit-operations, i.e. the square
order of the size of the input.

In this thesis, we consider an algebraic function field F//F, of one
variable. Without loss of generality, we assume that there exists
a place P of degree one, and that the set of pole numbers of P is
generated by ¢ elements A, := {ay,---,a,}. (Hereafter, without loss
of generality, we assume gecd(ay,q) = 1.) In 1998, S. Miura gave
an affine algebraic curve C'/F, with ¢ variables whose function field
F,(C) is given by the F//F,. In this thesis, we call such a curve
C/F, a Ay-curve. If t = 2 and A; = {2,2g + 1}, then the A4
curve is a hyperelliptic curve of genus ¢g. In fact, it turns out that
Jacobian group on A;-curves is isomorphic to the ideal class group
of the coordinate ring.

In order to realize the arithmetic on ideal class group of the co-
ordinate ring F [C] of a A;-curve C/F,,, we need to compute:

1. the inverse ideal I~! for a given ideal I; and

2. the minimal element of a given ideal with respect to the pole
order at P.



For the first item, we realize the computation by applying results
on number theory, since

1. F,[z] is a principal ideal domain (PID), where z is such an
element in F,(C) as (¥)s = a1 P;

2. F,(C)/F,(x) is a finite separable extension of degree a;; and

3. the integral closure of Fy[z] in F (C) is the coordinate ring
F,[C].

For the second, we obtain a minimal element by constructing
a F,[z]-basis {wy, -, w, } of a given ideal such that —vp(w;) #
—vp(w;) mod a; (i # j), where vp(-) denotes the discrete valuation
with respect to P.

In this sense, this thesis gives an extension of Cantor’s method
to Aj-curves. The arithmetic is realized by the operations on a
polynomial ring F,[z] in the square order of the size of the input
with a; fixed:

Theorem (Main Result)

Jacobian group arithmetic on A;-curves of genus g is performed
m
O(max{ajg®, ay}log’q)

bit-operations.

Moreover, this thesis includes the implementational results of the
proposed method for A;-curves of an actual scale used in algebraic
curve cryptography.
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Chapter 1

Introduction

We consider algebraic curve cryptography based on the intractabil-
ity of the discrete logarithm problem (DLP) in the Jacobian group
on an algebraic curve defined over a finite field. We implement a
cryptosystem as follows [6]:

Suppose that G is a finite cyclic group with n = #G. Each user
makes his/her own public ciphering key («a, 3) and secret decoding
key [, where o, 3 € G and o = 8 (0 <[ < n — 1) are assumed.
When Bob sends a message m € G to Alice, he randomly generates
0 <k <n-—1, and send m as the cipher ¢ = (mB%,a%). When
she receives the cipher ¢ from him, she uses her secret key [4. She
decodes ¢ as the message

mpBh  mBy _ mph
()l (f)r (B%)

It is easily found that the security of the above cryptosystem
depends on how computationally hard it is to obtain [ such that
al = 3.

Even if n is large, if the largest prime factor of n is small, the
Chinese remainder theorem solves the problem easily. Also, if the
finite cyclic group is complicated, so is the group arithmetic, i.e. the
encryption will not be efficient.

In algebraic curve cryptography, G is the Jacobian group on a
curve defined over a finite field F,,. This thesis concerns an efficient
Jacobian group arithmetic. Considering Jacobian group arithmetic,




the only problem is to compute a suitably expressed representative
of each class. In special cases, the problem had been solved.

For elliptic curves, a method for performing addition among Ja-
cobians has been known since long ago, and its group arithmetic
is given as a simple formula [17]. For hyperelliptic curves, an ef-
ficient method of Jacobian group arithmetic has been given by D.
G. Cantor [3]. (Although Cantor assumed that the characteristic is
not two, N. Koblitz excluded the constraint [11].) And the method
is realized in O(g? log? q) bit-operations, where g denotes the genus
of an algebraic curve defined over F,. So, for Jacobian group arith-
metic on algebraic curves, the algorithms realized in O(g?log® q)
bit-operations are supposed to be the most efficient methods thus
far. In other words, efficient Jacobian group arithmetic is performed
in the square order of the size of the input. (Usually, we regard the
size of the input as the logarithm of the order of the Jacobian group,
which is O(g7).)

In this thesis, we address the problem whether or not there exists
a method for performing Jacobian group arithmetic in O(g? log? q)
bit-operations for more general curves than hyperelliptic curves.

Under certain conditions, the problem has been solved in the
affirmative for a class of curves called superelliptic curves (Galbraith,
Paulus, and Smart [8]):

b
C/F, Y=Y X',
=0

where o € Fy, oy # 0, ged(a,q) = ged(a,b) = 1. And the curve is
assumed to be nonsingular as an affine curve. In particular, a = 2
implies a hyperelliptic curve, and a = 2,b = 3 implies an elliptic
curve.

It is known that superelliptic curves have only one point at in-
finity, which is a F-rational point [8]. Then, the Jacobian group is
isomorphic to the ideal class group of the coordinate ring. We uti-
lize this fact to implement the Jacobian group arithmetic efficiently
(each divisor being represented as a fractional ideal).

In order to perform the arithmetic on the ideal class group of a
coordinate ring, we need to find a representative of each class. To
solve the problem, we should compute:



1. the inverse ideal I~! for a given ideal I; and

2. the minimal element of a given ideal with respect to the pole
order at the infinity place.

For a superelliptic curve C/F, : Y* = Z?:o a; X, we can solve
the first problem by computing the product of the conjugate ideals
over Fy(z,y)/F,(z), wherex = X (mod C)andy =Y (mod C),
which can be computed easily, since the conjugate elements of y are
py (0 < i < a—1), where p is a primitive a-th root of unity
[8]. However, we must extend the base field if p* ¢ F,, and it seems
unclear how to compute a conjugate element in more general curves.
Considering the second problem, we can represent an integral ideal
of the coordinate ring as a lattice in (F,[z])* over F,[z]. Then we can
solve the problem by applying Paulus’ lattice basis reduction method
[15], which is a method for finding a minimal element of a given
lattice with respect to the degree of x. As a result, Galbraith et.
al’s method [8] computes Jacobian group arithmetic on superelliptic
curves in O(g?log? q) bit-operations when the size of a is fixed.

In this thesis, we describe Jacobian group arithmetic on more
general curves than superelliptic curves. More precisely, we consider
the Jacobian group (i.e., the group of divisor classes of degree zero)
on a class of algebraic function fields that contain function fields
associated with superelliptic curves.

We consider the following function field F/F:

1. there exists at least one place of degree one, denoted by P;

2. the set of pole numbers of P is generated by t elements A; =
{ab e 7at}7

where we choose such an a; as ged(aq,q) = 1. There exists such an
aq, since the fact that the genus is bounded implies ged(ay, - - -, a;) =
1.

For such function fields, S. Miura [14] gave a non-singular affine
model (definition equations) in ¢ variables with only one point at
infinity which is a F,-rational point and corresponds to the given
place P. In this thesis, we call such curves ” A;-curves 7. And, as in
superelliptic curves, it turns out that the Jacobian group is isomor-
phic to the ideal class group of the coordinate ring . Therefore, we



consider the arithmetic on the Jacobian group as that on the ideal
class group of the coordinate ring. Note that, unlike superelliptic
curves, there may be more than one definition equation.

This thesis proposes an algorithm for realizing Jacobian group
arithmetic on A;-curves, which gives a generalization of Cantor’s
algorithm in hyperelliptic curve case.

There are two problems described above for performing arith-
metic on ideal class of the coordinate ring. First, we can compute
the inverse ideal, given an ideal, by modifying a method in number
fields different from Galbraith et. al’s method. And for the second,
we can apply modified Paulus’ lattice basis reduction method same
as a superelliptic curve case. This proposed method is performed
in O(g? log? q) bit-operations when a; is fixed. Furthermore, when
it is restricted to superelliptic curves, this method is more efficient
than Galbraith et. al’s method.

Finally, we note that S.Arita [1] proposed a method for perform-
ing Jacobian group arithmetic on A;-curves by using Grébner basis.
However, it requires the so-called Buchberger algorithm that com-
putes the reduced Grobner basis and operations on a polynomial ring
in ¢ variables, which is hard to evaluate the complexity. Even in his
heuristic analysis, the method takes O(g®log? q) bit-operations. On
the other hand, our method involves only operations on a polyno-
mial ring of one variable over the base field.

This thesis is organized as follows: Chapters 2 and 3 summarize
the basic materials from complexity theory, Z-modules and algebraic
number theory and algebraic function field and affine variety, which
will be used in this thesis. In Chapter 4, we introduce the definition
and some properties of A;-curves. In Chapter 5, we describe an
algorithm for performing Jacobian group arithmetic on A;-curves.
In Chapter 6, we propose a method for realizing the algorithm. In
Chapter 7, we evaluate the complexity of the proposed method.

Finally, in Appendix, several implementational results of the pro-
posed method for A;-curves and superelliptic curves of an actual
scale used in algebraic curve cryptography are shown.



Chapter 2

Preliminaries

In this chapter, we describe some results to which will be referred
in this thesis. N, Z, Q, R, C denote the natural numbers, the inte-
gers, the rational numbers, the real numbers, the complex numbers,
respectively. And log x denotes the logarithm of x to the base 2.

2.1 Complexity Theory

In this section, we describe some definitions and properties from
complexity theory, which is needed to evaluate the time complexity
of an algorithm.

Definition 1 An algorithm is a computer program written in some
specific programming language for a specific computer that takes a
variable input and halts with an output.

An algorithm may be defined from other terms, such as Turing
machines, Boolean circuits, etc. However, we adopt the above defi-
nition for algorithms since it is easier to analyze the time complexity
and it is often the case in dealing with mathematical computational
problems.

It is usually of interest to find the most efficient algorithm for
solving a given computational problem. In order to give the precise
definition of "efficient algorithm”, we first define the size of the input
and the unit of time used in analyzing algorithms.
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Definition 2 The size of the input is the total number of bits needed
to represent the input in ordinary binary notation using an appro-
priate encoding scheme.

Definition 3 The running time of an algorithm on a particular in-
put is the number of specified ”operations” executed. The "opera-
tion” is usually taken to mean bit/word operations, but sometimes
it will be more convenient to take “operations” to mean something
else such as a modular multiplication, a multiplication in a finite

field, etc.

Example 1 1. The number of bits in the binary representation
of a positive integer n is 1 + [logn| bits, where |logn] is the
largest integer less than or equal to logn. For simplicity, the
size of n will be approximated by logn.

2. If f is a polynomial of degree k, each coefficient being a non-
negative integer at most n, then the size of f is (k + 1)logn
bits.

3. If A is a matriz with r rows, s columns, and with non-negative
integer entries each at most n, then the size of A is rslogn
bits.

In estimating time complexity of algorithms, the running time is
estimated by counting the unit of time, i.e. ”operations” which we
adopt, and is expressed as functions which take variable input sizes.
However, it is often difficult to derive the exact running time of
algorithms. Therefore, in complexity theory, one is forced to settle
for deriving the asymptotic behavior of the functions which express
the running time. This concept explains how the running time of
the algorithm increases as the size of the input increases without
bound.

Definition 4 (Asymptotic upper bound) Let f(n), g(n) be func-
tions defined on the positive integers n that take on positive real
values.

Then, we define f(n) = O(g(n)) if there ezists a positive constant
c and a positive integer ng such that0 < f(n) < cg(n) for alln > ny.

11



Now, we describe several fundamental properties of the above
order notation.

Proposition 1 Let f(n), g(n), h(n) and l(n) be functions defined
on the positive integers n that take on positive real values. Then,
the following are true.

1. If f(n) = O(h(n)) and g(n) = O(h(n)), then (f + g)(n) =
O(h(n))

(n)).
2. If f(n) = O(h(n)) and g(n) = O(I(n)), then (f - g)(n) =
O(h(n)l(n)).

3. f(n) = O(f(n).
4. If f(n) = Olg(n)) and g(n) = O(h(n)), then f(n) = O(h(n)).

In this thesis, we estimate (time) complexity as a usual method.
Namely, we apply the following result.

Proposition 2 Let F, denote a finite field with q elements.

1. One operation (addition/subtraction/multiplication/division) on
F, takes O(log® q) bit-operations.

2. Let f(z), g(x) € Fylz] be two polynomials of degrees at most
n. Then the multiplication of f(x) and g(x) takes O(n?log” q)
bit-operations.

2.2 Z-modules

In this section, we describe the Hermite normal form and the Smith
normal form, Elementary divisor theorem related to Z-modules.
And we notice that their results are valid for finitely generated (tor-
sion) free modules over a principal ideal domain (PID). Therefore,
there are many applications to number theory and algebraic func-
tion field, which will play very important roles in this thesis. For
more details, see [4].

Definition 5 (Hermite Normal Form (HNF)) We say that an
m X n matric A = (a; ;) with Z-coefficients is in Hermite normal
form (HNF) if there exists r < n and a strictly increasing map g
from [r+ 1, n] to [1, m] satisfying the following properties:

12



L forr+1 < j <m, ag;; > 0, a5 = 0if i > g(j); and
0 < agpyy < agmyk if b <j;

2. the first r columns of A are equal to 0.

Theorem 1 Let A = (a;;) be an m x n matriz with Z-coefficients.
Then, there exists a unique m xn matriz B in HNF of the form B =
AU with U € GL,(Z), where GL,,(Z) is the group of n X n matrices
with Z-coefficients which are invertible, i.e. whose determinant is
equal to £1.

In this thesis, we call the matrix consisting of the last n —r columns
the HNF of A.

When we compute an HNF directly, i.e. the method of per-
forming elementary operations on columns, it is hard to evaluate
its complexity since we don’t know how large the size of an integer
grows during the process. However, in the case of Z-coefficients and
rank(A) = m, if we know the value D that is a multiple of the de-
terminant of the Z-module L(A) generated by the columns of A, i.e.
the determinant of the HNF of A, then we can compute the HNF
of A by using D, which involves only operations modulus D [4]:

Algorithm 1 (HNF Modulo D)

Input: m x n matric A = (a; ;) with Z-coefficients of rank m,
D «—— a multiple of determinant of the Z-module generated by
the columns of A, where A; denotes column of A.

Output: The HNF matric W = (w;, ;).
Step 1: Seti«—m, j«—n, k«—n, R« D;

Step 2: if j =1 go to step 4;
otherwise, set j «— j —1, and if a;; = 0 go to Step 2;

Step 3: compute (u,v,d) such that ua; +va; ; = d = ged(a; k, a;;),
using Fuclid’s extended algorithm;
B — uAy +vA;;
Aj — ((air/d)A; — (ai;/d)Ax) mod R;
Ay <+ B mod R;
and go to Step 2;

13



Step 4 compute (u,v,d) such that ua;; +vR = d = ged(a;x, R);
W; — uAy mod R (if w;; =0, then w;; — R);
if 1 <m, then ,for j =1+ 1,---,m, we set
q — |w;j/wi;]; and

Step 5 if i =1, output W = (w;, ;);
otherwise,
R— R/d;
t—1—1, k—k—1, 75« Fk;
and if a;,, =0, then a;, — R, go to Step 2.

This algorithm requires O(m?n log? | D|)-bit operations [4].

Definition 6 (Smith Normal Form (SNF)) We say that annx
n matric A = (a; ;) with Z-coefficients is in Smith normal form
(SNF) if A is a diagonal matriz with non-negative integer coeffi-
cients such that a; iy 41]a;; for all i < n.

Theorem 2 (Elementary divisors) Let A be an n X n matric
with Z-coefficients and non-zero determinant. Then, there exists
a unique matriz in SNF B = (b; ;) such that B =V AU with U and
V' elements of GL,(Z). When we set d; = b;;, the d; are said to be

the elementary divisors of A.

The above theorem, stated for matrices, is equivalent to the fol-
lowing theorem for Z-modules.

Theorem 3 (Elementary divisor theorem) Let L be a Z-submodule

of a free module L' and of the same rank, denoted by n. Then there
exist positive integers dy,---,d, (called the elementary divisors of
L in L"), uniquely determined by L and L', satisfying the following
conditions:

1. For every i such that 1 < i < n, we have d;y1|d;.

2. As Z-module, we have the isomorphism
and in particular [L' : L] = [1d; and d; is the exponent of L'/ L,
i.e. diL/ C L.

14



3. There exsists a Z-basis {uy, - - -, u,} of L' such that {djuy,- -, d,u,}

15 a Zi-basis of L.
Finally, we give some results on a change of bases for Z-module.

Lemma 1 Let L' be a free Z-module of rank n, and {wy,-- -, w,},
{ug, -+, u,} two Z-bases of L'. Then there erists an n X n matrix

M in GL,(Z) such that [wy,- -, w,] = [ug, -, u,| M.

Theorem 4 Let L be a Z-submodule of a free module L' and of the
same rankn. Let[wy, -, w,]A be a Z-basis of L, where {wy,-- -, w,}
is a Zi-basis of L' and A is an n xn matriz with Z-coefficients. Then
there exist a Z-basis of L' {uy,- -, u,} and M in GL,(Z) such that

d 0 - 0
(Wi, we] A = [ug, o un|MA = [ug, - -+ uy) 0 dy '1 0
0O ... ... dn

with diq1|d;. And |det A| = |T1d;| holds.

Remark 1 The above results are valid for finitely generated (tor-
sion) free modules over a PID.

2.3 Algebraic Number Theory

There are many analogy between algebraic number fields and alge-
braic function fields of one variable over finite fields. In this section,
we summarize some results needed in this thesis, in particular, the
theory concerning the ring of algebraic integers of a number field.
For more detail, see [2] [7] [12]. (All results given in this section are
cited from the references.)

Let K be a number field, i.e. a finite extension field of the rational
numbers Q. And let Zx denote the ring of algebraic integers of
K, which is finitely generated as Z-module of rank [K : Q] (the
extension degree). If I # (0) is an integral ideal of Zk in K, i.e.
I C Zg, then [ is of rank [K : Q] as a Z-module.

15



I C K is a fractional ideal of Zx in K if I is a Zg-module such
that there exists a ¢(# 0) € Zy for which ¢l C Zg. For a fractional
ideal I of Zy, when we set J := {z € K | I C Zg}, which forms
a fractional ideal, we say [ is wnvertible if IJ = Zy. Then J is said
to be the inverse ideal of I, denoted by 171

Definition 7 An integral domain O is a Dedekind domain if

1. O is a Noetherian ring;
2. O s integrally closed in its field of fractions; and

3. all non-zero prime ideals of O are maximal ideals.

It is well known that a PID and Zg, for every number field K,
are Dedekind domains. More generally, if F' is a finite separable
extension of the field of fractions K of a Dedekind domain O, then
the integral closure of O in F' is a Dedekind domain.

Now, we summarize some results on a Dedekind domain O with
its field of fractions K.

Theorem 5 For a Dedekind domain O,
1. every non-zero fractional ideal of O is invertible;

2. every non-zero fractional ideal of O has a unique factorization
as a product of prime ideals;

3. all non-zero prime ideals of O are maximal ideals.

Then, the set of non-zero fractional ideals of O forms a group
with respect to multiplication, which is said to be the group of ideal
of O, denoted by I(O). And the group of principal fractional ideals
{(u) | we K*} of O, denoted by P(O), forms a subgroup of 1(O).
We define the ideal class group of O, denoted by CI(Q), as the
quotient group

ClO) == 1(0)/P(O).

Next, we define trace and norm. Now we suppose that F//K is a
finite separable extension of degree n.

16



Definition 8 Let F (i =1,--- ,n) are conjugate fields of F' over
K, and let {wy,---,w,} be a basis of F/K. For a € F, we set
afwy, -, wy| = [wy, -+, wy]A(a), where A(a) = (a;;) is ann X n
matrix with F-coefficients.

Then we define the trace of o, denoted by Trp i (o), and the norm
of o, denoted by N/ (av), as follows:

Trr/k(a) = Tr(A(e)) =Y ai;, Npjx(a) = N(A(a)) = det(A(a)).

Note that the values of trace and norm do not depend on choice of

bases of F/ K.

Then, the following theorem holds:

Theorem 6 For o € F, let o (i = 1,---,n) be the conjugate
elements of a over K. Then, we have

Trp/k(a) = Za(i), Np/k(a) = Ha(i). (2.1)

Definition 9 Let I # (0) be an ideal of Zp, and IV, --- 1™ the
conjugate ideals of I over K. We define the relative norm of I, de-
noted by Np/x(I), as [T1Y (product of the conjugate ideals). Then
Np/k(I) is an extension of an ideal of Zk to Zp.

Definition 10 For a € F, let oV, .- o™ be the conjugate ele-
ments over K. We define

foraq,---a, € F.

Theorem 7 Let [ # (0) be a fractional ideal of Zp. Then there
exist fractional ideals Jy,---,J, of Zk and a basis {v1, -, v} of
F/K such that

I=Jiv@ D Jpyn as Lix-module.
Furthermore, (Jy -+ J)*(d(71,- -, 7)), an ideal of Zg, does not
depend on the choice of {J;}; and {~;}i, and is denoted by d(I).

17



Theorem 8 If Zyi is a PID, then there exists a basis of F/K
{71, , Y} such that

Zy=Zgvi ® - ®Zygvy, as Zg-module.

The following theorem gives a relation between d(7), as in The-
orem 7, and a relative norn Ng/x(I).

Theorem 9
d(I) = (Np/x(1))*d(Zr)
for every ideal I of Zp.

18



Chapter 3

Algebraic Function Fields

This chapter includes several results on algebraic function fields that
will be used in the following chapters. All results given in this
chapter, except for Corollary 5, are cited from [10], [17] and [19].

3.1 Algebraic Function Field

In this section, K denotes an arbitrary field.

Definition 11 An algebraic function field F// K of one variable over
K is an extension field F O K such that F is a finite algebraic
extension of K(x) for some element v € F which is transcendental
over K.

From now on, we simply refer to F//K as a function field. The
set K := {z € F |z is algebraic over K}, a subfield of F, is said
to be the field of constants of I'/K. And we say that K is the full
constant field of F'if K = K.

Definition 12 A wvaluation ring of a function field F/K is a ring
O C F with the following properties:

1. KCOCF and O #K, F;
2. for any z € F, either z€ O or z7+ € O.

We describe some properties of a valuation ring.

19



Theorem 10 Let O be a valuation ring of a function field F/K.
Then

1. O is alocal ring, i.e. O has a unique mazimal ideal P = O\ O*,
where O* := {z € O | there exists a w € O such that zw = 1}
is the group of units of O;

2. for0#£zxecF,ze€P 21 ¢0;

3. for the field of constants K, we have K C O and KNP = {0}.

Theorem 11 Let O is a valuation ring of a function field F//K and
P its unique maximal ideal. Then

1. P is a principal ideal;

2. if we set P = tQO for somet € F, then any 0 # z € F has a
unique representation of the form z = t"u for some n € Z and
u € O, And t is said to be a local parameter (or uniformizing
variable) for P;

3. O is a PID. More precisely, if P =tO and {0} # 1 C O is an
tdeal then I =t"O for somen € N.

Definition 13 1. A place P of a function field F/K is the max-
imal ideal of some valuation ring O of F/K.

2. Pp:={P | P is a place of F/K}.

If O be a valuation ring of F//K and P its maximal ideal, then O
is uniquely determined by P, ie. O ={z € F | 27! ¢ P}. Hence,
Op := O is said to be the valuation ring of the place P.

Definition 14 A discrete valuation of F//K is a functionv: F —
Z U {oo} with the following properties:

L.v(r) =00 x=0;
2. v(zy) = v(z) + v(y) for any x,y € F;

3. (Triangle Inequality) v(z+y) > min{v(z), v(y)} for any x,y €
F .

)

4. there exists an element z € F with v(z) = 1;
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5. v(a) =0 for any a € K \ {0}.

Lemma 2 (Strict Triangle Inequality) Let v be a discrete val-
uation of F/K and x,y € F two elements with v(x) # v(y). Then
v(x 4+ y) = min{v(z), v(y)} holds.

Now we associate a function vp : F — Z U {co} to every place
P of F/K as follows: Let t be a local parameter for P. Then every
0 # 2z € F has a unique representation of the form z = t"u with
n € Z and u € O*. We define vp(z) = n and vp(0) = co.

Theorem 12 1. For every place P € Pg, the function vp defined
above is a discrete valuation of F/K. Moreover, we have

Op ={z€ F | vp(z) >0},
Op ={z€ F | vp(z) =0},
P={z€F|uvp(z) >0}

And x € F is a local parameter for P < vp(x) = 1.

2. Conversely, suppose that v is a discrete valuation of F/K.
Then the set P := {z € F | v(z) > 0} is a place of F/K,
and Op = {z € F | v(z) > 0} is the corresponding valuation
TIng.

Let P be a place of F//K and Op its valuation ring. Since P is a
maximal ideal, the residue class ring Op/P is a field. For x € Op,
we define z(P) € Op/P to be the residue class of # modulo P,
ie. z(P)=x+ P ={x+p|p € P}, and we set x(P) := oo for
x € F\ Op . Then the residue class map Op — Op/P induces a
canonical embedding of K into Op/P, since we have K C Op and
Kn P ={0}.

Therefore, we shall always consider K as a subfield of Op/P via
this embedding. (Note that this argument also applies to K instead
of K. )

Definition 15 Let P € Pr. Then

1. Fp := Op/P is the residue class field of P. The map x — x(P)
from F to Fp N {oo} is said to be the residue class map with
respect to P;
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2. degP := [Fp : K] is said to be the degree of P.

The degree of a place is always finite; more precisely, the following
holds:

Proposition 3 If P is a place of F/K and 0 # x € P, then
degP < [F: K(x)] < 0.

Definition 16 Let z € F' and P € Pr. We say that P is a zero of
z if vp(z) > 0; P is a pole of z if vp(z) < 0. Ifvp(z) = m > 0,
then P is a zero of z of order m; if vp(z) = —m < 0, then P is a
pole of z of order m.

Corollary 1 In a function field F/K, any element x € F'\ {0} has
only finitely many zeros and poles.

3.2 Divisor Class Group

In this section, F/K denotes a function field such that K
is the full constant field of F//K.

Definition 17 The (additively written) free abelian group which is
generated by the places of F/K, denoted by Dp, is said to be the
divisor group of F/K.

The elements of Dy are said to be divisors of F//K. In other
words, a divisor is a formal sum

D= Z npP with np € Z with allmost all np = 0.
PePp

The support of D is defined by
supp D :={P € Pp | np # 0}.

A divisor of the form D = P with P € P is said to be a prime
divisor. Two divisors D = Y pep, npP and D' = Y pcp, npP are
added coefficientwise:

D+D' = > (np+np)P.
PePp
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The zero element of the divisor group D is the divisor

0:= Z rpP, all rp = 0.

PePp

For Q € Pp and D = Y pep, npP, we set vg(D) := ng. Then
we have

supp D ={P € Pp |vp(D) # 0} and D= > wvp(D)-P.

Pesupp D

We define a partial ordering on Dy as follows:
Dy < Dy <= vp(D;) < vp(Ds) for any P € Pp.

And divisor D is said to be positive (or effective) if D > 0.
The degree of a divisor D is defined by

deg(D) := Y wvp(D) - degP,

PePp

which yields a homomorphism deg : Dp — Z.

Definition 18 Let 0 # x € F', and let Z C Pp (resp. N C Pg) be
the set of zeros (resp. poles) of x. Then we define

(z)o :== >_ vp(z)P, the zero divisor of x,
Pez

(2)oo := Y —vp(z)P, the pole divisor of z,

PeN

() = (x)o — (¥)oo, the principal divisor of x.

Clearly ()9 > 0, (2)s > 0 and

()= > wvp(x)P.

PePp

The elements 0 # x € F' which are constant are characterized by
re K<< (x)=0.

Theorem 13 Any principal divisor has degree zero. More precisely:
Forz e F\ K,

deg (z)p = deg (7)o = [F : K(x)].
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Definition 19
Pr={(x) |0£z € F}

is said to be the group of principal divisors of F/K. Then Pr forms
a subgroup of Dr, since we have (zvy) = (z) + (y) for z,y € F\ {0}.
The factor group

CF = DF/PF

is said to be the divisor class group of F/K.

For a divisor D € Dy, the corresponding element in the factor group
Cr is denoted by [D], called the divisor class of D. Two divisors
D, D’ € Dp are said to be equivalent, denoted by D ~ D’ if [D] =
[D'] holds, i.e. D = D'+ (z) for some z € F'\ {0}.

Definition 20 We set DY := {D € Dp | deg(D) = 0 }, which
forms a subgroup of Dp. Then Pr also forms a subgroup of D%.
The factor group

C) =D /Pr ={[D] € Cr | deg[D] =0}

is said to be the group of divisor classes of degree zero (or Jacobian
group of F' in terms of algebraic geometry, denoted by Jx(F')).

Definition 21 For a divisor A € Dy, we define
LA)={zxeF| (x)>—-A}U{0},

which is said to be the space of functions associated with the divisor
A.

Remark 2 Let A € Dr. Then
L(A) #0 < there exists a divisor A" ~ A with A’ > 0.
Lemma 3 Let A € Dr. Then

1. L(A) is a vector space over K.

2. If A~ A, then L(A) ~ L(A") (isomorphic as vector space over
K).

3. £(0) =K.
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4. If A <0, then L(A) = {0}.

For a K-vector space V' | dimgV denotes the dimension of V' over
K.

Lemma 4 Let A, B be divisors of F/K with A < B. Then we have
L(A) C L(B) and

dimg (L£(B)/L(A)) < deg B — deg A.

Definition 22 For A € Dp, the integer dim A := dimgL(A) is
said to be the dimension of A.

Proposition 4 Let A, A’ be two divisors with A ~ A’. Then we
have dim A = dim A" and deg A = deg A’.

Proposition 5 There exists a constant v € Z such that
deg A—dim A<~y forall A€ Dp.
Definition 23 The genus g of F/K is defined by
g :=max{deg A—dim A+1| A€ Dr},
which is a non-negative integer.

Theorem 14 (Riemann’s Theorem) Let F'//K be a function field
of genus g.

1. For any divisor A € D,

dim A >deg A+1—g.

2. There is an integer ¢, depending on F/K, such that
dim A=deg A+1—g

whenever deg A > c.
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3.3 The Riemann-Roch Theorem

As before, F/K denotes a function field such that K is the
full constant field of F/K and g the genus of F//K.

Definition 24 For A € Dy,

i(A) :==dim A—deg A+g—1
is said to be the index of speciality of A.
Definition 25 An adele of F/K is a mapping

. PF_>F7
(67 p = ap

with ap € Op for almost all P € Pp.

We regard an adele as an element of the direct product [[pep, F,
so we use the notation & = (ap)pep, or, even shorter, a = (ap).
The set

Ap:={ a| «aisan adele of F/K }

is said to be the adele space of F/K, which forms a vector space
over K in the obvious manner.

The principal adele of an element x € F' is the adele whose all
components are equal to x. This gives an embedding F' — Ap.
Every discrete valuation vp of F/K extends naturally to Apg by
setting vp(a) := vp(ap), where ap is the P-component of an adele
«. By definition, we have vp(a)) > 0 for almost all P € Pp.

Definition 26 For A € D, we define
Ap(A) :={ ae€ Ap | vp(a) > —vp(A) for all P € Py },
which forms a K-subspace of Ap.

Definition 27 A Weil differential of F/K is a K-linear map w :
Ap — K wvanishing on Ap(A) + F for some divisor A € Dp. We
call

Qp ={ w | wis a Weil differential of F/K }

the module of Weil differentials of F/K. For A € Dg, we define
Qp(A) :={ we Qp | w vanishes on Ap(A) + F }.
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We regard () as a K-vector space in the obvious manner (indeed,
if wy vanishes on Ar(A;) + F and wy vanishes on Ap(As) + F then
w1 + wo vanishes on Ap(A3z) + F for any divisor Az with A3 < A
and Az < Ay, and aw; vanishes on Ar(A;) + F for a € K). Clearly
Qr(A) is a subspace of Q.

Definition 28 Forz € F and w € Qp, we define xw : Ap — K by
(zw)(a) == w(za).

Then zw is also a Weil differential of F'/K. Indeed, if w vanishes
on Ap(A)+ F then zw vanishes on Ap(A+ (2)) + F, which implies
that Qr has the structure of a vector space over F.

Proposition 6 Qg is a one-dimensional vector space over F.

Now we attach a divisor to any Weil differential w # 0. We
consider, fixed a w, the set of divisors

M(w) :={ A € Dy | w vanishes on Ap(A) + F }.

Lemma 5 Let 0 # w € Qp. Then there is a uniquely determined
divisor W € M(w) such that A < W for any A € M(w).

Therefore, the following definition make sense by the above lemma.

Definition 29 1. The divisor (w) of a Weil differential w # 0 is
the uniquely determined divisor of F/K satisfying

(a) w vanishes on Ap((w)) + F.
(b) If w vanishes on Ap(A) + F, then A < (w).

2. For 0 # w € Qp and P € Pp, we define vp(w) := vp((w)).

3. A place P is said to be a zero (resp. pole) of w if vp(w) > 0
(resp. vp(w) < 0). w is said to be reqular at P if vp(w) > 0,
and w 1is said to be regqular (or holomorphic) if it is reqular at
any P € Pp.

4. A divisor W is said to be a canonical divisor of F/K if W = (w)
for some w € Qp.
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Proposition 7 1. For 0 # © € F and 0 # w € Qp, we have
(rw) = (z) + (w).

2. Any two canonical divisors of F//K are equivalent.

Theorem 15 (Riemann-Roch Theorem) Let W be a canonical
divisor of F/K. Then, for any A € Dg, we have

dim A=deg A+1—g+dim (W — A).

Definition 30 Let P € Pr. An integer n > 0 is said to be a
pole number of P if there is an element x € F with (z)s = nP.
Otherwise, n is said to be a gap number of P.

Clearly n is a pole number of P if and only if dim (nP) >
dim ((n — 1)P). Moreover, the set of pole numbers of P is a sub-
semigroup of the additive semigroup N (indeed, if (x1)s = n1 P and
(79)0o = no P, then x125 has the pole divisor (21%2)s = (n1+n2)P).

Theorem 16 (Weierstrass Gap Theorem) Suppose that F'/K has
genus g > 0 and P s a place of degree one. Then there are exactly
g gap numbers iy < --- <1, of P. Furthermore, we have

1w =1and i, <2g—1.

3.4 Algebraic Extensions of Algebraic Function
Field

In this section, F/K denotes a function field with full con-
stant field K. And the field K is assumed to be perfect.
Namely, all algebraic extensions of K are separable.

Definition 31 1. A function field F'/ K’ is said to be an algebraic
extension of F/K if F' O F is an algebraic field extension and
K' D K.

2. An algebraic extension F'/K' of F/K is said to be a constant
field extension if F' = FK', the composite field of F and K'.

3. An algebraic extension F'/K' of F/K is said to be a finite
extension if [F': F| < oco.
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Definition 32 Let F'/K' be an algebraic extension of F/K. A
place P' € Pp is said to lie over P € Pp if P C P'. We also
say that P’ is an extension of P or that P lies under P', and we
write P'|P.

Proposition 8 Let ['/K' be an algebraic extension of F/K. Sup-
pose that P (resp. P') is a place of F/K (resp. F'/K'), and let
Op C F (resp. Opr C F') denote the corresponding valuation ring,
vp (resp. vpr) the corresponding discrete valuation. Then the fol-
lowing assertions are equivalent:

1. P'|P.
2. Op C Op.

3. There exists an integer e > 1 such that vp(x) = e - vp(x) for
all x € F.

Moreover, if P'|P then
P:P,ﬂF and Op:Op/ﬂF.
For this reason, P is also called the restriction of P’ to F'.

Definition 33 Let F'/K' be an algebraic extension of F/K, and let
P’ € Pp be a place of F'/K' lying over P € Pp.

1. The integer e(P'|P) := e with
vp(z) = e-vp(x) for any x € F

is said to be the ramification index of P over P. We say that
P'|P is ramified if e(P'|P) > 1, and P'|P is unramified if
e(P'|P) = 1.

2. f(P'|P) = [Fp : Fp] is said to be the relative degree of P' over
P.

Note that f(P’|P) can be finite or infinite; the ramification index,
however, is always a natural number.

Proposition 9 Let F'/K’ be an algebraic extension of F/K.

29



1. For any place P' € Pp, there is exactly one place P € P g such
that P'|P, i.e. P=P'NF.

2. Conversely, any place P € Pr has at least one, but only finite
many, extensions P’ € Ppr.

Definition 34 Let F'/K’ be an algebraic extension of F/K. For a
place P € P, we define its conorm (with respect to F'/F) as

Conpp(P) := > e(P'|P)- P,

P'|P

where the sum runs over all places P € P lying over P. The
conorm map s extended to a homomorphism from Dpg to Dp: by
setting

Conp/p(Y_np- P) =) np-Conpp(P).

The following theorem contains a summary of the most important
properties of constant field extensions.

Theorem 17 In an algebraic constant field extension F' = FK' of
F/K, the following holds:

1. F/F'" is unramified (i.e., e(P'|P) =1 for all P € Pp and all
P’ € Py with P'|P).

2. F'/K' has the same genus as F/K
3. For any divisor A € Dy, we have deg Conp//p(A) = deg A.
4. For any divisor A € Dp,

dim Congr/p(A) = dim A.

More precisely: Any basis of L(A) is a basis of L(Congrjp(A)),
too. (Note that L(Congp//p(A)) is considered as a K'-vector
space whereas L(A) C F is a K-vector space.)

5. The residue class field Fp, of any place P' € Ppr is the com-
positum FpK' of K' and the residue class field Fp, where P =
P'NF.
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Let K be an algebraic closure of K. Then for any place P € Pz,
we have deg P = [Fp : K] = 1, since every algebraic extension of
K is K. From the fact and the above theorem, we can obtain the
following corollary.

Corollary 2 Let P € Pp be a place of F/K of degree v and F =
FK the constant field extension of F//K with an fized algebraic clo-
sure K of K. Then

COHF/F<P):P1—|—"'—|—13T

with pairwise distinct places P, € Pg.

3.5 Subrings of Function Fields

In this section, F'/K denotes a function field with constant
field K.

Definition 35 A subring of F'/K is a ring R such that K C R C F,
and R is not a field.

In particular, if R is a subring of F'/K then R # K, F. Here are
two typical examples:

1. R = Op for some P € Pp.
2. R=Klzy,- -, x,], where 21, 2, € F\ K.
Definition 36 For ) # S C Py with S # Pg, let
Os:={z€F|vp(z) >0 forallPe S}

be the intersection of all valuation rings Op with P € S. Any
ring R C F which is of the form R = Qg for some S C Pp with
S #£ 0, Pr is said to be a holomorphy ring of F/K.

We describe some consequences.

Lemma 6 1. Any valuation ring Op is a holomorphy ring, i.e.

Op = Og with S = {P}.
2. Any holomorphy ring Og is a subring of F//K.
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3. For Pe Pr and ) # S C P with S # Pr, we have
OS COp&sPebs.
Consequently, Og = Op < S =T.

For a subring R of F/K, we define the integral closure of R in
F, denoted by icr(R), as

icp(R) :={z € F'| z is integral over R }.

Proposition 10 Let Og be a holomorphy ring of F/K. Then

1. F is the quotient field of Og.

2. Og is integrally closed.
Theorem 18 Let R be a subring of F/K and

S(R) :={PePpr| RCOp }.

Then the following holds:

1. 0 # S(R) C Pp, and S(R) # Pp.

2. icp(R) = Ogry. In particular, icp(R) is an integrally closed
subring of F/K with quotient field F.

Corollary 3 A subring R of F/K with quotient field F is integrally
closed if and only if R is a holomorphy ring.

Proposition 11 Let Og be a holomorphy ring of F//K. Then there
s a 1-1 correspondence between S and the set of maximal ideals of
Og, given by

P Mp:=PNQOg (for PeS).
Moreover, the map

J Os/Mp — Fp=0p/P,
| v+ Mp — r+ P

15 a K-isomorphism.
Therefore, we have [Os/Mp : K| = [Fp : K| = deg P for each
PesS.

Proposition 12 Any holomorphy ring Og is a Dedekind domain.
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3.6 The Hesse-Weil Theorem

Throughout this section, F' denotes a function field of genus
g whose constant field is a finite field ¥, with q elements.

Proposition 13 CY% is a finite group, where C% = D%/ Pr is the
group of divisor classes of degree zero (Definition 20). Its order
h = hp is said to be the class number of F/F,, i.e.

h = hp = ord Cj.
Definition 37 We set
A, ={AeDp| A>0 and deg A=n }|.
Then the power series

Z(t) = Zp(t) = iAnt" e C[[t]]

n=0

is said to be the Zeta function of F//F,.

Definition 38 The polynomial L(t) :== Lg(t) := (1 —t)(1 —qt)Z(t)
is said to be the L-polynomial of F/F,,.

We summarize the properties of L-polynomial, which is impor-
tant when we will study Jacobian group of F'/F,.

Theorem 19 1. L(t) € Z[t] and deg L(t) = 2g.
2. (Functional equation) L(t) = ¢/t L(1/qt).
3. L(1) = h, the class number of F/F,.
4. We set L(t) = ag+ayt + - - - +agyt®. Then the following holds:
(a) ap =1 and azy = ¢f.

(b) asy—i = ¢°"a; for 0 <i<g.

(¢) ay = N —(q—1), where N is the number of places P € Pp
of degree one.
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5. L(t) factors in Clt| in the form

29
L(t) = JJ(1 — ait). (3.1)

i=1
Then the complex numbers aq,---, ey are algebraic integers,
and they can be arranged in such a way that cagy; = q holds

fori=1,---,g.

6. If L,.(t) :== (1—t)(1 —q"t)Z,(t) denotes the L-polynomial of the
constant field extension F, = FFy, then

2g
L(t) = [](1 = o). 32)
i=1
where the «; are given by (3.1).
For a function field F//F, of genus g, we set
N:=N(F)={PePpr|deg P=1} and
N,:=N(F,)={ P€Pp |deg P=11},

where F, = FF is the constant field extension of F'/F, of degree
T.

Corollary 4 For anyr > 1,
29
NT:qT—l—l—Zozf;,
i=1

where o, - -+, any € C are the reciprocals of the roots of L(t).

Theorem 20 (Hasse-Weil) Let vy, - - -, gy € C be the reciprocals
of the roots of L(t). Then

il = ¢'/% fori=1,--,2g.

Corollary 5 Let F/F, be a function field of genus g and h, the
class number of F,, = FF ;. Then we have

(qr/2 . 1)2g S hr S <qr/2 + 1)2g'

34



(Proof of Corollary 5)
Let ay,---,az, € C be the reciprocals of the roots of L(t). Then,
we have L,(t) = [[72,(1 — a/t) from (3.2) , and |a;| = ¢'/? for i =
1,---,2g by Theorem 20. And we have h, = L.(1) = [, |1—a}| (3
of Theorem 19). Therefore, the proof is completed, since |a;| = ¢'/2
implies ¢"/2 —1 < |1 —af| < ¢/?2+1. O

3.7 Affine Varieties

There are many analogy between function fields and affine varieties.
In this section, we summarize some results on affine varieties con-
cerning this thesis.

Let K be a perfect field and K a fixed algebraic closure of K.

Definition 39 Affine n-space (over K ) is the set of n-tuples
A"=A"K)={P= (21, -, 2,) | s € K }.
Similarly, the set of K-rational points in A™ is the set
A"K)=A{P= (21, ,x,) | z; € K }.

Let K[X] = K[X,---,X,] be a polynomial ring in n variables,
and let I C K[X] be an ideal. To each such I, we associate a subset
of A"

Vi={PeA" | f(P)=0forall fel}.

Definition 40 An (affine) algebraic set is any set of the form V.
If V' is an algebraic set, the ideal of V' is given by

I(V)={f e K[X]| f(P)=0 forall PV }.

An algebraic set'V is defined over K if its ideal I1(V') can be generated
by polynomials in K[X]. We denote it by V/K. If V is defined over
K, the set of K-rational points of V' is

V(K) =V NA™K).
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Remark 3 Let V' be an algebraic set. We consider the ideal
IV/IK)={feK[X]| f(P)=0foralPeV }=I1(V)NnK[X].
Then V is defined over K if and only if

I(V)=I1(V/K)K[X].

Definition 41 An affine algebraic set V' is said to be an (affine)
variety if 1(V') is a prime ideal in K[X]. (Note that if V is defined
over K, it is not enough to check that I(V/K) is prime in K[X].)
Let V/K be a variety (i.e., V is a variety defined over K ). Then
the affine coordinate ring, denoted by K[V, is defined by

K[V] = K[X)/I(V/K).

It is an integral domain; and its quotient field, denoted by K(V'),
is said to be the function field of V/K. Similarly K[V] and K(V)
are defined by replacing K with K.

Definition 42 Let V' be a variety. The dimension of V', denoted by
dim V, is the transcendence degree of K (V') over K.

Definition 43 Let V' C A" be a variety, and P € V. And let
fi,-, fm € K[X] be a set of generators for I(V'). Then V is non-
singular (or smooth) at P if the m x n matriz

i R

has rank n—dim V. If V' is nonsingular at every point, then we say
that V' is non-singular (or smooth).

Theorem 21 Let V' be a variety and P € V. Then we define the
ideal Mp of K[V] as

Mp={feK[V]|f(P)=0}.
Notice that Mp is a maximal ideal, since there exists an isomorphism
K[V]/Mp — K,  given by f — f(P).

Moreover, the quotient Mp/M32 is a finite dimensional K -vector
space.
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Proposition 14 Let V' be a variety. A point P € V is non-singular
if and only iof
dimg Mp/M} = dim V.

Theorem 22 Let V' be a variety. Then
P Mp

gives a 1-1 correspondence between the points of V' and the maximal

ideals of K[V].
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Chapter 4

As-curves

In this thesis, we consider the following algebraic function fields:

F/F, is an algebraic function field of one variable over a
finite field F, with a place P of degree one.

In this chapter, we introduce some results on such a function field
[14].

From now on, we suppose that a function field F//F, has a place
P of degree one. And let g denote the genus of F/F,.

Lemma 7 F, is the full constant field of F/F,,.

(Proof of Lemma 7)
Let F, be the field of constants of F//F,. Then we have F, C Op/P
from Theorem 10. Therefore, F, = F, holds, since we have [Op/P :
F]=degP=1 0O

Let Mp denote the set of pole numbers of P (Definition 30). We
suppose that

Mp is generated by t natural numbers A; := (aq, -+, a;),
i.e. Mp = <CL1, T Clt> = CL1ZZO + -+ anZZO,

where Z>( denotes non-negative integers, and that (aq,---,a;) is
represented as a minimum generating system
(ie., ai & (a1, -, ai—1, Qg1 -~ -, a¢) for 1 <i < t).

Now we suppose

ged(ag, char F) = 1. (4.1)
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There exists such an ay, since the fact that the genus ¢ is finite im-
plies ged(ayq, - -+, a;) = 1. Namely, there are exactly g gap numbers
of P, which is equal to #(Z>o \ Mp) (Theorem 16).

Let z; € F, for 1 < ¢ < t, be functions such that (x;)s = a; P.
Then the following result is known:

Lemma 8 [1//
L(coP) =F,[z1, -, ),

where L(coP) == Uy o L(MP) = Ngep,\(p} Og-

(Proof of Lemma 8)

By the definition of x;, we have L(coP) O F,[x1, - -, x,).

In order to prove the inclusion in the reverse direction, it is suf-
ficient to show L(nP) C Fylzy,---,x,] for all n € Zso. And we
can show the claim by induction on n, since we have dimg,_ (L((n +
1)P)/L(nP)) < deg P =1 for each n > 0 (Lemma 4). O

Therefore, for a polynomial ring in ¢ variables F [ X| = F [ Xy, - - -, X4,
a mapping

o - { F,[X] — F 1, 2,] = L(coP)
' f<X17"'7Xt) = f(l’h"',xt),

gives a surjective homomorphism, which implies F,[X|/Ker O =~
L(coP).

Now we define the following ordering on (Zs¢)" so that we will
determine Ker O.

Definition 44 (As-order [14]) For Ay = (a1, --,a;), we define
\I/At : (Zzg)t I ZZU as \IJAt(nl, - -,nt) = ZE:l a;n;.

Then we say o >a, [ for a = (aq,--, ), 8 = (b1, -+, 0) €
(Zso)" if one of the following two conditions holds:

1. qut<a17"'7at) > \IjAt(ﬁ:l?...?ﬁt) , Or

2. qut<a17 o 7at) = \IjAt(ﬁla T '7615)7 ) = 617 e, 0 = ﬁi;ai—i-l <
Bit1 for some i (0 <i <t). Namely, the left-most nonzero en-
try in the vector (cy — By, -+, a4 — ;) 1S negative.

In this thesis, we call the order > A, the A;-order.
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Next, for A; = (ay,- -, a;), we define two sets B(A;) and V(A;)
as follows:

B(A;) := {theleast M € (Z>o)" with respect to A-order
with Ua,(M) =a | a € (a1,---,a1)},
V(Ay) = {L€ (Z) \B(A;) | L=M+N,

Me (Zzg)t \ B(At), Ne (Zzo)t = N:(O, SN 0)}
Then, the following relation holds [14]:
(Z0)" \ B(Ay) = V(A4) + (Zx0)". (4.2)

Now, since Wy, : B(A;) — (a1, - - -, @) is bijective and dimg, (£((n+
1)P)/L(nP)) < deg P =1 for each n > 0 (Lemma 4), the following
lemma holds:

Lemma 9 We set 2™ = [[; )" for m = (my, -+, my) € (Zxo)".
Then

{™ | meB(A)) }
is a Fy-basis of L(coP).

Therefore, for each M € (Zsg)" \ B(A,), there exists a relation
such that

aM + apat + > anz™ =0, (4.3)
NeB(A¢), ¥4, (N)<WP4a, (L)

where L is the unique L € B(A;) satisfying WA, (M) = U4, (L), and
ar, on € Fy with ar, # 0.

Here, for such an relation (4.3) with each M € (Zx¢)" \ B(Ay),
we define

Py o= XM 4 ap X + > an XN, (4.4)
NeB(A),¥a,(N)<U4, (L)

where we denote [[; X[™ by XM for M = (my, -, my) € (Z>o)".
It is obvious that {Fy | M € (Zso)" \ B(Ay)} C Ker ©. (For
fi, - fo € Fy[X], {f1, - fu} denotes the ideal in F,[X] generated

by fi, - fu )
More precisely, we can obtain the following theorem from (4.2):
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Theorem 23 ([14]) With notation as above, we have
Ker © ={Fv | M € V(A,)}.
Remark 4 [1/]

In an algebraic constant field extension F = FF,, where F, de-
notes a fired algebraic closure of F,, there are exactly one place P
lying over P (i.e. P|P) from Corollary 2. And the pole numbers of P
coincides with those of P from Theorem 17. Therefore, for the sur-
jective homomorphism © : F [X] — L(coP), ©: f(Xy,-, X;) —
f(z1,- -+, 2;), we have Ker © = (Ker ©)F,[X] as an ideal of F,[X].
And L(coP) is Dedekind domain, since L(coP) is a holomorphy
ring (Definition 36).

Therefore, the affine algebraic set {Fyy =0 | M € V(A,)}, cor-
responding to Ker O, is a non-singular affine variety. And the co-
ordinate ring is Fylxy, - -, 4.

In this thesis, we call the affine curve {Fy = 0| M € V(A,)}
a "A4-curve” corresponding to (F/F,, P). (By (affine) curves, we
mean (affine) varieties of dimension one. ) In particular, for ¢t = 2

”

and A; = (a,b), the corresponding curve is also said to be a "Cy,
curves” [1] [9].
And it is known [14] that the genus of a A-curve is given by

a1—1

9=#(Z>0 \ Ay) = Z [bi/a1], (4.5)
i=0
where b; := min{b € (as,--,a;) | b=17 (mod ay)} and |b;/a;| :=
max{s € Z | s < b;/a;}. (Note that the value of (4.5) does not
depend on choice of a1 € {ay,---,a:}.)

Remark 5 ([14]) If we define T(A;) as T(A;) := B(A;) N {0} x
(Z>0)'™!, then we have T(A;) = {M(b;)] 0 < i < a; — 1} and
#T(A;) = a1, where b; is the same as in (4.5) and M(b;) € (Zx)"
is the minimal element M € (Z>o)" satisfying Wa,(M) = b; with
respect to A;-order.

Furthermore, the following relation holds:

V(A;) CB(Ay)+{(0,1,---,0), (0,0,1,0,---,0), ---,(0,---,0,1)}.
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Remark 6 [14] Conversely, for a minimum generating system A, =
(ai,---,a¢) with ged(aq,---,a;) = 1 and ged(ay, charFy) = 1, we
construct a polynomial Fyp in t variables satisfying (4.4) for each
M € V(A,;). We suppose that {Fm = 0 | M € V(A;)} is non-
singular as an affine curve and is a Grobner basis of the ideal gen-
erated by {Fm | M € V(Ay)} with respect to the A;-order. Then
{Fm = 0| M € V(A))} is a As-curve with only one point at
infinity, denoted by P.. And the function field is an algebraic
function field of one wvariable over F, with the place Py, of de-
gree one, where we again denote the place corresponding to P by
P... Furthermore, we have (x;)oo = ; P, Mp_ = (a1, -+, as), and
L(coP) = F [z, -+, x4 (the coordinate ring), where we set z; = X;
(mod { Fm | M € V(Ay) }).

Example 2 ((4,5,6)-Curve ) Suppose char F, # 2. Let C/F, be
a curve defined by two equations

Y? = F(X)Z

7 = G(X)
with degy F/(X) =1, degxyG(X) = 3.

If F(X) and G(X) have no square roots and no common roots,
then C/F, has an only one point at infinity, denoted by P, and
C/F, is a (4,5,6)-curve corresponding to (F,(C), P), where F (C)
denotes the function field of C/F,.

Example 3 (C,, curve) Suppose ged(a,b) = 1 and ged(char F,, a) =
1. Then Cy, curve C/F, is given as follows:
C/F, : > i ; XY =0, (4.6)

UV ) W

where a; j € K, a9 # 0, oo # 0. Furthermore, the affine curve is
non-singular.

Therefore, a = 2 (resp. a = 2, b = 3) implies a hyperelliptic
curve (resp. elliptic curve). And a superelliptic curve given in [§],

b
C/F,: Y= ZaiXi ,
i=0
is the special case of Cy, curves.
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Chapter 5

Jacobian Group Arithmetic

on Algebraic Function
Fields

By Jacobian group Jg,(F'), we mean the group of divisor
classes of degree zero C} for a function field F/F, (Defi-
nition 20).

In this chapter, we describe an algorithm for performing Jacobian
group arithmetic on such an algebraic function field F//F, as in
Chapter 4. (P denotes the given place of degree one.) And let C'/F,
be the corresponding A-curve, and F,(C') denotes the function field
of C'/F,. From now on, we often use the notation F,(C') instead of
F/F, to describe more simply, since we have F' = F (C).

At first, we can obtain a unique representative element in each
class of Jacobian group by the following results:

Definition 45 Let DY = {D € Dr | deg D = 0}. If D € DY is
expressed as EE — nP such that E > 0 and P & supp E. Then D is
said to be a semi-reduced divisor.

Lemma 10 ([1, 8]) For each j € Jg (F'), there exists a semi-reduced
divisor D € DY such that j = [D], where we denote the divisor class

which D belongs to by [D].
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Definition 46 If n is minimized in Dy = E —nP with E > 0 and
P & supp E (semi-reduced) and Dy ~ D € DY, then D is said to
be the reduced divisor equivalent to D.

Lemma 11 ([8]) For each D € DY, the reduced divisor Dy = E —
nP ~ D is unique, and we have deg(E) < g, where E > 0 and
P ¢ supp F.

(Proof of Lemma 11)
If D is principal then obviously n =0 and £ = 0. If D is not prin-
cipal, then we have dim D = 0, where we set dim D := dimg £(D).
From Lemma 4, we have

dimp, (L(D+ (n+1)P)/L(D +nP)) < deg P =1 for each n > 0.

Therefore, the values of dim(D + nP) increase with n by 0 or 1.

Let n be the unique minimum positive integer such that dim(D+
nP) =1, and let f be the unique (up to F;) function f € L(D+nP).
Then, we have n < g, since dim(D + gP) = deg(D+gP)+1—g+
dim(W—(D+gP)) = 1+dim(W —(D+gP)) > 1 from the Riemann-
Roch Theorem (Theorem 15), where W denotes a canonical divisor
of F'/F,.

Furthermore, for £ := (f)+D+nP > 0, we have E—nP = D+
(f) ~ D. Since dim(D +nP) =1 and L(D) = L(D’) (isomorphic
as vector space over F), if D ~ D’ then E is unique. O

From deg P = 1 and Ngep,\(py Og = L(0oP) = Fylzy,- -, 2]
and Proposition 11, the Jacobian group Jg,(F') is isomorphic to
the ideal class group of the coordinate ring of the corresponding
A;-curve. We denote it by CU(F,[z1, - - -, x,]).

Here, the isomorphism ® between Jg, (C) and Cl(Fy[z1, -, z,])
is given as follows [1] [8]:

Q:Jp, (C) = ClUFy[1,-- -, x)),
[aerm\ry Q@ — (Xger,\(py nQ) Pl

= [HQEFP\{P}(Q N Fq[mlﬂ T xn])nQ]v (5'1)

where we denote the ideal class which an ideal I of F[zq,-- -, 24
belongs to by [].
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We call the ideals corresponding to reduced and semi-reduced
divisors the reduced and semi-reduced ideals, respectively. Then
each semi-reduced ideal I is expressed by an integral ideal I of
F,[z1, -+, 2. And, for a semi-reduced ideal I, we define the degree
of I by such an n that ®~*(I) = F — nP. Then, from Proposition
11, we have

deg I = dimp (Fylz1,- -, 2] /1). (5.2)

And if [ is a reduced ideal, then we have n < g from Lemma 11.

From now on, we consider the arithmetic on the Jacobian group
as that on the ideal class group of the coordinate ring of the corre-
sponding A;-curve. And we regard the reduced ideal in each ideal
class as the representative element

Here, we introduce a propety of the coordinate rings F,[z1, - - -, 24
of A;-curves:

Theorem 24 ([14]) T(A;) and M(b;) are the same as Remark 5.
Then we have B(A;) = T(Ay) + Zso x {0}1.

Therefore, from Lemma 9, {x7° = 1,27, -+ 2711} is a Fy[z4]-
basis of the coordinate ring F [y, - - x|, where we set v; = M(b;)

Hence, for each v; and a nonzero polynomial fi(z;) € F[z4],

we have —vp(fi(21)27) = a1(deg,, fi(z1)) + ¥a,(7:) = i (mod ay),
where vp(+) denotes the discrete valuation with respect to P.

From now on, we express each element in F[zq,- -] by using
the above F[x1]-basis {270 = 1,27, .- aYa-1}.
Now we consider a representation of an integral ideal of F [y, - - -, 2]

For each integral ideal of F[x1, - - - 2], the F[x1]-basis can be uniquely
expressed by taking the HNF (Definition 5) of the matrix [3;;],
where the F,[z]-basis is given as the matrix (0, -, B4 —1) with
B, = S0t Br(z)az™.  (Note that Fylz;] is a PID and we say
an n X n matrix [3; ;] with 5;; € F,[z1] is in HNF matrix if [, ]
is an upper triangle matrix and f§;; (1 < ¢ < n) are monic and
deg, B3;; < deg, Bi; (1 <i<j<mn).)

Therefore, we express the representative element, i.e. reduced
ideal, in each ideal class of F,[zy,--- ;] by the HNF of the given
F,[z]-basis.
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We notice that F,(C)/F,(z) is separable, since [F,(C) : F,(z1)] =
deg(z1)s = a1 and ged(aq, char F) = 1, and F[z4] is a PID.

Therefore, from Theorems 3, 4, 9 and (5.2), for an integral ideal
I with [§; ;] the HNF matrix, we have

deg(l) => deg, fi; and

Nrp/Fy @) = HI‘” = (Hﬁm), (5.3)

where {0;}; is the set of isomorphisms of F (C) onto a subfield of
an algebraic closure of F,(C') leaving F,(x;) fixed.

Now we consider an algorithm for performing Jacobian group
arithmetic on A;-curves. The main problem is how to compute the
reduced ideal.

Here, we can obtain a reduced ideal by using the following algo-
rithm [1], [8]:

Algorithm 2

Input: Semi-reduced ideal I.

Output: The reduced ideal I' ~ I,

Step 1: Find 0 # f € I such that the pole order —vp(f) is minimal;
Step 2: I' — (f)I~*.

The verification of Algorithm 2 can be checked from the Riemann-
Roch theorem: The method of the proof is the same as that in
Lemma 11. Namely, we substitute D = —®~!(I) (see (5.1)) to the
proof of Lemma 11.

Therefore, we can describe the Jacobian group arithmetic on A;-
curves as follows:

Algorithm 3 (Jacobian group arithmetic on A;-curves )
Input: Reduced ideals I, Iy in F,[zy,- -,z (HNF).
Output: The reduced ideal I3 ~ 1115 (HNF).

Step 1: D « the HNF of I,15;
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Step 2: J < a semi-reduced ideal such that D™ = é, where (e)
is a principal ideal generated by e € ¥ [x1] (then, J ~ D');

Step 3: [ <« a minimal nonzero element of J with respect to —vp(-);

Step 4: Iy — the HNF of (f)J~! = 2.

In order to realize Algorithm 3, we should fix the following pro-
cedures:

1. how to compute the inverse ideal I~! for a given ideal I (Step
2); and

2. how to compute the minimal element of an ideal with respect
to —vp(-) (Step 3).
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Chapter 6

Realization of Jacobian
Group Arithmetic

In this chapter, we propose a method (Algorithm 3) for performing
Jacobian group arithmetic on algebraic function fields, i.e. ideal
class group of the coordinate ring of the corresponding A;-curves.

6.1 Computing Inverse Ideal

The idea is based on algebraic number theory [4]:

Let L be a number field, and Zj the ring of integers of L, and
n = [L: Q]. We first fix a Z-basis (w;)1<i<n of Zy. For a square
matrix M, let M* denote the transposed matrix of M.

Definition 47 The different of L is defined as
D(L):={x € L | Try q(xZ;) CZ} ', (6.1)
which is an integral ideal of Zy,.
Then, the following proposition follows ([4], pp. 203):

Proposition 15 Let (w;)i<i<n be a Z-basis of Z; and I an ideal
of Zy, given by a matriz M whose columns give the coordinates of a
Z-basis (vi)1<i<n of I on the chosen Z-basis (w;)1<i<n. Let T = (t; ;)
be the n x n matriz such that t; ; = Trp q(wiw;). Then, the columns
of the matriz (M*T)™" form a Z-basis of the ideal (IT(L))™!.
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Therefore, given an ideal I of Zp, the ideal product IT(L)™! can be
computed by taking the HNF of the n x n? matrix obtained from
M and T7!. If N denotes the HNF, then (N*T)~! forms a Z-basis
of (IT(L)™")7'T'(L)~! = I"! from Proposition 15.

Now we go back to the case of A;-curves. We consider Theorem
18. If we replace R with F[z], then we have S(F,[z1]) = Pp\ {P}.
Therefore, the integral closure of F,[x1] in Fy(C) is Ngep o\ py Oq =
L(coP) = F,[x1,---x¢] and the integral basis is {7 }o<i<4,—1, and
F,[z1] is a PID. As a result, we can extend the above method for
number fields in a natural manner:

Algorithm 4 (Computation of inverse ideals for A;-curves)

Input: Semi-reduced ideal I of Fy[xy, - - - x| with [Bilo<i<a;—1 @ Fylx1]-
basis of I (HNF), where we express ; = Yo<j<a1 ﬁj(-z)(xl)aﬂj
by B; = [ﬁéi) (1), -, L(l?_l(a:l)]t (a transposed matriz).

Output: The inverse ideal 17".

Step 1: N < the HNF of the ideal product of two ideals generated
by column vectors of [Bilo<i<a,—1 and by those of dT";

Step 2: h < such an element in F,[x1] that h(N*)™' is a matriz
with F [z1]-coefficients;
S — dh(N'T)™' = (dTY)(h(N*)™1);
k — GCD(GCD(S), h);
h

IThe— (Wee) (ITh=W(e)™),

where T = [ti,j]OSi,jgm—l is giVGIl by tiJ = TI‘Fq(C)/Fq(Il)(Z‘%I’Yj) and
d is such an element in F,[z1] that d7~! is a matrix with F[z;]-
coefficients, and for a matrix A and f, g € F,[z1], GCD(A) and
GCD(f,g) denote the GCD of all the elements in A and that of f
and g, respectively.

Therefore, we can compute inverse ideals if we obtain the ma-
trix T = [ti,j]OSi,jgm—l = [TrFq(C)/Fq(:q)(m%x,Yj)]Ogi,jgal—l- And it is
enough to compute the values of Trg_(c)/F, () (2™) for 0 < k < ay —
1. In fact, if we express 27z as 272V = Ygcpca, 1 gl (1) 2
for some ¢\ (z1)’s, then we have
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T, (©)/Fy (@) (277277) N
= Trr,)/Fy1) (Zockcar 1 g (@y)z )

= Y o<k<ai—-1 gl(cm)(wl)TrFq(C)/Fq(m)(x%)'
Now, we describe two methods for computing Trg, o)/, (1) (27)
0<k<a —1).

6.1.1 The First Method

The first idea is based on Definition 8. Namely, for each k, we
compute the a; X a; matrix A(27) = (a; ;) with F[z1]-coefficients
such that

k[0 M T = [0 g™ e T A7),

Then we have Trg_(c)/F, (@) (®") = X a;;, which is obtained by a;; =

(k,i) ; (k,i)
g; " (x1), where we express £ 2% = Y ocjco, 19, (T1)27

6.1.2 The Second Method

The second idea is based on Theorem 6. Namely, we can obtain
TrE, (¢)/Fy (1) (27 ) if we compute the minimal polynomial of 7% over
Fq<$1).

For C,, curves C/F, (the case of t = 2)

Z aiyj:c"yj =0,

0<i<b,0<j<a,ai+bj<ab

the integral basis is {y’}o<i<s—1. Then we can compute the values
of Trp,(c)/F, @) (y") as follows [9], where Fo(C) denotes the function
field:

L. Trg,(c)/F,(2)(y) can be obtained if the minimal polynomial of y
over F,(z) is given, which coincides with the definition equa-
tion;

2. Trp,(c)/F,(=)(y") can be computed by using the minimal poly-
nomial of y over F (x) and the Newton formula ([4], pp. 161).

Remark 7 Especially, for the so-called superelliptic curve C/F,
y* = f(z)
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with deg, f(x) = b, ged(a, b) = ged(a, charF,) = 1 and ged(f(x), f'(x)) =
1, where f'(z) denotes the formal derivation of f(x), matrices T and
dT=1 are given as follows:

a 0 o -~ 0 f(z)y 00 --- 0
0 0 0 - af(x) 0 00 --- 1
T=1|: : oA = s :
0 0 af(z) --- 0 0 01 -0
0 af(z) 0 -+ 0 0 10 -0

Then it turns out that the ideal generated by column vectors of dT—*
is the principal ideal (y), which gives more efficient method than the
case of As-curves (see Table 7.1 and Table 8.1). Furthermore, the
degree of x1 in the inverse ideal obtained by this method is smaller
than that by obtained by Galbraith et. al’ method [8], i.e. the method
of computing conjugate ideals. This is the main reason why this pro-
posed method is more efficient than their one.

However, unlike Cy;, curves, we cannot apply the method to A;-
curves, since A;-curve may have more than one definition equation.

Now, we propose a method of computing the minimal polyno-
mial of each 27 over F,(z1), which leads to the computation of
Tre, 0)/r, @) (7).

At first, for extension degrees of 7 over F,(z1), we prove the
following proposition.

Proposition 16 For 1 <i <a; — 1, we have

) a
[Fq(zr,27) : Fy(x1)] = 717
where [ := ng(Z> al) = ng(\IjAt (72)a CLl) :

(Proof of Proposition 16)

It is sufficient to show [F(C) : F,(z1,27)] = [, since we have a; =
deg(z1)o0 = [Fg(C) : Fy(x1)] = [Fo(C) : Fy(ar, 27)][Fy(21,27) -
F,(z1)], where (z1)o is the pole divisor of z;.

Now, since Wa, (i) = deg(27)o = [Fy(C) : Fy(27)] = [F,(C) :
F,(z1,27)|[Fy(x1,27) : Fy(27%)] holds, we have [Fy(C) : F,(z1, 27)]
divides ged(aq, Wa, (i) = ged(aq, i) = 1.

Therefore, the proposition holds for [ = 1.
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We consider the case of [ > 1 (, then ¢ # 1 holds).

Now we suppose that m = [F,(C) : Fy(x1,27)] < [, and that
the minimal polynomial G(z1,2%,27) = 0 of 2" € F,(C) over
F,(z1,27) is expressed by

G(xy, 27, 27)

= > filwy,2) (™) (6.2)
0<j<m, fj(x1,27)#0
for some f;(z1,27) € Fylxy, 27].
Then we have

—vp(fj(ay,27)(2")) =5 (mod ), (6.3)
since —vp(2™) =1 (mod!) and —vp(f;(x1,27)) can be divided

by [. However, for 0 < j < m < [, each value of (6.3) is different
(mod 1), so that

—UP(G<I17 x’Yi7 x'Yl))

= MaX;f,(z; )01 —0p(fj (21, 27) (7))}
< oo,

This contradicts vp(0) = co. Therefore we conclude
[Fy(C) : Fo(z,27)] =1. O

From Proposition 16, we can compute Trg, (c)/F,(21)(2"")
as follows:

Stage 1 if i = 0 then TrFq(C)/Fq(azl)(x%) — aq;

otherwise, A « % with [ = ged(i, a,);

Stage 2 the computation of (f/(z;)) with

1 fo@) o foi(@) 1
7 fola) o faa(@) "
(7)) 0 M) oo fahi(a) rle=?
(z7)A fo(m) o £ i) et
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Stage 3 the computation of the minimal polynomial
Dy, 27) = (1) + Soyerns Dy () (1) with

| D(z1,27) (0 --- 0 0

by performing elementary operations on rows from
1 folzy) - f%—1(501)
" fo() - foa(@)

(@) o @) - f ()

(@) | folz) oo fai(a)

Stage 4 Try, (c)/F, (@) (27) — —1(D{),(21)).

6.2 Computing Minimal Element

We can obtain a minimal element with respect to —vp(-) by mod-
ifying Paulus’s lattice basis reduction algorithm [15] in a natural
manner:

We embed F[zy, - -, 2] into Fy[z]* with

¢ Fq[.iﬁl, U 7331?] - (Fq[ml])alv

Z ci(z1)x" — [eo(w), - '7Ca1—1(351)]ta
0<i<ar—1
and define a metric of C' = [co(x1), "+, Cay—1(x1)]" € (Fyz1])™ as

|C| := max;|C|;, where |C|; := deg, (ci(x1)) + Z—l The reason why
we consider such a metric is that the relation a; x —vp(z7) =
—vp(x1) X b; implies —vp(z") = —vp(x1) X 2—;

For an integral ideal I of F [z, -, 2], let {fo, -+, fas—1} be a
F,[z1]-basis of I. Then, ¢([) is a lattice generated by {¢(f;)}; over

F,[z1], so that minimization over f € I with respect to —vp(f) is
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equivalent to minimization over u € ¢(I) with respect to |u|, since
we have —vp(f) = a1|o(f)| for f € I. (By lattice L C (Fy[x1])™,
we mean F [z1]-module of rank a; over F,[z].)

We define a value O D, called the orthogonality defect, to compute
a minimal element of a given lattice.

Definition 48 ([15]) The basis {fo, -, fa,—1} for a lattice L is
said to be the reduced basis if OD(fo,- -, fa,—1) = 0, where

D(fO?"'afal 1 = Z’fz degxl (L))

and d(L) := det[fs,---, fa _i] with

by bal—l

fro=fim), film)ar, o fi o (@)ay ) for fi = S0 fia)as)

It is easy to see that OD(fo, -+, fa,—1) > 0 by the definition of
OD.

In the case of A;-curves, the fact of b; = ¢ (mod a;) implies
that there exists a unique [ such that | f| = |f|; for a nonzero vector
[ = 1for fa1]" € (Fy[z1])™. In other words, there exists a
unique [ such that —vp(f) = —vp(fi(z1)2™") for a nonzero element
f = Sust )

Therefore, for a F[x;]-basis { fo, - - -, fa,—1} of a lattice L, it turns
out that

D<f07 o '7fa1—1) =0
Sl =1fI¢Z0<i<j<a—1) (6.4)
We can obtain the following result from (6.4):

Proposition 17 Let {fo, -, fa,—1} be the reduced basis for a lat-
tice L. Then f € {fo, -+, fay—1} such that |f| = min{|fi|} is the

minimal nonzero element in L with respect to | - |.

(Proof of Proposition 17)
For each nonzero element h € L, (6.4) implies that there exists some
fi such that |h| > |fi|. Therefore we have |h| > |f;| > min{|f;|} =

f]- O

Hence, we can find the reduced basis (i.e. the minimal element)
by performing elementary operations on columns until the condition
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(6.4) is satisfied, which is the same method as the case of Cy, curves
[9]:

If |fi|l —|f;| € Z, there exists a unique [ such that |f;| = |fili,
\fil = |fjli. Now we suppose |fi|; > |f;|;. Then we perform an
elementary operation on columns by computing f; «— f; — ra{ f;,
with 7 = ¢;;/cj1, o = deg,, fii(x1) — deg,, f;:(x1), where ¢;; and ¢;;
are the leading coefficients of f;;(z1) and f;;(x;), respectively.

And we can evaluate the complexity as follows:

(Note that we evaluate time complexity based on the fact that mul-
tiplying two elements of bit-length N takes O(N?) bit-operations.

)

Theorem 25 For a basis {fo, -, fa,—1} of a lattice L, the reduced
basis is computed in O(ay(ais 4+ maxy{b,})?log? q) bit-operations, if
the degree of x1 in f; j is bounded by s, where we set f; = [fio,*, fia-1]"
with f; = 355, 1fm(x1)x71

(Proof of Theorem 25)
ho

1
Let h = . be an intermediate column vector obtained by

hal—l
performing an elementary operation on columns. Since OD (see
Definition 48) strictly decreases after the operation, there exists f;
such that |h| < |f;|. Then we have

ar x deg, h; +b; < a5+ max;{b}
deg, h; < s—l—max#{b’“} 0<j<a;—1).

Therefore, the complexity of performmg} each elementary opera-
tion on columns is Ofay x {s + 2xxlbell » 1092 ¢) = O((ays +
maxy{b; }) log? q).
Since the number of iterations is bounded by

a1 X OD(fo, fa—1) < a1 x 95 (s + maxk{Z—’;}) = ai(a1s +
maxy{by}), the reduced basis is computed in

O(ay(ays + max{b}) x (a1s + max;{by}) log® q)

O(ay(a1s + max{b,})?log®q). O
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Chapter 7

Complexity

In Chapter 6, we have seen that Algorithm 3 is practical for A;-
curves.

In this chapter, we evaluate the complexity. We assume that
the usual multiplication method is used, so that multiplying two
elements of bit-length N takes O(N?) bit-operations.

7.1 Inverse ideal

In this section, we consider the matrices 7" and d7~! that we require
to compute inverse ideals.
Proposition 18 Let T' = [t; ;] with t;; = Trg, (0)/F, @) (2" 27). If
tij 7é 0, then
b; + b;

ai

deg,, (ti;) <

and the degree of z1 in each element in dT ' is bounded by 2g-+a;—1.
Therefore, the degree of the ideal generated by column vectors of
dT~1 is bounded by 2a1g + a? — ay. (Note that the degree of xy in
the product of diagonal elements of an HNF' is at most a; times as
that of element of the original matrizx.)

(Proof of Proposition 18)
We set 2727 = 3 gcpca 1 9\ (1) . Then, we have

a1

deg, g5 (21) (7.1)
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from —vp(z¥aV) = maxkg(i,j)io{—vp(g,(:’j)(xl)aﬂk)}. Since each
Ik,
2% € Fylxy,-- -, 2 is integral over F [x,], we can denote the mini-
mal polynomial of 27 over F,(z1) by
D(wy,a™) = (27)* + Socjen 1 DI (1) (274,
where A := 9L, [ := gcd(bg, ay) (Proposition 16).
Then, Trg, (), () (@) = =D, () holds. And if DS, (1) # 0,
we have ;
deg,, DY, (1) < =, (7.2)
1
since the fact of (z7%)7 # (z7)7 (mod a;) (0 < j < j' < a; — 1)
implies that —vp((27)*) > —vp(D, (1) (27 )*1).
From (7.1), (7.2),

Yi Y5
degmlTlfﬂqb<c>qu<x1b>($ ™)
7 ] — Yk
max{~—2—* + &}
bi+b;
ar

Next, from the definition of the determinant of a matrix T,

det T := Z(po,-",pal—l) Sgn(Po, e 7pa1—1)t0,p0 T tal—l,pal_u
where (po, - -+, Pa,—1) runs over the set of permutations of

{0,"',@1—1},

deg, (det T') ) )
bo+bp, ay —1+bp,, 4
S maX(POu"'upalfl){ al + e + al }
{b0+"'+ba171 + bpg+Abp, 4 }

al al
= 2x(g+3(a 1))
= 29 +ay — 1a
and this method gives the fact of deg, (det 7") < 2g+a; —1 for

each cofactor matrix 7" of T' (note that we have ZOSiSal—l(%) —g=

Z(i’—l — LS—IJ) =y L= %(al — 1), since we have g = Y% |b;/a, |

(4.5) and b; =9 (mlod ai) ), so is the degree of z; in each element
of (detT)T~* from Cramer’s formula. O

7.2 Complexity

In this thesis, the evaluation of complexity is based on the following
results:
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Lemma 12 [16] Let A, B be two polynomials in one variable over
a field, where we suppose deg A > deg B > 1. Let S = ged(A, B) =
XA+Y B with polynomials X, Y computed by the extended Euclid-
wan algorithm.

1. The number of operations on the base field to compute S is
bounded by

(degA + 1)(degB + 1) — degS — (degS)>.

2. The number of operations on the base field to compute X resp.
Y is bounded by

(degB — degS)(degB — degS — 1)

resp. by
(degA — degS)(degA — degS — 1).

Lemma 13 Let M be an m X n matriz whose elements are polyno-
mials of x over a finite field ¥,. We suppose that rank(M) = m,
and that the degree of x in each element of M and the determinant
of M are bounded by s and t, respectively, where det(M) denotes
the product of diagonal elements of the HNF of M. Then

1-1. if the determinant of M is known, then the HNF of M is ob-
tained in O(m*nt?log® q);

1-2. if n = m and t < q, then the HNF of M is obtained in
O(max{m?st, m*t*}log®q);

2. if n = m and M is given in the HNF, then det(M)M™" is ob-
tained in O(m3t? log® q) (by applying the Gaussian elimination)
and the degree of x in each element of det(M)M™' is bounded
by t.

and if the degrees of x in two polynomials f, g are bounded by s,

3. the GCD of f and g is obtained in O(s*log®q).

(Proof of Lemma 13)
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1-1, 3. Clear. (See [4] or Algorithm 1 for 1-1 and Lemma 12 for
3.)

1-2. We consider the same method as in [9]:

Step 1: set W C F, of cardinarity t+ 1 (such W exists by the
assumption ¢t < q);

Step 2: compute D mod f,(x) (o € W), where we define D :=
det M and f,(z) :== x—a (then F [z]/(fo(z)) = F, holds);
Step 3: compute D = D mod[[aew fo(z) by using Chinese
remainder theorem (CRT) (note that this method gives

the correct value,
since deg,(det M) <t < deg,([Taew fa(¥)));

Step 4: compute the HNF of M modulus D (Algorithm 1).

For Step 2, we obtain M mod f,(z) after m? divisions be-
tween two polynomials whose degrees are s and 1, which takes
O(m?slog® q). From F,[7]/(fa(z)) = F,, D mod f,(z) is ob-
tained in O(m?log®q) [4]. Therefore, Step 2 takes

O(#W x max{m?s,m®} log? q) = O(max{m?st, m3t} log’ q).
For Step 3, we compute D = D mod [Taew fo(Z) = X4 9o D mod
fCV(I))? where Ja = Saha with hy = (Ha’eW fo/)/fa and Tozfoz +
Sahe = 1. The multiplication [I,cy fa is done in O((Zﬂr/)i :
1)log” ) = O(t*log? ).

For each a € W, the division between [[,cw fo and f, is done
in O(tlog?q), since the degrees of z in the two polynomials
are t + 1 and 1, respectively. s, is computed in O(1 - log? q)
from Lemma 12, and we have s, € F,. And the multiplication
Jo = Sahe is done in O(tlog? q), since the degree of x in Ay is
t. Final computation D = ", go(D mod f,(x)) takes #(W) x
O(t - 1-log® q) = O(t*log® q), since the degrees of x in h, is t
and D mod f,(z) € F,. Therefore, Step 3 takes O(tlog” q).
For Step 4, since deg,D < t, the complexity is O(m>t?log” q)
[4].

Therefore, the HNF of M is obtained in
O(max{m?st,m3t,t*} log” q) = O(max{m?st, m>t} log® q),
since t < ms holds.
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2. Let
fl,l(w) f1,2(33) flm(l”)

0 foalz) -+ fom(2)

M = be an HNF matrix with

0 0 o frm(
deg, (det M) = deg, I1 fii(z) é tagl@% deg,(fii(x)) > deg,(fi;(z))
(1<i<j<m).
I I I
Let | : | be a unit matrix and | : | :=detM | :
I, I, I,
X1
Then, from the Gaussian elimination, we can compute : =
Xm
I | Xy
(detM)M~! with | : : by performing elementary oper-
I, | X,
ations on rows from

fl,l<x> f1,2(95) fl,m(l‘) I
0 foalz) - fom() | I

0 0 o fmm(2) | 1,
Here, we can compute X} as follows:

X = ]:n/fm,m(x);
Xe=— > fei@X;)/frn(z) (1<K <m).

k+1<j<m

Furthermore, it turns out that the degree of each element in
Xk, It,, and M is bounded by ¢, since we have deg,(f;:(x)) >
deg,(fi;(z)) (1 < i < j < m). Therefore, (det M)M™" is
obtained in O(X;<i<p (i x mt?)log® q) = O(m3t?log?q). O

From the above results, we estimate the complexity of the pro-
posed method for performing Jacobian group arithmetic as follows:

Theorem 26 For A;-curves of genus g defined over a finite field F,,
we suppose g < q. Then, the Jacobian group arithmetic (Algorithm
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3) is performed in
O(max{afg?, aj}log®q)
bit-operations.

Remark 8 We set 2727 = Y gcpca, 1 g (@))a™ and T = [t;)
with t; ; = Tre, () /%, (@) (277 277) for a fived F [x1]-basis {x7°, - - -, 271},
In this thesis, we do not estimate the complexity of computations of
9\ (21) and (det T)T~ (and the HNF), since the values can be
determined by only the definition equation.

At first, we estimate the complexity of multiplication on the co-
ordinate ring Fy[xy, - - -, 2] as follows:

Lemma 14 With notation above, let h = Y_; hi(xy)x", k' =Y, hj(xy)z™
be two elements in Fy[xy, - - -, x;] with deg, hi(x1) <t and deg, hi(z1) <
t'. Then the multiplication of h and h' takes
O(max{a?tt’, a?(a; + g)(t +t')}log’ q).

(Proof of Lemma 14)
We set 2727 = 3 gcpea, 1 g,i 9 (1), then we have

degzlgk D) < % from (7.1). Therefore, the multiplication
takes

O(ZO<1 J<ai— 1(tt/ (t + t/)(z 0<k<a;—1 HT)) IOg Q)
= O(ZO<1]<a1 [t + (t +t')(b; + b — (%a —3+9)) log? q)
= O(aftt’ + ai(t + t') (501 — %+g))1 g q)
— Olmax{att’, a2(ay + g)(t + )} log q),
where we notice Y g<;<q, 1(2—) —g= i = 1(ay — 1) (pp. 57).

(Proof of Theorem 26)
Let (n;) and (7)) be the HNF representations of two reduced ideals
I, and I, , respectively.

Step 1 (O(max{alg? alg}log®q)): The assumption that the de-
gree of x1 in each element in HNF expressing the input ideal is
O(g) implies that af pairs of (1;7);) are obtained in
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O(max{alg?® alg}log?q) by using Lemma 14 with t = ¢/ =
O(g)-

Using 1-1 with m = a1, n = af, and t = O(g), the HNF J
of the a; x a? matrix is obtained in O(alg?log®q). Note that
deg(J) = deg(I;) + deg(ly) = O(yg) and the determinant of D,
i.e. the norm of D, is equal to the product of those of I; and
I, (5.3).

Step 2 (O(max{a%q¢? a$}log®q)): We consider Algorithm 4.

For Step 1, the degrees of x; in d7~! and the HNF of d7T~!
are O(max{g, a;}) and O(max{a;g, a?}), respectively from
Proposition 18.

On the other hand, by assumption the degree of x; in each
element in the HNF expressing the input ideal of Algorithm 4 is
O(g), i.e. deg, (6;) = O(g). Since there are af pairs of (3;0;);;,
they are obtained in O(max{a}g?, a7} log?q) by using Lemma
14 with t = O(g) and ¢ = O(max{a1g, a}}), where (4;); is
the ideal generated by column vectors of d7'~!. Using 1-1 with
m = ay, n = a?, and t = O(max{a.g, a3}), the HNF N of the
a; x a? matrix is obtained in O(max{afq¢?, a$}log®q). And the
degrees of x; of each element in matrix N is O(max{a;g, a3})
(note that the degree of x; in each element of an HNF is at
most a; times as that of the original matrix).

For Step 2, if we apply the Gaussian elimination, h(N')™! is
computed in O(max{alg?, al}log?q) (use 2 with m = a; and
t = O(max{a;g, a?}). Since the degree of z; of each element
in matrices d77! (resp. h(N')™!) is O(max{g, a;})

(resp. O(max{a;g, a}})), the matrix S is obtained in
O(max{aig®, af}log®q).

And the degree of x; in each element of S is O(max{a;g, a?}).
Since the GCD of two polynomials of degree O(max{ag, a3})
is computed in O(max{a?¢?, al}log’q)

(use 3 with s = O(max{ag, a?}), GCD(GCD(S), h) is com-
puted in O(max{atg?, a$}log®q).

Since a? divisions between polynomials of degree O(max{ag, a?})
are done (recall that the degree of x; in each element of S is
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O(max{a;g, a2}), so is the degree of z; in k), W is obtained
in O(max{aig?, a$}log®q).
Hence, Step 2 takes O(max{aS¢?, a$}log®q).
Therefore, Algorithm 4 takes O(max{a$g?, a$}log”q).
Step 3 (O(max{a3g? al}log*q)): Step 3 takes
O(max{alg?, al}log®q) by using Theorem 25 with
s = O(max{a;g, a?}) (recall that the degree of x; in each
element of W is O(max{ag, a}}).

Step 4 (O(max{alg? a$}log?q)): For J := (3); in Step 1 and
a minimal element f in W, we have o< <,, deg,, (8i(z1)) =
O(g) and deg,, (fy(21)) = Omax{arg, @} for f = 5, fy ()
and 3; = X5; B (w1) 2.

Hence, ideal product (f)J = (f;); is computed in

O(max{alg?, a%}log®q) by using Lemma 14 with t = O(g) and
t' = O(max{ayg, a3}).
Since deg, e = O(max{a1g, ai}) and af divisions between

polynomials of degree O(max{a;g, a?}) are done, (f)J/(e) is
obtained in O(max{aflg, a$}).

Therefore, the HNF I3 of (f).J/(e) is obtained in
O(max{alg?, alg}log®q) by using 1-2 with m = a; and s =
O(max{ag, a?}), t=g. O

From Theorem 26, we can conclude this thesis as follows: for all
algebraic function fields of one variable defined over a finite field
with at least one place of degree one (A;-curves), where we set
A, = (a1, -,a), the Jaccobian group arithmetic is performed in
O(g?log® q) bit-operations if a; is fixed. And the complexity is the
square order of the size of the input, which is the same as hyperel-
liptic curve case. (Note that the input size is the logarithm of the
order of the Jacobian group, and the order is O(¢?) from Corollary
5.)
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Table 7.1: Complexity of Jacobian Group Arithmetic

Proposed method
A,-curves superelliptic
Step 1
(ideal product) | O(max{alg?, a3g}log®q) O(a'g?log” q)
Step 2
(inverse ideal) O(max{a$¢?, a$}log”q) O(a'g?log” q)
Step 3
(minimal element) | O(max{a®¢?, a7} log®q) O(a*g?log” q)
(substitute s = O(g)
to Theorem 25)
Step 4
(ideal product) | O(max{alg?, a$}log®q) O(a*g?log® q)
whole process
O(max{aly®, af}log®q) O(a*g*log” q)
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Appendix

We list several implementational results (Table 8.1) of this proposed
method for A;-curves and superelliptic curves of an actual scale used
in algebraic curve cryptography, i.e. glogq > 160.

The CPU is intel pentium IIT 850MHz, using LiDIA.

Table 7.2: Multiplication by 2160

A, genus average time (sec)
(ay,---) A,-curves | superelliptic
(2,7) 3 2.35 0.52
2,9) | 4 2.18 0.60
2.13) | 6 3.04 0.47
(2,19) | 9 115 0.76
(3,4) 3 11.21 1.83
(3,5) 4 12.18 1.89
3.7) | 6 10.43 1.62
3.8) | 7 13.35 1.91
(3,10) | 9 12.82 3.22
@3) | 3 19.12 3.78
(4,5) 6 25.06 3.85
&7 | 9 14.64 844
[(4,5.6)] 4 | 2344
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