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Abstract

In this thesis we describe explicit ways to construct algebraic curves over number
fields such that their jacobians admit a certain rational torsion structure. Using
these constructions, we give new examples of many different torsion orders over the
rational numbers and over some number fields of small degree.

While so far only examples of hyperelliptic curves with a torsion point of large
order on the jacobian are known, we develop methods that can be applied to a
larger class of algebraic curves. With these methods we are able to give series of
algebraic curves with a torsion point of an order which is linear and quadratic in
the genus.

Furthermore, we examine possible orders IV of torsion points in a certain family

of hyperelliptic curves with real multiplication in the jacobian for some small N.

Zusammenfassung

In dieser Dissertation beschreiben wir explizite Methoden zur Konstruktion
algebraischer Kurven iiber Zahlkorpern, so dass deren Jacobischen eine vorgegebene
rationale Torsionsuntergruppe besitzen. Mit diesen Methoden berechnen wir neue
Beispiele von Kurven mit einem rationalen Punkt gegebener Ordnung, sowohl iiber
den rationalen Zahlen als auch iiber Zahlkoérpern kleinen Grades.

Wahrend bisher nur Beispiele von hyperelliptischen Kurven mit einem Torsions-
punkt grofser Ordnung auf der Jacobischen bekannt waren, entwickel wir Methoden,
welche sich in einer gréferen Klasse algebraischer Kurven anwenden lassen. Mit
diesen Methoden konstruieren wir Serien algebraischer Kurven mit Torsionspunkten,
deren Ordnung linear und quadratisch im Geschlecht der Kurven sind.

Desweiteren untersuchen wir auftretende Ordnungen von Torsionspunkten in

einer Familie von hyperelliptischen Kurven mit reeller Multiplikation.
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Introduction

The goal of this thesis is to construct explicit examples of algebraic curves admitting a
rational point of prescribed order N on their jacobians. In the case of elliptic curves over
the rational numbers for all orders IV, such that an elliptic curve with a QQ-rational point
of order N exists, a parametrized family is known. Furthermore, all possibly occurring
N are known [Maz77|. In contrast, for hyperelliptic curves and curves in general of genus
greater than one, not much about the torsion subgroup is known.

By a well-known theorem of MORDELL and WEIL, the group of rational points of an
abelian variety A over a number field K is finitely generated. Thus there exists a finite
group Asors(K), called the K-rational torsion subgroup, and an integer r > 0, called the
rank of A(K), such that A(K) = Auprs(K) x Z". While in some cases a lot is known
about the torsion subgroup, about the rank even in the case of elliptic curves little is
known. Even in the case where the dimension of A is one, there exist lots of famous
conjectures concerning the rank. For an explicitly given elliptic curve it is not always
possible to determine the rank of this curve.

In this thesis we consider the torsion part of the rational points on an abelian variety.
There are lots of interesting open problems concerning the rational torsion subgroup of

an abelian variety.

Problem. Let A be an abelian variety defined over a field K. Is it possible to determine
Ators(K) ¢

Obviously for a finite field K the answer to this question is equivalent to the existence
of a point-counting algorithm. For some classes of abelian varieties, for example jacobians
of hyperelliptic curves of small genus, there are fast algorithms like the SEA Algorithm
[Sch95]. In general, for K = Q there are no known algorithms. For general abelian
varieties, we can use the fact that for an odd prime of good reduction there exists an
injection of the torsion subgroup into the group of F,-rational points on the reduced
jacobian variety over F,. But this does not always yield sharp bounds on the order of

the torsion subgroup.

Problem. Given positive integers N and g, is it possible to find an abelian variety A g
of dimension g such that
N|#Ators(K)?
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This problem is central in this thesis. First, we consider the case of jacobians of
hyperelliptic and elliptic curves. There are already a lot of positive answers given. For
elliptic curves defined over QQ the set of possible integers IV that occur as torsion orders
is determined by MAZUR and for every possible N a one-parameter family with a torsion
point of order N is constructed by OGG.

For higher dimensional abelian varieties over @Q not much is known. We start with
the two-dimensional case, that is, jacobians of hyperelliptic curves of genus two. For
all primes up to N = 29 there is at least one hyperelliptic curve of genus two known
which has a rational divisor of order N. The example curve for N = 29 was found by
LEPREVOST and is so far the largest prime number such that there exists an example.
The technique of LEPREVOST uses certain relations among divisors on a family of
hyperelliptic curves. This technique is described in detail in Section 3.4. We use this

technique and variants of it to obtain the following results.

Result. We construct a new example of a hyperelliptic curve of genus two with
1. a rational point of order 39 over Q,
2. a rational 31-torsion point over a degree three number field,
3. a rational 37-torsion point over a degree two number field.

These curves are non-isomorphic to the known examples.

Furthermore, we are able to find hyperelliptic curves of genus two with a rational
point of order N = 29 and N = 40 with a newly developed variation of the technique
by FLYNN and LEPREVOST. These examples lie in the same isomorphism classes as the
known examples.

By a straightforward approach, which is based on finding elements in the function
field of a hyperelliptic curve defined over Q such that their norm is a N** power, we
construct a one-dimensional family of curves with a rational five-torsion point on the
jacobian and an example of a curve with a rational seven-torsion point.

In order to approach the stated problem, we make use of HENSEL’s Lemma to get the

following results.

Result. Given a prime p, we construct a polynomials Fy, F» € Q[X] with the following
property. Leti € {1,2}. If F} is separable, then the jacobian of the curve C; : Y? = F;(X)

has a Q-rational point of order p.

While already LEPREVOST used HENSEL’s Lemma to construct a single example, the

construction of a series of curves with prime torsion is new. Additionally, for N = 17

8 MAX KRONBERG
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we get an example of a hyperelliptic curve of genus two defined over a number field of
degree seven.

In the case of elliptic curves we illustrate the lifting technique by constructing a
one-dimensional family of elliptic curves with a Q-rational seven-torsion point.

We see in this thesis that the task of constructing jacobian varieties with a torsion point
of certain order is closely related to solutions of norm equations in the function field of the
associated curve. If we consider PELL’s equation as a norm equation, such solutions can
by found in some cases by the Continued Fraction Algorithm or the VORONOI Algorithm.
The known results for hyperelliptic curves with a torsion divisor of order quadratic in
the genus, for example by FLYNN, LEPREVOST and VAN DER POORTEN, all rely in some
sense on the periodicity of a certain continued fraction expansion. For non-hyperelliptic
curves defined over Q such an approach is new. We relate the correctness and periodicity
of the VORONOI Algorithm to the finiteness of the order of a special divisor and obtain

the following result.

Result (Section 3.8 and Section 3.10). There exists a family of superelliptic curves defined
over Q with a rational torsion point of order linear in the genus on their jacobians.
There are at least two families of non-hyperelliptic and non-superelliptic curves defined

over Q with a rational torsion point of order quadratic in the genus on their jacobian.

For composite N HOWE found for NV = 70 a hyperelliptic curve of genus two defined
over Q such that the jacobian has a QQ-rational point of order N. This is the largest order
that is known to exist for a Q-rational point on the jacobian of a hyperelliptic curve of
genus two over Q. He uses the product of two elliptic curves, one with a seven-torsion
point and the other with a ten-torsion point.

Having partial answers for this problem, the natural question to ask is for how large

N we should try to search for examples. This motivates the next problem.

Problem. Let Ak be an abelian variety of dimension g and P € Aiors(K). Does there
exist a number No(K,g) such that

ord(P) < No(K,g)?

This problem is a prominent problem in the study of the torsion subgroup of abelian
varieties. It is conjectured that such a bound Ny(K, g) exists. There is a uniform version
of this conjecture in which the field of definition is not fixed but only the degree of the
field extension over the prime field. Again, for elliptic curves the uniform version of this
problem is already a theorem by MEREL and OESTERLE. For higher dimensional abelian
varieties this remains an open problem. But a solution to the previous problem gives

at least a lower bound on the number Ny(K,g). For example for ¢ = 2 and K = Q,

MAX KRONBERG 9
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we know Ny(Q,2) > 70 by a recent result by HOWE. For higher dimension g over the
rational numbers, it is known that this constant has to be at least 2¢* 4 2¢g + 1.

Not only the construction of curves and the search for bounds for possible torsion
orders is an interesting task in this area. Also the research on the behavior of the torsion

subgroup in families of varieties is of great interest.

Problem. Given a family of abelian varieties over a field K. Is it possible to determine

the fibers with a certain torsion subgroup?

In this thesis we consider a special one-dimensional family of hyperelliptic curves of
genus two. The curves in these family all admit real multiplication in their jacobian. We

are able to obtain the following result.

Result. Let A € Q, such that Cy : Y? = X° —5X3 +5X + X is a hyperelliptic curve.
Then the following holds.

1. If X is a square,

z .
Jac(C)[2)(Q) = Yoz, Ae{01}
{0} else

2. There exist only finitely many A € Q such that Jac(Cy)[3](Q) is non-trivial.

3. Jac(Cy)[5](Q) N{P — P |P € Cx(Q)} = {0}

It seems hard to find a possibility to determine the torsion structure in a family of
abelian varieties in general. Even the determination of the fibers with a three- or five-
torsion point involves finding rational solutions in large systems of algebraic equations.
The task of finding rational points on varieties is a famous problem and only for very
special cases there are algorithms to perform this task. It seems as if other approaches
to this problem than the one presented here are needed to deal with this problem.

All these problems remain open but the results of this thesis give tools to make progress

and give partial answers in some of these questions.

OUTLINE OF THE THESIS: The thesis is structured in the following way. In the
first section we start with generalities about algebraic varieties and schemes. Here we
introduce our notation and state some well-known facts about the objects of interest.
This section includes the the important results we use in later sections to obtain our
results.

In the second section we give the definition and general properties of a moduli space.

Furthermore, we describe the construction of analytic spaces parametrizing abelian

10 MAX KRONBERG
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varieties of given dimension. Later we try to find examples of abelian varieties with a
large torsion subgroup in subspaces of these moduli spaces.

After these two sections of general statements about the objects of interest, the third
and fourth section are the central parts of the thesis. The third section deals with the
explicit construction of hyperelliptic curves such that there is a point of given order on
the jacobian. We introduce different methods to achieve this goal. Central in all the
methods is the connection between norm equations in the coordinate ring of the curve
and the order of a point of the jacobian.

We present methods going back to CASSELS, FLYNN, LEPREVOST and VAN DER
POORTEN. With these methods and combinations of them we are able to construct
unknown examples of hyperelliptic curves with a point of large order on the jacobian.
Furthermore, we present an application of HENSEL’s Lemma to construct series of
hyperelliptic curves with a torsion point of prime order. Series of this type were unknown
until now.

Using analogies between function fields and number fields we are able to solve norm
equations in function fields of degree three by proving the correctness of the VORONOI
algorithm in such function fields of characteristic zero.

After considering hyperelliptic curves, we switch to a more general class of curves,
namely superelliptic curves. In this class of curves we construct a family with varying
genus with a torsion divisor of order linear in the genus. Furthermore, we show that in this
case the HENSEL lifting approach also works. Following the lines of unit computations in
algebraic number fields, we formulate the VORONOI algorithm for cubic function fields of
characteristic zero and give a criterion for the periodicity of this algorithm. This relates
the computation of units in cubic function fields to non-trivial divisors of finite order.
Using the algorithm, we find a family of curves with a function field of degree three with
a torsion divisor quadratic in the genus of the curve.

In the fourth section we consider the one-dimensional family of hyperelliptic curves of
genus two with real multiplication by v/5 constructed by TAUTZ, TOP and VERBERKMOES.
For this family we show that there exist none, finitely many respectively infinitely many
members with a Q-rational point of order five, three and two respectively. For order
two we consider a subfamily in which we are able to determine all members admitting a

Q-rational point of order two on the jacobian.

MaxX KRONBERG 11






1. Algebraic Varieties and Schemes

In this chapter we collect some basic properties about algebraic varieties and schemes
which we are going to use in the course of this thesis. Most of the definitions and
theorems we state without a proof since they can be found in almost every standard
book about algebraic geometry, as for example in [Milll]|, [Har77|, [EH00| or [Mum99].
Algebraic varieties are the central object in this thesis. In section three we construct
algebraic varieties with a group structure and point of finite order on them.

Whenever we consider a field in this thesis we assume K to be a perfect field. We start
by considering algebraic varieties in general. Afterwards we consider algebraic varieties
of dimension one. These are algebraic curves and play a prominent role in section three
for the construction of abelian varieties with certain properties. For the definition of
moduli spaces we need the notion of schemes first introduced by GROTHENDIECK in
[Gro60]. After these generalities we consider abelian varieties and in particular jacobian

varieties of algebraic curves.

1.1. General Properties of Algebraic Varieties

Let K be a field and K[X;,...,X,] be the polynomial ring in n variables over K.
We write A"(K) := K" for the affine n-space over K. Given a set of polynomials
S:={f1,...,fm} C K[X1,...,X,] we can assign a subset V(S) C K" given by

V(S) ={z=(x1,...,2,) € K" | f(z) =0 for all f € S}.

Such a set is called affine algebraic set.

Obviously, an element in V(S) is not only a simultaneous root of all polynomials in
the set .S but even for all polynomials in the ideal generated by S. So it is enough to
look at V(I) for ideals I in K[X7,...,X,].

For a subset V' C K™ we set

Z(V):={f e K[X1,....,.Xy] | f(z) =0for all z € V'}.

Definition 1.1. Let K be an algebraically closed field and V- C A™(K) an algebraic set.
Then we call V irreducible or affine variety if Z(V') is a prime ideal in K[X1,..., Xp,].

13



1. Algebraic Varieties and Schemes

Definition 1.2. Let V' be an algebraic set over an algebraically closed field K. The ring
oWV):= KXy, ’Xn]/I(V) is called coordinate ring of V.

The coordinate ring O(V') of an affine variety V' is an integral domain since Z(V) is a
prime ideal. So we can make sense of the field of fractions of O(V'). We call this field
the function field associated to V. We denote this field by K (V).

Definition 1.3. The dimension of an affine variety is defined as the transcendence
degree of K(V) over K.

Example 1.1. Let G € K[X,Y] be an irreducible polynomial. Then we call C := V(Q)
affine plane curve and the function field of the curve K(C) is given by the field K(z,y)
with the relation G(x,y) = 0, where x and y are the images of X and Y wunder the

reduction map. So a curve is an affine variety of dimension one.

For a curve C, we know that the transcendence degree of K(C) over K is one. That

means that there exists a transcendental element = € K(C') such that
[K(C): K(z)] < oo.

In the coordinate ring O(V') of an affine variety the maximal ideals play an important
role. We first assume that K is algebraically closed. Then the maximal ideals of
K[Xy,...,X,] are exactly the ideals of the form (X; —ay,..., X, —a,) for some a; € K.
This gives us an one-to-one correspondence between the points (aq,...,a,) € K™ and
the maximal ideals in the coordinate ring K|[X1,..., X,] of A"(K). This concept carries
over to arbitrary affine varieties V. So we have an one-to-one correspondence between
points on V', i.e. P:=(ay,...,a,) € K" such that f(P) =0 for all f € Z(V), and the
maximal ideals of O(V'). We denote the maximal ideal of O(V') corresponding to the
point P € V by Mp.

Definition 1.4. Two affine varieties V- and W are called birationally equivalent if their
function fields are isomorphic as fields. If V. and W are birationally equivalent varieties,

we write V=2 W.

Definition 1.5. We say that an affine variety V is defined over a field K, if there exists
an ideal I C K[X1,...,Xy] such that V(I) = V. We write V)i for a variety defined
over the field K.

Notation 1.1. Let L be an algebraic field extension of the field K. Then we denote the
set of L-rational points on an affine variety V defined over K by

V(L) :={PeV|PecA™ L)} ={PcV|P° =P foraloec Gal(K/L)}.

14 MAX KRONBERG



1.1. General Properties of Algebraic Varieties

We now introduce the notion of projective varieties. Projective varieties are the analog

object to affine varieties in the projective space over a field K.

Definition 1.6. Let K be a field. Then we call the set
PY(K) := {L c K™™' | L is an one-dimensional subspace of K"*1}

the projective n-space over K.

If 0 # (x0,...,21) =: = is an element of K"t z defines an one-dimensional vector
space by taking the line passing through 0 and (z1,...,z,). Two elements x,2’ €
K™\ {0} define the same line if and only if there exists A € K* such that x = \z’. For

the element of P" given by a point (x1,...,2z,) € K" we write [xg : ... : 2,].

Definition 1.7. A polynomial G € K[Xy,...X,] is called homogeneous of degree d if
for all X € K and (g, ..., z,) € K"

G(Azo, ..., xn) = MG (x0, ..., xp).

For a homogeneous polynomial G € K[Xj,...,X,] we can ask whether G vanishes
at a point P € P", since if f vanishes at one representative of = it has to vanish at all
of them by definition. For an ideal in K[Xy, ..., X,] we say it is homogeneous if it is
generated by homogeneous polynomials. So we are able to define projective algebraic
sets for homogeneous ideals in K[Xj,...,X,] and to every subset of P" we can assign a
homogeneous ideal. So again we are able to talk about irreducibility, coordinate ring and
birational equivalence. For the function field we have to take a bit more care. Here we
only allow fractions of elements of the coordinate ring which come from polynomials in
K[Xp,...,Xp] of the same degree. This ensures that it is possible to evaluate a function
at a projective point.

Given an affine variety V we consider its projective closure; that is the smallest
possible projective variety V* such that ¢;(V) C V*, where ¢; sends (x1,...,2,) to
(1, 2z, L, @iv1, ..., xy,) for some 1 < i < n. The variety V* is obtained by considering
the zero locus of the ideal generated by the homogenizations of the elements in Z(V).
The points in V' \ V* are called points at infinity of V.

Definition 1.8. Let G € K[X1,...,X,] be a polynomial. Then the homogenization G*
of G is defined by

X X
21 ”) € K[Xo,..., X,

x . _ yrdeg(G)

MaxX KRONBERG 15



1. Algebraic Varieties and Schemes

In this thesis we often only consider an affine model of the variety but keep in mind
that the objects are projective varieties. Since we often work in the function field of a
variety, we mention here that an affine variety and its projective closure have the same
function field up to isomorphism.

On a variety V' we have even more structure than just the set of points fulfilling the
polynomial equations an the coordinate ring V. A variety is always a topological space

with the so called ZARISKI topology.

Definition 1.9 (ZARISKI Topology on Varieties). The topology which is defined by the
system of closed sets given by the algebraic sets in A™ (resp. P™) is called ZARISKI
topology of A" (resp. P™). This induces a topology on all algebraic sets in A™ (resp.
P™).

Definition 1.10. Let U C V' be an open subset of a variety V. Then we set

o) := [ (O(V))up

pPcU
where Mp is the mazimal ideal in O(V') corresponding to P € V.

The ring O(U) can be understood as the functions in K (V') that are defined on the
whole open subset U C V.

Definition 1.11. We say that a variety V is complete if for every variety W the
projection V- x W — W maps closed sets to closed sets.

Definition 1.12. A wariety V' over the field K is called non-singular at a point P € V
if dimg (MP/MI%) = dim(V). A wariety is called non-singular or smooth if it is

non-singular in every point.

16 MAX KRONBERG



1.2. Plane Algebraic Curves

1.2. Plane Algebraic Curves

1.2.1. Definitions and Basic Properties

Later in this thesis we are interested in algebraic curves. To these curves we can associate
higher dimensional varieties which admit a group structure on its points. Therefore, we
want to collect some properties of algebraic curves in this section. As already seen, a
curve is an one-dimensional algebraic variety. The term plane refers to the fact that we
are most of the time consider curves in two-dimensional space. So a curve is given by an
irreducible polynomial G € K[X,Y] (resp. homogeneous G € K[Xy, X1, X3]). The first
step now is to construct a group associated to the curve and later we have the goal to
show that this group actually is a variety itself.

Let P be a smooth point on the curve C defined over a field K. Then we assign the

localization

to P. Here Mp is the unique maximal ideal in O(C) corresponding to P. Since Mp
is a maximal ideal, the resulting ring is a local ring with unique maximal ideal Mp.
But this means that we have a discrete valuation on the function field K(C) with
residue field OP (C)/ Mp> which is an algebraic extension of K. So we have an one-to-one

correspondence of valuations on K(C') and points P € C.

Definition 1.13. Let S be a set. Then we call the free abelian group generated by S the
divisor group of S,

Div(S) := {Z apP | ap € Z almost all ap = 0} .
PesS
Definition 1.14. A divisor D € Div(S) is called effective if ap > 0 for all P € S.

Such a divisor group Div(S) can be partially ordered by defining for Dy, Dy € Div(.S)
Dy > Dy : <= Dy — D9 is effective.

Definition 1.15. Let C be a curve defined over the field K and P € C' a point. Then
we set

deg(P) := [OP(C)/MP K.

This definition could be understood as the minimum of all extension degrees of fields
Kp over K such that P € C(Kp).

So now it is possible to assign a degree to an element of ) .- apP =: D € Div(C)
by setting deg(D) := ) p.apdeg(P). Obviously the divisors of degree zero form a

MaxX KRONBERG 17



1. Algebraic Varieties and Schemes

subgroup of Div(C') denoted by Divy(C).
We are in general interested in those divisors that are defined over the base field.

These are exactly those divisors which are invariant under the absolute GALOIS group.

Definition 1.16. Let C'/K be a curve defined over a perfect field K and let G =
Gal(K/K) be the absolute GALOIS group of K. Then a divisor D € Div(C) is called
K-rational if D° = D for all 0 € G.

For functions in the function field of a curve we make the analogous definition.

Definition 1.17. Let C/K be a curve defined over the field K and let G := Gal(K /K)
be the absolute GALOIS group of K. Then a function f € K(C) is called K-rational if
fo=f forallo € G. The set of K-rational functions is denoted by K(C).

Definition 1.18. Let D = ) p.gapP € Div(S) be a divisor. Then we define the
support of D by
supp(D) := {P € Slap # 0}.

For a divisor D = ) p.gapP € Div(S) we sometimes write
a p-times

——
D={P,...,P|P e€supp(D)}.

It is possible to assign a principal divisor denoted by div(f) to a non-zero element f
of K(C). This divisor has a non-zero coefficient at a point P € C'if and only if P is a
pole of f or f(P)=0. If P is a pole of f, ap is set to the negated order of the pole and
if P is a zero of f, ap is set to the order of the zero. Since for every f € K(C)* the
number of poles and zeros (counting multiplicity) is equal by [Sti09, Theorem 1.4.11],
div(f) € Divo(C). Obviously

div(f) + div(g) = div(fg)

for all f,g € K(C)*, so the set of principal divisors is a subgroup of Divy(C). This
subgroup is denoted by
P(C) :={div(f) | f € K(C)"}.

This observation gives us two important factor groups for a curve C.

Definition 1.19. Let C)i be a curve defined over K. Then

Pic(C) := DiV(C)/P(C)
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is called the picard group of C and
Jac(C) = DiVO(C)/rP(C)

the jacobian group of C.

As we will see later, the jacobian group of a curve is isomorphic to a projective variety

which admits a group structure carried over from Jac(C') by this isomorphism.

Remark. In general we do not distinguish in the notation between a divisor D and the
class of the divisor. Both are denoted by D. Since most of the time we are interested in

the class of the divisors, there is no space for confusion.

The two definitions of rationality of functions and divisors are closely related as we

see in the following proposition.

Proposition 1.1. Let C/K be a curve defined over the perfect field K and let f € K(C)

be a function. Then the following assertions are equivalent.

1. There exists a K -rational function f € K(C) such that div(f) = div(f)
2. div(f) is a K-rational divisor.

Proof : Let f € K(C) be a K-rational function. Then the set of zeros and the set of
poles of f are Gal(K/K)-invariant and thus div(f) is a K-rational divisor.

Let now div(f) be K-rational. Then div(f) is Gal(K /K)-invariant and thus there
exists a function f such that f = £ and div(f) = div(f). This proves the statement. [

Given a divisor D € Div(C') we can assign a set of functions.

Definition 1.20. Let D € Div(C) be a divisor. Then the space
L(D):={f € K(C)" | div(f) = =D} U {0}

is called RIEMANN-ROCH space of D. This space is in fact a vector space over K and
we denote its dimension by (D) := dimg (L(D)).

This dimension is also well defined for divisor classes in Pic(C'), i.e. there exists a
canonical isomorphism £(D) = L(D’) as K vector spaces if D = D' + div(f) for some
feK(O).

We now collect some properties of the RIEMANN-ROCH spaces.

Lemma 1.2. Let D € Div(C) \ {0} be a divisor such that —D 1is effective. Then
L(D) = {0}
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Lemma 1.3. Let Dy, Dy € Div(C) be divisors such that D1 > Ds. Then L(D;1) C
L(D3).

Theorem 1.4. Let C/K be an irreducible curve. Then there exists a positive integer
9(C), called the genus of C, such that for all divisors D € Div(C)

I(D) > deg(D) — g(C) + 1.

Theorem 1.5 (RIEMANN-HURWITZ Genus Formula). Let C'/Q be an irreducible plane
curve and let © € K(C) be a transcendental element such that K(C)/K (x) is separable.
Then

2g(C) 2= (e(P)—1)—2(Q(C) : Qa)],

peC
where for a point P the value e(P) is the ramification index of P.
The norm of an element in the function field of an algebraic curve will play an important
role throughout this thesis. Solving certain norm equations is equivalent to finding curves

defined over a field K with a K-rational point of given order on the jacobian as we see

in Section 3.2.

Definition 1.21. Let K be an algebraically closed field and let C' be a smooth plane
curve defined over K. Let x € K(C) be a transcendental element over K such that
K(C)/K(x) is separable and set n := [K(C) : K(x)]. Then for a function f € K(C) we
define the norm by

N o)k @)(f) = Ho'i(f) € K(z),
i=0

where o; : K(C) — K(x) are the n embeddings of the function fields in the algebraic
closure of the rational function field K (x).

Remark. The norm function is multiplicative.

1.2.2. Hyperelliptic Curves

Definition 1.22 (Hyperelliptic Curve). Let C be a non-singular curve of genus g > 1
defined over a field K with function field K(C). C is called hyperelliptic if there ezists
x € K(C) such that K(C) is separable over K(z) and [K(C) : K(z)] = 2.

This means that a hyperelliptic curve C' admits a 2-to-1 cover of P'. The map
t:C—=C

switching the two branches of this cover, is called the hyperelliptic involution of C and

its ramification points are called WEIERSTRASS-points.
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Proposition 1.6. Let K(C') be the function field of a hyperelliptic curve C' of genus g > 1
defined over a field K of characteristic char(K) # 2. Then there exist x,y € K(C) such
that K(C) = K (x,y) with y?> = F(x) for a separable polynomial F of deg(F) = 2g + 1
or deg(F) = 2g + 2.

Proof : See [Sti09, VI.2.3]. O

Using this proposition, we can assume that a hyperelliptic curve C' is given by an
affine model C : Y? = F(X). Assuming we are given a curve C : Y2 = F(X) and a
point (z(P),y(P)) =: P € C, where z and y are the images of X and Y in K(C), then
the hyperelliptic involution acts on P by ¢(P) = (z(P), —y(P)).

Proposition 1.7. Let C/K be a hyperelliptic curve of genus g over a field K with
char(K) # 2. Then there exists an affine model Y2 = F(X) of C defined over K with
deg(F) =2g+ 1 if and only if C has a K-rational WEIERSTRASS-point.

Proof : Assume the hyperelliptic curve C/K is given by a polynomial F' with
deg(F) =29+ 1.

Then the unique point at infinity of the projective closure of C' is a K-rational WEIER-
STRASS-point.

Assume C'/K is given by a polynomial F' of degree 2g + 2 such that C has a K-rational
WEIERSTRASS-point P. Then this point has coordinates P = (z(P),0). The affine

change of coordinates given by

1 Y
X—»— Y —
X —a(P) (X —z(P))ott
gives us an affine model of the desired form. O

In particular, for an algebraically closed field we always have an affine model of a
hyperelliptic curve given by a degree 2g + 1 polynomial.

Let us now take a closer look at the behavior at infinity depending on the degree of
the polynomial F'. Obviously in both cases we get only the point (0:1:0) at infinity.
In a desingularization two points lie above this point if and only if the degree of F' is
even. In this case we can construct a non-singular projective model of the curve with
two points at infinity. These two points at infinity we denote by PJ and PL.

We now consider the case where the genus is equal to two. This gives us a special
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divisor D, on our curve C' defined by

2P deg(F) =

5
Dy =
Pt + P, deg(F)=6.

This divisor D is always a K-rational divisor even in the case when deg(F') = 6 and
the leading coefficient of F' is not a square in K and thus the points at infinity are not
rational. For the divisor D, and its multiples we often make use of the RIEMANN-ROCH

space. The following lemma tells us how this space looks like.

Lemma 1.8. Let N > 3 be an integer. Then
L(NDy) = (1,z,...., 2N y,zy,...,2N 3y g c K(C).

Remark. If N < deg(F), no terms involving y occur since deg.(y) = deg(F).

Proof : First observe that the pole divisor of the function z is given by Ds, and the
pole divisor of y is degT(F)DOO. By definition, £(N D) contains exactly the functions of
K (C) that have only poles at infinity with degree bounded by 2N since deg(Dy,) = 2.
But polynomials in z,y € K(C) are the only functions with this property. So counting

multiplicities of the pole orders gives us the result. O

This space L(N D) is of big importance in the construction of curves admitting a
torsion point of order N on the jacobian. For a hyperelliptic curve given by an odd
degree polynomial F' we can make sense of %Doo for all N. In this case we get for
N & 27 big enough

N-1 N —deg(F)

L(NPy)=(l,z,...,2 2 ,y,xy,...,x 2  YK.

These considerations for genus two can be generalized to any genus.

Definition 1.23 (The universal hyperelliptic curve of genus g). Let L be the rational
function field in the 2g + 3 indeterminates fo, ..., fag+2 over a field K. The curve C

given by
2g+2

Y?=F(X):= ) fiX’
i=0
is called the universal hyperelliptic curve of genus g.

Note that not every specialization of the universal hyperelliptic curve gives us an
hyperelliptic curve over K. Only specializations such that the polynomial F' is separable

are suitable.
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In order to measure whether a specialization of the universal hyperelliptic curve, that

is the evaluation of the universal curve at chosen .]?1, .., fog+2 € K, is indeed a smooth

curve we use the discriminant.

Definition 1.24. Let C : Y? = F(X) = a[[l,(X — o) be a hyperelliptic curve defined
over a field K with char(K) # 2, a; € K and a € K. Then we define the discriminant

of the curve C' as

A(C) =29 [ (e — ;)® € K.
1<j

The discriminant is non-zero if and only if the curve C is a smooth curve. If we assume
furthermore that C' is defined over some local field K with residue characteristic not
equal to two and all the coefficients of F' are integral in this field, we are able to look at
the reduction of C' modulo the maximal ideal in the ring of integers of K. This reduction
is obtained by reducing all the coefficients of F' modulo the maximal ideal. Then the
reduced curve C' is a smooth curve of the same genus as C' if and only if the discriminant
is non-zero modulo the maximal ideal. Often it is possible to get informations about the

curve C' by looking at its reductions.

Example 1.2. Let C/Q be a hyperelliptic curve defined over Q by an equation C : Y? =
F(X) with coefficients only lying in Z. Then it is possible to regard C for every prime
p # 2 as a curve over the local field Q,. The reduction of C'/Q modulo p is then the
curve C/F,, given by the same equation as C but every coefficient is reduced modulo p.

The resulting curve C/F, is a hyperelliptic curve if and only if p does not divide A(C').

Unfortunately, it is not always possible to conclude from local informations about a
curve over @, for all p to certain properties of the curve over Q. For example there exist
hyperelliptic curves with a Qp-rational point for every prime p of good reduction and for
Qo0 = R but no Q-rational points. But if we find a prime p of good reduction such that
a hyperelliptic curve has no p-adic points, we can conclude that there exist no points

over @ since Q can be regarded as a subfield of Q, for all p.
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1.3. Schemes

In this chapter we introduce some of the terminology of schemes which we use in later
chapters to give the precise notion of moduli spaces. We follow the lines of the book
by EISENBUD and HARRIS [EH00|. Schemes are the natural generalization of algebraic
varieties. While in the case of algebraic varieties we consider polynomial rings modulo
some radical ideal, the vanishing ideal of the points of the variety, we now want to look
at a more general class of rings. If we start with a polynomial ring in finitely many
indeterminates over an algebraically closed field and factor out some radical ideal, we
obtain a finitely generated nilpotent-free ring. We have seen that these rings correspond
one-to-one to affine algebraic varieties. We now want to allow on the side of rings all
commutative rings and look for the corresponding geometric objects. That is, our aim is

to complete the following diagram.

(aff feties} finitely generated nilpotent-free rings
affine varieties} <——
i over algebraically closed fields

? {commutative rings}

We will see that affine schemes are the objects that fit into this diagram.

1.3.1. Affine Schemes

Definition 1.25. Let R be a commutative ring. Then we define the spectrum of R as
Spec(R) := {I | I prime ideal of R}.

This set of prime ideals of a given ring R admits a topology which we define in terms

of its closed sets.

Definition 1.26. Let S C R be a subset of the commutative ring R then we set
V(S):={I € Spec(R) | S C I}.

This definition is close to the definition of algebraic sets in section 1.1, where we
started with a polynomial ring R = K[X7, ..., X,,] over an algebraically closed field K
and took a set of polynomials S. For such a set we looked at points in the affine space
A™ that are zeros for all elements in S. But the points of A™ correspond exactly to

the ideals (X7 — a1, ..., X, — a,) which are for an algebraically closed field exactly the
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maximal ideals in R. So A" = Spec(R) \ {(0)} and for an element I being a root of a

polynomial in S just means S C I as in the definition above.

Definition 1.27 (Zariski Topology). We define the closed sets in the ZARISKI topology
as the sets V(S) for subsets S C R of the ring R.

Remark. Obviously the sets of the form V(S) for S C R are closed under arbitrary

intersections. Therefore, this gives us indeed a topology on Spec(R).

So we now have made Spec(R) into a topological space. The last thing which is missing
to make it the corresponding structure to varieties is the existence of a structure sheaf,
that is, to assign a ring to all open subsets of Spec(R). In the case of varieties we had
that the coordinate ring was assigned to the whole variety and for each open subset we
assigned localizations of the coordinate ring.

So we have constructed with Spec(R), its topology and its structure sheaf the analogue

of affine varieties.

Example 1.3. Let O(V) be the coordinate ring of an affine variety V- over an algebraically
closed field K. Then V := Spec(O(V)) consists of an ideal for each of the points in
V(K) and one extra element (0), the generic point of V. Note that (0) is indeed prime
in O(V) since V is assumed to be an affine variety and this implies that O(V') is an
integral domain. The structure sheaf on V assigns to the whole variety the ring O(V)

and to each open subset U of V the intersection of all local rings of the points in U.

Definition 1.28. Let X be an affine scheme. Then the dimension of X is the supremum
of the KRULL dimensions of of all local rings.

Definition 1.29. Let X,Y be affine schemes. A continuous map ¢ : X — Y 1is called

morphism of schemes if the pullback of ¢ is a homomorphism of the underlying rings.

An enlightening example for the way affine schemes generalize the ideas of varieties is
to look at an one-dimensional scheme. Let us start with the ring Z. Then Spec(Z) is the
set of primes together with the generic point coming from the zero ideal. Further take a
quadratic extension K = Q(«) of Q and look at the ring of integers Ok . Obviously we
have Z C Og, therefore, we get a map Spec(Ox) — Spec(Z) which is 2 : 1 except for

the ramified and inert primes in Og.
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(4+3v3) (4+3)

Spec(Ogyp)

(4=3v3) (1-V3)

. . o o Spec(Z
(5) () (1) @y e

Figure 1.1.: The scheme Spec (OQ(\@)) over Spec(Z)

1.3.2. Schemes in General

Definition 1.30. Let X be a topological space. A sheaf of sets (rings, modules, etc.) O
on X is a map that assigns to every open subset U C X a set (ring, module, etc.) O(U)
together with restriction maps of sets (rings, modules, etc.) for a chain of nested sets
UcvcwcX

resyy : O(V) = O(U)

such that resy,y = id and resy,y = resy,y oresy,y. Furthermore, local data on an open
covering of an open subset of X should lift uniquely to data on the whole subset. That is,
given an open covering U; of U C X and elements f; € O(U;) fulfilling

resy, v:nu; (fi) = resu; vinu, (f5),
then there exists an unique element f € O(U) such that resyy,(f) = fi for alli.

Remark. The above mentioned structure sheaf of an affine variety is indeed a sheaf of

TINgs.

Now we have collected enough data to define schemes in general. The idea is to allow

any topological space with a sheaf on it, such that it is locally an affine scheme.

Definition 1.31. Let X be a topological space with a sheaf O on it. If there is an open
covering U; of X such that U; with the restriction of O to U; is isomorphic to an affine

scheme, then X is called a scheme.

Every open subset of a scheme is again a scheme. For affine schemes the elements I of
Spec(R) are exactly the closed subschemes of Spec(R) by taking the scheme Spec (R/ I)
and regard it as a subscheme by the inclusion map of schemes coming from the projection
R
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Definition 1.32. Let X be a scheme. Then we assign to X the functor of points given

by
hx : (schemes)® — (sets)

S +— Mor(S,X)

on objects and sending a morphism f : S — Z to the map hx(Z) — hx(Y') which sends
ge€hx(Z)togofehx(Y).

For a category C we write C° for the opposite category, that is the category consisting
of the same objects as C, but all morphisms go in the opposite direction. That is, for all
X,Y € C we have Moreo(X,Y) = More(Y, X).

Example 1.4. Let V be an algebraic variety defined over the field K. Then
hy (Spec(K)) = Mor(Spec(K), V)

is just the set of K-valued points of V.

Definition 1.33 (Natural Transformation). Let F,G : C — C" be two functors. Then a

natural transformation ¢ from F' to G is a collection of morphisms
{tX : F(X) — G(X)}XEC
in C' such that for every morphism ¢ € More(X,Y") the diagram

F(X) > G(X)
F(¢)l iG(ab)
F(Y)——=G(Y)

Y
commutes.

Definition 1.34 (Representablity). Let F : C — C' be a functor of categories. Then F
is called representable if there exists an object C € C such that F = ho := Mor(-,C).

By the YONEDA Lemma, the object representing a functor is unique up to unique

isomorphism.
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1.4. Abelian Varieties and Jacobians

1.4.1. Definitions and Basic Properties

After having collected some basic facts about varieties and schemes in the last sections,
we now want to focus to a special class of varieties. The varieties we want to consider

have the additional structure of an algebraic group.

Definition 1.35. An algebraic variety V /K defined over a field K with morphisms
inv:V—->Vm:VxV->V

and an element O € V(K) is called group variety if these morphisms supply V(K) with

the structure of a group with identity element O.
Definition 1.36. Let V be a group variety. If V is complete, V is called abelian variety.

Definition 1.37. A homomorphism of abelian varieties ¢ : A — B is called isogeny if

it is surjective and has a finite kernel.

In this thesis we are in particular interested in certain subgroups of abelian varieties,
namely the torsion subgroups. First of all we want to restrict ourselfs to K-rational

points, where K is the field of definition of an abelian variety.

Proposition 1.9 (MORDELL-WEIL,[Wei29|). Let K be a number field and A/K an
abelian variety defined over K. Then

A(K) = Agors(K) X Z7,

where r € Ny is called the rank and Aiors(K) is a finite group called the K-rational

torsion subgroup of A.

We are mainly interested in the torsion part of the K-rational points and most of the
time K = Q or a number field.

Definition 1.38. Let A be an abelian variety and N € N a positive integer. Then we

call

A[N] := {P € A[NP = 0}

the N-division points of A. We say P € A is an N-torsion point or a point of order N
if P € A[N] and for all N' < N, P ¢ A[N'].

More generally, if we have an isogeny ¢ : A — A’ between abelian varieties A, A’, we
set A[¢] := ker(¢). Since the multiplication-by-N-map is a morphism with finite kernel

and thus an isogeny from A to itself, this notation is consistent with the definition above.
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Important examples for abelian varieties are the jacobian varieties of curves.

Theorem 1.10. Let C' be a smooth projective curve of genus g over a field K. Then
there exists an abelian variety J of dimension g such that for every separable extension
L of K the set of L-rational points on J can be naturally identified with Jac(C)Gal(K/L),

In order to prove this theorem, we consider the equivalence classes of degree zero
divisors on C. For this purpose we define special divisors which turns out to be very

important to describe the group Jac(C).

Definition 1.39. Let C be a hyperelliptic curve of genus g defined over the field K
and let Py be a K-rational WEIERSTRASS point. A divisor D of degree zero is called

semi-reduced divisor if D = ZPGC\PM apP — (ZPGC\PM ap> P with
1. for all P: ap >0,
2. ap > 0 implies a,(py = 0 for all non-WEIERSTRASS-points, and
3. ap <1 for all WEIERSTRASS-points P.

If ZPGC\POO ap < g, we call D a reduced divisor.

Lemma 1.11 (|[CFAT05]). Let C/K be a smooth, projective curve of genus g, Py a fized
K -rational point on C and D a K-rational divisor class in Jac(C). Then there exists an
effective divisor A of degree deg(A) = g such that A — gPy € D.

Proof : Write D € D as the difference of its zero divisor 15+ and pole divisor D_. These
are both effective divisors of the same degree. Looking at the divisor S := -D_ +kPy, we
know by the RIEMANN-ROCH-Theorem 1.4 that for k big enough, namely k& > deg(ﬁ_)—I—g,
we have [(S) > 1 and so there exists a function f € K(C) such that S+div(f) is effective.
This shows that we can replace D by a divisor of the form D— deg(ﬁ)Po with D effective.
If deg(f)) < g we are done. If deg(ﬁ) is bigger then g, we can again use the RIEMANN-
RocH-Theorem to find a function f € K (C) such that D — (deg(D) — g) Py is effective.

This gives us a divisor of the desired form. O

With this lemma we get that in every divisor class D of a hyperelliptic curve C' there
exist a unique reduced divisor representing the same divisor class as the divisor D. We

use this fact to give Jac(C) the structure of a projective variety.

Idea of the proof of Theorem 1.10: Let C'/K be a hyperelliptic curve of genus g and
consider the symmetric g-th power C@) of C'. The elements in C'9) are unordered tupels
of points of the curve C. By [Mil08, Ch. III,Prop. 3.2] this is a non-singular algebraic
variety of dimension g. Let {P;,...,P,} be a L-rational point on C@ for some field
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K C L C K. This means {Py,..., P,} is invariant under the action of G := Gal(K/L).
But this is only possible if for any ¢ € G the action of o on {P,...,P,} is just a
permutation of the P;. This fact just means that {Pi,..., P} corresponds to a L-
rational divisor D of C' with deg(D) = g. Since in each divisor class of C there exists a
unique reduced divisor due to Lemma 1.11, this sets up a bijection between the points of
C9 and Jac(C). So Jac(C) is in fact an algebraic variety. O

Definition 1.40. Let C'/K be a hyperelliptic curve and P € C(K) a K -rational point.
Then we define the ALBANESE map with respect to P as

op: C — Jac(C)
Q — Q-—P

Proposition 1.12. The ALBANESE map is injective.

Proof : Let C/K be a hyperelliptic curve of genus g > 1 and P a K-rational point on
C. Assume there are points P; # P, € C such that

Bp(Py) = Dp(P2).

Then there exist a function f € K(C) such that div(f) = P, — P,. But this implies
g(C) = 0, which can not hold by assumption. O
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1.4.2. Different Representations for Points on the Jacobian

We have already seen two important representations of points on the jacobian. The first
is the description as elements of the factor group Jac(C) = DiVO(C)/p(C). The second
description is given by unordered g-tuples of points on the curve. The third description
is given by the fact, that Jac(C) is defined by some equations in P™ for some n (c.f.
Section 1.4.3). So the points on Jac(C) can be given by the coordinates in P". With
this description it is not easy to do computations on Jac(C'), so most of the time we do
not use it.

In this chapter we want to introduce one further representation called the MUMFORD
representation. This representation of points on the jacobian of a curve is directly linked

to the description with unordered g-tuples of points on the curve.

Definition 1.41 ([Mum84|). Let C/K : Y? = F(X) be a hyperelliptic curve of genus
g defined over the field K with a K -rational point Ps. Let D := %7 | P; — sPxbe a
reduced divisor on C. Then the MUMFORD representation (u,v) of D is given by

S

u(zx) : = H(a: —x(F;)) € K[z] and

=1
o(@(P) = y(P,) fori=1,....s,

such that v € K[z, deg(v) < deg(u) and u | (v? — F).

Theorem 1.13. The MUMFORD representation of a point on the jacobian of a genus g

hyperelliptic curve is unique.
The proof can be found in [Mum84|.

Lemma 1.14. Let C/K be an hyperelliptic curve with C(K) # 0 and D a point on
Jac(C). Then D is a K-rational point if and only if u,v € K|x].

The proof can be found in [Mum8&4].
This representation is used by a lot of computer algebra systems for computations
because the algorithm by CANTOR described in the next section uses this representation

and can compute the sum of two points on the jacobian very fast.
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1.4.3. Embeddings of Jac(C) in Projective Space

Since the jacobian variety of a curve is a projective variety, there exists an embedding
of Jac(C') in P" for some natural number n such that the image is given by the zero
locus of a set of homogeneous polynomials. Such an embedding in P> of the jacobian
of the universal hyperelliptic curve was explicitly constructed by FLYNN in [Fly93|. He
starts with a hyperelliptic curve C' given by a polynomial of degree six defined over a
field K with char(K) # 2,3,5. Thus we have two different points at infinity, which we
denote as usual with Pt and PL. This gives us two possibilities to embed the curve
into the jacobian. We denote the images by O and ©~. By LEFSCHETZ, a basis of
L(2(61 4+ 67)) gives the desired embedding of the jacobian into projective space [Lan82,
Thm. 6.1].

Set
Fo(z1,72) :=  2fo+ fi(w1 + 22) + 2 for120 + faz122(21 + 22)
+2fawfal + fsaiay (e + x2) + 2foaiad
Fi(zy,20) = fo(a1 + @2) + 2fiz12a + forrma(wy + 32) + 2f3a723
+ faxizs (@1 + @) + 2fsaias + feriad(x1 + xa)
Go(z1,22) == 4fo+ fi(z1 + 332) + 2fo(z122 + 23) + f3(3z123 + 23)
+ 4fyxas + fs(aied + 3x125) 4 2fs(ziey + x123)
Gi(z1,22) == 2fo(z1 + x2) + fL(3z120 4+ 23) + Afox1 22 + f3(z3x3 + 3z 123)

+ 2f4(l‘%$% + xlx%) + f5(3x1x% + xlxg) + 4f6x%xg.

Lemma 1.15. A basis of L(2(0F +©7)) is given by the following 16 functions.

ais =1 Q14 =21 + X2
a1z = 12 ap = 37% + x%
all = :z:la;g(xl + $2) ajg -— (x1x2)2
Y1 Y2 L T2Yy1 — x1Y2
ag := ag 1= =2 PE
xr1 — T2 xr1 — T2
_ady —alys _ady -ty
ay = 2 17F ag = =172
xr1 — T2 xr1 — T2
 Fo(z1,22) — 25192  Fi(z1,220) — (21 + 22)1102
as ‘= 5 a4 = 5
(z1 — x2) (z1 — 22)
. _ Go(x1,22)y1 — Golxa, 71)y2
ag = I1x205 as ‘= 3
(z1—22)
0 = Gi(z1, z2)y1 — Gi(z2, 21)y2 —
(z1 — 22)?
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where x1,x2,Y1, Y2 are the images of the coordinates of the two images of the curve and

fo,---, fe are the coefficients of the defining polynomial of the curve.
With this basis we want to construct a map Jac : C@ — P15,

Definition 1.42. Define for an element D := {(z1,y1), (x2,12)} of C?
Jac(D) = (ao, ..., a15)

and Jac(O) := (1,0,...,0), where O denotes all pairs {P,.(P)} with P € C.

With this definition of the map Jac we get Jac(C) as a projective variety defined over
K given by 72 quadratic forms written out in [Fly93|.
Using this embedding, it is possible to write down formulae for the addition of two

points of Jac(C'). These formulae are quite complicated and can be found in [Fly93|.
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1.4.4. The Kummer Variety

In this chapter we discuss a special variety associated with a hyperelliptic curve. We can
consider the quotient of Jac(C) by the multiplication-by-(—1)-map, that is, we identify
each point on Jac(C') with its inverse under the group law of Jac(C'). Obviously, we
destroy some of the structure of Jac(C'), but some other parts of the structure, which are
used in a lot of applications, are preserved. The remaining parts of the structure we use
to examine the three torsion subgroup of a certain family of jacobians of hyperelliptic

curves of genus two. In this section we follow [Fly93].

Definition 1.43. Let A be an abelian variety. Then
K(A) =4

is called the KUMMER variety associated to A. We denote the factor map by k.

Obviously, we get ramification exactly at the two-torsion points of A since these are
the fixed points of the map P — —P.

On the KUMMER variety it is no longer possible to define a group law, but one can
define a pseudo-addition on it. First we observe that some operations are well defined on
the KUMMER variety. If we want to add the images of two points x(P) and k(@) on the
KUMMER variety, it is possible to take k(P + Q),k(—P 4+ Q),x(—P — Q) or k(P — Q)
as the sum of k(P) and x(Q). But if one of the points is a two-torsion point on A, the
images k(£P £ Q) are all the same. So the addition of a two-torsion point is well defined
on the KUMMER variety. And since the multiplication-by-IN-map commutes with taking
the inverse of a point £ NP = N(+P), we obtain a well defined map oy (P) := k(N P)
on K(A). In [Fly93] FLYNN gives explicit formulae for doubling a point on the KUMMER
surface of the jacobian of a hyperelliptic curve of genus two which can be found in
Appendix B.

We consider now a hyperelliptic curve C' of genus two. Then we have seen that there
exists an embedding of Jac(C) into P1® as an abelian variety. Since the equations for
Jac(C) C P'® are not easy to handle and it is very hard to compute a multiple of a given
point on it, it would be nice to use the slightly more simple object K(Jac(C')) for some

computations. The next theorem justifies the term “slightly more simple”.

Theorem 1.16. Let C be a hyperelliptic curve of genus two defined over a field K of

characteristic not equal to 2,3 or 5. Then there is an embedding
K(Jac(C)) — P3.

Proof : The proof can be found in [CF96]. O
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Now we give a short description of the construction of the KUMMER surface of a
genus two hyperelliptic curve following the lines of [Fly93|. The idea is to look at the
basis B := {ag, . ..,a15} of L(2(©T + ©7)) and consider the functions f € B such that
f(P) = f(—=P) for all P € Jac(A). We call these functions even functions. There
are exactly ten even functions in the basis above. Four of these functions give us an

embedding into P2 whose image is our desired KUMMER surface.

Lemma 1.17 ([Fly93, §2]). The following functions give an embedding K(Jac(C)) — P3:

als — 1,
a14 = 21 + T2,
a1z = x1r9 and

_ Fy(w1,22) — 2y192
as = — D) .
(w1 — 2)

With this embedding into P3 the KUMMER surface in P2 is given by the following

equations.

Proposition 1.18. The functions ais, a14,a13 and as fulfill the relation
R(a1s,a14,a13)az + S(ais, aia, a13)as + T(ais, aia, ars) = 0,
where R, S, T € Z[X,Y, Z] are given by

R:=Y?—-4XZ

S = —202f0 X3 + fLX2Y + 2, X2Z + 3 XY Z + 2f4 X Z? + fsY 2% + 25 Z°)

T =(ff — 4fof2) X* — Afo fsX3Y — 2f1fsX3Z — Afo fuX?Y? + (4fofs — AN )XY Z
+ (2f1fs — Afofo — Afafa+ [5)XPZ% — Afo s XY? + (8fofs — 4f115)XY?Z
+ (4f1fe — 4fofs) XY Z° = 2f3fs X Z° — AfofeY* — 4f1f6YZ — AfafsY?Z?
—AfsfeY Z° + (f3 — Afafe) 2"

As mentioned above, it is possible for all N € Z to give a function dx on K(Jac(C))

such that the following diagram commutes:

Jac(C) il Jac(C)

K(Jac(C)) - K(Jac(C))

N

For N = 2 it is feasible to give equations for ds. These can be found in Appendix B.
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If the curve is given by an equation Y2 + H(X)Y = F(X) with deg(H) < 3 and
deg(H) < 6, a description of the KUMMER surface is given in [Miil10].

We use this description of the KUMMER surface and the map ds to examine a one-
dimensional family of hyperelliptic curves and compute conditions on the parameters
such that there exist a Q-rational three torsion point on the jacobian. Using the explicit
formulae for the duplication on the KUMMER surface, we determine the points on the
jacobian of the hyperelliptic curve which are invariant under the multiplication-by-two
map.

In the next section we describe an algorithm for point addition on the jacobian of a

hyperelliptic curve.
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1.4.5. Pointaddition in Jac(C)

In this section we present an algorithm for computing point addition on jacobians of
hyperelliptic curves. Since we are mainly interested in the group structure of these
jacobian varieties this algorithm is of great importance to study this object.

The algorithm we want to present is due to CANTOR [Can87|. It takes as input
two points on the jacobian given in MUMFORD representation and has as output the
MUMFORD representation of the sum of the two points. We do not prove the correctness
of the algorithm. The proof can be found in [Can87|.

Let us first look at the addition on the side of reduced divisors on a genus two

hyperelliptic curve C defined over a field K with char(K) # 2,3 given by an equation
C:Y?=F(X).

Let D1 := P + Q1 — Dy and Dy := Py + Q2 — D, be the two divisors we want to add.
Then we have to take care of two possible cases. In the first case for all P € supp(D;)

the hyperelliptic involution ¢(P) of P is not in the support of Dy. Then
D3 :=D1+Dy=P1+ P+ Q1+ Q2 —2Dx
is a semireduced divisor. In the second case we have for P the relation
P + (P) — Do = div(z — z(P)),

therefore, we can cancel out P and ¢(P) against each other in D + Ds.

The next step is now to find a reduced divisor 173 := P3+ Q3 — Dy which is equivalent
to D3. To solve this problem we have to find a function f € K(C) such that f has zeros
exactly at the points P; and Q; for i = 1,2,3. f can be given by f := y — a(x) with
a € K|[X] is of degree three. This is true since such an f is uniquely determined by the
points Py, P>, Q1 and Q2 and intersects C' in exactly two more points ¢(P3), t(Q3) by the
Theorem of NOETHER. This gives us

div(f) =P+Q1+Po+Qs+ L(Pg) + L(Qg) —3D.

Therefore, the hyperelliptic involutions of these two intersection points give us the divisor
D3. This procedure is visualized in Figure 1.2.

Let now D; and D2 be two reduced divisors given in MUMFORD representation by
polynomials u; and v;, ¢ = 1, 2. First we want to compose these divisors to a semireduced
divisor representing the divisor class of D1 + Ds. And afterwards we want to reduce this

new divisor to the unique reduced divisor in the class.

MAX KRONBERG 37



1. Algebraic Varieties and Schemes

vy
A

Figure 1.2.: Geometric description of the point addition in Jac(C) over R for
C:Y?2=X(X-1)(X—-11)(X —2)(X —2.1). We have the relation
(Pi+ Q1 —2Px) 4+ (Po+ Q2 —2Py) = —(P3 + Q3 — 2Px).

Following the composition step in the case of divisors, we want to have the u-coordinate
in MUMFORD representation to be the product of the u-coordinates of D1 and Dy but
cancel out the factors coming from points P € supp(D;) such that «(P) € supp(D2).
Obviously, such a point gives rise to a common factor of u; and us. Therefore, we
have z — x(P) | ged(ui,ug). If there is a point P € supp(D;) N supp(D2), we get
x — z(P) | ged(uq,uz). Using the v-coordinate of Dy and Do, we get for a point P
with ged(ug, uz)(z(P)) = 0 that «(P) € supp(Ds2) if and only if (v1 + v2)(z(P)) = 0.
Therefore, the points we have to cancel out to get a semireduced divisor are exactly the

points such that ged(ug, ug, v1 + v2)(z(P)) = 0. Therefore, we can set

U1U2

s = ged(uq, ug, v1 + ve)?

to get the u-coordinate of a semireduced divisor in the class of Dy + Dy. The square
comes from the fact that we want to cancel out the factor coming from P as well as the
factor coming from ¢(P).

For the v coordinate of the semireduced divisor we want to construct, we need a
polynomial vs with degree less then the degree of uz and the property vs(xz(P)) = y(P)
for all P in the support of the reduced divisor.

So at this point we are able to get a MUMFORD representation of a semireduced divisor
representing the sum of two semireduced divisors. We now want to give an algorithm
that takes as input a MUMFORD representation of a semireduced divisor and returns the

representation of the unique reduced divisor in the same class.

Remark. There are faster reduction algorithms known. See for example [Can87],
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ALGORITHM 1 CANTORS composition algorithm

INPUT: D; = (uy,v1), Dy = (ug,v2) reduced divisors
OuTPUT: Semireduced Divisor D3 € [Dy + Ds]
d + ged(ug, ug, v1 + ve) = syuy + saug + s3(v1 + va)

Uz < u;léu
F
Vs Slul’UQJrSQUQ/UéJFSS('UI’UQJr ) (mod u3>

return D3 := (ug,v3)

ALGORITHM 2 CANTORS reduction algorithm

INPUT: A semireduced divisor D = (u,v)
OuTtpPUT: The unique reduced divisor in [D)]
while degu > g do
v bt
v+ —v (mod u)
end while
return (u,v)

[Lan05], [CL12] or [DO14).

Remark. This algorithm can be generalized to hyperelliptic curves given by a polynomial
of the form Y? + YH(X) = F(X). So it is also applicable in the case where the ground

field has characteristic two. Since most of the time in this thesis we are working over a

field of characteristic zero and for the sake of simpler equations, we only present this

Version.
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1.4.6. Simplicity of Jacobians of Genus Two Hyperelliptic Curves

We have to distinguish the set of jacobians of hyperelliptic curves of genus two into two
subsets since some arise as the product of two elliptic curves and some are simple. It is
of interest for us to determine whether a constructed curve has a simple jacobian. While
for non-simple jacobians one can exploit the knowledge about torsion points on elliptic

curves, for simple jacobians such a tool is not available.

Definition 1.44. Let A/K be an abelian variety. We say that A is (absolutely) simple

if it is not (K -) K-isogenous to the product of abelian varieties of smaller dimension.

Proposition 1.19 (|Mil08, Prop. 10.1]). Let A be an abelian variety. Then there
exist pairwise mon-isogenous simple abelian varieties A1, ..., Ax and natural numbers

ni,...,ng such that there exists an isogeny
o A— AT x X AR

Definition 1.45. Let Vjr,_ be a projective variety over the finite field Fq. Then we define
the WEIL zeta function Zy of V' by

Zy = exp (Z #Vqui)Xi>
i=1

We now collect some facts about the zeta function of varieties which we use in this

chapter.

Proposition 1.20 (|[Poo06]). Let V' /F, be a smooth and projective variety. Then the
following holds

1. ” B
Zy = Hpi(_l) 7
=0
where g = dim(V') and H?;l(l — a;;X) = P; € Z[X] for oy; € C such that

s = 2.

2. If V is abelian and V' is an abelian variety such that V and V' are isogenous, then
Ly = Zyr.

3. If V is abelian of dimension g and Py is the characteristic polynomial of the
FROBENIUS endomorphism, then Pi(X) = X29Py (X 1).

4. If V is an abelian variety which is isogenous to a product of abelian varieties A
and B, we have Py = PAoPpg.
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5. If dim(V') = 1, we have
Ly

(1-X)(1—qX)’
where Ly = [[9_,(1 — ;X)(1 — @; X) € Z[X] and g is the genus of the curve V.
We call Ly the L-function of V.

Zy =

_1)i+l

6. If V= Jac(C), for a curve C and we write Zy = H?io Pi( , then Py = Lc¢.

7. Let Fgn be some finite extension of Fy and dim(V') = 1. Then

9

Lyje, = [t - afX)1 —a@"X).
=1

We use these properties of the zeta function to determine whether the jacobian Jac(C)
of a hyperelliptic curve C'/Q is absolutely simple . So for a given curve C of genus g we
want to compute the polynomial L¢ g, for some prime p of good reduction of C'. This
can be done by counting points of the curve C' over F; fori=1,...,g.

Let C'/Q be a hyperelliptic curve of genus two and p a prime of good reduction of the

curve C and consider the reduced curve C/F,. Then we set

U:=p+1—#C(F,)

Ve %(UQ — (P +4p+1— #C(F,2))

and P:= X2 —UX + V. Then P has two roots which we denote by a, and a;. These
roots again give us two polynomials X? — a,X + ¢ and X2 — a;,X + q. For each of these

polynomials we fix a root and denote it by o, and a;, resp.

Remark. The quantities oy, and 042J are constructed such that they are two of the roots
of X4L5 (%) Therefore, we can write

Le=(1—-0apX)(1—a,X)(1— 0, X)(1 - o) X) € Z[X].

Theorem 1.21 ([Lep95]). Let C' be a genus two curve defined over Q and let K := Q(cy)
and L the GALOIS closure of K, with oy, as above. Assume Gal(L/Q) is isomorphic to
the dihedral group Dy, then Jac(C) is absolutely simple.

Proof : Assume there exists a number field M of degree n := [M : Q] such that Jac(C)
is M-isogenous to a product of elliptic curves Fq and Es. Let O denote the ring of
integers of M and P a prime of Oy lying over p. Since p is assumed to be a prime of
good reduction, we can consider m over K 1= OM/‘BOM' This reduction of the

jacobian has to be isogenous to the product of the reductions of £ and Fo. This implies
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by Theorem 1 of [Tat66] that the associated Z-functions of the reduced jacobian and the
product of the reduced elliptic curves have to be the same. This gives us Lz = LETLE
with Proposition 1.20. Since L € Z[X], we get Ay 1= ay +@,p" € Z. Multiplying this

equation with aj) gives us that a7} is a root of the polynomial
X?— A X +p",

since apa, = p. So, [Q(ay) : Q] <2 and Q(ay) C Q(ap) = K.

So the next step is to look at the possible subfields of K. First observe, that Q(A;)
is a subfield of degree two of K since A; can not be in Q since otherwise [K : Q] < 2.
Therefore, Gal(L/Q) has to be of order two which is a contradiction with the assumption
that Gal(L/Q) = Dj.

Since we have assumed that Dy is the GALOIS group of L over Q, we know that there
have to exist three subfields Ly, Lo and L3 of L such that [L; : Q] =2 for i = 1,2,3. It
is easy to see that if two of these subfields are also subfields of K that all three have
to be subfields of K. This is not possible since then K = L what is a contradiction to
the assumption [K : Q] <4 and [L : Q] = 8. So the only subfield of K of degree two is
Q(4y).

This yields that Q(aj) = Q or Q(ay) = Q(A1). Since A1 = ap, + @, € R, we get in
either case a; € R. Since oy = (/p for some ¢ € C of norm one and using that o is
a real number, we get that ¢ has to be some root of unity. Therefore, K C Q(/p, ().
Since Q(,/p, ¢) is an abelian GALOIS extension, K has to be a GALOIS extension itself.
This implies K = L what is impossible by assumption. Therefore, Jac(C') has to be
absolutely simple. O
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1.4.7. Rational Points on Curves

Throughout this thesis we are confronted with the task to find Q-rational points on
algebraic varieties. Often the only way to find rational points on a variety is a naive
search. But if we consider curves for example, there are some classes of curves where we

can do better. These methods are presented in this section in a rather short way.

Chabauty Method

Long before FALTINGS published his proof of the finiteness of the number of Q-rational
points on a smooth curve of genus greater then one in [Fal83|, CHABAUTY proved such
a result under the assumption that the rank of the jacobian of the curve of interest
is strictly smaller then the genus [Cha4l]. This result was used by COLEMAN, who
obtained effective bounds for the number of Q-rational points on such a curve [Col85].

We present this result following the paper [MPO07| by McCALLUM and POONEN.

Theorem 1.22 (Chabauty). Let C'/Q be a curve of genus g such that rank(Jac(C)(Q)) <
g—1. Then C(Q) is finite.

We do not give a proof of this theorem but give a sketch of the used ideas. For
simplicity we assume that we know a Q-rational point Py on the hyperelliptic curve C.
Then we have the embedding ®p, : C — Jac(C') with the property that Q-rational points
on C' is mapped to Q-rational points on Jac(C). By the theorem of MORDELL-WEIL we
have that Jac(C)(Q) is a finitely generated abelian group. If we were able to compute
Jac(C)(Q), this can be used to find points in Jac(C)(Q) which lie in ®p,(C). Therefore,
we can determine C'(Q). Unfortunately, the task of computing Jac(C)(Q) can not be
done efficiently in general. The idea now is to take a prime p of good reduction and
consider the jacobian as a variety over Q, and look at the p-adic closure Jac(C)(Q) of
Jac(C)(Q) in Jac(C)(Q,). Then it can be shown that the dimension of Jac(C)(Q) is
bounded by the rank of Jac(C)(Q). CHABAUTY then showed that we have finiteness of
C(Q) under the condition that dim(Jac(C)(Q)) < g.

The nice thing about this theorem is that the proof by CHABAUTY gives an explicit
bound for #C(Q) so that it is possible to completely determine the set of Q-rational

points on C.

Theorem 1.23 (Coleman). Let C'/Q be a hyperelliptic curve of genus two such that
rank Jac(C)(Q) <1 and p > 5 a prime of good reduction. Then

#0(Q) < #0(F,) +2.
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More recently, STOLL used similar techniques in [Stol3] to prove the existence of a
uniform bound for the number of K-rational points on a genus g curve with a jacobian

of rank at most g — 3 depending only on [K : Q] and g.

Compute Rational Torsion of a Given Curve

While it is very hard to check what orders of torsion subgroups can occur in general,
it is possible to determine the torsion subgroup of the jacobian of an explicitly given

hyperelliptic curve over Q.

Theorem 1.24. Let C'/Q be a hyperelliptic curve, p an odd prime of good reduction and

J :=Jac(C). Then there exists an injective group homomorphism

Jtors(@) — j(FP)
Proof : See [CF96, Th. 7.4.1] or [Har77, Ex. IV.4.19]. O

This theorem gives a way to compute a bound for the order of the Q-rational torsion
subgroup of the jacobian of a hyperelliptic curve as follows. Let S be a set of odd primes
of good reduction for a hyperelliptic curve C and set a, := #W(Fp) forall p € S.
Then we get

# Jac(C)tors(Q) | ged(ap | p € 9).

So there is good hope to determine a sharp bound for the number of Q-rational points

with finite order.

Example 1.5. Let C be the hyperelliptic curve given by C : Y2 = X® + 1. The point on
the jacobian Jac(C) given by (% + x,z + 1) has order 10. We now look at the curve C
obtained by reducing the equation of C' modulo 3. C' has good reduction modulo 3 since
31 A(C) = 285°. Then counting the number of points gives us #.J(F3) = 10 so we can
conclude # Jac(C)iors(Q) = 10 and the point above is a generator of the complete torsion

subgroup.

This example is very simple since the rational points over [F3 are exactly the images of

the torsion points under the reduction map.

Example 1.6. Consider the curve C' given by
Y2 = —4X5 444715641 X% +149041202.X 3 + 384504629X 2 + 384207068 X — 653328796.

This curve has a Q-rational 11-torsion point on its jacobian by Example 3.5. The
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discriminant of C is
A(C) = 2323%551311119111296109 - 746457109.
Reducing the curve modulo the primes in S := {7,29} gives us
a7 =2%-11 and agy = 3- 11 - 29.

Therefore, we can conclude that all its rational torsion is determined by the 11-torsion
point since ged(ar, agg) = 11. The set S is the smallest set of primes which gives us the

desired result.

Unfortunately this procedure does not always give us a sharp bound.
For elliptic curves there is a very powerful theorem dealing with the computation of

torsion points of elliptic curves.

Theorem 1.25 (Nagell-Lutz). Let E/Q be an elliptic curve given by a short WEIER-
STRASS equation with integral coefficients, A the discriminant of E and P = (x,y) €
FEiors(Q) a point of finite order. Then x,y € 7Z are integers and P € E[2] or y? | A.

For the proof of this theorem see SILVERMAN [Sil09].
Theorem 1.25 makes the search of (Q-points of finite order on an elliptic curve to a
finite problem since a divisibility criterion of the discriminant is involved.

In [Gral3] GRANT proves an analogous result for hyperelliptic curves of genus g.
Theorem 1.26 ([Gral3, Thm. 3|). Let
29
C:Y? =X 43 g, X
i=0

be an affine model of a hyperelliptic curve defined over Z. Let
Op_ : C — Jac(C)

be the ALBANESE map with respect to Py,. Assume P = (z,y) € C(Q) is a point such
that ®p._(P) € Jac(C)iors is of finite order. Then we have

1. x,y € Z, and
2. y=0 ory?| A(C),

where A(C') is the discriminant of C.
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While in the case of elliptic curves the result is about all torsion points of the elliptic
curves, for hyperelliptic curves we only get a result for points in the image of C' under
the ALBANESE map.

Remark. The set
O p(C) N Jac(C)iors

is finite for all P € C(Q). This is a special case of the MANIN-MUMFORD conjecture
proven by RAYNAUD in [Ray83].

As stated in the beginning of this section, most of the time it is only possible to find
rational points by a naive search. For such a search we have to bound in some way the
area we want to search for solutions of the defining equations. In general this is done by
taking heights in to account. A height on a projective space measures in some way the
“arithmetic complexity” of a point. An important fact is that a set of points of bounded
height is finite.

Definition 1.46 (Logarithmic Height). Let A/Q be an abelian variety with neutral
element O. Then define the logarithmic height h: A — R on A by

h(P)= Y mn,logmax(| zo [v,...,| 2n [,))
veEMg
where P = [zg : ... : x,] € A(K) C P"(K), Mg is the set of valuations of K and

n, = [K, : Q.

Remark. For a Q-rational point P this height function coincides with a more naive
one. Namely if we write P = [xg : ... : x,] with zg,...,x, € Z, gcd(xo, ..., zy) =1 its

logarithmic height is given by
h(P) = log(max(|zgl,...,|zn]))-

Definition 1.47 (Canonical Height). Let A/Q be an abelian variety and fix an embedding
A C P". Then define the canonical height h:A—RonA by

h(P) = lim N 2h([N]P).

N—o0

Theorem 1.27. For all P € A(Q) and m € Z, the relation h([m]P) = m2h(P) holds.

With the theorem above we directly obtain the first direction of the following corollary.
For the other direction we use that the set of points with bounded canonical height is
finite.
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Corollary 1.28. Let A be an abelian variety defined over Q with canonical height h.
Then P € A is a point of finite order if and only if h(P) = 0.

Proposition 1.29. Let A/K be an abelian variety over some number field K. Then the
set of points with bounded height is finite.

The existence of the height function on an abelian variety over a number field K gives

us the MORDELL-WEIL Theorem 1.9 via infinite descent.
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In this chapter our goal is to give some properties of moduli spaces and constructions
of them for some special objects. Since in general the construction of such spaces is
very complicated, we restrict ourselves to small genus hyperelliptic curves and small-

dimensional abelian varieties.

2.1. Generalities

In this section we introduce some basic definitions and properties of moduli spaces. We
loosely follow [HM98|. The purpose of a moduli space is to classify all equivalence classes
of certain geometric objects of a special type. For example one can consider the set
of all elliptic curves defined over a field K with char(K) # 2,3 up to K-isomorphisms.
Then the first thing to observe is that every elliptic curve E can be given by an affine
model of the form E : Y2 = F(X) with a degree three polynomial F. Obviously such a
polynomial F' has three different roots over the algebraic closure of the field of definition
K of F since E is assumed to be elliptic. Now it is possible to send two of these roots to
x =1 resp. = 0 by an automorphism of P2. So over K the elliptic curve we started
with is isomorphic to the a curve E) : Y2 = X(X — 1)(X — \). Therefore, we are only
left to check whether two such curves F and E)s are isomorphic. This is the case if and
only if X € {)\, %, 1=, ﬁ, ﬁ, %} For an elliptic curve of such a form we can give
28(A2-)+1)3
AZ(A_1)2
above. Therefore, it sets up a bijection between the set of isomorphism classes of elliptic

its j-invariant by j(E)) = . This function is invariant in the set mentioned
curves and Al

As seen in the genus one example, we want the space characterizing the objects
of interest to be a variety M. Furthermore we wish that this variety resembles the
structure of families of the considered objects. That is, if we are given a family of objects
7w : C — S parametrized by a scheme S, we want that the map S(k) — M(k) comes
from a morphism S — M.

Definition 2.1. Let S and C be schemes. Then a morphism of schemes w:C — S is

called family of schemes.
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Example 2.1. Let C'/Q be a plane algebraic curve given by a primitive polynomial with
integral coefficients. Then C' can be considered as a family of curves C over Spec(Z) in
the following way. Let w: C — Spec(Z) be the map such that for every p € Spec(Z) the
fiber m=Y(p) above p is the reduction of the curve C' modulo the prime p.

Example 2.2. We now consider curves over some rational function field as a family of
curves; that is, we start with a field K and the rational function field L == K(x1,...,xy)
i n variables over K. Then a plane curve C over L given by a primitive polynomial with
coefficients in K[x1,...,xy,] is nothing else than a family of curves C over K. This can
be seen by considering the embedding L — L(C') which induces a rational map C — A"

since the function field of A™ is just the rational function field in n variables.

If we are given a family C of curves, we often write C € C for a specialization. That
is we consider a family of curves as a set of curves by forgetting the structure of the
family. Sometimes we do not differentiate between a family of curves and a curve over a

function field.

Definition 2.2. A scheme M with a family of schemes w: C — M parametrized by M
1s called fine moduli space if for all families of schemes f: C — S there exists a unique
morphism h : S — M such that C =2 § xC.

Remark. In the language of categories this means that the moduli functor
F : (Schemes)® — (Sets),

which sends a scheme S to the set of equivalence classes of schemes over S, is
representable by the scheme M. The scheme representing this functor is the moduli

space.

In general we would not expect that such a fine moduli space exists. If the objects we
are interested in have automorphisms, this construction does not work in general.
We now present two possibilities to deal with the non-representablity of the moduli

functor.
1. Weaken the conditions on a moduli space.
2. Demand for extra structure that rules out automorphisms.

Let us consider the first possibility in the list. Instead of wanting moduli functor to
be representable we ask for a scheme M and a natural transformation Wy, : F — hpys
such that the following holds:
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1. For any algebraically closed field K the map

F(Spec(K)) - M(K)

is a bijection.

2. For any scheme M’ with a natural transformation ®,; : F — hj there exists
a unique morphism M — M’ such that the functor of points between the two

schemes is connected via the morphism between them.
Definition 2.3. A scheme with the properties above is called coarse moduli space.

Remark. If such a coarse moduli space exists, it is unique up to unique isomorphism by

the universal property.

Example 2.3. Al is a coarse moduli space for elliptic curves. It is only coarse because
two elliptic curves defined over a field K can have the same j-invariant even if there is

no isomorphism defined over K between them.
Remark. For smooth genus g curves there exists a coarse moduli space denoted by M,.

The second approach we consider is to require extra structure on the objects we
are interested in. This extra structure should encode enough information that there
is no possibility for automorphisms on the objects. One possibility is to consider
as objects instead of isomorphism classes of curves isomorphism classes of pointed
curves. That is, considering (C, Py, ..., P,) as objects, where we identify (C, P, ..., P,)
and (C', P{,..., P) if there exists an isomorphisms between C' and C’ which sends
{P1,..., P} to {P{,..., P}

Example 2.4. For N > 3 the modular curve X1(N) is a fine moduli space parametrizing

pairs of an elliptic curve with a point of exact order N on it.

If we have a fine moduli space for our moduli problem, then it is possible to answer
a lot of interesting questions. For example if K is some number field, the K-rational
points of X;(N) correspond exactly to the K-isomorphism classes of elliptic curves with

a K-rational point of order N on it.
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2.2. Constructing Moduli Spaces over C

In this chapter we construct moduli spaces of abelian varieties. Then our goal is to
determine the subvariety whose points correspond to the abelian varieties with real
multiplication. First we recall a known connection between lattices in CY and abelian

varieties of dimension g.

2.2.1. Siegel Moduli Space

We consider abelian varieties of dimension g defined over the complex numbers. The

goal is to describe the complex points of the moduli space of the isomorphism classes of

such objects. Therefore, we briefly recall the construction in the dimension one case.
An elliptic curve defined over the complex numbers can be uniquely determined by a

complex torus. This torus is given by F = (C/ AL where A, :=7Z + 27 and
zeH:={zeC|J(z) >0}

Two such tori are isomorphic if and only if the corresponding lattices are homothetic.
We have an action of SL(2,7Z) on the upper half plane H which is given by MOBIUS
transformation. Then it is easy to see that A, and A,, are homothetic if and only if 2 is
a MOBIUS transformation of w. So we get a bijection between the C-isomorphism classes
of elliptic curves and the set SL(2,7) \H For the set SL(2,7Z) \H it can be shown that
it is a non-compact RIEMANN surface of genus zero and after compactifying, it can be
identified with P! via the j-function.

We want to mimic this construction for abelian varieties of higher dimension. But
here it is getting more complicated since not every g-dimensional torus is an abelian

variety. We follow loosely the lines of [BL04| and omit most of the proofs.

Theorem 2.1. Let A be an abelian variety of dimension g defined over C. Then there
exists a lattice Ay C CY of R-rank 2g such that

~ CY
A=C

Unfortunately, not every torus is an abelian variety. To determine when this is the

case we now give the definition of a RIEMANN form.

Definition 2.4. Let V be a C-vector space. Let A C 'V be a lattice. Then a skewsym-
metric R-bilinear form E :V x V — R is called RIEMANN form with respect to A if the

following conditions hold:

1. E(iv,iw) = E(v,w) for allv,w € V.
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2. Hgp(v,w) := E(iv,w) + iE(v,w) is positive definite.
3. If v,w € A, then E(v,w) € Z.

Lemma 2.2. Let V' be a vector space over C of dimension dimcV =g, let ACV be a
lattice. Then Ap := V/A is an abelian variety over C of dimension dim Ay = g if there
exists a RIEMANN form E with respect to A. E is called polarization of Ay .

There is a connection between a polarization on Ax and an isogeny between A, and
its dual. In order to discuss this connection we first give the definition of the dual of an

abelian variety. The dual vector space V' of V is given by

VY= Homg(V, C)

fw) = Af(v)

= {f:V—)(C forallv,wEV,)\e(C}.
flo+w) = f(v) + f(w)

Let A be a lattice in V' with a RIEMANN form, then the set
A = {f € VY [ S(f(A) € Z}
forms a lattice in V'V which also admits a RIEMANN form. So the torus
AY = Vv/ AV
is again an abelian variety of dimension g, since dim¢c V¥ = g. Then the map

Ap: Ay — A)

v — Hg(v,-)

associated to the RIEMANN form F is an isogeny from the abelian variety to its dual, i.e.
it is surjective and has a finite kernel. So we can associate a degree to a polarization by

taking the degree of the associated isogeny.

Definition 2.5. Let ¢ : A — A’ be an isogeny of abelian varieties defined over the field
K. Then we define
deg(¢) := [¢p"K(A) : K(A)]

as the degree of the isogeny.

The first observation is that a polarization of degree one implies that A, is isomorphic
to its dual AY. For elliptic curves, i.e. abelian varieties of dimension one, this always is
true. If deg A\g = 1, we call E principal polarization. While a polarization E on A gives

rise to an isogeny of A to its dual AV, the converse is not always true.
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Proposition 2.3. Let Ag be an isogeny induced by the polarization E on A/C. Then

the isogeny —Ag is never induced by a polarization on A.

Proof : Assume —\g is induced by some polarization E on A. Then
—Ap(v) = —Hg(v,") = Hg(v,-) = Az(v)

for all v € A. But since Hg and H are both positive definite by assumption, this is not
possible. Therefore, the assertion holds. O

The next step is to characterize polarizations. Therefore, we choose a basis of our

lattice A such that the RIEMANN form F is given by a matrix Ag of the form

0 -D
Ap = ,
where D = diag(d;,d2) is a diagonal matrix with d; | d. It is possible to choose such

a basis by the elementary divisor theorem. We say the polarization E is of type (di, d2).

Proposition 2.4. Let A be an abelian variety over C and let E be a polarization on A.
Then det Ap =1 <= deg g = 1.

Thus, in order to characterize the complex abelian varieties we have to take care that
only lattices are considered that admit a polarization. This leads us to the following

definition.

Definition 2.6. The SIEGEL upper half plane H, is given by
Hy = {M € C99 | M = M",S(M) is positive definite} .
Lemma 2.5. Let A C C9 be a lattice given by A = Z9 + MZ9 for some matriz M € Hy,

then A admits a polarization.

We directly see that Hj is just the usual upper half plane H.
Now it is left to determine when two elements in H, define isomorphic abelian varieties.
For g = 1 this was given by the action of SL(2,7Z) on H.

Definition 2.7. The subgroup

5 aft = fBal
Sp(2¢9,R) :=< M = (a 5) € GL(2¢,R) y6t = &
Y adt + B,.Yt — Ig

of GL(2¢g,R) is called the symplectic group of dimension g.
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There is an action of Sp (2g,R) on the SIEGEL upper half plane Hy given by
M+ (aM + B)(yM +6)~ .

For g = 1 we have the well-known action of the SL(2,R) on the upper half plane H.

Lemma 2.6. Let M, M’ € H, be such that Ayr and App are two isomorphic abelian
varieties. Then there exists a matriz S € Sp (2g,7Z) such that M = S - M'.

So we have constructed an analytic space Sp (29,7) \Hg such that the complex points
of this space correspond to the C-isomorphism classes of principal polarized abelian

varieties of dimension g.
Remark. This construction can be easily generalized to different polarizations.
Theorem 2.7 ([BL04|). The space Ay := Sp (2g,7) \Hy is W—dimensional.

Since we are not only interested in parametrizing abelian varieties of given dimension
and polarization, but in parametrizing such varieties with certain subgroups of fixed
order, we have to look for some level structure on A,. For the elliptic curves we had
three important level structures namely the full level-N-structure, the I'g(/V)- and the
I'1(N)-structure. Using the fact that there is a morphism X3 (N) — Xo(N), MAZUR is
able to determine some Ny € N such that for all N > Ny the modular curve Xo(V) has
no rational points [Maz77].

Now we want to consider only isomorphisms of abelian varieties which respect a certain
level structure, namely for example fix the whole N-torsion subgroup of A.

Assume Ajs is the abelian variety given by the symplectic matrix M € Hy then a

basis for the N-torsion subgroup is given by

1 1 1 1
Nel,...7ﬁeg,ﬁvl,...,ﬁ7}g y

where e; is the i-th vector of the standard basis of CY and v; denotes the i-th line of the
matrix M. Then two abelian varieties Az, Ay together with a basis for the N-torsion

subgroups are isomorphic if and only if there exists a matrix

<°‘ 5) — S €5p(20.2)
v 4

such that M = SM’ and

1 1 1 1 1 1 1 1
(YM +9) {Nel,...,Neg,Nvl,...,Nvg} = {Nel,...,Neg,Nvll,...,NU'g}.
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This is true if and only if S = I, (mod N). This is an easy calculation. This leads

us to the following definition of the principal congruence subgroup.

Definition 2.8. The subgroup
['y(N):={S€Sp(29,Z)| S =1, (mod N)}

is called the principal congruence subgroup of level N and degree g.

With this subgroup we are able to define the SIEGEL modular variety of degree g and
level N. This space is a parameter space for isomorphism classes of abelian varieties of
dimension g with fixed complete N-torsion subgroup. This follows from the considerations

above.

Definition 2.9. For N € N we define the SIEGEL modular variety of degree g and full
level N by

Ag(N) =T, (N) \Hg .
Remark. The space defined above is indeed a quasi-projective algebraic variety [BB66].

Remark. [Sp(2g,7Z) : T'y(N)] is finite since I'y(N) is the kernel of the reduction homo-

morphism

Sp (29,Z) — Sp (29, Z/NZ) :
Therefore, we get a holomorphic map of finite degree of the spaces Ag(N) — Ay.

Example 2.5 ([HWO01]). The BURKHARDT quartic given by the polynomial
X' =X (VP4 WP+ Y?+ Z°) +3VWY Z

in P* is isomorphic to a compactification of As(3).

Definition 2.10. A subgroup I' C Sp (2¢g,7Z) is called congruence subgroup of level N
and degree g if I'4(N) C T

Analogously we can consider pairs given by an abelian variety Ap and a product of g
cyclic subgroups of exact order N. Such a subgroup can be given by its g generators.
One possibility is to pick the images of %ei e CY9, fori =1,...,g under the reduction
modulo A. Then the condition for two abelian varieties Ay, Ay of dimension g to have
an isomorphism sending one subgroup of order NY to the other subgroup of the same

order becomes the following

3(“ 5) — S eSp(29,Z)
vy 4
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1 1
(’yM’—i—(S) <N€i +AM) S <NGZ +Ay),i=1,...g.

This yields that the i-th column of vy reduced modulo N has to be the zero column for
i=1,...,9. Therefore, we must have v =0 (mod N).

Lemma 2.8. For N € N the group

yo(N) i= { (f: §> € Sp (2¢,7Z)

is a congruence subgroup of Sp (29,7Z).

y=0 (modN)}

By the discussion above the quotient space

-Ag,O(N) = ngo(N) \Hg

parametrizes isomorphism classes of abelian varieties together with g cyclic subgroups of

order N. We can again see that for g = 1 this coincides with the well-known
Xo(N) = ro(n) \H.

We want to introduce one more congruence subgroup which corresponds to isomorphism
classes of abelian varieties of dimension g together with g points of exact order N. So let
us assume now that we have two abelian varieties Ay, Apy together with the g points of
order N given by the images of %ei fori=1,...,g. Assume there exists an isomorphism

¢ Ay — App of these varieties such that for each i € {1,..., g}

1 1
Since this isomorphism ¢ again comes from a matrix S € Sp(2g,Z), this gives us
conditions on the occurring block matrices in S. The i-th relation from above gives us
that the reduction of the i-th row in S modulo N has to be e; € Z/NZ' That is, for

=)

we get @ = I; (mod N) and v =0 (mod N). Since S € Sp (2g,Z), we know ad’ + 7' =
I, has to hold. Therefore,
=1, (mod N).
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Lemma 2.9. For N € N the group

Lg1(N) = { (j ?) € Sp(29,2)

is a congruence subgroup of Sp (2g,7).

¥y=0 (mod N),a=0=1, (modN)}

To find equations which describe the spaces I \Hg for some of the above mentioned
subgroups I', one needs to understand the holomorphic functions on these factor spaces.
These functions are called SIEGEL modular forms. In general this is a hard problem to
construct equations for these spaces.

We do not get into more detail about SIEGEL moduli spaces. We want to have a
closer look for a subspace of isomorphism classes of abelian varieties with a certain
endomorphism ring. For this we sum up some information about endomorphism rings of

abelian varieties in the following section.
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2.2.2. Endomorphismrings of Abelian Varieties

In this section we want to give a description of the endomorphism ring of an abelian
variety. After introducing the possible types of endomorphism rings, we restrict to the
case of abelian surfaces over number fields and explain which types of endomorphism
rings actually can occur. For the endomorphism ring of an abelian variety A over a field

K we write

End(A):={¢: A— A| ¢ is an isogeny}

and for the endomorphism algebra
End®(A) := End(A) @z Q.
It is easy to see that for non-isogenous abelian varieties A, B we have
End’(A x B) = End’(A) x End’(B)

and
End’(A™) = End®(A)™*™.

So by Proposition 1.19 it is enough to restrict ourselves to simple abelian varieties.

Proposition 2.10 ([Shi98, Ch. II, Prop. 5|). Let K be any field and A/K be a simple
abelian variety of dimension g over K. Write Ko for the center of EndO(A). Then one
of the following holds.

1. Ky is a totally real number field, or
2. Kg is an totally imaginary quadratic extension of a totally real number field.

Now we want to consider abelian surfaces defined over a number field and write down

the possible endomorphism rings.

Proposition 2.11 ([Oor88|). Let K be a number field and A/K a simple abelian variety

of dimension two over K. Then one of the following holds.
1. End(A) = Z.

2. End(A4) = O, where O is an order in a totally real number field of degree two. We
say A has real multiplication (RM) by O.

3. End(A) = O, where O is an order in a imaginary quadratic extension L of a

totally real number field K with [L : K| =2 = [K : Q]. We say A has complex
multiplication (CM) by O.
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4. End(A) =2 O, where O is an order in an indefinite rational quaternion algebra.

Chosen a random abelian surface A over a number field K one expects that End(A) = Z.
Speaking in terms of moduli spaces, that means that the subspace consisting of abelian
surfaces with RM (resp. CM) is only two-dimensional (resp. zero-dimensional), as stated
in [Run99|.
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2.2.3. Hilbert Surfaces

It is clear that the abelian varieties with RM form a subset of the moduli space of all
abelian varieties. Now, we describe it as a subvariety by constructing a complex manifold
which parametrizes these varieties and give an embedding of the constructed manifold
into A,4. The main references are [Gor02| and [vdG88|. As in the sections before we
omit most of the proofs.

Let L be a totally real field with [L : Q] = g and let 0; : L <— R fori = 1,..., g denote
the g embeddings of L in R. Let Oy, be the ring of integers of the field L. Then we can
embed SL(2,0r) in SL(2,R)Y by the map

(01,...,04) 1 SL(2,0r) — SL(2,R)?
M +— (01(M),...,04(M))

So it is possible to define an action of the SL(2, ) on the g-fold upper half plane HY
by fractional linear transformations of 0;(SL(2,Op)) on the i-th copy of H.

With g =1 and K = Q we again obtain the well-known action of the SL(2,7Z) on the
upper half plane H.

We now have a closer look at abelian surfaces with maximal RM. By maximal RM we
mean, given an abelian variety A we have that End(A) is the maximal order in End®(A).
The methods we use in this section generalize straight-forwardly to higher dimension
and arbitrary order End(A) in End®(A).

Let now A )¢ := CQ/A be an abelian surface with maximal RM by the real quadratic

number field L. There is an action of L on H? given by
Q- (.%'1,.%'2) = (Oé.ilfl, J(Oé).%'g),

where a € L and o is the non-trivial automorphism of L.

Proposition 2.12. The defining lattice of A up to isomorphism is of the form
A=A, :=0,-(1,1)+ 0Oy - z,

where z = (21, z2) € H2.

For the proof see [Gor02].
This is the first step to describe a moduli space for abelian surfaces with maximal RM

by a given real quadratic number field. Now we show the following.

Proposition 2.13. Let z € H? define the lattice A, = Op - (1,1) + Op - z. Then
2
A, = C/AZ is an abelian variety with maximal RM by L.
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Proof : By [Gor(02, Lemma 2.8 and Lemma 2.9| there exists a RIEMANN form on A,
over C. Therefore, A, is an abelian variety over C. Obviously we have by construction
for all & € Op, that aA, C A,, thus « is an endomorphism of A,. This gives us an

embedding
OL — End(AZ ) .

O]

This gives us that H? is a parameter space for abelian surfaces with maximal RM by
a given number field. The remaining question is, when two elements of H? give the same

isomorphism class of of abelian surfaces.

Proposition 2.14 ([Gor02, Th. 2.17]). Two abelian surfaces A, and A, defined over
C with RM are isomorphic if and only if there exists A € SL(2,0r) such that z = A - 2.

Putting all together, we get the bijection
SL(2,0r) \HQ <> {isomorphism classes of abelian surfaces with RM by Op}.

Our next goal is to embed these constructed spaces in the SIEGEL modular space. So

we need an embedding of H? into Hy which respects the group actions. The image

SL(2,0) \E < sp (4,7) \He

is called the HUMBERT surface of discriminant d. Let (1, «) be a integral basis for Op,

and set

Then the embedding H? < H, given by

(2’1,2’2)'—>RT (21 0>R

<2

is equivariant relative to the embedding SL(2,0r) < Sp (4,Z) given by

a 0 b 0
<a b) (RT o) 0 o(a) 0 ob) ((R—l)T o)
’_> .
c d 0 RY)le 0 d 0 0 R
0 o(c) 0 o(d)
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Since this embedding is equivariant, we get an embedding

sL(2,07) \B* < sp (4,7 \He.

For more details of modular embeddings see [Ham66].

Now we want to consider isomorphism classes of pairs (A, H), where A is an abelian
surface with RM by O, and H is a subgroup of fixed order N. Assume (A, H) is
isomorphic to (A’, H'), that is, A = A’ as abelian surfaces and the isomorphism sends
H to H'. Let now A be given as A, and A’ as A,, with z,w € H?. Then there exists a

matrix
b
M = (“ d) € SL(2,0r)

such that z = M - w. This is equivalent to

A, - cz1+d 0 _ AL
0 o(c)ze + o(d)

Let denote the image of the subgroup generated by (%, %) + A, over Op, in A, by H.

This subgroup is of order N. By assumption we have

((;7, ;) + Aw)o,, - <0210+d U(C)ZZO+ a(d)) = <<]1,7 ;) + Ao,

This is true if and only if ((Cz}\?‘d, U(C)Z?U(d)> + Ao, = ((%, %) + A.)o,. Since

both subgroups are of order N, it suffices to check under what conditions the generator

of one subgroup is in the other one. This holds exactly under the condition that
(Cz}jd, ”(C)Z?”(d)) = (%, %) (mod A.). So c has to be divisible by N in Or.

¢ Z) € SL(2,01)

Definition 2.11. T'yo(N,Oy) := { (
c

¢ =0 (mod N)}

Lemma 2.15. I'yo(N, Op) is a subgroup of finite index in SL(2,Or).

The space T20(N,0L) \H2 parametrizes isomorphism classes of pairs (A, H) as
defined above.

Now, we do not only fix a subgroup generated by an element of order N. Now we
want to fix the generator itself, that is, to consider pairs (A, P), where P is a point of
fixed order N. This leads to the question under which conditions two abelian surfaces
are isomorphic over C such that the isomorphism sends a fixed point of order N to a

fixed point of order N on the other surface. Let P be the image of (%, %) +A,in A,
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and let P’ be the image of (%, %) + A, in A, with

A, cz1+d 0 ~ AL
0 o(c)za + o(d)

Then
P/ . Cz1 + d 0 - P
0 o(c)zg + o(d)
< ¢=0 (mod N)andd=1 (mod N)
n OL-
b =0 dN

Definition 2.12. T51(N,0.) =4 [© ") esL,0.)| ¢ (mod N),

c d d=1 (mod N)

Lemma 2.16. I'; 1 (N, Op) is a subgroup of finite index in SL(2,Or).
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2.2.4. Families of Hyperelliptic Curves with Real Multiplication

In section 4 we consider Q-rational torsion points of low order on the jacobians of a
family of hyperelliptic curves with real multiplication by v/5. In this section we present
how this family is constructed. Before giving the one-parameter family we actually use
later, we give the construction of a two-parameter family due to MESTRE [Mes91].
The idea is to start with a family of elliptic curves with a five-torsion point P on it.

Such a family is given by
E\:Y?+(1-XM)XY —\Y = X3~ AX? (see Theorem 3.2).

On this family the point P = (0,0) has order five for all specializations. The finite

subgroup (P) gives us an isogeny
¢: E\ — EA/<P> —: B}

of degree five. Since both E\ and EY are elliptic curves, we have a projection to P! using
the x-coordinate.
B E

Pl — ~p!

The curve C : Y2 = u(X) — u is hyperelliptic of genus two with RM by 0. By MESTRE

this yields a two-parameter-family given by
Chp:Y?P=(1-XP+2X((1-X)P+2X? - X?(1 - X)) — pX*(X - 1)

In [Has00] HASHIMOTO constructed a three-parameter-family of hyperelliptic curves with
RM by Op, in a very different way. He started with a family of polynomials with GALOIS
group As. This family of polynomials he used to construct the three-parameter-family
of hyperelliptic curves with RM by Op.

In [TTVO91], TauTz, TOP and VERBERKMOES constructed a one-parameter-family of
hyperelliptic curves with real multiplication by Q(v/5) by replacing the curve X;(5) in
MESTRES construction by the multiplicative group G,,, which is the cusp at infinity of
X1(5).

Theorem 2.17. For all A € Q such that
Cy:Y?=X5-5X3 45X + )\

defines a hyperelliptic curve, Jac(Cy) admits RM by Q(«), where o := (5 + C5_1.
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Remark. In the paper they give a more general result. Namely if p > 3 is a prime,
they construct a family of hyperelliptic curves defined over Q of genus p%l with RM by
Q¢ + Cp_l). But we are only interested in the case where the resulting family is a family

of genus two curves.
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2.3. lgusa Invariants

In order to navigate in a variety it is very useful to have the variety described in terms
of some coordinates. Since two varieties are isomorphic if and only if they define the
same point in the moduli space, the introduction of computable coordinates in this space
is an important tool to determine whether two given hyperelliptic curves are birationally
equivalent.

As we have seen before, the space of isomorphism classes of elliptic curves can be
described via the j-function. IGUSA found in his famous paper [Igu60| invariants which
classify all hyperelliptic curves of genus two up to birational equivalence. They are
used to determine dimensions of families of genus two hyperelliptic curves and to find

isomorphisms between them.

Definition 2.13 (IGUsA Invariants). Let C' : Y2 = X% 4322 | fiX? = F(X) be a
hyperelliptic curve and denote the six pairwise different roots of F by oy, i = 1,...,6.
Write (ij) == oy — 5, 1 # j € {1,...,6} and set

Jo(C) =27 > (12)*(34)*(56)

15 terms

Ju(C) :==27°371 (4.]22— > (12)2(23)2(31)2(45)2(56)2(64)2)

10 terms

Jo(C) :=275372 (8J3 — 160.J2.J4

- (12)2(23)2(31)2(45)2(56)2(64)2(14)2(25)2(36)2>

60 terms

Jlo(C) ::2_20A(C),

where the sums in Jo;, 1 = 1,2, 3, range over all possible permutations in the summands.

These invariants are called IGUSA invariants of C.

The following proposition makes clear why we call (J2(C), J4(C), Js(C), Ji10(C)) in-

variants.

Proposition 2.18. Two hyperelliptic curves C'/K and C'/K of genus two are isomorphic
if and only if there exists r € K \ {0} such that

JQZ(C) = T2iJ2i(Cl),

fori=1,2,3,5.

The proof can be found in [Igu60, p. 632]. Most of the time we use the absolute IGUSA

MAX KRONBERG 67



2. Moduli Spaces and Families of Curves

invariants to determine whether two given hyperelliptic curves are isomorphic. For this

task we introduce the absolute IGUSA itnvariants.

Definition 2.14. Let C be a hyperelliptic curve of genus two such that Jo(C) # 0. Then

we set

_Ju(O)

a(C) = 702
Js(C

/B(C) = J26((C’))3
J1o(C

as the absolute IGUSA invariants of C.
With this definition and Proposition 2.18 we directly get the following corollary.

Corollary 2.19. Two hyperelliptic curves C/K and C'/K, such that Jo(C) # 0 #

J2(C"), are isomorphic if and only if their absolute IGUSA invariants are equal.

Remark. IGUSA showed in his paper that with this absolute invariants it is possible to

describe the arithmetic modular variety of hyperelliptic curves of genus two.

If we now look at a parametrized family of hyperelliptic curves C of genus two over
the field Q regarded as a hyperelliptic curve C' over the function field Q(s), where s
is the vector of the parameters in the family, we get that there are infinitely many
non-isomorphic hyperelliptic curves in the family C if and only if one of a(C), 5(C),~v(C)

1s non-constant.
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of Curves

This chapter is one of the central ones in this thesis. Here we present different approaches
to the explicit construction of certain torsion structures on jacobians of algebraic curves.

We give a partial answer to the following problem.

Problem. Given a positive integers N, g and a field K, is it possible to find an abelian
variety A g of dimension g such that

N|#Ators (K)?

More precisely, for given positive integers N, g and a field K, we construct abelian
varieties of dimension g defined over K with a K-ratoinal point of exact order N. We
are mainly interested in the case where K = Q. In order to achieve a solution to the
stated problem, it is of importance to be able to perform computations in the abelian
variety.

The used methods are a mix of already known methods due to FLYNN and LEPREVOST,
classical constructions motivated by number fields and new approaches. We are able to
present new examples of hyperelliptic curves defined over Q and some number fields of
small degree admitting a torsion point of prescribed order on their jacobian.

For the elliptic curves the question for rational torsion points is answered for several
fields. The most prominent result is the theorem of MAZUR which classifies all possible

Q-rational torsion subgroups of elliptic curves.

Theorem 3.1 (|[Maz77|). Let E/Q be an elliptic curve. Then Eiors(Q) is isomorphic to

one of the following groups.

Z/nZ 1<n<10 orn =12

Etors(@) = 7 7
2 Yoz L=ns4

Furthermore, for all occurring groups in the theorem there exists an infinite family of

non-isomorphic elliptic curves admitting this group as a torsion subgroup. Historically,
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first a parametrization of the curves with a given torsion subgroup was found and

afterwards it was shown that no other subgroups can occur.

Theorem 3.2 ([Kub76]). Fach of the groups in Theorem 3.1 occur for infinitely many

different j-invariants.

For jacobians of hyperelliptic curves we do not expect to succeed with the methods
from the elliptic curves defined over a number field since we essentially exploit that the
regarded moduli spaces are of dimension one. This gives us the tool of using jacobians
of the modular curves, see [Maz77|. For hyperelliptic curves of genus g we have a
moduli space of dimension 2¢g — 1 since every hyperelliptic curve C' defined over K with
char(K) # 2 is K-isomorphic to a curve of the form Y2 = X (X — 1)F, where F is a
monic polynomial of degree deg(ﬁ ) = 2g — 1. This is known as the ROSENHAIN form of
the hyperelliptic curve C'. For abelian varieties of dimension g it seems to be even harder
since dim(Ay) = @. So at the moment it is unknown how to obtain an analogous
result for hyperelliptic curves to Theorem 3.1.

The goal of this section is to present different methods for the construction of families
and examples of curves defined over a number field K with a certain K-rational torsion
point on the jacobian. At first we present methods for hyperelliptic curves. The central
object in all methods is some norm equation (see Definition 1.21) in the coordinate ring
of a curve defined over a rational function field over Q. A solution to such an equation
then yields a curve with the desired properties. We start solving norm equations by
comparing coefficients in these equations. Even for small torsion orders, this approach
leads to very complicated systems of polynomial equations in the parameter.

Later, we use more sophisticated approaches for the construction of torsion divisors.

The first method to solve norm equation of the form
a® — Fb? =V

for polynomials a,b,u, F' € K[X] and some give positive integer N is to use a lifting

idea which is based on HENSEL’s Lemma. We first construct a solution
R*>=wu (mod b)

which we can lift to a solution modulo b?. This approach was already used by LEPREVOST
in [Lep91lal to construct hyperelliptic curves of genus two with a 13-torsion divisor. We
extend this approach to find for a given prime p a hyperelliptic curve C' whose genus
depends on the prime with a torsion point of order p.

Furthermore, we are able to construct a new example of a hyperelliptic curve of genus

two defined over a number field of degree seven with a 17-torsion divisor. Results of this
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form were not known prior to this thesis.

The second method for solving norm equations is to investigate a special norm equation
which is related to the units in the coordinate ring of the curve. These equations are
known as PELL’s Equations and can be solved by continued fraction expansion algorithms.
The analysis of continued fraction expansions in series of number fields and function
fields has a long tradition. A very systematic treatment of these expansions can be found
in the thesis of PATTERSON [Pat07| and VAN DER POORTEN [vdP04b| and [vdP04a].

Following an approach of FLYNN [Fly90|, we do not try to solve the above mentioned
norm equation directly but impose multiple different norm equations which can be
combined to the desired form. In [Lep93| LEPREVOST constructs the so far known record
for a point of prime order on the jacobian of a genus two hyperelliptic curve. We state a
combination of the methods described by FLYNN and LEPREVOST and construct new
examples of hyperelliptic curves with a large torsion point on the jacobian. Our examples
are not only defined over the rational numbers, but also over small degree number fields.
Examples over number fields were not known until now.

Besides the study of hyperelliptic curves, we also consider series of superelliptic curves
with a torsion point of given order on the jacobian. For superelliptic curves some of the
methods we use for hyperelliptic curves still work. For example we can use HENSEL’s
Lemma to find a solution for a norm equation of the form a* — Fb¥ = XP. In higher
degree function fields it becomes more difficult to find explicit solutions to certain norm
equations. For certain number fields there exists an algorithm due to VORONOI which
computes the fundamental units of the ring of integers under some constraints on the
splitting behavior of the infinite place. In the last part of this section we are able to
show that exactly the same algorithm works for function fields of characteristic zero. In
the positive characteristic case the correctness of this algorithm is shown in different
settings. See for example [SS00| or the thesis of TANG [Tanll|. Using this algorithm
we find two series of degree three function fields with a large unit and hence, series of

curves with a torsion point of large order on the jacobian.

3.1. Using Explicit Formulae

In this section we briefly want to mention the most explicit way to determine torsion
points on the jacobian. For this purpose we use the explicit formulas for computation
in the jacobian mentioned in Section 1.4.5. Since the degree of the formulas is large
with respect to IV, this attempt to describe the rational torsion points becomes hard
even for small torsion orders. We start with the generic hyperelliptic curve of genus
two, or some other family of hyperelliptic curves, with a generic point on its jacobian.

The representation of the point depends on the formula we want to use. For example
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for the CANTOR algorithm we represent a point on the jacobian by the MUMFORD
representation and for the explicit formulas for the jacobian in P'® we represent a point
by a 2-tuple of points on the curve with affine coordinates.

Using CANTOR’s algorithm, FLYNN’s formulae for the embedded curve in P'® and the
division polynomials due to CANTOR for computing a multiple of a generic point on a
family of hyperelliptic curves give way too large algebraic expressions in the parameters,
so we do not present them here. We only give an example which uses the duplication
formula due to FLYNN on the KUMMER surface of the jacobian of a hyperelliptic curve
of genus two. But even here, we are neither able to give an example for a three-torsion

point nor prove the non-existence of a example in this particular family.

Example 3.1. Let
Cy:Y?2=)2X04+5X°-5X3+ X

be the family of hyperelliptic curves with RM constructed by TopP, TAUTZ and VERBERK-
MOES and let {P,Q} represent a Q(\)-rational divisor D on Cy. Furthermore, assume
D € Jac(Cy)[3]. This implies 2D = —D on the jacobian, but taking the image in the
KUMMER surface yields

Applying the formulae for 69 given in Appendiz B, this relation gives us three equations
in the parameter A and the four coordinate parameters of P and Q. Since S € C, we

have

y(S)? = \z(8)® + 52(S)° — 52(S)% + 2(S)

for S € {P,Q}. Thus, we get five equations in the five indeterminates A\, x(P),y(P), z(Q)
and y(Q). These equations define a zero-dimensional algebraic set. Unfortunately, the
description of this algebraic set is so complicated that we could not actually find such a

point.

As we can see in this example it seems to be hard to construct torsion points of large
order by this method. Therefore, it is much more convenient not to use the addition
formulae on the jacobians directly, but conditions on objects immediately related to a
point on the jacobian, for example certain relations in the function field of the curve or

certain relations of divisors of the underlying hyperelliptic curve.
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3.2. Solving Norm Equations

In this section we relate the norm of elements in the function field of a curve with torsion
divisors on the jacobian of the curve defined over Q. This connection of these two objects
plays a central role in all constructions of torsion points of large order on jacobians of
curves. After proving this connection, we make direct use of it to explicitly describe a
one-dimensional family of hyperelliptic curves of genus two with a five-torsion divisor
and an example of a hyperelliptic curve of genus two with a seven-torsion divisor.
Since points in the jacobian of a curve can be described as divisors of degree zero
modulo principal divisors, we get a direct connection between elements in the function
field of the curve and divisors which are equivalent to zero in the jacobian. We are
especially interested in functions f € K(C'), where C is a curve over the field K, such
that div(f) = ND for some degree zero divisor D and some integer N. The existence of
such a function f is equivalent with the existence of a torsion point of order dividing N.

This observation we make explicit in the following two lemmas.

Lemma 3.3. Assume C/Q :Y? = F(X) is a hyperelliptic curve of genus two with a
Q-rational WEIERSTRASS point. Assume further that there is a point D € Jac(C)[N](Q)
for a given natural number N. Then there exists a function f € Q(C) such that

Nagc) /g (f) = eul@)™
for some polynomial w € Q[X]\ Q with deg(u) < 2 and € € Q*.

Proof : Let C/Q:Y? = F(X) be a hyperelliptic curve of genus two with deg(F) = 5.
Now we know that every point D € Jac(C)(Q) can be represented by two points

Q1 # Q2 € C(Q)U{Px} or Q1,Q2 = Q7 € C(K)

for some quadratic extension Q C K, where ¢ is the non-trivial automorphism of K
over Q. So write D = Q1 + Q2 — 2P5. The assumption that D is of order dividing N
translates to the fact that

O=ND=N@Q1+NQ2—-2NP,.

We have to look at two different cases.

1. case Px & {Q1,Q2}:
Thus there exists a function f € Q(C) which has a pole of order 2N at Py, and

nowhere else and a zero of order NV at the two points (1 and Q2. So we can deduce
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that f € L(2N Ps) and f can be written in the form

f=ax)+b(z)y

with polynomials a,b € Q[X] by Lemma 1.8. Since @)1 and @ are assumed to be
N-fold zeros of f, we get

f(Qi) = a(x(Qi)) + y(Qi)b(z(Q:)) =0

for ¢ = 1,2. This implies that

a(z(Q:))* — b(x(Q:))*F(x(Q;)) = 0.

Therefore, we get that (X — z(Q;))N divides a® — b2F for i = 1,2. By comparing

degrees, we obtain

a(z)® —b(z)*F(x) = N@(c)/@(x)(f) = e(z — 2(Q)N (z — 2(Q2))N
and the lemma is proven since (X — z(Q1))(X — 2(Q2)) € Q[X] by assumption.

2. case Py € {Q1,Q2}:
We can assume without loss of generality that Q2 = Ps, so we get D = Q1 — Poo
and Q1 € C(Q). Hence there exists a function f € L(N Py) with a N-fold zero at

Q1 and no zeros elsewhere. With the same arguments as above we get

o’ —bV*F = N@(c)/@(m)(f) = e(x — 2(Q1)"
for some ¢ € Q*. O

Remark. The polynomial w in Lemma 3.3 gives the first coordinate of the MUMFORD
representation of the point D € Jac(C). Obviously the assertion in the lemma can
also be formulated for curves of arbitrary genus and for curves without a Q-rational
WEIERSTRASS point. The proofs are completely analogous to the given one, but we would
have to consider a lot more cases. Since this gives no further insights, we restricted

ourselves to the most simple case.
The next lemma states that the converse of Lemma 3.3 is also true.

Lemma 3.4. Let C/Q be a hyperelliptic curve of genus two with a Q-rational WEIER-
STRASS point and D € Jac(C)(Q) having first coordinate in MUMFORD represen-
tation equal to the polynomial uw with 1 < deg(u) < 2. If there exists a function
f € L(deg(u)N Py,) such that N@(C)/@(z)(f> =cu®N for some ¢ € Q*, then ord(D)|N.

74 MAX KRONBERG



3.2. Solving Norm Equations

Proof : Assume C'/Q is a hyperelliptic curve of genus two and there exists a function

f € L(deg(u)N Py,) such that
Ngioy/ae () = e’
Then the principal divisor of f is
div(f) = NQ1 + NQ2 — 2N Py
for some points Q1, Q2 € C such that u(z(Q;)) = 0. Therefore,

N(Q1+Q2_2Poo)

has to be the identity in the jacobian. Hence, the divisor (Q1 + Q2 — 2P ) has to be of
order dividing N. O

Remark. Again, this can easily be generalized to curves with arbitrary genus.

We use these two lemmas to produce families of hyperelliptic curves admitting a point
of certain order on their jacobians. The strategy is to take a parametrized family C of
hyperelliptic curves and assume the existence of a function f € Q(C) with a norm equal

to
_ N
Naoyga (1) = eu

for C € C. Then, by comparing coefficients, we get equations in the parameters of the
family C, the parameters of the function f and the u-coordinate of the potential point of
order N. If we further start with a prime N, we can be sure that on every constructed
curve there is a point of exact order N on the jacobian.

We compute an example of this construction for five-torsion. We start with the
universal hyperelliptic curve of genus two. Since the equations we are dealing with are

rather complicated, we restrict the functions f € £(10P) to be in the subvectorspace

spanned by {1,z, 22, 23, 24 27, y}.
Set
f5:= _1iZSA5 + %AS — %5)\;12 + 27,
fii=— 52152>\ +%/\4u 13325>\2 245X - gpfg,
f3 = _%AW %/\% 16145)‘3 ? 15)\2 95/\u3 + 5pm,
f2:= 1623584 - 1324 et gigxl“%r s 415A2 3 *A‘m_%i“ !
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5 15 15
= —— N+ —Npun — 5t + —
fi TR pot e,
for=n—p’.
Proposition 3.5. The family
Corp 2 Y° = f52° + faxt + f32° + for® + frz + fo,

generically admits a Q-rational point of order 5 on its jacobian.

The u-coordinate of this point in MUMFORD-representation is given by the polynomial
w:= 2>+ Xz + p.
Proof : Let
C:Y? = fsX°+ uX' + f5X° + foX° + f1X + fo =: F(X)

be the universal hyperelliptic curve of genus two with one rational WEIERSTRASS-Point
at infinity. Assume 22 + Az + p to be the first coordinate of a Q-rational point

D =P+ P —2P, € Jac(C)[E)](Q)

of order five on the jacobian Jac(C) in MUMFORD-representation. Since we have assumed
D € Jac(C)[5], we have [(5D) > 1. This means that there exists a function f € Q(C) of

norm &(z2 + Az + p1)® by Lemma 3.3. So there is a solution to the equation
a? — FV? = e(X? + \X +p)°,
where @ and b are polynomials in X. By assuming b = 1, we can simplify the equation to
a? —F = (X2 4+ 2X +p)°,
where a has to be monic of degree five. Setting
a:=n4+aX +aX?+a3 X3 +as X+ X5

and by comparing coefficients of both sides of the equation, we get the equations for

foy-o oy f5. O

The family C) ., in Proposition 3.5 is one-dimensional as we can see with the following

considerations. First we consider the subfamily given by A := 1 and p := 0 and show that
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this family is one-dimensional. This is done by computing the absolute IGUSA invariants

of this family. These are given by

17 4 17 3 1399 2 35 175
213357 — 3103357 T 213357 — 3283271 T 33834
a(Croy) =

(% = 50 + 5ti52)?

h
(1 — 30+ 5252)°
(N — )% — 3)2(* — 0+ 31)
(7 — 20+ 552)°

B(Cron) =

Y(Crom) = ,
where h is a polynomial of degree eight in 7.

Since these invariants are non-constant rational functions in the parameter 7, we get
that there are infinitely many pairwise non-isomorphic curves in this family. So the
family 1,0, has to be one-dimensional. Therefore, the dimension of C} ,,, has to be at
least one.

The next step is to show that for every choice of A, u,n € Q there exists a ' € Q
such that C) ., = C10,. To show this we look at the differences of the absolute IGUsA
invariants of C) ,, and Cj o, and compute the greatest common divisor d of their

nominators. This is given by d = don’? + din + dg, where

do =210 — 20081 + 160X 1% — 640A* 13 + 128002 — 10244°,

15 15 3
dy =247 — 30024 + 15043 — 56,2 £ 28, - 2 \10
1i=2AT = SOATUE A ASA T = Sp AT g A g
15 9 45 5 3 25
do =M — —p® —n? — N2t — =03 Mop — 26,2
A e T R R AT YRS
105 , 5 15 4
et et

So for any given \,u,n € Q we can find ’ € Q such that d = 0. Therefore,
Chun = Cp o,y over Q. We now check under what conditions this isomorphism is defined
over the rational numbers. This is done by computing the roots of the polynomial d and
check when these are defined over Q(A, i, 7). Since d is a polynomial of degree two, we
can easily determine its roots. These roots are rational if and only if

a2 do 3N — PN+ 80Au% — 2on)?

4d}  dy 2562(\2 — 4pu)°

is a square in Q. This is true if and only if A2 — 4y is a square in Q. This answers the
question of the field of definition of the isomorphism described above.
We also have tried to construct a family of curves defined over Q admitting a seven-

torsion point on their jacobians. But the restriction to functions in (1,y,x,... ,x7>Q
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just leads to the empty family. Allowing functions in the whole space £(14P,) gives
equations which define a four-dimensional parameter space. Since these equations are
rather large, we do not state them here. The following example is the fiber above a

rational point in the mentioned parameter space.
Example 3.2. Let C: Y? = F(X) with

39

. X* +65X% — 146X2% + 198X — 127.

F=X°

Then there exists a non-trivial point D in Jac(C)[7](Q).

The attempt to construct in this direct approach a family of curves with a seven-torsion
point on their jacobians shows that in order to construct large torsion orders one has
to be able to find Q-rational points in affine varieties which are given by complicated

polynomials in the parameters.
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3.3. Hensel Lifting

In the preceding section we have seen that the approach of directly solving the norm
equation leads to complicated equations even for a small prime like seven.

As in the preceding section we are looking for a possibility to construct a solution of a
norm equation in the coordinate ring of a curve. Let us first make some assumptions on
the curve C. Let C : Y2 = F(X) be a hyperelliptic curve of genus two defined over Q
and assume the support of the divisor at infinity Do, is contained in one GALOIS orbit
(i.e. deg(F') is odd or the leading coefficient is not a square).

We make this assumption to be able to handle the pole orders at the points at infinity
of the constructed function. Assume further D := P 4+ (Q — D is a p-torsion divisor
on C for some prime p # 2. Then we get with Lemma 3.4 of the preceding section that
there exists a function

a(z) +yb(z) =: f € O(C)

such that
a? — Fb? = eu?,
for some € € K* and some polynomial u € K[X] of degree two. Then

I a? — euP
==

where all the terms are polynomials in X. Therefore, we require a? = eu? (mod b?).

For simplification we introduce the following notation.

Notation 3.1. Let K be a field and a,b € K[X]. Then we write a mod b € K[X] for
the unique polynomial h € K[X] with degh <b and h = a (mod b).

In order to find a solution to this congruence we make use of the following lemmas.

Lemma 3.6 (HENSEL’s Lemma, [Henl8|). Let K be a field with char(K) # 2 and
b, R € K[X] with ged(b, R) = 1. Assume that there exists a polynomial g € K[X|[Y] with
g=Y? +u for some u € K[X] with g(R) =0 (mod b). Then there exists a polynomial
R € K[X] such that

R=R (mod b)
g(R)=0 (mod b?).

This polynomial R is unique up to multiples of b>.

Proof : Assume that there are b, R € K[X] and g € K[X][Y] such that ged(b,R) =1
and g(R) =0 (mod b). Set A\; := @. Then A; is in K[X] since g(R) =0 (mod b) is
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assumed. Further set Ay := —2)‘—]1% mod b. Since ged(R,b) = 1 and char(K) # 2 hold
by assumption, 2R is invertible modulo b. Therefore, A2 is an element of K[X] with
deg(X2) < deg(b). Now set R := R + Ab. Obviously, R = R (mod b). Further we

calculate

g(R) = g(R + Xob) = R% + 2R)sb + A2V* + u
2R\ b
= R?>+2R\b +u S L
2R
= g(R) — M\b =0 (mod b?).

So it is only left to show that this solution R is unique. If E is another solution, we
directly get that ]f%\; and R can only differ by a multiple of b. So ]fi;/g = R + ub for some

polynomial i € R. Since we assumed that E is a solution, we have

0= g(Ry) =g(R+ pb)
= R? 4+ 2Rpub + 120* + u =R?+u+2Rub = g(R) + 2Rub.

This is equivalent to 1 = Ay (mod b) by the way A2 was constructed. Therefore, we
have R = Ry (mod b?). This completes the proof of this special version of HENSEL’s

Lemma. OJ

We now use this version of HENSEL’s Lemma to give a criterion for when it is possible

to find a solution to the norm equation.

Lemma 3.7. Let N be a positive integer, K a field with char(K) # 2 and b,u € K[X]
polynomials such that ged(b,u) = 1 and u is a square modulo b. Then for all ¢ € K*
there exist polynomials a, F € K[X] such that the following equation holds true:

a® — b’F = 2.

Proof : Assume u = R? (mod b) for some R € K[X]. Since ged(u,b) = 1, we directly
get gcd(R,b) = 1. Therefore, by the Lemma of HENSEL 3.6 there exists a polynomial
R € K[X] such that u = R? (mod b?). Setting a := ¢RN mod b2, we get

a? =%V (mod b?).
Therefore, there exists a polynomial F' € K[X] such that
a? — VF = 2ul. O

By using Lemma 3.7, we construct an example of a family of hyperelliptic curves
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defined over Q with a Q-rational seven-torsion point on its jacobian. First we fix the

polynomial b in such a way that there exist squares of degree two in the algebra

Qa) == Q[X]/(b)

that do not come from squares in Q[X]. For example fix an odd prime p. Then the
polynomials
by = XP3 4+ 2)\Xp2;1 +2and u:=NX2%2-2

have no common factors and in QX ]/(b,\) we have
(X2 4 AX)2 = XP 3 120X T + A2X2=b -2+ A2X2= (A2X%2—2) (mod by).

So we have found polynomials by, u € Q[X] such that the conditions of Lemma 3.7
are fulfilled, therefore, there exist polynomials a, ' € Q[X] fulfilling a®> — F b?\ = cuP,
where ¢ € Q*. We now check the degrees of the polynomials we constructed. We
have deg(by) = 4, so we get deg(a) < 7. This is enough to compute the degree of the

constructed polynomial F"

deg(F) = deg ( > = max(2deg(a),pdeg(u)) — 2 deg(by)

Y

= max(2deg(a),2p) —2p+ 6

The second equality holds since the degrees of a? and u? are different by construction.
This gives us that the degree of the polynomial F' is six if and only if the degree of a is
less or equal to p. Since one summand of a is Asb, the degree of a is less or equal to p if
and only if the degree of As is less or equal to three. So only for p = 7 we can be sure to
get a polynomial F of the right degree.

It would be a nice result to have a criterion when it is possible to find a A9 of the right
degree for larger primes.

Let us now go through the construction for the special case p = 7. In order to compute

a explicit example we start with the polynomial by := X%+ 2AX? + 2. Then the relation
(X24+2X)?2=A2X?2 -2 (mod by)

holds. We set u := A2X? — 2 and compute A\; = 1. If we further set

1 1. 1 | |
—_— = AT — 2\ =A% —22t 4 -
TNt o (8 2 ) a6 < t3)
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==X =2 — == ==\ ==

as <2)\ A%+ 2)\), a4 2)\ , as <2)\ 2)\ s
1 1

ag = <)\8 — ;)\4 + 2) , ay = <2>\5 + 2)\> , ag ::§A6 —2)2,

this gives us Ay = CZZZO a; X"

Hence, the congruence
(X% 4+ AX) + X(X+22X% +2))? = X% -2 (mod (X* +2)X? 4 2)?)

holds by construction.
Taking the 7" power of the square root of the left hand side modulo bi, we obtain
the polynomial

an =(=AT = 2X%) X7 4 (—9AT = 2) X6 4 (=5A7 — 62) X7 + (—4A + 4A?) X!
+ (201 = 12) X% + (—20° — 120) X — 8)%,

Now we are able to compute the defining polynomial
a3 —u’

Fy=—=-—.
A bg\

This gives us

Fy =AM a0 X0 4 (201 4 2407 + 803 X° + (A8 + 2801 + 4) x*
— (=227 = 3205 + 8A) X3 — (M0 440 — 28X2) X2 + (8AT 4 48)3) X + 16)* + 32.

The polynomial F defines a hyperelliptic curve of genus two for any A € Q \ {0} since

the discriminant of the curve above is
A(C) = 2PN\ — 2)17 (27012 4 2428)\8 — 3844\ — 512).

This discriminant is non-zero, therefore, C'/Q(\) is hyperelliptic. Let now A be a rational
number. Then the discriminant of the specialization of C to A is zero if and only if A =0

since all other factors of A(C)) are irreducible over Q.

Lemma 3.8. Let A € Q be a rational number. Then \* + 1 is a square in Q if and only
if A=0.

Proof : A solution (y,\) to Y2 = X* 4+ 1 with X\ # 0 yields a non-trivial solution to the
FERMAT equation X% 4+ Y4 = Z% and thus can not exist. ]
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Example 3.3. Let 0 # A € Q. Then the curve Cy : Y2 = F\(X), where

Fy =410 400 X0 1 (201 42407 4 8X3) X° 4+ (\® + 280* +4) X1
— (=222 = 3205 + 80) X3 — (A0 4 4N0 — 2821 X2 + (8AT 4+ 48X3) X + 16X* + 32,

is a hyperelliptic curve of genus two with a Q-rational seven-torsion point on its jacobian.

Proof : By the discussion above the curve is hyperelliptic of genus two for A\ # 0. In
Lemma 3.8 we know that the leading coefficient of F) is a square if and only if A = 0.
Therefore, we have for A # 0 that the points at infinity of C) lie in one GALOIS orbit.

So by construction Cy admits a seven-torsion points on its jacobian. ]

Following the arguments from the seven-torsion example, we now want to construct a
hyperelliptic curve with a jacobian containing a rational eleven-torsion point. Since we
have seen it is most likely that our strategy fails in general, we have to adjust it slightly.
By the discussion above, the bottleneck of the method is the degree of the number field
we are working in. But this degree can be reduced by a small change in the method.

Instead of looking at divisors D := P+ () — Do, we now assume that our hyperelliptic
curve has only one point at infinity. So we want to construct a degree five polynomial F’
such that C' : Y2 = F(X) is a hyperelliptic curve of genus two with a jacobian admitting
a torsion point on the image of the curve under the embedding given by this point at
infinity. That is, we are now looking at a divisor of the form D := P— Py, € Jac(C)[p](Q).

So a function f with principal divisor div(f) = pD lives in L(pPs). Therefore, we
can use the construction as above in a number field of degree p=5

2
Let K := Q(a) be a number field with a® = 2. Then the following holds in K.

1\? 1 17 17
<a2+a—2> :a4+2a3—a+1:(a3—2)(a+2)+a+Z:a+Z

Taking this relation and applying HENSEL’s Lemma, we get with

1452831199375
= _]. ==
Fs Fa 1048576
p 102384544793 p 454968393185
4T T 962144 T 131072
p 63111601615 P 666157168727
37 T 962144 0= 524288

the following theorem.

Theorem 3.9. The curve C : Y2 = Z?:O fiX" =: F(X), where the f; are as above, is
a hyperelliptic curve of genus two and has a point of order eleven on the image of the

curve in its jacobian.
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3.3.1. p-Torsion on Genus p — 5 Hyperelliptic Curves

The construction in the preceding section can be used to construct series of hyperelliptic
curves over Q of growing genus with a QQ-rational p-torsion point on the jacobian for
a given prime p. For the construction we use the observation that the genus of the
resulting curve only depends on the degrees of the polynomials a,b and u. Since the
degree of a is bounded by the degree of b, we get that the genus of the resulting curve
depends only on p if p is large compared to deg(b). Constructions of such series were not
known until now. They allow us to explicitly write down an equation for a hyperelliptic

curve with a rational point of order p on the jacobian for a given prime p.

Theorem 3.10. Let p > 5 be a prime and set b := X* + 2X3 + 2 € Q[X] and
ap = (X2 + X + Aob)? mod b?, where

1 1 1
= X3 - X +-.
Ao 1 5 + 5
Assume that
a2 — (X2 -2y

F(X):= -2
() (X4 42X3+42)%

has mo multiple roots in an algebraic closure of Q. Then the curve

C:Y?=F(X)
is hyperelliptic of genus g(C) = p — 5 defined over Q and has a Q-rational p-torsion
divisor whose first coordinate is in MUMFORD representation given by x> — 2.

Proof : Let us first observe that

af, — (X2 -2)p

(X% +2X3 + 2)2

is actually a polynomial. Since
(X2 +X)2=X2-2 (mod b),

we have
2 _ (v2 P 4 3
a, = (X°—=2)P (mod X" +2X* +2).

Since Mg is constructed in such a way that this congruence holds modulo b%, we get a
polynomial in X by dividing out (X% + 2X3 4 2)2.
Let us now check the degree of the polynomial F'. First we see that

dega, <7 =2deg(b) — 1.
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So the degree of the numerator is 2p. Therefore, the degree of F' is given by deg(F') =
2p — 8. Since F' is assumed to be a separable polynomial, we get that C' is a hyperelliptic

curve of genus
_deg(F)—-2 2p—-10
= 5 ===

For the last assertion we give a function f € Q(C) with the correct principal divisor.

p— 5.

Set f:= ap(z) + b(x)y and then it is easy to verify that the norm of this function is just

Ngoy/gw(f) = (@* = 2)".

So f has a p-fold zero at exactly two points P, Q) of the curve and 2p poles at infinity
equally distributed on both branches. So the divisor D := P 4+ Q — D, is non-trivial
such that pD = 0 in the jacobian. O

For all primes up to 7919, which is the 1000-th prime, the polynomial F'is irreducible
over Q and hence it is separable. This was computed by using MAGMA. Supported by
this numerical data, we conjecture that for all primes p the polynomial
a? — (X% -2y

F(X): =L
(X) (X4 +2X3+2)2

is separable. If this is indeed the case, then for every prime p > 5 there exist a
hyperelliptic curve of genus p — 5 with a Q-rational divisor of order p. We now state one

of these examples.

Example 3.4. The genus eight hyperelliptic curve given by

Y2 = XB1ax1 114X —79X15 — 76 X1 + 584X 13 1+ 168X 12
—2832X M 1+ 100X +9184XY — 1352X°% — 21056X7 + 2692X° + 37760X°
+12352X% — 22480 X3 — 3664 X2 + 18144 X + 9104

has a 13-torsion point on its jacobian. The point D := (z? — 2,120z + 172) has order 13.

We now want to adapt the construction from Theorem 3.10 to obtain a family of
genus p — b hyperelliptic curves with a p-torsion point on their jacobians. For sake of
simplicity, we fix the number field

_ QX
K= ]/(X4+2X3+2)
in Theorem 3.10. With this number field we fix the u-coordinate of the p-torsion divisor

by 2% — 2 since for the image of this coordinate in the number field K we have a special

quadratic relation. We use this to construct a function in Q(C') with the right poles
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and zeros. In the following we construct a series of hyperelliptic curves which is for
every occurring genus a family itself. For this, we take a parametrized u-coordinate of
the potential p-torsion divisor u(z) := 22 + Az + u and impose a quadratic relation on
it. This relation gives us a quartic polynomial b. By Lemma 3.7 we can do the same

construction in a parametrized family of Q-algebras whenever ged (b, u) = 1.

Lemma 3.11. Let A\, u,n, & € Q be rational numbers and set
bi=X 4+ mX3 26+ —1)X2+ (2E-NX +62— L.

Then we have
X2 4 AX +p= (X2 409X +6)? (mod b).

Proof :
(X24nX +6? — (X2 4+ AX +p) =X+ 29 X7 + (26 + > - 1) X?
+(2nE-NX +€ —p
=0 (mod b) O
So in the case where the greatest common divisor of b and X2 +nX + £ is one, we can
use HENSEL’s Lemma to lift the congruence to a congruence modulo b and construct a
polynomial F' as in the cases before. If the polynomial F' is separable, we get the same

result as in the Theorem 3.10. This gives us a family of hyperelliptic curves over Q of

genus p — 5 with a p-torsion point on their jacobians with the constraints that
ged(b, X? 4+ nX +¢&) =1

and the computed polynomial F' has a non-zero discriminant.
If A =mn and p = &, then the condition on the greatest common divisor is violated.

Since in this case,
b= (X?+AX + pu)( X2+ 2AX + (u— 1)) = u(u — 1).

We compute the family for p = 7. In this case the constructed curves are of genus two.
Furthermore, we restrict ourselves to the case where A = 1 and g = 0 to simplify the

equations. We set
1 5 1 1
fo(n,€) = (nf—n—2§3+§2+£—2> (nf—n—2§3+§2+£—2> :

1 7., 3 9
fs(n,€) = <n3€ —n+ 577253 + 3n%¢ — 5772 - 57755 +4net —3ne® + §n£2 — &+ 3n
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1 7 6 3 5 4 3 3 2 13
ST 964 2 263 _ 2¢2 _ 2r 1
R N R A L )]
1 7 15 13
fa(n, €) = <4n4 + 577352 — 5n°¢ +3n° — 177254 + 11n%¢* — 377262 + 4n*¢ — dn?

1 9 11 1
+§77§6 —3n€° + 57754 — 30 +6n&% —6né + 3+ 158 — &M+ 556 +2¢°
7

YR PRI
—Zf —55 +115 —6§+1>7

5
f3(n,€) = (27745 —2nt — 3¢ 4+ 503¢% — 2P¢ + P — 22E° 4 4Pt

3
o0 e = TP + 8078 = 3n” + €T —An€® + 30" + 6n &
3

S-S rag o),

9 1 1
—10n €+ on € = on&—n— €+ 267 - 3

1 9 7
fa(n, &) = <2n5 + Zn‘*EQ —2nte +nt — ¢t + 100°E° — 5?7352 — 3¢ + 2
3 1 1
o0 = 6n°€” + 10t + o€’ = 100°€” + 4 + o

1 1
1§+ A€t - dn€ — g b+ 1€ - €4 ),
_3 a2 20 29 2 3 4 o 1 1, 2
fi(n:€) =5n (n—&+2¢) <n §=3m —3gn€ + & —gn+ 38 -3¢,
1
fo(n,&) :1774(77 — & +20)%

Theorem 3.12. Let n,& € Q and let the f;(n,&) be as above. Assume
6 .
Coe Y2 = filn, &)X’
i=0

defines a hyperelliptic curve. Then Jac(Ch¢)[7](Q) is non-trivial.

To decide when Cj, ¢ defines a hyperelliptic curve, we compute the discriminant of this

family of curves. It is given by
ACpe)=en'(n—€6+1)"(n—E+E+1)7(n - +28)r,

for some constant ¢ € Q* and r € Q(n,£). The polynomial r defines an affine irreducible
singular genus ten curve. For any choices of 17 and & such that the discriminant does not
vanish, C), ¢ is a hyperelliptic curve.

So far, we have only considered torsion divisors that do not lie on the image of the
curve under ®p_ in the jacobian since we assumed the u-coordinate of the torsion divisor

to have degree equal to two. In the following we consider divisors with degree of the
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u-coordinate equal to one. These divisors are exactly those which lie on the image of
the curve under ®p_. As we have seen, the degree of the u-coordinate of the torsion
divisor has an influence on the degree of the resulting polynomial F', hence, on the genus
of the constructed curve. Since the goal is to construct large torsion in relation to the
genus of the curve, we need solutions to the norm equation with a polynomial F' of
relatively small degree. In the next section we give an approach to reduce the genus of

the resulting curve while the order of the torsion remains the same.

3.3.2. p-Torsion on the Image of Genus 1%7 Curves

In this section we give a construction to explicitly generate hyperelliptic curves C of
genus g = 1%7 with a p-torsion point on the image of C' in Jac(C'). For this we construct
a polynomial b € Q[X] such that X is a square in QX ]/(b) of a quadratic polynomial.

For this, we consider the relation
X=(X?2+uX+n)? (modb).

This congruence holds for some polynomial b of degree deg(b) = 3 if and only if the
polynomial
hi=X*4+2uX3 + 20+ ) X2 + 2un — DX +1?

has a rational root. We now give a condition when the polynomial h has a rational root.

The polynomial h has a root at A € Q if and only if
0 =12+ 2 \um — A+ 2220 + X202 + 2X3 0 + 2%,
In this case we have

b=X34 2+ NX2+ 20+ 4 + 220 + X)X + (2un — 1+ 220 + 2220 + X3 + Ap?).

Lemma 3.13. There are only finitely many X\, u,n € Q such that the polynomials b and

X have a non-trivial common factor.

Proof : Assume A\, p,n € Q are given such that X|b. This is true if and only if the

constant term in b is equal to zero. By the discussion above we get

0=n2+2 un — A+ 2220+ N2 + 2230 + X4
0 =2un — 1+ 2X 4+ 2270 + A3 + A2
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Combining these two conditions gives us a smooth genus seven curve. Therefore, by a

theorem of FALTINGS [Fal83| there are only finitely many possibilities for A, u,n € Q to

fulfill both conditions.

If ged(b, X) =1, i.e. A\, u,m € Q do not correspond to a rational point on the curve

the lemma above, then we can use HENSEL’s Lemma 3.6 to lift the congruence
X=(X? +uX+n)? (modb)

to a congruence modulo b2. We get X = R? (mod b?) for

~ 1 1 1 1 —3u% -2
R=——AX®+ (—/\2 Ly ) X0 4+ (—/\3 ) L S 5
2n 2n no 2 2n n n

—5u% —2 —4p% — 10 1 —3u? -2
2 n 2n 2n 2
—p?—2n .3 —2p® —6un+1 5  —p' —8utn—5n* + 2u
+ A7+ N+ A
2n 2n 2n
—p® —4un +3 —2un+1
_}.M X2+ L)ﬁ_k
2 2n
—Aptn =0 42\ =200 — 6 4 42 =2y — 0 +3u>
+ + X
2n 2n 2
2 -9 2 o 2 92
_g)\g_ﬂm%r M772 AP un2+ n

O

in

Then with Lemma 3.7 we can find a polynomial F' which is the defining polynomial of a

series of hyperelliptic curves admitting a p-torsion point on the jacobian. The genus of

these curves is given by p%? if p > 10, since we have deg(b) = 3, hence deg(a) < 5. For

the prime p = 11 we have computed the family of genus two curves admitting a p-torsion

divisor and get the following example. To state the example we set

ag 23(2)\3;4977 — 3B — 16030 % + 18318 4 42X3 1503 — 6X3u® — 633 utn?
— 4003 130* + 3603130 + 54N3 120 — ON3 1 + 10M3un® — 18X 3 un? — 53y
+ 4AX2 10 — 20210 — 33020802 + 36021 + 90N 21 Cn® — 120248 — 13202 1% 02
—90NZp gt + T2t 4+ 126021303 — 18021 + 24021200 — 45022 n?

—16X2un* + 20ty — Apt® — 1400292 4+ 16080 + 2220 0 — 6an” — 39N un?

+ 262%™t 4 2420°n — 36 utn® — It — TN + 36 A130% + 95 120t

— 18\ + 260un’ — 36 un® — 14an° + 301002 — 44%n — 28180 + 1B

+ 46 0% + 91u%n* — 3057 — 1621573 + 61° — 1200 n° + 12649% + 192137
— 543 + 551208 — 10803 + 9u? — B5dun® + 18un? — 4n” + 9nt)
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1
2
— N3 3n? — 15X3 020t + 33120 4+ 1603 un® + 3X3 0 + 2355 — A3n? + 222t
— 120209 + 140208 + 1102 0% — 38021 4+ 3TA2 503 + 260715 — 3102t
— 567230t + 60213y + 610% 203 + 602 u? + 1302un® — 1102 un? — 4X%y?

+ At — a4+ Tap® — 1226807 — 5y + 68 1503 + 13008 — 81N Pn?
— 75t 4 290t 4 90 30?4 3 P 4 1200207 — 2621 0* 4 2 un?

+ 6Aum + 220° + 220 4+ 2uty — 10 — 1740 4+ 2008y + 47T — TU7

— 75u5n% — 4350t + 45151 + 63ty — 13u* — 26130% + 14420t + 343y

ap == (N30 — 638y + T3 + T3 On? — 190315 4+ 1003ty + 1303

+ T’ — 6pn* — 3 — 5n° — 3n%)

as :i(wug — 4203170 + 390318 4+ 90X 3 1Pn? — 132X3ptn — 603133 + 60A3 3
+ 72031207 4+ 63t — 1803 um + 33 + 1322110 — 9672181 + 88A2 7
+ 22002 10n? — 32602 1°n — 15672ty + 14602t + 21602 u3n% + 602 %0t
— 8022 + 8X\Zum® + 18X2p + 4X% + 8 !t — 566 + 60 u® + 1022077
— 204\ 0%n 4 18 0 + 12001 + 27\t n? — 132030t — 460>y + 15002 0°
+ 40 p? + 42 um® — 24 um? — 150" + 22 + pt? — 200 + 64° — 33159
+ 220" + 146593 + 45 — 210650 — 195u*n* + 108ty + 274303 — 164°
+ 78u2n° — 104p2n? — 58un* + 10un — 4n° + 87 + 1)

as :%(3>\3u8 — 200315 + 18X3 1% + 40N3 1t n? — 5AN3 By — 24031203 + 230312
+22X3um? 4+ 2X30% — 2X3n + TAZLS — 510% Ty + 45020 + 11702 5 n?
— 15502t — 90X2 1303 + 64023 + 9302 0% + 1502 unt — 2102 — 2X\%n3
+ 2202 4+ 50010 — 3800 + 37Au” + 9180 — 13500°n — TONun® + 66 0"
+ 7T 4 5 Pt — 27 P + 16 um® + 11+ 20n° — A + p!t — 7un
+8u® + 12002 — 23Sy + TP + 1505 — 21t n? — 25030t + 183y + 5123
— 20% + 9un® — 18 — 6" — )

ay :i(QAgli — 12235 + 1203 5 + 2003 1307 — 280310 — 8\3 4+ 10M3p
+ AN 4 5N = 34X 0 4 3607 + TON 't — 110N — 440
+ 47022 + 50X 2 un? + 4020t — 8A%n + axp® — 30Ty + 37T AL’ 4+ 7205 n?
— 140ty — 60>y + TANL® + 108 A1 0% 4+ 122un* — 422 un — 12Xn° 4+ 9A
+ pt0 —8uBn 4+ 1207 + 21050% — 54p°n — 200 03 + 36u* + 58u3n? + Byt
— 36120 — 14un> + 161 + 81?).
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Example 3.5. Let F),, = —X° + Z?:o a; X', with a; € Q(\, u,m) as above and
%+ 22um — X + 2320 4+ N2p? + 2035 + At = 0, have no maultiple roots. Then the
hyperelliptic curve C . Y? = Fy .n(X) of genus two has a Q-rational 11-torsion point

on its jacobian.

Remark. In Example 3.5 we make the restriction
E=n2+ 22 — A+ 2220 + 222+ 2X3u+ A1 =0

to simplify the defining equation slightly. This does not restrict the family in any sense.
The family is constructed in such a way that the u-coordinate of a point P € C(Q) is
given by x — & and D := P — Py, is the 11-torsion divisor in the jacobian. The MAGMA

code of the construction can be found in Appendiz A.3.

It is possible to change the degree of the polynomial b to four. This would give a
family of curves with a point of order p of genus %. This would increase the degree of
the resulting polynomial F' by one. The leading coefficient of the polynomial is given by
a rational function in the parameters. If it is possible to choose the parameters in such a
way that the leading coefficient vanishes, we get the desired degree of the polynomial F'.
For p = 13 and genus two curves this was done by LEPREVOST.

We now reproduce the family constructed in [Lep91a| in a slightly more general way.
LEPREVOST started with a degree four polynomial given by two independent parameters
and obtained a one-parameter-family of hyperelliptic curves of genus two admitting a
13-torsion point. We start with a polynomial given by three parameters and end up with
a two-parameter-family of hyperelliptic curves.

For this task we set
bi= X" — (A = 20) X7 + (u® + 20) X2 + 2um X + 1 € Q(A, p, m)[X]

and
Ri=X— (N =2u)2® + (1® + )X + un € Q(\, p, n)[X].

Then by computing the remainder of R? modulo b one gets
MNn’X =R?  (mod b).
The next step is to lift this relation to a congruence modulo b by HENSEL’s Lemma.

By setting

SN + gt — S0 + 5
Ty = )\377
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r

ro .

rs:

g4 :

Trs .

Te -

r7i=

SN2 + GNP + 5% — dpPn + g?

A3
—SXU? 4 2X% B 4+ 6A2un? + 38 — Sty — 6pPn? + 50
A3773
_%)\4/“72 _ %)\2,[L47’] + 9)\2M2772 + 2)\2,'73 + %M7 + 3M577 _ 10M3772
e
S 3Ny — BN — NS 4 AN + TAZum? + 248 — pitn — OpPn? + S
\3ipt
SA0 + SN B — 3N — 202t 4+ 8NP + NP? 4 3 — 6P — S
A3n4
— X = N2 + AN + 2t = St + 3
\3iph

g N + gu® — pm

)\37]4

and R = ZZ:O r;z', we obtain the congruence

t=R? (mod b?).

Using this congruence and setting a := u§13 (mod b?), we directly get that b? divides
a? — 2 X" for all p € Q*. We set

a? —4\OX13

.—9)3 -
Wi=2" F = 72

and obtain

F =\ 4+ 2220 4 1) X6 + (=202 + 2020 4+ 24 + 2um) X

+ (—aN2um + gt 4 6120 + 2) X+ (=202 + 4450 + 6un?) X
+ (6120 + 20°) X2 + 4un3 X + .

The leading coefficient of F vanishes if and only if u = —A2. So by setting p := —\2,

we get

F =—4X5X° 4+ (A8 4+ 10A*) + n?) X*
+ (—4X5 — 8 A X3 + (6MM 7 4 23) X2 — 4P N2 X + .

For this polynomial F' we can compute the discriminant by

A(F) = 2891901 (—2028 4 349019 + 219%).
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These considerations we combine to the following proposition.

Proposition 3.14 ([Lep9la]). Let A\,n € Q with 280 4 (—24\* + 349)\1n + 24n?) # 0.
Then

V2= —4X5X° 4 (N8 + 100 + ?) Xt 4 (—4X\5n — 8?2 X3
+ (66X 2 + 20*) X2 — 4P N2 X +

defines a hyperelliptic curve C), of genus two with a point of order 13 in its jacobian.

Proof : By the discussion above, the condition on A and 7 in the theorem just says that
the discriminant of the polynomial is not zero. So F' has no multiple roots and is of degree
five, therefore, Y2 = F(X) defines a hyperelliptic curve of genus two. Furthermore,
by the discussion above, we have the function f := a(x) + b(x)y on C), with norm
Ng(o) /5 (f) = ez'? for some e € Q*.
Therefore, the divisor
D= (0,7°) — Px

is a divisor of order 13 since 13D = div(f) and D is non-trivial. O

We now want to compute which curves in this family are isomorphic to the family of
hyperelliptic curves with a rational torsion point of order 13 given by LEPREVOST in
[Lep9lal. First we observe that by specializing C, with A = 1, we obtain the family
from LEPREVOST. We now compute the IGUSA invariants of C) ;, which are given by

Jo(Cy) =320°(A® = Ay — )

J1(Cy) =645 (A0 — 230129 4+ 50082 + 2301% + 1)

Jo(Ch.py) =641 (8A2* — 173020 + 3007107 — 1118A12n% — 300\%n* — 173\ n° — 81%)
J10(Cpy) =40960™ (=160 + 3492799 + 167159?).

Therefore, the absolute IGUSA invariants of C) ,, are

A6 —23)\12) 1 50802 + 2304 4t

B(Ch,) = 824 — 173020 + 3001692 — 111811212 — 300\3n* — 173)\%° — 8
Am 512(A\8 — A\t — n2)3
4 24 20 16,,2
n*(—16A%% 4 349220 4 1616y
7(0)\,77) = ( )

131072(A\8 — Mnp — n?)?

Using these invariants, we can show that every curve in the family C) , is isomorphic

over Q to a curve in the family of LEPREVOST.
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3. Torsion on Jacobians of Curves

Proposition 3.15. For all \,n € Q the hyperelliptic curve C), is isomorphic to the

hyperelliptic curve Cl 4, therefore, it is a member of the family of Leprévost.

"
Proof : Since two hyperelliptic curves are isomorphic if and only if all three absolute
IGUsA invariants are the same, we look at the difference of the invariants of C) ,/
and C,. This difference we denote by o, 5" and ~'. If we can find A, n, 7’ such that
o = p' =4 =0, we can conclude that C),s and C;, are isomorphic. Since we are
searching for zeros of o/, 8’ and +/, it is enough to look at their numerators. We compute
the greatest common divisor of these numerators. This computation shows that n'n + A*

divides all the numerators. O

Since the equations for this series of hyperelliptic curves with a 13-torsion point on
the jacobian is rather complicated, we give the MAGMA code for the construction of this
family in Appendix A.1.

In this section we constructed polynomials b, u € Q(u, A,n)[X] such that ged(b,u) =1
and the polynomial u is a square modulo b. Thus we can apply Lemma 3.7 to find
polynomials F,a € Q(u, A, n)[X] for any prime p and € € Q(u, A, n) such that

a? — Fb? = euP.
Whenever F' is a separable, we obtain a hyperelliptic curve of genus %7 with a rational
p-torsion divisor on it.

The lifting method can be used to produce examples of hyperelliptic curves defined
over a number field with a certain torsion point on the jacobian. The idea is analogous
to the construction due to LEPREVOST, where the final step is to find rational solutions

such that the leading coefficient vanishes. Instead of allowing only rational solutions, we

now allow solutions in some number field.

3.3.3. 17-Torsion Attempt

In this section, we try to produce genus two curves with a 17-torsion point with the
same approach. Unfortunately, we were not able to construct a curve defined over the
rational numbers in this way. We are able to produce examples for curves defined over
some number field of degree seven.

Again, the first step is to construct a polynomial b such that X has a square root
modulo b. Since our goal is to construct a curve with a point of order 17 on the jacobian,
this polynomial b has to be of degree six by the RIEMANN-ROCH Theorem 1.4 and we

assume b to be monic. So let

bi=X0 4 pX5 4+ ¢X* +r X3+ sX? +tX + 4/
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and assume there exists a polynomial R € Q[X] of degree three such that
R’=¢X (mod b).

We make the restriction on the degree of R to make the computation feasible. The
congruence we have assumed gives us, that v/ has to be the square of the constant term

of R. Therefore, we can set
b= X0+ pX5 4+ X+ rX3 4+ sX2+tX + 42,
which is our modulus, and
R::X3+r2X2+'r1X+u

for some parameters ro, 1. By equating coefficients, we get for

r2i=, r = )

p — 3’
2 2

Ly Lpgio Lo Lt L2
roi= —— — u = Y U n
P pa+ 2u, 8= gb — g atput g

that

1
R? = <—4p2u +qu — t> X (mod b).

The polynomials R and b become

1 1, 1
R=X°+_pX*+ (—8p2+2q>X—i—u

and

1 1
b=X%+pX®+¢X*+ (—8p3 + §pq+ 2u) X3

Ly 1o Lo 2 2
—p— = - X +tX .
+<64p 8pq+pu+4q> +tX +u
This congruence can now be lifted to a congruence modulo b?>. The MAGMA code to
compute the polynomial R fulfilling this congruence can be found in Appendix A.4.
Recall that we want to construct a polynomial of degree five which is the defining

polynomial of our curve. But for achieving this, we need to have

deg(RY mod %) < 8.
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3. Torsion on Jacobians of Curves

Since deg(b) = 6, we get deg(ﬁ17 mod b?) < 11. Therefore, we have to find parameters
p,q,t,u € Q such that the first three coefficients vanish. Since R and b are polynomials
given in four parameters, we can hope for a one-dimensional space of parameters such
that

deg (EH mod b2> <8.

We have computed a := R'T mod b. The result can be found in Appendix A 4.
Searching for parameters such that the first three coefficients of a vanish gives us the
criterion that
t= 22y — L pPg+ Sptut Spgd.
128 16 4 8

Now we are left to find rational points on the curve V' given by

ETP LT L A ST
97 - 31 . T, 434, o, 9 4 o, 3,
LA G e P 22362 — 3p2qu — = ° .
5120 T 1ogP 9T 3P U gl T OPqu T gPE puT A g

Remark. An exhaustive search for rational points on V up to height one billion only

gives one rational point P = (0,0,0) on V. This point is the only singularity of V.

Lemma 3.16. View V as a zero dimension variety over the rational function field Q(p).

Then V /Q(p) is the intersection of two elliptic curves.

Proof : First observe that the two curves

49 6 3T 4 5 3 3 209 13

C . 2l g — Spdu— = - 2
/Q(p) p1gP Tiogl 4 gl u— 5P ¢ — g€ tu
27 31 7 43 9 3
C L S JO S SRt e P DO O 2 9 2
/Q(p) F12? T 1agl 1T gaP Ut goP ¢ — 3 Tqu = gpg” +put + 5q7u

are non-singular. Furthermore, they are both double covers of P1(Q(p)) ramified at
exactly four points. By the RIEMANN-HURWITZ Genus Formula 1.5, this gives us that
C and C’ are of genus one. So we are only left to construct a Q(p)-rational point on

them. For this task we set u := ap® and ¢ := bp?. Then the two equations become

9 37, 5 3., 1
0=p0 [~z + 2 h— 2q— b2 — P 4 o2
p< 512 1287 8% 32 g ¢

27 31 7 43 9 3
7 2 3 2 2
= ————b— — —b° —3ba — =b —b .
0 p< 512 180 " Tyl T gl ety a>

The two last factors of the right hand sides define elliptic curves over Q. Therefore,
we can find at least one rational point on each of them. The coordinates of these

rational points give us a point over Q(p) lying on C (resp. on C’). Therefore, C' and
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3.3. Hensel Lifting

C’ are non-singular genus one curves with at least one rational point and hence elliptic

curves. ]

We are now left to compute the intersection of the two elliptic curves in the variables

a, b to obtain the following theorem.

Theorem 3.17. Let K := Q(«), where « is a root in an algebraic closure of Q of the

polynomial
X7 _ yXG . 1183X5 . 523 4 2267 4 n 305 X2 4 91 ¥ _ 13 .
216 576 1536 110592 442368 7077888 56623104

Then there exists a hyperelliptic curve of genus two defined over K with a K-rational

17-torsion divisor.

Proof : We specialize V to the fiber above p = 1. Then C is the intersection of two
elliptic curves defined over Q. Over K this intersection has K-rational points. Therefore,
we can find parameters defined over K such that the first three coefficients but not all of
the coefficients of the polynomial ¢ vanish. Therefore, we find a polynomial F' of degree

five which defines our hyperelliptic curve C,,. O
Theorem 3.18. For all parameters p € Q the curve C) is isomorphic to C1.

Proof : The absolute IGUSA invariants are constant rational functions in Q(«)(p). This
was computed by MAGMA. We do not state them here because they are quite large.
Therefore, the family C), consist of exactly one isomorphism class of hyperelliptic curves.

O

We see that for higher torsion the algebraic sets which are determined by the leading
coefficients of the resulting polynomial become more and more difficult. It seems like this
method reaches its limit fast. In the following section we take a step back and consider
elliptic curves. The largest prime p such that there exists an elliptic curve with a point
of order p is given by p = 7. The goal is to construct a one-dimensional family of elliptic

curves admitting a point of order seven over the rational numbers.

3.3.4. Application to Elliptic Curves

In this section we use the method of HENSEL’s Lemma to construct elliptic curves defined
over the rational numbers admitting a QQ-rational seven-torsion. This is the largest prime
p such that there exist an elliptic curve E defined over Q with a Q-rational p-torsion

point on F.
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3. Torsion on Jacobians of Curves

Theorem 3.19. Let F := X3 + asX? + as X + ag € Q(\)[X] be given by

2514 1343 1542 3 1
B4 L34 18524 354 L

[ 3
(A+3)°
335 4 534 4 333 4 132
a4::1)\ + 3AT 4+ 5A +Z>‘,
A+ 3

._96 35 14

Then the curve E/Q(X) : Y2 = F(X) is an elliptic curve. Furthermore, regarded as a
family of curves Ex, €y is non-constant and for any smooth specialization to a curve E)

over Q by choosing a parameter A € Q there is a Q-rational seven-torsion point on E).

Proof : First we compute the discriminant of the defining polynomial F' over Q(A). This
gives us
63237 (1 1)" (0 8 A~ )
512 (A + 4)°

A(F) = :
what is clearly non-zero in Q()\). So the right hand side is a degree three polynomial
with no multiple roots. This gives us the first statement of the theorem. That &£ is
non-constant as a family can be shown by computing the j-invariant of E. This is given
by

117649 (A2 + 2X + 2)% (A6 — 315 — 400 — 15X3 + A + 1)’
- 7 7 :

81181447 (A + 3) (A +3) (M + 28XA2 — oA — %)

J(E) =

Again this is obviously non-constant as a rational function in A over Q. So we are left to
show the existence of a seven-torsion point on F) for each A € Q such that A(FE)) does
not vanish. We do this by giving a Q(A)-rational point on E of order seven. Obviously
the point P := (0, %/\3 + %)\2) is a point on E. This is actually a point with the desired
property. L]

We can see that we obtain a smooth curve E) by specializing the family &£, to the
fiber above A for A € Q\ {0,—3,—3}.

We now clarify how the elliptic curve in the theorem is constructed. Let b := X2+X +\?

and R := X2+ AX + \ be polynomials defined over Q(A). Then for € := —2X3 +3)\2 — 1
the following holds

R2=X* 4+ X3+ (N2 4+ 20)X2 4+ 202X + A2 = (X2 + QA - DX +1) + X
=ecX (mod b).

Since over Q(\) the polynomial b has no root at zero, we can apply HENSEL’s Lemma

3.6 to lift the congruence to a congruence modulo b?; that is, we can find a polynomial
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R € Q(X\)[X] such that
R>=¢eX (mod b?).

So there exists a function f := a(z) + b(x)y € Q(A, E), where a := <]A-E7 mod b2), such
that f € L(70), where O is the point at infinity of E. This function f has a root of
multiplicity 7 at the point P, mentioned in the proof of the theorem.
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3.4. Relations among Divisors

In this section we want to present a method which is used to construct hyperelliptic
curves with a point of high order on its jacobian described in [Fly90|. The idea of this
method is to start with a parametrized family of curves and a section on it which is for
some specialization a potential N-torsion divisor on the specialization.

The next step is crucial in this method because in this step we have to explicitly compute
the MUMFORD representation of the image of the section under the multiplication-by-
N-map. This can be a very hard task even for small integers N. If we succeed in
the previous step, this gives us equations in the parameters of the family of curves.
These equations define a variety and a rational point in this variety corresponds to a
hyperelliptic curve in the family fulfilling the imposed conditions on the section.

Since the computation on ND for a section D becomes very hard for large N, it is
of interest to reduce this task to a less hard one. The simplest way to achieve this is
to compute L%J D and — L%J D instead which gives the same result. But even this
becomes unfeasible for relatively small N already.

It appears that these two methods do no longer work if the computation of ND for
N > 5 is required since the rational functions in the parameters of the family become
too large in ND to handle them.

To avoid this problem the idea is to impose not only one relation but a whole set of
relations implying the desired relation ND = 0. Here we have to take care that the
set of relations do not imply mD = 0 for some m|N because in this case we get only a

torsion point of order dividing m.

3.4.1. Using Certain Normal Forms

We now give a method where a system of relations among divisors is constructed in such
a way that it is possible to find curves which fulfill these relations. The idea is to look at
a polynomial F' defining the curve to be of certain shape. This special shape gives us
two rational points on the curve and a certain relation among divisors. Imposing one
more relation in a well chosen way implies the existence of the desired torsion divisor.

We work this through with the prime 13 following [CF96]. While in [CF96] the points
on the curve giving the 13 torsion divisor have z-coordinate equal to zero and one, we
allow all z-coordinates. But in the end we give an isomorphism between the family of
|CF96] and the family constructed here.

Let us consider the curve

Coarpn: Y2 =AX)? = ANX — )X —n)?
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defined over the rational function field in three variables over the rational numbers
K = Q(\, p,m), where A is a quadratic polynomial over K. On this curve we have two

sections, namely P, = (1, A(p)) and P, = (1, A(n)) together with the relation
2P, + 3P, — 5Py =div(y — A(x)).

Assume now that there exists a function f := y — a(r) € K(Cap,y) such that
div(f) = 5P, + 1P, — 6P and a € Q(\, 1, n)[X] with deg(a) = 3 and a monic. This

gives us
2 3\ (P,—Px\ (2P,+3P—-5Px\ (O
5 1) \P,— Px 5P, + P, — 6P o)

Since the matrix in this relation has determinant —13, we can multiply both sides
with —13M~! € Z?*2, where M is the matrix from above, and we see that the divisors
P, — Py and P, — P, are divisors of order 13.

We now want to determine the polynomial A under the above assumption of the
existence of the function f € Q(C) with the special divisor implying the 13-torsion

element in the jacobian. Plugging in the polynomial a for y and using the fact that
div(f) = 5P, + 1P, — 6 Ps,

we get
a(z)? = A(2)? = Mz — p)*(z = 1) + (z — p)°(z — n).

The last summand comes from the relation we impose on the divisors. This equation

can be rearranged as follows
(a—Ax))(a+ A(2)) = (z — w)*(@ = n)((z — p)° = Az —n)?).
Then the only possibility to solve this for A is by setting
0 - A@) = (& - @)*e — ) and a + Az) = (@ — 1) — Az — n)?
since we need to assure a(u) = A(p) and a(n) = A(n). Solving for A gives us
A= %((n — = NX? 20 + (A — )X +np® — p® = An?).
Theorem 3.20. Assume the specialization of the polynomial

F(X) = A% = XX = p)*(X —7)°
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with rational parameters is separable. Then the jacobian of the hyperelliptic curve given
by Cappn: Y2 = F(X) has a Q-point of order 13.

Proof : The proof is clear due to the discussion above. O

Remark. The one-parameter-family of hyperelliptic curves with the same property
constructed in [CF96, chapter 8 section 3] by CASSELS and FLYNN is C'4 3 01-

We now show that the constructed family is actually one-dimensional. By the remark
above it is clear that the family is at least of dimension one. So we are left to show that

there exists for any curve in Cy4 ) ,,, an isomorphism to a curve in C4 z0,1-
Lemma 3.21. These curves are all isomorphic over Q to a member of Cax0.1-

Proof : Let A, u,n € Q be chosen such that C4 ), is a hyperelliptic curve.
Since we have assumed that Cy y .., is a hyperelliptic curve, we need A # 0. Therefore,

we can set \' := 1. Because p # 1), we have A # 0. Then we have

Carpn =Caxpa

This can be checked by computing the greatest common divisor of the difference of the
numerators of the absolute IGUSA invariants of Cy ) ., and Cy y 1 for example by
using MAGMA. [

Corollary 3.22. The family Ca ., is one-dimensional.

Replacing the condition of the existence of a function with divisor 5P, + 1P, — 6P

by the existence of a function f with divisor
div(f) = 5u(Py) + 1P — 6Pog = —5P, + 1P, + 4Ps + div((X — p)),

where «(P,) = (u, —A(p)), changes the determinant of our relation matrix to 17 and
therefore, a solution for A gives us hyperelliptic curves admitting a point of order 17 on
their jacobians.

Since the z-coordinates of P, and ¢(P,) are the same, the equation

(a—A@))(a+ A2)) = (z — p)*(@ = n)((z — p)° = Mz —n)*)

still has to hold. But the change of signs in the y-coordinate of P, gives us the following

restrictions

v(p) = —A(p), v(p) # A(p), v(n) = A(n), v(n) #—A(n).
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Thercfore, (z—p) | (a+A(x)), (2—p)f (a—A()), (z—n) | (a—A(x)) and (z—n)i(a+A(2))
have to hold and we can write

0+ A(x) = (2 — p)*(z — ) and a — A(z) = (z — )q(x)
for some a € Q(A, p,n) and ¢ € Q(\, i, n)[X]. Solving for A and g, we get
1
A=§«X—M%X—Q%WX—WQ

and 5 )
(X —p)” = AMX —n)
X -« '

Since ¢ is assumed to be a polynomial, we get (o — u)® — A(a — 1)? = 0. Therefore,

So by setting

_ 3
Farnn = A = G050 = 206 =,

where

_.\3
(X = p)® = G285 (X —)?

X - ’

A= - - - (x )

we obtain the following example of a family of hyperelliptic curves with a point of order

17 on the jacobian.

Theorem 3.23. Assume the specialization of the polynomial Fp ., with rational
parameters is separable. Then the jacobian of the hyperelliptic curve given by Ca .y
Y? = Faun(X) has a point of order 17.

Again the original family constructed by CASSELS and FLYNN in [CF96] can be
obtained by C4 x 0,1

OGAwA [Oga94]| takes the method one step further to construct a family of curves
admitting a 23-torsion divisor. He replaces the form of the defining polynomial by the
following one

Canpn V?= A(X)2 — MX — M)4(X - ).

If there exists a function f € Q(C4 z puy) With divisor div(f) = =3P, + 5P, — 2P,
we get that P, — Py is a divisor of order 23. For this construction we have to allow
functions f of the form f = a(x) + b(x)y with polynomials a,b € Q[X] with deg(b) <1
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and deg(a) < 4.

LEPREVOST uses this technique to construct torsion divisors of order 15,17,19 and 21
in [Lep91b].

The so far known record for prime-torsion is constructed by LEPREVOST in 1993 in
|Lep93| by a similar technique. Instead of using only one special form for the defining
polynomial F'; he imposes two special forms given by polynomials Ay, As of degree three.
Letting the polynomials A, As be of degree three gives us a polynomial F' of degree
six. Therefore, the hyperelliptic curve we construct has two points at infinity which
we denote by Pf and Py and their difference by D. But even more is true. Since the
leading term of F is the square of the leading coefficient of A;, for i = 1,2, both points
at infinity are Q-rational.

Consider the curve C' : Y2 = F(X) where

F(X) = AT + M (X = )’ (X = )% = A2(X)? + Xa(X — ) (X — 1)’

and let P, := (p, A(p)), D, := P, — P, for p € {p,n}. Taking the difference of the two
possibilities to write F' and taking care that the solution does not give us an inseparable

polynomial F', we get

A =5 (X = p)” WX = p) = Xa(X =) = (X —n)?)

Ay = o (X = p)? M(X = p) = Ma(X =) + (X —n)?).

N — DN

Now we impose one more way to describe the polynomial. This gives us three relations
of three different divisors, therefore, we get a point of order dividing the determinant
of a three-by-three matrix. The goal now is to take the third way to write F' in such a
manner that the absolute value of the determinant is equal to 29. Since everything is
constructed in such a way, that our divisor in question is not of order one, its order is
exactly 29.

So let us now look at the divisors of y — A;(x) and y(;fi()ﬁ). We have

div (y — A1(x)) = 3P, +2P,—3Pf —2P_ = 3D, + 2D, —2D
. (y— As(x)

This gives us the following relation matrix

3 —2\ (D, 0]
-2 3 0 ||D,|=]0
P R) \D 0]
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This matrix M has determinant det(M) = 13R + 4Q) + 6P which is —29 if
R:=-3,Q:=1,P:=1.
So searching for a representation of F' given by
F(X) = A5+ X(X — p)(X —1)

gives the desired 29-torsion divisor.

Again taking the difference of two representations, we get

A= 5 (2= MulX = p)(X = (X —20)
Ay = 5 (24 MulX — )X = )X —20)).

where zg € Q\ {1, 1}, A3 := M (zo — p)(zo —71),u € Q* and
g =22+ (=2u —n+ zo)x + p® + 2un — 2z — NTo + L.

By comparing the two solutions for A;, we see that the solutions are equal if we set

1

A=,
YT ()

A2 1= —Aq, u = —2 and xg :=2p — 7.

This gives us the following family of curves.

Theorem 3.24 ([Lep93|). The jacobian of
Cum: Y= AT+ (X — )’ (X —n)?

defined over Q(u,n), with Ay and Ay as above, has a Q(u,n)-rational point of order 29.

Remark. All specializations of C,, ,, lie in the same Q-isomorphism class. This can be

seen by computing the absolute IGUSA invariants of C, . These are given by

253 34357 61
O‘(Cﬂm) 5776’ ﬁ(C/M]) 1755904 an V(CMW) 39617584

Since these invariants are all in Q, we have that C,,,, is just the constant family Cq 1.
We use the same method to obtain the following result.
Theorem 3.25. Let K := Q(«) be the number field given by the relation

5 81
4 3 2

2a° — 11 - — —.
o+ 2a a+2a 3
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3. Torsion on Jacobians of Curves

Then there exists a curve C' defined over K with a K-rational 31-torsion point on its

jacobian.

Proof : We start as in the construction by LEPREVOST with two possibilities to write

the defining polynomial F' of C' which give us the relation matrix

3 2 -2\ (D, o
-2 3 o||D,|=]0
P Q R)\D o

with D, D, D as above. For P =0, () = 2 and R = 3 this matrix M has determinant
det(M) = —31. Imposing the third line of relations for F' gives us a possibility to write

F = A3(X)? + \3(X — 1)

for some polynomial As € K[X] of degree three and A3 some unit in K. This gives us
that
(A3 — A1) (As + A1) = M(X — 1D)*(X — 20) (X + 20X + 2()

for g € K such that \g = )\1338. One possibility to solve this for A; and Ag gives us

X2+a:0X+x%

2A1 = w — )qU(X — 1)2(X — .7}0)
X? X + a2
24y — 2 FTORX T Ly (X — 12(X — w0)
u

for some unit v € K*. Again we have to ascertain that there exist xg, u, A1, A2 such that
both ways of writing A; are allowed. This leads to the task to determine the points in

the zero-dimensional scheme given by the equations

0= —ul] — A1 + A
0= x0u2)\1 + 2u2)\1 —ulo +u+1
0 = —2zou’A + o — u?A; — 2u

0 = 22 + zou )\ + u.

This has a K-rational point (zg,u, A1, A\2) € K* given by the coordinates

284 5 720 , 2666 1063

0= 79579 T 2579 T 2579 T 2579°
_ 528 g 1048 , 6918 2092
- 2579 2579 2579 2579’
o 92 s 130 o 553 A7
1™ 9579 2579 2579 | 2579’
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)\2205.

With this choice of parameters we obtain

F = m(s&m?’ + 170002 — 12800 — 1287) X ©
- ﬁ(—@%a?’ — 228802 + 6638 + 2697) X °
+ ﬁ(—%w?’ +3099a% — 17686 + 911) X *
+ ﬁ(%oﬁ — 13002 + 8290a — 4741) X3
+%(—a+3)X2—X+%
and the curve C : Y2 = F(X) has the divisor (0, 41(0)) — P, of order 31 on it. O

In the following, we combine the ideas of FLYNN and LEPREVOST. This combination
of the two methods gives us a tool to construct new and already known examples of

hyperelliptic curves with a point of prescribed order.

3.4.2. A New Approach

We introduce a new approach which is closely following the ideas of FLYNN and LEP-
REVOST but is in some sense a combination of these two approaches.

The problem with the approach of FLYNN is that we are only allowed to use a two by
two matrix where the absolute values of the entries of the first line sum up to five and
the absolute values of the entries of the second line sum up to six (resp. eight in the
variant of OGAWA).

The problem of the construction of LEPREVOST is that we have to allow two points at
infinity, therefore, we are no longer able to guarantee a success of the method since we
have no possibility to assure that we have the right pole order at both points. But since
we are allowed to use a three by three matrix, we can construct larger torsion than with
the method of FLYNN.

Our goal is now to construct a method which allows us to use a three by three relation
matrix. This makes it possible to obtain large determinants but stick to a degree five
model of the curve with only one point at infinity. So if we can find a solution of this

system we can be sure that the multiplicities of the poles at infinity are correct.
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3. Torsion on Jacobians of Curves

Assume we are given a three by three matrix

mir miz M3
M :=|mg may moy| €27

m31 Mm32 MM33

such that

mi1, mi2,m13 > 0,m11 + miz +mi3 =95

and

|ma1| + |maa| + |mas| = |ma1| + [msz2| + [m33| = 6

and consider the hyperelliptic curve C : Y2 = F(X) with
F =A% - \X™1(X —1)™2(X — p)™s,

where A € Q[X] is a polynomial of degree two, A € Q" and p € Q\ {0,1}. Then we see
directly that we have three Q-rational points on C given by

Py :=(0,A(0)), P1 :=(1,A(1)) and P, := (p, A(p)).

Let D, := P, — Py, p € {0,1, u} be the images of these points in the jacobian. Then we
have
m11D0 + mlng + mlgDﬂ = 0.

To construct the last two lines of the relation matrix, we assume the existence of elements

fi in the function field of C with principal divisor
div(fi) = mi1Po + mia P +miz Py — (Ima| + [maz| + [mas]) Poo

for i = 2,3. If a coefficient of M is negative, we replace the corresponding point in
the relation by its hyperelliptic involution. Since we have assumed that the sum of the
absolute values of the last two lines in M is equal to six, we get that a function with the
correct divisor has to be in £(6Px), therefore, it is of the form f; =y — a;(z), where a;
is a polynomial in X of degree three for ¢ = 2,3. If those functions fo and f3 exist in
Q(C), this gives us that D, for p € {0,1, 1} is of finite order N # 1 with N|det(M). If
N is prime, we can be sure that there exists a point of exact order N on Jac(C). So we
are now left to check when such functions fo and f3 exist.

Let us start with a function fo which has a principal divisor given by the second line
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of M. Such a function exists if and only if
@ = F(X) +eXImal(xX — 1)mael (X — p)lmas
for some € € Q*. This relation can be rewritten as
(a2 — A)(ag + A) = eXm2l(x — 1)lm22l(X — pylmasl — \xman(x — 1)mz(X — p)ms,

The right hand side of this equation is a polynomial of degree six and the factors on the
left hand side are both polynomials of degree three, since deg(az) = 3 and deg(A) = 2.
Therefore, fo exists if and only if the right hand side admits a factorization into two

polynomials of degree three, say
(ag — A) = q € Q[X] and (az + A) = ¢ € Q[X]

such that the following conditions are fulfilled:

1. X —p, pe{0,1,u}, divides ag + A if and only if the signs of the coefficients in M

corresponding to the divisor D, are different.

2. X —p, pe{0,1,u}, divides ag — A if and only if the signs of the coefficients in M

corresponding to the divisor D, are the same.

3. If (X = p)lg, then (X — p) t ¢’ for p € {0,1, u}.

The first two conditions assure that we take care of the possible hyperelliptic involutions
occurring in the divisors and the last condition says that the resulting polynomial F' has
no multiple roots. Having found such a factorization, we find the polynomial A by using
the fact that

24 =(ag+ A) — (aa — A) =¢ —q.

We have to make sure that deg(A) = 2 so the leading coefficients of ag — A and as + A
have to be equal. The easiest way to achieve this is to take e = 1 and ¢ and ¢ monic. In
our examples we always make this choice.

Proceeding for f5 in the same way we obtain a second equation for A. Thus, the
coefficients of both possibilities to write A have to be the same. Comparing the coefficients
gives us a set of rational functions in the parameters. A simultaneous zero of these

functions yields a solution.

Remark. The condition my; > 0 fori=1,2,3 is only needed to make the description
of the method easier since this rules out some extra cases which would be needed to be
considered. The construction works perfectly well also for one of the my; = 0 as presented

in the following.
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ALGORITHM 3 Relations among Divisors for Genus 2

mi1 M1z M3
INPUT: 3 x 3 Matrix M = | mo1 maoe mse3 | with integral coefficients such that
m31 M3z M33
mij > 0,3 ,my; =5 and ), |myj| =6 for i = 2,3.
OvuTtpPUT: Hyperelliptic curve C' with a point P of order dividing det M on its jacobian.
function PTORSION(M )
e Xppe X—1ps—X—p
for i = 2,3 do
if 325 st sign(my,)=1(m1; —mij|) > 3 then return 0
end if
if 304 sign(mij):—l(’mlj — myj|) > 3 then return 0
end if
for j =1,2,3 do
q+1
qd 1
if sign(m;;) =1 then

g q/p\jmlj—mijl
else
g qp)" ")
end if
end for

if max(deg(q),deg(¢’)) = 3 then
> We only state the easiest case. The others are analogous.
if deg(q) > deg(¢’) then
/ & [, p‘jmij‘—/\ I1; p;-nlj
q

! ma;
52‘1_[]'1)]' I 7)\1_[ij J

/!

> These cases we omit in the pseudo-code.
end if
end for
S < Scheme(Coefficients(Az2 — A1)) > S is a scheme in the introduced parameters.
Sol + RationalPoints(.S)
The elements in Sol are tuples of parameters such that we find a solution

F A3 = ATI,;p; .
return C : Y2 = F(X)

end function
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We now give some examples which are found by using this method. The first example

is demonstrated step by step.

Example 3.6. Set A := —3X? +8X —4 and F := A? — 4X3(X — 1), then the
hyperelliptic curve
C:Y?=F(X)

has a Q-rational 29-torsion divisor on it. The curve C is isomorphic to the curve in
Theorem 8.24.

Proof : We give the proof by explicitly constructing the curve. Let

-1 -4 -1
be the matrix we want to use in the construction. This matrix has determinant
det(M) = 29.
The first line gives us that the polynomial F' has the form
F=A2 - )\X3(X —1)?

for some quadratic polynomial A and A € Q*. Assuming the existence of a function
fo =y —az(z) € Q(C) such that

le(fQ) =3P+ L(Pl) + QP/L — 6P,
gives us the following equation

(ag — A)(ag + A) = X3(X —1)(X — p)? = AX3(X —1)?
= XX -1 (X =p)? = AMX -1)).

Since the sign of the first coefficient in the first and the second line is the same and

deg(ags — A) = 3, we get
as—A=X>anday+ A= (X-1)((X —p)? - MNX-1)).
Therefore, we obtain

A= (X -1 ((X —p)? - ANX -1)) - X?).

N |
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Now we take the third line into account. So we assume the existence of a function
f3s =y —as(z) € Q(C) such that div(fs) = o(Fy) + 4u(P1) + 1(P,) — 6Ps. This gives us

the equation

(a3 — A)(az + A) = eX(X — DHX —p) — AX3(X —1)?
= X(X —1)? (e(X — 1)*(X — p) — AX?).

Since the signs of the first two entries in the third line of M are different to the first two
coefficients in the first line, we get
(e(X = 1)2(X — p) — AX?)

az — A= ; and a3 + A = X (X —1)%

for some b € Q* which gives us

A=t <X(X— 1)%b —

2

(e(X — XX — pr) - AX?))
b .

Since we want A to be of degree two, we need that the coefficient of the degree three
term vanishes which is true if and only if € = b?. So taking the difference of this two

ways to write A, we get the equations

0=p®+pub+ A
0=—p®—2ub—2u—2X
0=pub> +2ub+Xb+A+b

which have only one solution where p,b and A are non-zero given by
A =4, w=2, b= —4.

This gives us
A= _gXQ +8X —4and F:= A% —4X3(X —1)2

Since we have by construction ged (A4, X, (X — 1)) = 1, we get that F' has no multiple
roots and is of degree five. So it defines a hyperelliptic curve C' of genus two. By
construction of C' we have three functions in Q(C') given by fa, f3 and y — A(z) which

give us that

Dy div(Y — A(X))
M-|D|= div(f2)
DH le(fg)
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Since the determinant of M is equal to 29, we have that the three non-trivial divisors
Dy, Dy and D, are of order 29.
The existence of an isomorphism to the curve constructed by LEPREVOST is easily

constructed by an affine change of variables. O

Allowing not only parameters from Q but from some number field, we are able to
construct a hyperelliptic curve of genus two defined over a quadratic number field K

with a K-rational 37-torsion divisor in the same way.

Theorem 3.26. Let K := Q(«) be the number field given by the relation a2+%a—|—4 =0.
Set A:= £ (-130 — 29)X? + (3a + 4)X + 75(—17a — 16) and

F:=A? —aX3(X —1)2
Then the curve
Ci:Y? = F(X)
has a K -rational 37-torsion divisor.

Proof : We use the matrix

and proceed as in the proof of Example 3.6. O

If we use the above described method with a matrix with composite determinant, we

find the following two examples of large torsion.

Example 3.7 (39-torsion). The matriz

-3 -2 0
M:=1-3 0 3
-1 -5 0

gives a curve C with a 39-torsion divisor. This curve is given by the equation

243 27297 2673 17253 729
V2= 0 X0 4 X - X X 129X 4
8 + 256 4 + 16 729X+ 4
This curve is not isomorphic to the example of ELKIES [Elk14].
Reducing the curve modulo the prime of good reduction p = 5, we get that the local

L-function at p =5 of C is

L =25X"+5X> +7X? + X + 1.
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The GALOIS group of the splitting field of L is isomorphic to Dy. Therefore, C is
absolutely simple by Theorem 1.21.

Example 3.8 (40-torsion). The matriz

2
M = 2
-2

w = W
_= w O

gives a curve with a 40-torsion divisor which is isomorphic to the example given by
ELKIES on his homepage [Elk14].

3.4.3. Torsion Depending on the Genus

The construction of the families of genus two curves can be generalized to higher genus.

Let us assume we have a curve Cff‘, A given by
9yt V2= AX) = A(X = )9(X — )+t = F(X),

where A is a polynomial of degree g for some positive integer g and A(u) # 0 # A(n).
Then C9 PERLE hyperelliptic curve of genus g, since the degree of F'is 2g + 1 and F' is
separable. Set P, := (p, A(p)) for p € {u,n}, then

div(y — A(x)) = 9P, + (9 + 1)y — (29 + 1) Pec.
Imposing the additional relation
(29+1)P,+P,—(29+2)Px =0
gives us the following linear system of equations in the jacobian
ot ) ()= )
29 +1 1 P, — Py (@)

The matrix in the relation has determinant —2g? —2g — 1. Therefore, the divisor P,— Py
is a torsion divisor of order dividing 2¢% + 2¢ + 1 if there is a possibility to solve the

system of relations. It turns out that

A= o (X =) (X =) = (X = )7 = XX —n)?)

N

is a solution. Summing up the discussion above, we get the following theorem.
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Proposition 3.27 ([Fly91|). The family of genus g hyperelliptic curves given by
Y2 = AX)? = MX = p) (X =)™,

where A= 5 (X — p)9(X —n) — (X — p)9 — XX —n)9) has a (29 + 2g + 1)-torsion

diwvisor on it.

Remark. The family in the previous chapter with a 13-torsion divisor is the same as

the family in the theorem for g = 2.

The number field analogon was already constructed in 1971 in the paper [Yam71| of
YAMAMOTO by considering real quadratic number fields with a large regulator. The

regulator of a real quadratic number field is the logarithm of the fundamental unit.

Proposition 3.28 ([Yam71, Thm. 3.2|). Let p > q be primes and set
Dy = (p’q+p+1)* —4p.

Then there exist a constant co depending only on p and q such that for large enough D,

we have
loge, > co(log(+/Dy))?,
where g4 is the fundamental unit of the real quadratic number field K, := Q (« /Dg).

Transferring this idea to the function field setting, one obtains the above described

family of hyperelliptic curves of genus g with a torsion divisor of order 2¢% + 2g + 1.

Remark. The hyperelliptic curve of genus g defined by
Cy: Y%= (NXI(X —1)+AX +1)2 —4\X

is isomorphic to the family of curves in Proposition 3.27.

This remark shows a strong connection between results for real quadratic number
fields and hyperelliptic curves. Later in this thesis we elaborate more results that can be
transferred from number fields to algebraic curves.

Using the same approach but taking —(2g+1) as the lower left entry of the matrix gives
a family with a (2¢g 4+ 3¢ + 1)-torsion point. This construction is done by LEPREVOST
in [Lep91b].

We now construct in the same manner a series of hyperelliptic curves with a torsion
point on the jacobian of order quadratic in the genus. This series is in some sense
an extremal series since it attains the largest torsion order possible with this method.

Unfortunately this implies that it is no longer possible to find a solution to the equations
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in the parameters for all g simultaneously. Therefore, we are only able to give examples

of curves in this series up to genus four.

2g 1
1 2g+1

gives a torsion divisor of order dividing 4¢g% 4+ 2g — 1. We first regard the resulting
equation

A relation matrix of the form

(a4+A)(a—A)=X(X -1)((X —1)%9 —AX¥1)

for g = 2. We factor the right hand side in the following way

a+A=XX-1)(X+a)
a—A=X34+bX2+cX +d,

where b,¢,d,a € Q and « # 0,1. This gives us that the relations

a+b=—(4+X)

ab+c=6
ac+d=—4
ad=1

have to hold. By solving these equations, we get

at 4+ 6a% +4a+1
_ o
b=—-a—(4+ )
c=a’+ad+N)+6
d=—a®—a*(4+\) —6a — 4.

A=4

and solving for A gives us the following theorem.

Theorem 3.29. Assume « is a rational number such that F := A% — AX*(X —1), where
1 2
A= 5((a—b—1)X —(a+c¢)X —d)
and b, c,d, X as above, has no multiple roots. Then the hyperelliptic curve

Co:Y? = F(X)
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of genus two has a divisor of order 19 in its jacobian.

Proof : The proof follows directly from the discussion above. O

We now show that the family C, of hyperelliptic curves is non-constant.

Theorem 3.30. There are infinitely many pairwise non-isomorphic hyperelliptic curves

of genus two with a divisor of order 19 in their jacobians.

Proof : The first absolute IGUSA invariant «(Cy,) of the curve C, given in Theorem

3.29 regarded over the rational function field in the variable a over Q is given by

where

1 1 1 23 79 49
B2y o222 22,2 20 2 19

16 2 2 1 4 1
9280 & 93 . 1223 ., 917 . 2271 |, 5307 4

T tye g ¢ ¢ T e
33799 ., 8705 ,, 18201 ,, 13935 , 86551 o 25303 .
T T T S T 1 “

21583 , , 1607 5 641 , 39 9
— —_— — — — an
16 @ I T

ﬁ =a'? + 40! + 8a!? — 602 — 3408 + 1407
+127a% + 700® — 133a* — 19203 — 10102 — 260 — 3.

+ 529205 + 3166a° +

This invariant is non-constant, therefore, it is possible to find infinitely many pairwise

non-isomorphic specializations with the desired property. O
The discriminant of C,, is given by

(a+1)*h
A = —T7

where

h =o' + 400 — 1207 — 540® — 1847 + 70a°
— 155a° — 639a? — 71903 — 358a% — 84a — 9

has no rational roots. Therefore, C, is a hyperelliptic curve for all a € Q \ {0, —1}.
There is a one-dimensional family of hyperelliptic curves of genus two with a Q-rational
torsion point of order 19 on the jacobian constructed in [Lep91b]. We now show that

this family is non-isomorphic to our family.
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We compute the absolute IGUSA invariants of both families and compute the algebraic
set defined by the numerators of the differences of these invariants (see MAGMA code
in A.2). Since there are three absolute IGUSA invariants, this gives us an algebraic set
defined by three polynomials in the parameters « for our family and o’ for the family of
LEPREVOST. All three polynomials are irreducible, therefore, each of them defines an
irreducible plane algebraic curve. Since they are all irreducible, the only possibility to
have a common component is to be actually equal. But since they are not equal, we get
that they can only intersect in a finite set of points, therefore, only finitely many curves
in our family can actually lie in the family of LEPREVOST. Therefore, the families are

not isomorphic.

Remark. It does not seem that with this set of relations one can expect to easily get
results for g > 4 since the matriz only gives a degree two factor of a — A as a polynomial
in X and for a success we need deg(a — A) = g+ 1. So for growing g we get more and

more relations that have to hold.

Despite this remark we are able to do the computation for ¢ = 3 and g = 4 and give
example curves. Furthermore, we conjecture that the construction can be carried over

even to arbitrary genus.
Example 3.9. The hyperelliptic curve of genus three given by

46656 ., 407097961 _ ¢ 281238453 5 22959453 _ 4

C:Y?="—- _
3125 39062500 3906250 312500
2767361 381951 3093 1
_ 2T w3 X2 + — X + —
15625 2500 6250 2500

admits a Q-rational divisor of order 41.

Remark. We get a one-dimensional family of curves of genus three with a 41-torsion

divisor. The family is parametrized by the curve given by the polynomial
X+ 6X% +15X%Y? - 3X%Y +20XY? — 12XY? - V5 + 15V* — 15Y® + Y2

Example 3.10. The hyperelliptic curve of genus four given by

1 2251 2121 2750002
. y2 0901 g 22518337 21217877, 27500023
128 65536 16384 16384
4742069 5 1960231 _, 113003 5 5969 _, 59 1
- Lk X X4 X+ —
4096 4096 1024 & T2 T 128" T 256

has a Q-rational point of order 71 on its jacobian.

For g > 4 it becomes unfeasible to search for rational points in the parameter space.

So we can only state some conjectures about the existence of more curves of this type.
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Let g > 5. Assume there exists a monic polynomial h € Q[X] with deg(h) =g —1
and A € Q\ {0} such that h divides the polynomial

f=(X-1)% - XX cQqQx].

Then there exists a family of curves C, of genus g over Q with a Q-rational divisor of
order N with 1 < N | (4¢% +2g — 1).

First assume
g—2

h = ngl + Zh'LXZ € Q(h’oa .. '7h‘g_2)[X]7
=0

so h is given by g — 1 parameters. If we now divide f by A and look at the remainder
R:=f mod h,

we get deg(R) = g — 2. So the coefficients of R give us g — 1 Q-rational equations in the
g parameters A, hg, ..., hy_2. These equations should cut out a one-dimensional affine
algebraic set S in the g-dimensional affine space A9 with coordinates A, ho, ..., hg—2. So
at least over some finite field extension K of Q we expect some K-rational points on S.

Let us start with the hyperelliptic curve of genus g given by the polynomial
F =A% - )X*(X -1)

for some polynomial A of degree deg(A) < g. We now construct the polynomial A in
such a way that there exists a function f := a(z) +y € Q(C) with divisor

Py+ (294 1)P1 — (29 + 2) P,

where Py := (0, A(0)) and P; := (1, A(1)). This is completely analogous to the consider-
ations for g < 4. This gives us

(X —1)29 — AX29-1
h

(a+A)=X(X—-1)hand (a —A) =
for some polynomial h € Q[X] of degree deg(h) = g — 1 with
h| (X —1)% —Ax2 1

for some number A € Q*. If such a polynomial h exists, we can solve for A and get

(X —1)%29 —AX29-1 —p2X(X —1)

A= 2h
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With this solution, the curve given by
Cy: Y2 =A% - AX¥(X - 1),

would have a Q-rational divisor of order dividing 4¢g® + 2¢g — 1.

In the next section we describe the point of view of PATTERSON, VAN DER POORTEN
and WILLIAMS to this method. They give a connection to the computation of continued
fraction expansions of functions in the function field of a series of curves and the series

of curves described so far in this section.

3.4.4. Generalization of the Method

In [PvdPWO08| PATTERSON, VAN DER POORTEN and WILLIAMS generalized the method
described above. Let K = QQ or K be a finite field, then they start with pairwise relatively
prime square-free polynomials Ay, Ag, A3 € K[X] with A;(0) # 0 # A;(1) for i = 1,2, 3.
Further set

fi=A1(X — 1)g+1—a1’ fo = As(X — 1)ng+1—k—a2’ f3:= A3Xg+1_a3,
such that a; > deg(A4;) for i = 1,2,3 and

deg((fi + fo — f3)2 +4f1f3) =29+ 1 or 2g + 2.

Assume further the A; are chosen in such a way that

A1|(f2 — f3), A2|(f1 + f3) and A3|(f1 + f2).

Proposition 3.31. The curve
C:Y?=(fi+ fo— f3)* + 4fifs = F(X)

is hyperelliptic of genus g and has a rational point of order N on its jacobian, where
N > g°.

Proof : For the proof we refer to [PvdPWO07a]. O

Since this theorem does not give us a way to explicitly construct such families, we

state here a more constructive formulation.

Theorem 3.32 (|[PvdPWO08, Thm. 1|). Let K = Q or a finite field, let further
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firlym,q,d € K[X] and k € N such that f is irreducible, r,l,m are square-free and

ged(gr, ml) = ged(f, grml) = ged(m, 1) = 1, q|(mf" —1).

kE_ 2
Cp:Y?= % ((qrf”—i—qul) +4lrf"> )

Then ord(Py — Py) = an?+bn+c on the jacobian of C,, for some a,b, c € Z independent
of n with a # 0.

Set

Remark. One directly sees that the families in the preceding sections are special cases
of this famaly.

The proof of this theorem directly uses the continued fraction expansion of the function
y. This concept we want to present in the next section. Then the proof is completely
analogous to a similar result about the fundamental unit in a series of real quadratic
number fields which can be found in [PvdPWO07b| by the same authors as [PvdPWO08S|.
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3.5. Continued Fractions, Pell’s Equation and Torsion

We already have seen, that the norm of certain functions in the function field of a curve
plays an important role for the construction of curves with a torsion divisor. In this
section we consider a special norm equation, namely PELL’s Equation, and describe
methods to find solutions to this equation.

Let C : Y? = F(X) be a hyperelliptic curve of genus g and deg(F) = 2g + 2 defined
over some field K. Assume that in the coordinate ring

0(0) = KX Ny _pix))

of C' there exists a non-trivial unit. That is, a function f = a(z) + yb(z) € O(C)* \ K*
such that a®> — Fb?> € K*, where a, b are polynomials in X. Then the point P} — P €
Jac(C)(K) is of finite order. Since we have a? — Fb?> € K*, the function f is not allowed
to have zeros outside the set { P, P_} and has obviously only poles at infinity. Therefore,
supp(div(f)) = {P%, P }. But since div(f) is a degree zero divisor, we need to have
div(f) = NP — NP for some integer N. It is easy to see that N # 0 since otherwise
f would have to be a constant, what is not allowed.

We can even say more about the connection between PELL’s Equation and the order

of P — P. Assume N is the exact order of P — P, . Then there exists a function
f € LINDoo) \ L((N = 1) Doo).

This means that either deg(a) = N or deg(b) = N — (g + 1).
This was used by LEPREVOST, POHST and SCHOPP in [LPS04] to construct curves
with a divisor of order 5,7 and 10.

Lemma 3.33. Let a,b, F € K[X] be polynomials of degree N,N — (g + 1) and 2g + 2
respectively, where N and g are positive integers and F has no multiple roots. Assume
that

a®> — Fb* € K*.

Then the divisor PY, — P

o on the hyperelliptic curve of genus g given by

C:Y?=F(X)
is of order dividing N .
Remark. By the discussion above the converse statement also holds.

Unfortunately, this lemma gives us no tool to construct such polynomials a,b and F
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satisfying such a relation. So we want to develop a tool which makes it at least in theory
possible to construct such polynomials.

The idea is to adapt the theory of real quadratic number fields. Let K := Q(«) be a
real quadratic number field with reduced . Then we know that O} can be decomposed
in a torsion part and a free part of Z-rank equal to one. The generator of the free part
is called fundamental unit of Ok [Neu99, Th. 7.4]. By computing the continued fraction
expansion of «, which is periodic, it is possible to compute solutions of PELL’s Equation
associated with Og. Therefore, we find units in Og.

We follow [Art24] to introduce a continued fraction expansion for curves defined over
a field K. Another nice reference to this subject for hyperelliptic curves is [Ste99]. So
let C'/K be a curve with a K-rational point P, on it. This point corresponds to a
valuation on K(C'). Then there exists a function z € K(C') such that the completion
of K(C') with respect to the valuation corresponding to P, is just the field of power
series K((z71)) in 27! over K. Let now f € K(C) be any function, then there exists
a polynomial h € K(C) such that (f — h)(Ps) = 0. If we write f as a power series in
K((z~1)), his just the part of f with negative exponents, so it is a polynomial in 2. We
write [f] := h. The corresponding object in number fields is the integral part of a real

number. So now we are able to define the continued fraction expansion of f analogous

to the continued fraction expansion of a real number. We write f = [ag, a1, ...] with
Jfo:=1f
1
1=
U AT
Ap = [fn]

In [AR80] ADAMS and RAZAR use continued fraction expansions on elliptic curves
defined over a field K of characteristic not equal to two to connect this expansion to the
points of finite order. They start with an elliptic curve E given in short WEIERSTRASS
form and a rational point P on it. This point P they use to construct a birationally
equivalent curve Ep with two points at infinity. Then they show that the divisor given
by the difference of the two points at infinity is of finite order if and only if the continued
fraction expansion of y € K(FE) is periodic.

VAN DER POORTEN used continued fractions in [vdP04b] to construct all possible
torsion occurring on elliptic curves. Moreover he was able to show that 11-torsion is not
possible on elliptic curves.

This construction can be used for hyperelliptic curves of genus g > 2 given by a even
degree polynomial F' to determine whether the difference of the two points at infinity is

of finite order.
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Lemma 3.34 (J[ARS0, Th. 5.1]). Let C : Y? = F(X) be a hyperelliptic curve defined
over some field K of genus g and F a polynomial of even degree. Then O(C)* # K* if
and only if the continued fraction expansion of y € O(C) is periodic.

With Lemma 3.33 we get the following proposition.

Proposition 3.35. Let C: Y2 = F(X) by a hyperelliptic curve with a polynomial F of

even degree. If the continued fraction expansion of y € O(C) is periodic, then
PE — P € Jac(C)tors-

Some examples where continued fractions are used to construct rational torsion points
on elliptic curves and jacobians hyperelliptic curves can be found in [AR80], [vdP04b],
[vdP04a| and [vdP05]. All these examples have in common that they need to start with
a very special form of curve to make the computations feasible.

We have already seen in the description of the continued fraction expansion in hyper-
elliptic function fields that there are a lot of analogies to real quadratic number fields.
In both cases the continued fraction expansion of a generator of the ring of integers in
the field gives us a solution of PELL’s equation if such a solution exists in the case of
hyperelliptic function fields. Therefore, such a solution gives a non-trivial unit in the
ring of integers.

Having these analogies in mind, it is not very surprising that some of the methods which
are used to construct real quadratic number fields with large regulators are applicable
to the function field case. The property of a large regulator in a real number field
translates to the existence of a torsion point of large order. We have already seen one
example in Proposition 3.27. This result by FLYNN is closely related to the construction
of YAMAMOTO of an infinite series of real quadratic number fields with regulator larger
than some constant times the cube of the square root of the discriminant. The central

theorem in his construction is the following.

Proposition 3.36 ([Yam71, Thm. 3.1]). Let S be a set of n primes and assume that
there exist infinitely many number fields L such that for all p € S the prime p is
decomposed into two relatively prime primes in Op,.

Then there exists a constant c(n, S) such that
n+1
loge > ¢ ( A(L))

for sufficiently large discriminant A(L), where € is the fundamental unit of L.

YAMAMOTO was able to construct such a family for n = 2 (see Prop. 3.28).
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This result can be generalized in different ways. For instance HALTER-KOCH is able
show in [HK89| the same result by replacing the set of primes by a set of positive integers
fulfilling certain properties. With this generalized result he constructs infinite sequences
of real quadratic number fields with regulator larger than (log \/5)4 for sufficiently
large discriminant D.

Another way of improving the result of YAMAMOTO is achieved by REITER in [Rei85|,
where he makes the term “sufficiently large discriminant” explicit.

In order to transfer these results to function fields of hyperelliptic curves over the
rational numbers, we have to overcome some difficulties. First of all we know that the
continued fraction expansion of y needs not to be periodic, since the difference of the
two points at infinity has not always finite order. Therefore, we have to require that this
specific divisor has finite order.

One crucial fact used in the number field case is that the continued fraction expansion
of every reduced quadratic irrationality is periodic. This gives us a decomposition
of the set of all quadratic irrationalities A into h disjoint sets, say Ai,..., Ap, where
each set contains exactly the irrationalities that occur in the same continued fraction
expansion and h is the class number of the number field. For function fields over an
infinite base field like Q we can not hope for an equivalent result since for example the
divisor P}, — P can be of infinite order. So we are not able to decompose the set of all
quadratic irrationals into these nice subsets.

In order to prove an analogous result to Proposition 3.36, we need that forall 1 <i < h
the relation € = [, 4, @ holds (see [Yam71, Prop. 1.2]).

Another possibility to solve the PELL’s equation is to use HENSEL’s Lemma 3.6. We

have computed an example for seven-torsion which gives us a one-dimensional family.

Theorem 3.37. Set
1.4 2 6 L5, 3.3 5
1 5 3
XN I ) X (2N ) X3
; (4 > ) +( i3

1o Tya D0 9Ny (_L1ys 3.5
+<2)\+4)\+2>\+4>X+ SN = SN -2 X

1
+Z>\6+>\4+2>\2+1.

For all X € Q the hyperelliptic curve Cy : Y2 = F\(X) has the Q-rational seven-torsion

. . + J— . . .
dwisor P — P on its jacobian.
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Proof : First, we compute the discriminant of Cy, which is given by

A(Cy) =—2' (A2 +2)"
1301 4 3167 ¢ 37337
A® A9
R R T?

. (AM + 2112 + 160010 + A 192102 + 676) .

We see that for all A € Q the curve C) is hyperelliptic of genus two, since the

discriminant has no Q-rational roots. So we are left to show that there exists a function
f e L(TPL) \ L(6P)

such that Ngoy g0 (f) € Q". Set
1 3 5 3 3
= (=X —1 ) X7+ (SN SN ) X [ —SAt - A2+ D) XP
“ < 2 ) + ( 2" T2 ) T\ 73 ty

1 1 1 7 5 3 1
S e =D Ly ) I G Y (B L Ll 1. G I L R ) I
+( 2t TN Ty > +< 2 2 * 2 2

2 2
bi=X"+20X"+ (N2 —1) X2+ N\ +1

1 1 1 3
+<2)\4+)\2+>X—2)\5—)\3—2)\,

then f := a(z) + b(z)y does the right thing. O

The polynomial F in Theorem 3.37 is constructed by lifting the congruence
X34+ AX2 4 x=—-1 (modb)

with HENSEL’s Lemma 3.6 to a congruence modulo b.

Corollary 3.38. There are infinitely many hyperelliptic curves defined over Q of genus
two with two points at infinity such that the difference of these two points is of order

seven.

Proof : The absolute IGUSA invariants can be found in Appendix A.5. Since these
absolute invariants are non-constant functions in the rational function field Q(\), the
assertion follows.

O]

In his Maters Thesis [Kos14] at the Rijksuniversiteit Groningen, KOSTER gives a lot

of examples for solutions of the PELL equation.
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3.6. Division Polynomials

To determine the N-torsion points on an elliptic curve it is possible to use the so-called
N-th division polynomial. The polynomial has exactly the x-coordinates of the N-torsion

points as roots.

Definition 3.1. Let E : Y2 = X3 + AX + B be an elliptic curve. Define

U :=1

Uy :=2Y

Uy :=3X* +64X% + 12BX — A2

Wy = 4Y (X% +54X* +20BX3 — 542X? — 4ABX — 8B? — A?)
Worni1 = Vo W3 — W W,y form > 2

m
VoW, = ﬁ(q’m-i-?\l’%n—l — \I’m_Q\Ifan) form > 2.

These polynomials are called the N-th division polynomials.
Remark. For odd N it is possible to regard Wy as a polynomial in X (cf. [Sil09]).

These polynomials have some nice properties. The first important fact is that they

encode the multiplication-by-/N map on the elliptic curve.

Lemma 3.39. Let P := (z,y) be a point on the elliptic curve E: Y? = X3 + AX + B.
Then

Un_1¥ni1 UnioWi_; — Un_2¥%
[N]P = <33— w2 (P), 411,\11% =(P) ).

Furthermore, the roots of the N-th division polynomial are exactly the z-coordinates
of the elements in E[N].

In [Can94], CANTOR constructs polynomials with similar properties for higher genus
hyperelliptic curves. Let P = (z,y) € C(Q) be a point on a hyperelliptic curve given
by C : Y2 = F(X), where deg(F) = 2g + 1. The goal is to compute NP — NP, for
an integer N. This result can be easily extended to all reduced divisors of the form
i i aiPi — (32, a;) P by computing the multiple for every single point P; and then
sum up the results using CANTORS algorithm.

The idea is to use the PADE approximation of y expanded as a power series in . That
is a approximation given by polynomials Ay, By and a formal power series C'y in z such
that Ay (z) — By(x)y = ¥ Cy in the ring of formal power series in x and the degrees of
Ay and By are bounded by deg(Ay) < w and deg(By) < %. For simplicity of
the formulae CANTOR made an affine change of variables to move the point of interest

to a point with z-coordinate equal to zero. This can be achieved in the following way:.
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Assume our hyperelliptic curve is given by C': Y2 = F(X), where deg(F) = 2¢g + 1, and
P = (z(P),y(P)) € C(Q) is the point we are interested in. Then X — x(P) — X gives
us an isomorphic model of the curve passing through Fy := (O, (71)9“).

Assume we have found such an approximation Ay (z) — By(z)y = 2V Cy for y. Let
us consider the principal divisor given by the function f := Ay (z) — By(x)y € K(C).
This divisor is of the form div(f) = D + NP — (N + h)Px, where D is some effective
divisor of degree h given by the polynomial

_ AV - BRF

DN: XN

Thus, we have that the divisor D + h P4, is the negative of N(P — Px).

These considerations yield that for P := (0,y(P)) € C(Q) and an integer 3 < N € Z
the u-coordinate in MUMFORD representation of N(P — Pu) is given by Dy.

As noted above, it is always possible by a suitable change of variables to assume the

point of interest has x-coordinate equal to zero.

Definition 3.2. Let f be a smooth function and m,n be positive integers. Then the

rational function ‘
R = ZZZO aiSL‘Z
sl b

with f*)(0) = R®(0) for 0 < k < n+m is called (m,n)-PADE approximant of f.
For properties of PADE approximants we refer to [BGM96].

Theorem 3.40. Set my := L%j and ny := L%J and (An, By) the (my,ny)

PADE approximant of y. Then there exists a formal power series Cn such that
Ay —yBy = #NCOy.

In the paper [Can94] CANTOR gives nice determinant relations and recursive formulas
to compute the polynomial Dy which gives us the wu-coordinate in the MUMFORD

representation of N(P — Py).

Theorem 3.41 ([Can94, Th. 8.35|). Let N > g+ 1 be an integer and P := (z(P),y(P))
be a point on the curve C : Y? = F(X). Then N(P — P) can be represented in
MUMFORD representation by

N(P - Px) = <5N (W) N <$EL§()P_)2X)> ’

where dn,en are the polynomials given in [Can94, p.133, formula 8.7].
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Remark. The polynomials dn,en are directly connected to the (mpy,ny)-PADE approz-

imant of y as a power series in x.

Using PADE approximation to compute a rational function that is a good approximant
of the power series expansion of y is not the only possibility to construct division

polynomials. Essentially every method to approximate y as a power series up to precision

a N

N, that is, finding a rational function 7 in x such that a + by = 2" ¢ with a power
series ¢, solves the task. For example using a continued fraction expansion of y and its
convergents is another possibility to construct division polynomials (see Section 3.5). The
reason for using PADE approximation is that there exist nice recurrence formulas for the
computation. Therefore, this approach makes the computation of such an approximant
easier.

Another possibility to construct division polynomials for hyperelliptic curves of the
form C : Y? = X° + Z?:o a; X" is to use the hyperelliptic sigma function and some of
its logarithmic derivatives. This function was used by GRANT in [Gra90| to define an
embedding of the jacobian of the curve in P8, This construction can be found in [Kan05]
by KANAYAMA and [Oni02] by OnisHI. We will not go in further detail in this area since

for large N the computation of the N*'-division polynomials is not feasible.
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3.7. Torsion on Split Jacobians

In this section we want to present a method to construct large torsion subgroups on
jacobian varieties which are isogenous to a product of elliptic curves. We follow [HLP0O|
by HOWE, LEPREVOST and POONEN. In this paper they construct jacobians of genus
two and three hyperelliptic curves defined over Q with a rational torsion subgroup of
order 128 for genus two and order 864 for genus three. Their approach is to start with
two (resp. three) non-isomorphic elliptic curves admitting a large torsion subgroup and

then construct an isogeny of low degree to a jacobian of a hyperelliptic curve.

Proposition 3.42. Let E/K,E/K' be elliptic curves defined over the field K and let L
be the separable closure of K. Let G C (E x E")[2](L) be the graph of an isomorphism of

the two-torsion subgroups of E and E’ that is not the restriction of an isomorphism of E

and E'. Then the abelian variety (B x E/)/G is L-isomorphic to the jacobian of a curve

C defined over L.

Using this proposition, one can explicitly construct an affine model of the genus two
hyperelliptic curve C' mentioned in [HLP0O, Prop. 4|. They obtain in this way the

following result.

Proposition 3.43 ([HLP0O, Thm. 1]). Let G be one of the following groups

ooz Lnn a7 < Lo a0z Y asn Yon < Yo “sn < Loz Yoz

L ss520 Yog < Loz L < g sy < Loz Yeon Yoz Ysn < Lsz
Lrop < Lz x L Lon < Lhoms Lag x Ysn < Lon Tom < Lo x Lougs
Loog x Lrog, x Lz, x Lrgg.

Then there exist infinitely many hyperelliptic curves C' of genus two with split jacobian
such that G — Jac(C)iors(Q).

Using the same approach but with an isomorphism of the three-torsion subgroups
of the elliptic curves, HOWE produces in [How14| a hyperelliptic curve such that the
jacobian has a 70-torsion point. This is the so-far-known record for the torsion order of

a jacobian of a genus two hyperelliptic curve.

Proposition 3.44 ([Howl4, Thm. 1]). Set
C:Y?+(2X3 - 3X? —41X +110)Y = X? — 51X? + 425X + 179.

Then there exist a Q-rational divisor of order 70 on C.
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3.8. Torsion in Jacobians of Superelliptic Curves

In this section we describe the construction of superelliptic curves with a divisor of given
order. First we concentrate on curves of the form C : Y3 = F(X), where F is a cube free
polynomial. Obviously for such curves [K(C) : K(z)] = 3. So we have three embeddings
of K(C) in the algebraic closure of K(z). If (3 denotes a primitive third root of unity

and we choose a cube root y of F', we get that the non-trivial embeddings are given by

o(y) = Gay and o2,

Definition 3.3. Let C be a non-singular curve of genus g > 1 defined over a field K
with function field K(C). C is called superelliptic if there exist x,y € K(C) such that
y" = F(x) for some2<ne€Nand F € K[ X].

Definition 3.4. For an element > o0 a; X' =: ¢ € Q((X 1)) in the field of LAURENT

series over Q with a,, # 0 we write

deg(¢) := —m
o=z
sgn(@) 1= an.

Furthermore, we set deg(0) := —oo and |0] = 0.

Furthermore, let Q(C) be the function field of degree three of a curve C and let
r € Q(C) be a transcendental element such that Q(C)/Q(x) is separable. Further, let
o be a non-trivial automorphism of Q(C)/Q(z). If we have exactly one embedding
Q(C) — Q((X~1)), then we define

(NI

N (o)/k(z)(@)
«

(o) =|

Lemma 3.45. Let a, 3 € Q((X1)). Then |aB| = |a||B] and |a + 8] < max{|al,|B|},
with equality if and only if sgn(a) # —sgn(B) and |a| = |5].

The goal of this section is to prove the following theorem.

3_

Theorem 3.46. Set By, := X*+1, M, := E,Z’ +1,F) .= M§3 L and Cy : Y3 = F),. Write
k

g(Cy) for the genus of Cy. Then on Cy there exist a Q-rational torsion divisor of order

C
Q(Qk) + 1

The proof is split into several lemmas. These lemmas are the characteristic zero

analogs to the ones of [Sch00].
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Lemma 3.47. Let C/K : Y3 = F(X) be a superelliptic curve and K(C) its function
field. If F is square free, then the ring of integers in K(C) is generated by 1,y,vy* as a
Klz]-module.

3_
Lemma 3.48. Set Ej, := XF + 1, M}, = E,f + 1 and F} := Mggl. Then Fy is a
square-free polynomial.
Proof : First we compute
po Mi—1 (B 1) -1
PR - £}
k k
EY + 3ES + 3E}
= = E} +3Ej +3.
k

Now assume P € Q[X] such that P? | Fy.. This happens if and only if P | ged(Fy, F},),
where G’ denotes the formal derivative of G € Q[X]. We see

F|, = (B} + 3E} + 3)' = 6E,E}, + 9ELE}, = 3E{E}(2E} + 3) = 3kER X" 1 (2E} + 3)
and since ged(Fy, Ex) = ged(Fy, X) = 1 we get P | ged(Fy, 2E; + 3). So we have

P | gcd(Fy,2E¢ +3) = P | Fj, and P | (2E} + 3)
= P | (F, — (2E} +3))
= P|(E(E; +1))

P|(2E3+3)=P}E,
CEEDSPE b (B3 1 1) = P e @,

since also P | (E} + %) by assumption. So gcd(Fy, F},) = 1, therefore, F}, is a square-free
polynomial. O

Lemma 3.49. Let Fj, be as before and C : Y3 = F,. Then the genus of C is
g(Ck) = 6k — 2.

Proof : This follows directly from the RIEMANN-HURWITZ Genus Formula 1.5. O

We now show that for any choice of a positive integer k the polynomial F}, is square
free. This gives us that for any k the ring of integers in the function field of Cy is
generated by 1,y and y2.

The goal is to show that there exists a non-trivial unit in O(Cy). If such a unit exists,
we get that the principal divisor is only supported at infinity. In the following lemma we

compute the places at infinity.
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Lemma 3.50. Let Cy be as above. Then there are two Q-rational places, denoted by
Py and Dy, above infinity.

Proof : In order to determine the the places above infinity we introduce new variables
U := % and V := % Then

Ve — (1 + U’“)6 +3 (U’“ + U%)S + 30U

defines a curve that is birational equivalent to Cy. With the equation above we get
v3—1= (v—1)(v2+v+1) lies in the ideal above uQ[u], where u, v are the images of U,V
in the function field of the curve. Thus we get (u) = (u,v — 1)(u,v? + 2 + 1) € Q[u, v].
This proves the statement. O

As we have already seen in the methods for hyperelliptic curves, there is a close
connection between the existence of non-trivial units in the coordinate ring and the
existence of a rational torsion divisor. We now show, that there exists a non-trivial unit
in O(Cy). This gives us a rational function supported only at infinity. But since we have

exactly two rational places at infinity, we get a torsion point on the jacobian.

Lemma 3.51. Let Cy be as before. Then ¢ := My — Exy € O(Cy) is a unit and
¢~ = M} + MyEpy + By,

Proof : We have

oA 3
Na(cy)/a@ (8) = Mi; — B Fy = 1.

This proves the fact that ¢ is a unit. Furthermore, we compute

O(ME + MyEyy + EXy?) = M} — FyE} + (MPEy, — M2Ey)y + (EZ My, — E2 M)y
= Ng(cyy/a@ (@) = 1. O

In the following we want to show that the unit we have found is actually a fundamental

unit. For this we need some helpful lemmas for the computations in the function field.

Lemma 3.52. Let a € Q(Cy) be given by a := A + By + Cy? with A,B,C € Q(z).
Then

1
Azg(a—l—aa—i-a"Q),
B——1 (a+§2a"+§a"2)

—3y 3 3 P

1 2
0237:1/2(06‘1‘4.3060"_(32040),
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where (3 1s a primitive third root of unity and o is the automorphism defined by y — (3y.

Proof : The first assertion follows directly from the fact 34 = Tr(«). The other two
assertions follow directly from the fact that 1 + (3 + (3 = 0. O

Lemma 3.53. Let Cy be as before. Then we have |My| = |Ey|.

Proof : By assumption we have (Eyy)® = M} — 1, therefore, |(Eyy)3| = |[M}|. This
gives the result. O

Lemma 3.54. Let C}, be as before. Then |Ey| < |yl.

Proof : By construction we have E,%Fk =M 3 — 1. Taking the derivative with respect
to X, we get 3EZE}, = 3M?M]. Since gcd(Ey, Mg) = 1, this implies E7 | M. So we
compute

|Bul* < [My| < [M| = |Egyl,

which proves the lemma. O

Lemma 3.55. Let Cy and ¢ be as before. Then ¢ is not a power in O(Cy).

Proof : Assume there exists a unit ¢ € O(Cy)* such that ¢ = &% for some a € N. By
Lemma 3.47 there exist polynomials A, B,C € Q[z] such that ¢ = A + By + Cy?. Then
A # 0 since otherwise y € O(Cy)* would have to hold. But this is obviously not true.

We now consider two cases. In the first case we assume |¢| > 1. Then we get |¢| = |¢|é
Since |¢| > 1, we know |¢?| < 1, using the fact that ¢ is a unit. But this gives us
|¢| = |My| because |¢| = |¢ + ¢7 + ¢° | = |My|. Now we can use Lemma 3.54 and
Lemma 3.53 to deduce |¢| < |y|%

In the second case we assume |¢| < 1. But since ¢ is a unit, we get |[¢~*| > 1. The same
arguments as before and Lemma 3.51 give us [¢~!| = |M}|?. So we have || = |¢U|%
Using the fact that by definition for a unit |¢7| = |¢]_%, we again obtain |¢7] < ]y\%

Using this fact, we now give estimates for |B| and |C|. Applying Lemma 3.52, we get

— o 0'2 — ag
1Bl = |yl e + (3e + Ge | = |y~ max{[e], [7]},

— lod 0'2 — ag
IC] = [yl ™2|e + Cse” + ¢Fe” | = [yl max{le], |7}

By the discussion above we have max{|e|, ||} < \y|§ So

|B| < ]y\%*l and

2_
C| < lyla.

Assume B # 0, then 1 < |B| < ]y|%_1. Therefore, 2 — 1 > 0. But this is only true for

a =1 and this gives us ¢ is not a power.
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If B=0, we can deduce C' # 0so 1 <|C]| < |y|%72. This gives a contradiction since
2a > 2 for all positive integers a. This proves that ¢ is not a power in O(Cy). O

We are now ready to give the proof of the theorem.

Proof of Theorem 3.46: By Lemma 3.51 we have a unit ¢ in O(C}). Therefore, we
have supp(div ¢) C {Pu,0, Doo} by Lemma 3.50. Since deg(Ds) = 2 = 2deg(Px o) and

¢ € L(3kDso) \ L((3k —1)Dyy) or ¢ € L(3kDs) \ L((3k — 1)Dyo),

we get div(¢) = £3k(2Ps,0 — Doo). Therefore, the divisor Dy := 2Py o — Do has to be
of order dividing 3k. But since by Lemma 3.55 ¢ is not a power in O(C%), we get that
ord(Dg) = 3k = 4§l 41, 0

This series of superelliptic curves Cj defined over the rational numbers is the first
known series of superelliptic curves with a torsion point of order linear in the genus.
In the following short section we describe a strategy that gives for a fixed prime p a
superelliptic curve with a point of order p on the jacobian. The construction is analogous

to the hyperelliptic case in Section 3.3.

3.9. Torsion in Superelliptic Curves via Hensel Lifting

We now describe a possibility to find solutions to norm equations in function fields of
degree larger than two. Let us assume we have a superelliptic curve C'/Q defined by
Y* — F(X) for some positive integer k. Then functions of the form a(x) + b(z)y € Q(C),
where a,b € Q[X], have a norm given by

Ngoy/gw = 4(@)" = b(@)"F.

Since we are interested in functions such that the norm is some p!*-power for a prime
p with p 1 k, we assume a(z)* — b(x)*F = \zP for some A € Q*. Hence, solving for F

yields
ak — \XP
bk )

So we can search for a polynomial b such that X is a k- power modulo b and lift this

F:

congruence to a congruence modulo b

Using this construction with b = 1 we obtain the following easy theorem.

Theorem 3.56. Let p be a prime and k a positive integer such that ptk and p > k and
A €Q\{0}. Then set Cppr:Y* = (X —1)F = AXP. Then g(Cppp) = 3(k—1)(p—1)

and Cp 1.\ admits a torsion divisor of order p.
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Proof : The statement about the genus of the curve follows directly from the RIEMANN-
HUrwITZ Genus Formula 1.5. Furthermore, the curves C), ;, » all have one point P, at
infinity. The function ¢ := (x — 1) — y has norm
_ I O
NG(Cya0)/@a) = A
So we get div(¢) = p(0, (—1)¥) — pPs. Therefore, ord((0, (—1)*) — P..) divides p. Since
p is prime and ord((0, (—1)*) — pPy) # 1, the theorem is proven. O

We see that the approach using HENSEL’s Lemma also works for the construction
of superelliptic curves with a torsion point on the jacobian. Since we have to restrict
to a very special form of function in the function field, one can expect that here other

methods are more fruitful.
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3.10. A Family of Curves with a Torsion Divisor Quadratic

in the Genus

In this section we construct a family of curves defined over Q given by an polynomial
F(X,Y) with degy (F) = 3. This family is special in the sense, that it is neither a
family of hyper- nor superelliptic curves. This work is analogous to the number field
considerations of KUHNER in [Kih95].

We set F := Y3 — X¥v2 — (X —1)Y — X* for k > 0 and consider the curve C}, over
Q defined by Fj.

Lemma 3.57. The genus of Cy is g(Cy) = 2k — 2.
Proof : This follows directly from the RIEMANN-HURWITZ Genus Formula 1.5. O

Lemma 3.58. Let k > 1. Then Cy has two singular places at infinity. One place is
wert and is denoted by Ps, above the other one there are lying two points which are
congugates of each other. The degree two divisor defined by the sum these two points we
denote by Do .

Proof : We consider the projective closure of Cy by taking the homogenization of FJ.
This is defined by

y3zk-1 — xky?2 _ Xy zk + Yy ZFt1 — Xk 72,

So we get the two points (1 :0:0) and (0: 1 :0) at infinity. We now determine the
behavior of the points at infinity. For this purpose we introduce the variable U := %

and consider the curve C}, defined by
Uky3 —v? — (Ut Uty — 1.

Then C}, and C}, are birationally equivalent and we have that y? + 1 lies in the ideal
uQlu, y|, where u, y are the images of U,Y in the function field of C}. This proves the

statement.
O]

This lemma shows that the unit rank in the coordinate ring O(Cy) is at most one.
This fact is used later to show the existence of the torsion divisor. We now show that
there exists a non-trivial unit in the coordinate ring. Hence, the unit rank has to be

equal to one.
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Proposition 3.59. The element

y k
5::@/(@/—3«"’“)

We split the proof of the proposition into two lemmas. First we show that the inverse

is a unit in O(Cy).

of € is integral over Q(x).
Lemma 3.60. ¢! is an integral element in Q(Cy).

Proof : In Q(C) we have

Yy—x
4

1

=1-a"y ' =y +afy+a,

where the last equation follows from the fact that 2% = y3 — 2%y? — (z — 1)y in Q(C).

So we compute

k
1= 1 <Z/—$k> _ (—y? + zFy + x)k

Y Y Y
But since z* is divisible by y, we get an element in O(Cy). O
Lemma 3.61. ¢! is a unit in O(Cy), more precisely we have Nac)/a) (e71) = —1.

Proof : Set o := y — 2*. Then we compute

o =y — 23:ky + 2%k
03 = o — 3aky? 4 322y — 2Bk
= 22k + (322 + o — 1)y — 2% + b
Therefore, we get
o +22F0? — (=2 42— 1Da -2 =0.

So the norm of « has to be N@(Ck)/@(m)(a) = —zF*1 This enables us to compute the

norm of e~ 1.

N

_ o k k
Q(Cx)/Q( )(571) = 1 <NQ(Ck)/Q(x)(y - ))
k x

Naew/aa @\ Nge/aw®

1 —],‘k+1 k
= (_xk> =1
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In combination these two lemmas provide a proof of Proposition 3.59. Using the fact
that there exists a non-trivial unit in O(C}) and by counting the pole order at infinity

of this unit, we get a torsion point on the jacobian of Cf.

Proposition 3.62. The curve C}, defined by the polynomial
F,=Y3 - Xky? (X —1)Y — X*

admits a Q-rational torsion divisor of order dividing k?.

Proof : We have already seen that there exists a non-trivial unit e € O(Cy). So the
divisor div(e) is only supported at infinity. But since we have exactly two Q-rational
divisors at infinity, we get div(e) = m(Px — Do) for some m € Z. Therefore, the divisor
Py, — Dy is of finite order. Let us now compute the pole order of e™' at Dy,. First
observe that x has a simple pole at D, and y has no pole at D,,. Therefore, we get for
¢ a k%-fold pole at Do,. This gives us that m has to be a divisor of k2. O

In the number field analogon it is possible to show that the unit in the proposition above
is actually a fundamental unit. But the proof of KUHNER in [Kiih95| uses the explicit
computation of the VOrRONOI Algorithm (see for example [Buc85|). This algorithm
makes essential use of the geometry of numbers established by MINKOWSKI. Since in the
function field case we do not have such a tool, it is much more difficult to formulate the
analogous algorithm. For a special case of cubic function fields we refer to [SS00| where
SCHEIDLER and STEIN describe the algorithm for purely cubic fields over finite fields.
For cubic function fields over finite fields with a trace zero generator we refer to [Sch04].
We now show that in a general function field of degree three with unit rank equal to
one it is also possible to use the VORONOI Algorithm to compute a fundamental unit.
Afterwards we use the algorithm to prove that the order of the divisor in the proposition
above is exactly k2. The proofs in this section are following closely the ideas of [LSY03]
and [SS00].

We give a description of the VOrRONOI Algorithm which works for base fields K = IF,
with ged(q,6) = 1, or K = Q. The basic idea of this algorithm is to compute for a
fractional ideal in O(C) a chain of minima. For this process we first need some definitions.
We always assume that there exist exactly one embedding K (C) — K((X~1)).

Definition 3.5. Let 2 C K(C) be a fractional ideal. Then we call « € 2l @ minimum
of A if for all € A\ {0} with |B| < |a| and |o(B)| < |o(a)|, B = Aa for some X € Q*.

Definition 3.6. Let 2 be a fractional ideal and 0 € A a minimum in A. Then ¢ € A is

called minimum adjacent to 6 in A if
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1. ¢ is a minimum in 2,
2. 10] <19l,

3. for all e € A with 0] < |a| < |@|, |o(a)| > |o(8)].

In the following we want to show that for a fractional ideal 2 and a minimum 6 € 2

always a minimum adjacent to 0 exists.

Definition 3.7. Let o € K(C) be a rational function on C. Set
1. (o= o01(a) + o2(a),
2 &ai=3(20 = Ca),
3. Mo = o01(a) — o2(a),

where 01,09 are the two non-trivial automorphisms of K(C).

Lemma 3.63. Let A = (1, u,v) be a fractional ideal. Then

A@) = 3 (€ — &m)

Proof : By definition we have

(Eutt — &) Z%((Qu —01(p) = o2(p))(01(v) — 02(v))

— (2v — 01(v) — 02(v)) (01 (1) — 02())))?

4

=glo1w)ozv) + o2 (v + por (v)

— o1 () — oa(p)or (v) — poa(v))?
1 1 1 ?

:%det woo1(p) oo(p)
v o1(v) oa(v)

4
=—A(2). O
Sa@)
Lemma 3.64. Let A = (1, u,v) be a fractional ideal with

|§u| > |6, |77u‘ <1< || and |Cu|7 G| < 1.

and 1 is a minimum in A. Then |[A(A)] > 1.

Proof : Since by assumption [(,|, [n.| < 1, we get |o(p)| < 1 for a non-trivial automor-

phism o. Since 1 is a minimum in 2 and g is not a unit in K, we get |u| > 1. So we have
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€4 = |1 > 1. Now, if |€,m,| = |&ny, it is possible to exchange p and v by constant
multiples such that sgn(&,n,) # sgn(&§,m,). So we can compute

|AR)] = ’(5#771/ - funu)2’ = max{\fun,,‘, |§V77u|}2 > ’5#771/’2 >1 O

The next lemma we do not prove and refer instead to the algorithm given in [SS00,
Algorithm 4.1| for the purely cubic case over finite fields which transfers completely to

our case.

Lemma 3.65. Let A be a fractional ideal such that 1 is a minimum in A. Then there

exists p,v € A such that A = (1, u,v) and

‘fu‘ > &, ‘77/1’ <1< n| and ’Cﬂ‘: 1G] < 1.

The form of a basis mentioned in the lemma above makes it quite easy to compute
the minimum adjacent to 1 in a fractional ideal. The next lemma clarifies why we only

need to consider minima adjacents to 1 in fractional ideals.

Lemma 3.66. Let 2 be a fractional ideal such that 1 and 6 are minima in A. Then
1 4s a minimum in (%) A and z'fg s @ minimum adjacent to 1 in (%) A, then 00 is a

mintmum adjacent to 6 in 2.

The proof of this lemma is straightforward. Now we compute the minimum adjacent

to 1 in a fractional ideal with such a reduced basis as above.
Proposition 3.67. Let 2 = (1, u,v) be a fractional ideal with
€l > 1Euls Inul <1 <mu| and [Cul, |G| < 1

and 1 is a minimum in A. Then p is a minimum adjacent to 1 in 2.

Proof : First we show that p is a minimum in 2. For this, we assume there exists
B =a+bu+ cv € A such that

6] < [ul and |o(B)] < |o(u)]-

In order to show that ¢ = 0 has to hold we assume ¢ # 0. Then by choice of the basis we

have |en,| > 1. If we assume |bn,| # |cn,|, then we can compute

1< eny| < max{|bny|, [env[} = [bnu] + lenu| = [ngl < o (B)] < lo(w)| < 1.
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This gives us a contradiction. So, |bn,| = |cn,|. Therefore, we have
(6] > [bnu| = lenu| > |cl.
Combining these estimates, we get

18] = €8] = b€y + &l = [b€u| = |Eu] = |l = |8,

which implies that the only inequality has to be an equality, therefore, [b,| = [£,|. But
this implies |b| = 1. Therefore, 1 < |¢| < 1, which is a contradiction. Therefore, our
assumption was false and ¢ = 0. If ¢ = 0, the last computation still holds true and
be K*. So we can write § =10 (% + u). This yields

la] = |o(B) = o ()| < max{|o(B)], lo(p)]} <1

and since a has to be a polynomial, we have a = 0. But this means g is a minimum in 2.
By choice of the basis we have 1 < || and the last axiom of the definition of a minimum
adjacent follows from the same argumentation as the fact that p is a minimum in L.
This gives us that p is a minimum adjacent to 1 in 2. O
Definition 3.8 (VORONOI Algorithm). Set 2o := O(C) and Ajsq = (}%}C) Ay, where
A, = (1, pg, vg) and

|§,uk| > |§I/k|> |77uk| <1< |7711k| and |<-/—Lk|7 |szk| <1,

for k > 0. Define the sequence (0)r>0 by 0 := Hf:_ol (i to be the VORONOI Algorithm
in O(C).

Theorem 3.68. Assume the unit rank in K(C) is equal to one. Then the VORONOI

Algorithm computes a fundamental unit € in O(C).

Proof : First observe that 1 is a minimum in O(C). Therefore, every unit is a minimum
in O¢. If we now consider the sequence (|0x|)r>0, we see that this is a strictly increasing
sequence. Assume now 6 is a minimum with non-negative degree in O(C'). Then there
has to exist an index ¢ such that |6;] < |0] < |0;+1]. Now we can assume |o(6;)| > |o(0)]
by the properties of a minimum since otherwise we directly get that 6 is a constant
multiple of 6;. But since 6;; is a minimum adjacent to 6;, this implies by the properties
of a minimum adjacent that 6 has to be a constant multiple of ;. Therefore, in the
VoORroONOI Algorithm every non-negative minimum of O(C') must occur. But if there

1

exists a non-trivial unit € in O(C), then either € or e~ must occur in the VORONOI

Algorithm. So the first unit in the sequence is a fundamental unit. O
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Remark. The condition on the unit rank in Theorem 3.68 is fulfilled if and only if the
divisor 2Py, — D is of finite order in Jac(C)(K).

So we can now compute the VORONOI Algorithm for O(C},) with
Crp: Y3 - XFy2 — (X —1)Y — X",
This givesus for 0 < s <k —1
Oy =1
y S
U341 =y < k>
y—z
y S
033-‘1-2 = y2 < k)
y—x
zy \°
O35+3 = -
y—x
y k
0 =
3k+1 Y <y — iL'k>

and by computing norms we get €31 is the first unit in the sequence. Therefore, it has

to be a fundamental unit. This gives us the following theorem. For the computation of
the VOrONOI Algorithm see [Kiih95] or [Ada95|.

Theorem 3.69. The curve Cy, defined by the polynomial
F,=Y3-Xky? (X —1)Y — X*

admits a Q-rational torsion divisor of exact order k?.

In the same manner it is possible to validate the following example. The number field

case can be found in [Ada95|.

Example 3.11. The curve
Cr:Y3—(XF+ X -1)Y2—(XF-1)y — x*
admits a divisor of order k. The fundamental unit in O(Cy) is given by

k
E=Y y2
y—ak)

With these applications of the VORONOI Algorithm which result in new series of curves

with a point of large order on the jacobian, we conclude the construction of curves with

a point of prescribed order in the jacobian.

MAX KRONBERG 143






4. Torsion in a Certain Family of

Hyperelliptic Curves

4.1. Two-Torsion in a Subfamily of a one-dimensional

Family

In this section we want to compute in some family of hyperelliptic curves of genus two
the two-torsion subgroup of its jacobian.

We consider the family of hyperelliptic curves given by the affine model
Chp2:Y?2=X5—5X34+5X + )2 = Fp.

This is a one-dimensional family of hyperelliptic curves with a jacobian admitting RM
by Q(+/5) (see Section 2.17). Since all curves in this family are given by a polynomial of
degree five, they have a QQ-rational WEIERSTRASS-point at infinity. Since the two-torsion
points on a jacobian are given by unordered pairs of WEIERSTRASS-points a jacobian of
a curve in this family has a Q-rational has a rational two-torsion point if and only if one
more WEIERSTRASS-point is defined over Q or a pair of conjugate WEIERSTRASS-points
over a quadratic extension of Q. So determining the two-torsion points on a jacobian is
the same as finding a linear or quadratic factor of the polynomial Fy2.

Let us consider first the case of a linear factor. If we assume g is a root of F\2, we get
0 = 2 — 523 + 520 + A? and therefore the search for a linear factor of F): is equivalent

to the search of Q-rational points on the hyperelliptic curve
C:Y?=-X"4+5X%-5X

of genus two.
If we do not require the parameter A of the family to be a square, this hyperelliptic
curve has to be replaced by a curve of genus zero with infinitely many Q-rational points.
In Section 1.4.7 we describe a method to find all rational points on a hyperelliptic
curve. For this method we need that the rank of the jacobian of the curve is less or equal

to one. We now show that rank(Jac(C)(Q)) actually is equal to one. First of all we see
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that
JaC(C)tors<@) = Z/ZZ7

by reducing the curve modulo the primes p; := 3 and ps := 7. These are primes of good
reduction since they do not divide the discriminant A(C) = 50000 of C. In the jacobians

of the reduced curves we have the following numbers of points
# Jac(C)(Fp,) = 14 and # Jac(C)(F,, ) = 46.

We conclude that the Q-rational torsion subgroup has to be either trivial or isomorphic to
Z/QZ. But since we have two Q-rational WEIERSTRASS points on C' the torsion subgroup
can not be trivial. We now use this fact to show that there is a point of infinite order
on Jac(C'). Consider the affine point P := (—1,1) € C(Q). Then its image on Jac(C)
under ®p_ is given in MUMFORD representation by D := (x + 1,1) (see Definition 1.41).
Using CANTOR’s Algorithm 1 we can compute

) 7
2P — Py) = <$2+2$+1,2m+2> :
This is obviously non-zero in Jac(C') and since # Jac(C)tors(Q) = 2 the point (P — Px)
has to be of infinite order. This yields rank(Jac(C)(Q)) > 1. To prove that the rank
is bounded from above by one, we perform a two-descent on Jac(C)(Q). For details of
two-descent on jacobians of hyperelliptic curves we refer to [Sto01]. We consider the

exact sequence

0 12O Q o) Sel2(@ Jac(C) = 1Ia(Q, Jac(C)) — 0,

where Sels(Jac(C)) is the Two-Selmer Group and HIy(Jac(C)) is the two-part of the
TATE-SHAFAREVICH Group.

So we get by computing Sely(Jac(C)) an upper bound on the rank of the jacobian of
C by the formula

rank(Jac(C)(Q)) <dimg, Selz(Q, Jac(C)) — dimg, Jac(C)[2]
= dimgp, Selz(Q, Jac(C)) — 1.

To compute Selp(Q, Jac(C')), we first need to factor the polynomial

F:=—-X545X%-5X =-X(X*-5X%2+5),
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where the degree four factor is irreducible. This gives us

L= Q[X]/(7X5 +5)(3 . 5X) = Q[X]/(X) X @[X}/(Xél o 5X2 +5) =: L1 X Lo.

Let 8 denote the image of X in L.

By [Sto01, Corollary 4.7] we have to find the primes p such that p?|A(C). Since
A(C) = 50000, the only primes are p; = 2 and po = 5. Then set S := {o0,2,5} and
compute for any p € S the factorization of —X° + 5X3 — 5X over Qp-

R:—X5+5X%—5X =X )(—\/57;‘/5 X + 5+2‘/5

5—2\/5 X 5—2\/5

X —

For p = 5 we get that —X?* + 5X2 — 5 is irreducible over Q5 by EISENSTEIN. For p = 2
we get the same factorization as over Q since the degree four factor is irreducible over Fs.

For p € S we set
Ly = QIV(F) = Qp(0p).

Then we get for each p a homomorphism
dp : Jac(C)(Qp) — LIV(L;)2

given by > pnpP — [[p(x(P) — 6,)"". These homomorphisms have Jac(C)(Qp)[2] as
kernel by [Sto01]. For each p € S we now compute

Jp = 0p(Jac(C)(Qy))-

We start with p = co. The defining polynomial F' has five real roots and by [Sto01,
Lemma 4.8|, J is generated by doo(P — Px) for P € C(R). Furthermore, by the same
lemma we have dimp, (J~) = 2. Then we find a basis by (0,1,1,0,0) and (0,0,0,1,1).
Using the algorithm of [Sto01, Section 6|, we compute a basis for J, for p = 2,5. By
[Sto01, Lemma 4.4], we get dimp,(J2) = 3 and dimg, (J5) = 1. So for p = 5 it is enough
to compute the image of (0,0) € C'(Qs5) to obtain a basis for Js. For p = 2 we find three
points on C(Qz) given by P; = (0,0), P» = (—%, F(—%)) and P3 := (—1,/F(-1)).
It is easy to show that the images of these points are linear independent. Now we
are left with finding a basis for a subgroup H of L*/( L*)? which contains the group
Sela(Q, Jac(C)). This task is performed by using [Sto01, Lemma 4.9], which relates H
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to the class group of L. Putting these information together we obtain

dimp, Sely(Q, Jac(C)) = dimg, H + dimp, (J2 ® J5 & Joo)
— dimp, (res(H) + (o ® J5 © Jx)) = 2,

where
. L* . L3 . L . L, .
res : /(L )2—> /(L2)2@ /(L5)2@ /(Loo)2

Since dimp, Jac(C)[2](Q) = 1, we have
rank(Jac(C)(Q)) < 1.

The computations can be checked by MAGMA with the following code.

R<x> := PolynomialRing(Rationals());

C := HyperellipticCurve(-x~5 + 5*x~3 - 5%x);
J := Jacobian(C);

SetVerbose("Selmer", 3);

TwoSelmerGroup (J) ;

By the considerations above it is easy to verify the correctness of the output. For a
hyperelliptic curve of genus two with a rank one jacobian the CHABAUTY Method (see
Section 1.4.7) works to determine the full set of Q-rational points on C. But we need to

find a generator of

JaC(C)/Jac(C)

tors

Since we already know the point D of infinite order, we check whether there exists a
point @ € Jac(C) and an integer N € Z such that N -@Q = D. This is done by computing
the canonical height of D. For this we use the formulae of Lemma 1.15 in order to
get a point in projective space. For this point we can compute the canonical height by
Definition 1.47.

ﬁ(D) ~ 0.940427942028833295425884666867

Assume there exists a point @ € Jac(C)(Q) and an integer N such that D = NQ then
we get by Theorem 1.27
h(D) = N2h(Q).

Therefore there has to exist a point in Jac(C)(Q) \ Jac(C)ors with height less than the
computed height of the point D. A complete search shows that such a point can not
exist.

The next step is to find all rational points on the curve C.
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4.1. Two-Torsion in a Subfamily of a one-dimensional Family

Lemma 4.1. The Q-rational points on the affine part of C are given by the set

{(0’ 0)7 (_17 1)’ (_17 _1)}'

Proof : First we observe that {(0,0),(—1,1),(—1,—1)} C C(Q) by checking that these
points fulfill the affine equation of the curve. Since by the discussion above the rank of
Jac(C)(Q) is one, we can apply Theorem 1.23 with the prime p = 7, the smallest prime
of good reduction greater than four, and conclude by counting points on C(F,) = 8
that #C(Q) < 10. This means we have to use more local information to obtain the
result. For this we follow [BS10| and consider the curve modulo different primes. The
curve C has at p = 13 good reduction and we easily find #C(F,) = 14. It is possible
to find a differential w, on Jac(C')(Qy3) annihilating Jac(C)(Q) which does not vanish
on C(F3). This implies that there exists for any P € C(F13) there exists at most one
point P € C(Q) that reduces to P. Let N be a multiple of Jac(C)(F,), then we have an
injection C(Q) — Jac(C’)(Q)/N Jac(C)(Q)- Therefore, the preimages of the points on
C(F,) are exactly the rational points of C'(Q). This completes the proof. O

The statement of this lemma means that there exists a root of the polynomial F)2
only for the parameters A =0, A = —1.

Since a quadratic factor of F2 gives rise to a pair of conjugated WEIERSTRASS points
we check the possible quadratic factors of F\2 depending on the parameter A. So we
assume

Fy2 = (2% 4+ ax + b)(2® + cz® + dz + €) with a,b, ¢, d, e € Q.

By comparing coefficients, we get

a+c=0,
b+d—+ac= -5,

ad +e+bc=0,
ae +bd =5,
be = A2,

We now take the first four equations to define an algebraic set V in A®. By the

following isomorphism we make V' into an plane algebraic curve defined over Q.

c— X, d—Y, e— XY — (X?-Y -5)X,
b— X2 Y —5, a— —X.
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4. Torsion in Families

The plane curve V is given by
V=VX*- X% —5X?-Y?-5Y —5)c A%

By the RIEMANN-HURWITZ Genus Formula, the genus of V is zero. It has singularities
at P, :=(1,—3) and P, := (—1,—3). These are the only Q-rational points of V.

Now we are able to compute the e and b coordinate of the pre-images of these Q-rational
points and ¢ and then compute the images of this points under the morphism V — P!
which maps be to A2. A short computation shows b(¢~1(P;)) = b(¢p~1(P,)) = —1 and
e(p~1(P1)) = —e(¢p~1(P,)) = 2. Therefore, for no A € Q there exists a quadratic factor

of F\2. Summing up the discussion above, we get the following theorem.

Theorem 4.2. Jac(Cy2)(Q)[2] is non-trivial if and only if N2 = 0 or \> = 1. In this

cases

Jac (Cye) [2/(Q) 2 Ly,

We see in this section that already for a fairly simple one-dimensional family of
hyperelliptic curves the determination of the curves with a two-torsion point on their
jacobian needs a huge machinery of theory. In the next section we search this family
for elements with a three-torsion point on the jacobian. We will see that already in this
case a complete determination of the parameters with the desired properties is no longer

possible.

4.2. Three-Torsion in a one-dimensional Family

We now want to determine the curves in the family which admit a Q-rational point of
order three. First we observe that a three-torsion point on the image of the curve is not
possible since this would mean that we have a decomposition of F into a square and a

cube of a linear polynomial. That is,
Fy=g¢*+¢(X —a)

for some a € Q, e € Q* and g € Q[X]. But since deg(F)) = 5, such a decomposition is
impossible.
So we can assume that a three-torsion point is given by a quadratic polynomial as its

u-coordinate.

Theorem 4.3. There exist only finitely many A € Q such that the jacobian of the

hyperelliptic curve
Oy:Y? =X —5X34+5X + A
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4.2. Three-Torsion in a one-dimensional Family

admits a point of order three.

Proof : Assume A € Q such that D with u-coordinate 2% 4+ az + b is of order three on
Jac(Cy)(Q). Then there exists a function § € £(6Ps) which has a triple zero at supp(D).
That is, there exists a polynomial g € Q[X] with deg(g) = 3 such that § = g(x) + y and
> — F\ = e(2® + ax + b)3. If we set g := Z?:o gixt, we get € = g3 since deg(F)) =5
and g3 # 0. Solving the relation g> — F)\ = g3(2% + az + b)?, we obtain

29293 — 1
0 =",
393
, _ 20195 = 59393 + 59205 — 3
3g§ ’
\ _9893" — 529193 + 37919395 — 2919293 + 379195 — 57919295
g3°
N L1595 — 5919595 + $2919205 — 29195 + 559595 — 5139595
g95°
7 7 4
| 219195 — 339393 + 2139393 — 3139293+ =g
g3°
2 4 4 14 10
0=2 5 _ “ 4 - 3 >33 ~-* 22 - 54_77
Jogs 3919293 + 39193 + 279293 9 9293 + 9 9293 + 593 57
1 4 8 2 1 4 1
0 =2 4 Loy 4 53 8 2, 2 Lyo 43 252,
909293 39193 9919293 9919293 + 99193 + 99293 99293 + 992
8 4 8 4 8 4
0 =2 8§ S o 7 4946 8 36 4 95 O 4 4 3
909193 — 4919293 + 99193 + 97919293 — 3919293 + 9919293 — 529193
2 s AT 44 4444 34, 10 o 1
- “Lghgh — =2 29262 — = gogs — Bgb + —.
319293 + 319293 — 5719293 + 319293 — 579293 ~ 293 + 31

The first relation in the g; gives us

—3919203 + 39193 + 579393 — §9393 + 59293 + 593 — o
293

go =

9

since g3 is non-zero by assumption. We now show that the curve X defined by

1 10 L 4 9 7 .
0=-— 59?93 - 3919393 + §glgzg§’ + §919§ + 279295?’ —2g393
11 , ., 5
_ 5 -
0 = — 14979295 + 169795 + 4919595 — 26919595 + 18919295 + 459195 — 39193
9 . 17T , . 4444 34,, 10 o 1
— 59293 + 59293 - 59293 + 59293 - 59293 — 4595 + 9

has genus greater than one. Since by a theorem of FALTINGS [Fal83] a curve of genus

larger than one can only have finitely many rational points, this completes the proof of
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4. Torsion in Families

the theorem.
The curve X is the complete intersection of a smooth degree seven and a smooth

degree ten surface in P2. Therefore, its genus is equal to
1
g(X):§-7-10(7—|—10—4)—|—1> 1

by [Har77, Chapter I, Exercise 7.2 (d)]. O

In a point search in MAGMA up to height 10°, no Q-rational points were found.
Motivated by this remark and by the Example 3.1 we conjecture that for all curves in
the family

Cy:Y?=X"-5X>4+5X + A

there is no QQ-rational point of order three in the jacobian.

4.3. Five-Torsion in a one-dimensional Family

Since already for three-torsion we are not able to give a complete answer, we restrict
ourselves in the five-torsion case to curves with a five-torsion point on the image of the
curve on its jacobian. The main difficulty in finding parameters which yield a curve with
the desired properties is the determination of rational points on certain varieties. This is

assumed to be a very difficult task in general.

Theorem 4.4. For all jacobians of the hyperelliptic curves
Ch:Y?2=X°-5X34+5X4+X2eQ

there exists no Q-rational five-torsion on the image of the curve under ®p_ .

Proof : Assume P := (z(P),y(P)) is a point on the curve C) such that the divisor
D := P — Py is of order five. This holds if and only if there exists a function f € L(5Px)
which has only at P a root of multiplicity five. Since f has to be of the form f = a(z)+y
for some polynomial a € Q[X]| with deg(a) < 2, this holds if and only if

for some z(P) € Q and ¢ € Q*. Since the degree of a? is less or equal to four and
deg(F\) = deg ((X — z(P))°) =5, we get ¢ = —1. By letting a = ap + a1 X + a2 X? and

comparing coefficients in the equation over Q, one gets that

1
Fy=X°-5X34+5X +a3 — 3125a;°
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4.3. Five-Torsion in a one-dimensional Family

and

2 4
2a1a2+5a2+5:0

2
2apa2 + ai — 2—5ag =0

1

2 —a5—5=0.

apal + 125a2

The three equations in ag,a; and as define a zero-dimensional algebraic set with no

Q-rational points. This completes the proof O

In these three sections we determined the conditions on the parameter A € QQ under
which the jacobian of the hyperelliptic curve Cy : Y2 = X® —5X3 +5X + X has a rational

point of small order.
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5. Summary and Outlook

In this thesis we look at jacobians of curves defined over number fields and considered
their torsion subgroup. While for genus one curves, that is elliptic curves, the situation
is settled over Q and small degree number fields, for curves of higher genus little is
known. First we consider hyperelliptic curves and construct explicit examples with
torsion divisors of large order.

For this goal, we look at the methods used for example by FLYNN, LEPREVOST and
ELkKIES. Using these approaches and variations or combinations of them, we are able
to reconstruct known examples for hyperelliptic curves with a divisor of prescribed
order. Furthermore, we find new examples with large torsion. The methods are based
on different techniques which we describe in detail in this thesis. The most important
approaches are the use of certain relations between different divisors and an application
of HENSEL’s Lemma. For the use of relations between divisors we try to construct a
curve such that two or three imposed relations hold. These relations are chosen in such
a manner that they imply the existence of a torsion divisor of large order. Using this
technique, we are able to construct a new example of a hyperelliptic curve of genus two
with a 39-torsion point on its jacobian. The idea behind the use of HENSEL’s Lemma
is to find a solution to certain norm equations in the coordinate ring of the curve. A
solution to this norm equation gives us a rational function on the curve with poles only
at infinity and a N-fold zero at exactly one point. This again guarantees that this divisor
is of finite order dividing V. Usually we use for this approach a prime number N to
ensure the order to be exactly N. Using both of these constructions, we are not only
able to find single examples but even to construct whole infinite families either with
constant genus or increasing genus. Furthermore, we find small degree number fields
such that there exist curves defined over these number fields admitting a torsion point
of prime order p, where p is a prime for which no example of a curve defined over Q is
known by now. The largest prime number p, such that there is a hyperelliptic curve of
genus two with a Q-rational torsion divisor of order p is known, is p = 29.

We expect that for any prime number p > 7 we can construct a hyperelliptic curve of
genus % with a QQ-rational torsion point of order p on its jacobian using this method.

After considering hyperelliptic curves, we turn to a broader class of curves namely

superelliptic curves. We are able to construct a series of superelliptic curves with
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5. Summary and Outlook

genus going to infinity having a torsion divisor linear in the genus. This series is the
characteristic zero analogon to a family of curves over finite fields given by SCHEIDLER.
Furthermore, it is possible to use HENSEL’s Lemma to construct curves with a Q-rational
torsion divisor in this case, too.

For hyperelliptic and superelliptic curves, we see that there is a close relation between
the computation of a non-trivial unit in the coordinate ring of a curve and the order of a
divisor supported only at infinity. For hyperelliptic curves such a unit can be computed
by using continued fractions. For function fields which are degree three extensions of the
rational function field, we are able to show a connection between the periodicity of the
VORONOI algorithm and the order of a certain divisor. For this we need to assume a
certain splitting behavior of the place at infinity namely to a rational place of degree
one and a rational place of degree two. Using this approach, we are able to give a series
of curves with a divisor of order quadratic in the genus.

In the last section we consider a special family of hyperelliptic curves and determine

the specializations such that there exists point of given order on the specialization.

FURTHER WORK: Since in this area of research still not much is known, there are a
lot of questions yet to be answered. We have already seen in the introduction that there
are a lot of open problems concerning the torsion subgroup of an abelian variety defined

over a number field.

Problem. Given a positive integers N, g and a field K, is it possible to find an abelian

variety A g of dimension g such that
N|#Ators (K)7

In this thesis we construct curves of various genus with a rational point of prescribed
order on the jacobian. Even in the dimension two case, it remains unclear whether a
curve with a rational torsion point of order N for any possible N is known. Furthermore,
we just consider the case where we have one torsion point on the jacobian. It remains an
open question whether we are able to construct a curve with a rational point P of order
N and a rational point @ of order N’ on the jacobian. Another open question about this
problem is whether it is possible to construct a three-dimensional family of curves with
a rational point of order N on the jacobian. This would be a rather large step towards a
better understanding of the moduli space of these objects. Historically this would follow
the path which is taken in the dimension one case. The examples found for genus two
curves induce the expectation that the largest prime order p of a rational point on the

jacobian could be p = 29. Furthermore, it seems like the points of large order all lie on
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the image of the curve under some embedding into the jacobian. It would be interesting
to know whether this observation is at random or whether there is some reason behind
it. For higher genus curves there are still only a few examples known for large torsion
orders. We have tried to adapt the techniques of genus two curves to genus three curves,
but we were not able to find any example for a large torsion point. A fruitful area of
research is the development of techniques that apply for genus larger than two. Some of
these questions perhaps can be tackled by similar techniques as presented in this thesis.
These presented questions about the explicit construction of torsion points on jacobians
of curves are a good starting point for further research.

The next two open problems seem a lot harder than the first one.

Problem. Let A,k be an abelian variety of dimension g and P € Ators(K). Does there
exist a number No(K,g) such that

ord(P) < No(K, g)?

This problem, known as the Boundedness Conjecture, and its uniform version are at
the moment the most prominent conjectures concerning the rational torsion subgroup of
abelian varieties. A possible starting point is to prove the existence of such a constant
restricting to jacobians of hyperelliptic curves of genus two over the rational numbers.
If we restrict to jacobians of hyperelliptic curves with complex multiplication, such a
constant is already known. So restricting to hyperelliptic curves with real multiplication

could be a possible next step.

Problem. Find explicit formulae for the moduli space describing abelian varieties of

dimension g with a torsion point or a torsion subgroup of certain order.

This problem is as hard as the previous one. Only for small N as N = 2,3 and g = 2 or
for elliptic curves there are equations for the moduli space known. Questions concerning
the moduli space of these objects can only be answered with a deep understanding of
modular forms of higher dimension.

Summing up, we conclude that there is still a lot of interesting work to do in this area

of research.
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A. Magma Codes

A.1. 13-Torsion Following Leprévost

Lemma A.1. With the following MAGMA code we computed the family of hyperelliptic

curves admitting a 13-torsion point on its jacobian in Theorem 3.14.

//Setting up the rational function field
K<p,t>:=RationalFunctionField(Rationals(),2);
R<x>:=PolynomialRing(K) ;

r:=0;

//Setting q:=-p~2 makes the first coefficient of a vanish
q:=-p~2;

//Setting up the congruence modulo b

b:=x"4-(p~2-2%q) *x~3+(q"2-2*% (p*r-t) ) *x~2- (r~2-2*q*t) *x+t"2;
R1:=x"3-(p~2-2%q) *x~2+(q~2-2* (p*r-t/2) ) *x- (r~2-q*t) ;
S:=quo<R|b>;

R1:=R1/(p*t);

//Lifting the congruence

R2:=R1-R! (S! ((R! ((R1~2-x)/b))/(2%R1)) ) *Db;

S2:=quo<R|b~2>;

//Computing the defining polynomial

a:=R!(82!(R2°13));

f:=R!((a"2-x"13)/b"2);

//Computing the Igusa invariants

IgusaClebschInvariants(f);

[
(2p~8t~3 - 2p~4t~4 - 2t°5)/p~12,
(1/4p~16t~6 - 23/4p~12t~7 + 25/2p~8t~8 + 23/4p~4t~9 +
1/4t~10)/p~24,
(1/8p~24t~9 - 173/64p~20t~10 + 75/16p~16t~11 - 559/32p~12t~12 -
75/16p~8t~13 - 173/64p~4t~14 - 1/8t~15)/p~36,
(-1/16p~8t~19 + 349/256p~4t~20 + 1/16t~21)/p~44
]
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A. Magma Codes

A.2. 19-Torsion Family

Lemma A.2. The MAGMA code for determining that there exist no isomorphism of our
family and the family of LEPREVOST is the following,

//Constructing a rational function field in the indeterminates
//a for our family

//and a2 for the family of Leprévost
K<a,a2>:=RationalFunctionField(Rationals(),2);
R<x>:=PolynomialRing(K) ;

//Setting up our family

t:=-4-(a"4 + 6*%a~2+4*a+1)/a"3;

b:=-a-(4+t);

c:=6-ax*b;

d:=-ax*xc-4;
A:=1/2x((a-b-1)*x~2-(at+c)*x-d) ;
fi=A"2-t*x"4*(x-1);
C:=HyperellipticCurve(f);

//Finished setting up our family
//Compute absolute Igusa invariants
ICI_c:=IgusaClebschInvariants(C);
absII_c:=[
ICI_c[2]/ICI_c[1]1"2,
ICI_c[3]1/ICI_c[1]"3,
ICI_c[4]1/ICI_c[1]1°5
1;
//Setting up Leprevost family
A2:=-(a2"10+6%a2~9+29%a2~8+168*a2"7+482+a2~6-348*a2~5+482*a2"4
+168%a273+29*a2"2+6%a2+1) xx"2
+2x (a2+1) "2x (a278+4+*a2"7+20%*a2~6+92*a2"5
+22%a2~4+92%a2"3+20%a2"2+4*a2+1) *x
-(a2+1)~6*(a2~4+14*a2~2+1);
£2:=A2"2-1024%a2"4* (a272-1) ~2* (a2"4+14*a2~2+1) ~2*x~3* (x-1) ~2;
C2:=HyperellipticCurve(£f2);
//Finished setting up LepretVost family

//Compute absolute Igusa invariants for Leprévost family
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A.3. 11-Torsion family

ICI_c2:=IgusaClebschInvariants(C2);
absII_c2:=[

ICI_c2[2]/ICI_c2[1]1"2,

ICI_c2[3]/ICI_c2[1]"3,

ICI_c2[4]/ICI_c2[1]"5

1;

//taking the difference of the absolute Igusa invariants
diff2:=[Numerator(absII_c[i]-absII_c2[i]): i in [1..3]1];
//Setting up the scheme of parameters with
//equal absolute Igusa invariants
AA:=AffineSpace(Parent(diff2[1]));
X:=Scheme (AA,diff2);

A.3. 11-Torsion family

Lemma A.3. With this MAGMA code we computed the family of hyperelliptic curves
of genus two with a 11-torsion divisor on the image of the curve in its jacobian. The

corresponding result in the thesis is Example 3.5.

//Constructing the rational function field
K<lambda,mu,eta>:=RationalFunctionField(Rationals(),3);
S<X>:=PolynomialRing(K);

//Setting the u-coordinate of the torsion divisor
xi:=eta”2+2*]lambda*mu*eta-lambda+2*lambda~2*eta+lambda”~2*mu~2
+2*x]lambda~3*mu +lambda“4;

u:=X+x1i;

//Lifting the quadratic congruence with Hensel’s Lemma
R:=X"2+mu*X+eta;

b:=X"3+(2*mu+lambda) *X~2+(2*eta+mu~2+2xlambda*mu+lambda~2) *X
+2*xmu*eta-1+2*xlambda*eta+2*lambda~2*mu+lambda~3+lambda*mu~2;
S1:=quo<S|b>;

S2:=quo<S|b~2>;

lambdal:=X-lambda;

lambda2:=S!(S1!(-lambdal/(2%R)));

R2:=R+lambda2%b;

//Computing the defining polynomial with arbitrary u-coordinate
F:=S!((S8!(82!'(R2)"11)"2-u~11)/b72);

R:=Ring0fIntegers(K) ;
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//Computing the coefficients of F under the assumption that the
//u-coordinate of the torsion divisor is equal to x
S:=quo<R|R!xi>;

R<x>:=PolynomialRing(S);

RI!F;

A.4. 17-torsion over a Number Field

Lemma A.4. The MAGMA code for computing the defining equation for the 17-torsion

example is the following.

//Setting up the rational function field
K<p,q,t,u>:=RationalFunctionField(Rationals(),4);
R<x>:=PolynomialRing(X) ;

//Setting up the congruence modulo Q

r:=(-1/8%p~3 + 1/2xp*xq + 2*u);

s:=(1/64xp~4 - 1/8%p~2xq + p*xu + 1/4%q~2);
b:=x"6+p*x~b+q*x"4+r*x"3+s*kx"2+tkx+u"2;
R1:=x"3+p/2%x~2+(q-1/4*p~2) /2*x+u;

S:=quo<R|b>;

//Lifting the congruence modulo Q to a congruence modulo Q~2
R2:=R1-R!(S!((R! ((R1~2-(-1/4*p~2%u + g*u - t)*x)/b))/(2*R1)))*b;
S1:=quo<R|b~2>;

//Computing the defining polynomial

a:=R!((S1!'R2)"17);

F:=R!((a~2-((-1/4*p~2*%u + g*u - t)*x)~17)/b"2);
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A.5. 7-Torsion via Pells Equation

A.5. 7-Torsion via Pells Equation

Lemma A.5. The absolute IGUSA invariants of Cy in Theorem 3.37 are given by

a(Cy) = (A + 32022 4 43602 + 3431\'8 + 17663)'6 + 63280\ + 162608\

807965 752535 .4 3690073
2 AT 16

+302517A\10 + pINE

1
26(A12Z + 16A10 + QOAS + 26576 + 4324 + 140332 4 102)2”

B(Cy) = (X% + 483 1 103807 + 27097 04 241237 25 4 6266553 \26
2 2 8
7732161 2y 29762419 A2 363095039 A0, 884972175 18
2 2 8 8
+8639;14095 A6 4 26940807649 N 33239800783 A2 6387513;5919 \10
4661354371 o 9936719491
16 At 64 A
453675089
+TA4 + 12631657\ + 1289688) .

1
29(A12 4+ 16A10 4 90N + 26500 + 43201 + 140372 4 102)3”
14
Y(Cy) = (N +2)
(AM 4 21012 + 160A10 B3NS 4 STTA6 4 ST + 192102 + 676)
214 (N2 4+ 16A10 + 908 + 2656 + 4324 4 140332 4 102)5

A+ 82881)\2% + 13092) -
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B. Formulae for the Kummer Surface

Let P:= (k1 :...: k) € K(Jac(C)) be a point on the KUMMER surface of the jacobian
of the genus two hyperelliptic curve C'. Then d3(P) = (a1(P) : ... : as(P)) is given by

the coordinates

a1(P) =4k1K3 + 4r2(K2 fo — Koksfs — 3K3f6)
+ 4kg(—483 fo fa + K3 f1f3 — 8kTkafofs — 261K fifs — 12k1k5 fofe — K1ka f1f5
— 6k1k2k3f1f6 — 2K1K2k3 fafs — dk1R3 fafe — K1k3 fafs — 265 f1fe — 4K3K3 f2 fo
— 6r2k3 f3fo — 8K3 fafs + 265 f3)
+ AR5 faf3 + ARTST fa + AR fof3 — 16K3f2f§ + 4R35 fof3 — 16k3 7 fe
— 16k9k3 f3 fafo — 165113 fo — 1681 fo f2fa — Arirars fif3f5 + 4r3rafLf3
+Arorif3 f3 + Ar3R3 fafs — 16rik2 fof1fo — 32612 fofafs + 8Tk fi f5
+ 3265 K3 fo fofe — 16K3 K3 fofafs — 16K k3 f7 fo — 64kTk3 fof2fe — SKiKSfofsfs
+ 126363 7 fo — 16KTRars fofafs — 16K3Kaks f1 fafe — 48KTK3 fofafe
+ 16673 fofs + 24613 fi fafo — SkiR3fLfafs — 16KTR3 S5 fo — 32k1k3fo f3 fo
— 16r1/5k3f0f3 — 24r1rskaf1f3fe — 16K1K2K3 fo fs5 fo
— 8k1koksf1f2 — 16K KokA fofafe + 32r1ks fofa — 16k1KS f1f5fe — Sk1ks fafe
— 16K3 fofafo — 16K3k3 fo fsfo — 16K3K3 f1fafe
— 48k3n3 fo f§ — 8k3R3 1 f5 o — 16K5K3 fafafo — 32kak3 f1 15 + 8K3 f3fs fo
as(P) =4kaor] + k5(4K1 f1 + 8k1kafa — 8K1K3f3 + BK3 f3 + 8karks f4 + 4K3 f5)
+ 264 (23 fo fs + 8KTR2fofa + Kikaf1f3s — 8kiks fofs + 8kikaf1fa
— 6K7 K3 f2fs + 4k1k3 fofs + 4K1K5 f1f1 — 24K1K2K3 fo fe
+ 8ki1koks f1fs + 8k1kaks fafs — Bk1koks f3
— 8k1K3f1fe + 8k1k3 fofs — 6K1K3 f3f1 + 265 f1fs + dk3ksfife + ARk5ks fafs
+ 8ko3 fo fo + ka3 fafs + 263 f3 fo)
+ KU fs + SRS f5 + 16R3 11§ + r3faf3 + 165113 f5 — Sririkafifafs
+ 320Thons [ fo — 20k K2R3 f1f3 fo — 4k1fofofs + 32kik2 i fo + 16Kik2fo f1f5
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— 4KSRa fof5 — 323 ks fofafs + 163K fofsfa + 16k ks f1 f5 — 6K3 ks f1f3
+ 32r1K3fo f1 fo — ARTR3 fofafa + ARTRS [ f5 — 64riRans fofafo
— 20K7kaks fofs s
+ 3263 Kok fofi + 16KTRaks f1fafs — 1267 Kok f1f3fa — 20K1K3 fo f3fe
—14Kk3KEf1f3f5 + 16K3K3 f1f7 + 16K3 K3 3 f5 — 20K3K3 fofafa — Ak1ks fof3 [
+ 8r1k3 f1 fo — 56k1K3Ks fof3fe + 32k1K5ks fofafs + 32k1K5kK3 f1f2 [
— 64r1K2k3 fofafe + 32k1k2K3 fo f2 + 16K1K2k3 f1 fafs + 32k1K2K3 f3 fo
— 12k1k2K3 o f3f5 — 32mK3f1 fufs + 16k1K3 f1fF + 16m1K3 f2 f3 fo — Br1n3 3 f5
—dr3fofsfs + 8k3sfof — Awiksfifsfe + 32633 fo fs fo + ARREfL7
— A3 fofs fo + B2kar fof§ + 16makifi fs fio — Aranif3 fo — AR5 fs fufs

a3(P) =4rzr] + 4r5 (=371 fo — mikafi + K3 f1)
+ 4ka(=8k7} fofo + 261 7 — Okt ko fofs — ARTks fofs — Kiksf1fs — 4k1K3 fofa
— 6r1k2k3fofs — 261K2k3 f1fa — 261K5 1 fs — 263 fofs — 12k5k3 fofe — K3k3f1fs
— 8kar3f1fe — 4k3 fofs + Kif3fs)
+4my [t fo — 16813 fa — 1651 fof3 + AR fof3 + 4R1f7f2 + 4R35 f3 fo — 1685 fo f3
— 8KIK3f1fofs + RSk f1 f3 + ARTRS L f4 + 4k1KS f1f5 + 8K fofiLfs
— 3263Ka 3 f5 — Ak1kak3 f1fafs — 16K3 K2 fo fafs + 3263 k3 f§ fo — 16K3 K3 fo f1f5
— 8kSksfofs — A8k1KSf3 fo — 8KIR3 fofifs — 16K1K3 fofafa — 16KTK2ks fo f1 fo
— 16KTkaks fofsfs — 8kikaks i f5 — 48K1K3 fo fofs + 24KTK3 fo f3 fs
—16k3K3 foff + 16K3K3 f7 fo — 16K1K3 fo f1 fo — 16K1K3 fo f2fs
— 24k1k3K3 fo f3fs — 16k1K3Ks [T f6 — 16K1K2K3 fofafs — 16k1K2K3 f1 f2 6
+ 32k1k3 fo fafe — 16k1K3 fo 3 — 16k1K3 f1 f3.f6 — 165 fofafo — 3265k fo f3
— 64k3K3 fofafe + 12r3K3 fo f2 — 8Kar3 f1f3f6 — 16Kak3 fofs fo
— 32k0k} f1fafe + 8kard f1 2 — 1685 fo fafo

as(P) =k% + 265 (463 fo fa — K3 f1f3 + dk1kafofs + 8kiksfofe + 4K3 fo fo
+ dkoksfife + Ak3 fafe — K2 faf5)
+ 4k4(—265 13 fo — 265 fof3 — 263 f2f3 + 8kiksfofafe — 263 f1 fa
+ 16155 fo f2 fo
— dk1REfEf6 + Rikakafifafs + 8KS fofafs + 1263 kafo fofs — 3kirafi fs
+4kTR3 fofsfs — 263 k3T fo + 2k1K3 fo f3f5 + 2061 kaks fo f fs + 8k1k3 fofafs
— 2k1K3 fof3 + ARk1k3 f1 f3fe + 4R35 fo f3fo + 16K3K3 fo fafe — 4k3ks fo f2
+ 263K3f1 f3f6 + 126263 f1fafe — Brak3 15 + 8K3 fafafe)
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+ 16581312 + KAF3SZ — 261 3 f5 + 163 F2 13 + w1 LF3 + 1681 £3 7

— 4K fofT fo + 16K1 fof3 fa + 16k Kok fofife — 165 f1fsfg — 8ki1kar3 fofsfz
= 2k3 /15 + 16K5 fo faf§ + 16813 fofo + wo [P f3 — 16K1S3 f3.f5 + 8K1fof1f2fs
= 8kt fofifafs = 4R1fofof3 — 4k fEfofs — 326TRaf3 fafo + 32rTR2 3 fa fs

+ 323 K2 fo fi fofs — 1665k fo f1fafs + 3263Ka fo f3 f5 — 8Kk f7 fo

— 8ri ko fE fofs — 645 K3 3 fafe + 32k ks fafe 4+ 16K5 k3 fof1fafs

+16r3k3fo fofafs — 4ins 1 f fs + 32WTRS 3 fafo + 16wTRS f3 f3

— 241K fo fif3 o + 64kiR3 fo f3 fo + 8IS fo fofsfs — 16kTK3f7 fofo

— 2633 1 fafs + 64rTrana f3 f5 fo — 32k Rakafo fifufs

+ 64K2 Kok fofofafo + SKikakafofs fs — 8k2koks [ f3 e

+ 64kTR3 f3f5 + 96KTK3 fofafafs — 32k1K3 fo fo f3

— 16K7K3 fof3 fs + 8KTR3 fofs fafs — 3261K3 [T fafs

+ 1267R3f1 3 + 8KiK3 f1f2 3 fo + 326165 5 f fo

+ 326163 fo ff3 fo — 8r1k [T f3fs + 64k1K3K3 5 f§

+ 32k1K3K3 fof1 5 f6 + A8K1K3K3 fo f3 fo + 64k1K2K3 fo f1f3

— 32k1Kok3 fofofs fo + 64k1kaka fofafife + 16k1kaks f2 15 f6 + Skikarafif2fe
— 64113 fo f2 f§ + 16K1635 fo f3 f5 fo + 32k1K5 f1 G + 16K1K3 f1f3 fafe

— 4k1K3 fLf3f3 + 16K fofafafs — Ara fofofi — A5 [T fafs + 32k3ks fo f1fe

+ 3263 ks fofsfafs — 8k3ksfofafs + 32k3K3 fof2fe — 24K3K3 fofsfs e

+ 64nr3K3 fofifo — 16K3K3 fofaf2 + 16k3R3FEF2 + S8r2KEf1 fafafe — 2k3K3 f1f3 2
— 32kk3 fo fa 3 + 32kak fo fafs fo — Brard fofE + 32kak3 f1faf3

— 16r2K3 f1 fa f5 fo + 32kak3f1 [T fo — Srarififafi — 4r3fof3 fo + 8k3f1fufs o
— 8k3 fafafsfo + 16r5 faf3 fo — ARz fofafi — 4k3f5 fafe.
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