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ABSTRACT. Let K be a number field and let C' be a curve of genus g > 1 defined over K. In this
dissertation we describe techniques for bounding the number of K-rational points on C.

In Chapter I we discuss Chabauty techniques. This is a review and synthesis of previously
known material, both published and unpublished. We have tried to eliminate unnecessary restric-
tions, such as assumptions of good reduction or the existence of a known rational point on the curve.
We have also attempted to clearly state the circumstances under which Chabauty techniques can
be applied. Our primary goal is to provide a flexible and powerful tool for computing on specific
curves.

In Chapter II we develop a technique which, given a K-rational isogeny to the Jacobian of
C', produces a positive integer n and a collection of covers of C' with the property that the set of
K-rational points in the collection is in n-to-1 correspondence with the set of K-rational points on
C. If Chabauty is applicable to every curve in the collection, then we can use the covers to bound
the number of K-rational points on C.

The examples in Chapters I and II are taken from problem VI.17 in the Arabic text of the
Arithmetica. Chapter III is devoted to the background calculations for this problem. When we
assemble the pieces, we discover that the solution given by Diophantus is the only positive rational
solution to this problem.
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4 CONTENTS

1. Preface

This work was motivated by a problem from the Arithmetica of Diophantus. In problem 17
of book 6 of the Arabic manuscript, Diophantus poses a problem which comes down to finding
positive rational solutions to y? = x% + 22 + 1. This equation describes a genus 2 curve which we
will call C. Diophantus provides the solution (1/2, 9/8) and a natural question is whether there
are any other positive rational solutions. It clearly will suffice to find all rational points on C. In
addition to the solution given by Diophantus and the 3 obvious variations obtained by negating
the z and y-coordinates, we have the 4 trivial solutions (0,1), (0,—1), co™, and co™. Here oo™ and
oo~ are the points on the non-singular curve which lie over the point at infinity in the hyperelliptic
plane model for C.

There are several reasons why C' is intriguing. First, it appears to be the only curve of genus
greater than one in the ten known books of the Arithmetica. Since the genus is greater than one, we
know by Faltings’ theorem that C has only finitely many rational points. So it makes sense to ask
if Diophantus had found all of the positive rational solutions. In other words, are the 8 solutions
we have described the only rational points on C?

Second, while C' has many pleasant properties, it is just outside of reach for the usual methods
of determining the set of rational points on a genus 2 curve. In particular, C covers two elliptic
curves:

Ei:y¥=2+2+1,
Egiy2:$3+$2+1.

If either of these elliptic curves had only finitely many rational points, it would be a short calculation
to find the set of rational points on C; however, both £ and Fy have rank 1. Along the same
lines, if J = Jac(C) had rank 0, then it would be a finite calculation to determine C'(Q). If J had
rank 1, then it would be possible to bound the number of points in C'(Q) by using Flynn’s explicit
description of Chabauty calculations on genus 2 curves [2, 8]. But J is isogenous to the product
E1x FEs, so that J has rank 2.

The methods of Chapter 11 were developed in order to reduce the question of finding the rational
points on C' to that of finding the rational points on curves to which Chabauty techniques could be
applied. This was successful, leading us to the question of determining the set of rational points on
two curves of genus 3. One of these curves has rank 0, and is therefore easily handled. The other
genus 3 curve has rank 1, so Chabauty techniques are required.

Flynn’s method of applying Chabauty is convenient for genus 2 curves, but requires a significant
amount of work to generalize. Other authors have not addressed the question of computing bounds
for specific curves. In Chapter I we discuss very general techniques for computing bounds on specific
curves. An extended example at the end of the chapter determines the set of rational points on
our genus 3 curve of rank 1, although certain calculations related to the Mordell-Weil group J(Q)
are assumed.

In Chapter III we present the details of the Mordell-Weil calculations. When we integrate
the results from all three chapters, we conclude that the solution given by Diophantus is the only
positive rational solution to problem VI.17.

We end on a note about the order of the chapters. The goal of Chapter II is to produce curves
to which Chabauty can be applied. The goal of Chapter III is to produce information which will be
used in Chabauty calculations. It therefore seems prudent to discuss Chabauty techniques first, in
Chapter I, as motivation for the other two chapters. Unfortunately, in the context of determining
the set of rational points on C, the natural order of the chapters would be II, III, I. We hope that
no confusion results.



CHAPTER 1

Chabauty bounds

1. Introduction

Let K be a number field and let C' be a complete non-singular curve of genus g > 1 defined
over K. Let v be a non-archimedian valuation on K. In this chapter we will define a quantity
Chab(C, K, v) which we call the Chabauty rank of C' over K at v. The Chabauty rank of a curve
is a non-negative integer less than or equal to the genus. If we know that the strict inequality
Chab(C, K,v) < g holds, then we can effectively bound the number of K-rational points on C.

The idea of using the above inequality to show the there are only finitely many K-rational
points on C' dates back to a 1941 paper of Chabauty [3], while the details needed for obtaining an
effective bound in the case of good reduction were provided by Coleman [4] in 1985. McCallum [14]
and Flynn [8] have developed Coleman’s techniques for Fermat and genus 2 curves. We will call
any technique for computing a bound on #C(K) using Chab(C, K,v) < g a Chabauty technique
and any bound so obtained a Chabauty bound.

Our emphasis will be on computation, especially on refining the bounds we obtain in specific
situations. While the computations we will describe are generally quite straightforward, a certain
amount of theory will be required in order to set up our calculations. An overview of the theoretical
framework follows.

Let M be a complete non-archimedian field and let J be an abelian variety of dimension g
defined over M. Let Tan; and Cot; be the tangent and cotangent spaces to J at the identity.
The valuation topology on M induces natural M-analytic group structures on the sets J(M),
Tan (M), and Cotj(M). The logarithm map on J(M) is an analytic homomorphism to Tan j(M).
More specifically, the logarithm is a local isomorphism and combining it with the duality between
Tany and Cot; we obtain a natural analytic pairing

A: Coty(M) x J(M) — M

which is non-degenerate on the left. For any given cotangent vector w we define A\, = A(w, -).

We are interested in the case where M is the completion of K at v and J is the Jacobian of C.
In this case J(K) is a finitely generated subgroup of J(M) and we consider the M-linear subspace
of Tanj(M) spanned by the logarithms of generators of J(K); the dimension of this subspace is
defined to be the Chabauty rank Chab(C, K,v) of C.

The dimension of Tan;(M) is g. If Chab(C, K,v) < g then there exists a non-zero cotangent
vector w € Cot (M) such that A, kills J(K'). Choosing a K-rational divisor D of positive degree r,
we define A\, p : C(M) — M by A\, p(P) = Au([rP — D]). On the one hand, A\, p(P) = 0 for every
P € C(K). On the other hand, C'(M) is compact and A, p is analytic, so there is a finite covering
of C(M) by open balls on which A, p is represented by a converging power series. A standard
Newton polygon argument allows us to bound the number of zeros of A, p in each ball, thereby
bounding the number of K-rational points on C.

Note that we have not required C' to have good reduction at v. While certain difficulties could
be avoided by assuming good reduction, we prefer to leave this possibility open. For example, in
some cases it may be worth the added effort in order to take advantage of a small residue field.

Note also that we have not required the K-rational divisor D used in defining A\, p to be
effective of degree 1. Because of this, we are able to work with curves on which we do not know
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6 1. CHABAUTY BOUNDS

any K-rational points. We will show that every K-rational divisor of positive degree leads to the
same bound, so we can let D be any divisor which is convenient. This generalizes Flynn’s use of
the map P+ [2P — oo™ — co™| when doing similar calculation on genus 2 curves.

We end this introduction with a caveat. Chabauty techniques tend to hide a difficult and cur-
rently ineffective calculation in the assumption that Chab(C, K, v) is less than g. This assumption
is often verified in the literature by calculating the free rank of J(K), since the Chabauty rank of
C'is at most the free rank of J. One exception is McCallum’s work on Fermat curves [14], in which
he discusses a technique for directly bounding the Chabauty rank. In any case, it is appropriate to
keep this computationally difficult prerequisite in mind when evaluating the difficulty of calculating
or refining a Chabauty bound.

2. Notation

Throughout this chapter, K will be a number field with non-archimedian valuation v of residue
characteristic p. We assume that v is normalized so that v(p) = 1. Let |z| = p~¥®) be the absolute
value on K corresponding to the valuation v. We let M = K, be the completion of K at v and let
R ={z € M :v(z) > 0} be the ring of integers in M. R is a complete DVR with maximal ideal m
and residue field k. We recall that if e and f are the absolute ramification index and residue field
degree of M /Q,, then [k : Fp] = f, m® = pR, and [M : Q,] = ef. Note that m is principal and that
if 7 is a uniformizing parameter, then v(7w) = 1/e. Finally, we assume that all algebraic extensions
of M are subextensions of a fixed algebraic closure M.

Let X be a non-singular algebraic variety of dimension n defined over M. The set of M-valued
points X (M) has a natural M-analytic manifold structure. Note that if X is complete, then X (M)
is compact under this topology. If x € X (M), let O, be the ring of germs of algebraic functions
at  and let m,; be its maximal ideal. We similarly define O3" and mZ" to be the ring of germs

of analytic functions at = and its maximal ideal. If z1,... , z, form a basis for m,/m2, then they
also form a basis for m2"/(m2)2 and the function (z1,...,2,) : X — M™ is a local analytic
isomorphism. We call z1, ... ,z, a local coordinate system for X at x. We note that there is a

natural inclusion of local rings O, C OZ" and the adic completion of either is the completed local

ring O, = M{[[z1, ... , zn]]. An open ball about z on the manifold X (M) is an open neighborhood
B of z which is analytically isomorphic, via a local coordinate system at x, to an open polydisk
on M™ about 0 We will be more specific about choosing specific balls and local coordinate systems
when we introduce the arithmetic notions of models and residue classes in section 7.

3. Logarithms and Integrals on J

Let A be an abelian variety of dimension g defined over M. We begin this section by reviewing
the connection between cotangent vectors and global differential 1-forms on A.

LEMMA 3.1. The map which sends every global 1-form to its section at 0 induces a natural
isomorphism I'( A, Q}4/M) = Cota(M).

PROOF. For any a € A, the translation-by-a map t, induces a natural isomorphism between
the cotangent spaces at a and 0. This isomorphism yields a global trivialization of the cotangent
bundle. Thus, we can consider any global differential 1-form to be a map from A to Cot4. Since
A is complete and Cot 4 is affine, any such map must be constant; that is, every global differential
1-form must be translation invariant. The converse is trivial. O

We next define the logarithm map and the pairing A mentioned in the introduction. This is a
summary of material from [4], [10], [19], and [20].
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LEMMA 3.2. Letw € T'(A, QA/M) be a global 1-form. There is a unique analytic homomorphism
Ao A(M) — M such that d(A\,) = w.

PRrROOF. By the proof of lemma 3.1 we see that dw = 0, so we can express w as the derivative
of a convergent power series at 0. In particular, let z1,... , 2, be a local coordinate system for A at
0 and let A, € M[[z1,... , zg]] to be the unique power series such that A, (0) = 0 and d()\,) = w on
some open ball B about 0. There is a basis for the topology of A(M) consisting of open subgroups,
so we can also assume that B is a subgroup of A(M).

Since A, was obtained by formal integration of a converging power series, \,, satisfies the formal

properties of an integral on B. This justifies writing f:w = Au(b) — Au(a) for a,b € B. Since w is
translation invariant, have the identity

a+b a a+b a b a b
/ w o= / w—i—/ w o= / w—i—/ thw = / w+/ w
0 0 a 0 0 0 0

In other words, A, defines a homomorphism from B to M. Since A(M) is compact, B is a subgroup
of finite index; we can extend A, to a homomorphism on A(M) by the rule A, (a) = A, (na)/n where
n=1[A(M): B]. O

It is clear that the map w +— A, is M-linear and injective. From this we obtain a pairing
A:T(A, Q) X A(M)—M

which is non-degenerate on the left. We use the duality between tangent and cotangent spaces and
the natural isomorphism between the cotangent space and the space of global 1-forms to define the
logarithm map log : A(M)— Tana (M) by

log(z) = (w— Au(x)).

The logarithm is a local isomorphism; since A(M) is compact, it follows that the kernel of the
logarithm is finite. Moreover, Tan (M) is torsion free, so the kernel of the logarithm is exactly the
set of torsion points on A(M). In other words,

0 —— A(M)iors ——— AM) —2%— Tana(M)
is exact and
log: A(M)®Q ——— Tana(M)

is an isomorphism.

REMARK 3.3. In general, the concept of integration on a variety defined over M is complicated
by the fact that anti-derivatives are only well defined up to locally-constant functions. We have
avoided this problem (for global 1-forms on abelian varieties) by requiring the indefinite integral to
be a homomorphism. In the notation of this section, the integral

/abw —u(b) = A(a)

is uniquely determined and is functorial with respect to maps between abelian varieties, since any
such map is the translation of a homomorphism.

We can similarly define integration and the logarithm map on A for any finite field extension
N of M. It is easy to see that these integrals satisfy all of the usual formal properties: they are
linear in the integrand, switch signs when the limits are switched, etc. Furthermore, the integrals
and logarithm map are independent of any choices made in the above construction and respect the

action of Gal(M /M).
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4. Integrals on C

It is quite easy to determine whether C'(M) is empty. If it is empty, we have a trivial bound
on C(K), so we assume that C'(M) is not empty. Let P € C(M) be an M-rational point on C' and
define fp : C—J by Q — [@Q — P]. Let D be an M-rational divisor of degree r on C' and define
fp:C—J by Q+— [rQ — D]. Let w € T'(J, Q}]/M) be a global 1-form on J and note that both

fpw and frw are global 1-forms on C.
LEMMA 4.1. fhw =71- fpw.
PRrROOF. Note that fp is equal to the composition

[r]

UrP—D]

c I,y J J.

But w is translation invariant and [r]*w = rw; the statement follows. O

LEMMA 4.2. The map f* = fp5 : I'(J, Qlj/M)—T(C', Q}J/M) is a natural isomorphism and is
independent of P.

PRrROOF. From [16] we know that f5 : I'(J, Qb/ﬂ)—J‘(C, Qé‘/ﬁ) is an isomorphism over the
algebraic closure. By the previous lemma we see that this isomorphism does not depend on the
choice of P, and it is clearly defined over M. O

Let n € I'(C, Q}J/M) be a global 1-form on C and let w = f* !5 be the corresponding 1-form
on J. For any M-rational divisor D of degree r, define

An.p(Q) = A([r@ — DJ).

Note that A, p = A, o fp; abusing notation we define A\, p = A, p. We see that A, p is an analytic
function on C whose differential is r7. Indeed, fix Qp € C(M) and let u be a local coordinate
function on a ball B about Q. Since 7 is global, we can express n as F'(u)du, where F(u) € M |[u]]
converges on B. The formal integral G of rF(u) is also a converging power series on B and is equal
to the function A\, p up to an additive constant. Note that if D = P is effective of degree 1 and if
P is in the ball B, then this constant of integration is —G(P), since A, p(P) = 0. The question of
calculating the constant of integration for other balls will be considered in section 8.

REMARK 4.3. We can define integration on C of global 1-forms by

Q Q @e-r
/ n = A;,p(Q); in other words, / n= / [
P P 0

In [5], Coleman gives a canonical definition of integration on affinoids of good reduction using rigid
analysis and Dwork’s principle of analytic continuation along Frobenius. The crux of Coleman’s
definition is to show that there is a canonical choice for the constant of integration on any ball.
Our definitions of integration on algebraic curves and abelian varieties agrees with Coleman’s when
both are applicable; however, even in the case of good reduction the logarithmic approach seems to
be computational simpler. Coleman’s integrals satisfy all of the usual formal properties of integrals,
are functorial with respect to maps between varieties, and respect the action of Gal(M /M).

REMARK 4.4. Note that we can calculate integrals on J in terms of integrals on C'. Extending
the base field if necessary, we can write any degree 0 divisor class a € J(M) asa=[>_Q; — Y P,
where repeats are allowed. We then have

[o-Efre

The interplay between integrals on C and integrals on J is a useful tool when performing explicit
Chabauty calculations.
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5. Chabauty rank

Let A be an abelian variety defined over K. Consider the image log(A(K)) of A(K) under the
logarithm. Let W be the M-linear subspace of Tan4 (M) spanned by elements of log(A(K)). We
define the Chabauty rank of A over K at v to be the dimension of W as a vector space over M:

Chab(A, K, v) = dim(W).

LEMMA 5.1.
(i) 0 < Chab(A, K,v) < dim A.
(ii) Chab(A, K,v) < rank(A(K)).
(iii) Chab(A, K,v) = 0 if and only if rank(A(K)) = 0.
(iv) If A is K-isogenous to a product [[ A; then Chab(A, K,v) =) Chab(A4;, K,v).

PRrROOF. These statements are obvious from the definitions. O

For convenience, we define the Chabauty rank of a curve to be the Chabauty rank of its Jacobian,
so that Chab(C, K,v) = Chab(J, K,v).
Let V = Ann(J(K)) be the annihilator of J(K') under the pairing A. In other words,

V ={weT(J, Q) : A(a) =0 for all a € J(K)},

Note that dimps (W) + dimps (V') = g; thus, V is non-trivial if and only if Chab(C, K,v) < g. From
this point forward we will assume that V' = Ann(J(K)) is non-trivial.

REMARK 5.2. The easiest way to show that V' is non-trivial is for the rank of J(K) to be less
than g. Another relatively simple possibility is for some K-rational factor of J to have K-rank less
than its dimension; this will be important in Chapter II when considering covering collections.

6. Common zeros

Recall that we want to bound the number of K-rational points on C. Let D be an M-rational
divisor of positive degree r whose divisor class [D] is K-rational. (In the introduction we assumed
that D was K-rational; here we are slightly more general.) Since we have assumed that C(M) is
not empty, any K-rational divisor class will contain an M-rational divisor. Define

Z={PecC(M): yp(P)=0forall weV}.

Since fp is K-rational and A\, p = A, o fp, we see that C(K) C Z. Suppose D’ is another M-

rational divisor of positive degree whose divisor class is K-rational, and let v’ be the degree of D'.
We find that for any P € C(M),

Ao, p(P) = 1A, pr (P) + Ao([rD" — ' D]).

If w € V then A, ([rD’ —7'D]) = 0, in which case A, p(P) = 0 if and only if A\, p/(P) = 0. It follows
that the set Z does not depend on the choice of D. Note that, in addition to C(K), Z contains
any point P € C(M) which differs from a K-rational degree 1 divisor class by a torsion element in
J(M). This is not a complete list of points in Z, but it is the easiest subset to describe.

As we shall see, if Chab(C, K,v) < g, then Z is finite and its size can be effectively bounded.
If, in addition, we know a basis for the vector space V', then this bound takes the form of a set
of congruences which exhaust the possibilities for points in Z. In order to make this explicit we
will need to have better control over the power series which locally represent A, p and the balls on
which these power series converge.
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7. Models and residue classes

In this section we introduce some arithmetic theory with the goal of explicitly describing a set
of balls on which our power series converge.

Let X be a non-singular algebraic variety of dimension n defined over M. Suppose that X" is
a model for X over R; that is, X is a reduced, irreducible scheme over R whose generic fiber is
X. Let X be the special fiber of X. We will call the natural map from X (R) to X (k) = X (k) the
reduction map. As usual, we define a residue class to be a fiber of the reduction map.

We make two assumptions about X'

(i) the natural map X (R) — X (M) is bijective, and

(ii) every x € X(R) reduces to a non-singular point T € X (k).

The first assumption allows us to transport the notions of reduction and residue class to X (M). The
second assumption says that at every x € X (M) there is a system zi, ... , 2, of local coordinates
which reduces to a basis for mf/m%. (In other words, z1,... 2y, is a basis for my , /m%(x) This
system of local coordinates gives an analytic isomorphism of the residue class of & with the open
polydisk of radius 1 in M™; in this case we will call zy,... 2, a system of local coordinates on
the residue class at . We also note that if g € O, reduces to an element of Oz (equivalently,
g € Ox ), then g is represented by a power series in R[[21, ... ,z,]]. Under these two assumptions
we can identify the residue classes of X (M) with the non-singular points of X' (k). Residue classes
will be the most important examples of open balls on X (M) whenever X satisfies both of these
assumptions.

We are particularly interested in the curve C' and its Jacobian J. Let C be a minimal regular
proper model for C' over R and let C be its special fiber. (See, for example, Chapter IV in [22].)
Since C is proper over R, C(R) = C(M); since C is regular over R, every M-rational point in C'(M)
reduces to a non-singular point on C [22, Cor IV.4.4]. Thus, both assumptions hold for C.

Let J be the Néron model for J over R and let J be its special fiber. (For a discussion of
Néron models, see [1].) We note that the connected components of Pic’(C/R) and J are canonically
isomorphic [1, Prop 1.20]. The Néron property tells us that J(R) = J(M). By definition, J is
smooth over R, so every point on J (k) is non-singular. This verifies both assumptions for 7. The
reduction map is a homomorphism of abstract groups J(M) — J (k) and the residue class of the
identity is called the kernel of reduction, denoted by J;(M). Note that J;(M) is an open subgroup
of J(M).

By a lattice in a vector space V over M we mean a free R-submodule of rank equal to the

dimension of V' which generates V' over M. The R-modules Tans(R), Cots(R), I'(J, Q;/R),

and F(C,Q}:/R) form natural lattices for the vector spaces Tan (M), Cot (M), I'(J, Qﬁ/M), and

I(C, Qé / ) over M. These lattices are compatible with the natural maps discussed in the preceding
sections.

ProrosiTION 7.1.

(i) The map which sends each global 1-form to its section at 0 induces a natural isomorphism
D(7,9%r) = Cotg(R).
(ii) f* induces a natural isomorphism
D(T, 92 5) = T(C, 0 p)-
(iii) Let 70 be the connected component of J. Restriction to 70 induces an isomorphism

P(J, Q) /DT QY ) —— DT, 0L, ).
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(iv) Restriction to C induces an isomorphism

L(C. 0% ) /mL(C, Q% p) —— T(C.Q ).

PROOF. We refer the reader to section 2.1 of [14] for a discussion of these lattices and isomor-
phisms. O

We note that all of the open balls encountered thus far in our discussion can be assumed to be
residue classes.

LEMMA 7.2. At each point a € J(M) (P € C(M)) there is a power series which converges on
the residue class of a (of P) and is equal to A, (to A\, p) as a function on that residue class.

PROOF. We start by considering A\, at 0. Let w € I'(J, Q}]/M) and let 21,...,2, be a local
coordinate system for Jij(M) at 0. We can multiply w by a non-zero constant without affect

convergence of w or A, so we may assume that w € I'(7, QE/R)' Thus, we can write w at 0 as
> Fidz;, where F; € R[[z1,...,24]]. Let G € M][z1,...,%4]] be the formal integral of ) Fjdz;.
Since each coefficient of dG is in R, we see that the denominator of the coefficient of 21" . .. zg*" in
G is bounded by the greatest common divisor of the integers a;, ... ,a4. In particular, G converges
on Ji(M). But G is equal to A\, as a function on J; (M), so our result is proven in this case. Since
the above objects can be translated to any point of J(M), we see that A, can be represented by a
converging power series on every residue class of J(M).

A similar argument shows that for any M-rational divisor D, the function A, p on C(M) can
be represented by a converging power series on each residue class of C'(M). O

We end this section with some useful information regarding the kernel of reduction. Let
21,...,%9 be a local coordinate system for J;(M) at 0. This local coordinate system identifies
J1(M) with the set m x --- x m. Define J,,(M) to be the subgroup corresponding to m” x ... x m";
note that this subgroup is independent of the choice of local coordinates.

PROPOSITION 7.3.

(i) If v(m™) > 1/(p — 1), then the logarithm map induces an isomorphism

log : J,(M) —— m"Tan;(R)

(ii) If n < m < 2n then taking local coordinates induces an isomorphism of additive groups

~

(215 2g) 2 Jn(M) /T (M) —— (m" /m™)9.
Proor. This follows from [14, Lem 2.3.1] and [19, Thm IV.9.2]. O

Among other things, the first item in the above proposition tells us that if the ramification degree
e of M/Q, is less that p — 1 then there is no torsion in the kernel of reduction. In other words, if
e < p—1, then the reduction map restricted to torsion points is injective.

8. Bounding the number of zeros

Let D be an M-rational divisor of positive degree r whose divisor class [D] is K-rational and
let n € 1T(C, Qé/R) be a differential on C such that r7 is integral. Fix a point Q € C(M) and let
u be a local coordinate on the residue class at (). Our goal in this section is to bound the number
of zeros of A\, p on the residue class of Q.

As we have indicated in the previous section, rn can be expanded in the residue class of @) as

[e.e]
rn = E ciutdu
i=0
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where each ¢; € R. Let 7 be a generator for m. Since ), p is obtained by integrating r7, we find
that

1+ 1
oo i+1 .
_ CiT w\ 1
_bo+§ i+ 1 (?)

= i b X'
=0

where by = A, p(Q) is the constant of integration at Q, X = u/m, and b; = ¢;_17'/i for i > 1.
Since we are restricting our attention to the residue class of ), we see that u takes values in m and
X takes values in R. Using the theory of Newton polygons we obtain the following estimate on the
number of possible zeros to such a series.

THEOREM 8.1 (Strassman). Let F'(X) =by+bX +--- € M[[X]] satisfy b, — 0 in M. Define
m uniquely by |bm| > |bi| Vi > 0 and |by,| > |bi| Vi > m. Then F(X) has at most m zeros in R. [J

)\U,D = b() + E ’ ’U/l+1
1=0

Let F(X) = Y 7°,b; X" be the power series for A, p in terms of X calculated above and let
Fi(X)=F(X)—bo= >, b;X" be the power series obtained by omitting the constant term. Let
e be the ramification degree of the extension M/Q,. Note that |1/i] < log,i and |7’| = p~i/¢. Thus

|bi| < p~i/e log,, i, which gives us an upper bound on the size of each coefficient. Given the size of
the any non-zero term by we can easily determine N such that |b,| < |bg| for all n > N. Then the
Strassman bound is at most N. It is a finite amount of work to calculate the Strassman bound in
any given situation.

The Strassman bound will be our basic tool for bounding the number of zeros of A, p on the
residue class of ). We next consider some refinements and simplifications of this bound.

Approximate zeros. If we know 7 then formal integration gives us every coefficient of F'(X)
except the constant of integration by = A\, p(Q). Suppose that we know by to some given accuracy.
Multiplying F'(X) by a constant, if necessary, we may assume that F(X) € R[[X]] and that F(z) ¢
m[[X]]. Suppose that after this rescaling we know every coefficient of F/(X) modulo 7. Then we
can calculate all possible values of R/7n™ which satisfy F'(X); call this our set of approximate zeros.
The number of these solutions (counting multiplicities) is a refinement on the Strassman bound. If
dimps (V) > 1 then we further refine our bound on the number of elements of Z which lie in this
residue class by only accepting approximate zeros which are common to every n € V. The values
of the approximate zeros may also help in searching for new K-rational points on C.

Ignoring the constant of integration. Let m and m’ be the Strassman bounds for F(X)
and F;(X), respectively. Note that m’ > 1 and either m = m’ or m = 0. In either case, m’ gives an
upper bound for the number of zeros of F(X) in R. Since m’ ignores the constant of integration, it
can be computed directly from 7. When using a bound which ignores the constant of integration,
keep in mind that the bound is always at least 1, so it cannot be used to rule out a residue class.
Also, since we do not have approximate zeros, when estimating the number of elements of Z which
lie in this residue class we must use the minimum of the bounds coming from some n € V.

Reduction info only. Recall that ) reduces to a non-singular point Q of C. Let 71 be the
reduction of r7. Note that if e < p — 1 and 77 has order zero at @ (i.e.: |co| = 1), then |by]| = p~1/¢
and |b;| < p~2/¢ for i > 2; in other words, Aw,p has at most one zero in this residue class. More
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generally, assume that ordg(777) = k — 1 and let n(77, Q) = maf{n :|w|™/|n| > |7|¥/|k|}. Looking

at the Strassman bound we see that A\, p has at most n(77, Q) zeros in the residue class of Q.
(See [4].) Note that the order of 71 at @ is at most 2g — 2, so n(77, Q) can be bounded strictly
in terms of e and g. While n(77, Q) may not give as sharp a bound as the Strassman estimate,

it is generally much easier to determine. Since we have not used the constant of integration, the
limitations discussed in the previous paragraph apply to this estimate also.

Effective Chabauty. The sum N (77) = >_ (77, P) over the residue classes P of C(M) gives
an upper bound on the number of zeros of A\, p on C'(M). Note that N(77) depends only on the
divisor (777). In fact, it only depends on that part of the divisor which is supported on non-singular

k-rational points of C; call this restricted divisor (77)’. There are only finitely many divisors on C

which are of the form (@)’ for some differential @ € I'(C, / r)- Taking the maximum of the N (@)

gives an estimate for the maximum number of zeros on C' (M) of any «. This is the approach taken
in [4]. This bound depends only on knowing that Chab(C, K, v) is less than g; in particular, it does
not require that we know any n € V nor any generators for J(K).

Explicit Chabauty. Here we go to the other extreme. Suppose that we know generators for
a subgroup G of finite index in J(K). The M-linear spaces spanned by log(G) and log(J(K)) are
identical, so we will often be able to determine generators for V' = Ann(J(K)). (As a practical
matter, we will only calculate log(G) to finite accuracy. If the space spanned by log(G) appears to
have lower dimension than expected, it may be difficult to determine V.)

Let G and J(K) be images of G and J(K) under the reduction map. If the index of G in
J(K) is coprime to the order of J(k), then G = J(K). Let P € C(M) and let P € C(k) be its

reduction. If P € C(K) then clearly [rP — D] € J(K); conversely, if [rP — D] ¢ J(K) then there is
no K-rational point in the residue class of P. This is a very effective way to rule out entire residue
classes; in fact, this is one way to eliminate points of Z which are not in C(K). As an added
benefit, if the residue class of Q € C(M) is not ruled out then we know that the residue class of
[r@Q — D] contains a K-rational divisor class; knowledge of this K-rational divisor class can be used

to calculate the constant of integration at Q).

Calculating the constant of integration. In theory, it is always possible to calculate by =
Ao([rQ — D]) by the method discussed in sections 3 and 7: find an integer n such that n[r@Q) — D]
is in the kernel of reduction, expand A, as a power series at 0, and evaluate by = A\, (n[r@Q — D])/n.
Unfortunately, calculating n[r@ — D] can be difficult if n is large. Fortunately, we can sometimes
find a shortcut for calculating by. We will assume w € V.

Recall that F;(X) is the formal integral of rn = fjw on the residue class at Q. If we know a
K-rational point P in the residue class of @, then by = —Fj(P). Alternatively, set Q = P so that
by = 0.

If we know a K-rational divisor class a in the residue class of [rQ — D], then we can make
use of the fact that \,(a) = 0. Note that to be useful, we will want degree 0 divisors Dy and D,
representing the divisor classes [r@Q — D] and a such that Dy and Dy reduce to the same divisor
over k. If we have Dy and Dy, then by = A\, ([r@Q — D]) = A, ([D1 — Ds]) can be evaluated as a sum
of integrals on C, where the limits of each integral are in the same residue class.

If we know an M-rational torsion point a in the residue class of [rQ — D], then we proceed as
in the previous paragraph. Note that if the order n of [rQ — D] in J is coprime to p, then we know
that the residue class contains an M-rational n-torsion point. In fact, if we know a function f on C
whose divisor is n(r@Q — D), then we can use Hensel’s lemma to calculate (to any given accuracy)

a divisor in the divisor class of @ whose reduction is 7Q) — D.
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9. Example
Let C be the non-singular curve over Q which is birational to the plane curve
Y= f(x) = (2 =22 -8z + 1) (2> + 2 + 1)
=z —a® -T2t —2® — 102 — Tz + 1.

Note that C' is a genus 3 hyperelliptic curve. Let p : C——C be the hyperelliptic involution. Since
f(x) has odd degree, we see that C' has a single point at infinity, which we call co. Note that oo,
(0,1), and (0, —1) are rational points on C; we would like to show that these 3 points are the only
rational points on C'.

The primes of bad reduction of C' are 2 and 31. We choose to work with the prime p = 3 of
good reduction. In the terminology of this chapter we let K = Q, M = Q3, R = Zs, etc. Let C be
the minimal regular proper model for C' over Zs given by y? = f(x) on the affine plane. Let .J be
the Jacobian of C' and let J be the Néron model of J. We note that J = Pic’(C/R).

There are 6 residue classes on C(Q3), corresponding to the 6 points 30, (0,1), (0,2), (1,0),

(2,1), and (2,2) in C(F3).
Let D3 be the effective Q-rational degree 3 divisor on C' which is supported on points whose

x-coordinates satisfy z° + z + 1 = 0 and whose y-coordinates are zero. Let Dy be the effective Fs-
rational degree 2 divisor on C which is supported on points whose z-coordinates satisfy 22 +x+2 = 0

and whose y-coordinates are zero. Note that the reduction of D3 is Dy + (1,0).

As we will show in a chapter III, J(Q) ~ Z x Z/2Z. The divisor class T" = [D3 — 300] is the
non-trivial 2-torsion point in J(Q). The divisor class U = [oo — (0,1)] € J(Q) has infinite order.
Let T and U be the reductions of T and U at 3. The group J (F3) has order 48 while T has order
2 and U has order 12. Let G = (T,U) be the subgroup of J(Q) generated by T" and U. We will
show that U is neither a double nor a triple in J(Q), so the index of G in J(Q) is coprime to 48.

Thus, G = J(Q) & T (F3).

The power series. Note that x is a local coordinate on the residue class at (0,1). A basis for
the global differentials on C is given by ng = (1/y)dx, m = (x/y)dx, and 1o = (22 /y)dz. Expanding
1/y in terms of = we get

1 1 L T,y 187 5 2563 o 148755 , 2210457 ;  GGSSSSTO
- = = —T+ —= T T " + -
y F(x) 2 8 16 128 256 1024

in the residue class of (0,1); from this we easily calculate power series expansions for the 7;.
Elementary information regarding roots of power series shows that 1/y € Zs[[z]]; thus, the power
series for the 7; are in Zs[[z]] - dx, as predicted.

Let Ag, A1, A2 be defined by A; = A, p, or in other words

P
)\Z(P) = / ;-
(0,1)

The series for the \; are

Ao =+ %xQ + %:&5 4 22231’4 4207515 | 736819 .6 | 66888879 7 ,

128 512 71683 )
_ 1.2, 7 .3, 187 4, 2563 .5 , 49585 6 , 2210457 .7 , . .

AL = T+ T+ g+ Fy Tt o5 T Tqrgy L,
_ 1.3, 7 .4, 187 .5, 2563 .6, 148755 -7 , .

Ay = 32+ 5+ GG+ g+ g o+

Let w; = f*_lm be the differential on J corresponding to 7; on C, and let A\, = \,, be the
homomorphism from J(Q3) to Q3 obtained by integrating w;. We calculate A, explicitly on the
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kernel of reduction. Let a € J;(Q3). The divisor class a can be represented a = [P1+ P+ P;—3(0,1)]

where P; € C(Q3) and P; = (0,1). Let s; = .5, #(P;)7. From the expression

a Pj
Wi = b
=2,

we see that

_ 7 187 2563 29751 736819 66888879
A0—51+182+ﬁ83+—64 sS4+ Fag S5+ TS5 86 T g ST,
1 7 187 2563 49585 2210457
A= 382+ § S3+ 33 84+ Tgm S5+ o5 S6+ Tqrgy STt

1 7 187 2563 148755
Ay = 583+ g Sat Gy S5+ 55 S6t+ g9 ST+

The annihilator. We want to calculate V' = Ann(J(K)). The span of log(J(Q)) is 1-
dimensional, so the annihilator V' will be 2-dimensional. Note that the divisor class 12U is in
the kernel of reduction, and that a 1-form kills J(K) if and only if it kills 12U. Using the obvious
generalization of methods in [2], we calculate that the divisor class 12U is represented by a divisor
of the form [P, + P> + P3 — 3(0, 1)] where the first 3 elementary symmetric functions in the x(FP;)
are

__ _ 711098862585431048203628054718792792 __ 92 | 5
01 = 7 1791388989232843315879537625475772081 3717 <m0d 3 )
__ 2724451266300892942794426898300957680 __ 92 | 5
02 = T1791388989232843315879537625475772081 3714 (HlOd 3 )
Oa = — 1176445915710480852653316703575738240 __ 34 .1 (mod 35)
3 = T 1791388989232843315879537625475772081 :

The decision to use a precision of 3° is somewhat arbitrary. We will find, however, that it is more
than adequate.

Note that the valuation of every z(F;) is at least min{v(o;)/i} = min{2,1,4/3} = 1; conse-
quently, the valuation of each s; is at least j. Note that in the power series for ] the valuation of
the coefficient of s; is at least v(1/j). One easily checks that every term of \;(12U) beyond j = 4
is 0 modulo 3°.

We can calculate each s; in terms of the o;; the values we get are

s1=o01 =32.17 (mod 3%)
s9= 0% — 209 =32. 8 (mod 3%)
s3= 0} — 30102 + 303 = 0 (mod 39)
s4= 0} — 40209 + 40103+ 205 =314 (mod 37)

Substituting these values into the series for the X}, we find that

No(12U) = 3% -22  (mod 3°)
N (12U) = 3213 (mod 3°)
b 3. 1 (mod 3%).

Since integration is linear in the integrand we conclude that there are differentials o/, 3’ € V such
that o/ = 13w; — 22wy (mod 3%), and 3’ = ws — 9wy (mod 3?). Let the corresponding differentials
on C be o and (.

Bounding each residue class. We know that any rational point P € C(Q) must satisfy both
| (]03 Ha= 0 and |, (]03 1 8 = 0. Recall that we can give at least a preliminary bound on the number

of zeros of these integrals by considering the order of vanishing of the reductions @ and 3 of a and

B modulo 3. Note that @ = (z — 1) /ydx and 3 = 2?/y dz. We list the order of vanishing of these
differentials at each residue class in table 1.
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TABLE 1. Order of vanishing of @ and 3

n nU +3[0,1)] nU+T +3[(0,1)]
0 3(0,1) 2(2,1) + 1(0, 1)
1 130+ 2(0,1) 2(2,1) + 1¢
2 250+ 1(0,1) 2(2,1) + 1(0,2)
3 3% 1Dy 4 1(1,0)
4 255 +1(0,2) 2(2,2) + 1(0,1)
5 150+ 2(0,2) 2(2,2) + 10
6 3(0,2) 2(2,2) + 1(0,2)
7 1(1,0) +2(0,1) 2(2,1) + 1(1,0)
8 1(1,0) +1(0,1) + 150 1Dy 4 1(0,1)
9 3(1,0) 1D5 + 150

10 1(1,0) + 1(0,2) + 150 1Dy +1(0,2)
11 1(1,0) +2(0,2) 2(2,2) + 1(1,0)

TABLE 2. Reduction of J(Q), offset by 3[(0,1)]

Note that either @ or 3 has order zero at each residue class. Since order 0 implies a bound of
1, there is at most one common zero in each residue class. In particular, the points oo, (0,1), and
(0,—1) are the only rational points in their residue classes.

Using Hensel’s Lemma, we find that the residue class of (1,0) contains a Weierstrass point W
which is defined over Q3 but is not rational. Since [W — o0] is torsion, W is a zero of both integrals.
By the previous paragraph, W must be the only common zero in its residue class, so the residue

class (1,0) does not contain any rational points. We will be finished if we can show that there are

no rational points in the residue classes (2,1) and (2, 2).

Ruling out residue classes. We want to show that there are no rational points in the residue

classes (2,1) and (2,2). We proceed by showing that neither [3(2,1) — 3(0, 1)] nor [3(2,2) — 3(0, 1)]

is in J(Q). As noted in the introduction of this example, we know generators for J(Q), so this
calculation is straightforward.

The group J(Q) C J(F3) is shown in table 2. Each entry in this table is an effective divisor

E of degree three in the specified divisor class. We interpret this divisor as an element of J(Q) by

subtracting 3(0,1). (For example, 0U = [3(0,1)—3(0, 1)].) Except for the cases 3U+[3(0, 1)] = [33]
and 9U +[3(0,1)] = [3(1,0)], every entry in table 2 is the unique effective divisor in its divisor class.
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The complete linear system containing 350 has dimension 1; it consist of divisors of the form
5+ P+ p(P). Likewise, the complete linear system containing 3(1,0) has dimension 1 and consists
of divisors of the form (1,0) + P + p(P). Taking table 2 together with these two families of divisors

gives us an exhaustive list of effective divisors E over F3 such that [E — 3(0,1)] is in the reduction

of J(Q). The point we want to make is that 3(2,1) does not appear in this list. Hence there are no

rational points in the residue class of (2,1). Likewise, there are no rational points in the residue

class of (2,2).
We conclude that the set of rational points on C' is exactly {(0,1), (0, —1),00}. This completes
the example.
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CHAPTER 2

Covering Collections

1. Introduction

Let C be a curve defined over K with Jacobian J. We define a covering collection for C' over
K to be a set {D; — C} of K-rational covers of C in a single K-isomorphism class, and such that
every point in C'(K) is hit by a point in some D;(K). Given a covering collection, the question
of determining or bounding the set of rational points on C' is reduced to determining or bounding
the set of rational points on each of the covers. In fact, it is not difficult to construct a covering
collection for C. Assuming that C(K) is not empty, we will show that there are infinitely many
unramified abelian covering collections for C' over K, and that they can be described explicitly
and effectively in terms of isogenies to J. We also have what appears to be a new result on the
relationship between the number of rational points on C' and the covering collection D, associated
to an isogeny .

PROPOSITION. Let n = #A(K)[yp] be the number of K -rational points in the kernel of ¢. Then
the natural map
| D) — oK)
DeD,

is n-to-1 and onto.

While it may seem pointless to pass from a single curve to several curves of higher genus,
there are circumstances where this is a productive strategy. For example, the curves in a covering
collection may cover elliptic curves of rank 0; Coombes and Grant [6] use this technique to bound
the set of rational points on certain classes of hyperelliptic curves.

Our intended application is to extend the range of curves to which Chabauty techniques can
be applied. Let v be a valuation on K and suppose that Chab(C, K,v) = g, so that Chabauty
techniques cannot be applied directly to C. (See Chapter I of this work for details.) Let ¢’ be the
genus of the curves in the covering collection. Note that Jac(D;) is isogenous over K to the product
J x A; for some K-rational abelian variety of dimension ¢’ — g. Using additivity of the Chabauty
rank, the question of whether Chabauty can be applied to D; is precisely the question of whether
the Chabauty rank of A; is less than ¢’ — g. No matter how large the rank of J(K) is, it does not
rule out the possibility of applying Chabauty on each of the D;.

Thus, it may be possible to obtain a bound on C' by applying Chabauty to each curve D;
in a covering collection. Unfortunately, the Chabauty rank of each D; is difficult to predict, and
requires extensive (and ineffective) computation to determine. In this chapter we will describe the
determination of a covering collection; we leave questions of Chabauty techniques to Chapter I and
rank calculations to Chapter III.

This chapter starts by developing a theory of covering collections applicable to any curve. This
is not essentially new material. We then provide a detailed treatment of the bielliptic genus 2
case, which has several agreeable properties including an explicitly computable rational subcover
of genus 3 and elimination of the requirement of a known rational point. Finally, we apply these
techniques to a bielliptic genus 2 curve with rank 2. We are able to completely determine the set
of rational points on this curve.

19
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In the following, all curves will be assumed to be complete and nonsingular. We fix a choice of
number field K and curve C (of genus g > 1) defined over K. The Jacobian of C' will be denoted
by J = Jac C; it is also defined over K. We will assume that C'(K) is not empty, and fix a choice
of P € C(K). Finally, we fix a Galois closure K of K and let Gx = Gal(K/K) be the absolute
Galois group of K.

2. Covering Collections

Recall that a (connected) cover of C' is a surjective map from a curve D onto C. (We shall
assume that all covers are connected.) We write a cover as D — C, D/C, or even just D if the
map to C is understood, but we shall always intend the map and not just the curve D.

Covers have an obvious notion of morphism. If D — C'is defined over K, then by Autg(D/C)
we will mean the group of K-automorphisms of the cover; Autz(D/C) or simply Aut(D/C) will
denote the G g-module of K-automorphisms of the cover. If the number of K-automorphisms is
equal to the degree of the cover, we say that D — C'is a Galois cover with Galois group Gal(D/C') =
Aut(D/C). An abelian cover is a Galois cover with abelian Galois group.

Our goal in studying a K-rational cover D — C'is to use D(K) to discover information about
C(K). With that in mind it is useful to introduce the following terminology. We will say that the
cover D — C' hits the point @ € C(K) if Q is in the image of D(K). If D hits at least one point of
C(K), then we will say that D — C' is productive. Note that D — C' is productive exactly when
D(K) is not empty.

We now come to our main definition. Let D = {D; — C};cs be a set of K-isomorphism classes
of covers of C. We will say that D is a (K-rational) covering collection for C if

(i) all of the covers in D are K-isomorphic, and
(ii) every point of C'(K) is hit by some cover in D.
We will often abuse notation by saying that a cover D — C'is in D when the K-isomorphism class

of D — C is in D; we will say that it is in the class of D when it is in the K-isomorphism class of
D.

THEOREM 2.1. An unramified Galois covering collection contains every productive cover in its
class.

PROOF. Let D be an unramified Galois K-rational covering collection for C, and let f : D — C
be a productive K-rational cover in the class of D. By assumption, D(K) is not empty; fix an
element R € D(K). Since D is a covering collection we can find a cover f': D’ — C in D and a
point R’ € D'(K) with f'(R') = f(R).

Since D/C is in the class of D, there is a K-isomorphism ¢ : D'/C — D/C}; since D/C is Galois
we can choose g so that R’ maps to R. Then for every o € G, g°(R') = g(R')? = g(R'). Since
the non-trivial automorphisms of an unramified cover contain no fixed-points, we see that ¢ = g.

Thus D/C is in D. 0

By the proof of theorem 2.1 we see that if D is an unramified Galois covering collection, then
every rational point of C' is hit by exactly one cover in D. This means that we can characterize a
productive cover in the class of D by any rational point it hits.

3. Unramified Abelian Covers

Our main subject of study in the remainder of this chapter will be unramified abelian covering
collections for C'. As we shall see, these have an intimate connection with J, the Jacobian of C.

Recall that we have fixed the choice of a point P € C(K). For every rational divisor class
b € J(K), we define a K-rational map fp, : C — J which is given on geometric points by
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Q@ — [Q— P]—b. Note that the classical Abel-Jacobi map with basepoint P is given by @ +— [Q— P];
we will write fp = fpg for this map. Let t, be the K-rational map a — a+ b (translation by b) on
J; then fpy =t_4 o fp. It follows that many of the properties of the Abel-Jacobi map carry over
to fpp; in particular, fpp is a closed embedding.

Define Cpp, = fpp(C). As previously noted, fpy defines an isomorphism between C' and Cpy,.
In case C' has automorphisms, the notation Cpj, will always refer to the particular identification of
Cpyp with C given by fpy. Note that Cpy(K) C J(K).

Now suppose we are given an abelian variety A/K and a K-rational isogeny ¢ : A — J of
degree d. Since an isogeny is a finite connected abelian cover, the pullback of Cpj to A via ¢ is a
finite connected abelian cover of C; let us call it Dpy,.

Cpp xg A=Dpp —— CP,b

| !

A —2 5 g

Dpy is a curve of genus d(g — 1) + 1. The embedding Dpp—A induces an isomorphism
Aut(Dpy/C) =2 Alp] of Gg-modules. The notation Dpj, — C will always denote the cover of
C given by Dpy — Cpyp — C.

LEMMA 3.1. The K-isomorphism class of the cover Dpy, — C' is determined by the point P €
C(K) and the class of b in J(K)/p(A(K)).

PROOF. Let a € A(K) and consider the following diagram.

Dpp - Dppipa)

a

! |

Cry ——— Crpiga)
w(—a)

DEFINITION 3.2. We define D, to be the set of isomorphism classes of covers
Dy ={Dpp — Clics(K)/p(AK))-

THEOREM 3.3. D, is a covering collection for C, and D, does not depend on the choice of
PeC(K).

PRrOOF. Let Q € C(K) and let b = fp((Q). Since the image of @ in Cpy(K) is 07, we see that
04 is in Dpy(K); thus, Dpy hits Q. In other words, fp induces a map C(K) — J(K)/p(A(K))
which sends every ) € C'(K) to the unique cover which hits it.

Suppose P, P’ € C(K) are two rational points on C. Then for any b € J(K), we have Dprj =
Dppyjpr—p)- It follows that the set of K-isomorphism classes of covers in D, is independent of
the choice of P. Note, however, that the implied map from J(K)/¢(A(K)) to D, does depend on
P. O

The next result gives us the exact relationship between the number of rational points on C' and
the number of rational points in an unramified abelian covering collection.
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PROPOSITION 3.4. Let n = #A(K)[p] be the number of K-rational points in the kernel of ¢.
Then the natural map
U Dx) — c(K)
DeD,,

18 n-to-1 and onto.
PROOF. A(K)-25p(A(K)) is n-to-1, and Dpy(K) = ¢~ (Cpy(K)) N A(K). O

3.1. Galois Cohomology. Consider the exact sequence of G x-modules
0— Alp] = A—J —0.

Taking Galois cohomology gives us a long exact sequence from which we can extract the short exact
sequence

(+) 0 — J(K)/p(A(K)) — H (G, Al¢]) = H' (G, A)[ig] — 0.

Now suppose that D/C' is an arbitrary K-rational cover in the class of D, and let g : D/C —
Dpy/C be an isomorphism over K. The class of the cocycle

¢pjo(0) =g¢%g~" € H' (G, Aut(Dpp/C)) = H' (G, Aly))

is independent of the choice of isomorphism g. Thus, we can identify the middle term in (%) with
the set Twist(Dp/C) of K-isomorphism classes of covers of C in the class of D,,.

Next consider the last term in (¥). We can identify H'(Gg, A) with the set of principal
homogeneous spaces for A defined over K; in this interpretation, H! (G, A)[] is the set of principal
homogeneous spaces for A which can be provided with a K-rational map to J which is K-isomorphic
to .

The map H(Gk, Alp]) — H(Gk, A)[p] sends a twist of Dp/C' to the principal homogeneous
space in which it is naturally embedded. Thus, J(K)/¢(A(K)) is identified with the set of twists
which lie on A. Also, since non-trivial principal homogeneous spaces do not contain any rational
points, we have a second proof of the fact that D, contains all of the productive covers in its class.

On the other hand, suppose H C H'(G, Alyp)]) is a finite cohomology subgroup containing the
image of J(K)/@(A(K)). Then we can define a covering collection

DH = {Dél-%()}EGH?

where D%O is the twist of Dp associated to the cocycle £. In particular, if we let H be the p-Selmer

group S?)(A/K), this leads (at theory, at least) to an effectively computable covering collection
for C. See also Coombes and Grant [6], where the set of cohomology classes that are unramified
outside of the primes over 2, the infinite places, and the primes of bad reduction of C' are used to
analyze hyperelliptic curves whose Jacobians have a rational 2-torsion point.

4. Bielliptic Genus 2

Having laid out a general framework which is applicable to any curve, we now work out a
detailed description of the curves and maps in the Vy covering collection associated to a bielliptic
genus 2 curve C. For each genus 5 cover in the collection, we also examine a genus 3 quotient
associated to the hyperelliptic involution on C. In many applications, use of the genus 3 curve has
both practical and theoretical advantages.

We will use the following naming convention for curves:
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L, genus0
FE, genus 1
Cy genus 2
F, genus 3
D, genus 5

The case of genus 0 curves bears special attention. Whenever we consider a genus 0 curve
defined over K, it will be K-isomorphic to }P’}{, but not canonically. Thus we will give specific
names to the roles played by various genus 0 curves. In particular, Lx will frequently denote the
quotient of a hyperelliptic curve X by its hyperelliptic involution; one exception to this rule is the
genus 0 curve Lo, which is the terminal object in the set of maps we will be considering. On the
other hand, if we simply wish to indicate that some genus 0 curve occupies a particular place in a
diagram, we may on occasion refer to it as P! rather than giving it a specific name.

4.1. Description of Bielliptic Genus 2.
DEFINITION 4.1. A curve is called bielliptic if it has a degree 2 map to an elliptic curve.

We start by summarizing results from the literature which provide a description of K-rational
bielliptic genus 2 curves.

THEOREM 4.2. Suppose C is a genus 2 curve with a K-rational degree 2 map to a curve of
genus 1.

(i) C has degree 2 maps to two genus 1 curves Fy and Es.
(ii) There is a polynomial r(z) € K[z] such that C, Ey, and E2 have equations of the form

C:y>= r@*) =r3ab+rat+ra?+rg

Ei:y? = r(x) =r32d+ra?+ratrg

Ey:y? =23 r(z7Y) = roa® + riz? + rox + 3.
With this choice of coordinates, there are degree 2 maps p1 : C — E1 and @2 : C' — FEo
given by o1(z,y) = (22, y) and g2(z,y) = (1/22,y/23). In particular, both Ey and Eo have
a K -rational point at infinity, and we will consider each of them to be an elliptic curve with

this choice of identity element.
(iii) The maps 1 and @y induce Vy isogenies

Pl X P24

BixB, LL 192 g By x Es

whose composition is multiplication by 2. If the roots of r are o, B, and vy, then the kernel
of the first isogeny is

{0x0, (@, 0)x(1/a,0), (8,0)x(1/8,0), (v,0)x(1/7,0)}

and the kernel of the second isogeny is

{0, [(Ve,0) - [(V/8,0) = (V/B,0)], [(¥/7.0) — (v7.0)]}-

(iv) With the choice of coordinates above, we obtain a commutative diagram of K -rational maps:

/
\/

PROOF. See Frey and Kani [11], or Kuhn [13]. O
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NOTE. Since our intended application is to bound the number of rational points on C', we will
assume that neither Fy nor Fy has rank 0. If it were that case that, say, £1 had rank 0, then
it would be relatively straightforward to completely determine the set of rational points on C' by
examining the preimages of the set of rational torsion points on Fj.

Set A = F1xFy and ¢ = p1* + o™, and assume the existence of a rational point P € C(K),
which we fix. (But note that we will eventually be able to remove this restriction.) Then for every
rational b € J(K) we obtain a genus 5 cover Dpj, — C with V; Galois group. We now focus on this
cover.

We start by introducing two important values related to the cover Dpj:

er = ¢1(P) + ¢1.(b) € E1(K),
ez = p2(P) + ¢2,(b) € Ex(K).

The definition of e; is motivated by the observation that when we are working with the cover Dpy,
we have two different “natural” maps from C to Fy. The first is ¢1 : C — E; and the second is the
composition

C = Cpp—J25E,
Q =  01(Q) = p1(P) — p1.(b).

Note that this second map is equal to t_,, o ¢;. We shall often depend on the notation C' — E;
and Cpp — F4 to distinguish these maps; a similar convention holds for maps to Es.

REMARK 4.3. The connection between Fy and FEs is arithmetic rather than geometric. If C' is
bielliptic to the elliptic curves Eq and FEs, then F1[2] is G g-isomorphic to E»[2]. Conversely, for
any two elliptic curves Fj and E» over K and any Gg-module isomorphism ¢ : E1[2] — E»[2],
either we obtain a genus 2 bielliptic curve over K or E; is K-isomorphic to Fs and ¢ is induced by
this isomorphism. For example, if E; and Es have different j-invariants and K(E1[2]) = K(FE2[2)]),
then Fy and E, are degree 2 subcovers of respectively 6, 2, 3, or 6 different bielliptic genus 2 curves
depending on whether the degree of the extension K (F;[2])/K is 1, 2, 3, or 6.

4.2. Involutions. Because of the prominent role played by degree 2 and V; maps, it is con-
venient to examine various involutions on Dpy. As we shall see, this analysis is greatly facilitated
if the involution on Dpy, is carried by an involution on Fj X Ea; by this we mean that there is an
involution of the variety EixEs which sends the embedded curve Dpj into itself and induces the
desired involution on Dpp. We will also talk about involutions on Dpj, which lie over an involution
on C (or equivalently on Cpp). This means that the involutions commute with the covering map;

since Dp;/C is Galois, it is clear that if there are any K-defined involutions of Dpj, lying over a
given involution of C', then there are exactly 4 such. For notational convenience, we will generally
write [n, m] for the endomorphism on Fjx Fj that is [n] on E; and [m] on Es.

Consider the map Dpj — FEq obtained by projecting Dpj— FE1xEs onto the first coordinate.
This map sits in a commutative diagram

Dpy —— Chpy

l |

E1 & E1

and checking degrees shows that both vertical maps are degree 2. Thus the vertical maps correspond
to involutions p1,p and p1,c on Dpy and Cpy, respectively. Furthermore, the commutativity of the
diagram implies that p1 p lies over p; . We similarly define the involutions ps p and ps ¢ relative
to Dp7b — E2 and Cp7b — Eg.
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Note that we can easily give formulas for p; ¢ and po c:
pro(@,y) = (—z,y),
p2.o(,y) = (—z,—y).
It follows that p; ¢ commutes with ps ¢, and that their product pg ¢ = p1,c0p2,c is the hyperelliptic

involution on C. We also note that the fixed points for p; ¢ are (0,1) and (0, —1), while the fixed
points for pa ¢ are the two points over infinity on C', which we will call cot and co™.

THEOREM 4.4. Let ey € E1 and ea € Ey be defined as above.
Then p1,p is carried by the involution [1,—1] o toxe, On E1XEs, and p2 p is carried by the
involution [—1,1] ot, «q-

PROOF. First we show that [1, —1] otqx,, induces an involution which lies over p; c. Note that
p1,c induces an automorphism p; ;j = p1,c* on J. The automorphism [1,—1] on Ejx Ej lies over
p1,s and one easily verifies that

p1,(p(0xe2)) = —p2"(e2)
= —p2" 0 pa(P) — 2" 0 (p2,(b)
= —[p2,c(P) + P] — [p2,s(b) + 1]
= [p1,c(P) = P+ [p1,s(b) — b].

In particular, if we apply p1 s o Lo(0Xey) tO a point in Cpyp, we see that

P17 0 tpoxes) (@ = Pl = b) = [p1,0(Q) — P = b € Cpp.

Since p1,7 © to(0xep) CALTIES Cpy to itself and induces p; ¢, we find that [1, —1] o £y, carries Dpy
to itself and induces an involution which lies over p; c.

Now, py,; lies under the 4 involutions [1, —1] o ty, w1, T1xTp € Ey1xEa[p]. It follows that py p
is carried by one of the 4 involutions [1, —1]oty, x (¢,—7,)- Riemann-Hurwitz tells us that Dpj, — Fy
is ramified, so p;,p must be carried by an involution with fixed points. But [1, —1]otp, (ea—Ty) ACtS
by tr, on the E; coordinate; it can only have fixed points if 77 = 0. Since 77 = 0 implies 75 = 0,
we conclude that py p is carried by [1, —1] o fyx.,-

A similar argument shows that ps p is carried by [—1,1] ot .
O

Since p1,p and pg p are carried by morphisms on FyxFEs, we easily verify that they commute
with each other and with the automorphisms from Aut(Dpy/C). In particular, we see that the
product pgpp = p1,p © p2,p is an involution on Dpp which lies over the hyperelliptic involution
po.c = p1,c © p2,c on C. Note that pg p is carried by [—1,—1] ot

Define Fpy, to be the quotient of Dpj by po p.

e1 Xeg*

THEOREM 4.5. Fpy, is a K-rational genus 3 curve.

PROOF. Define Lr to be the quotient of Dpy by the V, group of automorphisms generated by
p1,p and p2 p. We then obtain a commutative diagram

/EI\LF

Dpy, - Ey -

’\pr/




26 2. COVERING COLLECTIONS

where all of the maps are induced by involutions, and in fact the first three maps are induced by
p1,Ds P2,0, and po p, and the second three maps are induced by the residues of these involutions.

By Riemann-Hurwitz we know that Dpj, — I and Dpj — E3 are each ramified at 8 points;
since the fixed points for p; p and po p must lie over the fixed points for p; ¢ and po ¢, we see that
these two fixed point sets do not intersect. One consequence is that the map E; — L is ramified,
so Lr has genus 0.

Using Riemann-Hurwitz again, we find that map Dpj — L has 16 ramification points; since
this must include all of the fixed points of p1 p, p2,p, and pg p, we find that the fixed point set of pg p
must be a subset of the union of the fixed point sets of p1 p and ps p. But writing po.p = p2,pop1,p0
we see that none of the fixed points for p p are fixed by pg p, and switching the order we see that
in fact pg p does not have any fixed points. Thus Dpj — Fpy, is unramified, from which it follows
by Riemann-Hurwitz that Fpj is of genus 3. O

REMARK 4.6. Since any rational point on Dpj will map to a rational point on Fpp, it will
suffice to bound the set of rational points on Fpy. As we shall see, working with Fp instead of
Dpy has at least three distinct advantages. First, the difference between genus 3 and genus 5 is
significant in terms of computational difficulty. Second, F'py, is hyperelliptic while Dpy, is not; this
also affects computational difficulty. Third, the rank of Dpj, is the sum of the ranks of C' and Fp,.
Since by assumption C has rank at least 2, we see that it is never a disadvantage, and frequently
an advantage, to attempt to apply Chabauty to Fp; instead of Dpj. In the extreme case, if the
rank of C' is at least 5 it will never be possible to apply Chabauty to Dpj, while there is no a priori
reason to believe Chabauty on Fpj will be impossible.

COROLLARY 4.7. Fpy, is hyperelliptic.

Proor. This is implicit in the degree 2 map Fpj, — Lp found in the previous theorem. The
hyperelliptic involution on Fpy, is given by p1.p (mod pg p), which is equivalent to p2 p (mod po.p).
O

LEMMA 4.8. Dpy, is not hyperelliptic.

Proor. If Dpj were hyperelliptic, then the hyperelliptic involution on Dpj would necessarily
lie over the hyperelliptic involution on Cpp. (Consider that [—1] commutes with the Albanese map
from the Jacobian of Dpj, to E1xFEs.)

Working over K, the 4 involutions on Dpy, lying over pg ¢ are carried by the 4 maps [—1, —1] o
bler+T0) X (e24Tw)» 11XT2 € (E1x Es)[p]. Direct calculation shows that the fixed points of these in-
volutions on E7xEs intersect Dpy in respectively 0,8,8,8 points; thus, these involutions on Dpy,

correspond to maps to Fpp, and 3 elliptic curves. In particular, none of these involutions is hyper-
elliptic. O

Our next step is to describe the decomposition of the Jacobians of Dpy and Fpy. It will be
useful to have the following technical lemma.

LEMMA 4.9. Suppose H is a V4 group of automorphisms on a curve X, inducing a commutative
diagram
Y \
X - Y’ - W

\Yﬂ/

Let Jx be the Jacobian of X, Jy the Jacobian of Y, etc. Then Jx /Jw is isogenous to Jy /Jw X
Jyl/JW X Jy///JW.
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PROOF. Let p, p/, and p” be the involutions on X associated to Y, Y’/, and Y, respectively.
Let ~ denote isogeny. We start by making 3 observations:

(i) The image of Jy in Jx is (1 4 ps)Jx; hence Jy ~ (1 4+ py)Jx.
(ii) Since p and p’ commute, p!, operates on both Jy and (1 + pi)Jx.
(iii) If ¢ is any involution on an abelian variety A, then A ~ (1 +¢)A x (1 —¢)A.
Applying these observations to Jy, we see that
Jy ~ (14 p)Jx
~ (T )+ pa)dx x (1= pl) (1 + pu) Ix

~ (L po 4l + p)Ix % (L+ pu = pl = p) Ix.
Similar calculations show that
Jyr ~ (1+ pe + 0l + p) Ix x (1= pu 4 ol = p5) x,
Jyn ~ (L4 pe+ pl + p)Ix x (1= pe — pl + p) Jx,
Jw ~ (1 + ps + pl + pi) Ix,

and finally,

X (1= pu4ple = pi)Ix x (1= pu — m+mﬂx

The result now follows easily. O

THEOREM 4.10. Jac(Dpy) is K -isogenous to Eyx Eyx Jac(Fpy), and Jac(Fpy) is K -isogenous
to a product of 3 elliptic curves.

PRrooF. The first statement is clear from the preceding corollary and the definitions of p1 p,
p2,p, and po p. For the second statement, note that Dpj, — C is a V4 unramified cover. Thus over

K there are 3 intermediate unramified subcovers, which must have genus 3. The result follows from
either of the following diagrams.

Dy /,Fg\ /, T

quotient by pg, p
- v

O]

REMARK 4.11. In the proof of lemma 4.8 it was mentioned that the K-involutions on Dp}, lying
over pg ¢ induce maps to Fpp and “three elliptic curves”. In fact, these curves are 2-isogenous to
the elliptic curves E,, Eg, and E, mentioned above; let us call them E, E’ﬁ, and E; Then over
K these elliptic curves can be characterized in the following way: The map Dpp — Lo is ramified
over 5 points on Ly. These points are {0, «, 3,7,00}. Now, Eq — Lo is ramified over {«, 3,7, 00}
and Ey — Lo is ramified over {0, «, 3,7}. We claim that the elliptic curves E/, E’B, and £, are
ramified over {0, 3,7, 00}, {0, @, 7,00}, and {0, o, 8, 00}, and that E,, Eg, and E, are 2-isogenous
to respectively EY,, Ej, and E) by the isogeny which identifies 0 and oo on each of these curves.
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4.3. Explicit Equations. The involutions pg p, p1,p, and p2 p, and the group of involutions
corresponding to Aut(Dpy/C) are K-rational and commute. Taking the quotient of Dpj by the
various combinations of these K-rational automorphism subgroups give us a large diagram of K-
rational maps:

Dpy, 4 ~Cpp tooop
NN
1 \ 1
(+) o EQ\ t
Fpy Y > Lo 2 Cote
g A
Z\‘LF h \K: Lo

In this diagram we introduce labels h, Y, Z for maps that will be important in the sequel.

Let [z] and [y] be the = and y coordinate maps on Ei. As mentioned earlier, the map Cpj — Ei
is t_¢, © 1; the corresponding map Ey — Lo is [z] o t.,. With this convention, the map Lo — Lo
is still the squaring map, which we have labeled as Y2 to be compatible with the map Y.

So far we have chosen a specific isomorphism to P! for every genus 0 curve in this diagram
except Lp. Ignoring the PGL(2, K') ambiguity for the moment, we can take Z to be the coordinate
system for Lp. The diagram suggests the following proposition:

PROPOSITION 4.12. The plane curve Y? = h(Z) on Lc x Ly is birational to Fpy,.

From the diagram it is clear that Fipj, covers Y2 = h(Z), so it will suffice to show that Y2 = h(Z2)
is genus 3. The remainder of this section will be devoted to proving this result; along the way we
also provide an explicit description of the map h.

As noted above, we need to choose an isomorphism Lp = P!. The map F; — Lp is induced
by the involution pe p (mod py p); this gives the involution [—1] o t., on Fy. If d € Ey(K) is a
point whose double is e, then the K-defined function [z] o t4 is K-isomorphic to the desired map
E1 — L, and there is a fractional linear transformation g € PGL(2, K) such that g o [x] o t4 is
K-rational. The choice of g is well-defined up to PGL(2, K).

We now demonstrate a method for explicitly constructing an appropriate choice of g. By
assumption, the rank of Fj is positive; choose points Ry, R1, Rs € E1(K) which are in distinct
orbits under the involution [—1]ot.,. Define xg = [z](Ro +d), 1 = [z](R1 +d), Too = [2](Roc +d).
Then we can define

T — Too [ £ — g
Z)=g(d,Ry,R1,Re0; Z) = .
g( ) g( s 410, L1, ) T — T (Z_:L‘oo>

Note that g o [z] o t4 sends Ry, R1, and Ry to 0, 1, and oo, respectively.

LEMMA 4.13. With the given choice of Ry, R1, Roo, and for any choice of point d € Ey(K) with
[2]d = e1, the map g(d, Ro, R1, Roo;*) © [z] 0 tq is K-rational and is independent of the choice of d.

PROOF. Let d and d’ be any two points whose doubles are e1, and let g and ¢’ be given by
the above formula. Both [z] o t; and [z] o ty are degree two functions which induce the involution
[—1] o te,; thus, they both induce degree one functions on the quotient curve Lp. It follows that
there is a transformation n € PGL(2, K) such that [z] oty = 1o [z] o t4. Thus,

g olz]oty =g onolz]oty.

But both ¢’ on and g are in PGL(2, K); since they send the same three points to 0, 1, and oo,
they must be identical. Thus the given map does not depend on the choice of d. K-rationality
follows. 0
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NoOTE. The above formula only gives one possible choice for g. If there is a rational point whose
double is e1, it will generally be much more convenient to choose this point for d, in which case we
can choose g = Id. Note that this set of choices will not necessarily result in any rational point on
F being sent to 0, 1, or co on L.

We can now give an explicit formula for A in terms of our choices for d and g. Let [2z] be the
z-coordinate duplication formula for F;. Then we have the following diagram, where the curve
labeled P! and the diagonal arrows to and from it are not necessarily defined over K.

Eq 2 -
z| ot
goltl ot NP] "o [e
o
Lr h=[2x]og™! Lo

Now, the relationship Y2 = h(Z) holds on Fpj. By the identity h = [2z] 0 g~! we see that h
is a degree 4 map ramified exactly over the z-coordinates of the 3 non-trivial 2-torsion points on
E1. In particular, h is not ramified over 0 or co. Thus, Y2 = h(Z) gives the equation for a genus 3
hyperelliptic curve whose 8 Weierstrass points have Z-coordinates in h=(0) Uh~(c0). Since Fpy
covers this curve, they must be birational.

REMARK 4.14. The divisor Z*h*([0 — o0]) on Fpj, gives a rational 2-torsion point on the Jaco-
bian of Fpy. Let B be the quotient of Jac(Fpj) by this 2-torsion element. Then the unramified
abelian cover Dpj, — Fpy is in the class of the covering collection given by the dual isogeny
BY— Jac(Fpyp).

REMARK 4.15. It is now quite easy to give equations for Dp;. We can, for example, take the
obvious relations given in the large diagram (xx):
(z,y) € B, (Z,Y) € Fpp, ([z]ote, o [2])(2,y) = h(Z).
However, the last two equations collapse, giving us the more succinct formulation:
y2 = 7°3:c3 + rox? 4+ rix + 70
Y? = ([2] o tey 0 [2])(x, ).
Given these equations for Dpy, the maps to Fpp, and C are:
Dpp — Frp: (2,y,Y) — ((go[z] ota)(x,y),Y)
Dpp— C = (2,5,Y) = (Y, ([y o te, © [2])(2,y))

Note that the Y coordinate on Fppj, agrees with the x coordinate on C. This means we can move
points back and forth between C' and Fpj with minimal ambiguity; there is no need to actually lift
points to Dpj, in order to determine the relationship between rational points on C' and Fpy,.

4.4. Effective Computation. The alert reader will have noticed that we have constructed a
bijection between elements b € J(K)/p((E1xE2)(K)) and certain covers Dpj, of C, but that we
have given explicit equation for Dpy in terms of a parameter e; = e1(P,b) € Ey(K)/2E,(K). This
is no illusion: a quick check of theorem 4.2 shows that Fjx Es[¢| is Gx-isomorphic to both FEj[2]
and F5[2]. Then from the diagram

0 —— J(K)/p((Eyx<E2)(K)) —— HY(Gk, By xEs[y])

e |

0 ——  E(K)2Ei(K) —— H'(Gk, Ei[2])
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we see that ¢, induces injections from J(K)/p((E1xE2)(K)) into E1(K)/2E;(K) and from the
Selmer group S¥)(Fyx Ey/K) into S@®(FE;/K). The map of sets e; is simply a translation of ¢,
by a factor in F1(K), so it, too, induces injections.

So far, the largest practical obstacle to the calculation of D, is the necessity of finding repre-
sentatives for J(K)/p((E1xE2)(K)). This can now be improved in several ways. First, the size of
J(K)/p((E1x E2)(K)) is limited by the smaller of F1(K)/2FE;(K) and Ey(K)/2E2(K). Second,
the cohomology classes representing J(K)/o((F1x F2)(K)) must be unramified outside the infinite
places, the primes over 2, and the intersection of the primes of bad reduction of Fq and FEs; this
can restrict the search even further. Third, one can abandon J(K)/¢((E1x Eq)(K)) altogether and

use either F;(K)/2E;(K) or the 2-Selmer group S®(E;/K); in fact, one does not even need to
know a rational point P € C(K) in order to use this option.

This last point deserves some emphasis. Given a curve C' which is bielliptic and genus 2 over
K, we readily calculate the genus 3 curve associated to e; = 0:

Fy:Y? = [22]5,(Z).
If we know a set of representatives for E1(K)/2E;(K), we calculate the genus 3 curve Fg, asso-

ciated to each possible e; € E1(K)/2E;(K); otherwise, we use the cohomology twist Fg for each

¢ € SO(E;/K). Note that S?(E;/K) is effectively computable, and that good tools exist for
calculating it. If we know a rational point P € C'(K) we may be able to use it to limit the number
of cases (as discussed above), but this is no longer a requirement.

5. Example
Problem VI.17 in Diophantus’ Arithmetica (Arabic text) asks for positive rational solutions to
y? = 2%+ 2t + 2%

Removing the singularity at (0,0) and generalizing to all rational solutions, we obtain the following
bielliptic genus 2 curve:

C:y?=a8+22+1,
with associated elliptic curves:
Ei: =23 +x+1,
Ey:y=a3+22+1.
Let co™ and oo™ be the two points at infinity on C.
PROPOSITION 5.1. C(Q) consists of the 8 points {(0,+1), (£3,+3),00T, 007 }.

FEq and Fy are 496A1 and 248A1 from Cremona’s tables. Both Fq and E9 have rank 1 over
Q, generated by the points (0,1) and (0,1). Both elliptic curves have bad reduction at 2 and 31.

Since x5 + 22 + 1 has no rational factors, J(Q), F1(Q), and F2(Q) contain no 2-torsion. One also
observes that

[(0,1) = (0, =1)] = ¢((0,1)x0) & [2]J(Q)
and
) —00™]) = (0,1)x(0,1) & 2(E1xF2)(Q).
) has two elements, which can be represented by 0 and [(0,1) —

P14 X @2*([(07
It follows that J(Q)/¢((F1x E2)(Q
oo™].

1
)

Let us choose P = oo™ for our basepoint. Then our two embeddings of C'in J are Coo+ o and
C0,1),0 = Coot [(0,1)=cc+]; for notational convenience we will call these curves C7 and Cs, and we
carry this notation over to Dy, Dy, F}, and F5.
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5.1. Equations for Fj. Note that ej(cot,0) = p1(c0™) — ¢1.(0) = 0p,. Thus we can let
d =0g, and g =Id. Then
Z*—27% 87 +1
AZ3+Z+1)

Fi:Y?=h(2) = [22]p,(Z) =

Note the rational Weierstrass point at infinity, as well as the solutions (0, :l:%) This curve has

bad reduction at 2 and 31.

5.2. Equations for F5. Note that e3((0,1),0) = ¢2((0,1)) — ¢2+(0) = Og,. Switching the
roles of Fy and Ey we can let d = 0p, and g = Id. Then

74— 87 —4
LZ3+Z2+1)

Note the rational Weierstrass point at infinity. This curve has bad reduction at 2 and 31.

Fy: Y% =hy(2) = [22]p,(Z) =

5.3. Bounding the rational points. We will defer certain calculations regarding Mordell-
WEeil groups until Chapter III. Other calculations have already been performed in Chapter I.
We start with the curve Fj. For convenience, we shift to the equation:

F:Y?=W((Z)= (2" —22> —-8Z +1)(Z* + Z +1).

Note that this is the equation for the curve from the example at the end of Chapter I. We conclude
that F{(Q) = {(0,1),(0,—1), 00}.

We tackle F5 next. Let oo € F5(Q) be the rational Weierstrass point on Fy, and let Ja be the
Jacobian of F». We will consider Fy to be embedded in Jy by the map @ — [@ — oo]. By lemma
4.2 we see that Jo(Q) =~ Z/27Z. Thus, if [Q — o] € J2(Q), then @ is a Weierstrass point of C'. Since
the only rational Weierstrass point is co, we find that F5(Q) = {o0}.

Finally, note that the maps D1 — Fy, Dy — F> are degree 2 maps. Thus, the 3 rational points
on Fj and the 1 rational point on F5 tell us that there are at most 6 rational points on D and 2
rational points on Ds. It follows that there are at most 8 rational points on C. But we have named
8 rational points on C. This completes the proof of Proposition 5.1.



32

2. COVERING COLLECTIONS



CHAPTER 3

The Mordell-Weil group

1. Introduction

In Chapters I and II we quoted results concerning the structure of the Mordell-Weil groups of
the Jacobians of the curves

Fr:y?=0@'"—22> -8+ 1)@®+2+1),
By = (2t =8z —4)(a® + 22 +1).

Our goal in this chapter is to prove these results.

2. Background

Let K be a number field, the completion of a number field at a finite or infinite valuation, or
a finite field of odd characteristic. Choose an algebraic closure K of K. Let F/K be a complete
non-singular hyperelliptic curve of genus g. For our purposes it will suffice to assume that F' has
a plane model y? = f(x) where f(x) € K[z] is a separable polynomial of degree 2g + 1. A model
of this form is non-singular in the affine plane and we identify affine points (z,y) in this model
with the corresponding points of F. In addition to the affine points there is one K-valued point at
infinity, which we will call co; the point co is a K-rational Weierstrass point on F'. Note that the

hyperelliptic involution p on F' takes an affine point P = (z,y) € F(K) to the point p(P) = (z, —y)
and that the affine Weierstrass points in F/(K) are exactly those points for which y = 0.

Let J = Jac(F') be the Jacobian of F. Since F has a K-rational point, every K-rational
divisor class contains a K-rational divisor. In fact, for every divisor class a € J(K) we can write

a = [D — goo], where D is an effective K-rational divisor of degree g. Note that P + p(P) ~ 200

for any point P € F(K). We will call an effective K-rational divisor D standard if D — P — p(P)
is not effective for every P # oo; a simple application of the Riemann-Roch theorem shows that in
every K-rational divisor class of degree g there is a unique standard divisor. In particular, every
divisor class in J(K) has a unique representation of the form [D — doo] where D is a standard affine
divisor of degree d < g.

The set of K-rational effective affine divisors on F' can be identified with the set of non-zero
ideals of K[z, y]/(y? — f(z)). Under this identification, maximal ideals correspond to the sum over
galois conjugates Y P° of a single point P € F(K) where each point in the sum occurs only once;
furthermore, depending on whether y(P) € K is contained in the field K (x(P)) or not, the maximal
ideal associated to Y P° can be written in either the form (h(z),y — k(z)) or (h(z),y? — k(x)).
Note that the corresponding divisor is standard in the first case and not standard in the second.
In either case, if (h(x),y"™ —k(z)) is maximal then A is irreducible. We will call a divisor maximal
if it is K-rational, effective, affine, and corresponds to a maximal ideal.

We are primarily interested in ideals of the form (h(x), y"—k(z)) and will write {h(z),y" — k(x)}
for the corresponding divisor. The degree of (h(x),y™ — k(x)) is ndeg(h). To fix representations
we will always assume that h(x) is a monic polynomial. The polynomial k(z) is only defined up
to elements of the radical of the ideal generated by h(z); if we assume h(z) is separable then we
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can fix k(z) by requiring that its degree be less than that of h(z). If h(x) is separable, it is clear
that {h(x),y — k(z)} is a standard divisor; conversely, any standard affine divisor can be written
as {h(x),y — k(x)} for some separable polynomial h(x). In fact, if D is a standard affine divisor,
then
wr) = [[ (T - 2(P))
PeD

and the polynomial k(x) can be determined by the Chinese Remainder Theorem. Note that for the
more general divisor D = {h(x),y™ — k(z)}, the above product yields h(T)".

2.1. 2-torsion. Suppose f(z) factors over K as f(x) = h(x)h/(z) and let d be the degree of
h. Since the divisor of h is
(h) = 2{h(x),y} — 2doc,

the divisor class [{h(z),y} — doo] is an element of J(K)[2]; furthermore, since

(y) = {f(x),y} — (29 + 1)o0,

we see that [{h(z),y} — doo] represents the same 2-torsion point as [{h/(z),y} — (29 + 1 — d)o0].

On the other hand, let a € J(K)[2] and let [D — doo] be the unique representation such that D
is a standard affine divisor of degree d < g. Since a is 2-torsion and since p, acts as —1 on J, we
conclude that p,(D) = D. Thus, for every point P in the support of D, p(P) must also be in the
support of D. Given the restrictions on D, this means that D is supported on affine Weierstrass
points, each of which occurs with multiplicity at most 1. We see that, up to a constant factor, we
can express any K-rational 2-torsion point in the form [{h(z),y} — doo] for exactly one polynomial
h(z) dividing f(x) of degree less than or equal to g. In particular, #J(K)[2] is equal to half the
total number of (monic) factors of f(x) over K and the dimension of J(K)[2] as an Fa-vector space
is one less than the number of irreducible factors of f(x) over K.

3. The (x-T) map

We next describe an efficient method for determining whether a point a € J(K) is contained in
2J(K). This algorithm is specific to the case of a hyperelliptic curve with K-rational Weierstrass
point.

Fix the plane model y? = f(z) for F, and write f = [[,_; f; where each f; is irreducible over
K. By choosing a root a; € K for each f;, we can identify the algebra K[T]/f(T) with the product
of fields [ K (a;) by the homomorphism

T+— (a1,...,qp).

For convenience, we define L = K[T']/f(T') and K; = K («;). We also give a name to the Weierstrass
point W; = («;,0) € F(K;) whose z-coordinate is our chosen root of f;.

Let D be a divisor on F' which is rational over K. If, in addition, the support of D avoids the
Weierstrass points of F', we will call D a good divisor. The set of good divisors forms a group under
addition and the good maximal divisors are a generating set.

Next we define a homomorphism from the group of good divisors to L* known as the (x — T)
map. Let D = {h(z),y" — k(x)} be a good maximal divisor where h is monic of degree d. Define
(x —T)(D) to be the element of L* given by

(= T) ({h(x),y" = k(x)}) = (=1)"h(T)".
We extend the (x — T') map to the entire group of good divisors by linearity. Note that we can
rewrite the right hand side of the previous equation as

()" (T)" = ()" [[ (T~ 2(P) = [] (@(P) - 1),

pPeD pPeD
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where the product takes place in K[T]/f(T). Thus, we have the alternate definition

o1 (Smip) = [T

from which the (z — T') map gets its name. In general, the first definition is more convenient for
computation, since one can work entirely in L*.

LEMMA 3.1. The (x — T) map on good divisors induces a well-defined homomorphism
(x —T) : Pic(F)(K) — L*/L*.

PROOF. See [17, lemma 2.1]. Since the proof is instructive, we repeat it for the reader.

Every K-rational divisor is linearly equivalent to a K-rational divisor which misses any given
finite set. It follows that every K-rational divisor class contains a good divisor.

Next, let M be a field extension of K and let s be a function on F' defined over M. We can
extend s to divisors whose support avoids the zeros and poles of s by

s (Z miP) = HS(P)mi e M.

If D is an M-rational divisor then s(D) € M*. Furthermore, if s and s’ are two functions on F
whose divisors are supported on disjoint sets, then Weil reciprocity tells us that s((s)) = s'((s)).
(See, for example [21, ex. 11.11])

If we follow the (z — T') map on good divisors by projection onto the i" factor we get the map
(x — a;) as defined above. Note that (z — «;) is defined over K;. Suppose D and D’ are linearly
equivalent good divisors, say D — D’ = (s), then

(x —i)(D = D) = (z — ) ((s)) = s((x — o)) = s(2W; — 200) = s(W; — 0)? € K2

It follows that (z —T')(D — D') € L*?; this shows that the (z —7") map is well-defined on K-rational
divisor classes. O

We end this section by quoting some useful results from [17].

PROPOSITION 3.2. The (z —T) map induces an injective homomorphism
(x—T):J(K)/2J(K) — L*/L*.

PROOF. See [17, theorem 1.2]. O

PROPOSITION 3.3.
(i) (z = T)([oc]) = 1.
(ii) Suppose f(x) factors over K as f(x) = h(z)h'(x) where h(x) is a polynomial of degree d.
Then (x — T)([{h(z), y}]) = (=1)?h(T) + (1)~ 0(T).
PROOF. See [17, lemma 2.2]. O
ExAMPLE 3.4. We now do a few calculations which will be useful in the sequel. Let K = Q and
let Fy be the genus 3 curve y? = (24 — 222 -8z +1) (23 +2+1). Let K1 = Q[T]/(T*—2T?—-8T+1),

Ky = Q[T)/(T? +T + 1), and L = K| x Ky = Q[T]/((T* — 2T2 — 8T + 1)(T® + T + 1)). Let
Ty =[{23+2+1,y} — 300], and let Uy = [(0,1) — o0].
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Using the preceding propositions, we calculate the image of T and Uj.

(x—T)T)=—(T*+T+1)+ (T* - 27> - 8T + 1) € L*/L*?
=(—(T*+T+1), (T*"—2T%* —-8T +1)) € K1* /K™ x Ky* /Ko™
=(—-((T*-T-1)/2)%, 31%+1)?) € K" /K™ x Ky* | Ky*?
— (_1’ 1)‘ c Kl*/K1*2 % KQ*/K2*2

(x—T)(Uy) =-T € L*/L*
— (—T, —T) c Kl*/K1*2 % KQ*/K2*2

EXAMPLE 3.5. Let K = Q and let F3 be the genus 3 curve y? = (z* — 8z —4)(2% + 22 +1). Let
K1, K, and L be defined as in the previous example. We note that Q[T]/(T% — 272 — 8T + 1) =
Q[R]/(R* — 8R —4) by the map R = 372 — 1. Similarly, Q[T]/(T3+T +1) = Q[R]/(R*+ R?> + 1)
by the map R = —T2 — 1. Thus, the “(x — R)” map can also be interpreted as taking values in L*.
The image of Ty = [{#3 + 2% + 1,y} — 300] is

(x — R)(Ty) = —(R*+ R*+1) + (R* —8R — 4) € L*/L*
=(—(R*+R*+1), (R*—8R—4)) € K1* /K" x Ky* ) Ky*?
=(—(T*+T+1), A0T*> =T +7)) € K1*/K1** x Ky* | Ky*?
=(—((T3-T-1)/2)?, (T?> -3T +1)?) € K1*/K1*? x Ky* | Ky*?
— (_1, 1)' e Kl*/Kl*z % K2*/K2*2

4. Summary of calculation

Terminology. Assume the following definitions.
filz) = (z* =222 =8z + 1)(z3 + 2+ 1).

Fy = Nonsingular curve over Q birational to y? = fi(z).
Ji = Jacobian of Fj over Q.
T, = [z} +2+1,y} — 300] € J1(Q).

Uy

[(0,1) — o0] € J1(Q).

folz) = (2* =8z —4)(2® + 22 +1).

Fy = Nonsingular curve over Q birational to y? = fa(z).
Jo = Jacobian of Fy over Q.

T = [{a® + 22 +1,y} — 300] € J2(Q).

K1 =Q[T)/(T*—2T? - 8T + 1)

Ky =Q[T)/(T3+T +1)

L :@[T]/fl(T)gKl XKQ

L, = Qp[T/ f1(T) for any finite or infinite prime p of Q

Summary of Results. We will show the following:

LeMMA 4.1 (Reduction information).

(1) J1(Q)tor = Z/27 and is generated by T;.
(ii) J2(Q)tor = Z /27 and is generated by Ts.
(iii) Uy has infinite order, and Uy is neither the double nor the triple of a point in J1(Q).

LEMMA 4.2 (Rank information).
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(i) J1(Q) ~ Z x Z/2Z.
(i) Jo(Q) ~ Z/2Z.

5. Reduction information

We can obtain a large amount of information by reducing J; and Jo at various primes of good
reduction. For both F} and F3, the primes of bad reduction of the given hyperelliptic model are 2
and 31; the curves and their Jacobians have good reduction at all other primes.

In fact, we need only a little information to determine the torsion on J;. The number of F3-
valued points of J; is 48 = 2%-3 and the number of Fs-valued points is 112 = 24.7. The ramification
degree of Q at any prime is 1; in particular, it is less than p — 1 for any odd prime p. Thus the
torsion of J1(Q) injects under the reduction map at both 3 and 5. Since the ged of 48 and 112 is
2% we see that the torsion of J1(Q) must be 2-power order. But the only 2-torsion point in J;(Q)
is T1, and the (z —T') map shows that it is not a double. So the only non-trivial torsion point in
J1(Q) is Ty1. This shows the first part of lemma 4.1.

A similar argument shows that the only non-trivial torsion point on J2(Q) is T»; in this case,
the number of Fz-valued points of J; is 24 = 22 - 3 while the number of Fi-valued points is again
112 = 2*. 7. This is the second part of lemma 4.1.

Finally, since U; is not in the torsion subgroup, it must be of infinite order. The reduction of
U, at 3 has order 12. Since J; has 48 Fj-valued points, the reduction of U; is not a triple in Ji (F3).
It follows that U is not a triple over Q. The (x — T') map calculation from the previous example
shows that U; is not a double over Q. This completes lemma 4.1.

NOTE. Let F be a genus 3 curve defined over the finite field I, and let J be its Jacobian. A
comparison of the zeta functions of F' and J shows that

1 1 1
#J(Fy) = 6a3+(§b—p) ca+ 3¢

where a = #F(F,), b =#F(Fp), c = #F(F3).

This is not the most efficient method for counting the number of points on J over a large finite
field, but it suffices for small values of q.

6. Rank information

We want to verify that J; has rank 1 over Q, and that Jo has rank 0. Since we know the
structure of the Q-rational torsion, it will suffice to show that J;(Q)/2J1(Q) is generated by U;
and 77 and that J2(Q)/2J2(Q) is generated by T5. In order to do this we will need to look somewhat
more closely at the (x — T') map.

First we will need a few definitions. Let S = {2,31, c0}; as with the proof of the weak Mordell-
Weil theorem for J(K)/nJ(K), the set S is chosen to include the primes of bad reduction (2 and 31)
and the primes dividing n = 2 and infinity. Define (K1*/K1*?)s to be the subgroup of Ki*/K;*?
consisting of classes which are unramified outside of S; that is, for every class [8] € (K1*/K1*?)s,
the field extension Ki(v/B3)/K; is unramified outside of primes of K; lying over primes of S.
Note that there are only finitely many quadratic extensions of K; with the given ramification
restriction, so (K1*/K;*?)g is finite. Similarly, we define (Ky*/K5*?)s to be the subgroup of
Ko*/Ky*? consisting of classes which are unramified outside of S and we let (L*/L*?)g be the
subgroup of L*/L*? = Kl*/Kl*2 X KQ*/K2*2 corresponding to (Kl*/Kl*Q)S X (KQ*/KQ*Q)S. The
groups (Ko*/Ko*?)g and (L*/L*?)g are also finite. Finally, note that the norm maps from K; and
K> to Q induce a norm map from (L*/L*?)s to Q*/Q*2.
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PRrROPOSITION 6.1. The image of the injective map
(¢ =T):J(Q)/2J(Q) — L*/L*
is contained in the kernel of the norm from (L*/L*?)g to Q*/Q*2.
ProOOF. This follows from theorems 1.1 and 1.2 in [17]. O

Let H be the kernel of the norm from (L*/L*?)g to Q*/Q*? and let v be a valuation of Q.
Consider the diagram

0— J@/20Q I Hc(rr/r)g

| |2

00— J(Qy)/2J(Qy) (CU_T)U Lv*/Lv*Q
In this diagram £3, is the restriction to H of the natural map from L*/L*? to L,*/L,** and (z—T),
is the (x — T') map over Q,.
Let Im(z — T'),, denote the image of the (z —T"), map. It is clear that J(Q)/2J(Q) is contained

in B;1(Im(z — T),) for each v. In order to show that a given set of divisor classes generates
J(Q)/2J(Q), it will suffice to show that this same set generates the intersection

M5 (Im(e — T),)

where v ranges over the set of all valuations of Q. Since H is a finite group, the intersection is
stable after a finite number of steps. In our case 85 ' (Im(x — T)2) N B! (Im(z — T)31) will suffice.

Computing the group H and the maps (3, are both relatively straightforward. On the other
hand, one generally has to search for generators of J(Q,)/2J(Q,). The following proposition lets
us know when the search is complete.

PROPOSITION 6.2. Let K be a finite extension of Q, and let A be an abelian variety of dimension
g defined over K.
() I p# 2, then #A(K)/2A(K) = #A(K)[2).
(ii) If p = 2, then #A(K)/2A(K) = 29K®] . 2 A(K)[2].
(iii) #A(R)/2A(R) =279 - #AR)[2].

PrOOF. This is a special case of propositions 2.4 and 2.5 in [18]. O

REMARK 6.3. The intersection (] 3, *(Im(z—T),) can be related to the 2-Selmer group S?(J, K).
The process described above is a truncated version of the algorithm given in [17] for computing
the 2-Selmer group on Jacobians of hyperelliptic curves with a rational Weierstrass point. For a
description of a general approach to computing Selmer groups of Jacobians, see [18].

6.1. Computing modulo squares. Before we get into the actual rank calculations it would
be appropriate to say a few words about computing in K*/K*? for some of the fields K we are
working with. We will not add anything new to the topic, but hopefully it will be a useful discussion
for the reader who is interested in performing actual computations.

Note that the groups K*/K*? and J(K)/2J(K) have natural Fo-vector space structures; this
is the context in which we will discuss dimensions, generators, a basis, etc. We will also frequently
use the notation (by,...,b,) to denote the subspace generated by the elements by, ... ,by,.

Finite Fields. Clearly the easiest case is when K is a finite field with ¢ elements. If ¢ is
even then every element is a square. If ¢ is odd then there is one non-trivial class modulo squares;

a € K* is a square if and only if a(4=1/2 = 1.
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Extensions of Q,, p odd. The case where K is a finite extension of Q,, p odd, is also
straightforward. Fix a uniformizing element 7 € K. Then K*/K*? = (7, u), where u is any non-
square unit in K. Since all non-square units in K are equivalent class modulo squares, this basis is
well-defined. On the other hand, each choice of uniformizing element modulo 72 yields a different
basis.

We can express an element a € K* on the basis {m,u} in the following way: let n be the
valuation of a, so that a = 7" - @/ for some unit a/. The class of 7™ modulo squares is clearly
determined by n (mod 2), while the class of @’ is determined by the image of @’ in the residue field.

Extensions of Q;. When K is a finite extension of Qs we must work a bit harder. Let k£ be
the residue field of K and let (e,f) be the ramification index and residue field degree of K over Q.
Thus, [K : Q2] = ef and [k : Fo] = f. Fix a uniformizing element 7 € K* and let b1,... ,bf be a
set of elements in K whose residues form a basis for k as a vector space over Fo. We leave it as an
exercise to the reader to show that K*/K*? has dimension ef + 2 and that the ef + 1 elements

w, l1+bim,..., 14 bym, 1—|—b17r3,...,1+bf7r3, R 1—|—b17r2e_1,...,1—|—bf7726_1

are independent modulo squares. We complete this basis with a non-square element y in 1+ (7)%¢ =
14 (4). Note that if p and u' are two non-squares which are 1 mod 4 then p and ' are equivalent
mod squares. In practice it is not necessary to choose a specific value for u.

Let a € K*, and let v(a) be the valuation of a. Let ¢ = 2 be the size of the residue field. If
v(a —1) =m > 0, define w(a) = (a — 1)/7™. The following algorithm can be used to recursively
express any element a € K* on the above basis. At each step we simplify a (generally by increasing
the valuation of a — 1) and record the basis elements involved in the transformation, if any.

condition action result
via)=n#0 Divide a by 7™ and record change. v(a) =0

v(a) =0=wv(a—1) Divide a by a?. (No change modulo squares.) via—1)>0
0<wv(a—1) <2, Divide a by (1+w(a)?x™/?)2, via—1) >m
m =v(a—1) even (No change modulo squares.)

0<wv(a—1)<2e Find a; € {0,1} such that via—1)>m
m=v(a—1)odd w(a)=> a;b; (mod ).

Divide a by [[(1 + b;7"™)* and record change.

via—1) = 2e Let b= (a—1)/4. Done.
If Zifz_ll b* =0 (mod 7) then a is a square,
else divide a by p and record change.
In either case, a is now a square.

v(a —1) > 2e, Note that @ is a square. Done.

We make two notes about the above algorithm. First, the condition “If sz:_f b* =0 (mod 7)

7

in the second-to-last case uses the fact that b = (a — 1) /4; attempting to use the more general
expression b = (a — 1)/m%¢ would require a much more complex conditional.

Second, all of the computations except for the initial division by a power of m can be done
modulo 47 (or modulo 8 if that is more convenient). In particular, we only need to specify = and
bi,...,by to this accuracy.
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Number Fields. Finally, we consider the case where K is a number field. If K has class
number 1 and if we know a basis of the fundamental units and roots of unity, then it is fairly
straightforward to determine the class of an element a € K*: First factor the fractional ideal (a)
as a product of (principal) prime ideals. Divide a by the corresponding product of prime elements
to get a unit a’. Next, express a’ as a product of powers of the fundamental units modulo roots of
unity; this can be done using the logarithms of embeddings of K in C. Finally, divide a’ by this
product of fundamental units and determine whether the resulting root of unity is a square.

For our present purposes it will suffice to assume that the class number is 1, and we will not
discuss the alternative in detail. The calculation of fundamental units and roots of unity can be
performed by PARI/GP for number fields of modest size, so this requirement will not introduce
significant difficulty.

6.2. Rank verification for F;. We would like to verify that J;(Q)/2J1(Q) is generated by
Ty and U;. Recall the definitions.

filz) = (z* =222 -8z + 1)(z3 + 2+ 1).

F = Nonsingular curve over Q birational to y? = fi(z).
J1 = Jacobian of F} over Q.

T =[{a® + 2+ 1y} - 300] € J1(Q).

Uy = [(0, 1) - OO] S Jl(Q)

K1  =Q[T)/(T*—2T? - 8T +1)

Ky =Q[T)/(T*+T+1)

L :Q[T]/fl(T)gKl XKQ

Ly = @[T/ /(T)
We start by recording various pieces of information about the number fields K7 and K5. The
majority of this information comes from PARI/GP.

field Kl K2
discriminant —1984 —31
Minkowski bound ~ 5.2 ~ 1.6
class number 1 1

(7“1, 1"2) (27 1) (17 1)
rank of unit group 2 1
torsion in unit group (—1) (—1)

(e, f) for primes over 2 (4,1) (1,3)
(e, f) for primes over 31 (2,1),(1,2) (2,1),(1,1)

The fact that both K and Ky have trivial class group simplifies the computation of (K" /K 1*2)5
and (K2*/K5*?)g. In fact, we see that these groups are generated by —1, the fundamental units,
and by generators for the primes over 2 and 31. Specifically, a basis for K;*/K;*? is given by

name element norm description
-1 -1 1 root of unity
Uy T 1 fundamental unit
U (T3 —T?-T —3)/4 —1  fundamental unit
P2 (T3 +T%*-T-9)/4 -2 (e, f)=(4,1)
P31 (-T3+T+2)/2 =31 (e, f)=(2,1)

Py ~T?4+3T+3 312 (e, f) =(1,2)
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P31 P§1 q31 Q§1
number field K1 K1 KQ K2
completion Q31(V/31) Q31(7) Q31(v—31) Qa1
image of T' 14+ (p31) 17+T7i+ (phy) 14+ (g31) 3+ (g5)
basis mod squares —1,p31 4+, phy —1,q31 —1,q%

TABLE 1. Description of L3;

P31 Pél q31 Q§1
T -1 1 1 1
U, -1 1 -1 1
[(1,\/—24) —oo] 1 449 1 —1

TABLE 2. Image of (z —T)3; for J;

and a basis for Ky*/Ky*? is given by

name element norm description
-1 -1 -1 root of unity
U1 T -1 fundamental unit
2 2 8 (e.f)=(1,3)
31 T? - 3T +1 31 (e, f)=(2,1)
Qél -3 —31 (eaf) = (171)

From the above bases for K1*/K1** and K»*/K>*? we easily obtain a basis for L*/L*?. Exam-
ining the norm, we see that its kernel, H, has dimension 8 generated by the elements

h1:—1><1, hgz—ulx—vl, h3:u1><1, h4=—U2'p2X2,
hs = ugxvi, he=1x—q31-¢q3, hr=0psx1, hs=p31xgs.

The h; have been chosen to make the linear algebra which follows as transparent as possible. In
particular, Ay and hy are the images of 77 and U; under the (z — 7T") map.

Calculations at 31. From the prime decomposition of 31 in K; and K3 we see that Lj3; is
isomorphic to the product of four local fields, two of which are localizations of K and two of K.
These local fields are described in table 1. We use the chosen generator of each prime ideal lying
over 31 as the uniformizing element in the corresponding local field. In each case, a basis for the
multiplicative group modulo squares is given by a non-square unit and the uniformizing element.
In order to aid any reader interested in following along with the computations, table 1 also specifies
the value of T' modulo the maximal ideal in each local field.

In order to calculate 35,'(Im(x — T)31) we will want to know the image of (z — T)3; and of
(31. From the prime decomposition of 31 we see that fi(z) has 4 factors over Q3;. Since the
dimension of J;(Qs1)/2J1(Q31) equals the dimension of J;(Q31)[2] (Proposition 6.2), we see that to
specify Im(x —T)3; we will need 4-1=3 independent divisor classes. We find that 7} and U; remain
independent over QQ31, and a small amount of searching uncovers [(1,v/—24) — oc]. The image of
these elements in L3;*/L3;*? is described in table 2.

Note that table 3 describes the image of 331. One easily checks that the subspace (hy, ha, hs, hq, hs)
maps onto the image of (x —T)3; and that the kernel of 33; in H has dimension 2. Counting dimen-
sions we find that the subspace generated by h; through hs is the full inverse image of Im(z — T)3;
in H. From now on we will limit our attention to this subspace.
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P31 p§1 q31 qél
hi = —-1x1 -1 1 1 1
hQ = —U1 X—01 —1 1 -1 1
hs = uy x1 1 1 1 1
h4 = —Uu2 'p2><2 1 1 1 1
hs = ug Xv1 1 441 1 -1
he = 1x—q31 - g3 1 1 g31 —qc
h7 = phyx1 1 Dhy 1 1
hs = p31Xq5 P31 1 —1 a5
TABLE 3. Image of (331
p2 2
number field Ky K5
completion Qa(p2) @(0),(" =1
image of T 1+ p3+p5+ 5+ pl+p§ + (p2)° 2+ 5¢+(2)3
bi,...,bf 1 1,¢,¢2
basis mod squares D2,M1,M3, M5, N7, D 2,3,14+2¢,14+2¢%5
TABLE 4. Description of Lo
D2 2
T1 5777 1
Uy 5n31517 (1+2¢)
[{2? + 22 + 57, %} — 200] n7 1
[{z® +a® + 2 + 3, %} — 300 5 5(1+20)(1 +2¢%)

TABLE 5. Image of (z — T for J;

Calculations at 2. From the prime decomposition of 2 in K; and Ko we see that Lo is
isomorphic to the product of two local fields; these local fields are described in table 4. We use the
chosen generator of each prime ideal lying over 2 as the uniformizing element in the corresponding
local field. In addition, we define n; = 1 + p} € K; and let ¢ be a primitive 7 root of unity in
K. Since the ramification indices of K7 and K5 are 4 and 1, the class of units modulo squares is
determined modulo (4ps) = (p2)? and (4-2) = (2)3, respectively. Table 4 specifies the image of T to
this accuracy in both local fields. The residue field degrees of K7 and K5 are 1 and 3, respectively,
and the reductions of the sets {1} and {1,¢,¢?} form a basis for the corresponding residue field
over Fo. We use the basis modulo squares discussed in the section on computation modulo squares.

From the prime decomposition of 2 we see that fi(x) has 2 factors over Q2 and that the
dimension of J1(Q2)[2] is 1. From proposition 6.2 the dimension of J;(Q2)/2J1(Q2) is g + 1 = 4.
The divisor classes of T1 and U; remain independent over Q2, so we need two more independent
divisor classes. A computer-assisted search discovered independent Qo-rational divisors of the form
[{z? + 22 + 57, %} — 200] and [{2® + 22 + 2 + 3, %} — 300]. The “¥” in each of these divisors means
a polynomial over Q2 of the form y — k(x) which we choose not to specify since it is complicated
and not relevant to the calculation. The image of (x — T)g in Ly*/Lo*? is described in table 5.

From Table 6 we see that the map (o restricted to (h1, ho, hs, hy, hs) is injective. With a small
amount of work one can verify that the intersection of the image of B2 with the image of (x — T')2
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D2 2
h1 =—1x1 5777 1
hy = —u1x—v; 53507 (1+2¢?)
hg = u1x1 375 1
hy = —ug - pax2 dMNTP2 2
hs = ug X1 1 3-5(1+2C2>

TABLE 6. Image of (9

is generated by the images of hy = (x — T)(T1) and he = (z — T)(Uy). Since (hq, ha, h3, hg, hs)
is the inverse image of Im(z — T')3; restricted to H, and since (hi, hs) is the inverse image of
Im(x — T')9 restricted to (hy, ha, hs, hy, hs), we see that the intersection in H of 63_11 (Im(x — T)31)
with By '(Im(x — T)g) is (hi,he) = (x — T)((T1,U;)). But this is exactly what we wanted to
demonstrate, so we are finished.

Unwinding all of the arguments which went into getting here, we see that we have now shown
that J1(Q)/2J1(Q) is generated by 77 and Uy, that J; has rank 1, and that J,(Q) ~ Z x Z/2Z.

6.3. Rank verification for F». We would like to verify that J2(Q)/2J2(Q) is generated by
T5. Recall the definitions.
folz) = (2* =8z —4)(2® + 2% +1).

Fy = Nonsingular curve over Q birational to y? = fa(x).

Jo = Jacobian of F, over Q.

T = {3 + 22 +1,y} — 3c0] € Jo(Q).

K1  =Q[T)/(T*-2T? -8T +1) =2 Q[R]/(R* — 8R — 4) where R = 372 — 1
Ky =Q[T)/(T3+T+1)2Q[R]/(R*+ R>+1) where R = —T? — 1
L = Q[R]/f2(R) = K1 x K>

Ly = Qp[R]/ f2(R) = (K1 x K2) ® Qp

As noted in the examples, the rings K7, Ko, and L for Jo are isomorphic to the corresponding
rings for Ji. This means that we can use the same bases for L*/L*Z, L31*/L31*2, and Lg*/L2*2; in

particular we can use the same basis h1,... , hg for the kernel of the norm from L*/L*? to Q*/Q*2.
We also see that the maps (31 and (3o are identical.

Calculations at 31. We recall that Lg; is isomorphic to the product of four local fields, two
of which are localizations of K7 and two of Ko. We retain the choice of basis for L3;*/ Ls1*? from
the discussion of Jj.

From the prime decomposition of 31 we see that fa(z) has 4 factors over Q3. Since the
dimension of J2(Qs1)/2J2(Q31) equals the dimension of J2(Q31)[2] (Proposition 6.2), we see that
to specify Im(z — T')31 we will need 4-1=3 independent divisor classes. We find that 75 maps non-
trivially, so we will need 2 more independent divisor classes. A small amount of searching uncovers
[(3,v/1961) — oo] and [(2,/—52) — oc]. The image of (x — T)3; is described in table 7.

Comparing the images of the (x — T")3; maps for J; and Jy (tables 2 and 7), we immediately
see that they span the same subspace of Lz;*/L3;*?. We conclude that (hy, ha, hs, ha, hs) is the full
inverse image of Im(x — T")3; in H. From now on we will limit our attention to this subspace.

Calculations at 2. We recall that Lo is isomorphic to the product of two local fields, the first
extending K; and the second extending K,. We retain the choice of basis for Lo*/Lo*? from the
discussion of Jj.
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P31 p§1 q31 qél
T5 —1 1 1 1
[(3,v/1961) — 0] 1 4+ 1 —1
[(2, —52)—00] -1 449 —1 —1

TABLE 7. Image of (x — T)3; for Jo

D2 2
TQ 57]7 1
[(3, V1961) — o0} n317 5
{22+ 20 + 10,%) — 200) m (1+20)(1 +2¢%)
{22 + 3z + 1, %} — 200] 73 5

TABLE 8. Image of (z — T')9 for Jy

From the prime decomposition of 2 we see that fo(x) has 2 factors over Q9 and that the dimen-
sion of J2(Q2)[2] is 1. From proposition 6.2 the dimension of J3(Q2)/2J2(Q2) is g + 1 = 4. The
divisor class of T5 maps non-trivially, so we need three more independent divisor classes. A small
amount of searching uncovers [(3, v/1961)—oc] and more extensive searching finds [{z? + 2z + 10, %} —
200] and [{z? + 3z + 1, %} —200]. Once again, “*” means a polynomial over Q of the form y — k()
which we choose not to specify. The image of (x — T')2 is described in table 8.

We again note that the map (s restricted to (hy, ha, hs, hy, hs) is injective. Comparing tables 6
and 8, one can verify that the intersection of the image of 35 with the image of (z —T)2 is generated
by the image of hy = (x — T)(T2). Since (h1,ho, hs, hy, hs) is the inverse image of Im(z — T)s3;
restricted to H, and since (hy) is the inverse image of Im(xz — T')9 restricted to (hq, ha, hs3, ha, hs),
we see that the intersection in H of B5,' (Im(x —T)31) with 85 ' (Im(z —T)2) is (h1) = (z—T)({T)).
This shows that Jo(Q)/2J2(Q) is generated by Tb, that J; has rank 0, and that Jo(Q) ~ Z/2Z.
This completes the proof of lemma 4.2.
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