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Preface

This thesis deals with properties of Jacobians of genus two curves that cover
elliptic curves, over number fields.

If C'is a genus two curve and C' — FE is an optimal covering of degree n, i.e.
a covering that does not factor through a non-trivial isogeny, then, possibly
after extending the base field, there exist an elliptic curve FE and an optimal
covering C — E of degree n, such that both curves can be embedded into
the Jacobian Jac(C') of C so that they have precisely their n-torsion points in
common. Moreover, the abelian surface Jac(C') is isogenous to E X E via an
isogeny whose kernel is precisely the image of E[n| under the embedding into
the Jacobian. The curves E and F are said to be glued along their n-torsion,
while Jac(C) is said to be (n,n)-split.

The thesis is organized into two chapters, each of which contains an intro-
duction into the topics discussed, making the chapters relatively self-contained.

Chapter 1 contains a detailed exposition of different approaches to con-
structing (n,n)-split Jacobians. A geometric description of the case n = 2 is
a classical result, attributed to Jacobi. A modern approach to the topic can
be found in [Kuhn], where a parametrization of the curves is given for n = 3.
This description omits exactly one isomorphism class, which we find. The
case n = 4 is treated in [Br-Do]. We build upon these ideas and give a
general description of the procedure that yields the modular invariants of the
two elliptic curves, at least in principle. We also revisit the cases n = 2
and n = 3 from a different perspective, starting with two elliptic curves Ey
and Fs, and an isomorphism «: Ej[n]| — E3[n] whose graph we denote by T',.
The divisor © := F; x {0g,} + {0z, } X E3 induces a principal polarization
of F1 x E5. For some isomorphisms «, this polarization will descend to a



principal polarization on the quotient J := (E; x E3)/I'y. We ask when the
surface J is defined over K and when it is a Jacobian of a genus two curve,
as above. For n = 2, we obtain several simple results (Propositions 1.4 — 1.8).
Our analysis of the case n = 3 is focused on the Hesse pencil and yields a cri-
terion that, for odd n, distinguishes between the cases where J is a Jacobian
and the cases where it is a product of two elliptic curves (Proposition 1.9).
This criterion is practical if one can explicitly find the divisor D on F; X F»
that is linearly equivalent to n® and whose image in J defines the principal
polarization. We find this divisor in all cases when n = 3. The Appendix
contains details concerning the computations involved.

Chapter 2 deals with canonical heights on abelian varieties. Historically,
height functions have played a very important role in the study of rational
points on abelian varieties, most notably in the proof of the famed Mordell-
Weil theorem that establishes that the group of rational points of an abelian
variety defined over a number field is finitely generated. A major inspiration
for the thesis is a paper by Frey and Kani [Fr-Ka], where several conjec-
tures concerning heights are compared for Jac(C') and E x F in the scenario
described in Chapter 1, one notable exception being the Lang-Silverman con-
jecture. This conjecture estimates the height of a non-torsion point on an
abelian variety in terms of an invariant of the variety, namely its Faltings
height. Some recent results by Pazuki towards the Lang-Silverman conjecture
in the case of abelian surfaces can be found in [Paz2]. We overview the theory
of heights in the modern setting in great detail and the chapter concludes with
a result that compares this conjecture for Jac(C) and E X E, adding it to the
list found in [Fr-Ka] (Theorems 2.38 and 2.39).
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Partial list of notations

the integers

the rationals

the reals

the complex numbers

the upper half-plane {z + iy | z,y € R and y > 0}

the Siegel upper half-space of g x g symmetric complex
matrices with positive definite imaginary part

the cardinality of a set §

the characteristic of a field K

the identity map or the identity element
the tensor product

the semidirect product

the n-dimensional affine space

the n-dimensional projective space

the structure sheaf of X
(with X often omitted)

the twisting sheaves of Serre

the sheaf of differential forms of order r on X
the dualizing (or canonical) sheaf

F @ O(n)

the ramification divisor of a morphism f

the function field of X

the K-rational points of a variety X



Div(X) the group of Weil divisors of X

Div?(X) the subgroup of Weil divisors of degree 0

Ca(X) the group of Cartier divisors of X

Pic(X) the Picard group of X i.e. the group of
isomorphism classes of invertible sheaves on X

D>0 divisor D is effective

D1 ~ Doy two linearly equivalent divisors

[D] the (linear) equivalence class of a divisor

Dy - Dy the intersection of two divisors

Z(D) the invertible sheaf associated to a Cartier divisor D

L(D) the K-vector space of global sections of .Z (D),
given as {0} U{f e K(X)* | (f)+ D >0}

Pa(X) the arithmetic genus of X

pg(X) the geometric genus X

(D) the dimension of L(D)

A/K an abelian variety A defined over a field K

04 the identity element of the group structure of

an abelian variety A (with A sometimes omitted)
J(E) the modular invariant j of an elliptic curve
[n]: A— A multiplication by n € Z on an abelian variety A

Aln| the kernel of [n] (usually with the base extended
to an algebraic closure)

en the Weil pairing on A[n]
¢': BY — AV the isogeny dual to ¢: A — B
Lhn the group scheme of n-th roots of unity

G, the multiplicative group scheme
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tp: A — A translation by P on an abelian variety A
Iy the graph of a morphism f: X — Y
HY(X,F) the i-th sheaf cohomology group of F

hi(X) the dimension of H*(X,Oy)

Sn the group of permutations of n elements

[L: K] the degree of a field extension L/K

Frac(R) the field of fractions of an integral domain R
Ni/k the ideal norm in a field extension L/K

Ok the ring of integers of a number field K

Ag the minimal discriminant of an elliptic curve FE
SE the conductor of an elliptic curve E

>y T > c1y + co for some c1,co € Ry
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Chapter 1

Genus two curves with split
Jacobians

Throughout the thesis, by a variety over a field K we mean a K-scheme of finite
type, separated, and geometrically integral. By a curve we mean a variety of
dimension one and by a surface we mean a variety of dimension two. By an
abelian variety, we mean a complete group variety. In this chapter, unless
stated otherwise, by K we mean a field of char(K) # 2, by K we mean an
algebraic closure of K, and we assume that all varieties and morphisms are
defined over K. By a model of a curve, we mean a birational plane model.
This is in contrast with the second chapter, where a model of a curve is a type
of a fibred surface whose generic fibre is isomorphic to the curve.

1.1 Hyperelliptic curves

We recall some definitions and facts, referring to Chapter IV of [HAG] and
Chapter 7 of [Liu].

A hyperelliptic curve C is a smooth projective curve of genus g > 2 that
is equipped with a finite separable morphism 7: C' — P! of degree 2. In other
words, the curve C is a double cover of P! and 7 is a 2-to-1 covering map; this
means that the corresponding function fields satisfy

[K(C): m*K(PY)] = 2.

1



Chapter 1. Genus two curves with split Jacobians

Hence K (O) is of the form K(z,y), where y? = h(z)y + f(x) and f,h € K|[z].
Since char(K') # 2, we can complete the square and therefore assume, without
loss of generality, that 42> = f(z). Hence C admits an affine planar model given
by y? = f(z). We can and do assume that this model is regular, i.e. that f
has distinct roots, because if y?> = g(x)2f(x), we can change the variables by
putting y = g(x)y’. In the affine model, the map 7 corresponds to (z,y) — z
and induces an involution ¢ on C, which is given by ¢: (z,y) — (z,—y) and
is called the hyperelliptic involution. It is the unique involution, up to auto-

morphisms, with a quotient of genus zero and it corresponds to the generator
of Gal(K(C)/K(x)) = Z/2Z.

The fixed (geometric) points of ¢ are the ramification points of 7 and are
called the Weierstraf$ points' of C. They lie above the roots of f and possibly
also above co. Under our assumptions, the Hurwitz formula holds, i.e. the
canonical divisors K¢ and Kp1 of C' and P!, respectively, are related by the
linear equivalence

KC ~ F*(Kpl) +R

where R is the ramification divisor of m. Note that every ramification index ep
such that ep > 1 necessarily equals 2 and, since char(K) # 2, all ramification
is tame. Therefore R = " pc (ep — 1)P is the sum of the Weierstraf points.
Recall that Kp1i ~ —200 so that Ko ~ —27%(c0) + R. In case m does not
ramify above oo, applying Riemann-Roch yields

deg Ko =29 —2=—-4+degR= —4+deg f

which means deg f = 2g + 2. If, on the other hand, 7 ramifies above oo, then
Riemann-Roch yields

deg Kc =29 —2=—-4+degR=—-4+degf+1

which means deg f = 2¢g + 1. To simplify, we introduce d = deg f if deg f is
even and d = deg f+1 if deg f is odd so that Riemann-Roch yields d = 2g+2.
In either case, the ramification divisor R consists of 2¢g + 2 distinct geometric
points. We will always assume that the degree of f is even so that oo is not a
branch point of 7. If co is a branch point, it is K-rational and we can apply
an automorphism of P! to make sure that it is not a branch point in the new
coordinates.

! More generally, a Weierstra8 point of a smooth projective curve X of genus g (over an
algebraically closed field) is defined to be a point P € X s.t. £(gP) > 2.



1.1. Hyperelliptic curves

So far, we have only mentioned an affine model of a hyperelliptic curve C.
To build the actual curve C, it will not suffice to take the projective closure
of the affine model y? = f(x) because it is not smooth at infinity. Instead, we
first observe that v? = u?f(u™!) is also a smooth affine model of C' and we
glue the two affine models via (z,y) = (uv=!,u~%?v). Another way is to use
the functions z,y € K(C) and embed C into P9*! via

P [1: z(P): 2*(P): ---: 29(P): y(P)].

Every smooth projective curve of genus two is hyperelliptic. This follows
from Riemann-Roch because deg K¢ = 2 = ((K) implies that the canonical
map, defined by the linear system |K¢/|, is a 2-to-1 map from C to P! (given
by P +— [1 : z(P)] for a non-constant x € L(K¢)). Curves of higher genera
are “generically” not hyperelliptic. One can see this by an argument based on
dimensions of moduli spaces. See also the remark below.

Remark 1.1 Most of the notions mentioned above are just as valid for curves
of genus 0 or 1 and some authors include them in the definition of hyperelliptic
curves. For a curve of genus 0 (resp. 1) in this context, we usually also assume
that it has at least one K-rational point so that it is isomorphic to P! (resp. an
elliptic curve), whereas for curves of higher genera we make no such assump-
tion. Some authors define a hyperelliptic curve to be a smooth projective curve
that is a double cover of a smooth conic. Over an algebraically closed field,
this coincides with our definition for g > 2. Under this definition, a smooth
projective curve C' of genus g > 2 is hyperelliptic if and only if the canonical
map to P91 is not an embedding, in which case its image is a rational normal
curve. In other words, among smooth projective curves, hyperelliptic curves
of genus g > 2 are characterized by the fact that their canonical divisor K¢
is ample, but not very ample. Its ampleness is a consequence of Riemann-
Roch, since deg Ko = 2g — 2 > 0 under our assumptions. To see that it is
not very ample, we first note that, by Riemann-Roch and Proposition IV.3.1
of [HAG], the divisor K¢ is very ample if and only if /(P + Q) = 1 for any
two points P and Q. However, on hyperelliptic curves we have {(P + Q) = 2
for any two points P and @ in the same fibre of the 2-to-1 covering map. If
the canonical map sends two different points P and @ to the same image, then
by Riemann-Roch

UP+Q)=UKc—P—Q)—g+3=0Kc—P)—g+3=2

and |P + Q| defines the 2-to-1 map. This map is unique up to actions of
automorphisms of P! and C. When the canonical map is injective, it is also

3



Chapter 1. Genus two curves with split Jacobians

X X XX

TE

]1)1

Figure 1.1: A genus one curve as a double cover of the projective line with the
ramification points marked.

an embedding because we can take P = (Q just as well. Moreover, 2K ¢ is very
ample if and only if ¢ > 3 and 3K is very ample if and only if g > 2. See IV.3
and IV.5 in [HAG] and 7.4 in [Liu].

We depict finite separable coverings between curves with a diagram of the
kind that is shown in Fig. 1.1 above. In case the degree of the covering is
greater than 2, we depict only the fibres containing the ramification points,
denoting unramified points by —, doubly ramified points by X, triply ramified
points by > etc.

Remark 1.2 The case of char(K) = 2 is excluded from the very beginning
because it allows for wild ramification of the covering map. That is to say
that char(K) divides the ramification indices of the Weierstral points and
the multiplicity of each ramification point in the ramification divisor is > ep.
In this setting, hyperelliptic curves are a special case of the so-called Artin-
Schreier curves, which are curves in characteristic p that are covers of P! of
degree p. Such a curve C' admits an affine model of the form y? —y = f(z)
where f € K(z) is not of the form g(x)P — g(x) for any g € K(z) and deg f is
coprime to p. Here deg f = deg f1 — deg f2 if f = f1/f2, with fi, fo € K][x],
in lowest terms. If (z,y) € A? satisfies y» — y = f(x), then so does (z,y + 1)
because (y+1)P —y—1 = y?—y = f(z). We therefore have an automorphism o
of the curve, defined by o(y) = y + 1, which is of order p. This implies
that Gal(K(C)/K(x)) is cyclic of order p. It also implies that the ramification
points can only occur above oo and the poles of f. The relation between f
and the genus of the curve is more complicated in this case and we omit it
here (see Lemma 2.2.3 in [Farn]).



1.2. Curves of genus two covering curves of genus one

1.2 Curves of genus two covering curves of genus
one

Let C be a curve of genus two that covers a curve E of genus one via ¢: C' — E
of degree n. Let ¢ denote the hyperelliptic involution on C. Recall that we
had assumed that the curves and the maps are defined over a field K of
characteristic char(K) # 2.

Lemma 1.1 The hyperelliptic involution ¢ of C' induces an involution of E,
also denoted by L, such that ¢ commutes with the involutions and such that
the quotient E /L is of genus zero. In particular, the map ¢ sends fired points
on C to fixed points on E (under t).

Proof Naturally, we make an argument over K. Let W € C(K) be a Weier-
stra point. We embed C' into its Jacobian via P — [P — W] and E into
its Jacobian via P +— [P — ¢(W)]. The choice of the embedding guarantees
that ¢ on C' is compatible with —1 € Aut(Jac(C)), i.e. ¢t = —1 when restricted
to the image of C inside its Jacobian. The morphism ¢ induces a morph-
ism ¢, between the Jacobians of the two curves and we have the following
commutative diagram:

C —— Jac(C)

y [ (1.1)

E ——— Jac(FE)

Since —1g o ¢y = ¢y o (—1¢) (¢« is a group morphism) and E = Jac(FE) (geo-
metrically), the involution on C' induces an involution on FE, that we also
denote by ¢. The morphism ¢ clearly respects the involutions, therefore it
sends fixed points to fixed points, under ¢. Furthermore, it induces a morph-
ism Jac(C)/_q — Jac(E)/_q that, when restricted to C, gives a morph-
ism f: C/, — E/,. Since C/, is of genus zero, so is E/,, and from the
construction it follows that f and the involutions are defined over K. O

In view of the lemma, we have the following commutative diagram:

c—5E

yc f‘ (1.2)

c/, L By,



Chapter 1. Genus two curves with split Jacobians

Remark 1.3 By our definition, we have C//;, = P! and since f is K-rational,
we also have E/, = P!. Some authors define a hyperelliptic curve more
generally by requiring only that C'/, is of genus zero.

We now consider, over K, the ramification of each map in diagram (1.2).
Let Wh,...,Ws denote the ramification points of 7¢ and let T7,...,Ty de-
note the ramification points of wg, i.e. the points fixed by ¢. Let wq,...,wg
and t1,...,ts4 denote their respective images under the corresponding projec-
tion maps m¢ and mp. Lemma 1.1 tells us that ¢({W;}) € {Tj}. From the
commutativity of the diagram, we have deg f = deg¢ = n and f({w;}) C {t;}.

Lemma 1.2 ([Kuhn]) With the notations as above, for everyi € {1,2,...,6}
the divisor f*(ij:l tj) contains w; with odd multiplicity and any other points
with even multiplicity.

Proof We assume, without loss of generality, that

K(C) = K(2)[y)/(y* - P(x))

for some P € K|z] of degree 6, which is an extension of degree two of K(z),
the function field of the underlying projective line. Similarly, we assume

K(B) = K(t)[s]/(s* - Q(1))

for some @ € K|t] of degree 4, which is an extension of degree two of K(t),
the function field of the other underlying projective line, where t = f(x). We
may view all these fields as subfields of K(C). That being said, we observe
that the hyperelliptic involution ¢ fixes K(z) and K(t). Furthermore, we
have t(y) = —y and t(s) = —s, whence t(s/y) = s/y. Being fixed by the
involution, s/y must be an element of K(x), say s/y = A(z)/B(z) for some
coprime A, B € K|[z]. This implies

The roots of the right-hand side are exactly the points that lie above the t;,
i.e. they are the roots of Q(t). Since P is square-free with w; as roots, we are
done. O

Applying Riemann-Hurwitz to ¢ yields deg Ry = 2, therefore either ¢
doubly ramifies at two distinct points or it has one triple ramification point.

6



1.2. Curves of genus two covering curves of genus one

We distinguish two cases — either this ramification occurs above some 7} (the
“special” case) or it does not (the “generic” case). As ¢ acts on Ry, if there
are two distinct ramification points, they cannot lie above two distinct 7}.

In the generic case, the map g o ¢ = f o m¢ ramifies at 4n double points
that lie above the T}. Since m¢ ramifies at six double points, we have that f
ramifies at

1
5(4n—6):2n—3

double points above the ¢;, none of which is any of the w;. Applying Riemann-
Hurwitz to f yields deg Ry = 2n—2 which means that there is one more doubly
ramified point that does not lie above the ¢;. In the special case, all of the
ramification lies above the ¢;.

Since f is finite and between smooth varieties, it is flat and every fibre of f
has exactly n = deg f points over K, counting with multiplicities. More pre-
cisely, we have that f.O¢, , s alocally free O, ,-module of rank n. Lemma 1.2
implies that above each ¢; there is an odd number of the w; if n is odd and an
even number of the w; if n is even, thus limiting the ramification of f above
the t; to four cases. This is by virtue of the simple fact that 6 has a unique
decomposition as a sum of four odd non-negative integers and exactly three
decompositions as a sum of four even non-negative integers. The four cases
are depicted in Fig. 1.2, where the unramified points, i.e. the w;, are denoted
by — and doubly ramified points are denoted by >C.

Remark 1.4 From now on, we will assume that the points are indexed as in
Fig. 1.2. In the generic case, we will denote by ty the image under f of the
ramification point that does not lie above {t1, to, t3, %4}, and we will call special
the ramification point above ty (in the generic case) and the ramification point
with ramification index > 3 (in the special case).

Theorem 1.3 ([Kuhn]) Let i and j run through {1,...,6} and {1,...,4},
respectively. If ¢: C — E is unramified above the Tj, then the ramification
of f: C/y — E/, consists of 2n — 3 doubly ramified points above the t; that
are distributed as in Fig. 1.2 and one other doubly ramified point that does not
lie above any of the t;. If ¢ ramifies above the T}, then the entire ramification
of f occurs above the t; and its distribution is the same except that either:

(1) One of the w; has ramification index 3; or

(2) There is a unique point, not one of the w;, with ramification index 4.

7



Chapter 1. Genus two curves with split Jacobians

Corollary 1.4 The point ty is K-rational. Consequently, so is Tj.

Proof We again assume, without loss of generality, that even degree mod-
els are given for both curves. First we observe that the divisors wi + - - - + wg
and t1 + - - - + t4 are K-rational because they correspond to roots of polynomi-
als with K-rational coefficients. That is to say that the absolute Galois action
permutes {wi,...,wg} and it also permutes {t1,t2,t3,t4}. Moreover, the ab-
solute Galois action permutes the fibres of f because this map is K-rational
and therefore commutes with Gal(K/K). In particular, the absolute Galois
group Gal(K/K) permutes the four fibres of f above {ti,ts,t3,t4}.

Suppose n is odd. Let wi,ws,ws be the three points above t4. Since the
fibre f~1(t4) is the only fibre with three of the w;, it must be that the absolute
Galois action permutes {w1,ws, w3}, i.e. wy + wy + ws is K-rational. Hence
its image under f, namely t4, is K-rational.

Suppose n is even. We consider each case separately. In case (1), we have
that t1+t9+t3 is the image of w;+- - -+wg under f and is therefore K-rational,
which implies that t4 is K-rational. In case (2), the argument is analogous
to the one above, for odd n, and shows that t4 and t3 are K-rational. In
case (3), the K-rationality of ¢4 is immediate as t4 is the image of wy +- - - +ws
under f. O

Corollary 1.5 The special ramification point of the map f is K-rational.
Consequently, so is its image under f.

Proof In the generic case, the fibre f~1(¢y) is the unique one containing a
single ramification point and none of the w;. In the special case, the special
point is the unique point with ramification index > 3. Thus the absolute
Galois action fixes the special point in both cases. ]

Remark 1.5 Given that the highest possible ramification index is 4, wild
ramification of f can only occur if char(K) € {2,3}. We always assume that
this is not the case so that the ramification is tame.

Remark 1.6 Corollary 1.4 shows that the covering ¢: C — E induces a
structure of an elliptic curve on E where T is the identity element of the
group structure.



1.2. Curves of genus two covering curves of genus one

X X X X X X X X

! |

t1 ts t3 ta t1 to t3 tq

odd degree even degree, case (1)

X X X X X X X X

o
o
o
||
R XXX
XXX X

KKK X

! |

i to t3 t4 t to t3 tyq

even degree, case (2) even degree, case (3)

Figure 1.2: Generic picture of the possible ramification of f above the ¢;.
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Chapter 1. Genus two curves with split Jacobians

Example 1.1 If deg f = 2, only case (1) can occur (Fig. 1.3).

w; w3 Ws

e X

lf

to t1 to t3 t4

Figure 1.3: Ramification of f when deg f = 2.

Example 1.2 If deg f = 3, there are two possible cases (Fig. 1.4).

to ty to t3 t4 3] to t3 2

generic case special case

Figure 1.4: Ramification of f when deg f = 3.

Proposition 1.1 A given finite separable map f: P' — P! with ramification
as described in Theorem 1.3 lifts to a finite separable map ¢: C — E that
makes the diagram (1.2) commute. Moreover, the curves C and E are unique
up to isomorphisms and the map ¢ is unique up to compositions with auto-
morphisms.

10



1.3. Optimal coverings

Proof Let wy,...,wg and tq,...,ts be the geometric points defined by rami-
fication of f as in Fig. 1.2 (with the analogous definition for the special case).
Let By = w1+ -+ wg and let By =t +---+t4. By the above argument, the
ramification behaviour of f implies K-rationality of B; and By. Therefore By
corresponds to O(6) € Pic(P') = Z and By corresponds to O(4) € Pic(P!).
Both are uniquely divisible by two and are therefore respectively branch di-
visors of 2-to-1 separable coverings 7¢: C — P! and 7p: E — P! (see §1.17
in [B-H-P-V], for example), where C'is a curve of genus two and E is a curve
of genus one, by Riemann-Hurwitz. Since Bj is contained in f* By, we have
an injection O(B;1) — O(f*Bs) and, by the functoriality of the constructions,
this gives the desired covering ¢: C — FE. O

Remark 1.7 Note that, in the previous proposition, if deg f ¢ {2,5}, then
the ramification of f implies that ¢4 is K-rational and therefore F is elliptic
with T, as the identity, where T, is the point whose image is t4 under 7g.
If deg f € {2,5}, then f*(t4) and f*(t9) have the same ramification indices for
their points.

1.3 Optimal coverings

Definition 1.1 Let C be a curve of genus two and let FE be an elliptic curve.
We say that a covering map ¢: C — E is optimal? if whenever there exists
another elliptic curve E’ such that ¢ decomposes (over K) as

then n: £/ — E is an isomorphism. In other words, if ¢ factors through an
isogeny, then the isogeny is trivial.

Definition 1.2 Let A4: A — AY and Ag: B — B" be polarizations of abelian
varieties. Let ¢: A — B be an isogeny and let ¢’ denote the dual isogeny.

2 Some authors use the term mazimal or minimal.

11



Chapter 1. Genus two curves with split Jacobians

We say that the isogeny ¢ is polarized with respect to Ay and Ap if the
following diagram commutes:

A
A 24, AV
% ¢’
AB

The central claim of the following lemma is well known, but here we give
a complete formal proof.

Lemma 1.6 Let C be a curve of genus two and let ¢: C — E be an optimal
covering of an elliptic curve E with deg ¢ = n. Then there exists an elliptic
curve E an optimal covering ¢ C— E and an isogeny @: E X E — Jac(C),
possibly after extending the base field, such that:

(1) deg = n;
(2) ¢ = ¢* + &%
(3) degp = n?;

(4) Ker(p) = Eln] = E[n];

(5) ¢ is polarized with respect to the polarizations [n]oXe of E x E and ¢
of Jac(C), where Ao and Ac denote the usual principal polarizations,

respectively induced by £ (0) and £(C), and © := {0p} x E+E x {05}

Proof Let D be a geometric divisor of degree 1 on C' that is invariant under
the hyperelliptic involution. We embed C' into Jac(C') via e: P — [P — D].
We consider all schemes over the extended base K. Recalling that E = Jac(FE)
and denoting K := Ker(¢,), we consider the following exact sequence of com-
mutative group schemes:

0 —— K —— Jac(C) —+ E — 0. (1.3)

Note that dim K = 1 because ¢, is surjective, but not an isogeny. Let Ky
denote the connected component of the identity of X. We claim that I = K,
i.e. K is connected.

12



1.3. Optimal coverings

To see this, consider the following commutative exact diagram in the cat-
egory of commutative finite type group schemes over K:

0
0 0 Ker(y)
0 Ko Jac(C) F 0
| D (L40)
0 K Jac(C) ~—— FE 0
G 0 0
0

where F' := Jac(C)/Ky and G := K/Ky. The map v: FF — E is the in-
duced map and the unlabeled arrows denote the canonical inclusions and quo-
tients. Note that G is finite and that F' is connected, being a quotient of the
connected Jac(C'). Since our category is abelian (see [SGA3] exposé VIy,
Thm 5.4.2), the Snake Lemma gives an isomorphism Ker(y) = G. Since ~
is surjective and has a finite kernel, it is an isogeny (see 8.1. in [Milnl]).
Restricting to ¢(C) C Jac(C'), we see that ¢ factors as

&

—

~

CL

B!

However, by our optimality assumption, it must be that v is an isomorphism.
Therefore G is trivial and K = Ky, making K an elliptic curve. We accordingly
adopt a new notation for it, namely FE.

13



Chapter 1. Genus two curves with split Jacobians

Consider now, in the category of abelian varieties, the exact sequence

0 BV« Jac(C) <& BV 0, (1.5)

that is dual to the sequence (1.3). Using the fact that elliptic curves are
canonically isomorphic to their Jacobians and that Jacobians are canonically
self-dual (see §6 in [Miln2]), we can write

E 1 Jac(C)

and define 5 : C' — E as the composition noe. Since Ker@*) = F is connected,
it follows that <;~5 is likewise optimal. Thus the curve C is a degree n cover of
both E and E’, and the latter two are complementary in the sense that one
is the quotient of Jac(C) by the other. That is to say that the following two
sequences

0o——» 8- Jac(C) B0 (1.6)
0—— E -2 Jac(C) -2+ E——0 (1.7)

are exact.

Now let ¢: E x E — Jac(C) denote the map ¢* + ¢*. By the exactness
of the sequences and the fact that ¢* and ¢* are embeddings into Jac(C'), we
have

Ker(¢) = ¢"(E) N *(E)

— Tm (") N Ker(6.)

= Ker (¢, o 6°)

— Ker([n])

= E[n].
In particular, we have that degy = n?. The same argument also shows
that Ker(¢) = E[n]. Since Ker(yp) is finite, we have that ¢ is an isogeny
of abelian surfaces and we have the following exact sequence:

0 — Ker(¢) —— E x E —2— Jac(C) — 0.

14



1.3. Optimal coverings

It is now clear that the two diagrams
EXEI[n]O)\G (EXE)\/
ld)*_,’_g* TAG) ° (d)*,g*) ° )‘E‘l (18)

Jac(C) A*NC> Jac(C)"

[n] o Ag
—

Jac(C) Jac(C)”
i(qs*,a*) TAC o (¢7+67) 0 A5! (1.9)

ExE 29, (E x E)v
are commutative, so that ¢ and its dual ¢’ are polarized. This completes the
proof. n

By abuse of notation, we also denote by ¢ the involution on E induced by
the hyperelliptic involution on C.

Definition 1.3 We say that E, gz~5, and f are complementary to E, ¢, and f,
respectively.

Definition 1.4 A Jacobian Jac(C) of a genus two curve C' is said to be split
if it is isogenous to a product E x F of two elliptic curves; more specifically, if
the isogeny is induced by an optimal covering C' — FE of degree n, then Jac(C')

is said to be (n,n)-split.

Remark 1.8 The curve F is defined over K , given that C, E, and ¢ are. The
extension of the base field is only required to define the divisor D. If D is
rational over the base field, then so are all the constructions that follow. In
view of Lemma 1.6, we say that Jac(C') can be obtained by “gluing together”
the two elliptic curves along their n-torsion. Moreover, as we shall see later,
the induced isomorphism E[n] = E[n] inverts the Weil pairing (Lemma 1.14).

1.3.1 The Weil pairing on the 2-torsion

The cases of odd and even degree of an optimal covering ¢: C — F differ in one
other important aspect. Since T1,T5,T3,Ty € E(K) are the 2-torsion points
on E, they are in the kernel Ker(y) = E[n] of the isogeny ¢: E x E — Jac(C)

if and only if the degree n is even.
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Chapter 1. Genus two curves with split Jacobians

Let (i,5) :== [W; — W;] = [W; — W;] for 1 < i < j < 6, denote the 15
distinct linear equivalence classes that are the points of order two on Jac(C).
Then for distinct indices 4, j, k,l,m,n, in the group structure of Jac(C) we
have

(i7j)+(i7j):07 (i7j)+(k7l):(m7n)7 (i,j)—i—(i,]{?):(j,k),

and the Weil pairing on Jac(C')[2] is given by (see [Tatal] and [Tata2]):

ea((i,4), (1,5)) =1, eal(@, ), (K, 1)) =1, ea((i, ), (4, k) = —1. (1.10)

1.3.2 Optimal coverings of odd degree

We have established that when the degree of ¢: C — FE is odd, there is
a unique ramification point on E denoted by T, such that exactly three of
the W;, that we index as Wi, Wy, W3, lie above it. Moreover, the point T}
is K-rational. Likewise, the points w1, w9, ws map to the K-rational t;, € P!
under the induced f. Both wi 4+ we + ws and Wy + Ws 4+ W3 are K-rational.
Thus we can and do assume that C is given by a model y? = P(z)Q(z),
where P,@Q € K|z| are cubics with roots {wi, w2, w3} and {w4,ws,ws}, re-
spectively. Since the canonical divisor K¢ ~ 2W; is K-rational, so is the di-
visor Wy — Wy + W3. Moreover, the latter determines a unique linear equival-
ence class [W; — W; + W, for {i,7,k} = {1,2,3} or {4,5,6}. Thus ¢ induces
a canonical K-rational embedding C' < Jac(C), given by

P [P—W1+W2—W3], (111)

which is compatible with the canonical isomorphism E = Jac(E), that is given
by P+ [P —Ty], and the involutions. Therefore we still have (1.1) and we
could have assumed this embedding a priori.

Theorem 1.7 ([Kuhn]) In the case of optimal coverings of odd degree, the
roles of the divisors wi + wo + w3 and wy +ws + wg are exchanged between the
two complementary maps f and f. We have f. (w1 +wy +w3) = 7. (0g) and
felwstws+we) = 7z (0%), and hence also fi(watws+ws) = Tp.(E[2]\{0g})
and f.(wy + wy + w3) = WE*<E[2] \ {05}), where the identity element Of is
given by Ty.
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1.3. Optimal coverings

Proof Note that under the canonical embedding (1.11), a Weierstrafl point W;
maps to (j,k) for {i,7,k} = {1,2,3} or {4,5,6}. Since the degree is odd, the
isogeny ¢ = ¢* + ¢* induces an isomorphism of the 2-torsion subgroups, with
inverse 1 = (¢, d.). The fact that ¢({Wyi, Wa, W3}) = Ty implies

Ker(¢,) N Jac(C)[2] = {0,(1,2),(1,3),(2,3)}.
We are done if we show that
Ker(¢y) N Jac(C)[2] = {0, (4,5), (4,6), (5,6)}.

Suppose (i,7) € Ker(¢,) and (k,1) € Ker(¢,) are two points of order two.
Applying the isomorphism ¢! between the 2-torsion subgroups of the two
abelian surfaces and comparing the Weil pairings, which are preserved under
polarized isogenies (Lemma 16.2(c) in [Miln1]), we obtain

62((i7j)’(k’l>) 62((¢*(Z’])7$*(7ﬂ])) ) (Qb*(k’l)aas*(kvl)))
262(¢*(’La])7¢*(k7l)) : 62(5*(Z7.])7Q~5*(k7l))

This, together with (1.10), implies

(k1) € {(4,5),(4,6),(5,6)} U{(1,2),(1,3),(2,3)}.

However, there can be no point of order two in Ker(¢,) NKer(¢,) because ¢!

would map such a point to 0 € (E x E)[2], which is impossible since ¢ induces
a group isomorphism on Jac(C')[2]. O

1.3.3 Optimal coverings of even degree

The case of even degree is quite different because we do not necessarily have
a K-rational embedding C' — Jac(C) that would be compatible with the ca-
nonical elliptic curve structure of E (with Ty as the identity element). In
this case, we have (E x E)[2] C Ker(p). The map ¢, o¢*: E — E is mul-
tiplication by the even n and therefore identically zero on E[2]. Therefore
we have Im(¢*) N Jac(C)[2] = Ker(¢,) N Jac(C)[2] = E[2] so that E[2] is a
subgroup of Jac(C)[2] of order 4.
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Chapter 1. Genus two curves with split Jacobians

Let (i,7) € Ker(¢«). Suppose that also (i,k) € Ker(¢«). Then the
equality (i,7) + (i,k) = (j, k) implies that Ker(¢.) = {0, (¢,7), (¢, k), (j, k) },
and under the embedding of C into Jac(C), given by P+ [P — W], we
have {W;, W;, Wy} C ¢~1(0), which contradicts Theorem 1.3, given the op-
timality of ¢. Indeed, in cases (2) and (3) of Fig. 1.2, there are more than four
points in Ker(¢,) N Jac(C)[2], so that Ker(¢,) is not connected.

Hence we can assume, reindexing the points if necessary, that
Ker(gb*) N Jac(C)[2] = {07 (17 2)7 (3a 4)7 (57 6)}

Thus for each choice of the embedding P — [P — W;] of C into its Jacobian
(and the induced isomorphism P — [P — ¢(W;)] of E and its Jacobian), we
have precisely two Weierstrafl points of C' mapped to 0 € Jac(E) = E. Since

E[2] & Ker(¢,) NJac(C)[2] and E[2] = Ker(¢,) N Jac(C)[2],
we have the following theorem.

Theorem 1.8 ([Kuhn]) Let ¢: C — E be an optimal covering of even degree.
Then the ramification diagram of f: C/, — E/, is the one depicted in case (1)
of Fig. 1.2 and the complementary ¢: C — E induces a map f C/ly — E/L
with the same ramification diagram and the same indexing of the Weierstrafl
points.

1.4 Characterization of split Jacobians

Given an optimal covering ¢: C — FE, Theorems 1.7 and 1.8 may allow us
to algorithmically determine the complementary optimal covering &: C > E.
Before delving into specifics, we will state several useful lemmas, starting with
an important result of elimination theory.

Let K be any field and K an algebraic closure of K. For any non-negative
integer m, let K[x,y],, denote the K-vector space of all homogeneous poly-
nomials in K[z,y] of degree m. We fix a basis for this space that is given
by the monomials 2™, 2™ 1y, ..., a™ % ... ay™ 1 y™. Let F € Kz, ylm
and G € K|[x,yl, with m,n > 1 and consider the map

HFG: K[x7y]n71 ® K[:Ev y]mfl — K[a%y]ernfly (A7B) = AF + BG.
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1.4. Characterization of split Jacobians

This is a linear map between two K-vector spaces, both of dimension m + n.
The resultant Res(F,G) € K of F and G is defined to be the determinant
of upe with respect to the monomial bases. We recall some well known
properties of resultants, that will be of use to us.

Lemma 1.9 Res(F,G) = 0 if and only if the polynomials F and G have a
common root in P1(K).

Proof If F and G have a common root in P!(K), then they must have a
common linear factor L € K[z,y]. Suppose F = LF; and G = LG;. Then
it is clear that (=G, F1) € K[z,yln—1 ® K[z,y]m—1 is a non-trivial element
of Ker(pupq), i.e. prq is not injective, whence Res(F, G) = 0.

Suppose Res(F,G) = 0. Then pup¢ is not injective and there exists a
non-trivial (A, B) € K|x,yln—1 ® K|z, y]m—1 such that AF + BG = 0. Now
suppose, without loss of generality, that A # 0. Then G divides AF in K[z, ].
Since deg A < deg G, it must be that F' and G have a common factor. O

Remark 1.9 Res(F,G) is a polynomial in the coefficients of F' and G. More
precisely, if F(z,y) = > qa;z™ 'y’ and G(z,y) = >0 bjz" Iy, then the
resultant of ' and G is the determinant of their Sylvester matriz

fag a1 ... ... am O ... ... ... ... O
0O a a ... ... am O
0 0 apg ai P £ 7% 0
B 0 0 0 a a1 am
Res(F,G) =det | 0 0 0
0 b b ... b, 0 0
0 0 by b bn O 0
L0 0 ... ... ... ... 0 by by ... by |

We denote this matrix by . It has n rows with the coefficients of F'
and m rows with the coefficients of G. Given two polynomials f, g € K|x], we
define their resultant to be the resultant of their homogenizations yde&f f (5)
and ydeggg(g). The resultant Res(f, %f(x)) is denoted by Disc(f) and is
called the discriminant of f. By Lemma 1.9, the discriminant Disc(f) vanishes

if and only if f has a double root in K.
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Chapter 1. Genus two curves with split Jacobians

Given F,G € K|xg,x1,...,x,] for some integer r > 1, we index their res-
ultant with the appropriate variable(s) in order to clarify in which polynomial
ring we consider them to be, e.g. Res,,(F,G) for F,G € K(z1,...,z,)[xo].

Lemma 1.10 Let F € Klz,y|m, let G € Klz,y|,, let H € Klz,y|x, and
let F* and G* denote F(y,x) and G(y,x), respectively. Then the following
hold:

(1) Res(F,G) = (—1)™"Res(G, F);
(2) Res(F*,G*) = Res(G, F);
(3) Res(zF,G) = byRes(F,G);
(4) Res(yF,G) = bgRes(F,G);
(5) Res(F,GH) = Res(F,G)Res(F, H).
Before proceeding with the proof of each claim, we note that (1) implies

analogous results when the two polynomials, whose resultant is under consid-
eration, have their roles reversed.

Proof .7 r can be obtained from .7 by a permutation of rows that is
of parity (—1)™", therefore det.¥r g = (—1)""det ¢ . This implies (1).
We can obtain .#« g+ by reversing the order of the rows and the columns
of /¢ r. Hence det S+ g+ = det S p, which implies (2). Laplacian expan-
sion of det ., r ¢ along the (m + n + 1)-th column gives (3), while (4) follows
from (3) by applying (2).

To prove (5), we first note that, by (4) and (1), we can and do assume
that y does not divide F,G, or H. Under this assumption, we will infer the
claim by proving that

Res(F, G) = agby' H H
i=1j=1
where aq,...,0,, € K and Bi,...,B, € K are the roots, not necessarily

distinct, of F(z,1) and G(z, 1), respectively. Since

F(x,1) =ap H(:c — o),
=1

Ge.1) = by [[ (=~ By).

J=1
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1.4. Characterization of split Jacobians

this is equivalent to

Res(F,G) = af [[ Gles, 1) = (=1)™"b5" [] F(B:,1). (1.12)
i=1 Jj=1

We prove this by induction on m + n. If m =n = 1, we have

b
Res(aoz + a1y, boz +b1y) = det 10— agby — a1y = agbo <_al + 1) ;
bo b1 ap b

where agbg # 0, so (1.12) holds in this case. Now suppose that it holds for
any two polynomials whose sum of degrees is smaller than m + n. By (1),
we can and do suppose that m < n. By the Euclidean algorithm, there
exist @, R such that G = FQ + R and either R = 0 or deg R < deg F' = m.
If R =0, then F(z,1) and G(x, 1) have a common root, whence Res(F,G) = 0
and (1.12) holds. If R # 0, let [ = deg R and note that [ < n.

Also note that Res(F, G) = Res(F,y"'R). The reason is that S pyn-iR CAN
be obtained from .77 by elementary row operations that do not change the
determinant. Namely, if Q = Z?;g” cjz" ™Iy then for each i € {1,...,m}
and each j € {0,1,...,n—m}, we multiply the (i + j)-th row by —¢; and add
it to the (n + i)-th row.

By (4) and (1), we have Res(F, G) = Res(F,y" 'R) = a} 'Res(F, R) and,
by the induction hypothesis, we have

Res(F,R) = a), H R, 1).

i=1
Together, this gives

Res(F,G) = af [[ G(ai, 1)
=1

since G = FQ + R and F(«a;,1) = 0 for each ¢ € {1,...,m}. This product
formula, along with (1) and (4), finally implies

Res(F,GH) = Res(F,G)Res(F, H),
Res(FH,G) = Res(F,G)Res(H,G)

for any three homogeneous polynomials in K[z, y]. O
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Chapter 1. Genus two curves with split Jacobians

Suppose that f: P! — P! is a finite K-morphism given as

[z y] = [F(z,y): Gla,y)]

and let D be a K-rational divisor on P! that is given as the zero locus of a
polynomial P € K[z, y]. We have the following two corollaries of the preceding
two lemmas.

Corollary 1.11 The K-rational divisor fiD is given as the zero locus of
Res (ZG<I7 y) - wF(x, y)v P(x7 y)) S K[Z, U}],
where the two polynomials are considered as elements of K(z,w)[z,y].

Corollary 1.12 The K-rational divisor f*f.D — D is given as the zero locus
of

Res (F(:J:,y)G(z,;UI)U—_I;’iz,w)G(:B,y),P(Z’w)) € Klz,yl,

where the two polynomials are considered as elements of K(x,y)[z, w].

Proof The case when D is a point follows easily by Lemma 1.9 and the
general case follows by induction, by applying Lemma 1.10. O

These two corollaries play an important role in the following subsections.
Another tool we shall use is Grobner bases, for which [IVA] is a useful refer-
ence. We now revert back to the notations of the previous sections.

1.4.1 (2,2)-split Jacobians

Let ¢: C' — E be an optimal covering of degree 2. The two ramification points
of f lie above the K-rational points ty and t4. It follows that the ramification
points of f (and hence those of ¢) are likewise both K-rational. We assume,
without loss of generality, that to = 0, t4 = oo, f(0) =0, and f(c0) = o0, by
applying an automorphism of P! if necessary. In other words, we may assume
that f is given as z + 22 = t where t is the local parameter on E/, = P!,

implying the ramification picture for f that is shown in Fig. 1.5, where t; = w?.

Therefore the curve C' is given by a model of the form

y? = 25 + az* + ba® + c € K[z].
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0 w1 w2 w3 o0

xul W2 —w3 )(

\l/f:.%‘l—)l'Q

0 tp, to tg 0

Figure 1.5: Ramification of f: P! — P!

The elliptic curve E is determined by the branch points {1, to,t3, 00}, from
which we immediately obtain a model, namely

s =1+ at’> + bt +ce K[t].

By Theorem 1.8, we know that f(dw1), f(£ws), f(+ws) are three pairwise
distinct points. Moreover, we know that f doubly ramifies above 0 and oo.
Given that we fixed f(z) = x2, there is exactly one choice for f, up to multi-
plication by a nonzero scalar, namely f(z) = 1/z2. Thus the elliptic curve E is
determined by the branch points {1/t1,1/t2,1/t3,00} and we obtain a model
of E as s> = Res, (1 — 2,3 + at® + bt + ¢) = ct® + bt? + at + 1 € K[t]. From
this, we can directly calculate

28(a® — 3b)3

i(E) = 1.13
J(E) a?b? — 4b3 — 4a3c + 18abc — 27¢2’ ( )

= 28(b% — 3ac)?
J(E) == T T P — (1.14)
c2(a?b? — 43 — 4adc + 18abe — 27¢?)
The symmetry between the two is perhaps better appreciated if one homogen-
izes and views them as functions on P3. We also note that the denominators
do not vanish. Indeed, the fact that the ¢; are pairwise distinct is equivalent

to the nonvanishing of

Disc, (23 + ax? + bx + ¢) = a?b? — 4b° — 4a’c + 18abe — 27¢2,
while the fact that none of the w; is zero is equivalent to ¢ # 0.
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Chapter 1. Genus two curves with split Jacobians

The curve C' has an extra automorphism o: (x,y) — (—x,y), which, along
with the hyperelliptic involution ¢, generates a Klein four-group. Then, taking
quotients, we have C/g =2 F and C/g0, = E.

Remark 1.10 The two j-invariants are algebraically independent, meaning
that there is no Zariski closed subset of A! x Al that contains the j-invariants
of all pairs (E, E) of elliptic curves that admit an optimal covering of degree 2
by the same curve C' of genus two. We will come back to this later and see
that it is expected.

Remark 1.11 The case of (2,2)-split Jacobians is classically known. Kuhn
attributes the solution to Legendre and Jacobi.

1.4.2 (3,3)-split Jacobians

Let ¢: C' — FE be an optimal covering of degree 3. We treat the generic case
first (recall Fig. 1.4). Once more, we have that ¢ty and t4 are K-rational. Also,
in view of Corollary 1.5, both points in f~!(tg) are K-rational. Hence we can
and do assume that ¢y = 0, t4 = oo, and f*(0) = 2 -0+ co. This yields the
following ramification picture for f:

x X5 X o

That is to say that we assume, without loss of generality, that

2

23 +ax? +bx+c’

fz) =

where the denominator, denoted by P(z), has roots wi,ws,ws3. Moreover,
the w; are pairwise distinct and none of them equals zero. We can express this
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1.4. Characterization of split Jacobians

fact as

Res, (22, P(x)) = ¢® #0, (1.15)
Disc, (P(x)) = a®b? — 4b® — 4a3c + 18abe — 27¢* # 0. (1.16)
The pullback of t; + to + t3 corresponds to roots of D(x)?Q(z) for some two

cubics D(z), Q(x) € K[z], where the roots of D(x) are the ramification points
distinct from 0, and the roots of Q(z) are wy, ws, wg. Now

df z(z3 — b — 2¢)
d:):( 7)== P(x)?

so we can take D(z) = 2% — bxr — 2¢ because the roots of the numerator are
precisely the doubly ramified points of f. These are again pairwise distinct
points so we have

Discy (D(z)) = 4(b% — 27¢%) # 0. (1.17)

From this we calculate, again via resultants, the nonic D(z)2Q(x) whose roots
are f*f.(d1 + d2 + d3), where the d; are the roots of D(z). We have

Res, (v2P(y) — y*P(z), D(y)) = c(2® — bx — 2¢)*(4ca® + b*a? + 2bex + ¢2),

whence Q(x) = 4cz® + b?2? + 2bcx + c®. Therefore the genus two curve C
admits a model

y? = P(2)Q(x) = (2% + ax® + bx + ¢)(4ea® + b*x? + 2bcx + c2).

In view of Theorem 1.7, we have

~ x+d)?(z+e
flz) = 3( 2)2( ) 2
dexs + b*x? + 2bex + ¢

for some d,e € K such that d # e and Q(—d), Q(—e) # 0, i.e.
Resy(z +d,z+¢€) #0, Resy(x+d,Q(z)) #0, Res,(z+e, Q(x))#O0.

Condition Disc,(Q(x)) = 16¢*(b® — 27¢?) # 0 is superfluous because of (1.15)
and (1.17). It remains to find d and e. To this end, we repeat the argument
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Chapter 1. Genus two curves with split Jacobians

used to obtain Q(x) from f to the map f. In doing so, we must obtain a mul-

tiple of P(x) and this imposes algebraic conditions from which we determine d
and e. We have

di(x) _ (=4 d)D(z)
dz Qx)?

where

D(x) = (b* — 8cd — 4ce)z® + (4be — b2d — 12¢de) x>
+ (3¢? + 2bce — 2b%de)x + c2d + 2c%e — 2bede.

Now we calculate that

Res, ((z+d)*(z + €)Q(y) — (y + d)*(y + €)Q(x), D(v))
equals Q(—d)Q(—e)D(x)?R(x), where R(z) is the polynomial

16¢(2¢%d — bed? 4 cd* + c*e — 2bede + V2 d*e — 4ed’e)a®

+ 4(=bc® + 20*cAd — b3cd® 4 18¢3d* — 8bc2d® + 2b%cd?

+ b2cPe — 2b%cde + 12¢3de + bld%e — 12bc2d?e — 12¢%d e)x?

+ (=3¢ + 1002 d* — 8b3cd® 4 48c3d3 + brd* + 4bcPe — 4b?cPde
—abPcd?e + 123 d%e + 4b*d3e — 64bctde — 8b2cdte)x — Actd + 8bcPd?
—4V?Ad® 4 16¢3d* + cte — 202 dPe + 323 dPe 4 bid'e — 32bcde.

Dividing R(z) by P(z), we obtain the remainder

(—4bc® + 8b*c?d — 32ac’d — 4b’cd® + 16abc*d® + 72¢3d? — 32bc*d® + 8b*cd*
— 16ac’d* + 4b*c*e — 16ac’e — 8b3cde + 32abc’de + 48c3de + 4b*d2e

— 16ab’cd?®e — 48bc%d?e + 64ac’d®e — 48c2d e)x? + (=3¢ — 32bc*d

+ 26b%c%d? — 8b3cd® + 483d3 + bid — 16bc2d? — 12bce + 28b% P de

+ 4btd3e — 8b%cde)x — 36c1d + 24bc3d® — 4V Pd® — 15t e + 32bc3de
—20b3cd?e 4 723 d%e — 18V2Pd%e + 963 d3e + bidte — 32bcde.
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1.4. Characterization of split Jacobians

Equating it with zero, we obtain three polynomial equations from which we

determine ) )
3c b“c — 3ac

g 3¢ __remdee 1.18

T ¥ _dabe 1 92 (1.18)

by a Grobner basis computation. More precisely, we consider d and e as
unknowns and solve over the field K (a,b,c), by computing a Grobner basis
for the ideal I C K (a,b,c)[d, €] that is generated by the three polynomials that
define our three equations. Alternatively, we can factor the polynomials, note
that 3¢ — db is a factor in two of them (making one equation superfluous), and
then show that there are no other solutions than the one above. Either way,
this finally gives

f(:c) ~ (bx + 3¢)?((b® — 4abc + 9c?)x + b%c — 3ac?)
B 4exd + b2x2 + 2bex + 2

A model for E¥ can be determined by requiring that the set of branch
points of the quotient map g is {¢1,t2,t3,00}, i.e. 0o and the image under f
of the three roots of Q(x). A model for E is similarly determined by re-
quiring that 7 ramifies above co and the image under f of the three roots
of P(x). We can find the corresponding cubics from Res,(tP(x) — 2%, Q(z))
and Res,(tQ(x) — (z + d)*(z + €), P(z)), but we omit them here. The mod-
ular invariants of the two elliptic curves can be obtained from the two cubics
by a direct calculation. We find that

24(a?b* + 120° — 126ab>c + 216abc? + 405b%c? — 972ac?)3

.
IE) (b3 — 27c2)3(a2b2 — 403 — dadc + 18abe — 27¢2)2

= 28(a? — 3b)3
I(E) = 3 3 3 2
a?b? — 4b3 — 4a3¢ + 18abe — 27¢

If b = 0, then oo is the doubly ramified point of f above 0. In this case,
we obtain, by the same argument, the following:

x? ~ 3r —a
T = ve 0 =gare
21036(136 o~ 2806
J(E) =

IE) = G oo c(da® + 27¢)
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Chapter 1. Genus two curves with split Jacobians

If b3 — 4abc + 9¢? = 0, then oo is the unramified point of fabove 0. In this
case, we obtain:

z? ~ (bz + 3)?
4bx3 + (b3 + 9)2? + 4b%x + 4b 423 4+ b2 + 2bx + 1
, b3 (b? — 24)3 e v —27)(b® — 3)3
gy =202 () = -2

b3 —27 7 b3

Remark 1.12 This is what [Kuhn] obtains. It is, at least in part, also
classically known, albeit not in a modern setting (see [Kraz]).

Remark 1.13 The factors in the numerator and the denominator of f and f
are unique up to multiplication by non-zero constants. Recall that we have
assumed (Remark 1.5) that char(K) ¢ {2,3} so that our resultants, including
the leading and the tailing terms of the polynomials etc, are not identically
Zero.

1.4.3 Special cases of (3, 3)-split Jacobians

Unlike with (2, 2)-split Jacobians, the (3,3)-split case allows for special cases
(recall Fig. 1.4). There are two possibilities, namely either one map is special
and the other is not, or they are both special. Suppose that f is special and f
is not. Then we can and do assume that 0 is the special, triply ramified point
of f so that, by the same arguments as in the previous subsection, we have

_ z? Fla) = (z+dP(z+e)
3 tax?+br+c’ © (—b2 + dac)zd + 2bex? + 3cx

f(x)

Solving for d and e, by imposing the generic ramification picture on f and
using Theorem 1.7, we again obtain

3c b%c — 3ac?
d = -, e = ,
b b3 — dabc + 9c2

whence
Fla) = (bz + 3¢)?((b® — 4abe + 9¢*)x + b?c — 3ac?)
N (=0% + dac)a® + 2bca? + 3c%x )
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1.4. Characterization of split Jacobians

We ultimately obtain

16(—16b5 + 144ab*c — 405a2b%c? — 108b%c? + 324a3¢3 + 486abc® — 729¢4)?
729¢4(—b2 + 3ac)®(—ab? + 4b® + 4a’c — 18abe + 27c?)? ’

J(E) =

= 28(b% — 3ac)?
IE) = S 15— a3 — o7y
c?(a?b? — 4b3 — 4a3c + 18abc — 27c?)

Now suppose that both f and f are special. We assume that 0 is the triply
ramified point of f above 0 and that oo is the unramified point of f above oo,

that is

.%'3

flw) = 22 +azx +b’
with b # 0 and a®? — 4b # 0. The argument above, applied to (1. 19), implies
that oo is the triply ramlﬁed point of f above 0, which gives f ( ) =1/Q(z).
We find Q(x) = (—a® + 4b)x* 4 2aba® + 3b*z, using Corollary 1.12 and The-
orem 1.7. Applying the same argument to f(x) yields

(1.19)

(3a* — 24a?b + 48b%)x? + (—4a>b + 16ab®)x — 16a%b* + 48D°,
that must be divisible by 22 + ax + b. Dividing the two, we obtain
—a(3a® — 8b)(a® — 4b)x — a®b(3a* — 8b) (1.20)

as remainder. Given that b # 0 and a? — 4b # 0, equating (1.20) with zero
yields two possible solutions, namely a = 0 and b = 3a?/8. The first solution
gives

T ~ 1

2y WS gy JE =B =1

fz) =

Kuhn obtained this solution with b = 4/3. However, it would seem that he
missed the second solution, namely a # 0,b = 3a?/8, which gives

i Fa) 1
x pry
822 + 8ax + 3a?’ 3223 + 48ax? 4 27a2x’

fz) =

o=y 873722816 _26 - 2393
B 59049 310
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Chapter 1. Genus two curves with split Jacobians

Before dealing with the cases of higher degree split Jacobians and gener-
alizing the above, we introduce some prerequisites in the next subsection.

1.4.4 Powers of polynomials

Lemma 1.13 Let F be a field, let m,n be two positive integers with m coprime
to char(F), and let A(z) = Y. a;z* € Flx] be a polynomial of degree mn
that is an m-th power of a polynomial B(x) = 77 bjxl € Flz] of de-
green. Then B(x) is uniquely determined, up to multiplication by m-th roots of
unity, by coefficients mn, Amn—1, - - -, Amn—n- Consequently, these coefficients
uniquely determine A(x).

Proof It is clear that b = a;,, so the claim is true for the leading coefficient
of B(z). Expanding B(x)"™, we note that for each j € {0,...,n — 1} we have

Amn—n+j = mb;b ! 4 (terms independent of b;). (1.21)

To see this, note that if b;z7 is one of the contributing factors to a sum-
mand of amn,nﬂ-xm”_"ﬂ in the expansion, then the other m — 1 factors are
all b,z" because their product is the only possible one of the required degree.
Moreover, no coefficient of B(z) of index lower than j can appear in @ymp—n+;-
Since we assumed that m is not zero in F', we can divide equation (1.21) for
each j by m and, starting with j = n — 1, recursively express the b; in terms
of Gmn—1, Amn—2, -+, Cmn—n and by,. ]

Remark 1.14 With notations as in the preceding lemma, let char(F) = p.
Then if m = p"m’ for some r,m’ € Z~q such that ged(p,m’) = 1, we can
reduce this to the case in the lemma by introducing a new variable X = 2",

Remark 1.15 For any polynomial of degree mn with a fixed non-zero leading
coefficient, Lemma 1.13 provides (m — 1)d equations that the coefficients of
the polynomial satisfy if and only if it is an m-th power. One can take B(t)
defined over F' if and only if F' contains an m-th root of a,,,. Another
way of obtaining the same equations is computing a Groébner basis of the
ideal I C Flag,...,amn,bo,...,bn,u] generated by ua,,, — 1 and the coeffi-
cients of A(t) — B(t)™, and then eliminating the variables by, ..., by,.

Example 1.3 (n = 3) Let a,b,c,d € F, where a # 0, and let m > 2 be an
integer coprime to char(F'). Let A(z) € F[x] be a polynomial given as

A(z) = a™z®™ + b3 4o a2 dat S
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1.4. Characterization of split Jacobians

If A(x) is an m-th power of a cubic B(z) = ax3 + fx? + vz + 6 € F[z], then
we have

a =a (up to mult. by m-th roots of unity),

b
B=—
mao
C — (n;’)olm_%BQ (122)
v = —
mao
5 - 4= 2(5)am 2By — (§)am — 36°

mam—l

whence, up to multiplication by an m-th root of unity, B(z) equals

2
g x2+mgamc_@)baﬁm4aw—zm2<’;>m+(2@> ~m () )b
mam—l m3a2m—1 m5a3m—1 .

For each m € Z~, by expanding B(z)™, we can obtain the remaining coef-

ficients of A(x) in terms of the leading four, which gives us the form of any
polynomial of degree 3m that is an m-th power of a cubic.

Example 1.4 Over a field F' with char(F') # 2, every sextic in F[x] that is a
square has the form

5b% — 24ab%c + 16a%c? + 32a%bd
64a3 o
(—=b% + dac) (b — dabe + 8a?d) (b® — 4abc + 8a?d)?
* 64a’ v 25645
for some a,b,c,d € F with a # 0.

az’ + ba® + cxt + dz® +

The goal of the following two subsections is to generalize Subsections 1.4.1
and 1.4.2 and describe how one could obtain a parametrization of the modular
invariants of the two complementary elliptic curves in the general case.

1.4.5 The odd degree generic case of split Jacobians

Let, as before, f: C/, — E/;, be the map induced by an optimal cover-
ing. If n = degf > 3 is odd, we suppose that the curve C of genus two
is given by a model y?> = P(x)Q(x), where P(x),Q(z) € Kl[z] are cubics
and P(z) = 23 + az® + bz + c.
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Chapter 1. Genus two curves with split Jacobians

........................................................

Figure 1.6: Ramification of f in the case of odd degree.

In view of Theorem 1.3, we also suppose that the induced map is given as

22 A(x)

f(z) = P(2)B(x)?’ (1.23)

where

n—3
Alz) = 2" + Z a;x’ € Kz],
=0
(n=7/2
B(z) = 2™%/2 4 Z bjx) € K|x].
j=0
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1.4. Characterization of split Jacobians

In doing so, we assume that 0 and oo are points of ramification index 2 in
the fibres f*(0) and f*(o0), respectively. To make the ramification of f fit
Fig. 1.6, we also must have

r1 := Resg(z, P(x)) # 0, ro := Resy(x, B(x)) # 0,

rs := Resg(A(x), P(x)) # 0, ra = Resg(A(z), B(z)) # 0,
r5 := Resg(z, A(x)) # 0, r¢ := Res,(P(x), B(x)) # 0,
dy := Disc,(P(z)) # 0, dy := Disc,(A(x)) # 0,

d3 := Discg(B(z)) # 0.

The coefficients a, b, ¢, a;, bj are not all free; not all maps of the form (1.23)
fit the ramification picture of Fig. 1.6. The imposed distribution of the double
points in the fibres above t1, t2, {3 means that we must have

[t +t2 +13) = Z(Q) +2Z(D),

where Z(-) denotes the zero locus and

D(z) =2A(x)B(z)P(z) + x%(m)B(m)P(m)
- 2xA(m)C(11—f(x)P(x) _ xA(x)B(a:)i—i(a:),

which is a polynomial of degree %(n —1). This follows from computing the de-
rivative of f with respect to z. The ramification picture imposes an additional
restriction, namely that

n—1

£.(2(D)) = "= 2(U)

for some cubic U. By Corollary 1.11, we have that the divisor f.(Z(D)) is the
zero locus of

M(t) = %Resx (tP@)B()? - 2?A2), D(x)) . (1.24)

In view of Lemma 1.9, the resultant in (1.24) is divisible by 717373714 be-
cause P(z)B(x)%, 22A(z) and D(x) have a common factor whenever any of
the r; vanish. Note that ro appears with an exponent 2 because if it vanishes,
the common factor is 22. It is also worth noting that the factors of the leading
(resp. tailing) coefficient of M(t) are dy,ds,r4,76 (resp. 71,75,d2). Indeed,
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Chapter 1. Genus two curves with split Jacobians

by Lemma 1.9, the vanishing of any of these resultants corresponds to com-
mon factors of P(x)B(x)? (resp. x?A(x)) and D(x), and a common root of
the two is clearly mapped to oo (resp. 0) under f, so the claim follows by
Corollary 1.11.

In order to determine the unknowns {a;, b;}; ;, of which there are %(n -3),
in terms of a,b, ¢, we impose the condition that the polynomial M (t) divided
by its leading coeflicient equals a %(n — 1)-th power of a cubic U(t) that,
up to multiplication by a non-zero constant, equals (t —t1)(t — t2)(t — t3).
Equivalently, M(t) is divisible by U (t)n%1 By Subsection 1.4.4, we get pre-
cisely %(n — 3) equations by imposing the said condition. We obtain the a;
and the b; in terms of a, b, ¢, by computing a Grobner basis of the ideal

IC K(C% b, C) [ai? bj]i’j

that is generated by the %(n — 3) corresponding polynomials. Having determ-
ined the form of f in terms of parameters a, b, ¢, we compute the expression
1 _
Ria) =~ —Res, (MR DB 1)) ¢ gea,b, 000,
r1irarara r—vY
where f; = 22A(x) and fo = P(z)B(z)?. This resultant is a polynomial of

degree %(n —1)? and, by Corollary 1.12, it determines the divisor

n—1

£ 2D -2(D) = 1 ("5 20)) - 2(D) = "2 2@+ (n-2Z(D).

Therefore R(x) must be divisible by Q(z)%D(x)"_Q. Let T'(z) denote the
result of Euclidean division of R(x) by D(z)"2. To obtain Q(z) from T'(x),
we first divide T'(z) by its leading coefficient, which is not zero under our
restrictions, and then we use (1.22). Since Q(z) is only unique up to multi-
plication by a non-zero constant, we can clear the denominators and choose
that form for @Q(z). Having determined @(x), Theorem 1.7 implies that we
can write

5 (z +u)*A(z)
g) = YW AT 1.25
f(x) 00)B(x)? (1.25)
with
n—3 )
Alx) = 2" + Z a;z' € K|x],
=0
(n=5)/2
B(z) = 2™3/2 4 Z bjz! € Klx],
j=0
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1.4. Characterization of split Jacobians

where u, 6i,gj € K are all to be determined. Note that the number of the un-

knowns is now increased by two. We repeat the exact same procedure as above,

this time starting with (1.25), and obtain the 2(n — 3) equations that must be

satisfied by its coefficients because this map has the same ramification picture
3

as f. In the process, we obtain a polynomial ﬁ(x) of degree 5(n — 1), that

is a factor of df/dz(x) and whose zero locus consists of the doubly ramified
points of f above t1,t9,t3. We also obtain a polynomlal Mt (t) that corresponds
to f.(Z(D)), that must be divisible by V(t)"z, where V (t) € K[t] is a cubic.
We find the corresponding resultant

Resy <f1(x)fd(yl). : 52(y)fd($)75(y)> e K(a,b, c)[u,&i,gj][:v],

that must be divisible by 7173237 P ()2 ™~V D(2)"2, where

r = Resm(ﬂi‘f' an(x))7 Resx( u B( ))
r3 = Resx(A,Q(LI?)), T4 = Resx( ( ))

and P(z) € K(a,b,c)u,a;,bj][z] is a cubic. We divide by 717227373 D(2)" 2
and express P(z) using (1.22) again. Three additional equations are obtained
by imposing the condition that P(z) € K|z] is divisible by P(z). Finally,
we solve for u 51,5 in terms of a, b, ¢, by computing a Groébner basis of the
1deal J C K(a,b,c)[u, @, b; ili,; that is generated by these three equations and
the 3(n — 3) equations we had already obtained.

With all the coefficients in f and f known, we determine U(t) and V(t)
using (1.22) and we directly determine the j-invariants of E and E, in terms of
the parameters a, b, ¢, from the models s> = U(t) and s? = V/(t), respectively.

1.4.6 The even degree generic case of split Jacobians

If deg f = n > 3 is even, virtually nothing changes in the approach so we go
through it briefly. We suppose that the curve C' of genus two is given by a
model y? = P(z), where P(z) € K|x] is a sextic, and we suppose that the
map f: C/, — E/, is given as
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........................................................

.......................................................

~

Figure 1.7: Ramification of f in the case of even degree.

where
n—3 )
Alx) =2"2 + Z a;x' € K[zl
=0
(n—4)/2
B(z) = a2/ 4 Z bzl € K[z

It follows from the ramification picture of f in Fig. 1.7 that we must have

r1 := Res,(x, A(x)) # 0, ro := Resy(x, B(z)) # 0,
r3 := Res; (A(x), B(x)) # 0, r4 := Resy(x(z), Az )) 0,
dy := Disc,(A(z)) # 0, do := Disc,(B(x))
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As opposed to the case of odd n, we use a different set of three parameters,
namely a1, ap,bg. We are left with %(n — 4) unknowns. The ramification
behaviour of f also forces f*(t1 +t2 +t3) = Z(P) +2Z(D), where

dA dB

D(z) = —2A(x)B(x) — xa(x)B(x) + 2xA(a:)a(x) € Klx],

which is of degree 2(n—2) and is a factor of df(z)/dz. As before, we calculate

M(t) = —Res, (tB(2)? — 2?A(x), D(x))

and impose the conditions on its coeflicients that make it divisible by U (t)nT_Z,
where U(t) € KJ[t] is a cubic. In view of Example 1.3, this provides us
with %(n —4) equations that we solve for a;, b; in terms of ay, ag, by, by com-
puting a Grébner basis of the ideal I C K(a1,ao,bo)[ai, bjli+o0.1, j40 that is
generated by the equations.

The defining equation y? = P(z) of C is found by calculating
1 _
Res, (f1(a?)f2(y) f1(y)f2($)’D

riry r—yY

(y)) € Klal, (1.26)

where fi(z) = 2?A(x) and fo(x) = B(z)?. We obtain a polynomial of de-
gree 3(n — 1)(n — 2) that must be divisible by P(m)an?D(ac)”_?’. Performing
Euclidean division of (1.26) by D(x)"~3, we obtain some polynomial T'(x).
We obtain P(z) from T'(x), up to multiplication by a non-zero constant, by
using the same principle from Subsection 1.4.4 that we applied in the case of
odd degree, only this time for a sextic.

By Theorem 1.8, the map f must have the same ramification picture as f and
therefore it must be of the form

s (z+u)?A)
f(z) = T Bwp

)

where
~ n73 .
Alz) = 2" % + Z a;z' € Klx],
i=0
(n—2)/2
B(x) = 2™? + Z bjx) € K[x].
j=0
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Again, we find ?(x) =2A(z)B(z) + (z + u)%(w)B(m) —2(x+ u)A(m)%(x),
the factor of df(z)/dz whose zero locus consists of the double ramification
points of f above t1,ts, t3, whence we also obtain the polynomial M (t) that
corresponds to f,(Z(D)). We obtain 3(n — 4) polynomial equations that the
coefficients of M (t) must satisfy, by imposing that M (t) is divisible by V(t)nT_2
where V (t) € K[t] is a cubic. To obtain additional equations, we compute
the resultant analogous to (1.26), that corresponds to f*(f.(Z(D))) — Z(D).
This yields a polynomial of degree 3(n — 1)(n — 2) that must be divisible

by Q(z)%ﬁ(a})”_‘3 From this we determine Q(z). Theorem 1.8 implies
that Q(x) divides P(x), and imposing this condition on the coefficients gives
six additional equations. Finally, we solve all the equations in terms of a1, ag, bg
for the remaining coefficients, by computing a Grébner basis of the ideal

J C K(a1, ag, bo)[u, @i, bj]
that they generate.

Remark 1.16 If n = deg¢ = deg f is a prime, then ¢ and & are necessarily
optimal because if they factor through an isogeny, the isogeny must be of de-
gree 1. However, for composite n, one must also impose additional conditions
on the final forms of f and f in order to make sure that the corresponding
coverings do not factor through non-trivial isogenies. Moreover, the choice of
the parameters is not canonical. While in the case of odd n it might seem
logical to begin with P(x) = 2% + ax? + bx + c just as in the case of n = 3,
the choice is less clear in the case of even n, except when n = 4 when there
is only one choice. Unfortunately, the suggested computations are unfeasible
in practice, even for small degrees, due to the complexity of Grobner bases
algorithms over the field F'(a,b,c), even for F finite. Computing symbolic
determinants also becomes unfeasible as the dimension increases.

1.5 A different point of view

In Section 1.3 we started with an optimal covering map C' — E; of degree n
and constructed the complementary curve Fs. In this section, we present an
alternative point of view. We start instead with two elliptic curves and a
particular kind of K-isomorphism between their n-torsions, and construct the
curve C of genus two from this data. This approach can be found in [Fr-Kal].
We begin by recalling some definitions and an important lemma.
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Let A be an abelian variety over K and A\: A — A" a polarization. Suppose
that m € Z is coprime to char(K) and such that Ker(\) C A[m], and let

em: Alm](K) x AYm)(K) = pim
be the Weil pairing. Then we can associate to A a skew-symmetric pairing
ex: Ker(A) x Ker(A) = um,

that is defined for geometric points P, Q as ex(P, Q) = en (P, A(R)), for any R
such that [m|R = @. This does not depend on R or m (see §16 in [Miln1)).

Lemma 1.14 (Mumford) Let ¢: A — B be an isogeny whose degree is coprime
to char(K) and let \: A — A be a polarization. Then X\ = o*(N') for some
polarization N': B — B if and only if Ker(p) C Ker(\) and ey is trivial
on Ker(y) x Ker(p).

Proof See Proposition 16.8 in [Miln1] or Theorem 2 and its Corollary in §23
in [MumAV]. O

Corollary 1.15 Let ¢: C' — E1 be an optimal covering of an elliptic curve by
a curve of genus two, such that deg ¢ = n is coprime to char(K), and let Es
be the complementary elliptic curve. Let a: E1[n] — Es[n] be the induced
canonical isomorphism (with respect to an embedding of C; recall Lemma 1.6).
Then a inverts the Weil pairing, i.e.

en(P’ Q) = €n (a(P)va(Q))il

for any P,Q € Eq[n](K).

Proof By Lemma 1.6, we have an isogeny ¢: E1 X Fy — Jac(C) that is
polarized with respect to [n] o Ag and A¢, i.e. ¢*(ZL(C)) = Z(nO). Moreover,
we have Ker(¢) =T',. Lemma 1.14 implies Ker(¢) C (E1 X E3)[n]. It follows
that for any geometric point of Ker(y) x Ker(y) that corresponds to a point
of the form ((P,Q), (a(P),a(Q))), we have

L=en((P,Q), (a(P),a(Q))) = en(P, Q) - en(a(P),a(Q)).
This completes the proof. O
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In view of Lemma 1.14, we begin with two elliptic curves FE; and Fj.
Let n > 2 be an integer coprime to char(K) and let a: FEi[n] — FEs[n] be
an isomorphism of K-group schemes between the n-torsion subgroups of the
two curves, such that

en(a(P),a(Q)) = en(P, Q)" (1.27)

for any P,Q € E1[n](K). In other words, the isomorphism « is anti-symplectic
with respect to the Weil pairing.

Let Ag be the usual principal polarization of Fq X Es, namely the one
induced by the divisor © = {0g, } X E2 + Ey x {0g,}, let 'y, C (E1 X E3)[n]
denote the graph of «, and let

©: E1 X E2 — (El X EQ)/Fa =:J

be the canonical map. The map ¢ is an isogeny, being surjective and of finite
kernel. We also let n;: E; — E; x E5 denote the canonical embeddings and
we let p;: 1 x Fy — FE; denote the canonical projections.

Lemma 1.16 The isogeny p: E1 x Ey — J induces a principal polarization

of J.

Proof By Lemma 1.14, the condition (1.27) implies that there exists a line
bundle .# € Pic(J) such that ¢*(#) = £(n©). This bundle naturally
induces a polarization A 4: J — JV given by

ANpy: P totl @ 07

Now let D € Div(J ® K) be any divisor such that .# = £(D) and
let Dy := E1 x {Og,} and Ds := {0g, } X E», so that © = D; + Ds. Both D,
and Dy are fibres of projections, namely D; = pj (0g;). Since any two fibres
of p; are algebraically equivalent, it follows that they are also numerically
equivalent (see [HAG], see pp. 364-367) and we have

Dy-Dy=Dy-Dy=0. (1.28)
Since D; and Dy meet transversally with D1 N Dy = {(0g,,0g,)}, we also have
Di-Dy=1 (1.29)
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(see V.1.3 and V.1.5 in [HAG]). Equalities (1.28) and (1.29) together give
©-0=D1-D1+2D1-Dy+ Dy- Dy =2.
Now the Projection Formula gives
n?0 -0 =nd - nO = p*(D) - p*(D) = degpD - D =n’?D - D

whence D - D = 2. Therefore, by Riemann-Roch (see §16 in [MumAV]), we

have DD
deg A\ 4 = T =1,

i.e. the polarization A\ ,: J — J" is principal. O

Remark 1.17 The polarization A 4 is defined over K and does not depend
on D.

Lemma 1.16 implies that we have the following commutative diagrams,
analogous to (1.8) and (1.9):

[n] o Ao

Ei x By 2228 (By x By)"

J*" o (1.30)

g Y
[n]o A v
J ———— J

)\élowvo)\/”J/ TAJ%O@OA&I (].3].)

E1 X E2 L (El X EQ)\/

~

Let ¢ := /\61 o’ oAy, for convenience. Then we have the following two exact
sequences:

0 By £0m g d g, 0, (1.32)

0 By 22 g P22 0, (1.33)

that are analogous to (1.6) and (1.7).
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Let S be the set containing the effective divisors D € Div(J ® K) such
that ¢*(D) ~ n©. For any Dy, Dy € S, we have £ (D1 — D) € Ker(¢"). The
polarization \ , induces an isomorphism Ker(y') = Ker(Ag' o ¢’ o\ 4) and

therefore Ker(y¢")(K) acts freely and transitively on S via translation, whence

#S = #Ker(p') = #Ker(p) = n”,

Lemma 1.17 If n is odd, then there exists a unique divisor C € S such
that —1;(C) = C. This divisor is K-rational and ¢*(C) is the unique divisor
in ©*(Div(J)) that is both linearly equivalent to n©® and fized by —1 g, « g,

Proof For any D € S, we have
" (—15(D)) = —1g xE,(¢" (D)) ~ —1p,x B, (nO) = nO

so that —1; acts on S. Since #S = n? is odd, the action of —1; must fix
some C' € S. Suppose that some C’ € § is also fixed. Then C' = tp(C)
for some P € Ker(v), which means that C' =tp(C) =t_p(C) and there-
fore 2P = 0. This implies that P = 0 since #Ker(¢)) = n? is odd. O

By Riemann-Roch, we have

c-c
pa(C) = ? + 1=2
and therefore (p; o) c: C — Ej; are both coverings of degree n. However,
we are not necessarily in the situation described in Section 1.2 because C,

although of arithmetic genus 2, need not be irreducible.
Remark 1.18 The elements of S are either all irreducible or all reducible,
since they are translates of each other.

With Lemmas 1.16 and 1.17 in mind, we recall the following classical result.

Theorem 1.18 (Weil) Let A be a polarized abelian surface with a polarization
induced by £ (D) such that D - D = 2. Then exactly one of the following two
holds:

(1) D is a curve of genus two and A is the canonically polarized Jacobian
of D, with D embedded into A;

(2) A is the product E1 X Ey of two elliptic curves E1 and Ea, and D is of
the form {a1} x Eo + Eqy x {as} for some a1 € Ey and as € Es.
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Proof This is Satz 2 in [Weil]. O

Corollary 1.19 If an element D € S is reducible, then we have D = F| 4+ F»
and J = Iy X Fy, where F and Fy are elliptic curves. Moreover, the elliptic
curves Fv, Eo, I, Fy are all isogenous.

Proof The first claim follows directly from Theorem 1.18. Let
gii=pomn: By —J

be the induced embeddings, by (1.32) and (1.33). By the same argument as
in the proof of Lemma 1.16, the self-intersection numbers of E1, Es, I, Iy are
all zero. It is also true that

e1(Er) - F1 # 0, e2(Ez) - 1 #0,
81(E1) . F2 75 0, 82(E2) . F2 75 0.

Indeed, suppose that for some i we have ¢;(E;) - F1 = 0. Then Fy = tp(e;(E;))
for some point P, and for j # ¢ we have

(1.34)

ei(E;) - Fy = ¢;(E;) - ei(E;) = #Ker(p) = n?,
which implies
n = Ej -n@® = Ej(Ej) -D = Ej(Ej) . (F1 —i—Fg) 2 n2,

which is a contradiction. The same argument shows that ¢;(E;) - Fo # 0. It
now follows that £;(E7) and e2(F3) are not translates of F; and Fy in J and
since p: E1 X Ey — Fy x Fy is an isogeny, all four curves are isogenous. ]

Proposition 1.2 ([Fr-Ka]) There exist examples where the elements of S are
reducible.

Proof Let v: E1 — E» be an isogeny of two elliptic curves, of degree n — 1.
Let a: E1[n] — Es[n] be the anti-symplectic isomorphism that is the restric-
tion of v to the n-torsion and let I'y, denote its graph. Then the map

¢: Er x By — E1 x By, (P,Q) — (nP,Q —~(P))
is an isogeny with kernel Ker(¢) = I', and therefore

J = (E1XE2)/F0[§E1XE2. OJ

Frey and Kani (see §2 in [Fr-Ka]) also give the following “irreducibility cri-
terion”.
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Proposition 1.3 Let n € Z~g be odd, let E1 and Ey be two elliptic curves
without K -rational points of order two, and let o: Ei[n] — Es[n] be an
anti-symplectic isomorphism. Then the induced curve C, that polarizes the
quotient J := (Ey x E3) /Ty, is irreducible if and only if 05 ¢ C.

Proof First suppose that C is reducible, say C' = F; + F». Then we
have Fy N Fy = {P} for some point P € J[2](K). Since ¢ induces an iso-
morphism between J[2] and (Ey x E3)[2], we have J[2](K) = {0;} and there-
fore P =0;. On the other hand, if C' is irreducible, the configuration of
the Weierstral points of C' when degy =n is odd (Theorem 1.3) implies
that 0; ¢ C(K), having embedded C into J via P — [P — W) + Wy — W]
(OI“Pl—>[P—W4+W5—W6]). ]

1.5.1 Gluing two elliptic curves along their 2-torsion

In this subsection, we will consider in more detail the special case of n = 2.

Example 1.5 Let E; and Ey be elliptic curves and let a: Fi[2] — E;|[2]
be an isomorphism. Then « is necessarily anti-symplectic because the Weil
pairing takes values in {—1,1}, meaning that the two curves can always be
glued (over K) along their 2-torsion to form a (principally polarized) abelian
surface.

Proposition 1.4 If n = 2, then the elements of S are reducible if and only
if o is induced by an isomorphism v: By — Eo. Moreover, with notations as
above, if n =2 and J = Fy X Fy, then £] = Fy = F) = F.

Proof Let D € S and suppose D = Iy + Fy, where Iy and Fy are elliptic
curves. Let ¢: Ey x Ey — F) X F be the isogeny with kernel Ker(¢) = I'y. We
denote by n; the canonical embeddings F; < E7 x Fy and F; < F} X Fb, and
we denote by p; the canonical projections Fy X Fy — F; and F} x Fo — Fj.
Slightly abusing notation, we also denote by FE; and F; the images of the
corresponding curves under 7;. We claim that the composition

"Yij:EiLElXEQi)leFQﬂ)Fj
is an isomorphism, where 7,5 € {1,2}. With ¢; = ¢ on;, we have
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and &;(E;) - Fj # 0, whence €;(E;) - F; = 1. Therefore ¢;(E;) has precisely
one point in common with Fj and all its translates (in J) and it follows that
the projection of ¢;(E;) to Fj is an isomorphism. It remains to show that the
isomorphisms

Y1i 0’72_7:1: E1 — EQ, 1€ {1,2}

agree with o on the 2-torsion. Let P € E1[2] and note that

(P,0)+T

{(P+T,a(T)) | T € Er[2]}
={(T,a(T = P)) | T € E1[2]}
= (0, —a(P)) + Ta
= (0,a(P)) + T,

where the last equality follows from the fact that a(P) is a 2-torsion point.
It follows that £1(P) = ea(a(P)) € J and therefore y1; 0 75, (P) = a(P). The
other direction follows from Proposition 1.2. O

F5 and its translates

.......... e
__________ Zu
---------- N7/

E, !

Figure 1.8: An illustration of F; and FEs glued along 2-torsion inside
J = F} x Fy; the marked points denote J[2].
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Proposition 1.5 Let E1 and Es be two isomorphic elliptic curves with a
modular invariant j(E;) ¢ {0,1728}. Then they can be glued over K along
the 2-torsion if and only if at least one of the following two conditions holds:

(1) Ey (and therefore Es) has a K-rational point of order two;

(2) The minimal discriminant of Ey (and E3) is a square in K.

Proof Note that j(E;) ¢ {0,1728} implies that Aut(E;) = {£1} and that
both automorphisms fix the 2-torsion pointwise. We choose a model

E: 9?2 =2+ ax’z + bxz? + ¢2°

for both curves, where a,b,c € K. In particular, we have O = [0:1:0]. In
addition to this point, the 2-torsion consists of three more geometric points,
namely

[r:0:1], [s:0:1], [t:0:1],

where 7,5,t € K are the three distinct roots of 3+ ax? + bz +c € K|[z]. Since
any isomorphism a: E1[2] — F»[2] is necessarily anti-symplectic, we only
need to show precisely when the possible automorphisms a: E[2] — FE|2]
are K-rational (the identity map being excluded, by Proposition 1.4). It is
readily seen that a can be realized as

a: iy 2] = [ur® Fore +w2? oyt 2

for some wu, v, w € K. We distinguish two cases:

(1) « is an odd permutation of the points of order two, i.e. it fixes exactly
one point of order two;

(2) « is an even permutation of the points of order two, i.e. it fixes none of
the points of order two.

We deal with case (1) first. Suppose, without loss of generality, that [r: 0 : 1]
is fixed by a. Then under a we have

[s:0:1]—[t:0:1], [t:0:1]—[s:0:1],
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which implies that uz? + ve +w € K|z] must equal the Lagrange polynomial

r—sx—t x—rxz—t T—rT—S5 2r—s—t o
r s = x
r—sr—t s—rs—t t—rt—s (r—s)(r—t)
+—r2+32+t2—rs—rt+st +r2s—r32+r2t—rt2
x
(r—s)(r—t) (r—s)(r—t)

Treating u,v,w, a,b, c,r, s, t as variables, let I, C K[q,a,b,c,r,s,t] denote the
ideal generated by four elements, namely the three polynomials

a+r+s+t, —b+rs+rt+st, c+rst,

and the fourth polynomial

—u(r—s)(r—t)+2r—s—t for ¢ = u,
—v(r—s)(r—t)—r*+ s +t* —rs—rt+st for ¢ = v,
—w(r —s)(r —t) +r%s — rs? +r’t — rt? for ¢ = w.

Eliminating the variables s and ¢ from each I;, we obtain

3r+a 2ra +a® —b w:r3—7“a2+3rb+c. (1.35)

uz3r2+2m+b’ v:3r2+27“a+b’ 3r2 4+2ra+b

It follows that w,v,w € K whenever r € K. On the other hand, we verify
easily that

_l—au+tw

N U

if u# 0. If u =0 and char(K) # 3, then v = —1 and r = —a/3, and if u =0
and char(K) = 3, then v = —1 and r = —a. Hence it also follows that r € K
whenever u,v,w € K. We conclude that an automorphism a: E[2] — E|[2]
that fixes a point of order two is K-rational if and only if the said point
is K-rational.

r

To deal with case (2), suppose that o ([r:0:1]) =[t:0: 1], for example.
Then uz? + vz +w € K[z] must equal the Lagrange polynomial

r—sx—1 r—rx—1 r—rx—5 71>-rs+s>—rt—st+t> ,
t +r S =
r—sr—t s—rs—t t—rt—s (r—s)(s—=t)(t—r)
3 425 — 3 4 2t +rt2 — 3 +—7’282+’F83+7"3t—7“2t2—82t2—|—8t3
x

(r—s)(s—=t)(t—r) (r—s)(s—=t)(t—r)
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In the same manner as before, let I, C Klg,a,b,c,d,r,s,t] denote the ideal
generated by five elements, namely the four polynomials

a+r+s+t, —b+rs+rt+st, c+rst, d—(r—s)(s—t)(t—r),
and the fifth polynomial

—u(r—s)(s—t)(t —r) +ri4+ s>+t —rs—rt — st for ¢ = u,
—v(r—s)(s—t)(t—r) =13 =53 =34 ris 4 rt? + 5%t for ¢ = v,

—w(r —s)(s —t)(t —r) +r°t +rs® + st> —r?t? —r?s® — s*? for ¢ = w.
Eliminating 7, s, gives

a?—3b v_2a3—7ab+90—d w_a26—4b2+3ac—ad (1.36)
a 2d ' N 2d T

u =

where d = (r — s)(s — t)(t — r). Therefore we have u € K if and only if d € K
and, since Ag = (d?) modulo twelfth powers, the claim follows. O

Remark 1.19 Proposition 1.5 also follows by equating (1.13) and (1.14).
Factoring the difference of the two expressions and equating it with zero gives

(b® — ade)(b? + a’c — 9abe 4 27¢?) = 0.
Equating the first term with zero gives ¢ = b%/a®. As one of the curves was
given by s2 = f(t), where f(t) = t> + at® + bt + ¢, this corresponds to case (1)

because f(—b/a) = 0. If the second term is zero, then we obtain case (2) since

Disc(f) = Disc(f) + 4(b® 4+ a3c — 9abe + 27¢*) = (ab — 9¢)?.

We deal separately with the remaining two cases.

Proposition 1.6 Let E1 and Es be two elliptic curves with j(E1) = j(F2) = 0.
Then they can be glued along the 2-torsion if and only if every P € FE;[2]
is K-rational.

Proof We fix a model
E:y*z = 2(2* — B2?)
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for both curves, where B = > € K for some b € K \ {0}. Then the two
automorphisms (over K) of F[2] given by

1
[:y:z]— %x2$§mz—b22:y2:z2

fix no points of order two and fix [b : 0 : 1], respectively. They are defined
over K if and only if b € K. The automorphism that fixes [0 : 0 : 1] is given
by

[ y:z]—[—z:y: 2]

and is induced by automorphisms [z : y : 2] — [~z : £iy : 2], where 2 = —1.
Therefore the claim follows. O

Proposition 1.7 Let E; and Ey be two elliptic curves whose j-invariants
satisfy j(E1) = j(E2) = 1728 # 0. Then they can be glued along the 2-torsion
if and only if E; has at least one K-rational point of order two.

Proof We fix a model
E:y?z=a%-0C2

for both curves, where C' = ¢3 € K for some ¢ € K \ {0}. Let ¢ be a primitive
third root of unity. Then the automorphisms of E[2] given by

[m:y:z}%{gix:y:z}, i€{0,1,2}

fix no points of order two and are induced by automorphisms of E, whereas
automorphisms

1

[x:y:z]— [Cicx2:y2:22}, i€{0,1,2}

fix a single point of order two and are defined over K if and only if (c € K.
O

Proposition 1.8 Let Ey and Eo be two elliptic curves with j(Eq) # j(FE2).
Suppose that:

(1) Both curves have a K -rational point of order two;
(2) The product of their minimal discriminants is a square in K.

Then E1 and Eo can be glued over K along the 2-torsion.
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Proof First of all, suppose char(K) # 3 and choose two models

FEy: y22 =23+ Bixz? + Clz3,
FEsy: sz = 2 + Bozz? + C2°.

Let 7,8i,t; € K be the roots of #® + Byx + C; € Klx], for i € {1,2}.
Then a: E1[2] =+ E3[2] such that

[r1:0:1]+—=[re:0:1), [s1:0:1]—[s2:0:1], [t1:0:1] [ta:0:1]

may be given as [z : y : 2] = [Uz? + Vaz +Wz? :y?: 2%, where U, V,W € K
are such that Uz? 4+ Vo 4+ W equals the polynomial

r—s1 T—1 r—1r1 rT—1 r—7r T — 8

T 2 2 .
re—s11r1—t 81 —1ry1 81—t t1 —rity — 81

Let D; = (r;j—s;)(si—t;)(t;—r;) and note that the assumption (2) is equivalent
to D = D1Dy € K. A simple calculation gives

DU = —ras1 + 1182 + 1oty — sot1 — r1ta + sito,
DV = 7’28% — r%sz — Tgt% + SQt% + r%tg — S%tg,
DWW = —7“28%751 + 7“%82751 + 7“28175% — Tlsgt% — T%Sth + 7’18%752.

The same elimination procedure from the previous proofs gives, among others,
the following equations

2D(3r? + By)U = 3(—12r3r3 + 8r3 B3 + 6r5Cy — 4B3C} — 30r315C5
+ 15r9C1Co + 19D),
2D(3r? + B,)V = 12r3B? — 8B?B1? — 54r r5C) + 361, B3CY + 301, BiCy
— 135r1179C1Cy + 3r17m9 D,
D(3r? + B))W = 1273 — 8r{ B2 + 12r3r3C + 613 B1Cy
— 871 B3C1 — 4B B3C1 + 3011205 + 30131201 Cy
+ 1579 B1C1Cy 4 19 By D.

Therefore U,V,W € K if ri,r9,D € K. An analogous argument yields the
same result for char(K) = 3. O
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1.5.2 The Hesse pencil and the (3,3)-split case

In this subsection, we will assume that K satisfies char(K) # 3 and K = K ((),
where ¢ € K denotes a primitive third root of unity, i.e. 1+ ¢ + ¢2 =0. The
one dimensional family of curves given by

Epy p(zd P+ 2%) + dayz =0

for [\ : u] € P! is called the Hesse pencil. Exactly four members of the pencil
are singular, namely the curves corresponding to [—3 : 1], [-3( : 1], [-3¢? : 1],
and [1: 0]. We will also consider the family H, given by

Ey : 2?4+ + 23 + 3\zyz = 0, (1.37)
that we will refer to by the same name.

Any elliptic curve over K with K-rational 3-torsion admits a model of
the form (1.37) (see Lemma 1 in [Ar-Do], for example). With the excep-
tion of A = —1, each A € K defines an elliptic curve Fy, with the identity
element [1: —1: 0], that is isomorphic to the elliptic curve given by

Y2Z = X3 = 3A(\° —8)X 7% — 2(\0 +20)\3 — 8) 73, (1.38)

via the following linear transformation:

X 3)\2 3\2 A +4| |z
Y =4 +1)([C—-¢) -4 +1)(¢-¢?) 0 yl. (1.39)
A 1 1 -\ z

Each of the four singular elements of H is a union of three lines, namely:

FEy :zyz=0,

E_1: (z4+y+2)(Cz+Cy+2)(Cr+Cy+2) =0,
E ¢ :(@+Cy+2)Cx+y+2)(Cr+Cy+2)=0,
E 2 (24 Cy+2)(Cot+y+2)(Cz+Cy+2)=0.

Let F = p(x3 4+ 9% + 23) + Awyz. Then the Hessian of Ejy., is given by

oF oF OF

0%2x  Oxdy 0x0z
OF  OF  OF | _ o \2(03 1.3 L .3\ 3 . \3
det 30z Py B0% = 3p\"(z° + y° + 2°) — (108u° + A”)xy-=.
OF  9F  OF
0z0x  0z0y 0%z
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We note that this gives another element of H. Restricting to (1.37), the
Hessian of F) corresponds to the curve given by

/\3
AQ

4
a? 4y 428 - xyz =0 if A #0.

In case A = 0, the Hessian corresponds to the three lines xyz = 0.

We assume from now on that A3 # —1 so that F = E), is an elliptic curve
with O =[1: —1:0]. For P = [z :y: z] € E one has
—P=[y:z:z],
2P = [y(z® — 23) 1 2(23 — %)« 2(y — 23)], (1.40)
3P = [Fl . F2 : Fg],
where
By = a0 +y02% 4 2023 — 323723,
Fy = 2523 4 %23 + 4328 — 32323,

Fy = ayz(a8 + 5 + 20 — 239% — 4223 — 2323).

Also, for Py, P» € E with P; = [z; : y; : z;] one has
Py + Py = [yixoze — yaw121 : Tiyo2e — T3y121 ¢ 2172y — zawayn). (L.41)

The curve E and its Hessian meet at nine points that are the flexes of £ and
satisfy xyz = 0. These are the points of E[3] for every elliptic curve in the
pencil and the pencil consists precisely of the cubic curves that pass through
these nine points. It is easy to see that these nine points are given in the
following table.

[1:0: ¢ [[1:=¢*:0][[0:1:—C?
[1:0:—-1] | [1:=1:0] | [0:1:—1]
[1:0:=C | [1:=¢:0] | [0:1:—(]

Table 1.1: points of E[3] in the Hessian model

Letting S=[1:0: -1, T =[-(:1:0], and O = 0g, we choose a partic-
ular isomorphism n: E[3] — (Z/3Z)?, setting S + (1,0) and T — (0, 1).
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1.5. A different point of view

Hence Table 1.1 can be rewritten as:

S+T | T | 2S+T (L1 [(0,1) ] (2,1)
S 0 25 |=[(1,0) ] (0,0) | (2,0)
S+2T | 2T | 2S+2T (1,2) | (0,2) | (2,2)

Table 1.2: Table 1.1 under the chosen isomorphism E[3] & (Z/3Z)?

The Weil pairing on E[3] is completely determined by (S,T), which we
find directly. Let P € E(K) be any point such that 3P = S. By a direct
computation for a specific curve (e.g. P = [—+/2¢ : V/4¢? : 1] for A = 1/2)
or by a Grobner basis computation for the ideal (F} + F3, F») C Klz,y, 2],
combined with the fact that [3][x : y : 2] = [1 : 0 : —1] implies zyz # 0
and y # z, we obtain that 222 + y?x + 2%y vanishes on {P + R | R € E[3]}.
Since we already know that E[3] is determined by lines zyz = 0, we conclude

that
. 2z + y2:z: + 22y c

K(E)

TYZz
is such that

div(g) = Z (P+ R) - R,
ReE[3]

and therefore

g(X+17)
9(X)

regardless of the choice of X € E(K)\ (E[3]Utp(E[3])) (see III §8 in [AEC])).

It follows that

<SvT>: =

(P, Py) = ¢3t0PONP)) - for any Py, Py € E[3],
and we can interpret the Weil pairing on E[3] as the determinant map
det: Z/3Z x Z/3Z — Z/3Z.

This correspondence is unique up to sign, i.e. up to multiplication by units
of Z/3Z; it could also be given as — det for a different choice of S and T

We note that Aut(E[3]) = GL2(Z/3Z), which is a group of order 48. Its
action on E[3], with respect to Table 1.1, is depicted in Figures 1.9 and 1.10.
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Chapter 1. Genus two curves with split Jacobians

t 139] [19) [39)
o Tun s T 23]
3] 93] 93] 03]
\y_ %_. % | f&l
iy A S P N
1 TH 31] 33
K oK ‘><>< ff }><><
e < AN .
i 29 31) 23]
v ok
XX L
91 12] 3 93]

Figure 1.9: Normal subgroup SLs(Z/3Z)
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Chapter 1. Genus two curves with split Jacobians

We recall some basic properties of these groups. We have SLy(Z/3Z) = QsxC3
with
Q= (-1,1J | (-1 =1, > = J* = (IJ)* = -1),
C3=(G|G*=1).

Here —1 = [2Y] and we can take, for example,

S S ]

Moreover, the group SLy(Z/3Z) is generated by I and G. The corresponding
isomorphisms are given by

—]lr—>[y x:z]

[C:r—l—(y+z Cx+Cy+z: r+y+ 2]
=l +y+ziz+Cy+z:Cr+Cy+ e
= |

z:y (el

Therefore the elements of SLy(Z/3Z) correspond to automorphisms of E[3],
each of which is induced by an isomorphism (of elliptic curves) between E and
another element of H. This defines an action of SLa(Z/3Z) on H. Since we
have Aut(E) = {£1} for a generic E) € H, each element of

PSLy(Z/3Z) = SLy(Z/3Z)/{+1} = A,

corresponds to a pair of isomorphisms between E and a unique element of H
(exceptions being A(A3 — 8) = 0 and A% + 20\3 — 8 = 0).

One can easily determine from (1.38) that the j-invariant of E) is

27A3(\3 — 8)3

j(E)\):_ ()\3+1)3

(1.42)

We can therefore conclude that j: H — P! is 12-to-1, except above j = 0
and j = 1728, where it is 4-to-1 and 6-to-1, respectively. Every element of

AL AFL O AT TATE AT C A E A4C Al Ol

{/\ A “A+2 “A+2 . SA+2 5 “A+20 A+2C2 —(A+2 —CA+2 A+ 2 —,\+2<2}
defines the same isomorphism class.
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1.5. A different point of view

The set {—1,1,J,G,H}, where H = [{}], generates GLy(Z/3Z). It is
readily checked that H corresponds to the 3-torsion isomorphism [hq : ho : hs],
where

h = z(y® + 2% + y(a® + 22)¢ + 2(2* + ),
hy = 2(y® + 22)C + y(a® + 2°)° + 2(2® + ),
hs = x(y? + 22) + y(2? + 22) + z(2 + ).

Therefore the anti-symplectic 3-torsion isomorphisms for curves in H are pre-
cisely those corresponding to the coset HSLg(Z/3Z) and they can be written
down explicitly.

We conclude by analysing a specific example.

Example 1.6 Suppose that we have 1 + 3\t? + 2t3 = 0 for some ¢ € K, such
that (3 — 1)(8t3 4+ 1) # 0. Then the elliptic curve

+ 213

1
Ey: 2®+y3 4+ 2% — 2

zyz =0

has a rational point [t : ¢ : 1] of order two. Applying the isomorphism (1.39),
Vélu'’s formula for 2-isogenies (and applying a suitable isomorphism), we ob-
tain as the image a curve that is given by a model of type (1.38) with the
parameter 1 = (1 — 4¢3)/(3t). We omit the details and give only the final map
e E)\ — E,u,a [‘T ‘Y Z} = [fl('raya Z) : fZ(xayvz) : f3(m7y7 Z)]a
where
f1 = x(=2t%2 — 2oy + 222 — yz + 2302 + t22),
fo = y(—2t%2% — tPay + t2y% — x2 + 283y + t2?),
fa=tz(x+y+tz)(z+y—2tz).
Thus v is an isogeny whose kernel is the cyclic group of order two that is
generated by the point [t : ¢ : 1]. Restricting v to the 3-torsion, we obtain
the isomorphism a: E)[3] — E,[3] that corresponds to [} 9] € GLo(Z/3Z). Tt

follows from the proof of Proposition 1.2 that J := (E) x E,)/T, is isomorphic
to By X E,.

Suppose that £y = E,, and suppose that v/—2 € K, extending K if neces-
sary. To determine the isomorphism classes of such curves, we may suppose,
without loss of generality, that A = p. This implies

0=d4t" —2t3 —t — 1= (t — 1)(2t + 1)(2t*> + 1).
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Chapter 1. Genus two curves with split Jacobians

Hence t = j:@ and \ = % Both values of A correspond to the same
isomorphism class since for each one, the other is given by j\)j:rf Hence F) is
an elliptic curve defined over K = K ((,v/—2), with j-invariant j(Ey) = 8000

and with complex multiplication by Z[v/—2].

We note that A and p satisfy
SAZ 4+ N 2 =3 \u+2=0, (1.43)
describing a singular curve of genus zero.

We now consider the case @ = [} 9] in more generality. Let E) and E,

be two elliptic curves in ‘H and let A and G respectively denote the images
of £\ x E,, and I', in P8 under the Segre embedding

o:([r:y:z),ju:v:w]) = |rzu:zv:zw:yu:yv:yw: zu: zv: zw).

The identity element of Ais Oy =[1:—-1:0:—-1:1:0:0:0:0] and the
inversion morphism —1 4 is given as

[X1:X21-~-:Xg]i—>[X5:X41X6:X2:X1:X3:X8:X7:X9]. (144)

Lemma 1.20 Let Wi and Wa denote the set of (geometric) points of order
two on od(Ex x {0g,}) and the set of points of order two on o({0g,} X E,),
respectively. Then any hyperplane section on A that is invariant under —1 4
contains either Wi U Wy or its complement in A[2](K).

Proof The two eigenspaces of (1.44) are respectively generated by the sets

S1 = {X1+ X5, Xo + Xy, X3 + X¢, X7 + X3, Xo},

Sy = {X1 — X5, Xo — Xy, X3 — X¢, X7 — Xg}.
We find that A[2](K) consists of six points that are in the zero locus of the ideal
generated by S and ten points that are in the zero locus of the ideal generated
by So. Since any linear form that is fixed by —1 4 is a linear combination of
the elements of exactly one of these two sets, we are done. O

It is a fact that the translations by points of A[3] can be extended to
automorphisms of P8 and this is crucial to our analysis because there exist
algorithms (see [Ke-St]) that compute invariants of K[X1,..., Xg], of a given
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1.5. A different point of view

degree, under an action by a finite matrix group. The computations involved
were done in MAGMA. The details are given in the Appendix.

We find that the vector space of degree 3 invariants (under the action of G)
is of dimension 21, with an explicitly given basis, while there are no invariants
of degree 1 or 2. We then use a Grdébner basis computation to reduce the
elements of this basis to elements of the coordinate ring of A and we find that
there are exactly 9 linearly independent ones, say Fi,..., Fy. Using another
Grobner basis computation, we solve the equation

d1Fy+ -+ dgFy — (1 X1 + -+ c9X9)3 =0

for ci1,...,c9. The solution set has exactly nine points and they give us linear
forms that are invariant under the translations by points of G. In particular,
we find that the linear form X; + X5 4+ Xy is the one that is also invariant
under —14. Therefore we find the divisor D := ¢*(C) from Lemma 1.17
explicitly. Moreover, the divisor D does not contain O 4 and, as expected, the
remaining 8 divisors are obtained as translates of D by the points of A[3]/G.
Analogous results can be obtained for all choices of anti-symplectic a. We
summarize with the following proposition.

Proposition 1.9 Let n > 3 be an odd integer, let E1 and Es be two elliptic
curves, let © := E1 X {0g,} + {0g, } X E2, and let a: E1[n] — Ex[n] be an
anti-symplectic isomorphism. Let D be the unique divisor on FE1 X Esy that
1s linearly equivalent to n©, invariant under the translations by points of Iy,
and invariant under —1g, «g,. Then (E1 x E3)/T is not a Jacobian if and
only if D contains a 2-torsion point of E1 x Es that is not a point of order
two on Ey x {0g,} or a point of order two on {0g, } X Ea.

Proof As before, let J and C respectively denote the images of Ey x Ey
and D under the isogeny ¢: E} x Ey — (E; X E9)/T,. By Theorem 1.18, the
divisor C' is either a curve of genus two or a sum of two elliptic curves that
meet in a rational 2-torsion point. Since —1; induces an involution ¢ on C,
we conclude that C'(K) contains exactly six points fixed by ¢ if and only if it
is irreducible and that it contains exactly seven points fixed by ¢ if and only
if it is reducible. Since n is odd, the restriction of ¢ to the 2-torsion is an
isomorphism and there is exactly one geometric point of (E; x E3)[2] above
each point of C'(K) that is fixed by ¢. Therefore D(K) cannot contain more
than seven 2-torsion points. Lemma 1.20 shows that D(K) contains at least
the six points of (E1[2] X {0g,} U {0g, } x E2[2]) \ {Og, xE,} and the claim
follows. O
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Chapter 1. Genus two curves with split Jacobians

Remark 1.20 If the divisor D can be given explicitly, the condition in Pro-
position 1.9 is not difficult to check. For n = 3, we can compute this divisor,
given the datum (E), E,,, @) as above. In particular, if « is given by [} §] with
respect to our choice of bases for F3[3] and E,,[3], we find that (E) x E,)/T, is
not a Jacobian if and only if (1.43) holds (see the Appendix for more details).
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Chapter 2

Heights on abelian varieties

In this chapter, we deal with the theory of heights on abelian varieties, using
mostly [Liu] and [DG] as references. Height functions lie at the heart of
some well known finiteness results in Diophantine geometry, some of which
are mentioned below. We begin by giving a short overview of the theory of
heights and recalling some prerequisites, without going into full detail.

From now on, unless stated otherwise, the base field K is assumed to be a
number field, although there are analogues for most of the statements when K
is the function field k(C) of a smooth curve C' defined over a finite field k.
As before, we let K be an algebraic closure of K and we suppose that all
varieties and morphisms are defined over K unless stated otherwise. The ring
of integers of K will be denoted by Og.

Given a variety X, we are interested in functions
h: X(K) — R>o
that satisfy certain finiteness properties. In particular, given a bound B € R,
#{P e X(K) | h(P) < B} (2.1)
should be finite. This finiteness property is a key component in proving, for
example, the Thue-Siegel-Roth theorem(s), the Mordell-Weil theorem, and the

Faltings’s theorem.
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Chapter 2. Heights on abelian varieties

2.1 Naive height in a projective space

Let P € P"(Q) and choose zg, x1, ..., T, € Z such that ged(zg, z1,...2,) =1
and P = [zg: 2 : - : x,]. We define the naive height of the point P as

H(P) := max {|zo|, |z1|, |x2], ..., |znl} . (2.2)

For any a/b € Q with ged(a,b) = 1, we define H(a/b) := H(Ja : b]). The
finiteness condition (2.1) is obviously satisfied for H. This simple function
features in the classical Diophantine theorems, e.g. the approximation the-
orems of Dirichlet and Liouville, and Roth’s theorem (see [DA]). When the
number of points in a subset of P"(Q) is not known to be finite, the asymp-
totic behaviour of a point counting function is an arithmetic datum that is
of interest. For example, the behaviour of the point counting function of P™
is well understood (see Schanuel’s Theorem, [III, §5] in [Langl] for a general
statement and proof).

As a motivation for the general theory of this chapter, we consider an
explicit example. Let E//Q be an elliptic curve given by

y2z =% —z2? + 23

and let P = [1 : —1 : 1]. The points [n]P for n € {1,2,...,26} are listed in
Figure 2.1. The parabolic shape formed by the digits would seem to suggest
that the number of digits required to write [n|P increases quadratically with n.
This is formalized in the following sections.

2.2 More general height functions

It is natural to extend the notion of a height to all number fields. Let K be
a number field of degree [K : Q] = d = 11 + 2ry and let My denote the set of
places of K. Recall that My = M?{ U Mg?, where

MY = {maximal ideals of O},

0o _
M ={01,.. 0, T1y ooy Tro b

and 0;: K — R and 7;,7;: K < C are the real and the complex embeddings
of K, respectively.
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1:-1:1]

U!COO»—A
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= = |

=

~11:1]
—7:8]
33:17:27]
95 : 103 : 125]
56 : 419 : 1]
1749 : —1861 : 1331]

4845 : —7981 : 6859]

6244 : 24655 : 21952]
300245 : 399083 : 148877]
1338189 : —4231459 : 132651]
5232472 : —8824453 : 11089567]

180611015 : 13919407 : 136590875
1441793001 : 2068194649 : 2633789341
8246188998 : 30795303833 : 5884804 72]

516748560445 : —640700244397 : 289723287113]

3375972447067 : —9902960463475 : 8578614947111]

51055373209680 : 101098481076377 : 85923747076383]
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51706401333034393 : —284766785698664807 : 1702936561884713]
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Figure 2.1: Positive integer multiples of [1: —1:0] on E: y? =23 —x + 1
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Chapter 2. Heights on abelian varieties

For v € M, one defines the corresponding absolute value as

o K 5 R 2] pode(@)/er if ¢ is a maximal ideal p C Ok,
s ozl =
° =0 ! lo(x)] if v is an embedding o € M7z?,

where e, = ord,(p) is the ramification index of p in K and | - | is the usual
archimedean absolute value on C. By convention, we set |0], = 0. These
absolute values are extensions of the usual (p-adic and archimedean) absolute
values on Q and they are unique, up to equivalence!, as is the case with the
absolute values on Q (a theorem of Ostrowski). If L/K is a field extension
and w € M, and v € Mg are such that the restriction of |- |, to K equals ||,
we say that w divides v (or lies above v) and write w|v.

To extend our definition of a height, it is necessary to first normalize
the absolute values so that the Product Formula holds. To that end, for
any v € Mg, let K, denote the completion of K with respect to | - |,. We
define the local degree of v to be n, := [K, : Q,] and we define the normalized
absolute value associated to v as

zlo = [=[5
Equivalently, for a prime ideal p C Ok above p € Z, we have
||z[lp = (Ng/q(p)) 4 = p=orde@le (for z £ 0),

where f;, is the residue degree of p, and for an embedding o € Mz® we have

I lo(x)| if o is real,
€T =
7 lo(x)|? if o is complex.

Definition 2.1 Let P = [zg : x1 : -+ : @) € P*(K) with z; € K. The relative
height function Hy : P*"(K) — R is given by
Hi(P)= 1] max{[lzollv, [|z1]ls, - |lzallo}-
vEMK

That this is well defined (independent of the choice of homogeneous co-
ordinates for P) follows from the following theorem.

! Two norms are called equivalent if they define the same topology.
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2.2. More general height functions

Theorem 2.1 (Product Formula) Let K be a number field and let x € K\{0}.

Then
II ll=ll. =1.
vEME

Proof This is obvious for K = Q. The general case follows from the so called
Degree Formula for number field extensions L/K:

[L:K]= Y [Ly:K,] foreveryve Mg (2.3)
weMy,
wlv
(see Theorem 2 and its Corollaries in Chapter II of [Lang2]). O

One can show, using the Degree Formula (2.3), that if L/K is an extension
of number fields and P € P"(K), then

Hp(P) = Hg (P)IFK.

This leads to a new definition of a height function that is independent of the
underlying field.

Definition 2.2 Let P = [z : 1 : - : @] € P*(Q). The absolute height
function is the function

H:P"(Q) — R>1, H(P):= Hy(P)Y/ A

for any K such that P € P"(K). As before, one defines the relative (resp.
absolute) height of a € K to be the relative (resp. absolute) height of the
point [a : 1] € PY(K).

Note that this definition of H is reduced to (2.2) when K = Q. Being
independent of the field, the absolute height is Galois invariant.

Proposition 2.1 For every P € P*(Q) and every o € Gal(Q/Q), one has

Proof Let K = Q(P). Since o restricts to an isomorphism K — o(K),
it induces a bijection between My and M, k), where o(v) is defined by the
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Chapter 2. Heights on abelian varieties

equality |z|, = |0(v)|s(). Moreover, one has [k, : Q,] = [0(K)g) @ Qu
since ¢ induces an isomorphism on completions, and therefore

H m?x{]xim“}z H m?x{la(xz)mw}

vEM K wEMg(K)
and the claim follows. O

The absolute height satisfies several very useful properties that are outlined
in the remaining statements of this subsection.

Theorem 2.2 (Northcott) For any D, B > 0, the set

{PeP*(Q) | H(P) < B and [Q(P): Q] < D}

1s finite.

Proof For P = [zg:x1: -+ : ] € PQ) one has H(P) > H(xz;) > 1, so it
suffices to prove the case n = 1 for all 1 < d < D. For any = € Q of degree d,
the Galois conjugates of x have the same height as z, by Proposition 2.1.
Therefore the bound H(z) < B implies a bound, in terms of B and d, on the
height of the coefficients of the minimal polynomial F, € Q[T] of x. Since
there are finitely many points of bounded height in P?(Q) and F}, has rational

coefficients, there are finitely many possibilities for F,, and therefore for z. See
the proof of Theorem B.2.3 in [DG] for the precise bound. O

Let X be a projective variety over the number field K. If ¢: X — P™ is an
embedding, one is tempted to define the height of a point P € X as H(¢(P)).
However, height functions defined so far are not stable under embeddings;
composing ¢ with an automorphism of P" or an embedding P* — P may
give different values for H. For example, we have the following

Lemma 2.3 Let P € P*(K) and Q € P™(K). Let d € N and let N = (“1").
Let ¢q denote the d-uple embedding, given as

ba:P* PN fxgiecan] e [My:--- s My,

where the M; are the monomials of degree d in xq,...,xy, and let Sy, , denote
the Segre embedding, given as

S P x P — PO () Ty ) e [y
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Then the following two equalities hold:

H(gu(P)) = H(P)" o
H(Sm,n(PaQ)) :H(P)H(Q) .

Proof This follows immediately from the definitions. O

In general, the absolute height does not behave as nicely under morphisms
(or, more generally, rational maps). However, its “bad behaviour” is bounded
and this is the key property that allows us to proceed in our endeavor.

Theorem 2.4 Let ¢: P* — P™ be a rational map of degree d, given as
r=[xo:x1: -z = [Folz): Fi(z) - Fp(z)],

where deg F; = d for every i =0,...,m. Let Z = N",Z(F;) be the zero locus
of the F;. Then the following hold:

(1) There is a constant c; = c1(¢) > 0 such that for all P € P*"(Q) \ Z, we
have

H(¢(P)) < et H(P)%;

(2) If X is a subvariety of P" such that X N Z =0, so that ¢: X — P™ is a
morphism, then there exists a constant ca = c2(¢p) > 0 such that for all

P € X(Q), we have
H(¢(P)) > coH(P)".

Proof See Theorem B.2.5 in [DG]. O

Remark 2.1 The constants do not depend on the point P and are effective.
The constant c is obtained directly by the triangle inequality, while obtaining
the constant ¢’ requires an application of an effective version of the Nullstellen-
satz. In general, the opposite inequality does not hold in (1).

2.3 Heights on varieties

For convenience, we introduce the (absolute) logarithmic height
h:P"(Q) — Rxo, h(P)=1log H(P).
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Chapter 2. Heights on abelian varieties

We call H the multiplicative height. We will omit these adjectives and refer to
them simply as heights when the context makes it clear what we are referring
to.

Let X be a projective variety and let ¢: X — P" be a morphism (not
necessarily an embedding), all defined over Q. We refer to the function

he: X(Q) = Rxo, hg(P) = h(6(P))
as the height on X relative to ¢.
If ¢: P — P™ is a morphism of degree d, Theorem 2.4 gives
he(P) = dh(P) 4+ O(1).

Since deg ¢ = d, one has ¢*O(1) = O(d), which leads to the following gener-
alization of Theorem 2.4.

Theorem 2.5 Let X be a projective variety over Q and let ¢: X — P"
and 1: X — P™ be morphisms (over Q) such that $*O(1) = *O(1). Then

he(P) = hy(P) + O(1)

holds for every P € X(Q). The constant depends on X, ¢, and v, but not
on P.

Proof Let £ = ¢*O(1) = ¢*O(1) and choose a basis {sg,...,sny} for
the Q-vector space H°(X,.#). There are linear combinations

N
fi:Zaijsj forizO,...,n

j=0
N
gi:Zbiij forizO,...,m
j=0
such that ¢ = [fo: fi:---: fu] and Y =1][go:g1:  :gm]. Let
y=1[so:s1::sn]: X =PV

be a morphism associated to .Z and let a: PN — P" and 8: PN — P™ be the
linear maps determined by the matrices (a;;) and (b;;), respectively. Then the
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2.3. Heights on varieties

following diagram is commutative:

X
P
N
P PN B pm

Applying Theorem 2.4 to o and [ gives

ha(@)) = (@) + O(1),
h(B(Q)) = Q) +O(1)

for every Q € v(X(Q)). Hence for every P € X(Q) we have
(@)

ho(P)) = h(a(y(P))) = h(y(P)) +
= h(B(~(P))) + O(1)

and we are done. O

—_
I
=
=
3
+
S
=

The preceding theorem is the first step in constructing the so-called Weil
Height Machine.

Let X be a projective variety over K and let ¢: X — P” be an embed-
ding. Then .£ = ¢*O(1) € Pic(X) is a very ample line bundle. Conversely,
if £ € Pic(X) is a very ample line bundle, we can choose a basis {so, ..., sn}
of the space H°(X,.Z) of the global sections and define

DL os0rsn: X = P x> [s0(x) = -+ 2 sp()].

This map depends on the choice of the basis and is uniquely defined up
to Aut(P™). Theorem 2.5 implies that, modulo a bounded function, we may
define a height function associated to .Z, namely hy = ho ¢y, because it
does not depend on the choice of a morphism (that is, the choice of sec-
tions), up to O(1). If £, % € Pic(X) are two very ample line bundles
and ¢ : X — P for i = 1,2 are two associated morphisms, we can compose
their product with the Segre embedding and obtain a morphism

bH @ Psy: P> Spimy (¢f1 (P), ¢$2(P)) (2.5)
that corresponds to the line bundle .2 ® %, since S .. (O(1)) = O(1,1).

The following classical result of algebraic geometry allows us to extend this
definition of a height to arbitrary line bundles.
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Lemma 2.6 Let X be a projective Noetherian scheme. Then for every line
bundle £ there exist very ample line bundles £y, %5 such that £ = £ ®.§,’2—1.

Proof Recall that, by a theorem of Serre (see I1.5.17 in [HAG]), there exists
a positive integer n such that Z(n) = £ ® O(n) is ample. Therefore, for
all sufficiently large integers m, the line bundle .Z®™ @ O(mn) is very ample.
Since O(n) is very ample, we have

L =(ZL00m)" e (ZL™ o O0(mn+n))""

and we are done. O

We may now associate a height to any line bundle.

Definition 2.3 Let X be a projective variety over K and let . =% ®$271,
with £, % € Pic(X) very ample. The Weil height associated to £ is the
function

hj:X(K)*)R, hiﬂ:hlogf)gl*hgogbgw (2.6)
where h; and ho are the logarithmic heights on the corresponding projective
spaces.

The height h ¢ is well defined up to a bounded function (by Theorem 2.5);
it does not depend on the decomposition of .Z. The Weil height has some
very useful properties, all up to a bounded function, as summarized in the
following theorem (see Theorem B.3.2 in [DG], where the statement is given
in terms of divisors).

Theorem 2.7 Let X be a projective variety over the number field K. For
any line bundle £ € Pic(X), the Weil height function hy has the following
properties:

(1) For X = P", the function hpqy: P"(K) — R “extends” the absolute
logarithmic height, that is

how)(P) = h(P) +O(1)  for all P € P"(K)
(2) (additivity) Let £, # € Pic(X). Then
hgo.n(P)=hg(P)+h4(P)+0(1) forall P e X(K).
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(3) (functoriality) Let ¢: X — Y be a morphism of projective varieties
over K and let £ € Pic(Y). Then

how2(P) = hgz(p(P)) + O(1).

(4) (positivity) Suppose £ € Pic(X) is effective, i.e. h%(X,ZL) >0, and
let B = Ngepox,2)Z(s) be the base locus of . Then

hg(P) > O(1) for all P € (X \ B)(K).

(5) (finiteness) Let £ € Pic(X) be an ample line bundle and let L/K be a
finite number field extension. Then for every B > 0, the set

{Pe X(L)| hg(P)< B}
is finite.

Proof Property (1) follows immediately from the definition, using the height
function ho(1) = h o ¢o(1), where ¢p(1) is taken to be the identity morphism.

Let .2, . # € Pic(X) be such that ¥ = .4 ® % ' and A = M @ My "
for some very ample .%;, #; € Pic(X). Then £ ® #1 and £ @ #5 are very

ample and therefore for every P € X (K) we have

heo.n(P) = hyoma( o)1 (P)
= hz 0. (P) — hae.n(P)+O0(1)
= hg (P) + by (P) = hgy(P) — bz, (P) + O(1)
=hg(P)+h4(P)+0(1)

The third equality follows by using (2.5) and Lemma 2.3, that together imply
additivity for very ample line bundles. We therefore have (2).

To prove functoriality (3), suppose that £ = 4 ® %, ' € Pic(X), where
the line bundles .7, % are very ample. Let ¢1 0@ and ¢2 o ¢ be two morph-
isms that are associated to ¢*.2] and ¢*.%5, respectively. Then we have

hpx2(P) = hys 2, (P) — hys 2, (P) + O(1)
= (ho¢1o9)(P) = (hogaop)(P)+ O(1)
= (hg 0 @)(P) = (hg o) (P) + O(1)
= (hgop)(P)+0(1)
for every P € X(K) and (3) follows.
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Now suppose that ¥ = 4 ® 02”2*1 is effective with 2,.% very ample.
Let {so,...,5,} be a basis for H(X,.%). Since .& is effective, it follows that

s; € H(X, % ® %) =HYX, %) foreach i.

We then extend this basis to a basis {sq,...,8n, Snt1,...5m} of HY(X,.#)
and define morphisms

bp =150 8m|: X = P™,
bopy =108, X = P".

Now, since .% is base-point free, the base locus of % coincides with the base
locus B of £ and for every P € X(K) \ B, we have

hg(P) = hg (P) = hg(P)+ O(1)
= h(¢.z(P)) — (92 (P)) + O(1)
= h([s0(P) : -+ : sm(P)]) = h([s0(P) : -+ = sn(P)]) + O(1)
> 0(1) (since m > n).

This establishes positivity (4).

To show finiteness (5), it suffices to consider the case of a very ample &
because if .Z is ample, then .Z®™ is very ample for some positive integer n and,
by additivity, we have h gem = mhy + O(1). Suppose that . is very ample so
that ¢ ¢ : X — P" is an embedding. Then we have h o (P) = h(¢.»(P))+0(1),
and property (5) follows by Theorem 2.2. O

Remark 2.2 For each . € Pic(X), the Weil height function hg is uniquely
determined, up to O(1), by properties (1), (2) and (8). In fact, it suffices to
restrict (3) to embeddings ¢: X — P™.

2.4 Canonical heights on abelian varieties

It is possible to further refine the Weil height. Under certain assumptions,
there exists a function in the same equivalence class (modulo bounded func-
tions) as a given Weil height function hg, that satisfies very nice properties,
as we will see below.
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Theorem 2.8 (Néron & Tate) Let X be a projective variety over K and
let £ € Pic(X). Suppose that ¢: X — X is an endomorphism such that

g =g for some d € Z>s.

Let qﬁ” =¢ogo --- 0@ denote the n-th self-composition of ¢. Then the func-
tion hd)-,?’ X(K) — R given by

h¢_g) P +— lim 72@1)”(})))

n—00 dn

(2.7)
1s well defined and it is the unique function satisfying:

(1) hg #(P) = hy(P)+0(1);

(2) hy2(3(P)) = dhy(P).

We refer to ilqg"g as the canonical height associated to £ and ¢.
Proof We show that the sequence
0> ha(¢"(P))d™" (2.8)

is Cauchy and therefore convergent. Since ¢*.¢ = £®? by assumption,
linearity of the Weil height implies

hg(p(P)) = dhy(P)+ O(1) for every P € X(K).

More precisely, there exists a constant C' > 0, independent of P, such that

|hg(¢(P)) — dhy(P)] < C for every P e X(K). (2.9)
Hence for any two positive integers m > n, we have
he(@™(P)  he(@(P)| "= 1 - :
f((fim( )) _ f((zn( ))' _ Z i (hg(¢l+1(P)) —dhg((ﬁZ(P)))‘

z et [ ()~ dnai (P

m—1

1 .
< 2 —C (applying (2.9))
a—"—-dm
“Tao1 ©

(2.10)
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Chapter 2. Heights on abelian varieties

The last expression converges to zero as m,n — oo and therefore (2.8) con-
verges and il¢7g is well defined. Now putting n = 0 and m — oo in (2.10)
gives (1), while property (2) follows directly from the definition (2.7). Given
two functions that satisfy both said properties, it follows that their difference
is bounded and satisfies property (2) and is therefore zero. O

Theorem 2.8 allows us to associate a height function to a pair (A,.%¢) in a
canonical way. We first recall the following lemma.

Lemma 2.9 (Mumford’s Formula) Let A be an abelian variety over any field
and let n € Z. Then for any £ € Pic(A), the map [n]: A — A satisfies

n2 n27n

)% =2"3" @ (-1"2)"

In particular,

[n]* % = L if £ is symmetric, d.e. if [-1]" % = %;
[n]* L = L if £ is anti-symmetric, i.e. if [-1]*L ! = 2.

Proof This ultimately follows from the Theorem of the Cube for abelian
varieties. See Corollary 6.6 in [Miln1]. O

The following statements describe the corresponding relations for heights.

Corollary 2.10 Let A be an abelian variety over the number field K and
let £ € Pic(A) be a symmetric line bundle on A. Then there is a unique
function hy: A(K) — R in the equivalence class of hy (modulo bounded
functions) that satisfies

A~

ho([m]P) = m*hy(P)  for allm € Z and all P € A(K) (2.11)

Moreover, the function ﬂg satisfies the parallelogram law. That is to say that
for all P,Q € A(K) we have

hy(P+ Q)+ hy(P — Q) = 2hg(P) + 2h4(Q). (2.12)
Proof Let hy: A(K) — R be the function
. 1 .
hg: P nll_)IrOlO 4—nhg([2 |P).
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2.4. Canonical heights on abelian varieties

Then equality in (2.11) follows immediately from the equality [m|*.¥ = & m?
and Theorem 2.8. The same two also imply that for any integer m > 2, we
have

hg(Im]P) = m*hy(P) +O(1) for any P € A(K).

Note that the definition of hg uses the doubling map and does not depend
on m. Hence when dealing with he(P), we can always replace P by [2"]P
and divide by 4™. This gives

by (I]P) = lim —h y([2"m]P)

n—oo 4n

1
= lim —hy([m2"|P
dim e ((m2"]P) (2.13)

= lim %(m%g([zﬂp) +0(1))

n—o0

=m’hy(P)

and (2.11) follows for any m. By Theorem 2.8, the function /¢ is unique and
independent of our initial choice of m = 2.

We recall that, again, it follows ultimately from the Theorem of the Cube
that [—1]*.Z = £ if and only if

SLQIYL = (1L (n.L)?, (2.14)

where s,d, T, m9: A X A — A are the sum, the difference, and the projection
morphisms, respectively. Equation (2.14) implies the parallelogram law up
to O(1) for h &, and hence also for h.4 because they are in the same equivalence
class modulo bounded functions. Indeed, we have

ho(P+ Q)+ hg(P— Q) =2hy(P)+2hge(Q)+0(1) forall P,Q e A(K).

We can now replace P and @ by [2"]P and [2"]Q, respectively, divide by 4"
and let n — oo. This yields (2.12) because the O(1) does not depend on P
and Q. ]

Remark 2.3 The parallelogram law implies that we can associate to hy a
bilinear pairing A(K)x A(K) — R, called the canonical height pairing, defined
as

(@) =5 (hr(P+Q) ~he(P) (@), (215)

which together with (2.11), makes ho a quadratic form on A(K).

75



Chapter 2. Heights on abelian varieties

Remark 2.4 It is possible to choose .Z € Pic(A) that is ample and symmet-
ric and this is usually sufficient for applications. In this case, the canonical
height k. has the nice property that fzg(P) = 0 if and only if P € A(K)
is a torsion point. Indeed, it is clear from (2.11) that ﬁg sends torsion
points on A(K) to zero. On the other hand, suppose that hy(P) = 0 for
some P € A(K). Then for every n € Z, we have

hy(nP) = hy(nP) + 0(1) = nhy(P) + O(1) = O(1).

It follows that the Weil height is bounded on the set {P,2P,3P,...} and
therefore the set must be finite by Northcott’s Theorem.

There is an analogous result for anti-symmetric line bundles. In this case,
the canonical height is linear.

Corollary 2.11 Let A be an abelian variety over the number field K and
let £ € Pic(A) be an anti-symmetric line bundle on A. Then there is a unique
function hy: A(K) — R in the equivalence class of hy (modulo bounded
functions) that satisfies

ho(P+ Q) =hy(P)+ he(Q) for all P,Q € A(K), (2.16)

and it is therefore a group homomorphism.
Proof Define hy: A(K) — R to be the function
hy: P lim —hy (2P
i P lim oohe([27]P).

The proof of linearity is now analogous to the proof of Corollary 2.10. Any two
homomorphisms A(K) — R whose difference is bounded must be equal be-
cause the image of their difference is a bounded and therefore trivial subgroup

of R. Hence (2.16) uniquely determines h o within its class. ]

Now we can extend the canonical height to arbitrary line bundles, but first
we recall a useful definition. Let G and H be two abelian groups, written
additively, and suppose that H is such that [2]: H — H is invertible. We say
that a function f: G — H is quadratic if for all P,Q, R € G, we have

f(P+Q+R)—f(P+Q)—f(P+R)—f(Q+R)+f(P)+f(Q)+f(R)—f(0) = 0.
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Theorem 2.12 Let A be an abelian variety and let £ € Pic(A) be a line
bundle on A. Then the following hold:

(1) There is a unique quadratic function hg: A(K) — R in the equivalence
class of h.y (modulo bounded functions) such that h(0) = 0;

(2) For all £, 4 € Pic(A), we have iALg@V// =ho+hy;

(3) For any morphism ¢: B — A of abelian varieties, we have

horw =hy o —he((0)).

We call ﬂg the canonical height associated to £ or the Néron-Tate height
associated to .Z.

Proof Let 4 = £ @ [-1]*% and % = £ @ ([-1]*.£)"!. Then & is
symmetric and %, is anti-symmetric. We can therefore define

A~

hy = (hgl+hg2).

l\.')\r—l

Most of the properties follow by arguments analogous to the ones in Corol-
laries 2.10 and 2.11. That hy = he + O(1) is quadratic and hy(0) = 0 is
clear from the construction. Let hi and ho be two quadratic functions in the
class of hg that satisfy h1(0) = ho(0) = 0. Then f = hy — hg is a bounded
quadratic function and f(0) = 0. This implies that the associated bilinear
pairing A(K) x A(K) — R given by

(P,Q) =5 (f(P+Q) - f(P)— f(Q) + f(0))

DN | =

is also bounded and therefore identically zero, whence f(P+Q) = f(P)+f(Q).
This, along with the fact that f is bounded, implies that f is identically
zero, proving (1). Applying (1) to the function hy + by = hyg.s + O(1)
proves (2), while (8) follows from the fact that every morphism of abelian vari-

eties is a group homomorphism composed with a translation (see Corollary 2.2
in [Miln1)). O
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2.5 Relation to intersection theory on arithmetic
surfaces

Let S be a Dedekind scheme, i.e. a normal, irreducible, locally Noetherian
scheme of dimension 0 or 1. Following the notations in [Liu], let  denote the
generic point of S and let s denote a closed point of S, with residue field &(s).
Let C be a smooth, projective, geometrically connected curve of genus g > 0
over the function field K(S) of S.

Definition 2.4 A model of C over S is a pair (C, f), where ¢: C — S is an
integral, normal, projective, flat, Noetherian S-scheme of dimension 2 with
generic fibre C,, and f: C = C, is an isomorphism.

We usually omit the isomorphism f from the notation and talk about a
model C, with the understanding that a particular isomorphism is fixed.

Definition 2.5 A fibre C, is called the reduction of C' at s. If C' has a smooth
model over Spec(QOg ), it is said to have good reduction at s, otherwise it is
said to have bad reduction.

A morphism C — C’ of models is a morphism of S-schemes that respects
the isomorphisms C, = C and C’;, = C. We are particularly interested in
regular models. A regular model C — S, with S one-dimensional, is usually
called an arithmetic surface.

A regular model C is called relatively minimal if every proper birational
morphism C — C’ (as S-schemes), where C' — S is a regular model of C, is
an isomorphism. It is called minimal if every birational map C' --» C is a
birational morphism. A minimal model is relatively minimal.

Theorem 2.13 With S and C/K(S) defined as above and with dim S = 1,
there exists a minimal regular model C — S of C.
Proof See 9.3.3 and its preceding sections in [Liu]. O

Concrete cases that we have in mind are S = Spec(R), where R is the ring
of integers of a valuated field k£ with a discrete valuation v, that is

R={xeck|v(z) >0}
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Therefore, let k denote a field with a discrete valuation, let C' denote a smooth,
projective, geometrically connected curve of genus g > 0 over k, and let C
denote the minimal regular model of C' (over the corresponding Dedekind
scheme).

2.5.1 The non-archimedean case

Suppose k is a local non-archimedean field with a discrete valuation v. Let O,
denote the ring of integers of k and let S = Spec(O,). The residue field k(s)
at s will also be denoted by the conventional k(v).

For a prime divisor D € Div(C), let D € Div(C) denote the prime divisor
that is the Zariski closure of D in C and extend the association D + D by
linearity. For any closed point x € C, and any two distinct prime divisors D, E,
respectively defined locally at x by f,g € O¢ ., we define their intersection
multiplicity at x as

iz(D, E) :=length(Oc./(f,9)) (as an O¢, — module). (2.17)

This definition extends by linearity to all divisors D, E with no common com-
ponent. The total intersection multiplicity of D, E is defined as

iv(D, E) = iz(D, E)[k(z) : k(v)],

xT

where the sum is over closed points z € C,. We refer to the divisor

D-E:=> (D, E)x]
X
as the intersection of D and E. If D-F is a single point with some multiplicity,
the multiplicity is sometimes also denoted by D - E.

We denote by Div,(C) the group freely generated by the (finitely many)
irreducible components of C,.

Theorem 2.14 (Hriljac [Hri]) For every D € Div'(C), there exists a di-
visor ®,(D) € Div,(C) ® Q such that D + ®,(D) is orthogonal to, i.e. it has
trivial intersection with, all elements of Div,(C).

This theorem provides justification for the following definition.
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Definition 2.6 Let D, E € Div?(C) be two divisors with disjoint supports.
Then their local Néron symbol is defined as

(D, E)y = iv(D + ®4(D), E) log(#k(v)).

Proposition 2.2 The local Néron symbol is well defined and does not depend
on the choice of the reqular model C or on the choice of the divisor ®,(D).

Proof See Theorem IIL.5.2 in [Lang2]. O

Let f € k(C)* and let D = Y, n;P; € Div?(C) be coprime to (f). Then
we define

7(0) =TT FP)™.

Theorem 2.15 Suppose C(k) is Zariski dense in C. Then for any pair of
divisors D, E € Div(C) with disjoint supports, one can define in a unique
way a real number (D, E), such that:

(1) The pairing is bilinear;
(2) The pairing is symmetric;
(3) If D = (f), then (D, E), =vo f(E), where v(z) = —log||z||s;

(4) Fiz any Py € C(k)\ supp(D). Then the map C(k)\supp(D) — R given

by
P (D,P — Py),

is continuous and locally bounded.

Proof See Theorem IIL.5.1 in [Lang2]. O

Remark 2.5 Let k'/k be a field extension and let w € M, be an absolute
value dividing v. Then restricting (D, E),, to k gives the symbol (D, E),
if D,E € Div’(C(k)). Therefore, by taking an appropriate field extension,
one can drop the assumptions of k-rationality and Zariski density.

Lemma 2.16 Let : X — Y be a projective surjective morphism of arithmetic
surfaces. Let D € Div(X) be a prime divisor and let E € Div(Y'), such that D
is not contained in o~ '(supp(E)). Then

0 if p(D) is a point,

;ix(D,Lp B)[k(z) : k(y)] = {[k(D)  k(p(D)))iy(p(D), E)  otherwise.
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Proof See Theorem II1.4.1 in [Lang2] or Theorem 9.2.12 and its succeeding
remark in [Liu]. O

Corollary 2.17 (Projection Formula) With notations as in the preceding
lemma, we have
(D - ¢"E) = (D) - E.

2.5.2 The archimedean case

We will now deal with the local archimedean case and modify the definitions
accordingly. Since k, = C, we have that X := C(k,) is a compact connected
Riemann surface of genus g > 1. In the archimedean setting, the definitions
are complex-analytic and it is the Arakelov-Green function that plays the role
of the intersection multiplicity defined by (2.17). We recall some necessary
prerequisites first.

Let QY denote the sheaf of holomorphic 1-forms on X'. The holomorphic
differentials H(X ,Q}Y) are a g-dimensional vector space, equipped with a
hermitian inner product:

(w,m) = (277)2//\»“}/\77' (2.18)

Let {w1,...,wn} be an orthonormal basis of HO(X, Q%) with respect to (2.18).
Then one defines a canonical fundamental (1,1)-form p as

- g

i

po= E wj A\ @j, (2.19)
(27r)29j:1 J J

which does not depend on the choice of the basis.
Theorem 2.18 (Arakelov [Ara]) There ezists a unique function
G: X xX— RZO?

called the Arakelov-Green function, such that the following hold for all P € X':

(1) For all Q € X, the function log G(P,Q) is C* if Q # P;

(2) Locally at P € X, we have log G(P,Q) = log |2(Q)| + f(Q), where z is a
local coordinate at P with z(P) =0 and f € C*(P);
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(3) For all Q € X, we have dgdglog G*(P,Q) = 2min(Q) if Q # P;
(4) For all Q € X, we have [,1og G(P,Q)u(Q) = 0.

It follows from the Theorem of Stokes that the Arakelov-Green function
is symmetric, i.e. for all P,Q € X, we have G(P,Q) = G(Q,P) it P # Q
(see [Falt1] for example).

For every D € Div(X), the Arakelov-Green function induces a Hermitian
metric on .Z (D). It suffices to consider the case of points P € X as the general
case then follows by taking tensor products of line bundles. If P € X', then
we define a smooth Hermitian metric on .Z(P) as

Ilp: @ = G(P,Q),

where 1 denotes the constant section of Z(P). We refer to a line bundle with
a smooth Hermitian metric as a metrized line bundle.

Let f be a non-zero meromorphic function on X and assume the standard
Hermitian metric on C. For a local coordinate z, we have

0dlog || f(2)||? = 89 1og(f(2)f(2))

— 08(10g f(2) + log f(2)) = 0

away from the zero-poles of f. Therefore if . is a metrized line bundle on X,

with a metric ||-||, we can define its curvature, that is the following (1,1)-form:
15 1 9% log(||s|]*)
g =03l 2y = — FOBUBIT) g, A gz
curvy = g00108(llslP) = 555 57 42N 5

where s is a local generating section of .2 and z is a local coordinate. For
a line bundle %, a metric is called admissible if curvy with respect to the
metric is a multiple of the canonical fundamental form p (recall (2.19)).

Example 2.1 The holomorphic cotangent bundle Q},( is metrizable with an
admissible metric. Let A denote the diagonal on X x X. By the Adjunction
Formula (cf. [PAG] pp. 146-148), there is a canonical isomorphism

ZL(-A)a = Q. (2.20)

The line bundle Z(A) is metrizable by ||1||(P, Q) := G(P, Q). The Arakelov
metric || - ||ar is the unique metric on Q) that makes the isomorphism (2.20)
an isometry. It was proved by Arakelov in [Ara] that || - ||, is admissible.
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For D € Div(X) and P € &, let G(D, P) := [[gep G(P, @), taking multi-
plicities in D into account.

Theorem 2.19 (Analytic projection formula) Let X and X’ be Riemann sur-
faces of genus one and let Gy and Gy denote their Arakelov-Green func-
tions, respectively. Let p: X — X' be a mon-constant holomorphic map and
let D € Div(X'). Then the canonical isomorphism

¢* L (D) — Z(¢"D)
is an isometry and for any P € X, we have

GX((P*DvP) = GX’(Da(P(P))'

Proof See Propositions 3.1 and 3.2 in [dJ]. O

Definition 2.7 Let D, E € Div(X) be two divisors with disjoint supports.
Then their local Néron symbol is defined as

(D,E), = —e,10gG(D, E),

where
1 if k, = R,
Y2 ifk, =C.

Remark 2.6 Let f be a non-zero meromorphic function on the Riemann
surface X'. Then for any point P ¢ div(f), we have

0p0dp log G? (div(f),P) =0

because div(f) € Div?(X). Outside div(f), we have d9log|f|?> = 0 since f is
holomorphic there. It follows that

G(div(f), P) = e*|f(P)|

for some real number a, independent of P. Taking the logarithm and integ-
rating over X' (with respect to p1), and using the fact [ log G(P, Q)u(Q) = 0,

one finds that
a=—/ log | f| .
X
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2.5.3 Adding the infinite places

Let K be a number field and let Mg be its set of places. We denote by K,
the v-adic completion of K at v and we denote by O, the ring of integers
at v if v is a prime. Let X — Spec(Og) be an arithmetic surface whose
generic fibre is isomorphic to a smooth, projective, geometrically connected
curve over K, of positive genus.

Definition 2.8 An Arakelov divisor on X is a formal sum of a divisor
in Div(X) and a sum >__ a,X,, where 0: K — C are the archimedean places,
o, € R, and X, = X, ®,C is a Riemann surface with the corresponding com-
plex structure. Arakelov divisors form a group, denoted by I/)RI(X ). The X,
are referred to as the fibres of X at infinity.

For D € ]SRI(X) we usually write D = Dg,, + Djng, where Dg,, € Div(X)
and Dipr = >, ax X,

Now let f be a non-zero rational function on X. We define the principal
Arakelov divisor associated to f as the sum

(f) = div(f) + Z aa(f)XUa (2'21)

where div(f) is the usual principal divisor of f and a,(f) := — [y, log|fls to,
where u, denotes the canonical form on X, as defined above. We define two
divisors in ISR/(X ) to be linearly equivalent if their difference is a principal
Arakelov divisor and we denote the group of Arakelov divisors modulo linear
equivalence by CL(X).

We are now ready to extend the definition of intersections and the Néron
pairing. Recall that a divisor D € Div(X) is called vertical if its support is
contained in a fibre of the structure morphism X — Spec(Og), and that it is
called horizontal if the restriction of the structure morphism to D is surjective.
For D, E € Div(X) and v,v' € M we define:

(1) If D is vertical and E = X,, then (D, E), = 0;

(2) If D is horizontal and E = X,,, then (D, E), = ,[K(D) : K];
(3) If D = X, and E = X/, then (D, E), = 0;

(4) If D, E are horizontal, then (D, E), = —¢&, log G,(D?, E?).
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2.5. Relation to intersection theory on arithmetic surfaces

By linearity, this extends to a pairing ﬁR/(X ) X ERI(X ) — R as

(D,E)= Y (D,E),. (2.22)

vEME

Proposition 2.3 Let (f) € ISRI(X) be a principal divisor. Then for any
divisor D € Div(X), we have ((f),D) = 0.

Proof The only interesting case to prove is when D is a horizontal divisor
because the other cases follow directly from the definitions. We have

((f), D) = (div(f +Zag
= Z <d1v v+ Z Ev le v+ Z Eply

veEMY vEME vEME?
S log|lf(D)]lo — Y log(e®™™[|f(DY)]lo) + Y evan.
veMY vEMP vEMRE

The middle sum follows from Remark 2.6. Now all the terms with a, cancel
out and the remaining sum is zero by the product formula. O

Theorem 2.20 ([Ara]) The pairing defined by (2.22) respects linear equival-
ence and therefore induces a canonical pairing C1(X) x Cl(X) — R.

A line bundle . on X is called admissible if its restrictions to X, are
metrized line bundles equipped with admissible metrics, as defined above. The
group of admissible line bundles modulo isomorphisms is denoted by Pic(X).

To every Arakelov divisor D = Dg, + Dinr, we associate the metrized
line bundle .Z(Dgy), equipped with e~®/v|| . ||, where || - || is the canonical
Hermitian metric, induced by (2.18). In fact, this association induces an
isomorphism on divisor classes.

Theorem 2.21 ([Ara]) There exists a canonical group isomorphism

CL(X) =5 Pic(X).

As we have already indicated, this allows one to define intersections of
(admissible) line bundles, which is an essential part of intersection theory (see
the papers of Arakelov and Faltings). Likewise, it allows us to define a new
notion of a degree of a (metrized) line bundle. We will return to these notions
and deal with specific cases in a slightly more general setting.
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2.5.4 Global Néron symbol

Recall the definition of C'/K from the beginning of the section. For v € Mg
and D € Div(C), we let D, := D @k K,. If D, E € Div®(C) are two divisors
with disjoint supports, then we define their local Néron symbol as

<D7 E)ﬂ = <DU7 Ev>v

and we define their global Néron symbol as the sum of the local symbols over
all places, i.e.

(D,E):= Y (Dy, Ey)o. (2.23)
veEMK

Remark 2.7 The sum (2.23) has only finitely many non-zero terms. Recall
that C has only finitely many places of bad reduction (see 10.1.2 in [Liu]). For
any place v € My of good reduction, the curve C' extends to a smooth proper
model over Spec(O,), for which ®,(D,) = 0.

Remark 2.8 It follows from the previous subsection that the global Néron
pairing depends only on linear equivalence classes of the divisors. We can
therefore define the bilinear, symmetric Néron pairing

(-,): Pic®(C)(K) x Pic’(C)(K) — R. (2.24)

Since Pic?(C) = Jac(C) can be equipped with the structure of an abelian
variety, the following theorem, although not obvious, is not entirely surprising.

Theorem 2.22 ([Faltl], [Hri]) Let © be a symmetric theta divisor on Jac(C)
and let M = £ (0). Let D,E € DivY(C) and let [D], [E] € Pic’(C) denote

their linear equivalence classes, respectively. Then

1 1 /4 N A
gD B = =5 (R (D] + [B) = ha((D]) = ha(ED).

Proof See §5 in [Lang2]. O

Remark 2.9 This result has been successfully used in computing and es-
timating heights of points on Jacobians of curves (see, for example, [Holm]
and [Miill] and references therein).
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2.6 The Mordell-Weil group

Let A/K be an abelian variety (over the number field K). The following
theorem is a classical result, first proved for elliptic curves over Q by Mordell
and later generalized by Weil to Jacobians over number fields.

Theorem 2.23 (Mordell-Weil) The group A(K) of K-rational points of A is
a finitely generated abelian group.

Proof See Part C of [DG]. O

The proof is based on first proving the so-called Weak Mordell-Weil The-
orem, i.e. that for an integer m > 2, the quotient A(K)/mA(K) is finite, and
then applying the following lemma (see Lemma C.0.3 in [DG]).

Lemma 2.24 Let G be an abelian group that is equipped with a quadratic
form q: G — R such that for any ¢ > 0, the set {z € G| q(z) < ¢} is
finite. Suppose that for some integer m > 2, the group G/mG is finite and
let {y1,...,yn} € G be a set of representatives of the cosets in G/mG. Then
the group G is finitely generated by the finite set {x € G | q(x) < max; q(y;)}.

The lemma is applied to A(K) with the quadratic form h.y for some sym-
metric ample line bundle .. Establishing that A(K)/mA(K) is finite involves
constructing a short exact sequence of groups

0 — A(K)/mA(K) = Sel'™(A4/K) — I(A/K)[m] — 0, (2.25)

where the group Sel™(A/K) is shown to be finite. We will discuss these
groups in more detail in the next section.

It follows from Theorem 2.23 that A(K) = ZP1 @ --- ® ZP, & A(K)tors
for some non-zero P, ... P, € A(K), where A(K ) is a finite abelian group.
The integer r is called the rank of A over K. It is a relatively easy task
to determine A(K )ors for a particular variety A. For example, if v € M?(
is a place of good reduction and m > 1 is an integer that is not divisible
by char(k(v)), then the reduction morphism A[m](K) — A(k(v)) is injective
(see Theorem C.1.4 in [DG]). Then choosing two places v, w of good reduction
such that the characteristics of the residue fields k(v), k(w) are coprime, yields
an embedding

A(K )tors = A(k(v)) x A(k(w)).
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In particular, the torsion subgroup of A(K) is finite and it can be determined.
There are also general results for elliptic curves (theorems of Mazur, Kamienny,
and Merel; see Theorem F.4.1.1 in [DG]). It is conjectured? that for all abelian
varieties of dimension g > 1 over K, there exists a constant ¢ = ¢(g, K)
such that #A(K)tors < ¢. However, computing the rank of A(K) or a set
of generators is considerably more difficult, to say the least. Only finitely
many cases are known, over Q and some number fields, with results achieved
using algorithms based on modularity (see Cremona [Cre] and the [LMFDB]|
database).

If one could a priori bound the projective height of a set of generators,
one could obtain the generators by an exhaustive search of points of bounded
height. In view of Lemma 2.24, one could find a set of generators for the
group A(K)/A(K )iors if one could find a set of representatives for cosets
of A(K)/mA(K) for some m > 2. However, there is currently no known
algorithm that accomplishes the latter. We sketch briefly the only known
approach.

Let .Z be a symmetric ample line bundle on A. Then A(K) is equipped
with a positive definite quadratic form h = hg: A(K) — R, and a corres-
ponding bilinear symmetric pairing (-,-): A(K) x A(K) — R (recall (2.15)).
Tensoring with R, we obtain an induced pairing which makes A(K)®R = R"
a euclidean space. For P € A(K) ® R, let |P| := /(P,P). We now have
a lattice in a euclidean space and we can use the following classical result of
Hermite.

Theorem 2.25 Let V' be a real vector space of dimension r, equipped with a

euclidean norm |- |, and let A C 'V be a lattice. Let Vol(A) denote the volume
of a fundamental domain of A. Then there exists a basis uq,...,u, of A such
that
4 r(r—1)/2
Vol(A) < [u|- - |u| < <3) Vol(A), (2.26)

where |ur| < |uz| < -+ < |ug| with |uy| :xer/I\HagéW

Proof The first inequality is a classical result in linear algebra, known as
Hadamard’s inequality. For the proof of the second inequality, see Theorem 7.7
and its corollary in [Langl]. O

2 This is known as the (Weak) Torsion Conjecture.
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If{P,..., P} is a Z-basis of A(K)/A(K )tors, the real number
Reg(A/K) = [det((P;, Py))[, 1<i,j<r

is called the regulator of A over K. In view of the preceding theorem, there
exists a constant ¢ > 0 and a basis Py, ..., P, for A(K)/A(K)tors such that

Reg(A/K) < h(P1)---h(P;) < ¢ Reg(4/K),

where P; € A(K) is a non-torsion point of minimal height and the P; are
indexed so that hA(Py) < --- < h(P,). It therefore follows that

iL(P) < CT2 Reg(A/K)
= iL(Pl)r_l ’

Therefore, an upper bound for the height of the P, can be obtained by first
obtaining a lower bound for the minimal height of non-torsion points and an
upper bound for the regulator. There are some results known about the former,
but the latter is conjectural; it is based on the famous Birch and Swinnerton-
Dyer Conjecture, that links the regulator (and the size of the Tate-Safarevic
group) to coefficients in the expansion of a certain L-series.

Remark 2.10 As we mentioned in Chapter 1, discussing a specific case, if .Z
is an ample line bundle on an abelian variety A, we can associate to it a
polarization

Ag: A=A, Poth?o2h

If (A,\y) is an abelian variety with a fixed polarization A g, we sometimes
omit the . from the notation and write h for hy. However, if (A,)) is a
principally polarized abelian variety, there is what may be called a canon-
ical way of choosing a line bundle for the purpose of introducing heights,
the regulator, etc, namely via the Poincaré line bundle P on A x A" (see
Remark 9.3 in [Miln1]). Then all heights on A can be obtained from the
canonical height hp on A x AY. In particular, if .% is symmetric, then

~ A~

2h4(P) = hp(P, A (P)).

In general we need not have a principal polarization on A. However, a trick of
Zarhin (see Remark 16.12 in loc. cit.) guarantees that (A x AY)? is principally
polarized.
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2.7 The Selmer group and the Tate-Safarevi¢ group

In this section, we give only a brief overview of the Galois cohomology defin-
itions required to introduce these groups and we sketch a proof of the finite-
ness of the Selmer group. For the full proof of the Mordell-Weil theorem, see
Part C of [DG]. A simple introduction to group cohomology can be found in
Appendix B of [AEC] and more details can be found in [At-Wa].

Let G be a profinite group acting on an abelian group M, with action
denoted by o: z +— z% for 0 € G and z € M. We call M a G-module if

B=u @y =Ty, @ =

for every x,y € M and 0,7 € G. A homomorphism of G-modules is a group
homomorphism that commutes with the action of G.

The 0-th cohomology group associated to the action of G on M is the
subgroup of G-invariant elements of M, that is

HY(G,M):={zc M| 2° =z for all 0 € G}.

A map ¢: G — M is called a cocycle if it satisfies
¢(or) = ¢p(0)" +¢(1) forallo,7€G.

Note how this differs from a homomorphism (unless the action of G is trivial).
We define the sum of two cocycles ¢1, ¢2 to be the map given by

(1 + ¢2)(0) = ¢1(0) + ¢2(0),

which is also a cocycle since M is abelian. Thus cocycles form a group, denoted
by ZY(G, M).

A map §: G — M is called a coboundary if it satisfies
d(o) =27 —x for some z € M.

Every coboundary is a cocycle and the sum of two coboundaries is again
a coboundary so they form a subgroup BY(G,M) c Z'(G,M). The first
cohomology group associated to the action of G on M is then defined as the
quotient

HYG, M) := zY(G,M)/B (G, M).
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Remark 2.11 The first cohomology group is functorial. A continuous ho-
momorphism f: G — G’ induces a homomorphism H!(G’, M) — H (G, M)
via [¢] — [¢ o f]. Likewise, if f: M — M’ is a G-homomorphism, it induces a
homomorphism HY(G, M) — HY (G, M') via [¢] — [fo ¢].

The case of particular interest to us is that of absolute Galois action on
a subgroup M of an abelian variety, with the additional condition that all
cocycles are continuous maps if M is equipped with the discrete topology.

Let m > 2 be an integer, let Gk := Gal(K/K), and let A/K be an abelian

variety. Let z € A(K) be a K-rational point and let y € A(K) be any point
such that [m|y = x. The map

ky: G — Alm], o~y —y

is a cocycle in H' (G, A[m]), satisfying iy (07) = iy (0)"+ £y (7). If 2 € A(K)
is also a point such that [m]z = x, then let w = z — y. For every o € G we
have

fy(0) = k(o) = (27 =2) = (¥ —y) = (2 —y)” = (2 —y) =’ —w.

Noting that w € A[m], we conclude that k, — £ is a coboundary. It follows
that we can associate a well-defined class in H'(G g, A[m]) to every z € A(K).

Remark 2.12 If A[m)] is fully K-rational, then the map defined above gives
rise to what is called the Kummer pairing

k: Gg X A(K) — A[m], (o,z)—y° —vy,

where y € A(K) is such that [m]y = z. It is analogous to the classical Kummer
pairing for number fields (cf. [ANT1]), namely

K: GK x K* — Hm, (0-737) = U(y)/y7

where y = %/x and a primitive m-th root of unity (,, is assumed to be in K.

More generally, we have the following theorem for any isogeny.

Theorem 2.26 Let ¢: A — B be an isogeny of abelian varieties over K.
Then the short exact sequence

0 — Ker(p) — A(K) % B(K) — 0
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induces a long exact sequence

0

Ker(p) (K) «——————— A(K)
HY(Gx, Ker(p)) —— H'(Gk, A(K)) —— H'(Gk, B(K)),

where the homomorphism §: B(K) — H'Y(Gg,Ker(p)) is defined as follows.
Let x € B(K) and let y € A(K) be such that ¢(y) = x. Then the cocycle 6(z)
is defined as

z): o= y? —y.

This long exact sequence induces the short exact sequence
0= B(K)/o(A(K)) ~= H' (G, Ker(¢)) — H'(Gi, A(K))[g] =0,

(2.27)
where H' (G, A(K))[¢] = Ker (H' (G, A(K)) £ HY(Gx, B(K))).

Now let v € Mk be a place of K and let G, := Gal(K,/K,). We can
view G, as a subgroup of G in a natural way and therefore we have a natural
restriction homomorphism H'(G,-) — H'(Gy,-). This induces a local short
exact sequence, analogous to (2.27), and we have the following commutative
diagram:

0 — B(K)/o(A(K)) = H'(Gk,Ker(p)) — H'(Gx, A(K))[g] — 0

l ! !

0 — B(K,)/o(A(K,)) 2% HY(Gy, Ker(p)) — HY(Gy, A(K,))[g] — 0

Finally, we are able to define the two groups in the subsection title.

Definition 2.9 Let ¢: A — B be an isogeny of abelian varieties over K. Then
the Selmer group of A, with respect to ¢, is the group

Se](W(A/K) = Q/[ Ker (HI(GK,Ker(go)) — Hl(GuaA(Rv))[SOD )

whereas the Tate-Safarevic group of A is the group defined as

II(A/K) := Q Ker (H'(Gr, A(K)) — H'(Gy, A(K,))) .
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From the preceding definition and theorem one deduces the following short
exact sequence (recall (2.25)):

0 — B(K)/o(A(K)) — Sel® (A/K) — TI(A/K)[g] — 0. (2.28)

Now the finiteness of Sel®®(A/K) implies the finiteness of B(K)/p(A(K))
and III(A/K)[p], which in turn implies the Mordell-Weil theorem. That the
Selmer group is finite follows from the fact that it can be embedded in a finite
subgroup of H'(Gf,Ker(p)) (which itself is not finite). Before stating the
theorem, we need some definitions.

We recall some facts from number theory. Details can be found in §9
of Chapters I and II in [ANT?2], for example. Let L/K be a finite Galois
extension of number fields with Galois group G = Gal(L/K), let p be a prime
of Ok, and let q be a prime of Of, that lies above p. We associate to q the
subgroup

Dy:={0€G|o(q) =q},

called the decomposition group of q. Note that GG acts transitively on primes
of O, that extend p. If ¢’ is another prime dividing p, then we have ¢’ = o(q)
for some o € G and therefore Dy = aanfl. In other words, all decom-
position groups associated to primes above p are conjugates (in G). Since
every automorphism o € Dy fixes g, it descends to an automorphism of the
residue field l; := Or/q that fixes k := O /p. We therefore have a surjective
homomorphism

Dy — Gal(ly/k),

whose kernel I is called the inertia group of q. In fact, the inertia group Iy is
normal in Dy and we have the following exact sequence

0 — I; — Dg — Gal(lq/k) — 0.

Let eq denote the ramification index of q and let fq; = [l : k] denote the
residue degree. We therefore have a group Dy of order eqf; and a normal
subgroup I; C Dy of order eq, with the quotient Dgy/I; being a cyclic group
of order f;. By a slight abuse of language and notation, we set D, := Dy
and I, := I; and refer to them as the decomposition group of p and the inertia
group of p, with the understanding that the two groups are defined up to
conjugation.

If L/K is an infinite Galois extension, then the inertia group of a prime
ideal p C Og is taken to be the inverse limit of the inertia groups taken
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over K, for every finite Galois subextension L/K’/K. An equivalent, valuative
definition states that for a Galois extension L/K and a place v € Mk, the
inertia group I, of v (with respect to L) is the subgroup that consists precisely
of those o € Gal(L/K) for which the implication

v(x) > 0= w(o(z)—z)>0
holds for all z € L and all w|v.

Definition 2.10 Let M be a Gx-module. A class ¢ € HY(Gk, M) is called
unramified at v € M if its restriction to H'(I,, M) is trivial.

Note that this definition is independent of the choice of the conjugate of .
We are now ready to state the theorems that establish the finiteness of the
Selmer group.

Theorem 2.27 Let M be a Gg-module, let S C Mg be a finite set of places,
and let Hé(GK, M) c HY (G, M) denote the subgroup of cohomology classes
that are unramified at places outside S. Then the group HL(Gk, M) is finite.

Theorem 2.28 Let ¢: A — B be an isogeny of abelian varieties over K.
Let S be a set of places that includes:

e the infinite places v € M2,

e the places of bad reduction of A and B (these are the same places, in

fact),
e the places that divide deg(yp).
Then Sel'?) (A/K) is a subgroup of H5(Ge, Ker(p)).

The proof is based on the functorial properties of H' and a classical res-
ult (Hermite-Minkowski) about the finiteness of the number of number field
extensions of bounded degree, unramified outside a finite set of places. See
Theorem C.4.2 in [DG] for details.

The Selmer group and the Tate-Safarevi¢ group have an interesting geo-
metric interpretation. Namely, the elements of H'(G, A(K)) correspond to
principal homogeneous spaces of A (see [La-Ta]). Recall that a principal ho-
mogeneous space of A is a K-variety X on which A acts? freely and transitively.

3 Since A is abelian, we make no distinction between left-action and right-action.

94



2.8. Néron models and the Faltings height

More precisely, the variety X is equipped with a K-morphism X x A — X,
denoted by (x,a) — x - a, such that for all x € X and all a,b € A, we have:

(1) z-04 = x;
(2) z-(a+b)=(x-a)- b

(3) @ x-a defines a K(z)-isomorphism A — X.

In particular, the variety X is a twist of A, i.e. a variety that is isomorphic to A
over K. However, we do not have a marked identity point for X. One can show
(see Chapter X, §3 in [AEC]) that there is a bijection (a group isomorphism,
in fact) between H!'(Gx, A(K)) and the set of principal homogeneous spaces
of A, modulo K-isomorphisms compatible with the action of A. The latter
is usually denoted by WC(A/K) and called the Weil-Chdtelet group*. The
class of X in WC(A/K) is trivial if and only if X contains a K-rational
point. Note that A is in the trivial class, acting on itself via translation.
Therefore the elements of Sel(¥) (A/K) correspond to principal homogeneous
spaces that have K,-rational points for every v € M. Since this definition is
entirely local, the Selmer group can be computed (using Hensel’s Lemma and
estimates for number of points of abelian varieties over finite fields). Likewise,
the (non-trivial) elements of III(A/K) correspond to principal homogeneous
spaces that have K,-rational points, but do not have any K-rational points,
i.e. they fail the Hasse principle. In contrast, there is no known algorithm that
computes the Tate-Safarevic group. We have seen above that II1(A/K)[n] is
finite for any n € N. It is conjectured that III(A/K) itself is finite, but there
are very few proven cases.

2.8 Néron models and the Faltings height

We mentioned regular models of curves of positive genus in Section 2.5, whose
explicit construction is given in Chapter 9 of [Liu]. No analogous construction
is known for varieties of higher dimensions. However, abelian varieties admit
a different kind of model, with very useful properties.

* Historically, the group WC(A/K) was described before the group H* (G, A(K)).
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Definition 2.11 Let S be a one-dimensional Dedekind scheme with function
field K = K(S) and let V' be a variety over K. A Néron model of V over S
is a smooth, separated scheme V — S of finite type, whose generic fibre is
isomorphic to V', satisfying the following universal property — for every smooth
scheme X — S with generic fibre isomorphic to X, a morphism f: X — V
extends to a morphism of S-schemes X — V.

The universal property guarantees that if a Néron model exists, it is unique
up to unique isomorphism. Existence of Néron models for abelian varieties was
first proved by Néron in [Nér]. For an overview of the subject, see [Art]. A
more complete treatment can be found in [B-L-R]. The relation between the
minimal regular model and the Néron model for curves of positive genus can
be found in [Li-To].

Let A/K be an abelian variety (over the number field K) of dimension g
and let A be its Néron model (over S = Spec(Og)). Then the addition
morphism A x A — A lifts to a morphism A x A — A, making A an S-group
scheme. Every point P € A(K), seen as a K-rational morphism Spec(K) — A,
lifts to a section S — A.

As in Subsection 2.5.2, the line bundle Qi(gv) of holomorphic g-forms
is equipped with a hermitian inner product with a corresponding hermitian

metric
T2

2 W0 / _
S F — AT. 2.29
[l 2% Jae, "7 (2.29)

Remark 2.13 The choice of normalization in (2.29) is not canonical and
differs from other choices that appear in literature. Caution is advised in this
regard.

This allows for an analogous construction of Arakelov divisors and metrized
line bundles. Now let .Z be a metrized line bundle on S = Spec(Ok) and
let s € .Z be a non-zero section. One defines the Arakelov degree of £ as

deg(2) :=log#(Z /O -s) — Y eylog]ls]ls.

veEMP

The product formula guarantees that the definition does not depend on the
choice of s.
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Let €: S — A denote the zero-section, i.e. the section corresponding to
the identity element 04 € A(K). Pulling back, via €, the g-forms on A and
the canonical metrics at the archimedean places, we obtain a metrized line
bundle wy = e*Qi‘ on S. Now we can define the Faltings height of A as

hpait (A K) = deg(wa).

1
(K : Q]
It was introduced by Faltings over number fields (see [Falt2]), whereas the
function field case had been previously defined by Parsin. We list some of the
properties of Am,y; below.

(1) If L/K is a finite field extension, then hpa(A/L) < hpai(A/K). If A/K
is semi-stable, then hpay(A/L) = hpait(A/K). We can therefore define
the stable Faltings height, denoted by hpai(A/K), by first passing to a
finite extension over which A is semi-stable. The existence of such an ex-
tension is the subject of Grothendieck’s Semi-stable Reduction Theorem
for abelian varieties (see [Abb]).

(2) hpa(A x B/K) = hpat(A/K) 4 hpai(B/K)

(3) hpat(AY/K) = hpat(A/K), where AV denotes the dual of A (a result of
Raynaud)

(4) hrat(A/K) > 0 (a result of Bost, see Corollaire 8.4 in [Ga-Ré])

(5) For every ¢ € N and C € Rsg, the set of isomorphism classes of
principally polarized abelian varieties A such that hpay(A/K) < C and
dim A = g is finite (see Theorem 1 in [Falt2]).

(6) If p: A — B is an isogeny of degree deg(¢) = m, then
1
‘hFalt(A/K) — hFalt(B/K)| S 5 logm (230)

(see Corollaire 2.1.4 in [Ray]).

The Faltings height can be seen as an intrinsic measure of the arithmetic
complexity of the variety. For Jacobians of dimension g = 1,2, there are expli-
cit formulas. Let E/K be an elliptic curve with minimal discriminant Ag /-
For each archimedean place v, let 7, € H be the element of the fundamental
domain such that

E(K,) 2 C/(Z+ 1,Z).
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Then we have (see Proposition 1.1 in [Sil2])

hiaie (B/K) = log Nic/q(Ap/i) = D Evlog(A(Tv)(ImTv)@) T

1
12[K : Q] ( e 2
(2.31)
Here Im 2 := (2 — Z)/2i is the imaginary part of z and N /q is the ideal norm,

while
[ee)

A(r) =g [T (1 - )™,

n=1

with g, := > is a modular form of weight 12 for SLy(Z) (see [AEC]).

For A = Jac(C), where C' is a curve of genus two, there is a similar formula
(see [Ueno]).

2.9 The Lang-Silverman conjecture

With this background in mind, we are interested in implications of the form
h(P) > 0= h(P) > ca

for some ¢4 > 0, where P € A(K). In other words, given that h(P) > 0 for
every non-torsion point P € A(K), what can be said about a positive lower
bound and how it changes with A? A conjecture by Lang was first formulated
in [Lang3| (p. 92) in the following form:

“It seems a reasonable guess that uniformly for all such models of elliptic
curves over Z, one has

A~

h(Pr) > log| Ag|.”

Here P is a point that realizes the minimum of h on A(K)\A(K)tors- The con-
jecture was given a more general form by Silverman. Recall that the j-invariant

of an elliptic curve E such that E(K,) = C/(Z + 7Z) is given by a Laurent
series

1
() = = + 744 + 196884q + 21493760¢> + - - -,
q

where ¢ = €?™7. Thus [j(7)| >< [¢7}| and log|j(7)| >< 27Im 7, and
from (2.31) we have in particular

hpaie(E/K) >< max{h(j(E)),log Nk/q(Ar)}-
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2.9. The Lang-Silverman conjecture

Conjecture 2.29 (Lang-Silverman) Let K be a number field and let A be
an abelian variety over K, of dimension g. Let £ be an ample symmetric
line bundle on A. Then there ezists a constant C(g,K) > 0 such that for
every P € A(K) for which Z - P is Zariski-dense in A, we have

~

ha(P) > Clg.K) - hran(A/K). (2.32)

In a manner of speaking, the conjecture states that, for a fixed dimension
and a fixed number field, one can uniformly bound the arithmetic complexity
of a non-torsion point in terms of the arithmetic complexity of the variety. No
proof is currently known for any dimension. Some partial results are known
and we will briefly review some of them.

Remark 2.14 If A is an abelian variety, we can embed A — A x B, for some
abelian variety B, via P +— (P,0p). Since hpat(A X B) = hpat(A) + hpaie(B)
and h(P) = h((P,0g)), the assumption Z-P = A is justified. Likewise,
if P=[n]Q, we have h(Q) = h(P)/n?, which approaches 0 as n — 0o, s0
the constant C' in (2.32) must depend on the ground field. There are also ex-
amples that establish that C' must depend on the dimension (viz Jac(Xo(N)),

see [Pazl)).

Remark 2.15 If we fix the dimension ¢ and consider only a finite set of
(isomorphism classes of) abelian varieties, then (2.32) trivially holds on this
set for some C(g, K). Whether or not the conjecture is true for all abelian
varieties of dimension g, it is certainly of interest to investigate it for infinite
families.

Theorem 2.30 The Lang-Silverman Conjecture holds for elliptic curves E /K
whose j-invariant is integral.

Proof See [Sill]. O

Let /K be an elliptic curve. We let Ap) g and §g/x denote its minimal
discriminant and its conductor, respectively. These are ideals of O, obtained
as products of primes of bad reduction of E (with some exponents). See [AEC]
for the exact definitions. We define the Szpiro ratio or the Szpiro quotient
of E/K to be

log Nk /q(Ag/Kk)
log Nk /q(BE/K)

UE/K =
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Conjecture 2.31 (Szpiro) For every € > 0, there exists a constant C(e, K)
such that for every elliptic curve E/K, one has

This conjecture is roughly equivalent to the famous abc-conjecture over Q
(Conjecture 2.32); it is implied by it and it implies a weaker version of it, with
a modified exponent (see [Szp] and references therein).

Recall that for n € Z* one defines the radical of n as

rad(n) := Hp .
pln

Conjecture 2.32 (Masser-Oesterlé [Oes]) For every € > 0 there exists a
constant C. > 0 such that if a,b,c € Z are coprime and a + b+ ¢ =0, then

max{al, b], ||} < Ce(rad(abe))'**.

Hindry and Silverman obtained the following result for Conjecture 2.29.

Theorem 2.33 (Hindry-Silverman [Hi-Si]) Let K be a number field of de-
gree d and let E be an elliptic curve over K of Szpiro ratio at most o. There
exists a constant C = C(d,o) > 0 such that if P € E(K) \ E(K )tors, then

h(P) > C - hpa(E/K).

The constant they obtain depends exponentially on d and ok, but im-
provements have been found. For example, one finds in Petsche [Pet] that for
all P € E(K) \ E(K)tors, the following holds:

~ —1
h(P) > (10°d%0%,  og(104613 - d - o5yx) ) - log Nie/q(Ar):

Therefore it follows that the Szpiro Conjecture implies the Lang-Silverman
conjecture for elliptic curves. In fact, Silverman showed that a weaker conjec-
ture (the “prime-depleted” version of the Szpiro Conjecture) also implies the
Lang-Silverman Conjecture (see [Sil3]).

Remark 2.16 These results imply that the Lang-Silverman conjecture holds
for elliptic curves whose j-invariants have a fixed set of primes in the denom-
inator. In particular, Theorem 2.33 implies Theorem 2.30.
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A result by David [Dav] establishes the conjecture for abelian varieties A
for which h := max{l, hp.(A/K)} satisfies h < max;; |Im7;|, where 7
denotes the element 7, € £, of the fundamental domain that corresponds
to A ®, ky, for all v € M. That this applies to infinitely many abelian
varieties of dimension ¢ follows from the work of Masser [Mas2]. We re-
mark here that the opposite relation h > max; ; |Im7;;| is a known result of

Masser [Mas1], known as the Matriz Lemma (see also Autissier [Aut]).

Another result, for principally polarized abelian surfaces, is due to Pazuki.
We introduce some notation first. For v € My let

ne| fe e e,
be the element of the fundamental domain such that

A(K,) = C*/(Z* + 1, - Z7).
Then the archimedean trace of A is defined as

Troo(A) := Z gy Tr(Im 7)),

UEM;’(O

and the archimedean simplicity of A is defined as

S0o(A) = H [[712,0[v-

UEM?{O

One has ss(A) = 0 if and only if A = E; x Es as principally polarized
abelian surfaces, where E; are elliptic curves. Recall from Theorem 1.18 that
therefore soo(A) # 0 if and only if A = Jac(C'), where C' is a smooth curve of
genus two.

Theorem 2.34 ([Paz2| Théoreme 1.8) Let K be a number field of degree d,
let C/K be a curve of genus two, given by an integral model y* = f(z), and
let A = Jac(C), principally polarized by ©. Then there exist positive real con-
stants c1(d) and ca(d) such that for every P € A(K), one of the following two
holds:

(1) [n]P =04 for somen < c1(d);

(2) ao(P) = cald) - (Troc(4) — § log M2l
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Corollary 2.35 The Lang-Silverman conjecture holds for principally polarized

abelian surfaces A = Jac(C) that satisfy Troo(A) > 3 log Niii?f(&])))'

Let E/K be an elliptic curve such that for v € M7 and the appropriate 7,

in the fundamental domain of H, we have E(K,) = C/(Z+7,Z). We similarly
define the archimedean trace

Troo(E) = Z Euplm 7.

veMpe

Theorem 2.36 ([Paz2| Théoreme 7.1) Let K be a number field of degree d.
Then there exists a constant ¢ = c¢(d) > 0 such that for every elliptic curve E
over K and every P € E(K) \ E(K )tors one has

W(P) > e(d) (TrOO(E) - %log NK/Q(AE)) .

Combining this result with Theorem 2.33, we obtain the following.

Corollary 2.37 The Lang-Silverman conjecture holds for principally polarized
abelian surfaces A = Ei1 x Ey such that at least one of the following holds
fori=1,2:

(1) TI‘OO(EZ‘) > %logNK/Q(AEi);

(2) The Szpiro ratio og, is uniformly bounded.

2.9.1 Heights and polarized isogenies

We recall some definitions and facts that will allow us to write more general
statements (see VI §2 in [M-F-C] or the brief summary in §1 of [Muml)).
Let . be an ample line bundle on an abelian variety of dimension g. Then
there is an integer deg(.Z), called the degree of £, such that

dim H°(A, £") = deg(ZL) -n? for alln > 1.
If & = Z(D) for some D € Div(A), then
(D7) = deg(£) - g,
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2.9. The Lang-Silverman conjecture

where (DY) denotes the self-intersection number of D. The degree of the
polarization Ay induced by .# is then deg(\y) = deg(£)2.

Now let ¢: A — B be an isogeny of polarized abelian varieties of dimen-
sion g, where A (resp. B) is equipped with the polarization A (resp. u) induced
by a line bundle . (resp. .#'). Suppose that ¢ is polarized with respect to A
and pu, that is

A=¢'opop
(recall Definition 1.2). Note that:
(1) deg(Z) = deg(p".#) = deg() deg(A);

(2) deg(A) = deg(¢’ o po @) = deg(p)* deg(p).

Suppose that for some n € N we have A = [n] o A, where A\: A — A" is a

principal polarization, i.e. deg(A) = 1. Then we have
deg(2)? = deg()) = deg([n]) deg(}) = n%,

whence ¥ = & ™ where £ is the line bundle corresponding to the principal
polarization A. If we also suppose that p: B — B" is principal, then we have

n* = deg(.Z)? = deg()) = deg(¢)*
and therefore deg(y) = n9.

Remark 2.17 This is precisely the case in the situation that we described in
Chapter 1, where g = 2 and

©: E1 X E2 — Jac(C’)
is a polarized isogeny whose kernel is the graph I', of an anti-symplectic iso-

morphism «: Fj[n] — Fs[n] and we have ¢*(C) ~ n®©.

Let ha and hp denote the canonical heights corresponding to principal
polarizations induced by the line bundles .Z and .#, respectively. By The-
orem 2.12, for every P € A(K), we have
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If A and B are elliptic curves, the same result can be obtained by in-
terpreting the Néron-Tate height as an arithmetic intersection number since
Corollary 2.17 and Theorem 2.19 give us a projection formula. Viewing points
of A and B as sections of the corresponding Néron models, we have

A~

hp(p(P)) = deg(p(P)* ) = deg(P*o* M)
= deg(P*Z") = n - deg(P*.Z)
= deg(p)"/9 - ha(P)

It follows that P € A(K) is a point of infinite order if and only if p(P) € B(K)
is one.

Not every point @) € B(K) need be of the form ¢(P), that is to say that
the cokernel B(K)/p(A(K)) need not be trivial. However, any isogeny A — B
induces an isomorphism of real vector spaces

AK) o R=Z B(K)®@ R=R" for some r € N.

In particular, the lattices A(K) and B(K) are of the same rank. In fact, as
we have seen in (2.28), we have

B(K)/p(A(K)) < Sel®¥)(4/K),

where the latter is a finite group. Let e, € IN be the exponent of Sel(”)(A/K).
Then for every Q € B(K) we have [e,]Q € ¢(A(K)). For every P € A(K)
and ) € B(K) such that [e,]Q = ¢(P), we have

2hp(Q) = hp([e]Q) = hp(p(P)) = n - ha(P),

and therefore

ho(Q) = Sha(P). (2.33)

Since A and B are principally polarized, we may also compare the heights as
follows. Let @Q € B(K). Then

Pi=(\"Top op)(Q) € A(K)

is a point that satisfies p(P) = [n]@Q and we have

h(Q) = —ha(P). (2.34)
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Proposition 2.4 Let g € N and let I be an infinite index set. Suppose that
it (A, Ni) = (B, i), i€l

s an infinite family of isogenies of g-dimensional principally polarized abelian
varieties over a number field K, such that deg(p;) = ni for n; € N and ¢; is
polarized with respect to [n;] o \j and p;. Suppose that there is a constant ¢ > 0
such that n; < ¢ for all i € I. Then if the family {A;}icr satisfies the Lang-
Silverman conjecture, so does {B;}icr.
Proof Let ¢; > 0 be a constant such that for all ¢ € I, one has

ha,(P) > cihpa(Ai/K) for all P e Aj(K)\ Ai(K)iors.
Then we can take ca = ¢1/c and by (2.34) we have

hp,(Q) > cahpar(Ai/K) for all Q € Bi(K) \ Bi(K )tors.

If there exists a constant ¢, > 0 such that n;/ e? > ¢, for all 1 € I, where ¢;
denotes the exponent of Sel¥?)(A4;/K), then we can take ¢; = ¢1/ min(e, c,).

By the theorem of Raynaud (recall (2.30)), we have
1
[heate (Ai/ ) = heas (Bi/ )| < 5 log deg(i) = glog ng < glogc
so that for a ¢3 > 0 and for all @Q € B;(K), we have

hp,(Q) > cahpar(Bi/K) — e1 > cshpan(Bi/ K) (2.35)

for all but at most finitely many ¢ € I, because for any ¢ > 0, there are only
finitely many isomorphism classes of abelian varieties A/K of dimension g
such that hpa(A/K) < c. Let J C I be the finite index set for which (2.35)
fails and for j € J let P; € Bj(K) \ B;j(K)ors denote a point for which iLBj
achieves its minimum. Let

C4 := min {}W} .
ralt(Bj/K) | .
Then for C' := min{cs, c4} we have
hg,(Q) > Chpa(B;/K) for all Q € B;(K)
and the claim follows. O]

We obtain the following two theorems as corollaries, recalling that we had
assumed that all varieties and morphisms are defined over K, a number field.
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Theorem 2.38 For every n € N, the Lang-Silverman conjecture holds for
(n,n)-split Jacobians if and only if it holds for elliptic curves that can be
glued along their n-torsion with another elliptic curve to make an (n,n)-split
Jacobian. In particular, if the Lang-Silverman conjecture holds for elliptic
curves, then it holds for (n,n)-split Jacobians.

Proof It follows from Lemma 1.6 that Proposition 2.4 applies to (n,n)-split
Jacobians. O

Theorem 2.39 For every n € N, the Lang-Silverman conjecture holds for
Jacobians that are (n,n)-isogenous to a product Ey x Es of elliptic curves
such that at least one of the following is satisfied for i =1,2:

(1) TI"OO(Ei) > %10gNK/Q(AEi);

(2) The Szpiro ratio o, is uniformly bounded.

Proof This follows from Theorem 2.38 and Corollary 2.37. O

Remark 2.18 In the original statement of Theorem 2.34 in [Paz2], it is as-
sumed that Jac(C') is geometrically simple; however, this assumption is not
necessary.
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Appendix

Computations

This appendix contains the source code for some of the software computa-
tions carried out for Chapter 1.

SAGE code that outputs the generic (2, 2)-case j-invariants (page 23):

K.<a,b,c> = Frac(PolynomialRing(QQ,’a,b,c’))
R.<x> = PolynomialRing(K, ’x’)
S.<y> = PolynomialRing(R,’y’)

P = x"3+a*xx"2+b*x+c
Q = x~3+(b/c)*x"2+(a/c)*x+1/c
El = EllipticCurve([0, P.coefficients()[2], O,

P.coefficients() [1],P.coefficients() [0]])
= EllipticCurve([0, Q.coefficients()[2], O,
Q.coefficients() [1],Q.coefficients() [0]])

E2

#print the j-invariants
print "j(E1) =",factor(El.j_invariant()),"\n\n"
print "j(E2) =",factor(E2.j_invariant())

SAGE code that outputs the generic (3, 3)-case j-invariants (page 27):

K.<a,b,c,d,e> = Frac(PolynomialRing(QQ,’a,b,c,d,e’))
R.<x> = PolynomialRing(K, ’x’)

S.<y> = PolynomialRing(R,’y’)

L = Frac(PolynomialRing(QQ,’a,b,c’))

LO = PolynomialRing(QQ,’a,b,c’)

M = PolynomialRing(QQ,’a,b,c,d,e’)

N = PolynomialRing(L,’d,e’,order=’lex’)

P = x73+a*x"2+b*x+c
D1 = -2%P + x*P.derivative()
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F1 = S([R(i) for i in
(x~2*P(y) -y~ 2*P(x)) .quo_rem(x-y) [0] .coefficients()])

Resl = Fl.sylvester_matrix(D1(y)).det()
AllmostQ = Resl.quo_rem(D1) [0]

#this polynomial is divisible by Res(P(z),z)=-c
Q = AllmostQ/(-c)

T = (x+d)"2x(x+e) *Q(y) - (y+d) ~2* (y+e) *Q (x)

F2 = S([R(i) for i in T.quo_rem(x-y) [0].coefficients()])
D2 = -2%(x+e)*Q - Q*(x+d) + (x+e)*(x+d)*Q.derivative()
Res2 = F2.sylvester_matrix(D2(y)).det()

AllmostP = Res2.quo_rem(D2) [0]
#this polynomial must be divisible by P, t.e.
#the following polynomial %is tdentically zero

RemainderP = AllmostP.quo_rem(P) [1]

Equations = [N(M(RemainderP.coefficients() [0])),
N(M(RemainderP.coefficients () [1])),
N(M(RemainderP.coefficients() [2]))]

#the remainder is divistble by Res(Q(z),xz+d) and Res(Q(z),z+e)
for i in range(3):
Equations[i]=Equations[i].quo_rem(N(M(Q(-d)*Q(-e)))) [0]

#print the equations
print "C is given by y~2=("+str(P)+") ("+str(Q)+")"
print "\nThe two P"1->P~1 maps are"
print "f1: x->x"2/("+str(P)+") ,\nf2: x->(x+d) "2*x(x+e)/("+str(Q+")"
print "\nd,e are determined by the following:\n"
for i in range(3):
print str(i+1)+")",Equations[i],"= O\n\n"

#print the Groebner basis
I = N.ideal(Equations)
GB = I.groebner_basis()
print "The solution is found by a Groebner basis computation."
print "The lex Groebner basis has",len(GB),"elements:\n"
for i in range(0,len(GB)):
print "g"+str(i+1)+"=",GB[i],"\n\n"
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#obtain d,e as elements of L

d1 = L(-GB[O]+N(M(d)))

el = L(-GB[1]+N(M(e)))

print "Therefore d = "+str(dl)+" and e = "+str(el)

#the cubic defining E1
U = (zxxP(y)-y~2) .sylvester_matrix(Q(y)).det()
U = U/U.coefficients() [3]

#the cubic defining E2
V = (x*Q(y)-(y+d1)~2*(y+el)) .sylvester_matrix(P(y)).det()
V = V/V.coefficients() [3]

#print the j-invariants
El = EllipticCurve([0, U.coefficients()[2], O,
U.coefficients() [1], U.coefficients() [0]])

E2 = EllipticCurve([0, V.coefficients()[2], O,
V.coefficients() [1], V.coefficients() [0]])

print "\nThe two curves have modular invariants:\n"
print "j(E1) =",factor(El.j_invariant()),"\n\n"
print "j(E2) =",factor(E2.j_invariant())

SAGE code that outputs (1.35) (page 47):

R.<u,v,w,a,b,c,r,s,t> =
PolynomialRing(QQ,’u,v,w,a,b,c,r,s,t’ ,order="1ex’)

Iu = R.ideal(at+r+s+t, —b+rxs+r*t+s*t, c+r*s*t,
—ux (r-s)* (r-t)+2*r-s-t)

Iv = R.ideal (at+r+s+t, -b+r*s+rxt+sxt, c+r*s*t,
—vx(r-s)*(r-t)-r " 2+s7 2+t 2-r*s-r¥t+s*t)

Iw = R.ideal(a+r+s+t, -b+r*s+r¥xt+sxt, c+r*s*t,
—wk (r-s8) * (r—t) +r " 2%s-r*s " 2+r " 2%t-r*t"2)

GBu = Iu.groebner_basis(’singular:std’)._singular_()
Lu = [f.sage_poly(R) for f in GBu.eliminate(prod([s,t]))]
GBv = Iv.groebner_basis(’singular:std’)._singular_Q)
Lv = [f.sage_poly(R) for f in GBv.eliminate(prod([s,t]))]
GBw = Iw.groebner_basis(’singular:std’)._singular_()
Lw = [f.sage_poly(R) for f in GBw.eliminate(prod([s,t]))]
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print "Ideal Iu with s,t eliminated:"
for g in Lu:
print str(factor(g))

print "\nIdeal Iv with s,t eliminated:"
for g in Lv:
print str(factor(g))

print "\nIdeal Iw with s,t eliminated:"
for g in Lw:
print str(factor(g))

print "\nWe solve the following for u,v,w:"
print Lu[2],"= 0"
print Lv[2],"= 0"
print Lw[2],"= 0"

SAGE code that outputs (1.36) (page 48):

R.<u,v,w,a,b,c,d,r,s,t> =
PolynomialRing(QQ,’u,v,w,a,b,c,d,r,s,t’ ,order="1ex’)

Iu = R.ideal (a+r+s+t, -b+r*s+rxt+s*t, c+r*sxt, d-(r-s)*(s-t)*(t-r),
—uxd+r"2+s 2+t " 2-r*s-r*t-s*t )

Iv = R.ideal(a+r+s+t, -b+r*s+r*t+s*t, c+r*s*t, d-(r-s)*(s-t)*(t-r),
-v*d-r"3-873-t"3+r " 2*s+r*t"2+s7 2%t )

Iw = R.ideal(a+r+s+t, —b+r*xs+rxt+s*t, c+rxs*xt, d-(r-s)*(s-t)*(t-r),
—wkd + r73*%t+r*s 3+s*tT3-r 2%t 2-r"2%s72-8" 2%t " 2)

GBu =

Tu.groebner_basis(’singular:std’)._singular_()

Lu = [f.sage_poly(R) for f in GBu.
Iv.groebner_basis(’singular:
Lv = [f.sage_poly(R) for f in GBv.
Iw.groebner_basis(’singular:
Lw = [f.sage_poly(R) for f in GBw.

GBv =

GBw =

eliminate (prod([r,s,t]))]
std’)._singular_()
eliminate(prod([r,s,t]))]
std’)._singular_()
eliminate(prod([r,s,t]))]

print "Ideal Iu with r,s,t eliminated:"

for g in Lu:
print str(factor(g))

print "\nIdeal Iv with r,s,t eliminated:"

for g in Lv:
print str(factor(g))
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print "\nIdeal Iw with r,s,t eliminated:"

for g in Lw:

print str(factor(g))

print "\nWe solve the following for u,v,w:"

print Lu[1],"= 0"
print Lv[1],"= 0"
print Lw[1],"= 0"

The following MAGMA codes give the results on page 59.

Remark A.1 The notations A, u, and ¢ are replaced by a, b, and z, respect-
ively. The points of G and the corresponding translation morphisms on P?

can be found easily, using formulas (1.40) and (1.41).

RR<x> := PolynomialRing(Integers());

L<z> := NumberField(1+x+x"2);
K<a,b> := FunctionField(L, 2);

/* M is the group of translations by points of the graph of the

3-torsion isomorphism that is given by S->S and T->-T,
where S = [1 : 0 :
:= MatrixGroup <9, K |

M

0,0,0,0,1,0,0,0,0,
0,0,0,0,0,1,0,0,0,
0,0,0,1,0,0,0,0,0,
0,0,0,0,0,0,0,1,0,
0,0,0,0,0,0,0,0,1,
0,0,0,0,0,0,1,0,0,
0,1,0,0,0,0,0,0,0,
0,0,1,0,0,0,0,0,0,
1,0,0,0,0,0,0,0,0
1,
1,0,0,0,0,0,0,0,0,
0,z,0,0,0,0,0,0,0,
0,0,z"2,0,0,0,0,0,0,
0,0,0,z72,0,0,0,0,0,
0,0,0,0,1,0,0,0,0,
0,0,0,0,0,z,0,0,0,
0,0,0,0,0,0,z,0,0,
0,0,0,0,0,0,0,z"2,0,
0,0,0,0,0,0,0,0,11>;

-1], T = [-z : 1
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R<X1,X2,X3,X4,X5,X6,X7,X8,X9> := PolynomialRing(K,9);
InvariantsOfDegree(M,R,3);
/* invariants of degree < 3 are nmo longer invartants tf we multiply
the matrices by z or z2; one could add these matrices to M,
but the degree 3 invariants are the same either way */

We reduce the obtained invariants Pj,..., P»; modulo the ideal I = I(A).
This can be done by adding P;(X1, ..., Xg9) — T; to the ideal and computing a
(}rébruﬂ'basisin_]({7&,...,151,)(1,...,)(9}

I := ideal <R |

X173 + X273 + X373 + 3*xb*xX1*X2xX3,

X172xX2 + X472%X5 + X772xX8 + 3*a*xX1*xX4x*xX8,
X1xX272 + X4*X572 + X7*xX872 + 3*a*xX1*X5xX8,
X273 + X573 + X873 + 3*xaxX2*xX5xX8,

X172%X3 + X472%X6 + X772xX9 + 3*ka*xX1*X4xX9,
X1*xX2*%X3 + X4xX5%X6 + X7*xX8*X9 + 3*a*X1xX5%X9,
X272xX3 + X572*%X6 + X872xX9 + 3*xa*xX2*xX5xX9,
X1*xX372 + X4*X672 + X7*xX972 + 3*xa*xX1*X6*X9,
X2xX372 + Xb5*xX672 + X8*%xX972 + 3*xa*xX2*X6*X9,
X373 + X673 + X973 + 3%axX3*xX6%*X9,

X172xX4 + X272%X5 + X372*xX6 + 3*b*xX1*xX2*xX6,
X1*xX472 + X2*%X572 + X3*xX672 + 3*b*xX1*X5*xX6,
X473 + X573 + X673 + 3*xbxX4*X5xX6,

X172xX7 + X272*%X8 + X372*%xX9 + 3*xb*xX1*X2*xX9,
X1*X4*xX7 + X2xX5xX8 + X3*xX6*X9 + 3*xb*X1*xX5xX9,
X472xX7 + X572%X8 + X672*xX9 + 3*b*xX4*X5xX9,
X1*xX772 + X2*%X872 + X3*%xX972 + 3*xb*xX1*X8*X9,
X4xX772 + X5*X872 + X6*%xX972 + 3*b*xX4*X8*X9,
X773 + X873 + X973 + 3xbxX7*X8*X9,

X2xX4 + -1*%X1*X5,
X3xX4 + -1%X1xX6,
X3*X5 + —1%¥X2X6,
X2xX7 + -1*%X1%X8,
X3*xX7 + -1%X1%*X9,
X5xX7 + -1%X4xX8,
X6xX7 + -1%X4xX9,
X3xX8 + -1%X2xX9,
X6%X8 + —1*X5*X9>;
This leaves nine linearly independent invariants F7i, ..., Fy.
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Fl := X1*X2*xX4 + X3*X7*X9 + X5*X6*X8;

F2 := X1*X3*X7 + X2*X4*X5 + X6*X8*X9;

F3 := X272xX7 + X3*xXb5xX6 + X6*xX772;

F4 := X372%X4 + X3%xX872 + X4x*X5xX7;

F5 := X372*%X8 + X3*xX4"2 + X5*X7*X8;

F6 := X3*X5*xX7;

F7 := X2*X3*X5 + X2*X772 + X672*X7;

F8 := 3*a*xX2*xX5xX8 + X573 + -1%X6"3 + 3xbxX7*X8*X9 + 2xX873 + X973;
F9 := 3*a*xX3*xX6%X9 + 3*bxX4*xX5%X6 + X573 + 2%X673 + -1xX873 + X973;

We reduce the polynomial
Pi=diF + - +doFy — (1 X1+ -+ + 9 Xo)® € K(ci,dj)[X1,.. ., X

modulo I = I(A) and we eliminate the variables d; from the ideal generated
by the coefficients of P mod I.

R2<«d1,d2,d3,d4,d5,d6,d7,d8,d9,cl1,c2,c3,c4,c5,c6,c7,c8,c9> :=
PolynomialRing(K,18);
I2 := ideal<R2 |
3*%c172xc5 + 6*xcl*c2xc4 - 47,
3*%c172*%c8 + 6*cl*c2*c7,
// many generators are omitted here
-3%c2*%c372 + 3*xc8*xc972,
c1™3 - €373 - c773 + c973 + dl + d2

>
J := EliminationIdeal(I2,9);

Finally, the points of Z(.J) are found:

P8<c1,c2,c3,c4,c5,c6,c7,c8,c9> := ProjectiveSpace(K,8);
X := Scheme(P8, [
c8*c974,
c872%c972,
c7*c974,
c7*c8*c972 + -b*xc873*c9,
// many generators are omitted here
c372*%c7*c9 + -1/2*%c3*c572%c9 + —-1*xc3*ch*c6*c8,
cl*c3*c6 + 1/2%c372%cd + -1/2*%c4™2*%c8 + —1*cd*xchbxc7
D;
Degree(X) eq 9;
Points(X);
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These solutions define the following nine linear forms:

L1 := z72%X1 + zxX5 + X9;
L2 := zxX1 + z72xX5 + X9;
L3 := X3 + X4 + X8;
L4 := z72%xX3 + z*xX4 + X8;
L5 := zxX3 + z"2xX4 + X8;
L6 := X2 + X6 + X7;
L7 := z72%X2 + zxX6 + X7;
L8 := z*xX2 + z72xX6 + X7;
L9 := X1 + X5 + X9;

We note that Lg is the one that is fixed by —1 4, so that it defines the divisor D
whose image under A — A/G principally polarizes A/G. We note that D does
not contain O. Finally, we check under which conditions D contains points
of A[2] that do not correspond to points of order two on Ey or E,;:

R3<T,X1,X2,X3,X4,%X5,%X6,X7,X8,X9,a,b> := PolynomialRing(L,12);
I3 := ideal <R3 |
X573 + -9/4xaxbxX572*xX9 + -3/4xaxX672*xX9 + -3/4xb*xX872*xX9 +
-1/4%X973,
X572%X6 + 3/2*xaxX572%X9 + 1/2%X872*X9,
X5*X672 + 3/2*xaxX5*xX6*X9 + 1/2*xX8*X972,
X673 + 3/2*a*xX672%X9 + 1/2%xX973,
X572%X8 + 3/2xb*xX572%X9 + 1/2*xX672*X9,
X5*X872 + 3/2xb*xX5xX8*X9 + 1/2*xX6%X972,
X873 + 3/2*b*xX872%X9 + 1/2%xX973,
X6*%X8 + -1*xX5xX9,
X1 + -1%X5,
X2 + -1%X5,
X3 + -1%X6,
X4 + -1%X5,
X7 + -1%X8,
X9%T-1,
L9>;
GroebnerBasis(EliminationIdeal(13,10)) [1];

The output is a polynomial that defines a curve of genus zero:

A<a,b> := AffineSpace(Rationals(),2);
Genus (Curve (A, 3*a~2%b~2 + a~3 - 3*a*b + b™3 + 2));

114



Bibliography

[Abb] Ahmed Abbes, Réduction semi-stable des courbes d’aprés Artin, De-
ligne, Grothendieck, Mumford, Saito, Winters,..., in Courbes semi-

stables et groupe fondamental en géométrie algébrique (Luminy, 1998),
Progr. Math. 187, Birkhéduser, Basel (2000), pp. 59-110

[Ar-Do] Michela Artebani and Igor Dolgachev, The Hesse Pencil of Plane
Cubic Curves, L'Enseignement Mathématique 55 (2009), pp. 235270
DOI: 10.5169/seals-110104

[At-Wa] Michael Atiyah and Charles T. C. Wall, Cohomology of Groups,
Algebraic Number Theory, University of Sussex, Brighton (1965), pp.
94-115
MR 0219512

[AEC] Joseph H. Silverman, The Arithmetic of Elliptic Curves, Graduate
Texts in Mathematics 106, Springer-Verlag, New York (1986)
ISBN: 978-0-387-09493-9

[AEC2] Advanced Topics in the Arithmetic of Elliptic Curves, Gradu-
ate Texts in Mathematics 151, Springer-Verlag, New York (1994)
ISBN: 978-0-387-94328-2.

[ANT1] Serge Lang, Algebraic Number Theory, Graduate Texts in Mathem-
atics 110, Springer-Verlag, New York (1986)
ISBN: 978-0-387-94225-4

[ANT2] Jurgen Neukirch, Algebraic Number Theory, Grundlehren der math-
ematischen Wissenschaften 322, Springer-Verlag Berlin Heidelberg (1999)
ISBN: 978-3-540-65399-8

115


http://dx.doi.org/10.5169/seals-110104
http://www.ams.org/mathscinet-getitem?mr=0219512
http://www.springer.com/gp/book/9780387094939
http://www.springer.com/gp/book/9780387943282
http://www.springer.com/gp/book/9780387942254
http://www.springer.com/gp/book/9783540653998

Bibliography

[Ara] Suren Yu. Arakelov, An Intersection Theory for Divisors on an Arith-
metic Surface, Math. USSR Izv. 8 (1974), pp. 1167-1180
DOI: 10.1070/IM1974v008n06 ABEH002141

[Art] Michael Artin, Néron Models, Ch. VIII in Arithmetic Geometry (ed. by
G. Cornell and J. H. Silverman), Springer, New York (1986), pp. 213-230
ISBN: 978-0-387-96311-2

[Aut] Pascal Autissier, Un lemme matriciel effectif, Math. Z. 273, pp. 355—
361
DOI: 10.1007/s00209-012-1008-x

[Br-Do] Nils Bruin and Kevin Doerksen, The Arithmetic of Genus Two
Curves with (4,4)-Split Jacobians, Canad. J. Math. 63 (2011), pp. 992—
1021
DOI: 10.4153/CJM-2011-039-3

[B-H-P-V] Wolf P. Barth, Klaus Hulek, Chris A. M. Peters, and Antonius
van de VenCompact Complex Surfaces (2nd ed.), Ergeb. Math. Grenzgeb.
4, Springer Berlin Heidelberg (2004)
ISBN: 978-3-540-00832-3

[B-L-R| Siegfried Bosch, Werner Liitkebohmert, and Michel Raynaud, Néron
Models, Ergeb. Math. Grenz. 21, Springer-Verlag, Berlin (1990)
ISBN: 978-3-540-50587-7

[Cre] John E. Cremona, Algorithms for Modular Elliptic Curves, Cambridge
University Press New York, New York (1992)
ISBN: 978-0-521-41813-5

[Dav| Sinnou David, Minorations de hauteurs sur les variétés abéliennes,
Bull. Soc. Math. France 121 (1993), pp. 509-544
ISSN: 0037-9484 EUDML: 87676

[DA] Wolfgang M. Schmidt, Diophantine Approzimation, Lecture Notes in
Mathematics 785, Springer-Verlag, New York (1980)
ISBN: 978-3-540-09762-4

[dJ] Robin S. de Jong, On the Arakelov theory of elliptic curves, Enseign.
Math. 51 (2005), pp. 179-201
arXiv: 0312359

116


http://dx.doi.org/10.1070/IM1974v008n06ABEH002141
http://www.springer.com/gp/book/9780387963112
http://dx.doi.org/10.1007/s00209-012-1008-x
http://dx.doi.org/10.4153/CJM-2011-039-3
http://www.springer.com/gp/book/9783540008323
http://www.springer.com/gp/book/9783540505877
http://homepages.warwick.ac.uk/~masgaj/book/amec.html
http://smf4.emath.fr/Publications/Bulletin/121/html/
https://eudml.org/doc/87676
http://www.springer.com/gp/book/9783540097624
https://arxiv.org/abs/math/0312359v2

Bibliography

[DG| Marc Hindry and Joseph H. Silverman, Diophantine Geometry: An
Introduction, Graduate Texts in Mathematics 201, Springer-Verlag, New
York (2000)

ISBN: 978-0-387-98975-4

[Faltl] Gerd Faltings, Calculus on Arithmetic Surfaces, Ann. Math. 119
(1984)
DOI: 10.2307,/2007043

[Falt2] Finiteness Theorems for Abelian Varieties, Ch. II in Arithmetic
Geometry (ed. by G. Cornell and J.H. Silverman), Springer, New York
(1986), pp. 9-27
ISBN: 978-0-387-96311-2

[Farn]| Shawn Farnell, Artin-Schreier Curves, Colorado University, Ph.D.
thesis (2010)
http://hdl.handle.net/10217/44957

[Fr-Ka] Gerhard Frey and Ernst Kani, Curves of Genus 2 Covering Elliptic
Curves and an Arithmetical Application, Arithmetic Algebraic Geometry,
Progress in Mathematics 89, Birkhduser Boston (1991), pp. 153-177
ISBN: 978-0-8176-3513-8

[Ga-Ré] Eric Gaudron and Gaél Rémond, Théoréme des périodes et degrés
minimauz d’isogénies, Comment. Math. Helv. 89 (2014), pp. 343-403
DOI: 10.4171/CMH/322

[HAG] Robin Hartshorne, Algebraic Geometry, Springer-Verlag (1977)
ISBN: 978-0-387-90244-9

[Hi-Si] Marc Hindry and Joseph H. Silverman, Canonical heights and integral
points on elliptic curves, Invent. Math. 93 (1988), pp. 419-450
DOI: 10.1007/BF01394340

[Holm] David Holmes, Computing Néron—Tate heights of points on hyperel-
liptic Jacobians, J. Number Theor. 132 (2012), pp. 1295-1305
DOI: 10.1016/j.jnt.2012.01.002

[Hri] Paul Hriljac, Heigths and Arakelov’s Intersection Theory, Amer. J.
Math. 107 (1985), pp. 23-38
DOI: 10.2307/2374455

117


http://www.springer.com/gp/book/9780387989754
http://dx.doi.org/10.2307/2007043
http://www.springer.com/gp/book/9780387963112
http://hdl.handle.net/10217/44957
http://www.springer.com/gp/book/9780817635138
http://dx.doi.org/10.4171/CMH/322
http://www.springer.com/gp/book/9780387902449
https://doi.org/10.1007/BF01394340
https://doi.org/10.1016/j.jnt.2012.01.002
http://dx.doi.org/10.2307/2374455

Bibliography

[IVA] David Cox, John Little, and Donald O’Shea, Ideals, Varieties, and
Algorithms: An Introduction to Computational Algebraic Geometry and

Commutative Algebra, Springer (1997)
ISBN: 978-0-387-94680-1

[Ke-St] Gregor Kemper and Allan Steel, Some Algorithms in Invariant The-
ory of Finite Groups, Computational Methods for Representations of
Groups and Algebras, Euroconference in Essen, April 1997, Progr. Math.
173, Birkhduser, Basel (1997), pp. 267-285 ISBN: 978-3-0348-9740-2

[Kraz] Adolf Krazer, Lehrbuch der Thetafunktionen, AMS Chelsea Publishing
(1970)
ISBN: 978-0-8284-0244-6

[Kuhn] Robert M. Kuhn, Curves of genus 2 with split Jacobian, Trans. Amer.
Math. Soc. 307 (1988)
DOI: 10.2307/2000749

[Langl| Serge Lang, Fundamentals of Diophantine Geometry, Springer-
Verlag New York (1983)
ISBN: 978-1-4419-2818-4

[Lang2| Introduction to Arakelov Theory, Springer-Verlag New York
(1988)
ISBN: 978-0-387-96793-6

[Lang3)| Elliptic Curves — Diophantine Analysis, Springer-Verlag Ber-
lin Heidelberg (1978)
ISBN: 978-3-540-08489-1

[La-Ta] Serge Lang and John Tate, Principal Homogeneous Spaces QOver
Abelian Varieties, Am. J. Math. 80 (1958), pp. 659-684
DOI: 10.2307/2372778

[Liu] Qing Liu, Algebraic Geometry and Arithmetic Curves, Oxford Graduate
Texts in Mathematics (2006)
ISBN: 978-0-19-920249-2

[Li-To] Qing Liu and Jilong Tong, Néron models of algebraic curves, Trans.
Amer. Math. Soc. 368 (2016), pp. 7019-7043
DOI: 10.1090/tran/6642

118


http://www.springer.com/gp/book/9780387946801
http://www.springer.com/gp/book/9783034897402
http://www.ams.org/bookstore-getitem/item=CHEL-244
http://dx.doi.org/10.2307/2000749
http://www.springer.com/gp/book/9781441928184
http://www.springer.com/gp/book/9780387967936
http://www.springer.com/cn/book/9783540084891
https://doi.org/10.2307/2372778
http://ukcatalogue.oup.com/product/9780199202492.do
https://doi.org/10.1090/tran/6642

Bibliography

[LMFDB| http://www.1lmfdb.org/EllipticCurve/Q

[Masl] David W. Masser, Small values of heights on families of abelian vari-
eties, Lect. Notes Math. 1290 (1987), pp 109-148
DOI: 10.1007/BFb0078706

[Mas2] Large period matrices and a conjecture of Lang, Séminaire de
Théorie des Nombres, Paris, 1991-1992 116 (1993), pp 153-177
ISBN: 978-0-8176-3741-5

[Miill] Jan Steffen Miiller, Computing canonical heights using arithmetic in-
tersection theory, Math. Comp. 83 (2014), pp. 311-336
DOI: 10.1090/50025-5718-2013-02719-6

[Mum| David Mumford, On the equations defining abelian varieties I, Invent.
Math. 1 (1966), pp. 287-354
ISSN: 0020-9910 EUDML: 141838

[MumAV] Abelian Varieties (2nd ed.), Oxford University Press (1974)
ISBN: 978-81-85931-86-9

[M-F-C| David Mumford, John Fogarty, and Frances C. Kirwan, Geometric
Invariant Theory (3rd ed.), Ergeb. Math. Grenzgeb. 34, Springer-Verlag
Berlin Heidelberg (1994)

ISBN: 978-3-540-56963-3

[Milnl| James S. Milne, Abelian Varieties, Ch. V in Arithmetic Geometry
(ed. by G. Cornell and J. H. Silverman), Springer, New York (1986), pp.
103-150
ISBN: 978-0-387-96311-2

[Miln2] Jacobian Varieties, Ch. VII in Arithmetic Geometry (ed. by
G. Cornell and J. H. Silverman), Springer, New York (1986), pp. 167-212
ISBN: 978-0-387-96311-2

[Nér] André Néron, Modéles minimauz des variétés abéliennes sur les corps
locauz et globauz, Publ. THES Math. 21 (1964), pp. 5-125
DOI: 10.1007/BF02684271

[Oes] Joseph Oesterlé, Nouvelles approches du “théoréme” de Fermat, Sémin-
aire Bourbaki Ne 694 (1988)
EUDML: 110094

119


http://www.lmfdb.org/EllipticCurve/Q
https://doi.org/10.1007/BFb0078706
http://www.springer.com/us/book/9780817637415
https://doi.org/10.1090/S0025-5718-2013-02719-6
https:\eudml.org/doc/141838
http://www.springer.com/gp/book/9783540569633
http://www.springer.com/gp/book/9780387963112
http://www.springer.com/gp/book/9780387963112
https://doi.org/10.1007/BF02684271
https://eudml.org/doc/110094

Bibliography

[PAG] Phillip Griffiths and Joseph Harris, Principles of Algebraic Geometry,
John Wiley & Sons (1978)
ISBN: 978-0-471-32792-9

[Pazl]| Fabien Pazuki, Remarques sur une conjecture de Lang, J. Théor.
Nombres Bordeaux 22 (2010), pp. 161-179
JSTOR: 43973013

[Paz2] Minoration de la hauteur de Néron-Tate sur les surfaces abéli-
ennes, Manuscripta Math. 142 (2013), pp. 61-99
DOI: 10.1007/s00229-012-0593-7

[Paz3] Heights, ranks and regulators of abelian varieties, preprint
arXiv: 1506.05165

[Pet] Clayton Petsche, Small rational points on elliptic curves over number
fields, New York J. Math 12 (2006), 257268
EUDML: 129992

[Ray] Michel Raynaud, Hauteurs et isogénies, Seminar on arithmetic bundles:
the Mordell conjecture, Astérisque 127 (1985), pp. 199-234.

[SGA3] Michel Demazure and Alexandre Grothendieck, Schemas en Groupes.
Séminaire de Géométrie Algébrique du Bois Marie 1962/64 (SGA 3),
Lecture Notes in Mathematics 151, Springer-Verlag Berlin Heidelberg
(1970)

ISBN: 978-3-540-05179-4

[Sill] Joseph H. Silverman, Lower bound for the canonical height on elliptic
curves, Duke Math. J. 48, (1981), pp. 633-648
MR 630588 DOI: 10.1215/S0012-7094-81-04834-1

[Sil2] Heights and Elliptic Curves, Ch. X in Arithmetic Geometry (ed.
by G. Cornell and J.H. Silverman), Springer, New York (1986), pp. 253
265
ISBN: 978-0-387-96311-2

[Sil3] Lang’s Height Conjecture and Szpiro’s Conjecture
arXiv: 0908.3895

120


http://onlinelibrary.wiley.com/book/10.1002/9781118032527
http://www.jstor.org/stable/43973013
https://doi.org/10.1007/s00229-012-0593-7
https://arxiv.org/abs/1506.05165
https://eudml.org/doc/129992
http://www.springer.com/gp/book/9783540363361
http://www.ams.org/mathscinet-getitem?mr=630588
https://doi.org/10.1215/S0012-7094-81-04834-1
http://www.springer.com/gp/book/9780387963112
https://arxiv.org/abs/0908.3895

Bibliography

[Stich] Henning Stichtenoth, Algebraic Function Fields and Codes, GTM,
Springer (2008)
ISBN: 978-3-540-76877-7

[Szp] Lucien Szpiro, Séminaire sur les pinceaux de courbes elliptiques, As-
térisque 183, SMF (1990)
ISSN: 0303-1179

[Tatal] David Mumford, Tata Lectures on Theta I, Modern Birkhéuser Clas-
sics (1982), pp. 163-170
ISBN: 978-0-8176-4572-4

[Tata2)] Tata Lectures on Theta II, Modern Birkhéauser Classics (1984),
pp. 100-106
ISBN: 978-0-8176-4569-4

[Ueno| Kenji Ueno, Discriminants of curves of genus 2 and arithmetic sur-
faces, Algebraic Geometry and Commutative Algebra II, Kinokuniya,
Tokyo (1988), pp. 749-770
MR 977781

[Weil] André Weil, Zum Beweis des Torellischen Satzes, Oeuvres Scienti-
fiques/Collected Papers: Volume 2 (1951-1964), Springer (2009), pp. 307—
329
ISBN: 978-3-662-44322-4

121


http://www.springer.com/gp/book/9783540768777
http://smf4.emath.fr/Publications/Asterisque/1990/183/html/smf_ast_183_7-18.html
http://www.springer.com/gp/book/9780817645724
http://www.springer.com/gp/book/9780817645694
http://www.ams.org/mathscinet-getitem?mr=977781
http://www.springer.com/gp/book/9783662443224




Summary

This thesis deals with properties of Jacobians of genus two curves that cover
elliptic curves.

Let E be a curve in the plane, given by an equation y? = F(z), where
F(z)= 23 + asz® + a1z + ag

is a polynomial with rational coefficients and with three distinct roots. For
historical reasons, such a curve is known as an elliptic curve. It is known
that every elliptic curve E can be equipped with a structure of a commutat-
ive group — its points can be added and subtracted. A point O “at infinity”,
which is contained in all vertical lines (lines of form x = ¢), is the neut-
ral element. This group structure is described by the condition that three
points P,Q, R € F satisfy P+ @ + R = O if and only if they are collinear.
Surfaces with a commutative group structure are called abelian. For example,
a product Fq x Ey of two elliptic curves is an abelian surface in the obvious
way.

Next we consider a planar curve C' given by an equation y? = G(z), where
G(z) = 2% + b52® + baa®* + b3x® + boa? + b1z + by

is a polynomial with rational coefficients and six distinct roots. The curve C
is called hyperelliptic and it does not have a group structure. However, we can
associate to it, in a natural way, an abelian surface Jac(C'), called the Jacobian
of C'. Moreover, we can embed C' into it.

Some hyperelliptic curves, of the form y?> = G(z) as above, are special
because they cover elliptic curves. For example, consider a curve C' given
by y? = 2% + az* + baz? + ¢, so that only even powers of = appear. If (z,y)
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is a point on this curve then so is (—x,y) and we can define an algebraic
map f: (z,y) — (22,y), that is of degree 2, i.e. 2-to-1. Now (X,Y) = (22,v)
is a point on the elliptic curve E given by Y? = X3 4+ aX? + bX + ¢ and we
say that C' is a double cover of E.

If F is an elliptic curve, if C' is a hyperelliptic curve, and if C — E is
an n-to-1 covering that is not a composition of coverings, then we can embed E
into the surface Jac(C) as a subgroup. Moreover, there exists another elliptic
curve E and an n-to-1 covering C — E, such that the surface Jac(C) has a
special property — it can be obtained as the quotient of the surface £ x E by
a finite subgroup.

The first chapter of the thesis deals with the geometric aspects of this
setup. We investigate which curves can form this special relationship and
we focus mostly on the cases n = 2 and n = 3, which have already been
analysed in literature. We also gain some insight into the general case, but a
full description proves to be very difficult computationally.

The second chapter deals with the arithmetic aspects of the setup, via
the theory of height functions, which are a very useful tool in answering
questions about rational points on curves and surfaces. To every rational
number z = a/b, where a and b are coprime integers, one can associate its
height h(z), in a very precise way, as a measurement of its arithmetic com-
plexity — the height roughly tells us how many digits are needed to write down
the integers a and b. Likewise, the height of a rational point on a curve or sur-
face tells us about the number of digits of the coordinates. For example, (3,5)
and (1749/1331, —1861/1331) are two rational points of rather different com-
plexity on the curve y? = 23 — 2 + 1, while (2,+/7) is not a rational point. It
is also possible to associate a height to an elliptic curve or an abelian surface
and measure its arithmetic complexity as a whole. A specific relation between
these two heights is conjectured and we investigate it in the context of the
setup above. We show that this relation holds for E x E if and only if it holds
for Jac(C).

124



Samenvatting

Dit proefschrift behandelt eigenschappen van Jacobianen van krommen van
geslacht twee die elliptische krommen overdekken.

Zij E een kromme in het vlak, gegeven door een vergelijking y? = F(x),
waarbij F(z) = x3 + ag2z? + a17 + ag een polynoom is met rationale coéffi-
ciénten en met drie verschillende nulpunten. Om historische redenen wordt
een dergelijke kromme een elliptische kromme genoemd. Het is bekend dat
elke elliptische kromme kan worden voorzien van een commutatieve groeps-
structuur — haar punten kunnen bij elkaar worden opgeteld en van elkaar
worden afgetrokken. Een punt O ,jop oneindig”, dat bevat is in alle verticale
lijnen (lijnen van de vorm z = ¢), is het neutrale element. De groepsstruc-
tuur wordt vastgelegd door de voorwaarde dat drie punten P, @), R € E voldoen
aan P + Q) + R = O dan en slechts dan als zij op één lijn liggen. Oppervlakken
met een commutatieve groepsstructuur worden abels genoemd. Bijvoorbeeld
is een product van twee elliptische krommen FE; X Ey op de voor de hand
liggende wijze een abels oppervlak.

Vervolgens beschouwen we een vlakke kromme C gegeven door een verge-
lijking 4% = G(z), waarbij G(z) = x5 + bsa® + byx* + b3a® + box® 4 brx + by
een polynoom is met rationale coéfficiénten en zes verschillende nulpunten. De
kromme C wordt hyperelliptisch genoemd en heeft geen groepsstructuur. Toch
kunnen we, op een natuurlijke wijze, eraan een abels oppervlak Jac(C) toe-
kennen, dat de Jacobiaan van C wordt genoemd. Voorts kunnen we C' hierin
inbedden. Sommige hyperelliptische krommen van de vorm y? = G(x) zoals
hierboven zijn bijzonder omdat zij elliptische krommen overdekken. Bijvoor-
beeld, beschouw een kromme C' gegeven door 3% = 25 4+ az* + ba? + ¢, zodat
alleen even machten van x optreden. Als (z,y) een punt is op deze kromme dan
is (—z,y) dat ook en we kunnen een algebraische afbeelding f: (z,y) — (22,y)
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definiéren die van graad 2 is, d.w.z. 2-op-1. Het punt (X,Y) = (22, y) ligt op
de elliptische kromme E gegeven door Y2 = X3 4+ aX? +bX + c en we zeggen
dat C' een dubbele overdekking is van E.

Als F een elliptische kromme is, C' een hyperelliptische kromme, en C — E
een n-op-1 overdekking die niet een samenstelling is van overdekkingen, dan
kunnen we E inbedden in het oppervlak Jac(C) als ondergroep. Bovendien
bestaat er een andere elliptische kromme E en een n-op-1 overdekking C' — E.
Voorts heeft het oppervlak Jac(C') een bijzondere eigenschap — het kan worden
verkregen als een quotiént van het oppervlak E x E naar een eindige onder-

groep.

Het eerste hoofdstuk van dit proefschrift behandelt de meetkundige as-
pecten van deze situatie. We onderzoeken welke krommen in deze bijzondere
verhouding tot elkaar kunnen staan en we concentreren ons hoofdzakelijk op
de gevallen n = 2 en n = 3, die al in de literatuur zijn onderzocht. We ver-
krijgen ook enig inzicht in het algemene geval, maar een volledige beschrijving
blijkt vanuit computationeel oogpunt zeer moeilijk te zijn.

Het tweede hoofdstuk behandelt de aritmetische aspecten van de situatie,
met behulp van de theorie van hoogtes, die een zeer bruikbaar hulpmiddel
vormen bij het beantwoorden van vragen rond rationale punten op krommen
en oppervlakken. Voor elk rationaal getal x = a/b, waarbij a en b gehele
getallen zijn die relatief priem zijn, kan men de hoogte h(z) definiéren, op
een heel precieze manier, als een maat voor diens aritmetische complexiteit —
de hoogte vertelt ons min of meer hoeveel cijfers er nodig zijn om de gehele
getallen a en b op te schrijven. Op eenzelfde manier zegt de hoogte van een
rationaal punt op een kromme of oppervlak ons iets over het aantal cijfers
van zijn codrdinaten. Bijvoorbeeld zijn (3,5) en (1749/1331, —1861/1331)
twee rationale punten van behoorlijk verschillende complexiteit op de krom-
me y? = 23 — 2 + 1. Anderzijds is (2,v/7) geen rationaal punt. Het is ook
mogelijk om een hoogte toe te kennen aan een elliptische kromme of een abels
oppervlak om zodoende diens aritmetische complexiteit als geheel te meten. Er
wordt een precies verband tussen de twee hoogtes vermoed, en we onderzoeken
dit vermoeden in de context van de situatie zoals boven geschetst. We bewijzen
dat het vermoede verband geldt voor E x E dan en slechts dan als het gelds
voor Jac(C).
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Cette theése concerne des propriétés des variétés jacobiennes de courbes de
genre deux qui couvrent des courbes elliptiques.

Soit E une courbe plane, donnée par une équation 32 = F(x), ol
F(x) = 2 + asz® + a1z + ag

est un polynoéme a coefficients rationnels, qui a trois racines distinctes. Pour
des raisons historiques, une telle courbe est appelée courbe elliptique. On sait
que toute courbe elliptique E peut étre équipée d’une structure de groupe com-
mutatif — on peut additionner et soustraire ses points. Un point O « a ’infini »,
qui est contenu dans toutes les droites verticales (droites de la forme x = ¢),
est I’élément neutre. Cette structure de groupe est décrite par la condition
que trois points P, @, R € E satisfont P+ @ + R = O si et seulement s’ils sont
alignés. Les surfaces avec une structure de groupe commutatif sont appelées
abéliennes. Par exemple, un produit F7 X Es de deux courbes elliptiques est
une surface abélienne, de fagon évidente.

Considérons maintenant une courbe plane C' donnée par y? = G(z), ou
G(z) = 2%+ b5935 + b4x4 + b3x3 + ngz + b1z + by

est un polynéme a coeflicients rationnels, qui a six racines distinctes. La
courbe C' est appelée hyperelliptique et n’a pas de structure de groupe. Par
contre, nous pouvons lui associer, d'une fagon naturelle, une surface abélien-
ne Jac(C), appelée la jacobienne de C. En plus, nous pouvons plonger C
dans Jac(C).

Certaines courbes hyperelliptiques sont spéciales car elles couvrent des
courbes elliptiques. Par exemple, considérons une courbe C' donnée par 1’équa-
tion y2 = 2% + az* + bz + ¢, dans laquelle seulement des puissances paires
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de x apparaissent. Si (z,y) est un point de cette courbe alors de méme (—z, y),
et nous pouvons définir une application algébrique f: (z,y) — (22,y) de
degré 2, c’est-a-dire, de fibre générale & deux points. Alors (X,Y) = (22,y)
est un point de la courbe elliptique E donnée par Y? = X3 +aX?2+bX +cet
nous disons que C est un revétement double de E.

Si E est une courbe elliptique, si C est une courbe hyperelliptique, et
si C — E est un revétement de degré n qui n’est pas une composition de
revétements, alors nous pouvons plonger E dans la surface Jac(C') comme un
sous-groupe. De plus, il existe une autre courbe elliptique FE et un revéte-
ment C' — E de degré n, tel que la surface Jac(C') a une propriété spéciale —
elle peut étre obtenue comme quotient de la surface E x E par un sous-groupe

fini.

Le chapitre 1 de cette these traite les aspects géométriques de cette situ-
ation. Nous cherchons a savoir quelles courbes peuvent avoir une telle relation
et nous nous concentrons surtout sur les cas n = 2 et n = 3, qui ont déja été
analysés dans la littérature. Dans le cas général, nous obtenons quelques résul-
tats, mais une description compléte s’avere tres difficile de maniére explicite.

Le chapitre 2 traite les aspects arithmétiques de la situation, via la théorie
des fonctions hauteurs, qui sont un outil trés utile pour répondre a des ques-
tions concernant des points rationnels de courbes et surfaces. Pour tout nom-
bre rationnel x = a/b, avec a et b des entiers premiers entre eux, on définit la
hauteur h(x) de x, de fagon trés précise, comme une mesure de sa complexité
arithmétique — la hauteur dit approximativement combien de chiffres sont
nécessaires pour écrire les entiers a et b. De la méme facon, la hauteur d’un
point rationnel d’une courbe ou surface nous dit combien de chiffres ont les
coordonnées. Par exemple, (3,5) et (1749/1331, —1861/1331) sont deux points
rationnels de complexités plutot différentes de la courbe y? = 22 — x + 1, tan-
dis que (2,1/7) n’est pas un point rationnel. Il est possible d’attacher une
hauteur aux courbes elliptiques et aux surfaces abéliennes qui mesure leur
complexité arithmétique totale. Une relation spécifique entre ces deux notions
de hauteur est alors conjecturée et nous étudions cette conjecture dans la situa-
tion décrite plus haut. Nous montrons que cette relation est vraie pour F X E
si et seulement si elle est vraie pour Jac(C).
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Sazetak

Predmet ove teze jesu svojstva jakobijana krivih roda dva koje pokrivaju elipti-
cke krive.

Neka je E kriva u ravni, data jednac¢inom 32 = F(x), gdje je
F(z)= 23 + asz® + a1z + ag

polinom sa racionalnim koeficijentima i sa tri razli¢ita korijena. Iz povijesnih
razloga, ovakvu krivu nazivamo eliptickom. Poznato je da svaka elipticka
kriva E moze biti opremljena strukturom komutativne grupe — njene tacke
mozemo sabirati i oduzimati. Tacka O ,,u beskonac¢nosti”, koja lezi na svim
uspravnim pravama (tj. pravama oblika z = ¢), jeste neutralni element grupe.
Ova struktura grupe je opisana uslovom da za svake tri tacke P, @), R € F vazi
P+ @+ R = 0 ako i samo ako one leze na istoj pravoj. Povrsi sa strukturom
komutativne grupe zovemo Abelovim. Primjera radi, proizvod dvije elipticke
krive jeste Abelova povrs, sa ocevidnom strukturom grupe.

Razmotrimo sada krivu C u ravni, zadatu jedna¢inom y? = G(z), gdje je
G(x) = 2%+ b5335 + b4x4 + b39:3 + ng2 + bz +bo

polinom sa racionalnim koeficijentima i sa Sest razli¢itih korijena. Krivu C
zovemo hipereliptickom. Ona nema strukturu grupe, ali joj mozemo prirodno
pridruziti jednu Abelovu povrs Jac(C), koju zovemo jakobijanom krive C.
Takode, krivu C' mozemo uloziti u njen jakobijan.

Neke hiperelipticke krive, oblika 32> = G(z) kao gore, jesu posebne jer
pokrivaju elipticke krive. Primjera radi, razmotrimo krivu C' zadatu jed-
nac¢inom y? = 2% + az* 4 bx? + ¢, u kojoj se pojavljuju isklju¢ivo parni stepeni
promjenjive x. Ako je (x,y) tacka na krivoj, onda je to i (—z,y), Sto znaci
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da mozemo odrediti algebarsko preslikavanje f: (z,y) — (22,), koje je ste-
pena 2, tj. 2-na-1. Imamo da je (X,Y) = (22, y) tacka na eliptickoj krivoj E
zadatoj jednacinom Y? = X3 +aX? 4 bX + ¢ i kazemo da kriva C' dvostruko
pokriva krivu F.

Ako je E elipticka kriva, ako je C' hiperelipticka kriva, i ako je C' — FE
pokrivanje stepena n, koje nije razlozivo, tj. nije sastavljeno od pokrivanja
manjeg stepena, onda krivu E mozemo uloziti u povrs Jac(C') kao podgrupu.
Stovise, postoji jos jedna elipticka kriva E i nerazlozivo pokrivanje C' — E
stepena n, takvo da povrs Jac(C) ima posebno svojstvo — mozemo ju dobiti
kao kolicnik povrsi E x Ei jedne njene konacne podgrupe.

Prvo poglavlje teze tice se geometrijskih strana ove postavke. Istrazujemo
koje krive se mogu naé¢i u ovoj posebnoj vezi, sa usredsredenjem na sluca-
jeve n = 2 i n = 3, koji su veé¢ razmatrani u literaturi. Takode izvodimo
nekoliko zakljucaka o opstem slucaju, ali puni opis nam ostaje nedostupan
uslijed velike racunske slozenosti.

Drugo poglavlje teze tice se aritmetickih strana postavke, putem teorije
visinskih funkcija, koje su veoma korisne u istrazivanju pitanja o racional-
nim tackama krivih i povrsi. Svakom razlomku x = a/b, gdje su a i b uza-
jamno prosti cijeli brojevi, mozemo pridruziti njegovu visinu h(x), koja je
mjera njegove aritmeticke slozenosti — visina nam otprilike govori koliko cifara
nam je potrebno da zapiSemo brojeve a i b. Sli¢no tome, visina racionalne
tacke na krivoj ili povrsi govori nam o broju cifara potrebnom za zapis njenih
koordinata. Primjera radi, (3,5) i (1749/1331, —1861/1331) jesu racionalne
tacke veoma razli¢ite slozenosti na krivoj y? = x® — x + 1, dok (2,1/7) nije
racionalna tacka. Takode mozemo pridruziti visinu svakoj eliptickoj krivoj ili
Abelovoj povrsi i tako mjeriti njenu aritmeti¢ku slozenost u cjelini. Postoji
slutnja o odredenoj vezi izmedu ovih dvaju visina, koju istrazujemo u sluc¢aju
gorenavedene postavke. Dokazujemo da spomenuta veza vazi za povrsi E X E
ako i samo ako vazi za povrsi Jac(C).
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