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HEIGHTS IN FAMILIES OF ABELIAN VARIETIES AND THE
GEOMETRIC BOGOMOLOV CONJECTURE

ZIYANG GAO AND PHILIPP HABEGGER

ABSTRACT. On an abelian scheme over a smooth curve over Q a symmetric relatively
ample line bundle defines a fiberwise Néron—Tate height. If the base curve is inside a
projective space, we also have a height on its Q-points that serves as a measure of each
fiber, an abelian variety. Silverman proved an asymptotic equality between these two
heights on a curve in the abelian scheme. In this paper we prove an inequality between
these heights on a subvariety of any dimension of the abelian scheme. As an application
we prove the Geometric Bogomolov Conjecture for the function field of a curve defined
over Q. Using Moriwaki’s height we sketch how to extend our result when the base
field of the curve has characteristic 0.
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1. INTRODUCTION

In 1998, Ullmo [48] and S. Zhang [66] proved the Bogomolov Conjecture over number
fields. However its analog over function fields, which came to be known as the Geometric
Bogomolov Conjecture, remains open in full generality.

The main goal of this paper is to prove a height inequality on a subvariety of an abelian
scheme over a smooth curve over Q, Theorem 1.4. It is then not hard to deduce the
Geometric Bogomolov Conjecture over the function field of a curve in the characteristic

2000 Mathematics Subject Classification. 11G10, 11G50, 14G25, 14K15.



0 case. See §11 and Appendix A. Our height inequality may be of independent interest
and does not seem to follow from the Geometric Bogomolov Conjecture. It can serve
as a substitute in higher dimension of Silverman’s Height Limit Theorem [45], used by
Masser and Zannier [36] to prove a first case of the relative Manin-Mumford Conjecture
for sections of the base curve; we refer to Pink’s work [41] and Zannier’s book [63] on
such problems.

Let k be an algebraically closed field of characteristic 0, K a field extension of k, and
K a fixed algebraic closure of K. Let A be an abelian variety over K. We let AK/*
denote the K /k-trace of A @ K; it is an abelian variety over k and we have a trace
map 7, 7 ARk @, K — A®y K, which is a closed immersion since char(k) = 0. By
abuse of notation we consider AX/*¥ ®, K as an abelian subvariety of A @y K. We refer
to §2 for references and more information on the trace.

Suppose now that K is the function field of a smooth projective curve over k. In
particular, we have trdeg(K/k) = 1.

Let L be a symmetric ample line bundle on A. We can attach to A, L, and K the
Néron-Tate height g 41: A(K) — [0,00), see §2.1 for additional background on the

Néron-Tate height. This height satisfies: For any P € A(K) we have
hic.a.L(P) =0 if and only if P € (A¥/* @, K)(K) + Agor,

here A, denotes the subgroup of points of finite order of A(F)

A coset in an abelian variety is the translate of an abelian subvariety, we call it a
torsion coset if it contains a point of finite order.

Our main result towards the Geometric Bogomolov Conjecture is the following theo-
rem. We first concentrate on the important case k = @

Theorem 1.1. We keep the notation from above and assume k = Q. Let X be an
irreducible, closed subvariety of A defined over K such that X ®x K is irreducible and
not of the form B+ (Z @y K) for some closed irreducible subvariety Z of AX/* and some
torsion coset B in A @y K. Then there ezists a constant € > 0 such that

{z € X(K): hgar(z) < e}
18 not Zariski dense in X.

In Appendix A we sketch a proof for when £ is any algebraically closed field of char-
acteristic 0 using Moriwaki’s height.

Yamaki [59, Conjecture 0.3] proposed a general conjecture over function fields which
we will call the Geometric Bogomolov Conjecture; it allows trdeg(//k) to be greater
than 1 and £ algebraically closed of arbitrary characteristic. The reference to geometry
distinguishes Yamaki’s Conjecture from the arithmetic counterpart over a number field.

The Geometric Bogomolov Conjecture was proven by Gubler [25] when A is totally
degenerate at some place of K. He has no restriction on the characteristic of £ and
does not assume that K /k has transcendence degree 1. When X is a curve embedded in
its Jacobian A and when trdeg(K /k) = 1, Yamaki dealt with nonhyperelliptic curves of
genus 3 in [57] and with hyperelliptic curves of any genus in [58]. If moreover char(k) = 0,
Faber [17] proved the conjecture for X of small genus (up to 4, effective) and Cinkir [13]
covered the case of arbitrary genus. Priori to these work, Moriwaki also gave some partial



results in [37]. Yamaki [60] reduced the Geometric Bogomolov Conjecture to the case
where A has good reduction everywhere and has trivial K /k-trace. He also proved the
cases (co)dimX = 1 [62] and dim(A®x K /(AX/*®, K)) < 5 [61]. As in Gubler’s setup,
Yamaki works in arbitrary characteristic and has no restriction on K/k. These results
involve techniques ranging from analytic tropical geometry [26] to Arakelov theory; the
latter method overlaps with Ullmo and S. Zhang’s original approach for number fields.

Our approach differs and is based on a height inequality on a model of A to be stated
below in Theorem 1.4 (see Appendix A for a version involving the Moriwaki height). In
a recent collaboration with Cantat and Xie [11] we were able to resolve the Geometric
Bogomolov Conjecture completely in characteristic 0. While the methods in [11] there
were motivated by those presented here, they do not bypass through or recover a height
inequality such as Theorem 1.4.

To prove Theorem 1.1 we must work in the relative setting. Let us setup the notation.
Let S be a smooth irreducible curve over k, and let 7: A — S be an abelian scheme of
relative dimension g > 1. Let A be the generic fiber of A — S; it is an abelian variety
over k(S), the function field of S. We will prove the Geometric Bogomolov Conjecture

for A and K = k(S). Let us also fix an algebraic closure k(S) of k().

Definition 1.2. An irreducible closed subvariety Y of A is called a generically special

subvariety of A, or just generically special, if it dominates S and if its geometric generic

fiber Y xgSpeck(S) is a finite union of (Z @k k(S))+ B, where Z is a closed irreducible
k

subvariety of A¥S)/* and B is a torsion coset in A ®js) k(S).

For any irreducible closed subvariety X of A, we set

X* =X\ U Y.
YCX
Y is a generically special
subvariety of A

We start with the following proposition that clarifies the structure of X*. Its proof relies
on a uniform version of Raynaud’s [43] resolution of the Manin-Mumford Conjecture in
characteristic 0 as well as the Lang—Néron Theorem, the generalization of the Mordell-
Weil Theorem to finitely generated fields.

Proposition 1.3. Let X and A be as above. There are at most finitely many generically
special subvarieties of A that are contained in X, mazximal with respect to the inclusion
for this property. In particular, X* is Zariski open in X and it is empty if and only if
X s generically special.

Let us now assume k& = Q and turn to height functions. We write h(-) for the absolute
logarithmic Weil height on projective space.

Let S be a smooth projective curve over Q containing S as a Zariski open and dense
subset. Let M be an ample line bundle on S and let M = M|g. The Height Machine 7,
Chapter 2.4] attaches to (.S, M) a function S(Q) — R that is well-defined up-to addition
of a bounded function. Let hg aq be the restriction to S (@) of a representative of this class
of functions. As M is ample on S, we may take such a representative that hga(s) > 0
for each s € S(Q).

Let £ be a relatively ample and symmetric line bundle on .A/S defined over Q. Then

for any s € S(Q), the line bundle £, on the abelian variety A, = 7(s) is symmetric;



note that A, is defined over Q. Tate’s Limit Process provides a fiberwise Néron-Tate
height £ aor As(Q) = [0,00). Tt is determined uniquely by the restriction of £ to A,,
there is no need to fix a representative here. Finally define h4 »: A(Q) — [0,00) to be
the total Néron—Tate height given by P — iLAW(p),EW(p)(P) for all P € A(Q).

These two height functions are unrelated in the following sense. It is not difficult to
construct an infinite sequence of points Py, Py, ... € A(Q) such that 4 . (P;) is constant
and hg (7 (F;)) unbounded; just take P; of finite order in A, (p,) and the sequence 7(F;)
of unbounded height.

The main technical result of this paper is a height inequality that relates these two
heights on an irreducible subvariety X of A. The discussion in the last paragraph
suggests that we should at least remove all curves in X that dominate S and contain
infinitely many points of finite order. This turns out to be insufficient and we must also
remove subvarieties that are contained in constant abelian subschemes of A. In fact, we
must remove precisely generically the special subvarieties of A from Definition 1.2 that
are contained in X.

Theorem 1.4. Let m: A — S, £ and M be as above with k = Q and dim S = 1. Let X

be a closed irreducible subvariety of A over Q and let X* be as above Proposition 1.3.
Then there exists ¢ > 0 such that

(1.1) hsm(m(P)) < ¢ (1 + BA,L(P)) for all P e X*(Q).

Suppose X dominates S, so we think of X as a family of (dim X — 1)-dimensional
varieties. Then our height inequality (1.1) can be interpreted as a uniform version of the
Bogomolov Conjecture along the 1-dimension base S if hg p(7m(P)) > 2¢. Indeed, then
har(P) > >hsam(m(P)). From this point of view it would be interesting to have an
extension of Theorem 1.4 to dim S > 1. For the main obstacle to pass from dim .S =1
to general case, we refer to §1.1, Part 1 and above.

Theorem 1.4 was proven by the second-named author [27] when A is a fibered power
of a non-isotrivial 1-parameter family of elliptic curves. This theorem had applications
towards special points problems [27, Theorems 1.1 and 1.2] and towards some cases of
the relative Manin-Mumford Conjecture [28].

After this work was submitted, Ben Yaacov and Hrushovski informed the authors of
their similar height inequality for a l-parameter family of genus g > 2 curves in an
unpublished note [4] by reducing it to Cinkir’s result [13].

In this paper we treat arbitrary abelian schemes over algebraic curves, possibly with
non-trivial isotrivial part, and hope to extend the aforemention applications in future
work.

Before proceeding, we point out that we shall prove Theorem 1.4 for a particular
relatively ample line bundle £ on A/S that is fiberwise symmetric and a particular
ample line bundle M on S. Then Theorem 1.4 holds for arbitrary such £ and M by
formal properties of the Height Machine. Moreover we will prove the following slightly
stronger form of Theorem 1.4.

We may attach a third height function on A in the following way. Let £ = L ® 7m* M.
By [42, Théoreme XI 1.4] and [21, Corollaire 5.3.3 and Proposition 4.1.4], our abelian
scheme admits a closed immersion ¢: A — IP’% x S over S arising from (£')®" for some



n > 1. As we will see in §2.2 the existence of a closed immersion is more straight-
forward if we allow ourselves to remove finitely many points from S, a procedure that
is harmless in view of our application. Define the naive height of P to be ha o (P) =
Lh(P') 4 hgpm(m(P)) where «(P) = (P',7(P)) € IP’%"(@) x S(Q).

Theorem 1.4'. Let 7: A — S and ¢ be as above with k = Q and dim S = 1. Let X be a

closed irreducible subvariety of A over Q and let X* be as above Proposition 1.3. Then
there exists ¢ > 0 such that

hsm(7(P)) < hao(P) < ¢ (1 +h A,ﬁ(P)> for all P € X*(Q).

1.1. Outline of Proof of Theorems 1.1 and 1.4 and Organization of the Paper.
We give an overview of the proof of Theorem 1.4 in three parts.

Consider an abelian scheme 7: A — S over a smooth algebraic curve S of relative
dimension g > 1.

The Ax—Schanuel Theorem [3] is a function theoretic version of the famous and open
Schanuel Conjecture in transcendence theory. Stated for algebraic groups, the case of
an abelian variety deals with algebraic independence of functions defined using the uni-
formizing map. It has seen many applications to problems in diophantine geometry [63].

For our purpose we need an Ax-Schanuel property for families of abelian varieties,
which is not yet available. However the assumption dim .S = 1 simplifies the situation:
Instead of the full power of functional transcendence, we only need to study a functional
constancy property. The first part of the proof deals with this functional constancy
property where the so-called Betti map plays the role of the uniformizing map. We
briefly explain this map and refer to §4 for more details.

Part 1: The Betti Map and a Functional Constancy Property. Any point
of S(C) has a complex neighborhood that we can biholomorphically identify with the
open unit disc A C C. The fiber of A — S above a point s € A is biholomorphic to a
complex torus C9/Q(s)Z* where the columns of Q(s) € Mat, »,(C) are a period lattice
basis. Of course €)(s) is not unique. The choice of a period lattice basis 2(s) enables us
to identify A, with T? as real Lie groups, with T the unit circle in C. As A is simply
connected, we can arrange that the period map s +— €(s) is holomorphic on A. In turn
we can identify Ax = 71 (A) with the constant family A x T?9 as families over A. This
can be done in away that we get group isomorphisms A,(C) — T% fiberwise. Note that
the complex structure is lost, and that the isomorphism in play is only real analytic.

The Betti map b: Ax — T?9 is the composite of the isomorphism Ax = A x T? with
the projection to T?9. It depends on several choices, but two different Betti maps on
Ap differ at most by composing with a continuous automorphism of T29.

Let X be an irreducible closed subvariety of A that dominates S. In §5 we study the
restriction of b to X?"; the superscript *" denotes complex analytification. We say that
X is degenerate if the restriction of b: Ax — T?9 to X* N A has positive dimensional
fibers on a non-empty, open subset X*"; being open refers to the complex topology. The
main result of §5, Theorem 5.1, states that a degenerate subvariety is generically special.
This will allow us to explain the analytic notion of degeneracy in purely algebraic terms.

Let us give some ideas of what goes into the proof of Theorem 5.1.

In general, the period mapping s — 2(s) cannot extend to the full base due to
monodromy. This obstruction is a powerful tool in our context. Indeed, fix a base point



s € S*. Monodromy induces a representation on the fundamental group 1 (S*",s) —
Aut(H; (A%, Z)). Moreover, by transporting along the fibers of the Betti map above a
loop in S*" we obtain a representation m (S*", s) — Aut(A¥") whose target is the group of
real analytic automorphisms of A,. This new representation induces the representation
on homology. Moreover, we can identify Aut(A*") with GLg,(Z) because A, and T?
are isomorphic in the real analytic category. So the canonical mapping Aut(A%") —
Aut(H; (A 7)) is an isomorphism of groups.

Now suppose that X is degenerate. The assumption dim S = 1 forces that X*"NAx =
b~1(b(X* N Aa)).! In other words the fibers X, = 7|%'(s) do not depend on s € A
for the identification A" = T%. So the action of m;(5*",s) on A leaves X, invariant.
Thus it suffices to understand subsets of A, that are invariant under the action of a
subgroup of GLy,(Z). We use Deligne’s Theorem of the Fixed Part [16] and the Tits
Alternative [47] to extract information from this subgroup. Indeed, under a natural
hypothesis on A, the image of the representation in GLy,(Z) contains a free subgroup
on two generators. In particular, the image is a group of exponential growth. We then
use a variant of the Pila-Wilkie Counting Theorem [39], due to Pila and the second-
named author, and Ax’s Theorem [3] for a constant abelian variety. From this we will
be able to conclude that X is generically special if it is degenerate.

Let us step back and put some of these ideas into a historic perspective. In the special
case where A is the fibered power of the Legendre family of elliptic curves, the second-
named author [27] used local monodromy to investigate degenerate subvarieties. In the
current work local monodromy is insufficient as S could be complete to begin with. So
we need global information. Zannier introduced the point counting strategy and together
with Pila gave a new proof of the Manin—-Mumford Conjecture [40] using the Pila—Wilkie
Theorem [39]. Masser and Zannier [36] showed the usefulness of the Betti coordinates
for problems in diophantine geometry by solving a first case of the relative Manin—
Mumford Conjecture. Ullmo and Yafaev [49] exploited exponential growth in groups
in combination with the Pila—Wilkie Theorem to prove their hyperbolic Ax-Lindemann
Theorem for projective Shimura varieties. A recent result of André, Corvaja, and Zannier
[1] also deals with the rank of the Betti map on the moduli space of principally polarized
abelian varieties of a given dimension. More recently, Cantat, Xie, and the authors [11]
gave a different approach to the functional constancy problem that does not rely on the
Pila—Wilkie Theorem but rather on results from dynamical systems.

Part 2: Eliminating the Néron—Tate Height. The second part of the proof
deals with reducing the height inequality in Theorem 1.4 to one that only involves Weil
heights; we refer to §2.1 for nomenclature on heights.

We will embed S into P™ and A into PM x P™ such that 7: A — S is compatible with
the projection PM xP™ — P™ and other technical conditions are full-filled. Let h(P, Q) =
h(P)+h(Q) for P € PM(Q),Q € P™(Q), where h denotes the absolute logarithmic Weil
height on projective space. For an integer N let [N] denote the multiplication-by-N
morphism A — A.

IThis is no longer true if dim S > 1, making the remaining argument in this part fail for dim S > 1.



Let N > 1 be a sufficiently large integer (which we assume to be a power of 2 for
convenience). If X is not generically special we show in Proposition 9.1 that

(1.2) N2h(P) < &ih([N](P)) + ca(IV)
for all P € U(Q) where U is Zariski open and dense in X and where ¢; > 0 and cy(N)
are both independent of P. Note that U and c3(N) may depend on N.

One is tempted to divide (1.2) by N? and take the limit N — oo as in Tate’s Limit
Process. However, this is not possible a priori, as U and c3(N) could both depend
on N. So we mimic Masser’s strategy of “killing Zimmer constants” explained in [63,
Appendix C]. This step is carried out in §10 where we terminate Tate’s Limit Process
after finitely many steps when N is large enough in terms of ¢;; for this it is crucial that
1 is independent of V.

Part 3: Counting Lattice Points and an Inequality for the Weil Height. At
this stage we have reduced proving Theorem 1.4 to (1.2) if X is not generically special.
Recall that from Part 1 of the proof we know that X is not degenerate. Therefore,
the restricted Betti map b|yan : X® — T? has discrete fibers. The image of this
restriction has the same real dimension as X® (the dimension is well-defined as the
image is subanalytic).

Part 3a: The Hypersurface Case. To warm up let us assume for the moment that
X is a hypersurface in A, so dim X = g. In this case the image b(X®" N AA) contains
a non-empty, open subset of T?9. By a simple Geometry of Numbers argument in the
covering R% — T?9, the image contains > N29 points of order dividing N; the implicit
constant is independent of N. As the Betti map is a group isomorphism on each fiber
of A we find that X contains > N?9 points of order dividing N.

Obtaining (1.2) requires an auxiliary rational map ¢: A --» P9. Suppose for simplicity

that we can choose ¢ such that ¢ ™'([1 : 0 : --- : 0]) is the image of the zero section
S — A. Then the composition ¢ o [N] restricts to a rational map X --+ P9 that maps
the > N?9 torsion points constructed above to [1:0:---: 0].

If we are lucky and all these torsion points are isolated in the fiber of ¢ o [N], then
deg(po[N]) > N29. A height-theoretic lemma [27], restated here as Lemma 9.4, implies
(1.2) for N a power of 2. The factor N2 on the left in (1.2) equals N2dimX /N2(dim X—1)
and has the following interpretation. The numerator comes from the degree lower bound
as dim X = ¢g. The denominator is a consequence of the following fact. Given a suitable
embedding of an abelian variety into some projective space, the duplication morphism
can be described by a collection of homogeneous polynomials of degree 22 = 4. So [N]
can be described by homogeneous polynomials of degree < N2.

If we are less lucky and some torsion point is not isolated in ¢ o[N], then an irreducible
component of ker[N] C A is contained in X. This situation is quite harmless, as roughly
speaking, it cannot happen too often for a variety that is not generically special.

The restriction dim X = g is more serious, however. The second-named author was
able to reduce [27] to the hypersurface case inside a fibered power of the Legendre family
of elliptic curves. This is not possible for general A, so we must proceed differently.

Part 3b: The General Case. For general X we will still construct a suitable
0 : X ——» PImX a5 above and apply Lemma 9.4. As a stepping stone we first construct



in §6 an auxiliary subvariety Z of A in sufficiently general position such that
(1.3) dimX +dimZ =dimA =g+ 1.

The rational map ¢ is constructed using Z in §9, and one should think of Z as an
irreducible component of @[ ([1:0: ---: 0]). Being in general position and (1.3) mean
that ¢|x has finite generic fiber on its domain.

Now we want @ o [N]: X — P4mX to have degree > N24mX and for this it suffices to
find > N2?4mX jsolated points in the preimage of [1:0:-+-:0]. As p(Z)=[1:0:---:
0] we need to find > N?4mX jsolated points in X N[N]~}(Z). (Additional verifications
must be made to ensure that isolated intersection points lead to isolated fibers.)

We ultimately construct these points using the Geometry of Numbers. More precisely,
we need a volume estimate and Blichfeldt’s Theorem. Since X is not degenerate we have
a point around which the local behavior of X is similar to the local behavior of its image
in T?9 under the Betti map. This allows us to linearize the problem as follows. In order
to count the number of such X N[N]~(Z), we can instead count points x € T, coming
from points of X (C) under the Betti map, such that Nz = z lies in the image of Z(C).
If we let x, z range over the image under the Betti map of small enough open subsets of
X(C) and Z(C), then Nz — z ranges over an open subset of T?. This conclusion makes
crucial use of the fact that X is not degenerate and that Z is in general position. Lifting
via the natural map R?? — T? we are led to the counting lattices points. Indeed, we
must construct elements of Nz — Z € Z29 where z, Z are lifts of points z, z as before. We
denote the set of all possible NZ — Z by Uy. A careful volume estimate done in §7 leads
to vol(Uy) > N24mX So we expect to find this many lattice points. But there is no
reason to believe that Uy is convex and it is not hard to imagine open subsets of R?9 of
arbitrary large volume that meet Z29 in the empty set. To solve this problem we apply
Blichfeldt’s Theorem, which claims that some translate v 4+ Uy of Uy contains at least
vol(Uy) lattice points in Z%.

This approach ultimately constructs enough points to prove a suitable lower bound
for the degree of po[N] and to complete the proof. However, additional difficulties arise.
For example, we must deal with non-zero v and making sure that the points constructed
are isolated in X N [N]7!(Z). These technicalities are addressed in §8.

The Remaining Results. In §3 we prove Proposition 1.3. This section is mainly
self-contained and the main tool is a uniform version of the Manin-Mumford Conjecture
in characteristic 0.

The proof of Theorem 1.1 in §11 follows the blueprint laid out in [27]. We need to
combine our height bound, Theorem 1.4, with Silverman’s Height Limit Theorem [45]
used in his specialization result.

In Appendix A we sketch how to adapt our height inequality, Theorem 1.4, to more
general fields in characteristic 0. This shows how to deduce Theorem 1.1 for any alge-
braically closed field of characteristic 0. Appendix B contains some comments on the
situation when dim .S > 1. Finally, in Appendix C we give a self-contained and quanti-
tative version of Brotbek’s Hyperbolicity Theorem [9] in the case of an abelian variety
(which is much simpler than the general case).
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2. NOTATION

Let N = {1,2,3,...} denote the set of positive integers. Let Q be the algebraic closure
of Q in C.

If X is a variety defined over C, then we write X*" for X (C) with its structure as a
complex analytic space, we refer to Grauert and Remmert’s book [20] for the theory of
complex analytic spaces.

Given an abelian scheme A over any base scheme and an integer N, we let [IN] denote
the multiplication-by-N morphism A — A. The kernel of [N] is A[N], it is a group
scheme over the base of A. An endomorphism of A is a morphism A — A that takes
the zero section to itself.

If A is an abelian variety over field K and if K O K is a given algebraic closure of K,
then Ay, denotes the group of points of finite order of A(K).

Suppose k is a subfield of K whose algebraic closure in K equals k and char(k) = 0.
We write AX/% for the K/k-trace of A and let 74 x/: AX/* ®; K — A denote the
associated trace map, we refer to [14, §6] for general facts and the universal property.
Note that our notation AX/* is denoted by Trx/x(A) in loc.cit. By [14, Theorem 6.2 and
below] T4 x/k is a closed immersion since char(k) = 0. We sometimes consider AX/* @, K
as an abelian subvariety of A.

By abuse of notation we sometimes abbreviate (A ®x K)%/* by AX/* and, in this

notation, consider AK/k ®i K as an abelian subvariety of A ®; K.

2.1. Heights. A place of a number field K is an absolute value |- |, : K — [0, 00) whose
restriction to Q is either the standard absolute value or a p-adic absolute value for some
prime p with |p| = p~*. We set d, = [K,, : R] in the former and d, = [K, : Q,] in the
latter case. The absolute, logarithmic, projective Weil height, or just height, of a point
P=po:...:pn) €Py(K) with py,...,p, € K is

1

h(P) = —= d, log max{|polv, - - -, [Pnlo

where the sum runs over all places v of K. The value h(P) is independent of the choice
of projective coordinates by the product formula. For this and other basic facts we refer
to [7, Chapter 1]. Moreover, the height does not change when replacing K by another

number field that contains the py, ..., p,. Therefore, h(-) is well-defined on Pg(K) where
K is an algebraic closure of K.

In this paper we also require heights in a function field K. With our results in mind,
we restrict to the case where K = k(S) and S is a smooth projective irreducible curve
over an algebraically closed field k. Let K be an algebraic closure of K. In this case, we
can construct a height hy : P%(K) — R as follows.
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The points S(k) correspond to the set of places | - |, of K. They extend in the usual
manner to finite extensions of K. If P = [pg: -+ : p,| € PL(K) with py,...,p, € K/,
where K’ is a finite extension of K, then we set

1
hik(P) = K Z d, log max{|polv; - - -, |Pnlv}

where d,, are again local degrees such that the product formula holds. We refer to [7, §1.3.
and 1.4.6] for more details or [14, §8] on generalized global fields. In the function field
case we keep K in the subscript of hx to emphasize that K is our base field. Indeed,
in the function field setting one must keep track of the base field “at the bottom” that
plays the role of Q in the number field setting.

Now let K be either a number field or a function field as above. Suppose that A is an
abelian variety defined over K that is embedding in some projective space P¥ with a
symmetric line bundle. Tate’s Limit Process induces the Néron—Tate or canonical height
on A(K). If K is a number field, we write

N
(2.1) EMP%:MnﬁEJQQ

N—oo 4N

for the Néron—Tate height on A(K), we refer to [7, Chapter 9.2] for details. The Néron—
Tate height depends also on the choice of the symmetric, ample line bundle, but we do
not mention it in A 4.

The construction in the function field is the same. For the same reason as above we
retain the symbol K and write h4 g for the Néron-Tate height on A(K).

2.2. Embedding our Abelian Scheme. In the paper we are often in the following
situation. Let k be an algebraically closed subfield of C. Let S be a smooth irreducible
algebraic curve over k and let A be an abelian scheme of relative dimension g > 1 over
S with structural morphism 7: A — S.

Let us now see how to embed A into P} = PM x S for some M > 0 after possibly
removing finitely many points from S. Note that removing finitely many points is
harmless in the context of our problems. Indeed, our Theorem 1.4 is not weakened by
this action and so we do it at leisure.

The generic fiber A of A — S is an abelian variety defined over the function field of
S. Let L be a symmetric ample line bundle on A. Then L®3 is very ample. Replace L
by L®39. A basis of H°(A, L) gives a projectively normal closed immersion A — ]P’%S)
for some M > 0.

We take the scheme theoretic image A" of A — P%S) — PY hence A’ is the Zariski

closure of the image of A in P} with the reduced induced structure. After removing
finitely many points of S we obtain an abelian scheme A’ C P¥ such that the morphism
from A to the generic fiber of A" — S is an isomorphism. An abelian scheme over S is
the Néron model of its generic fiber, so the Néron mapping property holds. Therefore
the canonical morphism A — A’ is an isomorphism and we have thus constructed a
closed immersion

ts: A—PY =P x S.
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Note that L is the generic fiber of the relatively very ample line bundle £ = 150g(1)
on A/S. Moreover for any s € S(k), we have that L, is the g-th tensor-power of a very
ample line bundle on A,.

We may furthermore find an immersion (which need not be open or closed) of S into
some P7*. Composing yields the desired immersion A — P} x PP, By abuse of notation
we consider A C P% s and A CPM x P from now on. Let us recapitulate.

(A1) We have an immersion A — PY x P such that the diagram involving 7: A — S
and the projection P x P — PP commutes. Moreover, for all s € S(k) the
closed immersion A, — P is induced by a symmetric very ample line bundle.

Of course this immersion depends on the choice of the immersions of A and of S.
The image of A in IP’% 9) is projectively normal and [2]*L is isomorphic to L®*. There-
fore, [2] is represented globally by M + 1 homogeneous polynomials of degree 4 on the
image of A. Here the base field is the function field k(S). But we can extend it to
the model after possibly removing finitely many points of S. So we may assume the
following.
(A2) The morphism [2] is represented globally on A C P¥ x P by M + 1 bi-
homogeneous polynomials, homogeneous of degree 4 in the projective coordinates
of PM and homogeneous of a certain degree in the projective coordinates of Py

Finally, we explain why we took the additional factor g in the exponent 3g of L®39.
By Proposition C.1 we have the additional and useful property.

(A3) For given s € S(k) and P € A, any generic hyperplane section of A, passing
through P does not contain a positive dimensional coset in A,.

At the cost of possibly increasing the factor g we could also refer to Brotbek’s deep
result [9] for more general projective varieties.

An immersion ¢: A — P x P for which (A1), (A2), and (A3) above are satisfied
will be called admissible.

The construction above adapts easily to show the following fact. Let A be an abelian
variety defined over k(S). After possibly shrinking S we can realize A as the generic
fiber of an abelian scheme A — S with an admissible immersion A — PY x P

If k = Q we have two height functions on A(Q).

Say P € A(Q), we write P = (P', n(P)) with P’ € IP’%(@) and 7(P) € IP’%(@) Then

(2.2) h(P) = h(P') + h(m(P))

defines our first height A(Q) — [0, 00) which we call the naive height on A (relative to
the immersion A C IP%I X IP%)

The second height is the fiberwise Néron—Tate or canonical height

(23) EA<P) = ]%AK(P)(P%

¢f. (2.1). We obtain a function hy : A(Q) — [0,00). It is quadratic on each fiber as
the line bundle on the generic fiber A is symmetric and this extends along the fibers of
A—S.

In the end we explain these height functions in terms of Height Machine. Let A, resp.
S, be the Zariski closure of the image of the immersion A C Pg X IP’%, resp. S C Pg. If

we let £/ = O(1,1)|7 and M = O(1)|g, then h(-) represents the class of functions h .,/
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defined up-to O(1) and h o 7w represents hg o o m. And the fiberwise Néron—Tate height

h4 is the map P — lAzAW(P),gﬁ(P)(P), where £ = 1505(1) as above.

3. PROOF OF PROPOSITION 1.3

The goal of this section is to prove Proposition 1.3. In fact we will prove a statement
of independent interest which implies Proposition 1.3.

Let k be an algebraically closed field of characteristic 0. Let S be a smooth irreducible
curve over k and fix an algebraic closure K of the function field K = k(S). Let A be an
abelian variety over K.

Furthermore, let V{ be an irreducible variety defined over k and V = V, ®; K. We
consider V;(k) as a subset of V(K).

The next proposition characterizes subvarieties V' x A that contain a Zariski dense set
of points in ¥ = Vg(k) x Awr € V(K) x A(K). See Yamaki’s [60, Proposition 4.6] for a
related statement.

Proposition 3.1. Suppose AX/* = 0 and let Y be an irreducible closed subvariety of
V x A.
(1) If Y(K)NY is Zariski dense in' Y, then Y = (Wy @y K) x (P + B) with Wy C V,
an irreducible closed subvariety, P € Ao, and B an abelian subvariety of A.
(ii) There are at most finitely many subvarieties of the form (Wy ®; K) x (P + B)
(with Wy, P, and B as in (i)) that are contained in'Y, mazimal with respect to
the inclusion for this property.

Part (i) implies (ii) for the following reason. If Wy, P, and B are as in the conclusion
of (i), then it suffices to observe that ((Wy ®; K) x (P + B))(K)NY is Zariski dense in
(W() ®k ?) X (P+ B)

The assumption dim S = 1 is used only at one place in the proof. In Appendix B, we
will explain how to remove it.

3.1. Proposition 3.1 implies Proposition 1.3. Now we go back to the setting of
Proposition 1.3: S is a smooth irreducible curve over k and 7: A — S is an abelian
scheme of relative dimension g > 1. Let A denote the geometric generic fiber of 7, it is
an abelian variety over K.

By [14, Theorem 6.4 and below]| there is a unique abelian subvariety A’ C A such that
(AJA"K/k = 0 and such that we may identify A" with A%/ @, K.

We fix an abelian subvariety A” C A with A’+ A” = A and such that A’'N A” is finite.
Then the addition morphism restricts to an isogeny ¢: A’ x A” — A and (A")K/k = 0.

Let Wy be an irreducible closed subvariety of AX/* B an abelian subvariety of A”,
and P € A"(K). We can map 9 ((Wy ®; K) x (P + B)) C A to the generic fiber of A;
its Zariski closure is a generically special subvariety of A. Conversely, any generically
special subvariety of A arises this way.

Let X C A be an irreducible closed subvariety that dominates S and X C A its
geometric generic fiber. We apply Proposition 3.1 where AX/% A" play the role of V;, A
respectively. There are at most finitely many subvarieties of A of the form (W, ®; K) x
(P + B) that are contained in 1~(X'), maximal for this property. This shows that there
are at most finitely many generically special subvarieties of A that are contained in X,
maximal for this property. U
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3.2. Proof of Proposition 3.1. Now we prove Proposition 3.1. To do this we require
a uniform version of the Manin-Mumford Conjecture in characteristic 0.

Theorem 3.2 (Raynaud, Hindry, Hrushovski, Scanlon). Let K be as above, let A be an
abelian variety, and let V' be an irreducible, quasi-projective variety, both defined over
K. Suppose Y is an irreducible closed subvariety of V- x A. Forv € V(K) we let Y,
denote the projection of VN ({v} x A) to A. Then there exists a finite set M of abelian

subvarieties of_A and D € Z with the following property. For all v € V(K) the Zariski

closure of Y,(K) N Aior in' Y, is a union of at most D translates of members of M by
points of finite order in Aior.

Proof. Raynaud proved the Manin—-Mumford Conjecture in characteristic zero. Au-
tomatical uniformity then follows from Scanlon’s [44, Theorem 2.4]; see also work of
Hrushovski [33] and Hindry’s [31, Théoreme 1] for & = Q. Indeed, the number of
irreducible components is uniformly bounded in an algebraic family. Moreover, it is
well-known that if an irreducible component of a fiber of an algebraic family is a coset
in A, then only finitely many possible underlying abelian subvarieties arise as one varies
over the fibers. U

Proof of Proposition 3.1. We have already seen that it suffices to prove (i). We keep the

notation Y, for fibers of Y above v € V(K) introduced in Theorem 3.2. Let M and D
be as in this theorem.

For all v € V(K) we have
Y;)(F) N Ator == U(Pv,i + Bv,i)

where P,; € Ao, By; € M, and the union has at most D members. Note that for

v € V(K) any torsion coset contained in Y, is contained in some P, ; + B, ;. Moreover,

(31) vE)ns= | o} (Put (Buw)
veVy(k)

We decompose Y (K) N ¥ into a finite union of

EB = U U {U} X (Pv,i + Btor)

veVo(k) B ?—B
v,1—

by collecting entries on the right of (3.1) that come from B € M. The set ¥z must
be Zariski dense in Y for some B € M. There is possibly more than one such B so we
choose one that is maximal with respect to inclusion.

We fix a finite field extension F//K with F C K, such that Y, A, and B are stable
under the action of Gal(K/F). For this proof we consider these three varieties and V/
as over F. Note that AX/* = 0 remains valid.

Now suppose v € Vy(k) and let P,; be as in the definition of ¥p, hence B,; = B and
P,i;+BCY.

For all o € Gal(K/F) we have o(P, ;) + B = o(P,; + B) C o(Y,) =Y, by our choice
of F' and since o acts trivially on V;(k). So the torsion coset o(P,;) + B is contained
in P,; + B’ for some B’ € M and some j. This implies B C B’. If B C B’, then by
maximality of B the Zariski closure Y5 is not all of Y. After replacing F by a finite
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extension of itself we may assume o(Xp/) = Sp for all ¢ € Gal(K/F). In particular,
{v} x (P,; + B) C Y. We remove such torsion cosets from the union defining X to
obtain a set ¥’ C Y(K) N Y that remains Zariski dense in Y.

If P,; + B is in the union defining ', then B = B’ and o(P,; + B) = P, ; + B for
some j and there are at most D possibilities for o(P,; + B) with o € Gal(K/F).

Let ¢: A — A/B be the canonical map, then o(p(P,;)) = ¢(0(P,;)) = ¢(P,;)-
We have proven that the Galois orbit of ¢(P,;) has at most D elements, in particular
[F(¢(P,)) : F] < D; recall that D is independent of v and 1.

Claim: Without loss of generality we may assume that the torsion points P, ; contribut-
ing to ' have uniformly bounded order.

Indeed, we may replace each P,; by an element of P,; + Bi,. So by a standard
argument involving a complement of B in A it is enough to show the following statement:
The order of any point in

(3.2) {P € (A/B)y

is bounded in terms of A/B and D only.

This is the only place in the proof of Proposition 3.1 where we use the hypothesis
dim S = 1. In Appendix B we will explain how to remove this hypothesis.

Let S be an irreducible smooth projective curve with k(?l) = F and P as in (3.2).
The inclusion F' C F(P) corresponds to a finite covering 5" =5 of degree [F(P) : F]
where S is another smooth projective curve with function field F(P). Then A/B has
good reduction above S'(k)\ Z for some finite subset Z of S’(k), where we have identified
S’(k) with the set of places of F. Note that S’ and Z are independent of P. All residue
characteristics are zero, so by general reduction theory of abelian varieties we find that
F(P)/F is unramified above the places in S’(k)\ Z. In other words, the finite morphism

S" S is unramified above S’ \ Z. So we get a finite étale covering of S\ Z of degree
[F(P): F]. B

Let L be the compositum in K of all extensions of F' of degree at most D that are
unramified above 5"\ Z. Then L/F a finite field extension by [53, Corollary 7.11] if
k C C and for general k of characteristic 0 since the étale fundamental group of S"\ Z
is topologically finitely generated by [24, Exposé XIII Corollaire 2.12]. In particular,
P e (A/B)(L) for all P in (3.2).

Now (A/B)X/* = 0 as the same holds for A. The extension L/k is finitely generated,
so the Lang—Néron Theorem, cf. [35, Theorem 1] or [14, Theorem 7.1], implies that
(A/B)(L) is a finitely generated group. Thus [N](P) = 0 for some N € N that is
independent of P. Our claim follows.

Define a morphism ¢: V. x A = V x (A/B) by 1(v,t) = (v,[N] o @(P)). By choice of
N we have ¥(3') CV x {0}, s0 ¥ CV x (0 4 B) where © C Ay, is finite. We pass to
the Zariski closure and find Y C V x (P 4 B) for some P € A, as Y is irreducible.

Let p: V x A — V be the first projection, it is proper and p(Y") is Zariski closed in V.
A fiber of p|y containing a point of ¥’ contains a subvariety of dimension dim B. We use
that ¥’ is Zariski dense in Y one last time together with the Fiber Dimension Theorem
[30, Exercise 11.3.22] to conclude dim B < dimY —dimp(Y). As Y C p(Y) x (P + B)

:[F(P): F] <D}
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we conclude
(3.3) Y =pY) x (P+ B).

Finally, p(¥') is Zariski dense in p(Y) C V. But p(X') consists of elements in Vj(k),
with k the base field of V4. We conclude p(Y') = Wy ®y, K for some irreducible subvariety
Wy € Vy. We conclude the proposition from (3.3). O

4. THE BETTI MAP

In this section we describe the construction of the Betti map.
Let S be a smooth, irreducible, algebraic curve over C and suppose 7: A — S is an
abelian scheme of relative dimension g. We construct:

Proposition 4.1. Let A and S be as above. For all s € S(C) there exists an open
neighborhood A of s in S and a real analytic mapping b: Ax — T29, called Betti map,
with the following properties.

(i) For each s € A the restriction b| gan : A*™ — T is a group isomorphism.
ii) For each & € T?9 the preimage b=1(§) is a complex analytic subset of A%.
A
(iii) The product (b,7|a,): Aax — T? X A is real bianalytic.

Remark 4.2. We remark that b from the proposition above is not unique as we can
compose it with a continuous group endomorphism of T?9. However, if b,b': Ax — T?9
both satisfy the conclusion of the proposition and if A is path-connected, then using
homotopy and (iii) we find b’ = aco b for some o € GLgy(Z).

Before giving the concrete construction, let us explain the idea. Assume S = A, is
the moduli space of principally polarized abelian varieties with level-3-structure, and
A =2, is the universal abelian variety. The universal covering 5’_); — A4, where S’J; is
the Siegel upper half space, gives a polarized family of abelian varieties Aﬁ; — 55;

Aﬁ; = Q[g XAgﬁ;ﬁ-Q{g .

|

2

A

For the universal covering u: C9 x 55;’ — Aﬁ; and for each 7 € 53:;, the kernel of u|cox(r}
is 79 4 7Z9. Thus the map C? x H — R x R x H — R?, where the first map is the
inverse of (a,b, 7) — (a+7b, 7) and the second map is the natural projection, descends to
a map Aﬁ; — T2. Now for each s € S(C) = A,(C), there exists an open neighborhood
A of s in AJ" such that Ax = ()[a can be identified with Ag+|as for some open subset
of .‘7);. The composite b: Ax = Aﬁg+| A — T29 is clearly real analytic and satisfies the
three properties listed in Proposition 4.1. Thus b is the desired Betti map in this case.
Note that for a fixed (small enough) A, there are infinitely choices of A’; but for A small
enough, if A} and Aj are two such choices, then A} = o - A} for some o € Spy,(Z).
Now let us give the concrete construction. Let sg € S**. By Ehresmann’s Theorem [51,
Theorem 9.3], there is an open neigborhood A of sq in $*" such that Ax = 77 }(A) and
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As, X A are diffeomorphic as families over A. The map f in

ASOXAL)AA

(4.1) \ i

is a diffeomorphism, the diagonal arrow is the natural projection, and the vertical arrow
is the restriction of the structural morphism. After translating we may assume that
(0, s) maps to the unit element in Ay for all s € A. We may assume that A is simply
connected. Fiberwise we obtain a diffeomorphism f, : Ay, — As.

As A™ is a complex analytic space we may assume that the fibers of f~!in (4.1) are
complex analytic, see [51, Proposition 9.5].

We fix a basis 71,...,724 of the Z-module H,(A%',Z). Each v; is represented by a
loop 7; : [0,1] — A" based at the origin of A%

For all s € A we have a map H'(A R) — H'(A® R) resp. H'(A™ C) —

H'(A2 C) induced by f;, it is an isomorphism of R- resp. C-vector spaces. We denote

S0 ?

the latter by f* and note that f(v) = f#(v) where complex conjugation - is induced by
the real structure.
The Hodge decomposition yields

H' (A, C) = HO(A, Q) @ HO(Az, Q1)

where HY(A™ Q') is the g-dimensional vector space of global holomorphic 1-forms on
A2 As s varies over A we obtain a collection

foHO (AP, QY

of subspaces of H 1(./4';‘;‘, C). As f commutes with complex conjugation we have

HY (A, C) = fiHO (AT, QY @ fr(HO(Am, Q1)).

S0 7

For s € A the image fXH°(A> Q') corresponds to a point in the Grassmannian
variety of g-dimensional subspaces of H I(Agg,(:). As a particular case of Griffith’s
Theorem, this association is a holomorphic function. We draw the following conclusion
from Griffith’s result. L

Fix a basis w?, ..., wy of HO(AX, Q); then wf, ..., w), Wi, ... ,w_gis a basis H'(A2", C).
There exist holomorphic functions

a;; :A—C and b;:A—-C (1<i,j<yg)

such that
g

frwi(s) = Z (aij (s)w}) + by (S)w_;))
=1
foralli e {1,...,g} and all s € A where wy(s),...,w,(s) is a basis of H°(A™ Q') with
wi(so) = wy for all 7.
For s € A we define the period matrix

Qs) = (/f ) wi(s)) . € Matg 24(C)

1<5<2g
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for all s € A; the integral is taken over the loop in A5 fixed above. Note that

/f JCCE / fruls) = Z (aixs) / W0+ by / | w_)

J

by a change of variables. So Q(s) is holomorphic in s. In this notation and with
A(s) = (aij(s)) € Maty(C) and B(s) = (b;;(s)) € Mat,(C) we can abbreviate the above
by

Q(s) A(s) B(s) £(0)
(4.2) = === = AN
Q(s) B(s) Als) £(0)
here ©(0) = Q(sp). So the first matrix on the right of (4.2) is invertible.
Let P € A* where s = m(P) € A and suppose 7p is a path in 42" connecting 0 and
P. Let Q € AP with f(Q) = P and ~q the path in A3 such that f,yo = vp. We
define

[, wi(s) f“/@ fiwi(s) .
(4.3) L(P) = : = : = (A(s)B(s)) < % >
[, wils) [, Fi(s)
where
[, «i(s)
£(Q) = :
()

Replacing vp by another path connecting 0 and P in 42" will translate the value of
L(P) by a period in Q(s)Z?. By passing to the quotient we obtain the Albanese map
A — C9/Q(s)Z%. Tt is a group isomomorphism.

We set further »
- Q(s) L(P)
"= <m) (m)

and observe b(P) € R as these are the coordinates of £(P) in terms of the period
lattice basis €(s).

By replacing vp by another path connecting 0 and P we find that B(P) is translated
by a vector in Z%. Therefore, b induces a real analytic map b: Ax — T2, where T is
the circle group which we identify with R/Z. We will prove that b satisfies the three
properties listed in Proposition 4.1.

On a given fiber, i.e. for fixed s, the map b restricts to a group isomorphism A, — T2
as we have seen above. So part (i) of Proposition 4.1 holds.

Let us investigate such a fiber. For this we recall (4.3). By the period transformation

formula (4.2) we see
. 00)\ ' ( £
b“”‘(@) (m)

Fixing the value of b amounts to fixing the value of L£5(Q). As L* induces the Al-
banese map on A%", fixing b amounts to fixing ). Recall that () maps to P under the
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trivialization (4.1). Therefore, a fiber of b equals a fiber of the trivialization. As these
fibers are complex analytic we obtain part (ii) of Proposition 4.1.
Finally, the association

(0)

induces the inverse of the product Ax — T?9 x A. This is part (iii) of Proposition 4.1.

(E+7Z%,5) — << y ) (§+Z29),s> = (Q,8) = fs(Q) € Aa

5. DEGENERATE SUBVARIETIES

Let S be a smooth irreducible algebraic curve over C and let 7: A — S be an abelian
scheme of relative dimension g > 1. We define and characterize the degenerate subvari-
eties of A in this section. Let Y be an irreducible closed subvariety of A that dominates
S.

Let so € S(C) and let A C S* be an open neighborhood of sy in S*" with the Betti
map b: Ax = 71 (A) — T2 as in Proposition 4.1 with T C C the circle group. We say
that a point P € Y™* N A is degenerate for Y if it is not isolated in b ;im,anmAA(b(P)).
We say that Y is degenerate if there is a non-empty and open subset of Y™ N A5
consisting of points that are degenerate for Y.

For technical purposes our notation of degeneracy formally depends on the choice of
A. But this dependency is harmless as we will see.

Recall that generically special subvarieties of A were introduced in Definition 1.2. A
generically special subvariety is degenerate. In this section we prove the converse.

Theorem 5.1. An irreducible closed subvariety of A that is degenerate is a generically
special subvariety of A.

This proposition, which has a definite Ax—Schanuel flavor, is proved using a variant of
the Pila-—Wilkie Counting Theorem for definable sets in an o-minimal structure. Abun-
dantly many rational points arise from the exponential growth of a certain monodromy

group.

5.1. Invariant Subsets of the Torus. We write | - |5 for the /2-norm on R™.

For n € N we consider the real n-dimensional torus T" equipped with the standard
topology. We will use the continuous left-action of GL,(Z) on T™ and use the additive
notation for T™. Suppose X is a closed subset of T™ such that

1(X) =X

for all v in a subgroup I' of GL,(Z). What can we say about X7

To rule out subgroups that are too small we ask that I' contains a (non-abelian) free
subgroup on 2 generators. Moreover, we will assume that X is sufficiently “tame” as a
set.

To formulate the last property precisely, let exp: R" — T" denote the exponential
map (t1,...,t,) — (e¥™ ... e?™n) Let X C T" be a subset and

X =exp |[?),11}n(X)'

We will work in a fixed o-minimal structure and call X definable if X is a definable
subset of R™ in the given o-minimal structure. We refer to van den Dries’ book [50]
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for the theory of o-minimal structures. We will work with R,,, the o-minimal structure
generated by restricting real analytic functions on R to [—1,1]™.

We say that X C T" is of Az-type if it satisfies the following property. For any
continuous, semi-algebraic map y: [0,1] — X that is real-analytic on (0, 1), there is a
closed subgroup G C T™ such that exp oy([0,1]) C y(0) + G C X.

The main example comes from a g-dimensional abelian variety A defined over C.
Indeed, then there is a real bianalytic map A* — T?. Moreover, the image of X (C) is
definable and of Ax-type for any Zariski closed subset of A; for the latter claim we refer
to Ax’s Theorem [2].

Lemma 5.2. Let X CT" be a closed definable set of Az-type. Let I' be a free subgroup
of GL,(Z) on 2 generators such that v(X) = X for ally € I'. Then one of the following
properties holds true:

(1) The set X is contained in a finite union of closed and proper subgroups of T™.

(2) There is a non-empty, open subset U of X and a closed, connected, infinite
subgroup G C T™ with U + G C X.

Proof. By assumption, I' is generated by elements v;,vs that do not satisfy any non-
trivial relation. Any element v € I is uniquely represented by a reduced word in 7, v5!

whose length is [(7). For all real ¢t > 1 we have

#{yel:l(y) <t} > 20

We define ¢; = max{2, |12, |71]2} > 2 and observe ||y < cllm for all v € I'. The
height H(b) of any integral vector b = (by,...,by,) € Z™ is max{1,|b1|,...,|bm|}. So

H(y) <.

Let T > ¢; and let t = (logT)/(logei) > 1. There are at least 2¢ = T(082)/loger
elements v € I with H(v) <T.

Let x € X = exp|[6,11}n(X). For all v € T there is a = a, € Z" such that y, =
vx — ay € X. Then (2,7, a,,y,) lies in the definable set

Z={(x,v,a,y) € X X GL,(R) xR" x X : vz —a = y}.

We view it as a family of definable sets parametrized by € X with fibers X, C R™*n+n,
Moreover,

(5.1) H(a,) < max{l,|a,|s} = max{l, |yz — y,|s}
< max{l, |[ylolzlo + [y,lo} < Va(lvlz +1) < 20°H(9).

Let ¢y be the constant from the semi-rational variant of the Pila-Wilkie Theorem [29,
Corollary 7.2] applied to the family Z and e = (log2)/(2logc;). Here the coordinates
assigned to (7, a) are treated as rational and the coordinates assigned to y are not. We
fix T large enough in terms of ¢; and ¢y, more precisely we will assume that T > ¢; and

(5.2) T (log2)/loger 02(2n2T>(10g 2)/(2loger)

We keep x fixed and vary . Let us first see how to reduce to the case that many
different ., must arise this way if H(y) <T.

Indeed, suppose 7' € I satisfies H(y') <T. Then y/, = vz —al, € & for some d’ € Z.
If y, =y, then vz —a, = 7'z — d,, so yx — 'z € Z". Then exp(z) lies in the closed



20

subgroup of T™ defined by the kernel of y719 — 1 # 0, i.e. the largest subgroup of T"
stabilized by y7!4/. So it lies in a finite union G;U- - -UGy of closed proper subgroups of
T™, each defined as the subgroup stabilized by some v~!4/ as above. Here N is bounded
only in terms of 7" and thus only in terms of ¢y, ¢o, and n. It is independent of x.

If X CGyU--- UGy, then we are in case (1).

Otherwise V' = X \ (G; U---UGy) lies open in X and is non-empty.

Now suppose z € X with exp(z) € V and v € G with H(y) < T. Recall that
Yy = 7T — ay, € X. By our choice of V' and the arguments above the number of y,
that arise is the number of elements in I' of height at most 7". This number is at least
TUes2)/loger  Note that the height of (7,a,) equals max{H(v), H(a,)} and this is at
most 2n*T by (5.1).

By (5.2) we have enough y, to apply the counting result [29, Corollary 7.2]. We thus
obtain continuous, definable maps v: [0,1] — GL,(R), a: [0,1] - R™, and y: [0,1] = X
such that v and a are semi-algebraic, y is non-constant, and

v(s)x — als) = y(s)

for all s € [0,1]. So s +— y(s) is semi-algebraic too and expoy([0,1]) € X. After
rescaling [0, 1] we may assume that y is real-analytic on (0,1). By looking at the proof
of [29, Corollary 7.2(iii)] we may arrange y(0) € I and a(0) € Z™. Recall that X is of Ax-
type. So there is a closed subgroup G’, C T™ with exp oy([0,1]) C exp(y(0)) + G, C X.
We may assume that G’ is connected. Observe that G, is infinite as exp oy is continuous
and non-constant. We find exp(z) + G, C v(0)™'(X) = X where G, = v(0)'G".

We have proved that for any z € X with exp(z) € V' we have

exp(z) + G, € X

for some connected, closed, infinite subgroup G, C T".
For any connected closed subgroup G C T" we define

E(G)={:e€V:z+GCX}=Vn[](X—-g)

geG

Then E(G) is closed in V. Our conclusion from above can be restated as

V= |J E@G.).

rEEXp |;1 (V)

By Kronecker’s Theorem T™ has countably many closed subgroups. So this union
countains at most countably many different members. Now V', being non-empty, Haus-
dorff, and locally compact satisfies the hypothesis of Baire’s Theorem. Hence there exists
an connected, closed, infinite subgroup G C T" such that V' \ E(G) is not dense in V.
So E(G) contains a non-empty and open subset of X, as claimed in (2). O

Now suppose that A is an abelian variety of dimension g > 1 defined over C.

We attach to A the associated complex manifold A*" whose underlying set of points
is A(C). There is a real bi-analytic map b: A®™ — T?¢ which is a group isomorphism,
we will not need to vary A in a family here as in Proposition 4.1.

Suppose a group I" acts faithfully and continuously on A*"; we do not ask for elements
of ' to act by holomorphic maps. Any continuous group automorphism of T?9 can be
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identified with an element of GLy,(Z). So using b we may consider I' as a subgroup of
GLyy(Z).

We say that the action of I' is of monodromy-type if v(B(C)) = B(C) for all v € T
and all abelian subvarieties B C A.

Later we will study the action of the fundamental group of an abelian scheme on a
fixed fiber in sufficiently general position. This action will leave the abelian subvarieties
of the said fiber invariant and is thus of monodromy-type.

Proposition 5.3. Let A, g,b, and I' C GLy,(Z) be above, so in particular I' acts con-
tinuously on A* and is of monodromy-type. We assume in addition that I' contains a
free subgroup on 2 generators and that there are no T-invariant elements in 79 \ {0}.
Let Z be an irreducible closed subvariety of A with v(Z(C)) = Z(C) for all v € I'. Then
one of the following properties holds:

(1) The subvariety Z is contained in a proper torsion coset in A.
(2) There exists an abelian subvariety B C A with dimB > 1 and Z + B = Z.

Proof. We write X for the image of Z(C) under the real analytic isomorphism b: A** —
T29. Then X is closed and definable in the sense as introduced before Lemma 5.2. By
Ax’s Theorem [2], the set X is of Ax-type. We apply Lemma 5.2 to a free subgroup of
I on 2 generators.

If we are in case (1) of Lemma 5.2, then X is contained in a finite union of proper
closed subgroups G, ...,Gy C T?. By the Baire Category Theorem we may assume
that X N G has non-empty interior in X.

The analytification Z®" is an irreducible complex analytic space and Z%™*" is arc-wise
connected by [20, Theorems 9.1.2 and 9.3.2]. Moreover, Z5™" is an open and dense
subset of Z#".

Let P,Q € Z¥™*" and suppose b(P) lies in the interior of X N G;. We can connect P
and @ via an arc [0, 1] — Z%™*" whose restriction to (0, 1) is piece-wise real analytic on
finitely many pieces. A neighborhood of b(P) in X lies in G and G is defined globally
by relations in integer coefficients. By analytic continuation we find that b(Q) € Gj.
In particular, b(Z*™*") C Gy and thus b(Z*") C Gy. So Z*" is contained in the proper
subgroup b~ 1(G;) C A™.

The sum of sufficiently many copies of Z — Z is an abelian subvariety B of A. We
have B # A because B(C) lies in b~*(G4). So Z C P+ B for some P € A(C). Moreover,
any coset in A containing Z must contain P + B.

Let B’ be the complementary abelian subvariety of B in A with respect to a fixed
polarization, see [5, §5.3]. So B+ B’ = A and BN B’ is finite. By the former property
we may assume P € B'(C).

By hypothesis we have Z(C) = v(Z(C)) C v(P) + v(B(C)) = v(P) + B(C) for all
v € I'. Thus v(P) — P € B(C) for all v € I. As B’ is invariant under v we find
v(P)—P e (BNB)C). Sovy(Q)—Q =0 for all v € " where Q = [#B N B'|(P).

The point b(Q) € T?9 is the image of some ¢t € R?Y under the canonical map R? — T29.
Our action of I" on A*™ was defined using b and I" acts on T via a matrix in Mate,(Z).
We find that ~(t) — t € Z* for all y € T" with the standard action of GLg,(Z) on R%.

Thus t € R% is the solution of a system of inhomogenous linear equations, parametrized
by I', with integral coefficients and integral solution vector. The corresponding homo-
geneous equation has only the trivial solution as there are no non-trivial I'-invariant
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vectors in Z%9. So t was the unique solution and we conclude ¢t € Q9. Therefore ) and
thus P have finite order. So P + B is a torsion coset in A and we are in case (1) of the
current proposition.

Now suppose we are in case (2) of Lemma 5.2 and U and G are as in therein. Then
Npep-1(q)(Z — P) is Zariski closed in Z since 0 € G. By Lemma 5.2 its complex points
contain b~(U), which is Zariski dense in Z. So Z — P = Z for all P € b~'(G). This
equality continues to hold for C-points in the Zariski closure B of b~'(G) in A. As G
is a connected subgroup of A*" we find that B is an abelian subvariety of A. Moreover,
dim B > 1 since G is infinite. So we are in case (2) of the proposition. O

5.2. Degeneracy and Global Information. Let S be an irreducible and smooth curve
over C and let A be an abelian scheme over S of relative dimension g > 1.

Recall that Betti maps were introduced in §4. Around each point of S*" we fix an open
neighborhood in S*" and a Betti map as in Proposition 4.1. This yields an open cover
of §*" which we now refine for our application later on. After shrinking each member
we may assume that each member is bounded and diffeomorphic to an open subset of
R2. As S® is paracompact we may refine this cover to obtain an open cover of S* that
is locally finite. Each member of this cover is relatively compact. We may refine the
cover again and assume that a finite intersection of members is empty or contractible,
see Weil’s treatment [55, §1]. A non-empty open subset of S* is naturally a Riemann
surface; if it is contractible then it is homeomorphic to the open unit disc. Therefore, a
finite intersection of members of our cover is empty or homeomorphic to the open unit
disc.

Let s € S be a base point. We describe the monodromy representation of (5", s)
using the Betti map.

Let ~v: [0,1] — S be a loop around s. We can find a Betti map in a neighborhood
around each point of ([0, 1]). As this image is compact we find 0 = ap < a; < -+- <
a, = 1 such that y([a;_1,a;]) € A; where A; is a member of the cover above and b; is
its associated Betti map.

We can glue the Betti maps as follows. Foreachi € {1,...,n—1} we have s; = y(a;) €
A; N A1 So by Azn O (bis1] Ag?)_l is a continuous group isomorphism M : T?9 — T%,
thus represented by a matrix in GLgy(Z). On replacing b;11 by M ob; 11 we may arrange
that b; and b;y; coincide on A3

Now 7(0) = (1) = s and both b; and b,, define homeomorphisms A" — T29. By com-
posing we obtain a homeomorphism A" — A" that is a group isomomorphism. This
homeomorphism induces an automorphism of the Z-module H!(A", Z) which depends
on the loop . Another loop that is homotopic to v relative {0, 1} will lead to the same
automorphism of H'(A®,Z). The induced mapping (S, s) — Aut(H'(A™, Z)) is
the monodromy representation from [52, §3.1.2]. We denote its dual by

(5.3) p: m(S™, s) — Aut(H, (A, Z)).
Proposition 5.4. In the notation above there is a group homomorphism

(5.4)
p=pa: m(S™, s) = {homeomorphisms A" — A" that are group homomorphisms}
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that satisfies
(5.5) p(h). = p(h) forall h e m(S™,s)
with the following properties.

(i) There exists a path-connected open neighborhood A C S* of s and b a Betti
map on Aa as in Proposition 4.1. Let Y C A be an irreducible closed subvariety
such that P € Y with w(P) = s is not isolated in the fiber of blyamna,. Then
p(h)(P) € Y2 for all h € m(S*,s). Moreover, if P has finite order N in A(C)
then dimp Y N A[N] > 1.

(ii) Let B be a further abelian scheme over S and a: A — B a morphism of abelian
schemes over S. Then

p5(h)(alam) = (afaz)pa(h)
for all h € m(S*,s)

Although the Betti map b in Proposition 4.1 is not uniquely determined, Remark 4.2
implies that the non-isolation condition in the hypothesis above is independent of any
choice of b.

Before we come to the proof we will patch together the Betti maps and extract global
information.

Suppose i € {1,...,n— 1} and set A = A; N A1 3 v(a;). We consider the two real
bi-analytic maps

b;‘k|_AA and b;-kJrl‘AAZ Apr — T?9 x A
where the star signifies passing to the product as in Proposition 4.1(iii). By composing
we obtain

(5.6) bilan 0 (05]a) i TP x A — T% x A

which is, over each fiber of A, a continuous group isomorphism T?9 — T29. By con-
struction it is the identity over v(a;) € A. Each continuous group isomorphism of T? is
represented by a matrix in GLy,(Z). By homotopy, (5.6) is the identity above all points
in the path component of A containing ~y(a;). But A is path connected by construction,
and therefore b;| 4, = bit1]|a, foralli e {1,....,n —1}.

Proof of Proposition 5.4. Let s,Y, and P be as in the hypothesis. We abbreviate YA, =
Y* N Ap,, it is a complex analytic space.

We will transport P in A*" above along a loop 7 in S*" based at s and keep the
Betti coordinates fixed. After completing the loop we will have returned to the fiber
As. But P will have transformed according to the monodromy representation (5.3).
The degeneracy condition imposed on P implies that this new point lies again in Y.
This is guaranteed by the fact that the Betti fibers are complex analytic, see (ii) of
Proposition 4.1 and our hypothesis dim S = 1.

Let us check the details. We set Py = P and & = by (F)) and define

Zy = bfl(f )
So Z; is a complex analytic subset of the complex analytic space Aa, by (ii) of Propo-
sition 4.1. Therefore, Z; N Y, is complex analytic in YA,. As F, is not isolated in

Z1 N Ya,, we find dimp, Z; N Ya, > 1, see [20, Chapter 5] for the dimension theory of
complex analytic spaces.
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If P = P, happens to be a point of finite order N in A.(p)(C), then all points of Z;
have order N in their respective fibers as f is fiberwise a group isomorphism. From the
degeneracy of P we conclude dimp Y NA[N] > 1 and this yields the second claim of (i).

The natural projection Z; — A; is holomorphic and a homeomorphism. So dimg Z; <
dimrgyA; = 1 for all Q € Z;. So we conclude dimp, Z; N Y, = dimp, Z; = 1 and
dim Z; = 1. The singular points of Z; are isolated in Z;, see [20, Chapter 6, §2.2]. Since
Z1 is homeomorphic to A; and the latter is homeomorphic to the open unit disc we
conclude that the smooth locus of Z; is path connected. Therefore, we can apply the
Identity Lemma [20, Chapter 9, §1.1] to conclude that Z; N YA, = Z7, hence

2y T Ya,.

In particular, the point P, = b, (£,7v(a1)) € Z; lies in Ya,, too.

Observe that we used the fact that S®" is a curve in a crucial way. Indeed, for higher
dimensional S we cannot exclude dim Z; N YA, < dim Z; in the paragraph above. This
makes applying the Identity Lemma impossible.

We have reached ~y(a;) and will continue on the circuit along «. However, by con-
struction b} and b agree on A where s; = (a;). They also agree on A" for all
s sufficiently close to s;. Let t1,ts,... be a sequence of elements in [0, a;] with limit
a;. Then bt (&, 7v(tx)) converges to P, as k — oo. For k sufficiently large we have
v(tr) € Ay and therefore b (€, v(tx)) = b5 (€, v(t)). So Pi € 7 (AL N A,) is not
isolated in the fiber of by : Ax, — T?9 restricted to Ya, above .

Now we repeat the process and transport P; along v([ay, as]) to obtain P, € YA, with
m(P,) = v(ay) that is not isolated in bg\yAs. Eventually, we will have returned to the
fiber A;. The final point lies in Y and it is obtained from F, € Y*" by a continuous
group automorphism of A" that depends on the homotopy class of « relative to {0, 1}.
More precisely, by construction the final point is p([y])(Fy) where

p: m(S*™, s) — {homeomorphisms A" — A" that are group homomorphisms}

is a group homomorphism that is compatible with the monodromy representation (5.3),
indeed

p(h). = p(h) forall hem(S™,s)

and part (i) follows.

The proof of (ii) relies on (5.5) and some basic functoriality. Let s € S*. A ho-
momorphism « : A — B of abelian schemes over S induces a group homomorphism
(at|aan )y Hi (AR, Z) — H, (B2, Z). Moreover, this group homomorphism is equivariant
with respect to the action of m1(5*", s) on both homology groups. By abuse of notation
let p denote the continuous action of 7 (S*",s) on A, and By and p the induced action
on homology. We find

(P(h)alawm), = p(h)(a A )«p(h) = (a|aanp(h)).

for all h € m;(S*", s), the first and third equality follow from (5.5), the second one follows
since the monodromy action commutes with homomorphisms of abelian varieties. Both
self-maps p(h)a|4an and a| ganp(h) are continuous group endomorphisms of A" which is
homeomorphic to T?9. As their induced maps on homology coincide, they must coincide
as well. O

Agn)* = (04



25

5.3. Monodromy on Abelian Schemes. Let S be an irreducible and smooth curve
over C and let A be an abelian scheme over S of relative dimension g > 1. We write
C(S) for an algebraic closure of the function field C(S) of S.

For a base point s € S(C) the monodromy representation is (5.3). Let G denote
the Zariski closure of T'y = p(m1(S,5)) in AutgH;(A*™, Q) and let GY be its connected
component containing the unit element. Deligne proved in [16, Corollaire 4.2.9] that G
is a semisimple algebraic group.

The next lemma uses a Theorem of Tits connected to his famous “alternative”.

Lemma 5.5. In the notation above suppose that GY is not trivial, then any finite index
subgroup of I's has a free subgroup on 2 generators.

Proof. Let I be a finite index subgroup of I'y. As GY is of finite index in G, we see that
"N GY(Q) lies Zariski dense in G%. Our lemma follows from [47, Theorem 3] applied to
GY and "N G2(Q). O

Certainly, G, and GY etc. depend on s. However their isomorphism classes do not
and the index [G : GY] is independent of s € 5™, see the comments before Zarhin’s [64,
Theorem 3.3].

Lemma 5.6. Let A be the generic fiber of A — S, it is an abelian variety over C(S). If
s € S(C) and H,(A*,Z) has a non-zero element that is invariant under the monodromy
action (5.3), then the C(S)/C-trace of A is non-zero.

Proof. We write Hy(A*,Z)" for the elements in H;(A",Z) that are invariant under
(5.3). A conclusion of Deligne’s Theorem of the Fixed Part, see [16, Corollaire 4.1.2],
implies that the weight —1 Hodge structure on H; (A", Z) restricts to a Hodge structure
on Hy (A Z)".

It is well-known that Hodge substructures of H;(.A%",Z) come from abelian subvari-
eties of A,. Hence H;(A2",Z)? gives rise to an abelian subvariety B C A of dimension
TRank H, (A2, Z)P. As H (A, Z)" # 0 by hypothesis we have dim B > 1.

Then B = B Xgpec(c) S is a constant abelian scheme over S. The monodromy rep-
resentation m (S*,s) — Aut(H,(B2",Z)) is certainly trivial. The inclusion B; — Aj
induces a homomorphism H;(B*,Z) — H;(A*,Z) and the restriction of p from (5.3)
to the image of this homomorphism is trivial. A theorem of Grothendieck [23] implies,
that any element in

Hom(B;, As) N Hom(H, (B2, Z), H1 (A", Z))

is induced by the restriction of a morphism ¢: B — A over S to B, such that poOg = 04
which 04: S — A and 0z: S — B the zero sections. See also [16, 4.1.3.2].

The restriction of ¢ to the generic fiber of B is a homomorphism B ®¢ C(S) —
A x5 Spec C(S) = A of abelian varieties over C(S). If the C(S)/C-trace of A is trivial,
then the said homomorphism is trivial. In this case, the morphism ¢ and the zero section
both extend B ®¢ C(S) — A to a morphism B — A. As the generic fiber lies Zariski
dense in A we find that ¢ is the zero section. But then B must be trivial and this is a
contradiction. g

For us, an abelian subscheme of A is the image of an endomorphism of A. We call
s € S(C) extendable for A if any abelian subvariety By € A, extends to an abelian
subscheme B of A, i.e. there exists an abelian subscheme B of A such that BNA, = B,.
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For readers who are familiar with Hodge theory, extendable points of S are closely
related to Hodge generic points. We shall not go into details and but state the following
corollary of a result of Deligne for our purpose.

Lemma 5.7. In the notation above suppose G° = G for some s € S(C). There is an
at most countable infinite subset of S(C) whose complement consists only of extendable
points of A.

Proof. We refer to [64, Corollary 3.5 and the preceding comments| for this result. In
fact in the reference, it is pointed out that the extendable points are precisely the Hodge
generic points under this mild assumption (GY = G for some s € S(C)).

More precisely [64, Corollary 3.5 and the preceding comments| says that any s € S(C)
outside an at most countably infinite set ¥ satisfies the following property: For any
as € End(Ay) there exists n € N such that nay is the restriction of an endomorphism
of A. Now for any s € S(C) \ X, any abelian subvariety Bs of Ay is the image of
some a; € End(A,). There exists n € N such that nag is the restriction of an element
a € End(A). And then we can take B to be the image of «. O

Let Y be an irreducible closed subvariety of A that dominates S. Then Y is flat over
S by [30, Proposition I11.9.7]. We write Y; for the fiber of Y — S above s with the
reduced induced structure. By [30, Corollary I11.9.6] we see that Yj is equidimensional
of dimension dimY — 1.

We say that Y is virtually monodromy invariant above s € S(C) if there exists an
irreducible component Z of Y; and a subgroup G' C m;(S*", s) of finite index such that

p(V)(Z(C))=Z(C) forall yeG
for the representation p defined in Proposition 5.4.

Lemma 5.8. In the notation above we suppose Y is an irreducible closed subvariety of
A that dominates S. We assume that there is an uncountable set M C S(C) satisfying
all of the following properties:

(i) for all irreducible S that are finite and étale over S the generic fiber of AxgS" —
S" has trivial C(S")/C-trace,
(ii) all elements in M are extendable for A (see Lemma 5.7 and above for definition),
(iii) and the variety Y is virtually monodromy invariant above all elements in M.

Then there exists an abelian scheme C over S and a homomorphism A — C of abelian
schemes over S whose kernel contains Y and has dimension dimY .

Proof. Our proof is by induction on
dim A.

The small possible value is 2 as we require g > 1. We call this the minimal case and we
treat it directly below.

Let s € S(C) be arbitrary for the moment. If G2, defined near the beginning of this
subsection, is trivial then the image of m1 (5", s) under (5.3) is finite. By the Riemann
Existence Theorem there is an irreducible curve S’ that is finite and étale over S such
that the monodromy representation of the fundamental group of S’ at some base point
s' € S'(C) on Hy((AxgS"),Z) is trivial. Recall that ¢ > 1. By Lemma 5.6 the
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generic fiber of A xgS" — S’ has non-zero C(S”)/C-trace, contradicting our hypothesis.
Therefore, dim G? > 1.

Let s € M with M as in the hypothesis. A finite index subgroup of w1 (5", s) acts on
Zs(C) via (5.4) where Z; is an irreducible component of Y;. We write I, for the image
of this finite index subgroup under the monodromy representation (5.3). Then I, has a
free subgroup on 2 generators by Lemma 5.5. We invoke Lemma 5.6 by using hypothesis
(i) and passing to a covering of S and find that no non-zero element of H;(A*,7Z) is
invariant under the action of I",.

We aim to apply Proposition 5.3. But first let us verify that I", is of monodromy type
with respect to corresponding Betti map. Indeed, an abelian subvariety B of A, extends
to an abelian subscheme B of A by hypothesis (ii). Then pa(v)(B*) = pa(y)(«(B*)) =
t(pg(v)(B*™)) = B™ by Proposition 5.4(ii) for all v € w;(S*", s) where ¢ : B — A is the
inclusion.

By Proposition 5.3. we are in one of two cases for any given s € M. Let M, 5 be the
set of s € M such that we are in case 1,2, respectively. As M = M; U M, one among
M, My is uncountable.

The set M; is uncountable.

For all s € M; the subvariety Z, is contained in the translate of a proper abelian
subvariety B, of A, by a point P; of finite order N, € N. As M, is uncountable and N
is countable, we may replace M; by an uncountable subset and assume that there exists
N € N such that [N]P; =0 for all s € M;.

Let us treat the minimal case dim A = 2 now. Then B; = {0} and thus Z, = {P;}
for all s € M;. But then Y contains an infinite, and hence Zariski dense, set of points
lying in ker([N]: A — A). This completes the proof in the minimal case as we can take
C=Aand [N]: A — A.

We now treat the non-minimal case dim. A > 3. By condition (ii) there exists an
abelian subscheme B(s) of A such that B(s) N A; = B for any s € M;. But M; is
uncountable and A has only countably many abelian subschemes, we may replace M;
by an uncountable subset and assume that there exists an abelian subscheme B of A
with B(s) = B, i.e. BN A; = By, for all s € M;.

We have [N]Z, € BN A, for all s € M. But |J,,,, [IV]Z, is Zariski dense in [N]Y by
dimension reasons, so [N]Y C B by taking the Zariski closures on both sides.

Clearly B satisfies the analog trace condition (i) of the current lemma by basic prop-
erties of the trace. Any s € M, is extendable for B because it is extendable for A and
B is an abelian subscheme of A. Finally [N]Y, as a subvariety of B, is virtually mon-
odromy invariant at each s € M;. To see this it suffices to prove that [N]Y is virtually
monodromy invariant as a subvariety of A by Proposition 5.4(ii). But then it suffices
to show that [N]Z, is an irreducible component of [N]Y;. This is true because [N]|Z, is
Zariski closed (as [N] is proper) and dim[N]Y; = dim[N]Y —1 =dimY — 1 =dim Z, =
dim[N]Z,.

We observe that dim B = dim Bs+1 < (dim A;—1)+1 = dim A—1. By induction there
is an abelian scheme C over S and a homomorphism v : B — C of abelian schemes over
S whose kernel contains [N]Y and dimkery = dim[N]Y = dimY. Then (ker)°, the
identity component [8, §6.4] of ker ), has dimension dim Y and is an abelian subscheme
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of B and hence of A. There exists an integer m € N such that [m]ker C (ker)°. In
particular [mN]Y C (ker)°. Note that dim(ker)° = dimker¢ = dimY".

Now it suffices to take A — C to be the composition A LNy A/ (ker)°.

The set M, is uncountable.

For all s € M, there exists an abelian subvariety B, C A, with dim B, > 1 and
Z,+ B, = Z,. Note that dimY > 2 since dim Z, > 1, so we are not in the minimal case.

By condition (ii) there exists an abelian subscheme B(s) of A such that B(s)NAs; = Bs
for any s € Ms. Since M, is uncountable and A has only countably many abelian
subschemes, we may replace M, by an uncountable subset and assume that there exists
an abelian subscheme B of A with B(s) = B, i.e. BN A, = By, for all s € M,.

We shall work with the abelian scheme A/B over S. Let ¢: A — A/B be the natural
quotient. Then any fiber of ¢ has dimension dimgB = dimB — 1. The condition
Zs + Bs = Zs implies that the fibers of ¢|z, have dimension dim By = dim B — 1 for
all s € M,. Since J,. M, Zs 18 Zariski dense in Y by dimension reasons, we see that a
general fiber of |y has dimension dim B — 1. Thus by Fiber Dimension Theorem we
have

dimY =dimB — 1 + dim ¢(Y).

Clearly A/B satisfies the analog trace condition (i) of the current lemma by basic
properties of the trace. Any s € M, is extendable for A /B because any abelian subvariety
of (A/B)s is the quotient of an abelian subvariety of A, and s is extendable for A. Finally
(YY) is virtually monodromy invariant above all points in My by Proposition 5.4(ii).

Now since dim(A/B) = dim A — dim B; < dim.A — 1, there exists by induction an
abelian scheme C over S and a homomorphism v¢: A/B — C whose kernel has dimension
©(Y) and contains ¢(Y). Then Y C ker(y) o ¢) since ¢(Y) C ker(¢)). But

dimker(¢) o ¢) = dimg B + dimker(¢)) = dimB — 1 + dim ¢(Y) = dim Y.
So o p: A— C is what we desire. O

5.4. End of the Proof of Theorem 5.1. Now we are ready to prove Theorem 5.1.

Let Y be an irreducible closed subvariety that is degenerate. We want to prove that
Y is generically special.

Note that being generically special is a property on the geometric generic fiber. More-
over, it is enough to show that one irreducible component on the geometric generic fiber
of Y has the property stated in Definition 1.2. We will remove finitely points from .S and
replace it by a finite and étale covering S” which we assume to be irreducible throughout
this proof. Observe that the base change Y’ of Y may no longer be irreducible. But it is
étale over Y and thus reduced. In particular, Y is flat over Y and thus over S. It follows
that Y’ is equidimensional of dimension dimY" by [30, Corollary I11.9.6]. Note that if U
is an open subset of Y?" consisting of degenerate points for Y, then its preimage will be
open in Y'*" and consist of degenerate points.

So to ease notation we will write S = S below and take Y to be an irreducible
component of Y.

Let A be the generic fiber of A. After possibly removing finitely many points from
S and replacing by a finite étale covering we may assume that ACS)/C = ACE)/C We
also assume that all abelian subvarieties of A ®¢(s) C(S) are defined over C(S). By
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passing to a further finite étale covering we may assume that A satisfies the hypothesis
of Lemma 5.7. Let ¥ C S(C) be a countable subset such that any element in S(C) \ 2
is extendable for A.

Let U be a non-empty, open subset of Y*" N Ax consisting of degenerate points for
Y’; here is A as above Theorem 5.1.

If s € 5* then m(5*", s) acts on A*" via (5.4). We have proven in Proposition 5.4
that p(v)(P) € Y** for all P € U and all v € m(S*,s). This property continues to
hold with U replaced by the union (J, p(7)(U) over m (5", s). Note that U is open and
invariant under the action of the fundamental group.

Let Z be an irreducible component of Y with Z** NU # (). The representation p maps
Z*NU into Y. As everything is real analytic we see that for each v € m1(S*", s) there
is an irreducible component Z’ of Y; such that p(y)(Z** NU) C Z’* N U. Because all
irreducible components of Y, have dimension equal to dim Y — 1 and by the Invariance of
Domain Theorem we conclude that Z’ is uniquely determined by p(v)(Z**NU) C Z"**NU
among all irreducible components of Y;. We conclude that m;(S*", s) acts on the finite
set of irreducible components of Y; that meet U. Therefore, p(7)(Z** NU) C Z**NU
for all v in a finite index subgroup of m(S*", s).

The smooth locus of Z?" is path-connected, lies dense in Z", and contains a point of
Z* N U. By fixing piece-wise real analytic paths we find that p(v)(Z*") C Z*" for all v
in the finite index subgroup mentioned before.

The arguments above show that Y is virtually monodromy invariant above s. Clearly,
U \ X is an uncountable set as U is open in S* and non-empty.

Let us suppose A®9)/C = 0 for the moment. We can apply Lemma 5.8 to Y, A, and

M the set of s obtained from U\X and conclude that Y is an irreducible component
of a subgroup scheme of A that is generically special. This completes the proof of
Theorem 5.1 in the current case.

Let us turn to the general case. Recall that 7: A — S is an abelian scheme with
generic fiber A whose C(S)/C-trace is A®9)/C. We take A to be AS)/C e C(S) C A.
So the C(5)/C-trace of A/Aq vanishes, cf. [14, Theorem 6.4 and the following comment].
Moreover, (A/Ay)C/€ = as ACE)/C = ACS/C,

By [8, Proposition 3 §7.5], the Néron model B of A/A, is an abelian scheme over S
and sits in the short exact sequence of abelian schemes over S

0— ACOC w56 s A HX B—0.

In A we fix an abelian subvariety C' that meets Ay in a finite set and with Ag+C = A.
Let C be the Néron model of C. It is an abelian scheme over S and we may assume
C C A. The restriction ¢|c: C — B is dominant and proper, hence surjective. It is
fiberwise an isogeny of abelian varieties. We conclude (A®)/€ x ) 4+ C = B.

As'Y is degenerate there exists an open and non-empty U subset of Y2 of degenerate
points. By shrinking U we may assume that ¢|y : Y — (YY) is smooth at all points
of U. So p(U) is open in p(Y)™. This set consists of degenerate points for p(Y). By

the previous case (A®(®)/C = 0), the set of P € U such that ¢(P) has finite order in the
corresponding fiber of B lies Zariski dense in Y.

We consider such a P and suppose ¢(P) has order N and write P = @ + R with
Q € (A€ x 8)(C) and R € C(C), where @, R lie in the same fiber above S as P.
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So 0 = [N](¢(P)) = ¢(IN](R)). As R € C(C) it must have finite order N’. Moreover,
R €Y —0g where o is the image of a constant section S — A®5)/C x S with value Q.

The Betti map is constant on sufficiently small open subsets of o as A®)/C x S is
a constant abelian scheme. Therefore, R is a degenerate point of Y — o0g.

Recall that the order of a point is constant on a fiber of the Betti map. By the second
claim in Proposition 5.4(i) there exists an irreducible component C' C C[N’] containing
R with C CY — 0.

We conclude that P is a point of og + C, a generically special subvariety of A. As
this holds for a Zariski dense set of P in Y we conclude from Proposition 1.3 that Y is
generically special.

6. CONSTRUCTION OF THE AUXILIARY VARIETY

In this section we work in the category of schemes over an algebraically closed subfield
F of C. We abbreviate P by P™ throughout this section. Suppose S is a smooth
irreducible algebraic curve. Let A be an abelian scheme of relative dimension g > 1 over
S with structural morphism 7: A — S. For a closed subvariety X C A and s € S(F)
we write X, = 771(s).

We assume that A comes equipped with an admissible immersion A — PM x P™ as
in §2.2, i.e., it satisfies conditions (A1), (A2), and (A3) in §2.2. In particular, each fiber
A, of m with s € S(F) is an abelian variety in P*. On this projective space we let deg(-)
denote the degree of an algebraic set.

In this section X will denote an irreducible, closed subvariety of A that dominates
S and with X # A. Hence 7|x: X — S is surjective as 7|x is proper. We write
dim X =dimA —n =g+ 1—n where n > 1 is the codimension of X in A.

Let A C S be a non-empty open subset with Betti map b: 771(A) = Ay — T?.
See Proposition 4.1, we recall that T denotes the circle group. It is convenient to write
XA =X"NAa.

The following convention will be used in this section. If P is a point on a real (resp.
complex) analytic manifold Y, then Tp(Y") denotes the tangent space of Y at P. This
is an R- resp. C-vector space, depending on whether Y is a real or complex analytic
manifold. If Z is another real (resp. complex) analytic manifold and f: Y — Z is
a real (resp. complex) analytic mapping, then Tp(f) denotes the differential Tp(Y) —
Trp)(Z). Tt is R- (resp. C-)linear. Let im(Tp(f)) denote the image of Tp(f) in Ty py(Z).

Recall that X*™2" is the complex analytic space attached to the smooth locus X*™ of
X. If P € AANA(F) then b|xsmanqa, : X5™™ N Ay — T2 is a real analytic map. The
condition in the proposition below concerns the image of its differential.

Proposition 6.1. We keep the notation from above and assume that X is not generically
special. Suppose P € Ax N A(F) with m(P) = s such that P is a smooth point of X
and of X with

(6.1) dimim(7p (b

Xsm,anmAA)) — 2 dlm X

Then there ezists a closed irreducible subvariety Z C A over F with the following prop-
erties.

(i) We have dim Z =n and Z dominates S.
(ii) We have that P is a smooth point of Zs and of Z.
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(iii) The fiber Zs does not contain any positive dimensional coset in As.
(iv) There exists D > 1 such that deg Z; < D for all t € S(C).
(v) We have im(Tp(b] xsmanna,)) NIim(Tp(b](z,)sman)) = 0 in Typy(T?).

Moreover, the set

{t € S(C) : Z; contains a positive dimensional coset in A;}.
18 finite.

Condition (v) implies that Z, and X intersect transversally in A,. Condition (i)
implies that Z; is equidimensional of dimension n — 1 for all t € S(F") by [30, Corollary
I11.9.6 and Proposition 111.9.7].

We will prove this proposition in the next few subsections, see §6.1-6.2 for the con-
struction of Z and §6.4 for the “Moreover” part. But first, let us relate its hypothesis
(6.1) to our notion of generically special. A crucial point is to use Theorem 5.1.

Lemma 6.2. Suppose that X is not generically special. Then there exists P € X (F')
with 7(P) € A and P € (Xyp))* (F) that satisfies (6.1).

Proof. Let us consider the restriction
b’Xsm,anmAA . Xsm’an M AA — T2g.

Observe that domain and target are smooth manifolds of dimension 2dim X and 2g,
respectively.

Let r € {0,...,2¢g} denote the largest possible rank of Tp(b|xsmanna,) as P ranges
over the domain. Then there exists an open and non-empty subset U4 of X*™** N AA on
which the rank is r. It follows from [56, Appendix II, Corollary 7F], that any fiber of
bly: & — b(LL) is a smooth manifold of dimension 2dim X — 7.

By hypothesis and Theorem 5.1 the variety X is not degenerate. In particular, there
exists P € 4 that is not degenerate for X. So the fiber of b|y through P contains P as
an isolated point. So we have r = 2dim X.

By continuity we may assume that (6.1) holds for all P € i, after possibly shrinking
.

On the other hand the set U = {P € X" (F) : 7|x: X — S is smooth at P} is Zariski
open and dense in X. So U(F) Nl # () because F is algebraically closed and dense in
C. Now any point P € U(F') N4 satisfies the desired properties as S is smooth. O

For the further construction of Z we assume that P is as in this lemma.

6.1. The First Four Properties. We show how to construct Z satisfying the first
four properties in the proposition. Indeed, our construction will show that a generic
choice, in a suitable sense, of Z will suffice (i)-(iv). Later on we will see how to obtain
in addition (v) and deduce the final statement.

Let P be as in the hypothesis of Proposition 6.1.

Recall that A4 comes with an admissible immersion A — PM x P™ as in §2.2. Observe
that A, C PM is Zariski closed, irreducible, and contains P as a smooth point as it is an
abelian variety. By property (A3) a generic homogeneous linear form f € F[X,..., Xy
vanishing at P satisfies the following property. The intersection of the zero locus Z(f)
of f with A, contains no positive dimensional cosets in A,. Here generic means that we
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may allow the coefficients of f to come from a Zariski open dense subset of all possible
coefficient vectors.
According to Bertini’s Theorem there are linearly independent homogeneous linear

forms fi,..., for1-n € F[Xo, ..., X such that their set of common zeros Z(f1,. .., fo+1-n)

in PM intersects A, in a Zariski closed set Z’ that is smooth at P and of dimension
dmA; —(g+1—-n)=9g—(9+1—n) =n—1. If n > 2 we may arrange that Z’ is
irreducible by applying a suitable variant of Bertini’s Theorem. By the previous para-
graph, we can arrange that Z’ contains no positive dimensional cosets in A,. We will
see that this establishes (ii), (iii), and (iv) with our choice of Z below.

Note that a generic choice of (fi,..., fyr1-n) in F[Xo, ..., Xy]®9H " where each
entry has degree one, that vanishes at P will have the property described in the previous
paragraph. Here generic means that we may allow the coefficient vector attached to
(fi,--., fg+1-n) to come from a Zariski open dense subset of all possible coefficient
vectors that lead to linear forms with coefficients in F' vanishing at P. We may arrange
f1 to be an f as in the last paragraph, so Z’ contains no coset of positive dimension.

Each irreducible component of

(6.2) (Z(fr, s fraron) X P"Y N A

has dimension at least n. Suppose Z is an irreducible component of (6.2) that contains
P. By the Fiber Dimension Theorem we find dim Z; > dim Z — dim7(Z) > dim Z — 1.
AsdimZ'=n—1and Z; C Z’ we conclude dim Z < n. Thus dim Z = n,dim7(Z) = 1,
and dim Z; = n — 1. This implies both claims in (i).

If n =1, then dim Z, = 0 and hence P is smooth in Z,. If n > 2, then Z, = Z' and
hence P is smooth in Z; by construction. Now as P is smooth in Z, and s is smooth in
S, P is also smooth in Z. This establishes (ii).

If n = 1, then dim Z; = 0 and (iii) clearly holds. If n > 2, then by construction Z, sat-
isfies (iii). In both cases, Z; is a union of irreducible components of Z(f1, ..., fyr1-n)NA;
for all but at most finitely many ¢t € S(C). For these t we conclude deg Z; < deg A,
from Bézout’s Theorem. But A — S is a flat family embedded in PM x S — S, so
deg A; < D for some D > 1 depending only on A and the immersion. We can take
care of the remaining finitely many fibers by increasing D if necessary. Thus we have
established (iv).

6.2. The Fifth Property.

6.2.1. Linear Algebra. For a C-vector space T' we write Tk for T' with its natural structure
as an R-vector space. For example, if T" is finite dimensional, then dim 7Tk = 2dim 7.
A vector subspace V; of Tk is naturally an R-vector space. We denote by CV, the
smallest vector subspace of T' containing V. For example, if V5 = Rv; + - - - + Ruy, then
CVy = Cvy + - - -+ Cuy. Let J denote the multiplication by v/—1 map J: T'— T. Then
(CVo)r = Vo + JVp. A vector subspace of Tk is a vector subspace of T" if and only if it
is J-invariant.

In this section g > 1 is an integer. We show that an even dimensional real subspace
of CY intersects some complex subspace of complementary real dimension transversally.

Lemma 6.3. Let T be a C-vector space of dimension g and suppose W is a vector
subspace of T with dim W = m. Let Vi be a vector subspace of Tg of dimension 2m + 2k
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that contains W. Then there exists a vector subspace V' of T' of dimension g — (m + k)

such that V NV, = 0.
Before proving this lemma, let us do the following preparation.

Lemma 6.4. Let C** be the standard complex vector space of dimension 2k and let
R2* C C?* be the real part of C*, i.e. C** = R?* @ /—1R?**. Then there exists a vector
subspace V' of C** of dimension k such that V NR* = 0.

Proof. For any j = 1,...,2k, we let e; = (0,...,0,1,0,...,0) € C* be the vector with
the j-th entry being 1 and the other entries being 0.

For any i = 1,...,k, we let v; = eg;_1 + v/—1lesy; € C*. We show that the complex
vector space V' = Cuvy + - - - + Cuy, satisfies the desired property.

Indeed, dimV = k as vy,...,v, are C-linearly independent. So it remains to show
V NR?* = 0. Any vector in V is of the form c;v; + - - - 4 ¢vi for some ¢y, ..., ¢, € C. If
vy + - - - + v € R%9 then we have

¢ € Rand v—1¢; e Rforalli=1,...,k.
Thus ¢; =---=¢, = 0. Il

Lemma 6.5. Let U be a C-vector space of dimension 2k and let Viy be a vector subspace
of Ur of dimension 2k such that CVy = U. Then there exists a vector subspace V' of U
of dimension k such that V NVy = 0.

Proof. We take a basis of Vj, which is an R-vector space, and call it eq,...,eq. Since
CVy =U, we have U = Cey + - - - + Ceyi. But dimU = 2k, so eq, ..., eq, form a basis of
U.

Now under the identification U = C?* via the basis ey, . .., eas, the vector subspace Vj
of U becomes the real part of C*. We can apply the previous lemma to conclude. [J

Now we are ready to prove Lemma 6.3.

Proof of Lemma 6.3. We begin by showing that we can reduce to the case m = 0. If
the lemma is known when m = 0, then we apply it to the C-vector space T'/W and the
image of the R-vector space V4 in this quotient to get a vector subspace V' of T'/W of
dimension g — (m + k). Let W+ be a vector subspace of T with W + W+ = T and
W N W+ = 0. Then the natural linear map W+ — T/W is an isomorphism. The
preimage of V' under this map is the vector subspace which we desire.

Now we treat the case m = 0, note that W = 0 in this case. As above we write J for
multiplication by v/—1 on T. Then (CVy)r = Vo + JVj.

Case (i) | The R-vector space Vj contains no non-zero vector subspace of 7.

In this case Vo N JVj, being a J-invariant vector subspace of Vj, must be trivial. So
dim(CVp)r = dim Vy + dim JV, = 2k + 2k = 4k and hence dim CV, = 2k < g. Thus we
can apply the previous lemma to U = CV; and V; to get a vector subspace V' of CV; of
dimension k such that V' N Vy = 0. Then it suffices to take V- =V’ 4+ V" for any vector
subspace V" C T with CVy +V” =T and CVy; N V" = 0.

Case (ii) | General case.

We write V7 for the largest J-invariant vector subspace of Vj. As it is J-invariant
by definition, we consider it as a C-vector space. Then T" = T'/V is a C-vector space
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of dimension g — dimVy/, and Vj = V;/Vy is a vector subspace of T% of dimension
2(k — dim V).

We claim that Vj contains no non-zero vector subspace of the C-vector space T".
If U’ is a vector subspace of 7" with U’ C Vjj, then its preimage under the quotient
T — T' =T/Vy is a vector subspace of T that is contained in Vj and that contains V.
The maximality of V; yields U’ = 0.

Now we can apply case (i) to 7" and Vj C T} to get a vector subspace V' of T" of
dimension (g — dim Vy/) — (k — dim V') = g — k such that V' NVy = 0. Let V" be the
preimage of V/ under the quotient 7' — T" = T/V;'. Then V" is a vector subspace of
T with dimension g — k + dim Vi’ such that V" NV, = V. Recall that Vj is a vector
subspace of the C-vector space T', and hence a vector subspace of V”. Now it suffices to
let V be any complement of V/ in V". O

Let g and T be as in Lemma 6.3 and suppose k > 0 is an integer. Let Gr(7Tg, 2k)
denote the set of all 2k-dimensional vector subspaces of Tk. On identifying Tx with R29
we may use Pliicker coordinates to identify Gr(Tg,2k) with a closed subset of PV (R)
where N = @Z) — 1.

Note that P¥(R) is equipped with the archimedean topology that makes it a com-
pact Hausdorff space. We will use this topology and its induced subspace topology on
Gr(TR, 2k) .

Multiplication by /=1 induces an R-linear automorphism Tz — 7Tk and hence a
selfmap Gr(Tg,2k) — Gr(Tg,2k). By the Cauchy-Binet Formula this selfmap can be
described on Gr(Tg,2k) C PY(R) by linear forms. Its fixpoints are precisely the 2k-
dimensional vector subspaces of T that are k-dimensional vector subspaces of T. We
write Gr(7T', k) for the set of these fix points. It is a closed subset of Gr(Tg, 2k). In this
notation we can use Lemma 6.3 to prove the following.

Lemma 6.6. Let T be a C-vector space of dimension g and suppose W 1is a vector
subspace of T with dimW =m < g — 1. Let V be a vector subspace of Tr of dimension
2(m+1) that contains W. There exists a non-empty open (in the archimedean topology)
subset L C Gr(T,g —m — 1) such that V' 0V =0 for all V' € L.

Proof. By the Cauchy-Binet Formula the set
{V'€ Gr(Tg,2(g —m—1)): V' NV =0}

is the complement in Gr(7Tg,2(g —m — 1)) of the zero set of a homogeneous linear
polynomial defined on the projective coordinates of PV. So the set in question is
open in Gr(Tg,2(g —m —1)). Its intersection Y with Gr(T,g —m — 1) lies open in
Gr(T,g —m —1). But 4 # () by Lemma 6.3 applied to the case k = 1. O

6.2.2. Verification of (v) in Proposition 6.1. We retain the conventions made in §6 and
§6.1. So P is as in the hypothesis. We set up the various vector spaces needed in Lemma
6.6.

For T' we take the tangent space Tp(A2") which is a C-vector space of dimension g.
Note that P and 7 are defined over F', so this complex space T also descends to F'.

For W we take the image of Tp((X;)™™™) under the linear map Tp((Xs)™™) —
Tp(A>) induced by the inclusion (X,)™ — A, (recall that P is a smooth point of Xj).
Its dimension equals dim Xy = dim X — 1 = ¢ —n < g — 1 which we define as m.
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Finally, we take V' = im(7p(b|xsmann4, )) which is a vector subspace of the R-vector
space Typy(T?7). As b| 4an: A" — T is an isomorphism of real analytic spaces, we can
identify Tp(A2) = T with Typ)(T?) as R-vector spaces. Therefore, V' C Tk as in the
setup of Lemma 6.6. Note that V' does not carry a complex structure as we treat T? as
a real analytic space.

Our hypothesis (6.1) implies dimV = 2dim X = 2(m + 1). So the hypothesis of
Lemma 6.6 is satisfied.

So there exists 4 open in Gr(T,g —m — 1), the latter is a compact Hausdorff space.
Its points correspond to (g —m — 1)-dimensional vector subspaces of the C-vector space
T.

In §6.1 we saw that a generic choice of fi,..., fy4+1-, that vanish at P yield properties
(i)-(iv) in the proposition. To obtain (v) we must make sure that V Nim(7p(b|(z,)men)) =
0. According to Lemma 6.6 this holds if im(7p(b|(z,)s=)), a vector subspace of the C-
vector space Tp(A>), under the identification of Typ)(T??) with Tp(A2") made above,
lies in 4. Ranging over all possible choices of fi,..., fy41-n as in §6.1 yields points
in U(F) for some Zariski open dense subset U C Gr(7,g—m —1). As il is open
in the archimedean topology and since U(F) lies dense in Gr(7,g —m — 1) we have
UNU(F) # (. Any element in N U(F) is sufficient and this completes the proof. [

6.3. A Detour to Bézout’s Theorem. In this subsection we prove the following
degree bound on long intersections. It will be used to prove the “Moreover” part of
Proposition 6.1 in the next subsection. In this subsection we temporarily allow F' to be
any algebraically closed field of characteristic 0.

Proposition 6.7. Suppose V1, ..., V,, are irreducible closed subvarieties of P = P™ such
that deg(V;) <& for alli € {1,...,m}. Let Cy,...,C, be all the irreducible components
of Vin---NV,, of top dimension which we denote by k, then

(6.3) Z deg(Cy) < 6"7*.

The crucial aspect of (6.3) is that the right-hand side is independent of m.

Lemma 6.8. Let V be an irreducible closed subvariety of P™ of degree 6. Then there
exist finitely many irreducible hypersurfaces of P of degree at most & such that V is
their intersection.

Proof. This is Faltings’s [18, Proposition 2.1]. OJ

Proof of Proposition 6.7. By Lemma 6.8, we may assume that every Vj; is an irreducible
hypersurface for all i € {1,...,m}. Then V; = Z°(f;) is the zero locus of an irreducible
homogeneous polynomial f; € F[Xy, ..., X,] of degree at most ¢.

We shall prove inductively on s € {1,...,n — k} that there exist hypersurfaces
Hy, ..., H,  (possibly reducible) of degree at most ¢ such that for all s € {1,...,n—k},

(i) each irreducible component of ();_, H; has dimension at most n — s
(ii) and C; € (;_, Hj for each i € {1,...,7}.
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Assume this for s = n — k. Then each C;, being of dimension k, is an irreducible
component of ﬂ;:f Hj, and thus

T n—k
D degC; < [ [ degHy < 6"
i=1 Jj=1
by Bézout’s Theorem, cf. [19, Example 8.4.6] which holds here even though the hyper-
surfaces H; may be reducible.
Let us take H; = Vi. Then deg H; <.
Now suppose we have constructed Hi,..., H,_1 for some 2 < s <n — k.
Let W1,...,W; be the irreducible components of Hy N--- N Hy ;. Let [ € {1,...,t}.
Since s < n — k, we have dim W; > k. By assumption each irreducible component of
Nty Z(f;) = Ni~, Vi has dimension at most k, so there exists some iy € {1,...,m}

such that f; = f;, does not vanish on W;. Then ﬁ € F[Xo, ..., X,] has degree at most o
and vanishes on Cy U---UC,. We may assume that deg ﬁ = § after possibly multiplying
ﬁ with a homogeneous polynomial of a suitable degree in general position.

Let F[Xy, ..., X,]s be the union of 0 and the homogeneous polynomials in F'[Xy, ..., X,]
of degree §. We can identify F[Xy,..., X,]s with A (F) = F(2"). Then

n+d

{fGA( n )(F):fvanishes on CyU---UC,}

is the set of F-points of a linear subvariety L C A(nzé), and {f € L(F) : flw, # 0}
defines a Zariski open U in L that is non-empty as f; € U;(F). Now L is irreducible
and so U; is Zariski open and dense in L. In particular, the intersection

is non-empty.

Now fix any f; € © and let H;, = Z(fs). Then H, has degree at most § and no
irreducible component of H1N---NH,_1NH, is an irreducible component of H;N- - -NH,_1.
So the irreducible components of H; N --- N Hy have dimension at most n — s using (i)
in the case s — 1. Property (ii) clearly holds by the construction of the Uj. U

6.4. Control of Bad Fibers. In this subsection we prove the “Moreover” part of
Proposition 6.1.

Recall our setting: 7: A — S is an abelian scheme of relative dimension g > 1 over
a smooth irreducible curve, defined over F' C C. For simplicity we assume ' = C. We
have constructed an auxiliary subvariety Z of A in Proposition 6.1. It remains to show
that

{t € S(C) : Z; contains a positive dimensional coset in A;}.

is finite. It fact, we show that it follows from condition (iii) of Proposition 6.1. More
precisely we shall prove the following result.

Proposition 6.9. Let Z be an irreducible closed subvariety of A dominating S. Suppose
s € S(C) such that Zs contains no positive dimensional cosets in As. Then

{t € S(C) : Z; contains a positive dimensional coset in A}
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18 finite.

Proof. Let £ be a prime that we will choose in terms of A, Z, and s later on.

We begin by introducing full level ¢ structure. We will take care to ensure that various
quantaties are uniform in £.

Let S” be an irreducible, quasi-projective curve over C that is also finite and étale over
S such the base change A’ = A x g S’ admits all £29 torsion sections

St — A'll).

We write Z/ = Z x ¢ S’ which comes with a closed immersion Z’ — A’. Observe that
Z may now longer be irreducible. But Z" — 5" is flat as Z — S is, cf. [30, Proposition
I11.9.7]. So all irreducible components of Z’ dominate S’. The morphism 7' — 7 is
finite and flat since S’ — S is. Therefore Z’ is equidimensional of dimension dim Z
by [30, Corollary 111.9.6]. Finally, Z’ is reduced since Z' — Z is étale and Z is reduced.
For any t' € S’(C) above t € S(C), we may identify the fiber Z; with Z}, and the fiber
A; with Ay. Let Z1,..., Z! be the irreducible components of Z’. Both (Z)y and Z; are
equidimensional of dimension dimZ’ — 1 =dimZ — 1 as 2/ — S’ and Z — S are flat,
cf. [30, Corollary II1.9.6]. Since (Z])y C Z; an irreducible component of (Z), is also an
irreducible component of Z;. Moreover, Z; contains a positive dimensional coset in A;
if and only if one among (Z])y,...,(Z.)r contains a positive dimensional coset in Aj},.

To prove the proposition we may thus suppose that S = S’, A = A’, and Z is some
Z!. In particular, £* distinct torsion sections S — A[/] exist.

For any non-zero torsion section o: S — A[(] we define

Zo)=ZN(Z—-0o)N(Z—=[2]oo)n---N(Z—-[l—-1]00)

by identifying a section S — A with its image in A. Then Z(o) is Zariski closed in A.

Now suppose t € S(C) such that Z; contains P + B where P € A;(C) and B C A, is
an abelian subvariety of positive dimension. Therefore, B[f] is a non-trivial group and
there exists a section o : S — A[/] such that o(t) € B[¢]\{0}. Hence o(t) + B = B and
we find

P+B=P+B—[kl(c(t)) C Z — [kl](c(t)) forall keZ.

This implies P + B C Z(0);. In particular, t € 7(Z(0)).

Now 7 is a proper morphism and so 7(Z(c)) is Zariski closed in S for all of the
finitely many o as above. In order to prove the proposition it suffices to show that s
from Proposition 6.1 does not lie in any 7(Z(0)) if o # 0, for then all 7(Z(0)) are finite.
We will prove that Z(o)s = 0 for all non-zero sections o: S — A[/].

Recall that the admissible immersion from the beginning of this section induces a
polarization on Ag and, as usual, we use deg(-) to denote the degree. This polarization
and A do not depend on the base changed defined using ¢. Let us assume Z(o)s # 0.
This will lead to a contradiction for ¢ large in terms of Z,, Ay, and the polarization.

Note that

(6.4) Z(0)s = ZeN (Zy — o(s)) N -+ N (Zs — [( — 1] 0 o(s))

is Zariski closed in A and stable under translation by the subgroup of A,(C) of order
¢ that is generated by o(s). Observe that if W’ is an irreducible component of Z(o)
of maximal dimension, then o(s) + W’ is also an irreducible component of Z(o),. We
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define W to be the union of the top dimensional irreducible components of Z(c)s. The
group generated by o(s) acts on the set of irreducible components of .

Recall that Z; and thus each Z;—[k](o(s)) with k € Z is equidimensional of dimension
dim Z — 1. All irreducible components that appear have degree bounded by a constant
independent of the auxiliary prime ¢. By (6.4) and Proposition 6.7 the degree deg(W)
is bounded from above by a constant ¢ > 1 that is independent of /.

The number N of irreducible components of W is at most deg(W) < ¢. If we assume
¢ > N, then the symmetric group on N symbols contains no elements of order ¢. So if
we assume £ > ¢, as we may, then o(s) + W' = W’ for all irreducible components W' of
w.

Now let us fix such an irreducible component W’. Then the subgroup generated by
o(s) lies in the stabilizer Stab(WW’) of W’. By [15, Lemme 2.1(ii)], the degree of the
stabilizer Stab(W’) is bounded from above solely in terms deg(W’) and dim W’ < g.
Note also that deg(W’) < deg(W) < ¢. Thus if ¢ is large in terms of ¢ and g, then we
can arrange ¢ > deg Stab(WW'). But Stab(W’) contains o(s) which has order ¢. Therefore
B, the connected component of Stab(W’) containing the neutral element, has positive
dimension. Fix any P € W/(C). Then

P+BCW CW C Z,

contradicts the hypothesis that Z; does not contain a positive dimensional coset. U

7. LATTICE POINTS

For our abelian scheme A — S and subvariety X C A, we want to count the number
of points in [N]X N Z for each N > 1 where Z C A is of complimentary dimension of
X (as constructed in Proposition 6.1). It is equivalent to count the intersection points
of [N]X — Z and the zero section of A — S. Via the Betti map and a local lift with
respect to R? — T2 we obtain a subset Uy C R from [N]X — Z and we are led
to counting lattice point in Uy. The goal of this section is to settle the lattice point
counting problem.

Suppose m, m’ € N and let ¢ be a function defined on a non-empty open subset U of
R™ with values in R™. We suppoes that the coordinate functions of ¢ lie in CY(U), the
R-vector space of real valued functions on U that are continuously differentiable. We
write D,(¢)) € Mat,,,,/(R) for the jacobian matrix of ¢ evaluated at z € U. We also set

0y % (x) } e RU {0}

0y (z) 0Ly
here |- | is the maximum norm on R™. We write vol(-) for the Lebesgue measure on R™.
Recall that all open subsets of R™ are measurable.

For ¢ € {0,1,2} let m; € N and suppose U; is a non-empty open subset of R™:. Let
mp: Rmotmatma_y Rmotmi he defined by m(w,x,y) = (w,z) and my: RMoTmitma
R™0t™2 by o (w, 2, y) = (w,y).

We now suppose mg = 2 and m = 2 4+ mq + ms. Let ¢1: Uy x Uy — R™ and
¢ Uy x Uy — R™ have continuously differentiable coordinate functions and satisfy
|p1]c1 < 00 and |¢a|cr < co. Define

(7.1) Yn(w,z,y) = Noy(w, z) — do(w, y)

, ..., SUp
zeU

ler = max{sup ()], sup
xeU xelU
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where w € Uy, xz € Uy, and y € U,. Thus ¥y has target R™ and coordinate functions in
CHU) where U = Uy x Uy x Us.

We write ¢1; and ¢y; for the coordinate functions of ¢; and ¢, respectively. By
abuse of notation we sometimes write ¢q;(z) for ¢1;(w,z) and ¢q;(2) for ¢q;(w,z) if
z = (w,x,y) with w € Uy, x € Uy, y € Us.

The jacobian matrix Dy, ., (¢¥n) € Mat,,(R) equals

9¢1 _ Od2 9¢1 _ Od2 991 ., O¢ 08¢ . _ 9%
< N8w1 8w1 Na’wg 8102 Nazl Nal‘ml 8y1 8ym2 ) °

evaluated at (w,z,y) € U. For fixed (w,x,y), the determinant det Dy 4, (¢n) is a
polynomial in N of degree at most 2 + my. More precisely, we have

det Diw,ay) (n) = do(w, 2, y) N> + 6y (w, 2, y) N7 + Sy (w, 2, y) N™

where the crucial term is
0¢ 9¢ 0¢ 9¢ 0 O
(7.2) do(w, z,y) = det < 5w ws dor azmll _B_yf _aymz2 ) ’(ww)'

If z is in any power of R and > 0 we let B,(x) denote the open ball of radius r
around x with respect to | - |.

Lemma 7.1. In the notation above let zg € U with §o(zo) # 0. There exist two bounded
open neighborhoods U" C U’ of zo in U and a constant ¢ € (0,1] with the following
properties:

(i) the map ¢y is injective when restricted to w (U') C R*T™

and for all real numbers N > ¢=*

(i) the map ¥n|y: U — R™ is injective and open,
(iii) we have vol(¢n(U")) > eN*T™ | and
(iv) we have B.(vn(U")) C on(U').

Proof. As the first order partial derivatives of all ¢;; are continuous we can find an open
neighborhood U’ of 2y = (w, z,y) in U such that the determinant of

(7.3)
G(B) S FRGE) o FEG) SFRG) o —5EE)
8m‘~ Bm.~ 8m‘~ 8m:~ 8,;~ 8,;~
dor (m) Gup ) G2 (Gn) o g (En) —Te(n) o =G (n)

has absolute value at least € = |0(z)|/2 > 0 for all Zy,..., 2, € U'.

Observe that Dy, (.,)(¢1) is an m x (2 4+ mq)-matrix consisting of the first 2 + m;
columns as in the determinant (7.2). Our hypothesis dy(20) # 0 implies that Dx, (.0 (¢1)
has maximal rank 2 + m;. By the Inverse Function Theorem we may, after shrinking
U’, assume that ¢, restricted to m (U’) is injective. This implies (i).

We may shrink U’ further and assume that

(74) U// = B§<Zo) g UI = BQ(;(ZO) g []7

for some 6 > 0, a property we will need later on. Our constant ¢ will depend on ¢ but
not on V.

To show injectivity in (ii), let 2,2’ € U’ and N € R be such that ¢y (2) = ¥n(2).
Let j € {1,...,m}, then N¢y;(2) — ¢2j(2) = N¢1,;(2') — ¢2;(2). By the Mean Value
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Theorem there exists Z; € U’ on the line segment connecting z and 2’ such that the
column vector z — 2’ lies in the kernel of

N3¢1j Oy ’ Na¢1j 0y, ’ Na¢1j N 01, ’ _8(?2]" - Opa;
ow, owq Owy  Owsy o0xq 0%, oy MWims ) 1
Thus z — 2’ lies in the kernel of M (Z4, ..., Z,,) € Mat,,(R) whose rows are these expres-

sions as j € {1,...,m}.
The determinant of this matrix can be expressed as

00(Z1, - Em ) NF™ £ 61(Z1, .. 2 ) NYT™ £ 55(31, ... 2 ) N™

where 50(21, ..+, Zm) is the determinant of (7.3). In particular, |50(21, cey Zm)| > €
We recall that [¢12|c1 < oo. So for ¢ = 1,2 we find [6;(Z1, ..., Z,)| < C where C
depends only on ¢; and ¢5. For all sufficiently large N > 1 we have

100 (21, ., 2 )NZH™ oo 4 55(51, .. 2 ) N™| > eNFF™ — 9O N™

> EN2+m1.

-2

And so in particular, det M(Z,...,2,) # 0. As z — 2 lies in the kernel of the relevant
matrix, we conclude z = 2’. Therefore, 1¥y|y is injective for all large N. We conclude
injectivity (ii)

If N is sufficiently large, then (7.5) implies |det M (z,...,2)| > eN*T™ /2 forall z € U'.
In particular, D,(¢¥n) = M(z,...,z) is invertible for all z € U’. Hence 9y is locally
invertible on U’ and v y|y is an open map. This completes the proof of (ii).

As Y|y is injective and for N large, Integration by Substitution implies

(7.5)

vol(¢n (U")) = / du —/ |det D, (vn)|dz > E]\f2+mlvol(U”).
wN(UII) 1" 2

This yields our claim in (iii) for small enough c.

To prove (iv) it suffices to verify that if z € U”, then the distance A(z) of ¥n(2) to
R™\ n(U'") # 0 is at least ¢, for ¢ > 0 sufficiently small and independent of N.

As the set R™ \ )5 (U’) is closed in R™ it contains v, which depends on z and N, such
that A(z) = [n(2) —v|. As v realizes the minimal distance, the ball By ,(v) must meet
Yy (U') for all n € N. Let us fix 2z, € U with |¢)5(2,) —v| < 1/n. Now U’ is bounded,
so after passing to a convergent subsequence we may assume that z, converges towards
Z S 7 = Bg(;(Z()).

We claim that 2’ ¢ U’. Indeed, otherwise ¥y (z,) would converge towards 1y (z') €
Yy (U'). But then ¢ (2') =v € R™ \ 5 (U’) is a contradiction. We conclude

(7.6) |2" — 20| = 20.
By the Mean Value Theorem we find
(7.7) Un(z) —Un(zn) = M(Z1, ..., Z0) (2 — 2p)
where M(+) is the matrix above and Zy,. .., Z, lie on the line segment between z and z,

and thus in U’. As above, the absolute determinant of this matrix is at least eN*T™1 /2
for N large enough. The entries of the adjoint matrix have absolute value bounded by a
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fixed multiple of N2*™. We find |[M (%1, ..., Z,) "t < ¢; for the maximum norm where
¢1 > 0 is independent of N and Zi,..., Z,. We find that (7.7) implies

|2 = zn] = [M(Z1, .., Zm) T (WON(2) = P8 (20))] < colton(2) — Un(20)]

where ¢ > 0 is independent of N. Hence

|2 =zl < 2([9w(2) = vl + v = Y (20)]) = c2(A(2) + [ (2n) — v])

by our choice of v. Recall that [¢)n5(z,) —v| < 1/n and z € U” which was defined in
(7.4), so

|2n — 20l — 0 <2 — 20| — |20 — 2| < |2 — 20| < 2(A(2) + 1/n).

By taking the limit as n — oo we can replace z, by z’ on the left. We recall (7.6) and
conclude A(z) > §/cy. Part (iv) follows as we may assume 6 /co > c. O

Our aim is to find many integral points in ¥y (U). If ¥ (U) has volume v, one could
hope that ¥ (U) contains at least v points in Z™. Of course, simple examples show that
this does not need to be true in general. Blichfeldt’s Theorem guarantees that we can
find at least this number of lattice points after possibly translating by a point in R™. In
our situation we will be able to translate by a rational point of controlled denominator.
For the reader’s convenience we repeat the hypothesis in the next proposition.

Proposition 7.2. Let Uy C R%2,U; C R™, and Uy C R™ be non-empty open subsets
and suppose ¢1: Uy x Uy — R™ and ¢o: Uy X Uy — R™ have coordinate functions in
CY Uy x Uy) and CY(Uy x Us), respectively, where m = 2 + my + my. We suppose that
|p12]c1 < 00. Let zy € U = Uy x Uy x Uy with dp(zp) # 0. For N € R we define Y as in
(7.1). There exists a bounded open neighborhood U’ of zy in U and a constant ¢ € (0, 1]
with the following property. For all integers Ny > ¢! and all real numbers N > ¢~ we
have

# (n(U) N NG1Z™) > eN?m,
Moreover, ¢1|x ) is injective, and Y|y is injective for all N > ¢t

Proof. Let U"” C U’ and ¢; > 0 be as in Lemma 7.1 and suppose N > ¢;'. Below we
will use vol(¢n(U”)) > ¢y N**™ and B, (Yn(U")) C Y (U").

By Blichfeldt’s Theorem [12, Chapter 111.2, Theorem I|, there exists x € R™, which
may depend on N, such that #(—z + ¥n(U")) N Z™ > vol(¢n(U")) > et N*F™. So
there exist an integer M > ¢; N?t™ qaq,...,ay € Z™, and 21,. ..,z € U” such that

—x+Yn(z) =a;, € Z™ forall ie{l,...,M}

and the a; are pairwise distinct.

There exists ¢, > 0 such that if Ny is any integer with Ny > ¢;* then B, (2) N
Ny 'Zm £  for all 2/ € R™.

Let us fix ¢ € B, (z) N Ny 'Z™ where x comes from Blichfeldt’s Theorem. Then

qtai=(q—x)+r+a=(q—2)+Un(2) € Be,(Vn(2:)) € n(U).

Observe q + a; € Ny 'Z™ for all i € {1,..., M}.

We have proved #(¢Yn(U') N Ny 'Z™) > M > ¢;N**™ for all N > ¢;' and all
Ny > ¢!, The proposition follows by taking ¢ = min{c;,c»} and by the injectivity
statements in (i) and (ii) of Lemma 7.1. O
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8. INTERSECTION NUMBERS

Let F' be an algebraically closed subfield of C. Let S be a smooth irreducible curve
over I and let m: A — S be an abelian scheme over F' of relative dimension g > 1. In
this section we abbreviate P} by P™ for integers m > 1.

We will use the basic setup introduced in §2.2. In particular A C PM x P™ is an
admissible immersion.

Proposition 8.1. Suppose X is an irreducible, closed subvariety of A defined over F
that dominates S and is not generically special. Then there exist

e a constant c > 0,
e a finite and étale covering S — S where S" is an irreducible curve over F,
e and finitely many closed (not necessarily irreducible) subvarieties Y1, ...,Yr of
A=A xg 8, we write X' = X xg .5
such that for all integers N > ¢~ the following holds. There existsY € {Y1,...,Yr} such
that X' N [N]7X(Y) contains at least r > cN?*3X jrreducible components of dimension
0.

Note that X’ from the proposition is a closed subvariety of the abelian A’ scheme. It
may not be irreducible, but it is equidimensional of dimension dim X since S’ — S is
finite and étale. Note also that each irreducible component of X’ N[N]7}(Y) consists of
one F-rational point as X’ and [N]7}(Y) are defined over F.

We will prove Proposition 8.1 in the next few subsections.

8.1. Constructing a Covering S" — S. Further down we will need to pass to a finite
and étale covering S’ of S. In this subsection we make some preparations and mention
some facts.

We recall our convention F' C C and fix P € X(F) as in Lemma 6.2.

By assumption on X and P, we have an irreducible closed subvariety Z C A defined
over F' satisfying the conclusion of Proposition 6.1. In particular, dim Z = codim4X =
n.

We fix a prime number ¢ satisfying

(8.1) ¢~ D2at)

where D comes from (iv) of Proposition 6.1. Later on, we will impose a second lower
bound on /.

There is a finite étale covering S’ — S such that A’/S" admits all the ¢29 torsion
sections " — A'[¢] where A" is the abelian scheme A xg .S” over S’. We may assume
that S’ is irreducible. The prescribed closed immersion A — P induces a closed
immersion A" — P4,

Observe that the induced morphism p: A" — A is finite and étale. So the pre-image
of any irreducible subvariety Y of A’ is equidimensional of dimension dimY".

Let Z' = Z x5 5', this is a closed subvariety of A’ which may not be irreducible. It is
equidimensional of dimension dim Z. A further and crucial observation for our argument
is that the fibers Z;, and Z], are equal if ¢’ € S’(F") maps to t € S(F). So by Proposition
6.1(iv)

(8.2) the degree of any Z,, C P is bounded by D for all ¢’ € S'(F)
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and by the “Moreover” part of Proposition 6.1

at most finitely many fibers of Z/ — S’ over S'(C) contain a coset

(8.3) of positive dimension in the respective fiber of A" — 5’.

8.2. Local Parametrization and Lattice Points. We keep the notation introduced
above and prove the following intermediate counting result.

Lemma 8.2. Let X be as in Proposition 8.1. Then there exist

e a constant ¢ > 0,
e a prime number { satisfying (8.1),
e and a finite étale covering S’ — S, with S’ irreducible, admitting all the (%9
torsion sections S — A'[(], with '+ A" — S’ the canonical morphism, X' =
X XSS/, and 7' = 7 XSS/
such that for all integers N > ¢! the following holds. There exist r > c¢N?3mX pairs
(P{,QY),...,(P,Q.) € X'(C)x Z'(C) such that the Py, ..., P! are pairwise distinct with
the following properties for alli € {1,...,r}:
(i) We have «'(P;) = 7'(Q;) and [(N](F)) = [](Q).
(ii) The Zariski closed subset Z;/(P;) of A;,(PZ_,) does not contain any coset of positive
dimension.
(iii) IfY" is an irreducible closed subvariety of A" such that Q) € Y'(C) and P/ is not
isolated in X' N [(N]~H[()(Y")), then there exists an (-torsion section o: S —
A'[l] with o #0 and Q; € Y'(C)N (Y’ —imo)(C).

Proof. We make use of the lattice point counting technique from §7.

By Lemma 6.2 we have that P is a smooth point of X*" and X;I(lp). We have dim X =
g+ 1 —n, so we can trivialize the family X* — S*" in a neighborhood of P in X"
using a smooth map ¢; defined on Uy x U; where Uy C R? and U; € R29™ are both
open and non-empty. We may assume that &1(0) = P. After possibly shrinking U,
and U; we compose ggl with B, the Betti map b: Ax — T?9 composed by a local inverse
of R?% — T?9. This yields a smooth map ¢,: Uy x U; — R?9 that produces the Betti
coordinates relative to the local parametrization of X".

Now P is also a smooth point of Z?". Recall that dim Z = n. The same construction
yields a non-empty and open subset Uy C R?™~Y and a smooth map 9232: Uy x Uy — Z27
with 952(0) = P. We restrict if necessary and write ¢p = bo <;32: Uy x Uy — R?*. The
subsets Uy, U; and U, can be chosen to be bounded.

In this setting ¢, parametrizes b(U) where U C X® is a neighborhood of P in X and
b is a local lift of the Betti map to R%. Similarly ¢, parametrizes b(V) where V is a
neighborhood of P in Z".

We may assume, after shrinking Uy, Uy, and Us if necessary, that |¢1|c1 < oo and
|p2|c1 < oo. By Proposition 6.1(iii) the fiber Z;p) contains no positive dimensional
cosets in Ar(py. By (8.3) and up to shrinking Uy we may assume that

(8.4)  Z, contains no positive dimensional cosets in A, for all t € m(¢y(Uy x Uy)).

For any N € N and (w,z,y) € Uy x Uy x Uy we define a map
wN(wJC;Z/) = N¢1<w,$) - ¢2(way> € RQg.
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Let m;: Uy x Uy x Uy — Uy x U; be the natural projection for i = 1,2 and dy(w, x,y) as
above Lemma 7.1.

Condition (v) of Proposition 6.1 implies that d5(0) # 0. So we can apply Proposi-
tion 7.2. There exists a bounded open neighborhood U’ of 0 in Uy x U; x Uy and a
constant ¢ € (0, 1] with the following property. For all integers Ny > ¢! and N > ¢!
we have that ¢1|, ) and ¥n|yr are injective and

(8-5) # (Un(U") N NG 'Z%9) > cN*P2om) = cN2dm X

Proposition 7.2 allows us to increase Ny. From now on we fix Ny to be a prime number
¢ that satisfies (8.1) and £ > ¢~!. Asin §8.1 we fix a finite étale covering S’ — S with S’
irreducible such that A" := A xg S’ — S” admits all the ¢* torsion sections S’ — A'[/].
Recall that |¢2|c1 < 00, s0 is ¢2(Uy x Us) is bounded and

(8.6)  # (d2(Uy x Uy) — ¢po(Upy x Us)) NL~7% < C for some C independent of N.

Suppose (w,z,y) € U’ satisfies ¢n(w, z,y) € (77?9, Then {N¢;(w,x) — lda(w,y) €
729, For the Betti coordinates we find on A that

[EN](1(w, 2)) = [](¢2(w, y)) € [1(Z)(C).
Thus we get a mapping
(8.7) UN(U) N2 3 Yy (w, z,y) = (1 (w, ), do(w,y)) € X(C) x Z(C).

The image points are of the form (P;,@Q;) and lie in the same fiber above S and with
[UN)(P) = [(](Q;). By (8.5) these points arise from at least ¢cN?3m¥X elements of
Yy (U')NEZ2 for all large N. We claim that up to adjusting ¢ the number of different
P; is also at least ¢ N2dimX,

So let (w,x,y) € U’ with ¢ny(w,x,y) € £~1Z* whose image under (8.7) is (B, Q;).
Let (P}, Q) be a further pair with P, = P; that comes from ¢y (w',2',y) € (71729
where (w',2,y") € U'. Hence (w',2") = (w, x) as ¢1|r, @ is injective. Thus ¢o(w',y') —
da(w,y) = Un(w,x,y) -y, o' y) € £71Z%. By (8.6) there are at most C possibilities
for Y (w', ', '), when (z, vy, z) is fixed. So there are at most C' possibilities for (w’, ', y')
as 1y is injective on U’; recall that C' may depend on ¢ but not on V.

After omitting pairs with duplicate P; and replacing ¢ by ¢/C we have found (P;, Q;)
with pairwise different P, for 1 <i < r and r > ¢N2dmX,

Let p: A" — A denote the canonical morphism. We fix lifts P/, @} € A'(C) of P, Q;
respectively in the same fiber of A" — S’. So

(8.8) [UN](P!) = [0)(Q) forall ie{l,...,r).

2

This yields claim (i) of the lemma.

As our points P lie above points in m(¢1(Uy x Uy)) we deduce (ii) from (8.4).

[t remains to prove part (iii). Let Y’ be as in (iii), namely @} € Y’(C) and P/ is not
isolated in X' N [¢N]7Y([¢](Y")) for some i € {1,...,r}. To simplify notation we write
P'=P and Q' = Q..

Then there is a sequence (P?),en of pairwise distinct points of X'(C) that converges
in X’ to P' with [({N](P*) € [(](Y')(C) for all « € N. We fix Q* € Y'(C) with
[UN](PY) = [£)(Q%) for all « € N. Thus «'(P*) = 7'(Q%) and by continuity the sequence
[0](Q*) converges. Since [¢] induces a proper map (A)** — (A)* we may assume,
after passing to a subsequence, that the Q® converge in (Y')*" to some Q" € Y'(C).
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Taking the limit we see by continuity and (8.8) that [¢](Q") = [({N](P') = [(](Q’) and in
particular 7'(Q") = 7'(Q"). Hence

Q0" =Q +TeY'(C)

for some 7" that is either trivial or of finite prime order ¢ in A;,(Q,)((C).

All (%9 torsion sections S" — A'[{] exist, so there is one o with o(7'(Q’)) = T. Hence
Q €Y' (C)n (Y —imo)(C).

To complete the proof it remains to verify o # 0, i.e. T"# 0. For this we assume the
converse and derive a contradiction. For « large enough, the sequence member p(P®)
will be close enough to p(P') = P, as to lie in ¢1(U’). As Q" = Q' the analog statement
holds for the sequence of p(Q%), i.e. p(Q¥) € ¢o(U’) for all sufficiently large o. For
o sufficiently large we may write p(P*) = ¢ (w® z®) and p(Q®) = ¢o(w®, y®) with
(w*, z*,y*) € U'. The condition [(N](P*) = [¢(](Q*) implies [(N](p(P*)) = [£](p(Q%))
and hence

Uy (w®, 2%, w®) = Ny (w®, %) — do(w®, y*) € (179,

By continuity, the sequence ¥y (w®, % w®) is eventually constant. But ¢y is injective
on U’ by Proposition 7.2 and hence (w®,z w®) is eventually constant. So p(P?%) is
eventually constant and, as p is finite, P* attains only finitely many values. But this
contradicts the fact that the P* are pairwise distinct and concludes the proof of (iii). O

8.3. Induction and Isolated Intersection Points. Let X, /, A — S’ X', and Z’
be as in Lemma 8.2. The conclusion of Lemma 8.2 is already close to what we are
aiming at in Proposition 8.1. However, we must first deal with the possibility that most
P! from the lemma are not isolated in X’ N [(N]~1([(](Z)); otherwise we could just
take Y; = [(]71([(](Z")). We will handle this in the current subsection by introducing
additional auxiliary subvarieties derived from Z’.

Recall that D was introduced in §8.1 and ultimately comes from Proposition 6.1(iv).
For brevity we write A’[¢](S’) for the group of torsion sections S" — A’[(] of order
dividing ¢. Recall also that X’ is equidimensional of dimension dim X =g+ 1 — n.

We now describe a procedure to construct a finite set 3 of auxiliary subvarieties. To be
more precise we will construct for each k € {0,...,n} a finite set ¥; with the following
properties:

(i) If Y’ € ¥, then Y is an irreducible closed subvariety of Z’' with dimY’ < n — k.
(i) If Y’ € &), and t € S'(C) such that Y; # @, then deg¥; < D?".
(iii) If £ < n—1, then for all Y’ € ¥4 and all 0 € A'[¢](S5’) such that Y’ Z Y/ —imo,
all irreducible components of Y/ N (Y’ —im o) are elements of ¥ .

We define ¥y to be the set of irreducible components of Z’. Clearly, (i) is satisfied as
Z' is equidimensional of dimension dim Z = n. Moreover, (ii) is satified due to (8.2).

We construct the remaining 334, ..., Y, and verify the properties inductively. Suppose
k €{0,...,n— 1} and that 3; has already been constructed.

Consider the set of all Y € ¥, and 0 € A'[(](S’) with Y € Y’ —imo. There are
only finitely many such pairs (Y’, o) and we take as ¥y all irreducible components
of all YN (Y" —imo) that arise this way. This choice makes (iii) automatically hold
true for all k € {0,...,n — 1}. If Y € ¥, is such an irreducible component, then
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Y'"CY' CZ and dimY” <dimY’'—1 <n— (k+1) by (i) applied to k. This implies
(i) for k+ 1.

We now verify (ii). If Y” does not dominate S’, then the image of Y in S’ is a point
t, hence Y” =Y,”. In this case Y}” is an irreducible component of Y/ N (Y — o(t)). By
Bézout’s Theorem and since degY, = deg(Y, — o(t)) we find degY, < (degY/)?. By
(i) applied to Yy this implies deg ¥} < (D?")? = D2 So (ii) holds for all Y” that do
not dominate S’. If Y dominates S’, then for all but at most finitely many ¢ € S’(C)
all irreducible components of Y} are also irreducible components of Y/ N (Y — o(t)).
For such a t we have, again by Bézout’s Theorem, deg¥,” < (degY/)? < D" which
implies (ii). For any remaining ¢ € S’(C), observe that Y” is flat over S’ by [30,
Proposition I11.9.7] since dim S’ = 1 and Y” is irreducible. As cycles of PM the fibers
of Y" are pairwise algebraically equivalent. So degy;” < D2 for all t € S(C), see
Fulton [19, Chapters 10.1 and 10.2] on the conservation of numbers. More precisely
let Hy,..., Hgimy»_1 be generic hyperplane sections of P x S — S such that Y” N
ﬂ?;nf Y"1 H. is flat of relatively dimension 0 over S, and then apply [19, Corollary 10.2.2]
to, using the notation of loc.cit., Y = PM T = S, oy = [Y"] and o; = [H;_4] for
i=2,...,dimY"”. So we conclude (ii) for all fibers of Y regardless whether it dominates
S’ or not.

We define

Y=XgU---UX,.

It is crucial for us that the following bound involving Y’ € ¥ is independent of ¢:
(8.9) degV, < D* < D¥" for all t € §'(C) with Y] # 0.
We are now ready to prove the main result of this section.

Proof of Proposition 8.1. Let X,c, 0, A — S’, X', and Z’ be as in Lemma 8.2. We will
prove that {[¢]71([(](Y")) : Y € X} is the desired set of closed subvarieties of A’.

For N > ¢!, Lemma 8.2 produces r > ¢N24mX pairs (P}, Q}), ..., (P, Q) € X'(C)x
Z'(C) with the stated properties.

Note that each @) is a point of some element of ¥. Indeed, it is a point of Z’ whose
irreducible components are in 3. To each ¢ € {1,...,r} we assign an auxiliary variety
in Y¥; containing @) and with maximal k.

By the Pigeonhole Principle there exist k& and an auxiliary variety Y’ € ¥, that is hit
at least r/#3 times. As #X is independent of N we may assume, after adjusting ¢, that
r > cN24mX and Q) € Y/(C) for alli € {1,...,r}.

Let Y = [(]7}([¢](Y")). We prove that Y is what we want, i.e. X’N[N]71(Y") contains
at least r > cN24™mX jsolated points.

Observe that P/, ..., P, are points of X' N [N]71(Y). If they are all isolated in this
intersection then the proposition follows as they are pairwise distinct.

We assume that some P/ is not isolated in X'N[N]7*(Y") and will arrive at a contradic-
tion. By Lemma 8.2(iii) there exists a non-trivial o € A’[¢(](S’) such that YN (Y’ —im o)
contains @);. In particular, Y’ cannot be a point.

Let us assume Y/ Z Y’ —im o for now. Thus properties (i) and (iii) of ¥ listed above
imply 1 < dimY’ <n — k and that @/ lies in an element of ¥4, ;. This contradicts the
maximality of k. Hence Y’ C Y’ —imo and in particular Y/ C Y/ — o(t) where t is the
image of @)} under A" — S’
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If Y’ dominates S, then Y/ is equidimensional of dimension dimY’ — 1. If Y’ does
not dominate S’; then Y’ =Y/ is irreducible and in particular equidimensional. In both
cases we find Y/ = Y/ —o(t) and the group generated by o(t) acts on the set of irreducible
components of Y.

The number of irreducible components of Y/ is at most degYy < D?"" by (8.9).
Furthermore, o(t) has precise order ¢ since o # 0 and ¢ is prime. By (8.1) we have
¢ > D" As (is a prime there is no non-trivial group homomorphism from ARV
to the symmetric group on degY, symbols. We conclude that o(t) + W = W for all
irreducible components W of Y;.

The stabilizer Stab(W/) in A, of any irreducible component of Y, of W, satisfies
deg Stab(W) < deg(W )dmW+1 < deg(WW)9+! by [15, Lemme 2.1(ii)]. We obtain deg W <
degV) < D¥"" again from (8.9). Putting these bounds together gives deg Stab(1V) <
D¥ " @t But Stab(WW) contains o(t), a point of order ¢ > deg Stab(1W) by (8.1). In
particular, Stab(W) has positive dimension. But this implies that Y, contains a posi-
tive dimensional coset. By property (i) in the construction of ¥ we have Y/ C Z] and
therefore Z, contains a coset of positive dimension. This contradicts Lemma 8.2(ii). [

9. HEIGHT INEQUALITY IN THE TOTAL SPACE

__In this section, and if not stated otherwise, we work with the category of schemes over
Q and abbreviate ]P%? by P™ for integers m > 1. Let S be a smooth irreducible curve

defined over Q. Let 7: A — S be an abelian scheme over Q of relative dimension g > 1.
We will use the basic setup introduced in §2.2. In particular A C PM x P™ is an
admissible immersion.
Our principal result is the following proposition. It makes use of the naive height
given by (2.2).

Proposition 9.1. Suppose X is an irreducible closed subvariety of A that dominates S
and is not generically special, then there exists a constant ¢ > 0 depending on X and the
data introduced above with the following property. For any integer N > ¢! there exists
a non-empty Zariski open subset Uy C X and a constant ¢ (N), both of which depend
on N, such that

h([2V)Q) = eA¥h(Q) — ¢(N)  for all Q € Un(Q).

9.1. Polynomials Defining Multiplication-by-2 on A. Let X = [Xy : -+ 1 X))
denote the projective coordinates on PM and let Y = [V : - -+ : Y;,] denote the projec-
tive coordinates on P™. Recall condition (ii) of the admissible setting A C PY x P™:
the morphism [2] is represented globally on A C P¥ x P™ by M + 1 bi-homogeneous
polynomials, homogeneous of degree 4 in X and homogeneous of a certain degree, say cg,
in Y. In other words, there exist Gy, ..., Gy € Q[X;Y], each G; being homogeneous of
degree 4 on the variables X and homogeneous of degree ¢y on the variables Y, such that
2](a) = ([Go(ar;az) : -+ : Gp(as; as)l]; az) for any a € A(C). Here we write a = (aq;az)
under A C PM x P™. Note that ¢y depends only on the immersion A C PM x P™,

9.2. An Auxiliary Rational Map.

Lemma 9.2. Let X and Y be locally closed algebraic subsets of PM and suppose that X
is irreducible. There exists & € N that depends only on Y with the following property.
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Suppose v > 1 and Q1,...,Q, € X(Q) NY(Q) for all i € {1,...,r}. There exist

homogeneous polynomials o, @1, - .., Pamx € Q[Xo, ..., Xu| of degree §, whose set of

common zeros is denoted by Z C PM  such that the rational map ¢ = [pg @ -+ :
Odim X © PM s PAmX gatisfies:
(i) We have p(Y\Z)=[1:0:---:0] and Q; ¢ Z(Q) for alli € {1,...,7}.

(ii) If C is an irreducible subvariety of X and i € {1,...,r} with Q; € C(Q) such
that p|c\z is constant, then C CY, where Y is the Zariski closure of Y in PM.

Proof. The Zariski closure Y of Y in PM is the zero set of finitely many homogeneous
polynomials g1, ..., gn € Q[Xo,...,Xy]. We may assume that g1, ..., g, all have the
same degree 0. Note that ¢ depends only on Y.

We may fix further gy € Q[Xo, ..., X, also of degree §, such that go(Q;) # 0 for all
i€ {l,...,r}. For example, we can take gy to be the §-th power of a linear polynomial
whose zero set avoids the @);’s. The set of common zeros Zg of all g; does not contain
any (); and thus not all of Y.

We obtain a rational map G = [go : -+ : gn): PM --s P™. Observe that G(Y\Zg) =
[1:0:---:0]. Observe also that G(X\Z¢) is constructible in P and its Zariski closure
is of dimension at most dim X. This image also contains [1 : 0 : --- : 0], so there exist
homogenous linear forms Iy, ..., lgmx € Q[Xo, ..., X,,] such that

(9.1) [1:0:---:0]isisolated in Z(l1,...,lamx) N G(X\Zg).

We set I = X, and consider [ly : -+ - : lgm x| as a rational map P™ --» PImX Tt is
well-defined at [1: 0 : --- : 0] € P™(Q) and maps this point to [1: 0 : --- : 0] € PimX(Q).

We set wo = 1o(goy - -s9m), -+ - s @dim x = ldim x(go, - - - » gm ). Then ; is homogeneous of
degree § for all i € {0,1,...,dim X }. Let Z be the set of common zeros of the ;. Then
Qi € Z(Q) for all i by construction. The rational map ¢ = [y : -+ : Paimx]: PM --»
PdmX js defined on @; and maps Y\Z to [1:0: ---:0]. We conclude (i).

Let C be as in claim (ii). Then C\Z is non-empty and is mapped to [1 : 0 : --- :
0] € P™X(Q) under ¢. So [y, ..., lgmx vanish on G(C\Z). As the image G(C\Z) C

G(C\Zg) contains G(Q;) = [1 : 0 : --- : 0] € P™(Q) we infer from (9.1) that the
g1, -+, gm vanish on C\Z. Hence C\Z C Y and so C C Y since C\Z is Zariski dense
in the irreducible C. O

The map ¢ depends on the collection of (); in the previous proposition, but the degree
0 does not. Also note that the @);’s are not necessarily pairwise distinct.

9.3. Height Change under Scalar Multiplication. The following lemmas are proven
by the second-named author in [27]. Lemma 9.4 is our main tool to deduce the de-
sired height inequality (Proposition 9.1) from the “division intersection points” counting
(Proposition 8.1).

Lemma 9.3. Let X be an irreducible variety over C and let p: X --» PIMX pe g
rational map. Then for any Q € PY™X(C), the number of zero-dimensional irreducible
components of p~1(Q) is at most degp. By convention we say that degp = 0 if ¢ is
not dominant.

Proof. This is [27, Lemma 4.2]. The crucial point is that P&™ X is a normal variety. O
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Lemma 9.4. Let X C PM be an irreducible closed subvariety over Q of positive dimen-
sion. Let p: X —-» PIMX be the rational map given by © = [po 1 -+ : Qaim x| Where @;
are homogeneous polynomials with coefficients in Q that are not all identically zero on
X and have equal degree at most D > 1. Then there exist a constant ¢ = c¢(X, ) and a

Zariski open dense subset U of X such that @, ..., paqmx have no common zeros on U
and
1 deg ¢
h(p(P)) > — _ h(P) —
(90( )) - 4d1mX deg(X) Ddlmel ( ) ¢
for any P € U(Q).
Proof. This is [27, Lemma 4.3]. O

Now we are ready to prove Proposition 9.1.

To X, recall that we associated in Proposition 8.1 a finite étale covering S” — S. Set
X' =X xg 5. Then X’ is a closed subvariety of A" = A xg S" and equidimensional of
dimension dim X. Let p: A" — A denote the natural projection, it is finite and étale.
Let S be the Zariski closure of S in P™ . We fix a smooth projective curve S’ that
contains S’ as a Zariski open subset, then S’ — S extends to a morphism S’ — S. Some
positive power of the pull-back of O(1) under S” — S — P™ yields a closed immersion
57 — P™ for some m’ € N. The pull-back of the closed immersion A — PM x S yields
a closed immersion A’ — P x S’ and thus an immersion A’ — PM x P

We recall that [2] on A C PM xP™ is presented globally by bihomogeneous polynomials
Go,...,Gy on A described in §9.1. The morphism S’ — S — P™ is defined Zariski
locally on S’ by an (m + 1)-tuple of homogeneous polynomials in m’ + 1 variables. In
other words there is a finite open cover {S’}"., of S’ such that S’ — S is represented
on each S/, by a tuple F,, of homogeneous polynomials of equal degree and no common
zero on S!,. Above each S/, the morphism [2] is defined by [2](a1, az) = ([Go(a1, Fu(az)) :
oo Gurla, Fo(ag))], a2); here a = (a1,a2) € A'(Q) € PM(Q) x P™(Q) lies above S,.
Iterating [2] we find that for all integers N > 1 and above each !, the morphism [2V] is
defined by bihomogeneous polynomials with degree in a; equal to 4" and degree in a,
at most ¢; (4" — 1)/3; here ¢; = ¢gdeg F,, and ¢ is as in §9.1. As for several constants
below, ¢; may depend on A" and X', but not on V.

Let us embed A’ in PM+DM'+D-1 by composing the immersion A" — PM x P
with the Segre morphism P x P — PM+D(m +1)=1 = After locally inverting the Segre
morphism and increasing n; we obtain to an open cover {V,} L, of A’ a refinement
of {A'|g; }a, such that [2¥]]y,: V, — A’ is represented by a tuple of homogeneous
polynomials of degree at most c,4” on each V,,. Here n; and ¢, are independent of N.

For any irreducible component X{ of X' the restriction p|x;: X — X is dominant and
dim X, = dim X. So Silverman’s height inequality [46] applies; here we could have also
used the Height Machine and Lemma 9.4. To prove the proposition, it suffices to find
a constant ¢ > 0 that is independent of N with the following property. For any integer
N > ¢! there exist an irreducible component X of X', a non-empty Zariski open subset
Uy € X, and a constant (N, Xg) such that h([2V]Q) > c4Vh(Q) — ¢ (N, X;) for all
Q € UN(Q). Then we can take Uy to be a non-empty Zariski open subset of X with
Un C p(Uy) and ¢(N) = (N, X{).
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Let ¢3 > 0 be the ¢ in Proposition 8.1 and let Y7,...,Yr be the subvarieties of A’
therein. The constant c3 and the varieties Y7, ..., Yz will depend on on X and A, but
not on N. We work with 2V instead of NV in Proposition 8.1. So for any sufficienty large
(but fixed) N we let Py, ..., P, € X'(Q) with r > ¢34V 4™ be pairwise distinct points
as in Proposition 8.1 and Y € {Y1, ..., Yz} such that [2V])(P;) € Y(Q) and P, is isolated
in X' N[2Y]71(Y) for all 4.

Suppose X’ has ny irreducible components, then n, is independent on N. We apply
the Pigeonhole Principle to find o € {1,...,n;} and some irreducible component of X’
such that at least c34™ 4™X /(nny) points P lie on V,, and this component. Replace X’
by the said component and replace c3 by ¢3/(nins). Now we may assume that there is
a tuple of homogeneous polynomials of equal degree at most cp4" that define [2V] on a
Zarski open subset of X’ C A’ C PM+D(m'+D)=1 that contains all the P,’s.

We apply Lemma 9.2 to [2V](X') C A’ € PM+DHD-1 "y “and the points [2V](P)), . . .

Thus we obtain a rational map : PMFDMm+D=1 __, pdim X" qefined at all [2V](P;) that
arises from homogenous polynomials of equal degree dy. Observe that dy depends only
onY € {Yy,...,Yg}. Let 6 = maxycqy,,. vu} dy. Now that {Yi,... Yz} is fixed as N
varies, this does not endanger our application. There exists a constant ¢4(p) > 0 such
that

(9.2) h(p(Q)) < 6h(Q) + caly)

for any @ outside the set of common zeros of the polynomials involved in ¢, see [32,
Theorem B.2.5.(a)]. To emphasize that ¢ may depend on N we write c4(N) for c4(p).
For N as before we define V) = ¢ o [2V]: X’ -=» P4 X' Then by Lemma 9.2(i),

each P; is mapped via ™) to [1:0:---:0].
We would like to invoke Lemma 9.3 to bound deg o™ from below by 7. To do this
we must verify that each P is isolated in the fiber of ™) above [1:0:---:0]. Let

us suppose C' C X' is irreducible, contains P;, and is inside a fiber of ™). Apart from
finitely many points, [2V](C) is in a fiber of ¢. Now we apply Lemma 9.2(ii) to conclude
that [2V](C) is contained in the Zariski closure of Y inside PM+ D +1=1 Byt Y C A,
so C' C [2Y]71(Y)). Now Proposition 8.1 implies C' = {P,}.

This settles our claim that P, is isolated in the fiber of ™) and we conclude deg M) >
> egaNdimX

Recall that there is a tuple of homogeneous polynomials of equal degree at most c,4"
that define [2V] on a Zarski open subset of X’ C A’ C PM+107+1)=1 that contains all P;.
So we can describe ™) on this subset of X’ using polynomials of degree at most c,d4".
We apply Lemma 9.4 to o) and the Zariski closure of X’ in PM+D'+1)=1 t4 conclude
that there exists a constant ¢ > 0, independent of N, and a constant cg(/N) > 0, which
may depend on N, such that

(9.3) h(e™M(P)) > ;4 h(P) — c6(N)

for all P € Uy (Q) where U is non-empty Zariski open in X’ and may depend on V.
Now by letting @ = [2V]P and dividing by ¢ in (9.2), we get by (9.3) that

h(2V1P) = TAVR(P) — er(N)
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for all P € Uy (Q) after possibly shrinking Uy. The proof is complete as c5/4 is inde-
pendent of V. O

10. NERON—TATE HEIGHT AND HEIGHT ON THE BASE

The goal of this section is to prove Theorem 1.4 and the slightly stronger Theorem 1.4".
We will use the basic setup introduced in §2.2. Thus S is a smooth, irreducible curve
over Q, m: A — S is an abelian scheme of relative dimension > 1, and A C IP’% X IP’% is

an admissible immersion. All varieties in this sections are defined over Q.

10.1. Auxiliary Proposition. We prove the following proposition; recall that both
heights below are defined as in §2.2.

Proposition 10.1. Assume X is an irreducible closed subvariety of A that is not gener-
tcally special. Then there exist a non-empty Zariski open subset U C X defined over Q
and a constant ¢ > 0 depending only on A/S, X, and the admissible immersion such
that

(10.1) hP) <c (1 + fm(P)>
for all P € U(Q).

Proof. By the Theorem of Silverman-Tate [45, Theorem A], there exist a constant ¢; > 0
such that

(10.2) |ha(P) — h(P)| < ¢i(1+ h(n(P)))

for all P € A(Q); observe that this proof also holds without the smoothness assumption
when working with line bundles instead of Weil divisors.

To prove the proposition we may thus assume that 7 is non-constant on X. Therefore,
X dominates S.

Since X is not generically special, we can apply Proposition 9.1 to X. There exists
a constant co > 0, depending on X, A, and its admissible immersion, such that the
following holds. For any integer N > c¢;', there exists a Zariski open dense subset
Un € X and a constant c3(N) > 0 such that

(10.3) h([2N]1P) > cod™Mh(P) — c3(N)

for all P € Ux(Q); we stress that Uy and c3(N) > 0 may depend on N in addition to
X, A, and the immersion. B
Now for any integer N > ¢, and any P € U. N(Q) we have

a(2Y)(P) = A(N(PY) — e (1 + G (2¥)(P))) by (102)

= h([2")(P)) = 1 (1 + h(m (P)))

> 4V h(P) — c3(N) — ¢ (14 h(P)) by (10.3) and h(7(P)) < h(P) (2.2).
But h4([2V]P) = 4Vh4(P) and dividing by 4V yields

Cg(N) + C1
4N

ha(P) > <02 - Af—}v) h(P) —

for all N > ¢;' and all P € Ux(Q).
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Recall that ¢y and c3 are independent of N. We fix N to be the least integer such
that 4V > 2¢;/c; and N > ¢;'. Then

Cg(N ) +
AN
for all P € Uy(Q). Since N is fixed now, the Zariski open dense subset Uy of X is

also fixed. For an appropriate ¢ > 0, depending on N, ¢y, ¢y, and c3(IN) we conclude
(10.1). O

10.2. Proof of Theorem 1.4. The first inequality in (1.1) follows from the definition
of ha,(-) and as the absolute logarithmic Weil height is non-negative. To prove the
second inequality we may assume, by properties of the height machine, that the two
height functions appearing in the conclusion arise from an admissible immersion. We
do an induction on dim X. When dim X = 0, this result is trivial. So let us assume
dim X > 1.

If X is generically special then X* = () and there is nothing to show. Otherwise we
may apply Proposition 10.1 and so the inequality (10.1) holds for any x € (X \ Z)(Q)
for some proper closed subvariety Z of X defined over Q. Let Z = Z; U---U Z, be
the decomposition into irreducible components. Since dim Z; < dim X — 1 we may do
induction on the dimension. By the induction hypothesis, the inequality (10.1) holds for

all points in Z;(Q)U---U Z*(Q). Therefore the inequality (10.1) holds for all points in

(X\2)@QuUZi@QU---UZ(Q) _
To prove that the inequality (10.1) holds for all points in X*(Q), it suffices to verify
X*C(X\Z)UZU---UZ".
But this is equivalent to the inclusion
(10.4) X\ X" 2ZNn(X\Z)H)n---Nn(X\ZH=Z\Z))n---n(Z\ Z)).

Finally, a generically special subvariety of A contained in some Z; will be contained in
X, and therefore (10.4) holds true.
Now the inequalities in Theorem 1.4 and Theorem 1.4’ hold since, by (2.2), h(7(P))

<
h(P) for any P € A(Q). O

BAPﬁz%hGU—

11. APPLICATION TO THE GEOMETRIC BOGOMOLOV CONJECTURE

In this section we prove Theorem 1.1 over the base field Q and abbreviate IP%L by P™.

More general base fields can be handled using the Moriwaki height version of Theo-
rem 1.4. More details are presented in Appendix A.

There exists a smooth, irreducible, quasi-projective curve S over Q whose function
field is K. We fix an algebraic closure K O K of K. As in §2.2 we can find, up to
removing finitely many points of S, an abelian scheme A — S whose generic fiber is A
from Theorem 1.1. We equip A with an admissible immersion A — PM x P™, cf. §2.2.

In particular, we have an immersion ¢: S — P™. For s € S(Q) we set

1
= Fo 5"

where h on the right-hand side is the height on P™(Q) and deg S is the degree of the
Zariski closure of ¢(S) in P™. We use the same normalization as in Silverman’s work [45,

(11.1) hs(s)
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§4], which will play an important role momentarily. In addition, we have the fiberwise
Néron Tate height hy: A(@Q) — [0,00), ¢f. (2.3). On A we also have a Néron Tate
height hg 4: A(K) — [0,00), cf. the end of §2.1.
Before we get to the nuts and bolts we state Silverman’s Height Limit Theorem.
Recall that we can represent a point z € A(K) = (A ®x K)(K) using a section
S’ — A xg S where S’ is a smooth, irreducible curve and p: S” — S is generically finite
morphism. We write o, for the composition S’ — A xg S’ — A. We may evaluate h4

at 0,(t) € Ay for all t € S'(Q).

Theorem 11.1 (Silverman). In the notation above we have

(11.2) lim hato:t) _;
es'@  hs(p(t))
hs(p(t))—o0
Proof. This follows from [45, Theorem B| via a base change argument as follows. The
smoothness condition in this reference can be dropped when using line bundles instead of
Weil divisors. Observe that Silverman’s Theorem deals with the rational case x € A(K)
which comes from a section S — A.

We have a morphism o,: S’ — A which composed with A — S equals p: " — S.
We write K’ = Q(S') and A = A ®x K'. Then hg: S'(Q) — [0,00) is defined
analog to hg via an immersion of S’ into some projective space and then normalizing
as in (11.1). Of course, hgs depends on the choice of this immersion. But we have
hs(p(t))/hs (t) — degp = [K': K] for t € S"(Q) as hg(p(t)) — oo by quasi-equivalent
of heights on curves, cf. [7, Corollary 9.3.10] and our choice of normalization. Silverman’s
Theorem applied to 2 € A(K’) implies ha(o,(t))/hs (t) — iALK/,AK, (x) as hg(t) = oo
for t € S'(Q). Thus ha(ou(t))/hs(p(t)) — [K' : K]‘%KQAK,(ac) for t € S'(Q) and
hs(pl(t) = 0. A A

Now hg 4 and hgs 4 are related by hgra,, = [K' : K]hg , this follows from the
related statement for naive heights, cf. [14, Remark 9.2], and passing to the limit. The
factor [K’ : K| cancels out with the same factor coming from quasi-equivalence of heights
and this yields (11.2). O

K,A(J7>-

Now we complete the proof of Theorem 1.1.

It is enough to prove the theorem for the symmetric line bundle L attached to the
closed immersion A — P¥.

Let X be the Zariski closure of X inside A D A O X. Then X is irreducible and flat
over S and X is the generic fiber of X — S.

Therefore by the assumption on X the variety X is not generically special. We will
apply Proposition 10.1, so let U be the Zariski open and dense subset of X from this
proposition.

We define U = U N X, where the intersection is inside A. This is a Zariski open and
dense subset of X. R

It suffices to prove that there exists € > 0 such that x € U(K) implies hg (x) > €.

Indeed, let x € U(K') where K' is a finite field extension of K contained in K. As
above, there are an irreducible, quasi-projective curve S’ over Q with function field K”,
a generically finite morphism p: " — S, and a section " — A x g S’ determined by =x.
We write o,: S — A for this section composed with A xg S" — A.
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The Zariski closure ) in A of the image of o, is an irreducible closed curve in A. We
have ) C X as x € X(K'). Moreover, Y NU # () since x € U(K). So Y NU is a curve
that differs from ) in only finitely many points.

We fix a sequence t1,ts,... € S'(Q) such that lim,, . hs(p(t,)) = oco. Silverman’s
Theorem implies

hA(U tn)) 7

A )

For n large enough we have o,(t,) € U(Q). By Proposition 10.1 there exists a constant
¢ > 0, independent of x, 0., and n, such that

(11.4) h(ox(tn)) <c <1 + fLA(ax(tn))> for all large integers n.

By (2.2) the naive height h(o,(t,)) is at least the height of (7 (0. (t,))) = t(p(t,)) €
P™(Q). By our choice (11.1) we have h(t(p(t,))) = deg(S)hs(p(tn)). We insert into
(11.4) and divide by hg(p(t,)) to obtain

1+ ha(og(tn))

deg S <c¢
hs(p(tn))
Finally, we pass to the limit n — oo and recall (11.3) to conclude hg 4(z) > deg(S)/c.
The theorem follows as ¢ and deg(S) are independent of x. g

APPENDIX A. PASSING FROM Q TO ANY FIELD OF CHARACTERISTIC 0

In this appendix, we sketch a proof of Theorem 1.1 for any k algebraically closed
of characteristic 0. We do this by proving a Moriwaki height version of Theorem 1.4,
allowing Q to be replaced by any algebraically closed field of finite transcendence degree
over Q. Then we repeat the proof of Theorem 1.1 for k = Q (§11) with this new height
function to get the result when trdeggk < oo. Finally we use essential minimum to
reduce to this case.

A.1. Moriwaki height. In this subsection we review Moriwaki’s height theory [38].

Let ko be a finitely generated field over Q with trdeg(ko/Q) = d. Moriwaki [38]
developped the following height theory, generalizing the classical height theory for Q.

Fix a polarization B = (B;H,,...,Hy;7) of the field kg, i.e. a flat and quasi-
projective integral scheme over Z, a collection of nef smooth hermitian line bundles
H,,...,H;on B and an 1somorphlsm of fields 7: Q(B) — ko. In most of the literature,
includlng Moriwaki’s paper, the isomorphism 7 is omitted as it is fixed.

Let X be an irreducible projective variety over ky and let L be a line bundle on X
which is defined over ky. Moriwaki [38] defines a height function

(A1) h8 i X(ko) » R

which is well-defined modulo the set of bounded functions on X (k). We will not repeat
the exact definition of the Moriwaki height here, but will mention some properties. If
the field ko is clear from the context, then we abbreviate hp} y ; to h% ;. If furthermore

X is clear, then we abbreviate it to h?.
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Before going on, let us make the following remark. If & is a field with an isomorphism
t: kg — kj, then we have a polarization B = (B;Hy,...,Hg;to7) of k). For any
algebraic closure ko of k), ¢ extends (non-uniquely) to an isomorphism kg — ko which
we still denote by ¢ by abuse of notation. Then h?g: oL = hkﬁo.

As is pointed out by Moriwaki, if ky is a number field, then we recover the classical
height functions. Just as the classical height, the Moriwaki height (A.1) satisfies the
several properties.

Proposition A.1 (Height Machine for the Moriwaki height). We keep the notation from
above.
(1) (Additivity) If M is another line bundle on X, then hipg,, = hp + hyy.
(2) (Functoriality) Let q: X — Y be a quasi-finite morphism of projective varieties
over kg and let M be a line bundle on'Y . Then

th = hj\ﬁ/[ °q
(3) (Boundedness) The function h? is bounded below away from the base locus of L.
In particular h¥ is bounded on X (ko) if L = Ox.

(4) (Northcott) If L is ample, and if B is big, i.e. the H;’s are nef and big. Then
for any real numbers B, D, the set

{P € X(ko) : hWP(P) < B, [ko(P) : ko] < D}
s finite.

(5) (Algebraic Equivalence) If L and M are algebraically equivalent and L is ample,

then -
hB.(P
i r(P)
WB(P)—oo hB(P)
Proof. Part (1), (3) and (4) are proven by Moriwaki [38, Proposition 3.3.7(2-4)]. See
[54, Proposition 2(iv)] for a proof of part (2), note that the smoothness assumption is
unnecessary and that ¢ must be generically finite in [38, Proposition 1.3(2)]. Part (5)

can be proven by a verbalized copy of [34, Chapter 4, Proposition 3.3 and Corollary 3.4]
with the usual height function replaced by the Moriwaki height. U

Proposition A.1 enables us to transfer results involving only properties of the height
listed in the Height Machine to the Moriwaki height.

Next we turn to abelian varieties. Let A be an abelian variety over kg, and let L be
a symmetric ample line bundle on A which is defined over ky. The limit

(A.2) hB(P) = lim 272"hB([2"]P) for all P € A(ko)
n—oo

exists and is independent of the choice of a representative of the height function. TheE ﬁ?
is called the canonical or Néron—Tate height on A(ky) attached of L with respect to B. If
ko = Q, then h® coincides with the usual Néron—Tate height over Q. Moriwaki [38, §3.4]
proved that the Néron—Tate height hB is quadratic, i.e.
hB(IN]P) = N?hB(P) for all P € A(k).
The following proposition is proven by Moriwaki [38, Proposition 3.4.1].
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Proposition A.2. (i) We have hB(P) > 0 for all P € A(ky).
(i) We have hB(P) =0 for all P € A(kg)sor-
(iii) Assume B is big, i.e. H;’s are nef and big. Then ﬁ?(P) =0 if and only if P is
a torsion point.

A.2. Height Inequality. Let ko be a finitely generated field extension of Q. Let B be
a polarization of ky. Let ko be an algebraic closure of k.

Let S be a smooth irreducible quasi-projective curve over kg, and let 7: A — S be
an abelian scheme over ky of relative dimension g > 1. We fix a smooth, irreducible
projective curve S over kg that contains S as a Zariski open subset. Let M be an ample
line bundle on S defined over k. Let £ be a symmetric relatively ample line bundle on
A/S defined over ky. Then we have the following analogue of Theorem 1.4.

Theorem A.3. Let X be a closed irreducible subvariety of A over ko and let X* be
as above Proposition 1.3 with k = ko. Then there exists ¢ > 0 depending only on
B, A/S, X, L, and M such that

hB L (P) < c (1 + BEL(P)) for all P e X*(ko)

where hEM is the Moriwaki height defined by (A.1), and fzﬁﬁ(x) is the Néron—Tate
height ﬁ?ﬂm (z) defined by (A.2) on the abelian variety Axe.

If kg is a subfield of C, then we can take ko C (i In this case we can proceed as in the
proof of Theorem 1.4, with the usual height over Q replaced by the Moriwaki height over
ko. In fact we only used Q in the arguments involving heights, i.e. Proposition 9.1 (in fact
only Lemma 9.4 and below) and Proposition 10.1 (for this we need the Moriwaki height
version of Silverman-Tate, which is [54, Theorem 2]). Now Proposition A.1 provides us
with the Height Machine for h? and hence all the arguments are still valid.

For general ky finitely generated over Q, we have that kg is isomorphic to a subfield
k{ of C via some ¢. Let ko be the algebraic closure of & in C, then ¢ extends to some
L kg — k;_ol. As explained in the paragraph below (A.1), we can get a polarization B of
k{ such that hkﬁ(/: oL = hkﬁo. So we are reduced to the case where k is a subfield of C and
hence we are done.

A.3. Geometric Bogomolov Conjecture. Suppose that we are in the situation of
Theorem 1.1. There exists a smooth, irreducible, quasi-projective curve S over k whose
function field is K. We can find, up to removing finitely many points of S, an abelian
scheme A — S whose generic fiber is A. We write X for the Zariski closure of X under
A C A. Then X is a closed irreducible subvariety of A. We fix an algebraic closure
K D K of K and a smooth, irreducible, projective curve S that contains S as a Zariski
open subset.

The symmetric ample line bundle L extends, up to removing finitely many points of
S, to a symmetric relatively ample line bundle £ on A/S. There exists a field kq finitely
generated over Q such that S, A4/S, £ and X are defined over ky. We treat these objects
as being over k.

Let us take an ample line bundle on S defined over k.
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By [22, EGA IV,, Proposition 2.8.5] X is flat over S and i~ !(X) = X, so X is the
generic fiber of X — §. Therefore X is not generically special by the assumption on X.
Hence X* is Zariski open dense in X by Proposition 1.3.

Take algebraic closures kg in k and ko(S) in K. From now on we see X, A, and L as
defined over ko(S). We claim that there exists a constant ¢ > 0 such that

(A.3) {P e X(ko(5)) : ER(S),A,L(P) <€}
is not Zariski dense in X.
We indicate how to modify the proof in §11 to prove this claim. The only changes are

e The Zariksi open subset U of X is replaced by A™.

e Instead of Proposition 10.1, we use the generalized version of Theorem 1.4. More
precisely let B be a big polarization of kg, i.e. the H,’s are nef and big. Apply
Theorem A.3 to the subvariety X C A and (ko, B) to obtain a constant ¢ > 0.

e The polarization B is big, so there exists a sequence of points t1,t,... € S(kg)
such that lim,,_, hg m(tn) = 0o. Also the Moriwaki height version of Silverman’s
Theorem (11.2) still holds, see [54, Theorem 3]. In fact Proposition A.1 provides
us with the Height Machine for h® and hence Silverman’s original proof still

works with the usual height function replaced by the Moriwaki height.

We are not done yet because we want to replace ko(S) by K in (A.3). Indeed, K =
ko(S)®g, k contains k which is an arbitrary field of characteristic 0 and therefore possibly
not finitely generated over Q. To proceed we prove the following statement on the
essential minimum

fess(X) = inf {e >0:{P e X(ko(9)): ﬁ%(S%A,L(P) < €} is Zariski dense in X} .

The analog pless(Xx) where Xg = X ®j,(s) K is defined similarly but involves K.
Claim: If pes(Xx) = 0, then e (X) = 0.

S. Zhang proved two inequalities relating the essential minima and the height of a
subvariety of an abelian variety in the number field case [65]. To prove our claim we
require Gubler’s [25, Corollary 4.4] version of Zhang’s inequalities for function fields.
See §3 of [25] for the definition of the height of a subvariety of A.

More precisely, fiess(X) = 0 if and only if EE(S), A(X) = 0. Moreover, fies(Xk) =
0 if and only if iLK Ar.0(Xkg) = 0. Finally, we sketch how to prove the equality
l}%(s), aL(X) = hic a,.1, (Xx) which settles our claim. The base change involves only

an extension of the field of constants k/ky under which the naive height on projective
height remains unchanged. The height of a subvariety of some projective space can be
defined as the height of a Chow form and is thus invariant under base change as well.
Finally, the canonical height of a subvariety of A is a limit as in Tate’s argument and is
thus invariant under base change.

APPENDIX B. PROPOSITION 1.3 FOR HIGHER DIMENSIONAL BASE

In this appendix, we explain how to generalize Proposition 3.1 to higher dimensional
base. We work under the frame of §3 except that we do not make any assumption on
dim S. In other words, out setting is as follows.
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Let k be an algebraically closed field of characteristic 0. Let S be a smooth irreducible
quasi-projective variety over k and fix an algebraic closure K of K = k(S). Let A be an
abelian variety over K.

We start with the following proposition.

Proposition B.1. Assume AX/* = 0. The order of any point in
(B.1) [P e AR),, : [K(P): K] < D)
1s bounded in terms of A and D only.

Proof. Fix an irreducible projective variety S over k whose function field is K. We may
take S as a Zariski open dense subset of S such that A extends to an abelian scheme
A — S, namely the generic fiber of A — S is A. We may furthermore shrink S such
that S is smooth and that S\ S is purely of codimension 1. We denote by i: A — A
the natural morphism.

Any P € A(F)tor defines a morphism op: SpecK — A. Suppose the order of P is N.
Then the Zariski closure of Im(i o op), which we denote by 7T, is irreducible, dominates
S and satisfies [N]7T = 0. So 7 is an irreducible component of the kernel of [N]: A — A
by comparing dimensions. In particular 7 < ker[N] is an open and closed immersion.
But ker[N] — S is finite étale, so is T — S. Thus 7 — S is an étale covering of degree
[K(P) : K]. -

In other words, any torsion point P € A(K)
[K(P) : K]. B

By Lemma B.2 below, the compositum F' in K of all such extensions K(P) of K of
degree at most D is a finite field extension of K. For S curve we cited [53, Corollary
7.11]. In particular, P € A(F') for all P in (B.1).

Now AX/¥ = 0. So the Lang-Néron Theorem, cf. [35, Theorem 1] or [14, Theorem 7.1],
implies that A(F) is a finitely generated group. Thus [M](P) = 0 for some M € N that
is independent of P. Our claim follows. O

tor Yields an étale covering of S of degree

Lemma B.2. Let k be an algebraically closed field of characteristic 0 and let S be a
smooth irreducible quasi-projective variety over k. Then for any integer D > 0 there are
at most finitely many étale coverings of S of degree < D.

Proof. 1t suffices to prove that the étale fundamental group m(S) is topologically finitely
generated.

Let ky be an algebraically closed subfield of k£ which is of finite transcendence degree
over Q such that S is defined over ky. Then we can fix an embedding kg < C. We write
So for the descent of S to kg, namely S = Sy ®y, k. We also write S¢ = Sy ®y, C for the
base change of Sy to C.

Let sg: Speckq — Sy be a geometric point. Denote by s: Speck — S, resp. s¢: SpecC —
Sc, the corresponding geometric points.

It is a classical result that the topological fundamental group m (S2", sc) is finitely
generated. Hence by Riemann’s Existence Theorem [24, Exposé XII, Théoreme 5.1]
the étale fundamental group m(Sc, sc) is topologically finitely generated. But then
m1(Sc, sc) = m1(So, so) by [10, Corollary 6.5 and Remark 6.8]. So (S, so) is topolog-
ically finitely generated. Then again by [10, Corollary 6.5 and Remark 6.8], we have
(S, s) = (S0, So). So w1 (S, s) is topologically finitely generated. O
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Now we are ready to prove:

Proposition B.3. let V be an irreducible variety defined over k and V = Vy @, K. By
abuse of notation we consider Vo(k) as a subset of V(K). Define ¥ = Vi(k) X Agor C
V(K) x A(K).

Let Y be an irreducible closed subvariety of V x A such that Y (K) N lies Zariski

dense in Y. If AK/F =0 then Y = (Wy @, K) x (t+ B) where Wy C Vy is an irreducible

closed subvariety, t € A(K),,, and B is an abelian subvariety of A.

The only difference of this proposition with Proposition 3.1 is that we do not make
any assumption on dim S.

As we have pointed out, in the proof of Proposition 3.1 the only place where we
used the assumption dim S = 1 is to prove the statement involving (3.2). But for S of
arbitrary dimension this follows from Proposition B.1.

APPENDIX C. HYPERBOLIC HYPERSURFACES OF ABELIAN VARIETIES

Suppose F' is an algebraically closed field of characteristic zero. For each integer
d >0 we let F[Xy, ..., Xnlq be the vector space of homogeneous polynomials of degree
d in F[Xo,..., Xy together with 0. In this section we identify F[Xy, ..., Xy]s with

M+d

AUS)(F), where we abbreviate AM = AM and PM = P,

Brotbek’s deep result [9] implies that a generic sufficiently ample hypersurface in a
smooth projective variety over C is hyperbolic. In the very particular case of an abelian
variety we give an independent proof that involves an explicit bound on the degree.
Recall that an irreducible subvariety of an abelian variety is hyperbolic if and only if it
does not contain a coset of positive dimension by the Bloch—Ochiai Theorem. The main
results of this paper do not depend on the Bloch—Ochiai Theorem.

Proposition C.1. Let A be an abelian variety over F of dimension g > 1 with A C PM
M+d
and suppose d > g— 1. There exists a Zariski open and dense subset U C AN ), whose

complement in AN has codimension at least d + 2 — g, such that if f € U(F), then
AN Z(f) does not contain any positive dimensional coset.

A direct corollary of this proposition is the following statement. Let L be a very
ample line bundle on A giving rise to a projectively normal, closed immersion A < PM
and say P € A(F). Then the hypersurface defined by a generic choice of a section in
H°(P",O(d)) vanishing at P is hyperbolic for d > g.

Suppose V is an irreducible, closed subvariety of PM with ideal I C F[X,, ..., X].
We write Iy = I N F[Xo,...,Xula. Then F[Xo,..., Xnla/ls is a finite dimensional
F-vector space and the Hilbert function of V' is defined as

A, (d) = dim(F[Xo, .. ., Xarla/ L)

for all d > 0.

Lower bounds for J#;(d) were obtained by Nesterenko, Chardin, Sombra, and others.
We only require a very basic inequality.

Let r = dim V > 0. After permuting coordinates, which does not affect the problem,
we suppose that Xy ¢ [ and that X;/Xo,..., X, /X, are algebraically independent
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elements when taken as in the function field of V. It follows that the composition

F[XQ,...,Xr]d F[XO,...,XM]d — F[Xo,...,XM]d/Id

is injective. Therefore,

inclusion

b%ﬁﬁzﬁmFM@”W&h:(%+ﬂ

r

for all d > 0.
We assume r > 1 is an integer. By basic properties of the binomial coefficients we
have (") > (49 = d + 1. So
dimV +d
C.1 J6,(d) >
if dimV > 1.
We begin with a preliminary lemma that involves cosets in A with fixed stabilizer.

)2d+1

Lemma C.2. Let M, A, and g be as in the proposition above with g > 2. Let B be an
abelian subvariety of A of positive dimension such that d > max{1,g — dim B}. There

exists a Zariski open and dense subset U C A(Aﬁd>, whose complement in ACH) has

codimension at least d + 1+ dim B — g, such that if f € U(F), then AN Z(f) does not
contain any translate of B.

Proof. Say N = (M]\}rd) > M +d > g > 2. For the proof we abuse notation and consider
elements in PY~1(F) as classes of homogeneous polynomials in F[Xy,..., Xy] \ {0}

of degree d up-to scalar multiplication. So f(P) = 0 is a well-defined statement for
f€PY"YF) and P € PY(F) and the incidence set

{(f.P) e PY7H(F) x A(F) : f(P) =0}

determines a Zariski closed subset Z C PV x A.

We consider the two projections m: PY=1 x A — PN~ and p: PN~1 x A — A.

Then p|z: Z — A is surjective and each fiber of p|z is linear variety of dimension
N —2.

Say B is an abelian subvariety of A with dim B > 1. Let ¢: A — A/B denote the
quotient map. We write ¢ = (idpnv-1,0): PV71 x A — PV~! x (A/B); this morphism
sends (f, P) to (f,(P)). The fibers of ¢ have dimension dim B and so

{(,P) € Z(F) :dimzp) |z (¢(f, P)) > dim B}
(C.2) —{(f,P) € Z(F): P+ B C Z(f)}

defines a Zariski closed subset Z, of Z. If Z, is empty then the lemma follows with
U = AM\{0}. Otherwise, let Wy,..., W, be the irreducible components of Z,,.
If P € A(F), then the fiber of p|z, above P is empty or has dimension

dimI(P+ B)g—1=dimF[Xo,...,Xuyla— 1 — Hyp(d) <N —1—(d+1).

where we used (C.1). So any non-empty fiber of p|y, has dimension at most N—1—(d+1).
and by the Fiber Dimension Theorem we conclude

(C.3) dmW; < N—-1—(d+1)+dimp(W;) < N —-d+g—2
forallie {1,...,r} as dimp(WW;) < dim A < g.
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If (f,P) e W;(F), then {f} x (P+ B) C Z,. Soif (f, P) is not contained in any W;
with i 2 j, then {f} x (P + B) C W, by the irreducibility of P+ B. We conclude that a
general fiber of 7|y, has dimension at least dim B. By the Fiber Dimension Theorem we
find that dim W; > dim B + dim w(W;) for all i € {1,...,7}; note that 7(W;) is Zariski
closed in PN~

Together with (C.3) we conclude dim7(Z,) = max;<;<, dimw(W;) < N —d+g—2—
dim B and thus

codimpyv-17(Z,) > d+1— g+ dim B.

As w(Z,) is Zariski closed in PY~! we conclude that U’ = PV~1\1(Z,) is Zariski open
and dense in PN"!if d > g — dim B. If f € U'(F), then there is no P € A(F) with
P+ B C Z(f). Otherwise, we have in particular f(P) = 0 and so (f, P) € Z(F') which
entails the contradiction (f, P) € Z,(F) by (C.2). The lemma follows if we take U to
be the preimage of U’ under the cone map AN \ {0} — PN—1. O

Proof of Proposition C.1. If g = 1, then AN Z(f) is finite for a generic f that is ho-
mogenous and of degree d. The proposition is clearly true in this case.

Now say g > 2. If f € F[Xy, ..., Xla, then a coset contained in Z°(f) N A is already
contained in some irreducible component X of Z°(f)NA. By Bézout’s Theorem, deg X is
bounded solely in terms of d and A; here deg(+) denotes the usual degree as a subvariety
of PM,

By a theorem of Bogomolov, [6, Theorem 1], the maximal cosets contained in X are
translates of abelian subvarieties whose degree are bounded in terms of deg X, A, and
the chosen polarization only. Observe that the proof of Bogomolov’s Theorem works for
algebraically closed fields in characteristic zero. As A contains only finitely many abelian
subvarieties of given degree, Bogomolov produces a finite set of abelian subvarieties that
depends only on deg X and A C PM, thus only on d and A C PM.

For any abelian subvariety B C A of positive dimension that arises in this set we
write Up for the Zariski open and dense set produced by Lemma C.2. To rule out that
X contains a coset of positive dimension it suffices to take f € U(F') where U =z Up
is the intersection over the finite set from Bogomolov’s Theorem. U
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