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Abstract

Consider two families of g-dimensional abelian varieties induced by two distinct rational maps on
the same variety A onto two bases S1 and S2 and having big common domain of definition. T'wo non-
torsion sections of these families induce two (birational) fiberwise translations on A, respectively. We
show that if dim S 4+ dim S2 < 2g, the points with finite orbit under the action of a certain subset of
the group generated by both translations lie in a proper Zariski closed subset that can be described to
a certain extent. Our work is a higher dimensional generalization of a result of Corvaja, Tsimermann
and Zannier.

0 Introduction

In the theory of unlikely intersections many interesting problems emerge when on an algebraic family of
abelian varieties we consider the intersection between (the image of) a non-torsion section with the union
of the N-torsion subschemes for N € N. Thanks to the work of André, Corvaja, Masser and Zannier in
[8, 2, 10, 30], which exploits the properties of Betti map, we have now acquired a powerful systematic
approach for the study of such particular unlikely intersection problems; even though the first indirect
appearance of the Betti map in Diophantine problems dates back to Manin in [18]. Several important
results have been proved on the back of such ideas. Of exceptional interest are the recent developments
in [15, 7, 16, 12] on the geometric Bogomolov conjecture, the relative Manin-Mumford conjecture, and
the uniform Mordell-Lang conjecture.

In the case of elliptic surfaces, Corvaja, Tsimerman and Zannier in [9] consider a related dynamical
point of view: they take two dynamical systems defined by the fiberwise translations induced by two
distinct sections, and they are able to find a proper Zariski closed subset which contains all the points
which have finite orbit under the action of the group generated by both translations. Moreover, still in
[9], they study some interesting applications. We mention that for a different perspective and related
results on finite orbits of automorphisms of projective surfaces, the reader can check the article [6] of
Cantat and Dujardin.

In the present paper we propose a generalization of [9] for families of g dimensional abelian varietes
over a base of dimension at most g. In order to get the proof of our main result we also prove new
auxiliary propositions which seem to be of independent interest and herald of potential applications.
Let’s now give a detailed account of our work.



General notations. We assume that all algebraic varieties and morphisms are defined over Q. An
algebraic point p of a variety X will be simply denoted as p € X (or sometimes more explicitly as
p € X(Q)) and in general we don’t make use of schematic points. Moreover, we denote with X (C) the
analytification of X, which clearly carries the topology of complex manifold. With dim X we denote the
dimension of X as complex manifold. In several proofs we need to deal with many real positive constants
that in general are allocated inside some variables (denoted usually with C, ¢, c1,...). Our main conven-
tion is that these variables are “local in the paper”, in the sense that their value/meaning holds only in
the proof in which they are used, if not otherwise specified. In this paper we make use of concepts com-
ing from transcendental Diophantine problems like: of o-minimal structures, definable sets and definable

families, so for the main definitions and properties we remand the reader to the seminal works [25] and [24].

Let S be a smooth, irreducible projective variety and let f : A — S be a family of abelian varieties
with a section i.e. a proper flat morphism of finite type such that A is a smooth variety and the generic
fiber is an abelian variety of dimension g over Q(S) with a rational point. After removing the singular
fibers and their images we obtain a g-dimensional abelian scheme f : A — S (the fiberwise group law
extends uniquely to a global map that gives the structure of abelian scheme over S, see [22, Theorem
6.14]). The set of N-torsion points of A is denoted by A[N], and moreover we put Aior = Uy~ AN
We assume the existence of a non-torsion section o: S — A of f (i.e. the image of o is not contained in

any A[N]) and that Zo is Zariski dense in 4. We define the following automorphism:

t, - A(C) = A(C)
p—=p+a(f(p).

Let T, be the group generated by ¢, that acts naturally on A(C), for any p € A(C) we are interested in
the orbit
Ty (p) :={t/ (p): r € N}.

Clearly each orbit is contained in a single fiber of f, but it is important to study whether the locus F*)
of points p € A(C) such that I', (p) is finite can be confined in a subset lying over a proper closed subset
of the base. We recall that a torsion value of ¢ is an element of o~!(A;o,;) and obviously I, (p) is finite
if and only if f(p) is a torsion value. Therefore, such study of F1) can be reduced to the study of the
Zariski density of the torsion values of o. But the last property depends on the values of dim S and ¢ in
the following way: if dim S > g then o~!(A;;) is Zariski dense in S if and only if the rank of the Betti
map S, is 2g (see [16, Theorem 1.3]). Note that [2, Proposition 2.1.1] shows that rkg 5, > 2¢ implies
that 0~ 1(Ayor) is dense in S(C) with respect to the analytic topology. On the other hand if dim S < g
then o1 (A;or) is not Zariski dense in S. This is a special case of the relative Manin-Mumford conjecture
that has been recently proved in [16, Theorem 1.1].

We are interested in a variation of the above problem in the case of a variety A endowed with a double

abelian rational fibration: there exists two surjective rational maps f; : A --» 57 and f» : A --» Sy such
that the induced morphisms are families of abelian varieties with zero sections; in particular, for each of
them the generic fiber is an abelian variety over kg := Q(S;) and ks, = Q(S>) respectively. We always
denote by f; the restrictions of the introduced rational maps to families of abelian varieties and abelian
schemes: precisely, after removing the loci where f; and f; are not defined, we get two families of abelian
varieties f; : A; — S;; moreover, after removing the respective singular fibers and discriminant loci we
obtain two abelian schemes f; : A; — S;. We assume the existence of non-torsion sections o; : S; = A;
of f;. In addition we impose the following rather standard conditions on these abelian schemes:

1) The two abelian families are “distinct”, in the sense that their common fibers (if any) lie over a
proper Zariski closed subset E either of S or of Ss.

2) The intersection A; N Az is a 2¢g-dimensional variety.
3) Zo; is Zariski dense in A,;.

4) The abelian schemes A; — S; have no fixed part, i.e. the respective generic fibers have trivial
ks, /Q-trace.

The fiber of a point s € S;(C) with respect to the morphism f; will be denoted by A; ; and the
discriminant locus of f; is A; = 5; \ S;. We denote with ; the Betti map associated to the section o;.



There exists unique birational transformations ¢; of A(C) acting by translation along the general fiber of
fi and mapping the zero section to o;:

ti A(C) --» A(C)
p = p+oi(fi(p).

We study the action of the subgroup I'y, 5, = (t1,t2) generated by t; and t9 in the group of birational
transformations Bir(A(C)); in particular we want to confine the points with finite orbits. First of all,
since t; and ts are not defined everywhere on A(C) we have to be careful with the notion of orbit. For

p € A(C) we put:
Loi00(p) = {v(0): v € T4, o+, and y(p) is well defined at p}.

In fact, we shall focus on a subset of the orbit showing that already the points with finite orbits under
the action of a “small subset” of T',, ., lie in a proper Zariski closed subset of A(C). This small subset
of I'y, », Will be precisely the following:

O =04, 0, :={t]* ots?: r1,72 € N}.
For any p € A(C) we clearly have O(p) C T';, o, (p) and moreover we define
F=3% = {pc A(C): O(p) is finite}.

We adopt the convention that points where the rational map fo is undefined are not points with finite
orbit. Therefore, we forget about them in counting points of §.

Remark 0.1. Note that if p € § then both fi(p) and fa(p) are torsion values for the relative sections,
and in particular p € A(Q). In other words § is contained in the intersection between the fi-fibers and
the fo-fibers of the torsion values, which form a dense subset of A.

The case g = 1 has been already treated in [9, Theorem 1.1] where it is shown that § lies over finitely
many fibers of fo. The following theorem is the main result of this paper and generalizes [9, Theorem
1.1]:

Theorem 0.2. Let f; : A--5Sand fy: A--» 52 be a double abelian rational fibration of the variety
A satisfying the above conditions 1) —4). If dim Sy + dim Sy < 2g, then there exist two proper Zariski
closed subsets Z; C S1(C) and Zy C S2(C) such that

FCHYUZ)U I (Zs). (1)

Our result can be seen as a generalization of the relative Manin-Mumford claim for sections in the
following way: in the case of a single family of abelian varieties [16, Theorem 1.1] says that the relative
locus F V) is not Zariski dense for dim S < g — 1. On the other hand, in the case of two families of abelian
varieties with same base S, Theorem 0.2 implies that ) is not Zariski dense for dim S < g.

Remark 0.3. If any of the sets o, ! (A tor) is not Zariski dense then the theorem is obviously true thanks
to Remark 0.1. Therefore if either dim S; < g or dim Sy < g then Theorem 0.2 follows directly from [16,
Theorem 1.1]. For the same reason, thanks to [16, Theorem 1.3] we can restrict ourselves to prove just
the case:

2dim S = 2dim Sy = 2g = rkg 51 = rkg B2 . (2)

Observe that Equation (2) is crucial for the application of the so called “height inequality” of [12, Theorem
1.6] that relates the projective height of the base to the fiberwise Neron-Tate height. In our proof this
result appears several times, and on different abelian schemes, to ensure that the height of “most of” the
torsion values can be uniformly bounded. On the other hand, it is well known that the height inequality
fails in general without assumptions on the rank of the Betti map. See also [29, Theorem 5.3.5] for a
generalization of height inequality which nevertheless requires the same hypotheses in the case of abelian
schemes.

Remark 0.4. At first glance it might seem that in the case 1 = dim .S; = dim S = g, Theorem 0.2 is
slightly weaker than [9, Theorem 1.1] where the claim is just § C f, }(Z) for a proper closed subset Z.
However, Proposition 2.7 shows that the two statements are actually equivalent.



Remark 0.5. Let Z be a Zariski closed subset of A which is not horizontal with respect to either f; or
fa (i-e. either fi(Z) # Sy or fo(Z) # Sz). If Theorem 0.2 holds for F N (A\ Z), then it also holds for F.
This follows from the fact that the morphisms f; and fs are proper: if f;(Z) # S; for any i = 1,2 then
the points with finite orbit inside Z lie in f; '(fi(Z)) and f;(Z) is closed.

Our proof follows the same general strategy employed in the low dimensional situation of [9]: after
some preliminary considerations we are eventually reduced to show that the points of the type o2(b)
for b € f2(F) have uniformly bounded torsion order. Denote this order with m := m(b), then by using
the properties of the Betti map we are able to see a collection of conjugates of certain torsion values as
rational points inside a definable family of R?9 x R29 in the sense of [25]. Some considerations that relate
the Weil heights, the torsion orders and the conjugates of algebraic points allow us to give a lower bound
on the number of such rational points and an upper bound on their height. The crucial point is that
these bounds depend on m. On the other hand, the result [25, Theorem 1.9] of Pila and Wilkie gives an
upper bound on the number of rational points with bounded height of the transcendental part of such
definable family. But, after using the independence result [1, Theorem 3] of André we prove that the
definable family has actually empty algebraic part. It means that we can compare the aforementioned
bounds on the number of rational points and deduce a uniform upper bound for m.

Albeit, our higher dimensional setting unravels several subtle complications as opposed to [9]. Below
we summarize the new technical ingredients introduced in this paper:

(i) The height inequality of Dimitrov, Gao and Habegger gives a uniform height bound only for the
torsion values contained in an open dense subset (see Corollary 1.4). Note that when the base is a curve
there is no problem because having a uniform bound on a Zariski open dense subset is clearly equivalent
to a uniform bound for all torsion values. Therefore, in each step of our proof we have to be very careful
in keeping track of the closed subset excluded by the height inequality. In addition, we need to apply
the height inequality to an abelian scheme having a fs-fiber as base, thus the open dense subset with
uniformly bounded height is not closed with respect to the sum (of the base). We fix this issue by
considering some ad hoc arguments involving the properties of Néron-Tate height.

(ii) We need an upper bound on the torsion order of (the image of) torsion values that depends only
on the heights and the degree of the points. Thus we prove the following:

Proposition 0.6 (See Proposition 1.7). Let f : A — S be a g-dimensional abelian scheme (induced by a
morphism of varieties) admitting a non-torsion section o : S — A. Let K be the field of definition of S,
let s be a torsion value for o and put d(s) := [K(s) : Q]. Then there exists real constant C = C(g) (so
independent from the point s) such that

3584095
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ord(a(s)) < ((14g)6492d(8)max(1, h(s) + C, log d(s))Q)

The proof is a combination of a similar result for abelian varieties due to Rémond in [27]* with some
modular properties of the Faltings height.
(iii) We prove the following result which is essential in several steps of the proof of Theorem 0.2:

Proposition 0.7 (See Proposition 1.10). Let’s fix the following data: X is a projective variety; B is
a closed subvariety of X; K is a number field containing the fields of definition of X and B. Given a
real constant a > 0, there exists a real constant 6 = 6(K,a) > 0 with the following property: for any
o € X(Q)\ B(C) with h(a) < a, there are at least $|K (o) : K| different K-embeddings 7: K (a) — C
such that o lies in Cy.

Roughly speaking it says that fixed a uniform constant C' and a subvariety B, there is a lower bound
on the number of Galois conjugates, that don’t lie “near” B, of a point « ¢ B having height at most C;
where the important fact is that such bound should depend only on the degree of a.. It is a generalization
of a well known result for P!, appeared in several articles of Masser and Zannier (precisely cited in the
main text) and which turned out to be very useful for proving some results of Zilber-Pink type. This
tool seems to be very interesting since it allows to move torsion points in a “comfort zone” of the variety,
where many arguments can be carried on with enough uniformity.

(iv) In the proof of Theorem 0.2 we need to remove a Zariski closed subset from each fo-fiber, but
it must be shown that it is possible to do it “with no harm”. In other words we need to rule out the
occurrence that “too many” points of the type t5(p) lie in this closed subset. In [9] this can be done
rather easily since the proper closed sets of the fibers are made of finitely many points, so it is possible

1We mention that Masser and Zannier obtained also a similar, but less sharp, bound in [21].



to encircle each of them with an arbitrarily small open disk. On the other hand, in the general case the
intersection is higher dimensional, hence we need more sophisticated techniques (see Section 2.1.2).

Finally, we point out that the present work motivates the following very natural question that might
be addressed with similar techniques:

Question 0.8. What is a generalization of Theorem 0.2 in the case of n > 2 abelian rational fibrations
fi: A--+5; fori=1,... ,n? In particular, what is the best relationship between the dimension of the
bases and ¢ in this case?

The outline of the paper is the following: in Section 1 we collect the preliminary results, whereas the
full proof of Theorem 0.2 is carried out in Section 2. The same section contains also a description of the
Zariski closed subsets Z; and Zs that confine the fibers containing the points with finite orbit.

Acknowledgements Both authors express their gratitude to G. Dill, D. Masser and R. Pengo for
their useful replies to some questions they were asked during the drafting of the present paper.

1 Auxiliary results

In this section we present all the tools needed for the proof of Theorem 0.2. We describe the results in
the most general setting, so for each topic we need to reshape the notations.

1.1 Betti map

Let S be a smooth, irreducible quasi-projective variety and let f : A — S be an abelian scheme of relative
dimension g > 1 with “a zero section” oy. Moreover we assume that o : S — A is a non-torsion section.
Each fiber A,(C) is analytically isomorphic to a complex torus C9/A, and for any subset T C S(C) we
denote A := | |cp As. The space Lie(A) := | |,cg(c) Lie(As) has a natural structure of g-dimensional
holomorphic vector bundle 7: Lie(A) — S(C) (it is actually a complex Lie algebra bundle). By using the
fiberwise exponential maps one can define a global map exp: Lie(A) — A. Let 3y C A be the image of
the zero section of the abelian scheme, then obviously exp™(Xo) = Ag(c). Clearly S(C) can be covered
by finitely many open simply connected subsets where the holomorphic vector bundle 7: Lie(A) — S(C)
trivializes. Let U C S(C) be any of such subsets and consider the induced holomorphic map 7: Ay — Uj;
it is actually a fiber bundle with structure group GL(n,Z). Since U is simply connected, by [11, Lemma
4.7) we conclude that m: Ay — U is a topologically trivial fiber bundle. Thus we can find 2¢g continuous
sections of :

wi:U—=Ay, i=1,...2¢9 (3)

such that {wi(s),...,wa4(s)} is a set of periods for A for any s € U. Since Ay C Lie(A)|y, we can put
periods into the following commutative diagram:

Lie(A) v

/ oo

S©)o>U —2% Ay,

where g is the zero section. Since og is holomorphic and exp is a local biolomorphism, then the period
functions defined in Equation (3) are holomorphic. The map P = (w1, ...,wsy) is called a period map;
roughly speaking it selects a Z-basis for A; which varies holomorphically for s € U. The set U C S(C) is
simply connected therefore we can choose a holomorphic lifting £, : U — Lie(.A) of the restriction oyy;
{, is often called an abelian logarithm. Thus for any s € U we can write uniquely

lo(s) = P1(s)wi(s) + ...+ Bagwag(s) (4)

where 3; : U — R is a real analytic function for i« = 1,...,2¢9. The map B, : U — R?9 defined as
Bs = (B1,...,P24) is called the Betti map associated to the section o, whereas the (;’s are the Betti
coordinates. Observe that the Betti map depends both on the choice of period map P and on the abelian
logarithm ¢,, but this is irrelevant for our applications. The main feature of the Betti map is that
B,(s) € Q%9 if and only if s is a torsion value of o, so it allows us to treat the study of the torsion values
of an abelian scheme as a transcendental Diophantine problem. Note that we need a non-torsion section



o otherwise B, would be obviously constant and equal to a rational point. Viceversa, we recall that as a
consequence of Manin’s “theorem of the kernel” (see [18] or [4]) if B, is locally constant then o is torsion.
Moreover, the fibers of 8, are complex submanifolds of S(C) (see [8, Proposition 2.1] or [2, Section 4.2]).

Remark 1.1. There exists a compact subset D C U such that the Betti map [, restricted to D is
definable in the o-minimal structure R,, (using the real charts). This follows for instance by using [23,
Fact 4.3] and the fact that for i = 1,...,2¢ we have §8; = m; o {,, where ; is the projection on the i-th
coordinate with respect to the period map.

The rank, in the sense of real differential geometry, of the Betti map at a point s is denoted by
rkr 5(s). It can be shown that it depends only on the point s (see for instance [2, Section 4.2.1] or [14,
Section 4]). Moreover we define

kg By = e kg (5 (s) (5)

and note that it obviously holds that rkg 5, < 2min(g,dim.S). We call a section o: S(C) — A(C)
non-degenerate if rk 8, = 2dim S. The following crucial proposition allows us to have a uniform control
on the fibers of the Betti map, under certain conditions.

Proposition 1.2. Let 2dim S = 2g = rkg B,. There exist a non-empty Zariski open set U of S(C) such
that: for any x € U there is a compact subanalytic set D C S(C) containing x and a constant ¢ = ¢(D)
such that the Betti map By: D — R29 has finite fibers of cardinality at most c.

Proof. From the condition on the rank of the Betti map it follows immediately that there exists a non-
empty Zariski open set U C S(C) on which §, is a submersion. Pick any compact subanalytic D inside U
and contained in a chart. Restrict the Betti map on D and identify the latter with an euclidean compact
in R?9. Since 8, is now a submersion, the fibers must have real codimension equal to 2g (see for instance
[17, Corollary 5.13]), which means that the fibers are discrete, and hence finite (D is compact). It remains
to prove the uniform bound on the cardinality. So consider the subanalytic set

Z :={(2,B,(2)): 2 € D} CR* x R*
Let mo : R29 x R29 — R29 the projection on the second factor, then for any p € R?9 we obviously have

Znmy'(p) = B, (p).

By Gabrielov theorem (see [30, Theorem A.4] or [5, Theorem 3.14]) Z N7, ! (p) has at most ¢ connected
components, hence 3, 1(p) has cardinality at most c. O

1.2 Height bounds

In this short subsection we use the same notation of Section 1.1. Let £ be a relative f-ample and
symmetric line bundle on A, then we define h : A(Q) — R to be the fiberwise Néron-Tate height i.e.
h(p) := hr,(p) with s = f(p). Moreover we consider a height function h : S(Q) — R on the base. The
following height inequality proved in [12, Theorem B.1] (see also [29, Theorem 5.3.5] for a more general

approach) is a crucial result that relates the values of h and h:

Theorem 1.3. Let X be an irreducible and non-degenerate? subvariety of A that dominates S. Then
there exist two constants ¢y > 0 and ce > 0 and a Zariski non-empty open subset V.C X with

h(p) > erh(f(p)) —ca forallpeV (Q).
Proof. See [12, Theorem B.1]. O

Corollary 1.4. Assume that f: A — S is endowed with a non-degenerate section o : S(C) — A(C).
Then there exists a constant C > 0 and a non-empty Zariski open subset V-C S such that

h(s) < C  foralls € V(Q)No (Aior) (6)

2The references [12] and [16] use a slightly different (but equivalent) definition of Betti map and they have a notion
of non-degenerate subvariety. A section o is non-degenerate in our sense if and only if the subvariety o(S(C)) of A is
non-degenerate in the sense of Dimitrov, Gao, Habbegger.




Remark 1.5. Note that Corollary 1.4 doesn’t claim the maximality of the open set V. For instance
assume that Equation (6) is satisfied, and fix a number field K whose set of C-embeddings is denoted by
3. Consider the open set:

w=Jv’

TED

then the inequality h(s) < C (the same C as above) holds for any s € W(Q) N o~ (Asor) because of the
invariance of the height with the respect to conjugation.

1.3 Torsion bounds

Let’s quickly recall the definition of the stable Faltings height. Let A be a g-dimensional abelian variety
over a number field K. Consider a finite extension L O K such that A ® L is semistable; moreover let
A — S := Spec Oy, be the connected component of the Neron model of A ® L and denote with e: S — A
be the zero section. The sheaf of relative differentials Qi‘ /s pulls back on the base S through € and we

put OJ_A/S = €*Qg1/s. The stable Faltlngs helght OfA is defined as:
: w

where d/e?g is the Arakelov degree calculated on w4/ seen as hermitian line bundle on the base. It can
be shown that hr doesn’t depend on the field extension (for details check [13]).

Let’s recall an important property of the stable Faltings height. If ¢: A — A’ is a K-isogeny between
abelian varieties over K, then [26, Corollary 2.1.4] says that the stable Faltings heights of A and A’ are
related in the following way:

[ (4) ~ i (A)] < 5 log deg(6) 7

Moreover the stable Faltings height can be used to bound the exponent and the cardinality of the group
of rational torsion points. The result is due to Rémond:

Proposition 1.6. Let A be a principally polarized abelian variety of dimension g defined over a number
field K. The finite group A(K )ior has exponent at most k(A)T6 and cardinality at most k(A)*9t1, where

5 10244
d=[K: Q| and k(A) = ((149)649 dmax(1,hp(A),log d)2)
Proof. See [27, Proposition 2.9]. O

For a slightly weaker result involving the semistable Faltings height see [19, Proposition 7.1]. Let 2,
be the coarse moduli space over C of g-dimensional principally polarized abelian schemes. It is known that
2, is a quasi-projective variety defined over Q and moreover there is a canonical projective embedding
which induces a height function® hmeq: %4(Q) — R (see for instance [13, §3]). There is a close relationship
between hmoq and the stable Faltings height hp, in fact if 2 € Ay (K ) is the point corresponding to a
semistable abelian variety A over a number field K, then there exists a constant C' independent from A
and K such that:

lhmoa () — rhi(4)] < C (8)
where r is a certain positive integer. For the proof of this deep result see [13, Theorem 3.1].
Proposition 1.7. Let f : A — S be a g-dimensional abelian scheme (induced by a morphism of varieties)
admitting a non-torsion section o : S — A. Let K be the field of definition of S, let s be a torsion value

for o and put d(s) := [K(s) : Q. Then there ezists real constant C = C(g) (so independent from the
point s) such that

3584095
16

ord(o(s)) < ((14g)ﬁ4g2d(s)max(l, h(s) + C, log d(s))z)

3There is no general agreement on the notation of this height function on Ay. Some authors for instance denote it as
hgeo and use hpyoq for the Faltings height instead.



Proof. Recall that A, is an abelian variety over the number field K(s) O K. The first step consists in
reducing to the principally polarized case. The explicit construction is explained in [12, Poof of Theorem
B.1 (Fourth devissage)], here we just recall the result: there is a quasi-finite dominant étale morphism
p: S — S with 8 irreducible and a principally polarized abelian scheme g: A" — S’ such that there
exists a S’-isogeny
p: A=A =Axg 8.

Note that if s € S’ is a point lying above s € S, then AY, = A, ® K(s'), thus hp(As) = hp(AL). By
Equation (7) we have that hp (A7) < hp(AL)+ deg(¢s ), but notice that deg(¢s) doesn’t depend on ¢,
therefore we can just write:

hp(As) < hp(AL) + Oy . (9)
Consider the induced morphism
mg: S = A
s o= [AL] =z

The stable Faltings height of A/, is calculated over a finite extension L O K(s') such that A, ® L is
semistable, in other words hp(AL,) = hr (AL, ® L). From this fact and Equation (8) we obtain

hp(AL) < Co + hmoed(Ts) - (10)
On the other hand, by the usual functorial properties of the Weil height we have
|h(8") = hmoa(7s)| < C3 (11)

for a constant C3 and for any height function h on S’. Finally the claim follows after putting together
Equations (9) to (11) and Proposition 1.6 applied to the fiber A;. O

1.4 Control on conjugate points

Let’s fix an affine variety Y (C) C AN (C) c PV (C) defined over a number field K. For any point p € Y (C)
we denote by K(p) the field generated by the coordinates of p; this is the same as the residue field of p
when the latter is seen as an abstract point of Y. With the letter h we denote both the absolute height
on PV (Q) and A}(Q), since the formal meaning is clear from the argument of h. Further, we denote by
|| - || the euclidean norm in AN (C). We fix a closed subvariety B’ of Y and we define

Ws:={x €Y (C): d(z, B'(C)) < §}, for e Rsg

where

d(z,B'(C)) := beig{(c) |z — o .

Moreover let’s consider the set Cj := Y (C) \ Wy.
Lemma 1.8. Let H be a subset of Y(C) and let C be a compact subset of H. Fizedp € Y(C)\ H, there
exists a constant ¢ (uniform with respect to b € C') such that

d(p,H) > c-|lp—>b|  for each be C.

d(p,H)

Proof. For each b € C, let us consider a constant a; which satisfies 0 < a;, < o0l

(note that it exists
since p ¢ H). Observe that a; is a constant which depends on b and such that

d(p, H) — ap - [[p — b|| > 0.
Then there exists an open (analytic) neighbourhood N of b such that
dp,H) —ay - [p— V'] >0 for each b/ € Ny.

The family {N, : b € H} is an open covering of the compact set C'. Thus there exists a finite subcovering
{Np, :i=1,...,n}. The constant ¢ := min;<;<,(ap,) works uniformly on C. In fact for each b € C we
have

¢ llp=bll <ap-|lp—bll <d(p, H).



Proposition 1.9. Let K be a number field which contains the field of definition of the subvariety B'.
Given a real constant a > 0, there exists a real constant 6 = 0(K,a) > 0 with the following property: for
any o € Y (Q)\ B'(C) with h(c) < a, there are at least 3[K () : K] different K -embeddings 7: K (o) < C
such that o lies in C§.

Proof. Fix 8= (B1,...,Bn) € B'(Q) such that there exists an index i with 8; € K(«) (observe that such
a @ always exists); and write a := (a4, ...,an). Clearly h(a) > h(oy;) and h(8) > h(B;). This implies

h(ai = Bi) < h(ai) + h(B;) + log(2) < h(a) + h(B) + log(2) (12)

Now, define
Y:={7:K(a) = C: id = 7k and a” ¢ Cj}

and denote by k the cardinality of ¥. Since 7 is a K-embedding we have 37 € B’(Q). Moreover
observe that, given 7 € ¥, we have a” ¢ B’(C). Thus, by Lemma 1.8 for p = o", H = B’(C) and
C ={p7: 7€ X}, and since a” ¢ Cj (by definition of X) there exists a constant ¢, such that

1 1 Cr cr

2 2> > —.
laf =871~ lla” = 87| ~ d(a™, B(C)) = 4

Considering ¢ := min,ex(c,) we obtain a constant ¢ such that:

1
>

c
—— > — for fixed 7 and for all 7 € X.
laf =871 — 0

)z

k c
> I —-).
) ~ K(@):Q o (5)
By (12), (13) and the fact that « has bounded height we obtain

a+ h(B) +log(2)) - [K(a) : Q)
log(c/9) '

Then for § small enough we obtain

h(a; — B;) > Zlog max (
Z log max (

TGE

1
a =B

1
af = Bf

kg(

For § small enough we have
a+ h(B) + log(2) < 1

log(c/9) ~2[K:Q

Therefore
k<

O

Now let’s fix a projectve variety X defined over K and a closed subvariety B of X. For any point
p=(zo:...:xn) € X(C) pick any x; # 0 and then put K(p) := K (% Jj= O,...,N). Note that K (p)
doesn’t depend on the choice of z; (i.e. the standard affine chart) and moreover K (p) is the residue field
of p when the latter is seen as an abstract point of X. We prove a higher dimensional generalization of a
quite useful result already appeared for the projective line in [19, 20, 21, Lemma 8.2]. Roughly speaking
the result claims the following: K is the field of definition of B, a € R and o € X(Q) is any point not
contained in B(C) with height at most a; then we can give an explicit lower bound, depending only on
[K(a) : K], on the number of K(«) conjugates of « that lie in a “big enough” compact not intersecting
B(C).

We first construct the compact subset. Denote by Uy,...,Uyn the standard affine charts of the
projective space. Let’s define

Wis:={ze X(C)NU; :d(z,B(C)NU;) < d§} for fixed 6 € Rsgand i =1,..., N. (14)

Then we put Ws := Ufio Wi s and note that it is an open subset of X (C) containing B(C). Therefore
Cs := X(C) \ W; is a compact set not intersecting B(C).



Proposition 1.10. Let K be a number field which contains the field of definition of the subvariety B.
Given a real constant a > 0, there exists a real constant 6 = 0(K,a) > 0 with the following property: for
any o € X(Q)\ B(C) with h(a) < a, there are at least 1[K () : K] different K -embeddings 7: K (o) < C
such that o™ lies in Cs.

Proof. Fix a € X(Q)\B(C) with h(a) < a and fix a chart U; such that o € U;. Since the chart is invariant
under the action of each 7, we can apply Proposition 1.9 for Y(C) = X(C)nU;, B'(C) = Y(C) n B(C)
and C§ = Cs NU;. Therefore, we obtain a real number ¢; which only depends on K, a and U; and which
satisfies the statement for o € U;. We can repeat the argument for any standard chart and after defining
4 := minp<;<n(d;), we can conclude. O

Remark 1.11. Observe that the the intersection of Cs with each standard chart U; is definable in
the o-minimal structure R,,. In fact, first of all let’s identify U; N X(C) with R2V, then the map
R2N 5 p s d(p, B(C) N U;) is a globally subanalytic function (see for instance [3, Example 2.10]). At
this point we apply [28, §1 Lemma 2.3] to conclude that the set W; s = U; N W is globally subanalytic
for any § > 0. Finally, note that the intersection Cs NU; is the complement set (U; N X (C)) \ (U; "W, 5),
so it is also globally subanalytic.

2 The main theorem

2.1 Proof

In this section we prove Theorem 0.2. The proof is rather long and technical; it will be eventually split
in two cases after a common setup. We use the same notations fixed in the introduction.

2.1.1 Setup of the proof

We recall that it is enough to work with the conditions given by Equation (2). Let’s keep in mind the
assumptions 1)—4), in particular recall we are assuming two fibers A; 5, and Aj s, to be equal at most over
a proper Zariski-closed subset £ C S; for fixed 4, say i = 1. Notice that f; defines a rational map when
restricted to Asg, analogously for fo when restricted to A;; we denote by Ind(f1, f2) := A1UAs\ (A1NAs)
the union of indeterminacy loci of the previous maps. Since A; N Ay has dimension 2g, the closed set
Ind(f1, f2) is finite. We denote with C(8;) the locus of critical points of the Betti map Sy; it is the proper
subset of S7 on which the Betti map ; is not a submersion. Moreover, by Corollary 1.4 there exist open
subsets S7 C Sy and S4 C Sy where the oq-torsion values and the oo-torsion values have bounded height
by the same constant, respectively. We fix a number field K containing all the fields of definitions of
Z7§17§17 fl, fg, g1,02, A17 AQ, C(ﬁl), Ind(fl, fg); let’s define

A=A SN £ (S N TSI\ E) N S\ C(B)) - (15)

By Remark 0.5 it’s enough to prove Theorem 0.2 for § N .A’. We denote with Y g the set of complex
embeddings of K. By Remark 1.5 we can also ensure that S} is invariant under the action of X ; S is
also invariant but this is not relevant for us. Consider p € § N A" and let’s put b := fo(p). Let m be the
order of o3(b) in Ay, in symbols we set m = m(b) := ord(o2(b)). If the set

O = {ord(o2(b)): b€ fo(FNA)} CN (16)
is bounded by a constant C, then
{f2(p) :p€FNA}C{be S ord(oa(b) <CYC oyt | | AN |,
N<C

so Theorem 0.2 follows. Thus the strategy of the proof is the following:

’We prove that © is uniformly bounded i.e. m is uniformly bounded. ‘

In particular, we will partition O in two subsets and show that each of them contains a finite number of
elements.

For any b € S, let 7: K(b) < C be any K-embedding. Recalling that S% is invariant under the
action of Y, in our proof we can replace b by b™ (for any n we have nog(b”) = noa(b)). So, since
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b has bounded height, we can apply Proposition 1.10 on Sy and A, (that play the role of X and B
respectively) and conclude that there exists an analytic compact set A C So(C) such that b € A. With
the notation adopted in Proposition 1.10 we have A = Cs for § > 0 small enough. Roughly speaking we
have just explained that we can assume that b lies in a “big enough” compact set of S3(C) that avoids
the discriminant locus of fo. Moreover, by Remark 1.11 the compact set A has the property that the
intersection A N U; with each standard chart is definable in the o-minimal structure R,,.

Before starting with the actual proof we need introduce some other objects. Let p € N A’ such that
f2(p) = b as above, and let’s consider the points p, := t5(p) = p + roa(b) for r = 0,1,...,m — 1. Then
define:

n, :=ord o1 (f1(pr))-

Note that n, is finite since O(p) is finite. Moreover, n, is only defined when p, does not lie in the
indeterminacy locus of fi.

We also need to construct an auxiliary abelian scheme that will play a crucial role in the whole proof.
Consider the variety Fj, := Agp NA;z\ (ffl(Al U C(Bl))); it can be seen as the base of an abelian scheme
X — Fy by defining its fibers as X, := A; y,(.). Clearly such fibers are all smooth since we have removed
the discriminant locus of fi. In addition, this abelian scheme is endowed with a non-torsion section
sx := o1 o fi. Finally, with Proposition 1.7 in mind, we also fix the constant

3584043
16

After the following section in which we will deal with ‘translates of points’, we will distinguish two cases
in the proof, each of them dealing with a subset of .

d=d(g):=3 (17)

2.1.2 Control on translates and their heights

Given a point p € FN.A’ we are interested in points of the type p+ros(b), which we call “translates” of p,
conjugates of them and their images by fi. Notice that some translates could lie into the indeterminacy
locus of f;, but this is not a problem since we can assume m so big that many translates avoid this
indeterminacy locus. However, in order to avoid long and redundant comments we write the fi-images
of all translates tacitly ignoring points where f; is not defined. At a first glance, these points seems to
be “wild” with respect to the property of lying in A; or having bounded height (i.e. lying in A’). We
now show that under our hypotheses it is actually possible to have a certain degree of control on such
properties:

Proposition 2.1. Letb € A andp € FNA". Let h: A2,(Q) = R and I/ : S1(Q) — R be any two height
functions. Then there exists a constant C > 0 such that

h(p+ro2(b)) < C, W (fi(p+roa(b)) <C  foreachr=0,...,m—1.

Proof. Denote by h A24(Q) — R the Néron-Tate height on the fiber and recall that the following
relation holds:

|h(z) — h(z)| < 1 for any z € Ag(Q).

Moreover, the Néron-Tate height satisfies the parallelogram law

h(z +y) + h(z — y) = 2h(z) + 2h(y) for z,y € As(Q).
Now: we can assume p € A’ N A; so that it maps through f; on a torsion value, and moreover ro(b)
is a torsion point of Ay ;. So we get h(p) < C' (where the constant is uniform with respect to b, p) and
h(ros(b)) = 0. Thus, by choosing # = p and y = roy(b) for any r = 0,...,m — 1 in the parallelogram
law, we obtain . R R R

h(p + roa(b)) < h(p+roa(b)) + h(p — roa(b)) = 2h(p) < Cs.

In other words, we get h(p 4 ros(b)) < C”, i.e. each point of the type p + roq(b) has uniformly bounded
height. The full claim then follows from the functorial properties of the Weil height with respect to the
morphism f; : Az p — Si. O

Let’s embed the fiber A5 ,(C) inside some PV (C) and let Uy, ..., Uy C PY(C) be as usual the standard
charts. The fs-fibers could contain part of some ‘problematic’ Zariski-closed set X; which comes from a
Zariski-closed subset Y C S via f1, in the sense that

Xy = A25(C) N fH(Y(C)).
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In general, in order to allow our tools to work well we need to remove X, from the fiber, but preserving
some properties we are interested in. To be more precise, we want to show that X, is contained in a
small enough open subset V, C A ;(C) whose intersection V, N U; with each standard chart of PN(C)
is definable in the o-minimal structure R,,: first of all let’s identify A3 ;(C) N U; with R2N: then by
repeating the construction in Equation (14), consider the globally subanalytic sets V; 5 := {z € A2 ,(C)N
Ui: d(z, X, NU;) < 6} for any 6 > 0 small enough and define

N
Vo =V = Vis. (18)
=0

Now, denote by U, ...,Uxs the standard affine charts on S;(C). Analogously, we can encircle Y with a
small enough open set of which we can control the size (chart-by-chart), so let us consider the sets

Wis = {Z € Sl<(C) NU;: d(Z,Y nU;) < 6}

for any ¢ > 0 small enough, and define W := Uf\io Wi.5. We can carry out the construction of V, and W
such that f1(V3) C W, so that their size is controlled via the same 4.

Further, we can decompose the compact set A C So(C) as a finite union of small definable compact
sets A;. We work in one of those compact sets that contains b and we shall call it A. We are interested in
controlling the translates of a point p € FN A’ or one of its conjugates with respect to the just described
open sets V}, and W; moreover, we want A to be preserved by the said conjugation.

To this end suppose that the Zariski-closed set Y, and consequently also Xj, is defined over K (or
alternatively enlarge the field to make it so) and denote by X, the set of complex K-embeddings of
the field K(p); given 7 € X, we get fo(p”) = b7 but observe that two conjugates of b might coincide
since K (p) properly contains K (b) in general. Each element of 3, induces by restriction a complex
K-embedding of K(b) in a surjective way. We can apply Proposition 1.10 to b and conclude that the
number of K (p)-conjugates of b contained in A is > dy where dy := [K(p): K] and the implicit constant
is independent of p and b (we are using the fact that the number of A;’s is fixed). Denote by X, 4 the
subset of ¥, given by the K-embeddings 7 which satisfy the further condition b” € A; by the previous
discussion we get #X, 4 > dy (say > c1d1).

Proposition 2.2. Let X;,Y,V,, W be as above and let p € FNA'. For m = ord(o2(b)) large enough there
exists T € ¥, 4 with the following property: there are at least m/2 elements of the type fi(p” + roz(b7))
which don’t lie in f1(Vir).

Proof. Denote again by Uy, . .., Ups the standard affine charts on S;(C). First of all, consider the compact
set Y: cover the intersection U; N'Y with euclidean disks centered at each point and with fixed radius
R. The union of these disks gives an open covering of Y, so we can fix a finite subcovering O with the
property that each element of O is an open disk contained in some chart U;. Define Ny := #0O.

Observe that the action of 7 € £, 4 fixes the charts. Thus, for b,p given, the points fi(p™ + ro2(b7))
varying 7 are contained into the same chart; but the same points varying r are not necessarily contained
into the same chart. Fixed b € A,p € §N A’, we introduce the set

C=0P7) = {fi(p” +7r02(b7)): 7 =0,...,m — 1}

and prove the claim by contradiction: so let’s assume that for all 7 € X, 4 there are at least m/2
elements of C' that lie in f1(V3-). Denote by N’ the (finite) number of connected components of W.
Then for each 7 there exist an index i(7) and a connected component W, of W such that there are at
least m’ := [m/(2N'(M +1))| elements of the type fi(p™ + ro2(b7)) that lie in W, N Us(;) (recall that
m can be thought big enough).

Step 1. First of all, prove that for m large enough and for each 7 we can assume to have at least m’/2
values of r such that

fi(p" +roa(b7)) € (W NUir)) \ Y.

In order to ease the notation, we will write alP) = filpT +rog(b7)) for k=0,...,m—1and 7 € X;
moreover, fix j and denote by {}; the j-component of a point in each chart U;. To prove the fact just
claimed, fix m and suppose that there exist 7 € ¥, 4 and > m’/2 values of r such that

a,(”b’p’T) € (WT N Ui(r)) ny;
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in what follows, we remove the explicit dependence on b, p, 7 since they all are fixed. Note that, for the
said values of r we have

Te(W,NnU;)NY  foreachyex,.
Observe that the connected component W, is not preserved by the action of v a priori, but in this case
this is true since it encircles a (finite) union of irriducible components of Y (which are preserved by «).
For each v € X, there exists O, € O which contains at least m” := [m’/2No] elements of the type a)
with varying r; observe that O, is contained in some chart which can be # U;. Fix a small € > 0 and

observe that for fixed m large enough there exist two elements a}), ,a}, € O, such that
Y 2,y

|{a"l‘1~, Tzry} |<E

To prove the previous assertion, fix ¢ > 0. Since O, has compact closure in the corresponding chart, we
can cover it with a finite number of small disks with fixed radius . If we call N, the cardinality of the
covering, for m”” > N, we obtain the thesis. Now, for each ~ define

S, i={ref{0,....m—1}:a) €0, }.

Denote by D, C 5’3 the diagonal of S, and define S, := 5'3 \ D,. Observe that for fixed v and (r,7") € S,
we get
{a} —a) bl < ol —a}, Y1+ Had, , —al, Yil+Hal, —al};l <2R+e.

T1,~

We have

wora, 2, 2, (e >

YEX, A (r,T')ES,
1

[K(p) : Q]
By Proposition 2.1 we have h(a) —a),) < ¢; for each r. On the other hand we have

1 1
o S meehos (o) <

’yEEp A (r,r')eS,

> W Zma’{bg( {—1}>§

>

1
dim” (m" — 1)1
cram (m )OgQRJFE

r#£r! YEX,
Zh = Gpr) <02-(m—1)2.
r#r!

In the previous lines we have used the following facts:

(i) the property fi(p™ +7r0o2(b7)) = f1(p+roz(b))” which is valid since the fiberwise group law is given
by a globally regular map (defined over K);

(ii) some elementary height properties exactly like in Equation (13);

(iii) the bounded height of f;(p 4+ roa(b)). This is the crucial point which allows to obtain the contra-
diction.

Therefore, we finally obtain

log < cs.

2R+ ¢
For m big enough, we obtain a sufficiently small € as to give a contradiction.

Step 2. Now fix m large enough for the claim of Step 1 to be satisfied. Similarly to the strategy we
have adopted for Y, we can cover the compact closure of W, \ Y with finitely many open disks, each
contained in some U;. Call @; the compact closure of such disks and let Ng be the cardinality of such a
finite covering; note that the intersection @; N'Y is not necessarily empty. Put

R.:={re{0,....m—1}: fi(p" +7102(b7)) € Qji(ry N (W \Y)}.

where j(7) is chosen so that #R, > m’/(2Ng): it exists by Step 1. Denote by E, C R2 the diagonal of
R, and define R, := R2 \ E,. Note that

on2 5] (1] )
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Fix g € (ﬂz 0 U) \ (U Ql) and keep the same notation as above. By Lemma 1.8 for p = 8 and
C = H = Qj(r), there exists a constant Cj(,) such that

18 = all < Cj(d(8: Qj(r)  for each a € Qjr).

With a similar argument as in the proof of Lemma 1.8, since the set {a&b’p ’

its elements lie outside Y we obtain a constant C’]’,(T) such that

7| r € R} is compact and

d(B,Qj()) < C;-(T)d(agb’p’T)7Y NUjy) for each a{*?™) with r € R,.

Taking the maximum of all constants involved and passing to the j-component, we finally obtain a uniform
constant C' such that for each (r,7’) € R, we have

T b,p, 7 T b,p, T
a7 — P < [{a®PD) — Y]+ {277 — BY,] <
< C- (@™, Y NUjp) +d(@l™™, ¥ N Uji)) < 200,

Now, with a similar argument as above, we obtain

1
E E maxlog< o o >2
|{a£ DiT) a£/7p7 )}j‘

TEZP A (ryr)ERL (19)

> L c1dy n m —1)log ——.

[K(p) : Q) ANgN'(M + 1) ANgN'(M +1) 2C6
On the other hand, we get
) Q) Z Z max log ( (b,p,7) 1 (b,p,7) ) =
p TGEP A (ryr)ER- |{(l»,« — Qo }j‘
1
maxlog | 1, <

; w6 @ P (e rrmeT T rm(bf))}ﬂ)

(20)

TEY,
2 (h(fr(p + r102(b))) + h(f1(p + 1202(b))) +log 2) <
< (m—l) -C.

1 1
Z[ Koy Q) X s (1’ I{fl(p+7‘102(b))}§—{fl(p+r202(b))}§|> =
1)

Hence, comparing Equations (19) and (20) we finally have

C-(m—12K : Q]

! <
205_0’7 m -‘(’7 m —‘_1>
L1 INgN'(M+1) ANg N’ (M+1)
When m — +oo the latter equation is
1 O(m?)
log — < ——~.
8905 = 0(m2)

This is a contradiction, since the implicit constant is uniform but we are allowed to take § > 0 arbitrarily
small. O

2.1.3 First case

Let’s define ,
O = {m € O: I, € Aoy \ f;H(C(B1)) such that n, > m92e H)} )

We prove that the set O’ is finite giving an upper bound for m € 9’. We keep all the notations introduced
above and in addition we put for simplicity L := f; *(C(51)).

Suppose b € A and m € O’. Let p, = p+roz(b) € Az \ L be any of the m points po, . .., pm—1 such
that n, > m2'+1, Similarly to what has been done in Equation (18) for the Zariski-closed set X3, we can
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Figure 1: A schematization of the family X — Tj.

construct an open set Vi, C Ay ;(C) which contains the locus Az, N (f; ' (A1) U L) and whose intersection
Vi, N U; with each standard chart of PV (C) is definable in the o-minimal structure R,,. Moreover, we
tacitly include in Vj;, small open sets which encircle points of the indeterminacy locus of f; which lie in
A 5(C), leaving unchanged the properties of V3. Define

Tb = Azg,(@) \ Vb .

By choosing in a suitable way the size of V4, we can assume that p, € T,. Now, look at the abelian
scheme X — Fj, and fix z € F,(C). As explained in Equation (3) and Equation (4), there exists a simply
connected open set U, C F}(C) in the complex topology containing z and a period map on U.:

b b b
PY = (4ol

in other words we have holomorphlc functions w( ) — CY9 for i = 1,...,2¢g which fix a basis of the
corresponding lattice A,/ for each 2z’ € U.. Thus, the famlly of open sunply connected sets {U. : z € T}
is a covering of Tp. Fixing a standard chart U; which contains z, we can consider a simply connected open
definable subset U, C U, N U; which contains z and whose analytic closure D, is contained in U, N U;.
In other words, we can consider an open covering {U,: z € Ty}, where each U, is a simply connected
open set with the following properties: its analytic closure D, C F, N U; is a definable compact set
in the o-minimal structure R,, and all the period functions w(ba)g with ¢ = 1,...,2g are well-defined as
holomorphic functions on D,. Since T} is compact, it can be covered with ﬁmtely many small compact
simply-connected sets of the type D,.

Since U ! C Fy(C) is simply connected, we obtain notions of abelian logarithm Zgﬁ) and Betti map
g?) = ( 140 7551;),)() of the section sy on each U as explained in Equation (4); note that the abelian

logarithm is a holomorphic function on each compact set D, and the Betti map is described by the
equation

b b b b
() = B (2w (2) + -+ Bl (e 1 (2),
where the Betti coordinates 51-(% are real-analytic functions on each compact set D,. In addition note

that Bg?) doesn’t have any critical points on T} by construction (we have expressly removed them).

Summarizing: we have obtained the existence of finitely many simply connected compact sets D;
with 4 = 1,...,ncomp Which are definable in the o-minimal structure R,, and where the Betti map Bgf)
is definable in R,, and a submersion.

Remark 2.3. Fix z € T;. Observe that all the relevant functions (i.e. period functions, logarithms and
Betti maps of & — F}) are constant on each fiber A, ¢, (); in other words, they are independent of b. As
a consequence, the number n¢omp of compact sets D; just constructed can be supposed to be constant
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with respect to b: in fact the D;’s are projected by f; onto a finite number of compact disks in S, where
the Betti coordinates are real-analytic.

Let’s proceed with some useful relabelling in order to simplify the notations, we put { := p, and
n :=n, = ord(sx(()). Fix one of the previous compact sets, say D, which contains ¢. Note that T} is not
closed under the addition, but ( is ensured to be contained in T} by our previous discussions. Moreover,
since Az N A’ is not closed under the addition then ¢ need not to have uniformly bounded height a
priori. Anyway, bounded height was ensured by Proposition 2.1. By applying Proposition 1.7 to X — F}
with s = ¢, there exist two constants ¢ = ¢(g), ¢’ = ¢/(¢g) which only depend on g such that

’

n < c[K(¢): Q.
Note that ¢’ is exactly the constant defined in Equation (17). Up to multiplying ¢ by [K : Q]Cl we obtain
nv < [K(C): K]. (21)

On the other hand, recalling that the degree of the isogeny induced by the multiplication by m is m?29
and the condition m92¢'+1) < n. we deduce

[K(b) : K] = [K(02(b)) : K] <m? < n3o1. (22)

By (21) and (22) we obtain

[K(b): K]~ 5 '

In this case of the proof we are now going to define a series of positive constants cg,cq,... that we
need keep until the end. Let’s start with ¢o := ¢/(2¢/ + 1). We can then take n; conjugates (; with

i=1....,n1 > ne of ¢ over K (b). In this way, since sy is defined over K we obtain torsion values
sx(¢j) on X for all j =1,...,n1. Note that each (; inherits the same properties as (: for example, it
has uniformly bounded height since ¢ does. Moreover, up to reduce the size of the open set V}, we can
assume that all (;’s lie in T3. Therefore, since the number ng¢omp of compact sets D; is prescribed since
the beginning (see Remark 2.3), by Proposition 1.10 we may assume that there exists a positive number
¢1 > 0 depending only on the original data (it can be taken for instance equal to 1/(2ncomp)) such that
at least ciny of these conjugates lie in a same compact set of the type D;. From now on, we will denote
by Q = Q, C As(C) the compact set (among the D;’s) just described. Hence, we may assume that 2
contains (; for j =1,..., A with

A> CQn%, (23)

where the constant ¢y is uniform with respect to b. Recall that the Betti coordinates are well-defined and
real-analytic in €.
With the same reasoning we carried out for the D;’s, we can decompose the compact set A C S5(C) as

a finite union of small definable compact sets A;. Recall that the Betti coordinates Bi()b))( are real-analytic
with respect to a variable z which varies in the corresponding compact set €,. With the following
construction we want to make the Betti coordinates real-analytic with respect to b too. To this regard,
observe that for each point b € S} and each point p € §F N A’ which satisfies fo(p) = b we can realize
the same construction as above, thus we have corresponding objects for which we keep the analogous
notations: for example we have corresponding integers numbers 7, m, point ¢ and sets 2, T;. Fix A; and
define the set _
I = {b € Aj: there exists p € T; with n > 7719(26/+1)} .

~ ~ 1
For each b € I; there exists a definable simply connected compact set 2 C T which contains > n<o

conjugates (with implicit constant independent of b). Fix b and b and take an analytic path « : [0,1] —
A’ N A; such that

For t € [0, 1] denote by E. a disk in T',4(+)) centred in a(t) where 5§§(a(t))) are real-analytic. Choose
a such that fo(a([0,1])) € A;. Since the Betti coordinates are uniform with respect to fi-fibers (see
Remark 2.3), the condition which ensures the Betti coordinates to be real-analytic with respect to both
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Figure 2: A visualization of the analytic path a: [0,1] — A" N A;.

variables b and z is expressed by requiring that there exists a simply connected set ® C S;1(C) such that
f1(«(]0,1])) € ©. By this motivation, fix b € A; and consider the open set

Uy — {b' c A 3 analytic path « in A" N A; such that }

b I a(0) = ¢, a(1) = ¢, fi(a([0,1])) € D, fa(a((0,1])) € 4;

where © C S1(C) is a fixed simply connected open set which makes U}, non-empty. We can replace the
compact covering {A;} of A by a (finite) compact covering made with definable sets contained in U, for
any b.
Roughly speaking, we can assume that the compact sets are such that the Betti coordinates are
real-analytic in the union
U (b} x 2 € 4; x Q, CR* x R, (24)
bEA,

Note that if b ¢ fo(F N .A"), by Q2 we mean one of the disks E, defined above. Let us now consider the
real-analytic variety defined in R?9 by

Zy :={B(2): z € W},

where 3(z) := ®)(z2) == ( %b/)‘f (2),... ,ﬁég{x(z)). Observe that thanks to the main property of the Betti

map each (;, for j = 1,..., A, gives a rational point 5(¢;) of denominator > n > m@ on Zy. Some of
these rational points might coincide, but since the (;’s lie in Asp \ L we can apply Proposition 1.2 and
conclude that we have a number of distinct rational points which is > A, say > c3A. Moreover they
have height < n, say < cqyn. The constants cs, c4 depends only on the involved compact sets, which were
previously fixed.

Remark 2.4. Let’s explain more in detail why ¢4 is uniform: on each compact D, the Betti map attains
a maximum, but the denominators of 3((;) are bounded, hence we get a uniform constant for each
compact. Since the number of compact sets was previously fixed we get a uniform constant cy.
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Since the Betti coordinates are real-analytic in the union described in Equation (24) and by Re-
mark 1.1, for each j we have a definable family

Z:= | J{b} x Z, CR* x R¥,
beA;
where Z; are the fibers. Denote by H the usual absolute height on the projective space and define
Z(QT) = {p € Z(Q) | H(p) ST}, N(ZT) = #2,(Q,T).
Therefore by Equation (23) we have

N(Zy,can) > CQan%. (25)
On the other hand by [25, Theorem 1.9], for any £ > 0 there exists a constant ¢(Z, ) such that
N(Zy = 2,%,T) < e(2,)T7, (26)

where Z; & and 2, — Zy '8 are the algebraic and the transcendental part of Zy, respectively. Observe that
the constant is independent of b € A;.

We now show that the algebraic part of Z; is empty. This is a rather standard procedure that employs
the algebraic independence of coordinates of the logarithm with respect to the periods (see for instance
[21, Lemma 6.2]). Anyway, we recall the main steps for the sake of clarity, provided having the following
important elucidation in mind.

Remark 2.5. We point out that the argument described below works only for g > 2 since we need at
least two components of the abelian logarithm. Nevertheless, the case g = 1 can be treated with small
modifications in the construction of the family Z: indeed it is enough to consider two auxiliary abelian
schemes instead of X only. In this way we have two Betti maps and two logarithms (each of them with
one component). Then we apply the same procedure described above on the new definable family Z that
now lives in R? x R*. For the details of the case g = 1 the reader can check directly [9, Theorem 1.1]
where, what we have just described in this remark, is exactly the technique carried out.

If the algebraic part is non-empty there is a real-algebraic arc -y contained in Z;' & In what follows we
omit the dependence on b and X to simplify the notation. Consider the real-analytic set U := 371(v) C Q.
Since 7 is a real algebraic arc and the points (z) with z € U satisfy the defining real algebraic equations
of 7, then the Betti coordinates f3; are algebraically dependent over C(S) when restricted to U. Moreover,
this also implies that the field generated by the 2g Betti coordinates (when restricted to U) over C(S)
has transcendence degree at most 1; in other words, any two of the Betti coordinates verify an algebraic
equation over C(5). Thus, we have two cases: either the 2g Betti coordinates restricted to U all depend
algebraically on any of them which is not constant, or otherwise they are all constant.

In the first case: let’s denote with ¢ the transcendence degree over C(S) of the coordinates of the
period functions w; = (wj1,...,wig), for i = 1,...,2g; clearly ¢t < 2g®. Here, all functions are intended
to be restricted to U, unless otherwise specified. Therefore, the field generated by w;, 3; over C(S) has
transcendence degree at most ¢+ 1 and contains coordinates of the abelian logarithm ¢. This implies that
coordinates of the abelian logarithm are algebraically dependent over C(S) ({w;;}). However all these
functions are locally holomorphic, so the dependence would hold identically on their domain €2, which
violates the independence result [1, Theorem 3] of André (see also [21, Lemma 5.1]).

In the second case, i.e. when the Betti coordinates are all constant when restricted to U, they are
constant on their domain 2 by the same principle as above. This implies that the corresponding sections
are identically torsion, which is a contradiction.

Finally, consider the set

Zb(@764n) = {p S Zb(@) H(p) S C4n}7
where ¢4 is as above. Taking € = 1/(2¢), by Equation (25) and Equation (26), we obtain

0203n% < N(Zp,eqn) < c(Z)(cy%)ﬁ

1

where all constants ¢(Z), ¢z, ¢3,cq are uniform with respect to b € A;. This implies n?0 < ¢5, that is
1 ’

n2e+1 < ¢2¢. In particular, this implies

1 prg
m < noC+) Jcg? .

This estimate holds uniformly with respect to b € A;. Since we have a finite number of compact sets A;
which cover A, we obtain a global bound for m € 9’ on A. By Proposition 1.10, each torsion value of S}
has at least a conjugate in A and this implies that the last estimate holds uniformly for b € fo(FN.A).
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2.1.4 Second case

Let’s define ,
O" :={meO:n, <mIC TV Vp, € Ay, \ f7HC(BL))}.

We prove that the set O” is finite. Suppose by contradiction they are infinitely many. Here, we complete
our sequence of positive constants by cg, c7.

Let’s continue with our point p € FN.A" such that b = f2(p) € A, but now suppose m € 9”. Consider
the above covering {A;} of A: we work again in one of those compact sets that contains b, which we now
call A. Consider again the abelian scheme X — Fj, and decompose T} as a finite union of compact subsets
{D;} as above and consider the analogous definable family Z with fibers Z;,. Keeping the same notation
as above, by Proposition 2.2 and since we are supposing 9’ to be unbounded, there exists m € 9’ and
T € ¥, 4 such that there are at least m /2 elements of the type fi(p™ +702(b7)) which don’t lie in f1 (V3-);
fix this K-embedding 7 € ¥, 4.

For any r = 0,...,m — 1 define z, := p” + ro2(b”). Then, for the previous > m/2 values of r the
point z, is a torsion value of the scheme X — F} whose order is n,. Precisely, in the counting of the
> m/2 values we have to exclude points which lie into the indeterminacy locus of f1, but they are a finite
number which only depends on the initial data. Equivalently, there is a subset J C {0,...,m — 1} with
#J > m such that for any r € J the coordinates Bil”g((z,% e 7B§l;)’X(zT) are rational numbers, but with
denominator < m9(¢'+1 thanks to the hypotheses of the “second case”.

As above, taking 0 small enough we can assume z, € T,(C) for any r € J. Hence, by applying
Proposition 1.2, we obtain a number of distinct rational points Sx (z,) which is > m, say > cgm. Again,
they have height <« ma(2+1) say < crm?2¢+D) for a uniform constant (see Remark 2.4). Therefore we
get

N(Z, C7mg(2cl+1)) > cgm. (27)

On the other hand by [25, Theorem 1.9]:

N(Zy — Z28, exm9PHY)) < o(Z,6)Em 9P+ | with e < (28)

g(2¢ +1)°

At this point by reasoning exactly as in the previous case it is possible to show that Z;' g ig empty. Also
here we have to appeal to Remark 2.5: the case g = 1 needs a slightly different approach with a definable
family in R? x R?; again, all the details are in [9]. Therefore from Equations (27) and (28) (and the choice

of ) we finally obtain:
1
m < (C(Z, E)C?) T—cg(2¢/+1) .
Ce

This bound holds uniformly on A and since {A4,} is a fixed finite covering, then we get a uniform bound
for m € 9" on the whole A. By Proposition 1.10 applied as at the end of the first case, we get the
contradiction.

2.2 Some comments on the shape of 7; and 7,

We list some subsets that are contained in the sets Z; and Z5 of Theorem 0.2. They are essentially the
closed subsets that already show up in Equation (15). We removed those sets at the beginning of the
proof (see Remark 0.5), so they consequently fall inside Z; and Zs:

(i) The locus of S1(C) on which the two families have coinciding fibers lies in Z; by assumptions (see
beginning of Section 2.1.1).

(ii) The locus of S1(C) on which the Betti map is not a submersion is in Z.

(i) Let C; := S; \ S} be the complementary sets of the open dense sets with uniform bounded height
arising from the height inequality. Then C; C Z;.

(iv) The subset A, is contained in Z;.

Remark 2.6. Thanks to the previous considerations, we get explicit expressions of Z; and Zs as it
follows:
Z1=A1UCLUEUC(B) U fi(A1 \ Az), Zs=AsUCy UD.
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In turns, O is contained in

0'2_1 U AQ[N]

N<C
but unfortunately the constant C' is implicit.

When 1 = dim S; = dim Sy = g we get S; = S = P!, then we denote both bases simply by S. In
this case the subsets C; are actually empty for obvious reasons and the locus f; 1(E) can be equivalently
taken as a finite set of fa-fibers. Moreover also the closed set of the item (iii) doesn’t need to be removed,
in fact since the Betti map is not constant and the base S is an irreducible curve, even if there are critical
points, the fibers of 5, are all finite, hence Gabrielov theorem holds everywhere.

Finally the following proposition shows that, still in the case 1 = dim S = g, all points of FN fl_l(Al)
are contained in some fy ! (Z) for a proper Zariski closed subset Z. In other words we recover the stronger
result § C f, 1(Z) of [9].

Proposition 2.7. Let 1 = dim S = g, then there exists a proper closed Zariski subset Z C S(C) such
that:

SNt A C f1(2).

Proof. Assume that A; has cardinality n. Put Y = §n f{l(Zg) where Zs is the proper Zariski closed
subset arising from Theorem 0.2. So there exists a finite set W C S such that fo(Y) = W. By Bézout
theorem we know that #(As o(C) N fy (A1) < 9n. Let’s put H = FN f; (A1) and let’s consider the
following partition of H:

Hy:={p€e H:4#(0(p)) <9n},  Hy:={pe H:#(0(p)) > 9In}.

Note that o
fo(Hy) C oyt ( U A[N]>
N=1

which is a finite set W7y; so let us focus on Hsy. Fix p € Hy and observe that there exists 7 € N such that
t5(p) ¢ fi 1 (A1). If not, we would have O(p) = {t5(p) : r € N} C fi (A1) N Az 4(C) where #(O(p)) > 9n
and this is a contradiction. So fa(t5(p)) = fa(p) € W since t2 acts on the fo-fibers and t5(p) € Y. The
claim follows if we put Z =W U Wj. O
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