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Families of abelian varieties
with many isogenous fibres

By Martin Orr at Orsay

Abstract. Let Z be a subvariety of the moduli space of principally polarised abelian
varieties of dimension g over the complex numbers. Suppose that Z contains a Zariski dense
set of points which correspond to abelian varieties from a single isogeny class. A generalisation
of a conjecture of André and Pink predicts that Z is a weakly special subvariety. We prove this
when dim Z = 1 using the Pila—Zannier method and the Masser—Wiistholz isogeny theorem.
This generalises results of Edixhoven and Yafaev when the Hecke orbit consists of CM points
and of Pink when it consists of Galois generic points.

1. Introduction

Let g denote the Siegel moduli space of principally polarised abelian varieties of di-
mension g. We consider the following conjecture. In particular we prove the conjecture when
Z is a curve, and make some progress on higher-dimensional cases.

Conjecture 1.1. Let A be the isogeny class of a point s € #Ag(C). Let Z be an irre-
ducible closed subvariety of Ag such that Z N A is Zariski dense in Z. Then Z is a weakly
special subvariety of Ag.

Theorem 1.2. Conjecture 1.1 holds when Z is a curve.

Theorem 1.3. Let A be the isogeny class of a point s € Ag(C). Let Z be an irreducible
closed subvariety of Ag such that Z N A is Zariski dense in Z. Then there is a special subva-
riety S C g which is isomorphic to a product of Shimura varieties S1 X S with dim Sy > 0,
and such that

Z=SxZ7ZcS

for some irreducible closed subvariety Z' C S,.

Theorem 1.3, but not Theorem 1.2, depends on results concerning the hyperbolic Ax—
Lindemann conjecture from recent preprints of Pila and Tsimerman [19] and of Ullmo [27].
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Conjecture 1.1 is a consequence of the Zilber—Pink conjecture on subvarieties of Shimura
varieties [23]. For a statement of the Zilber—Pink conjecture and proof that it implies Conjec-
ture 1.1, see Section 2.

Conjecture 1.1 is slightly more general than the § = +A, case of the following conjecture
of André and Pink, because the isogeny class of s € 44 (C) is sometimes bigger than the Hecke
orbit: by isogeny class we mean the set of points ¢ € #4(C) such that the corresponding
abelian variety A, is isogenous to Ay, with no condition of compatibility between isogeny
and polarisations. On the other hand the Hecke orbit consists of those points for which there
is a polarised isogeny between the principally polarised abelian varieties, that is, an isogeny
¢: Ay — A; satisfying ¢*A; € Z Ay, where A and A; are the polarisations. In the case of A4
there is no difference between Hecke orbits and Pink’s generalised Hecke orbits.

Conjecture 1.4 ([1, Chapter X, Problem 3], [22, Conjecture 1.6]). Let S be a mixed
Shimura variety over C and A C S the generalised Hecke orbit of a points € S. Let Z C S
be an irreducible closed algebraic subvariety such that Z N A is Zariski dense in Z. Then Z
is a weakly special subvariety of S.

Some cases of Conjecture 1.1 are already known: If the point s is Galois generic, then the
isogeny class and the Hecke orbit coincide, and Conjecture 1.1 follows from equidistribution
results of Clozel, Oh and Ullmo, as was shown by Pink [22]. When s is a special point,
Theorem 1.2 was proved by Edixhoven and Yafaev [8] by exploiting the fact that Galois orbits
of special points are contained in Z N Tz Z for suitable Hecke operators T and these Galois
orbits tend to be large compared to the degree of Tg. When s corresponds to a product of
elliptic curves, Habegger and Pila [10] proved the theorem using the method we extend here.

The terminology “weakly special subvariety” was introduced by Pink [22], although the
concept was first studied by Moonen [14]. Moonen showed that a subvariety of a Shimura
variety is totally geodesic (in the sense of differential geometry) if and only if it satisfies the
following definition. An algebraic subvariety Z of A is called weakly special if there exist a
sub-Shimura datum (H, Xpgr) of (GSpy,, Jfét), a decomposition

(H*, X3) = (Hy, X1) x (Ha, X2)

and a point x, € X such that Z is the image in /4 of X; X {x2}. In other words, to say that Z
is weakly special means that we can choose S, S1, S» in the conclusion of Theorem 1.3 such
that Z’ is a single point in S. For more details, see Section 2.4.

In this article we will use a characterisation of weakly special subvarieties due to Ullmo
and Yafaev [28]: Z is weakly special if and only if an irreducible component of 7~ 1(Z) is
algebraic, where 7 is the quotient map #Hy — Ag and Hg C Magx2g(C) is the Siegel upper
half space. Here we call a subvariety of #g algebraic if itis a connected component of WoNH g
for some algebraic variety Wy C Magx2¢ (C). In order to prove Theorem 1.3 we require a
strengthening of this characterisation called the hyperbolic Ax—Lindemann conjecture: if W
is a maximal algebraic subvariety of 7~1(Z), then (W) is algebraic. A proof of the Ax—
Lindemann conjecture for ¢ was recently announced by Pila and Tsimerman [19].

Our proof of Theorems 1.2 and 1.3 follows the method proposed by Pila and Zannier for
proving the Manin—Mumford and André—QOort conjectures [21]. This is based upon counting
rational points of bounded height in certain analytic subsets of #g, and applying the Pila—
Wilkie counting theorem on sets definable in o-minimal structures.
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The central part of the proof of Theorems 1.2 and 1.3 is in Section 3. This uses a strong
version of the Pila—Wilkie counting theorem involving definable blocks. The other ingredients
are an upper bound for the heights of matrices in GL,g (Q) relating isogenous points, proved
in Section 4, and a lower bound for the Galois degrees of principally polarised abelian varieties
in an isogeny class, derived from the Masser—Wiistholz isogeny theorem [11].

In Section 5 we use a specialisation argument to prove a version of the Masser—Wiistholz
isogeny theorem for finitely generated fields of characteristic 0, generalising the original theo-
rem which was valid only over number fields. This is necessary in order to prove Theorems 1.2
and 1.3 for points s and subvarieties Z defined over C and not only over Q.

Now we consider some generalisations of Theorem 1.2. Theorem 1.2 immediately im-
plies Conjecture 1.4 for curves Z in Shimura varieties S of Hodge type, if we restrict to usual
Hecke orbits. This is because, by the definition of a Shimura variety of Hodge type, there is
a finite morphism f:S — s for some g such that the image of each Hecke orbit in § is
contained in a Hecke orbit of Ag, and Z C § is weakly special if and only if f(Z) C g
is weakly special. However this does not imply Conjecture 1.4 for generalised Hecke orbits
in Shimura varieties of Hodge type, as a generalised Hecke orbit in § may map into infinitely
many isogeny classes in .

Because of the use of the Masser—Wiistholz theorem, our method applies only to Shimura
varieties parameterising abelian varieties, i.e. those of Hodge type. In particular, let us com-
pare with [8, Theorem 1.2]. Take any Shimura datum (G, X'). Edixhoven and Yafaev generalise
Hecke orbits by choosing a representation of G and considering a set of points where the in-
duced Q-Hodge structures are isomorphic. The Masser—Wiistholz theorem can be used only
when these Hodge structures have type (—1,0) + (0, —1). Hence our method lacks a key ad-
vantage of Edixhoven and Yafaev’s formulation, namely that they can replace G by a subgroup
so that Z is Hodge generic, or by its adjoint group.

This restriction to isogeny classes of abelian varieties rather than generalised Hecke orbits
is related to our inability to prove the full Conjecture 1.1. In the case of the André—Oort
conjecture, a conclusion as in Theorem 1.3 implies the full conjecture by induction on dim Z
(see [27]). This is because, when Z is of the form S; x Z’, special points in Z project to special
points in Z’.

This does not work for Conjecture 1.1 because the hypothesis that Z = S x Z’ contains
a dense set of points from a single isogeny class does not imply the same thing for {x;} x Z’,
where we fix a point x; € S; in order to realise Z’ as a subvariety of /g. The problem is that
the decomposition S = S7 x S need not have an interpretation in terms of moduli of abelian
varieties. For example this happens in André and Borovoi’s example of a subvariety S C g
which decomposes as a product of Shimura varieties but where the generic abelian variety in
the family parameterised by S is simple.

Acknowledgement. [ am grateful to Emmanuel Ullmo for suggesting to me the prob-
lem treated in this paper and for regular conversations during its preparation. I would also like
to thank Barinder Banwait for his comments on an earlier version of the manuscript, and Gaél
Rémond for remarks on Theorem 5.1. I am grateful to the referee for their detailed comments.
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2. Shimura varieties and the Zilber-Pink conjecture

In this article we consider only the moduli space of abelian varieties and its subvarieties,
however to place Conjecture 1.1 in its proper context we need to consider Shimura varieties.
For the convenience of the reader, we briefly summarise the theory of Shimura varieties and
the Zilber—Pink conjecture in this section. This contains no original material: the primary
sources are [5] for Shimura varieties, [14] for special and weakly special subvarieties (special
subvarieties are what Moonen calls subvarieties of Hodge type) and [23] for the Zilber—Pink
conjecture. We also prove that the Zilber—Pink conjecture implies Conjecture 1.1 by an argu-
ment which is essentially due to Pink.

2.1. Shimura varieties. A Shimura datum is defined to be a pair (G, X) where G is a
reductive algebraic group over Q and X is a G(R)-conjugacy class of homomorphisms

h:ReS(C/R Gm —> GR
satisfying the following conditions:

(SV1) the Hodge structure on the adjoint representation of G induced by / has type contained
in {(_15 1)5 (Oa O)a (15 _1)}’
(SV2) inth(i) induces a Cartan involution of the adjoint group of G(R);

(SV3) G2 has no factor defined over Q on which the projection of 4 is trivial.

Under these conditions, each connected component of X is a Hermitian symmetric do-
main on which the identity component G(R)™ of G(RR) acts holomorphically.
Let K be a compact open subgroup of G(A r), where A ¢ is the ring of finite adeles. We
define
Shg(G. X) = G(Q\X x G(Ay)/K,

where G(Q) acts diagonally on X x G(Ay) on the left and K acts on G(A ) only on the right.
Deligne [5] showed that Shg (G, X) can be given the structure of an algebraic variety over a
number field, called a Shimura variety.

Choose a connected component X T of X. Let G(R) 4 be the preimage of the identity
component (in the analytic topology) of G (R) in G(R); this is the stabiliser of X ™. Let
GQ)+ =G[R)+ NGQ).

The image of X x {1} C X x G(Ay)in Shg (G, X)c is called the neutral component
of Shg (G, X)c. As a complex manifold it is canonically isomorphic to

r\x+

where I' = K N G(Q)+ is a congruence subgroup of G(Q).

Let (G, X) be a Shimura datum and let G = G/Z(G) be the adjoint group of G,
where Z(G) is the centre of G. We get a new Shimura datum (G4, X29) by letting X be the
G*(R)-conjugacy class of morphisms Resc /R Gm — G]‘fg containing 7 o x for x € X, where
7 is the quotient map G — G®. The map X — X is an injection whose image is a union of
connected components of X ad (gee [14, Section 2.1]).



Orr, Families of abelian varieties 215

2.2. Moduli of abelian varieties. The fundamental example of a Shimura variety is the
moduli space of principally polarised abelian varieties of dimension g. We recall briefly that a
polarisation of an abelian variety of A4 is an isogeny A — A" to the dual variety satisfying a
certain positivity condition. Any polarisation induces a symplectic form

Hi(A,Z) x H{(A,Z) — Z.

A polarisation is principal if it has degree 1, that is, if it is an isomorphism 4 — AV

The moduli space of principally polarised abelian varieties of dimension g is associated
with the Shimura datum (GSp,, # éit) where GSp,,, is the group of symplectic similitudes and
the conjugacy class of Hodge parameters can be identified with the union of the Siegel upper
and lower half spaces

Heg ={Z € Mg(C) | Z is symmetric and Im Z is positive definite},
Hy ={Z € Mg(C) | Z is symmetric and Im Z is negative definite}.

The action of GSp,, (R) on J(’gi is given by
(48)Z=(AZ+B)CZ+D)"', A B.C DeM(R).

Taking K = GSp,, (Z), we get the Shimura variety +, whose C-points are in bijection
with isomorphism classes of principally polarised abelian varieties of dimension g over C.

2.3. Hecke correspondences. Let (G, X) be a Shimura datum and K C G(Ay) a

compact open subgroup. Choose g € G(Ay) and let K, = K N gK g~ !. The inclusion

K¢ — K induces a finite morphism
m:Shg, (G, X) — Shg (G, X).
Because K is normalised by g, we also have an automorphism
7g:Shg, (G, X) — Shg, (G, X)

which sends the double coset [x, 6Kg] to [x, 0gKg]. We define a finite correspondence Ty on
Shg (G, X) by
Sh, (G, X)

b4 ToTg

Te

Shx (G, X) Shx (G, X).

Such correspondences are called Hecke correspondences and, for any point s € Shg (G, X),
the Hecke orbit of s is the union
U Tg.s.

g€G(Ay)

The Hecke correspondence T depends only on the double coset KgK. If we consider
only Hecke correspondences which preserve the neutral component of Shg (G, X), then each
double coset contains an element of G(Q)+.
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In the case of the moduli space of principally polarised abelian varieties, whenever two
points s, € g lie in the same Hecke orbit, the associated abelian varieties are isoge-
nous. The converse is not true: s and ¢ are in the same Hecke orbit if and only if there is
a polarised isogeny between the associated principally polarised abelian varieties, that is, an
isogeny f: Ay — A; such that

f*kt = l’l.)Lt

for somen € Z.

2.4. Special and weakly special subvarieties. Let (G, X) be a Shimura datum and
K C G(Ay) a compact open subgroup. A Shimura datum (H, Xg) is a Shimura sub-datum
of (G,X)if H C G and Xg C X. Letting Ky = K N H(Ay), we get a finite morphism
tg:Shg,, (H, Xg) — Shg (G, X).

An irreducible subvariety of S C Shg (G, X) is said to be a special subvariety if there
exist a Shimura sub-datum (H, Xg) C (G, X) and an element g € G(Ay) such that S is an
irreducible component of the image of

Tg oug:Shg, (H, Xg) — Shg (G, X).

The Hecke correspondence T is needed in this definition only because the image of ¢ might
not intersect every geometrically connected component of Shx (G, X). In the case of a geomet-
rically connected Shimura variety such as #g, every special subvariety is simply an irreducible
component of the image of tfy for some Shimura sub-datum.

A Shimura morphism of Shimura varieties is a morphism induced by a homomorphism
of the underlying algebraic groups. Let § = Shg (G, X) and S; = Shg, (H1.X1), and let
f:8 — S; be a surjective Shimura morphism. Then the adjoint Shimura datum (G, X%)
splits as a direct product (H f‘d X Hy, X fd X X») for some adjoint semisimple group H». If the
compact open subgroup K% C G*(A #) splits as a direct product K ‘i‘d x K, then § is the
union of some connected components of .S 'i‘d x Shg, (H2, X3). (We can always obtain such a
decomposition of K by replacing K by a subgroup of finite index.)

An irreducible subvariety Z C Shx (G, X) is a weakly special subvariety if there exist a
sub-Shimura datum (H, Xg) C (G, X), an element g € G(Ay), some other Shimura datum
(H', X') and a Shimura morphism

f:Shg,, (H,Xy) — Shg, (Hy, X1)

such that Z is an irreducible component of the image under Ty o tf of the fibre f~1(s) for
some point s € Shg, (H1, X1).

An example of a weakly special subvariety is the subvariety of 4, parameterising prin-
cipally polarised abelian surfaces of the form Ey x E, where Ey is a fixed elliptic curve and £
a varying elliptic curve. This is a special subvariety if and only if E¢ has complex multiplica-
tion. Here the Shimura variety Shg,, (H, Xg) is #1 x »; and the Shimura morphism f is the
projection onto the first factor. Note that in this example, tg: A1 X A; — > is not injective
but is the quotient by the action of Z /2 exchanging the two factors ;.

By the above discussion of the structure of Shimura morphisms, every weakly special
subvariety arises from a decomposition of (H, X ;}i) as a direct product. In particular, the
definition of weakly special subvarieties in terms of fibres of Shimura morphisms is equivalent
to the definition in the introduction in terms of a decomposition of an adjoint Shimura datum.
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However, not every weakly special subvariety of g arises from a product decomposition
of the associated abelian varieties as in the example. This is important as it prevents us from
proving Conjecture 1.1. The smallest example of a weakly special subvariety of Az which
does not come from a product decomposition of abelian varieties is for g = 8. It is due to
André [2] and Borovoi and is described by Moonen [14].

2.5. The Zilber-Pink conjecture. Let S be a Shimura variety. If Z is a subvariety
of S, let Sz be the smallest special subvariety of S containing Z. This exists because every
connected component of an intersection of special subvarieties is special. We define the defect
of Ztobedim Sz —dim Z.

Conjecture 2.1 ([23, Conjecture 1.1]). Let S be a Shimura variety and Z C S an
irreducible subvariety over C. Suppose that Z contains a Zariski dense set of points of defect
at most d. Then the defect of Z itself is at most d.

If we take d = 0 then this becomes the André—QOort conjecture: an irreducible subvariety
of a Shimura variety containing a Zariski dense set of special points is a special subvariety.

Lemma 2.2. Conjecture 2.1 implies Conjecture 1.1.

Proof. This proof is based on [23, Theorem 3.3]. Since Conjecture 1.1 concerns isogeny
classes rather than Hecke orbits, this lemma is slightly stronger than the #g case of Pink’s
theorem.

The only addition we need to make to Pink’s proof is to note that if 5,7 € g corre-
spond to isogenous abelian varieties, then s € Ag and (s,7) € Ag X Ag each have the same
defect. This follows from the fact that the abelian varieties As and Ay x A; have isomorphic
Mumford-Tate groups. Specifically, if M C GSp,,(Q) is the Mumford-Tate group of 45 and
g € GL2g (Q) is the rational representation of some isogeny A; — Ay (as in Section 4.2), then
the Mumford-Tate group of Ay X A; is the image of the embedding M — GL,g x GL2g given
by x = (x,gxg™ V).

Let S be the smallest special subvariety of 4 containing the point s, and let d = dim S.
Let S’ C A4 x /g be the smallest special subvariety of #Ag X /g containing {s} x Z.

As we noted above, each point of {s} x A has defect d so by Conjecture 2.1,

dimS' —dimZ < d.

The projection of S’ onto the first factor is a special subvariety of /g containing {s}, so
it must contain S. This projection is a Shimura morphism so comes from a product decompo-
sition of the adjoint Shimura datum associated with S”. Hence all fibres of this projection have
the same dimension, which must be at least dim Z. So

dimS’ —dimZ > dim S = d.

So we must have equality in both inequalities. Equality in the latter implies that {s} x Z
is a fibre of the Shimura morphism S” — S and so is weakly special. This implies that Z is
weakly special in g . ]
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3. Proof of main theorem

In this section we will deduce our main theorems (Theorems 1.2 and 1.3) from the ma-
trix height bounds of Section 4 and the isogeny bound of Section 5. Accordingly fix a point
s € Ag(C) and let A be its isogeny class. Let Z C #g be an irreducible closed algebraic
subvariety such that Z N A is Zariski dense in Z.

We begin with some definitions and notation. Let 77: #¢ — g denote the quotient map
and ¥z C H, the Siegel fundamental domain. Let

Z=nY2Z)nF, and A =nx"Y(A)N Fp.

Fix a point § € H, such that 7(5) = s.

We define the complexity of a point + € A to be the minimum degree of an isogeny
Ag — Ay between the abelian varieties corresponding to the points s and ¢ of Ag. We may
also talk about the complexity of a point in A, meaning the complexity of its image in A.

For a matrix y € M;;x,(Q), the height H(y) will mean the maximum of the stan-
dard multiplicative heights of the entries of y. A straightforward calculation shows that if
Y1, V2 € Mpxn(Q) then

H(yiy2) < nH(y1)H(y2).

3.1. O-minimality and definability. A key role in the proof is played by the Pila—
Wilkie theorem on definable sets in o-minimal structures. For an introduction to o-minimality
and the Pila—Wilkie theorem, see [25]. Here we recall some of the definitions and a strength-
ened version of the Pila—Wilkie theorem, due to Pila.

A structure S (over R) is a sequence S, of collections of subsets of R” for each natural
number # such that

(1) §, is closed under finite unions, intersections and complements;

(2) §, contains all semialgebraic subsets of R” (that is, those sets definable by polynomial
inequalities);

B)ifAeS,and B e S, then A X B € $;44;

(4) if m > nand A € §;, then n(A) € S, where 7: R™ — R” is the projection onto the
first n coordinates.

The sets in S, are called the definable sets of the structure §. A function f: A — B for
A C R™, B C R" is said to be definable if its graph is a definable subset of R

A structure is o-minimal if every set in 8 is a finite union of points and intervals. The ba-
sic example of an o-minimal structure is the structure of semialgebraic sets. The o-minimality
condition implies that all definable sets in the structure are topologically well-behaved: for
example they have finitely many connected components, a finite cell decomposition and can be
stratified and triangulated (see [6]).

For the purposes of this article, we will only use the structure R, exp generated by the
graphs of restricted analytic functions and the real exponential function. Accordingly, defin-
able will henceforth mean definable in R, exp. A restricted analytic function is a function
f:10,1]" — R which extends to a real analytic function on some open neighbourhood of
[0, 1]". This structure was shown to be o-minimal by van den Dries and Miller [7].
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According to [3], there is a map 7: #g — PV (C) which induces an embedding of Ag
as a quasi-projective variety. Siegel [26] used Minkowski’s reduction theory to construct a
semialgebraic fundamental domain for the action of Sp,,(Z) on Hg; we will call this domain
Fg. Crucially for us, Peterzil and Starchenko [16] have shown that the restriction of 7 to ¥y is
definable in R,y exp. This implies that, if Z C s is an algebraic subvariety, then N Z)NF,
is definable.

The principal theorem we shall use about o-minimal structures is a strong version of the
Pila—Wilkie theorem, which uses definable blocks. A definable block is a definable set which
is connected and almost semialgebraic. More precisely, a (definable) block of dimension w in
R" is a connected definable subset W < R” of dimension w, regular at every point, such that
there is a semialgebraic set A C R” of dimension w, regular at every point, with W C A.

A definable block family is a definable subset W of R” x R™ such that for each n € R™,
Wy, = {x e R" | (x,n) € W} is a definable block.

The statement of the following theorem has been simplified by referring only to rational
points and requiring Z to be a single definable set. Pila’s theorem works for points over number
fields of some chosen degree and allows Z itself to be a definable family but these are not
necessary for our purposes.

Theorem 3.1 ([18, Theorem 3.6]). Let Z C R” be a definable set and € > 0. There are
a finite number J = J(Z, €) of definable block families

WD CR*xR", j=1,....J

and a constant ¢ = c¢(Z, €) such that

(1) foralln e R™, '
W c z;

(2) forall T > 1, the rational points of Z of height at most T are contained in the union
of at most ¢T€ definable blocks of the form 'W,gj) (for some j € {1,...,J} and some
neR™)

3.2. Outline of proof. The key step in the proof of the main theorems is Proposi-
tion 3.2: the points of ZNAofa given complexity are contained in subpolynomially many
definable blocks, these blocks themselves contained in Z. This is proved using Theorem 3.1
(Pila’s theorem) and the matrix height bounds of Section 4.

Proposition 3.2. Let Z be a subvariety of Ag and § a point in Hg. Let € > 0. There is a
constant ¢ = ¢(Z, 3§, €) such that for every n > 1, there is a collection of at most cn€ definable
blocks W; C Z such that the union | J W; contains all points of Z N A of complexity n.

On the other hand, the Masser—Wiistholz isogeny theorem gives a polynomial lower
bound for the Galois degree of points in A in terms of their complexity. Combining these
two bounds, once the complexity gets large enough there are more points in Z N A than there
are blocks to contain them. Hence most points of Z N A are contained in blocks of positive
dimension. In particular the union of positive-dimensional blocks contained in Z has Zariski
dense image in Z.
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In the case dimZ = 1 this implies that Z has an algebraic irreducible component
and so we can conclude using the Ullmo—Yafaev characterisation of weakly special subvari-
eties. When dim Z > 1, we use the Ax-Lindemann theorem for g to deduce that positive-
dimensional weakly special subvarieties are dense in Z and then a result of Ullmo to complete
the proof of Theorem 1.3.

Let us outline the proof of Proposition 3.2. We cannot apply the counting theorem to
AcZ directly, because the points of A are transcendental. Instead we construct a definable
set Y and a semialgebraic map o: Y — Z such that points of Z N A have rational preimages
in Y, with heights polynomially bounded in terms of their complexity. This idea is due to
Habegger and Pila [10].

Consider first the case End Ay = Z. This case is easier because all isogenies between Ay
and any abelian variety are polarised. In this case we let

= {y € GSpeR)* | y5 € Z},

and let o: Y — Z be the map o(y) = y.5.

Leti € Z N A and r = 7(7). Then there is an isogeny f: A, — A whose degree is
equal to the complexity of 7. By the hypothesis End Ay = Z this isogeny is polarised. Hence
the rational representation of f* (explained in Section 4) gives a matrix y € GSp,, (@)™ such
that 77 (y.5) = t and whose height is polynomially bounded with respect to the complexity. We
can also find y1 € Spy,(Z) of polynomially bounded height such that y1y.5 = f. Hence every
point in Z N A has a rational preimage in Y of polynomially bounded height. This is precisely
what we need to apply Theorem 3.1 to Y.

If we drop the assumption End Ay = 7Z then this no longer works, because the rational
representation of a non-polarised isogeny is not in GSp,, (Q)™. Note that even if we assume
that 7 is in the Hecke orbit of s, so that there is some polarised isogeny As; — A, the isogeny
of minimum degree need not be polarised. Thus we do not get an element of GSp,, (O)
whose height is polynomially bounded in terms of the complexity.

To avoid this problem we will take Y to be a subset of GLag(R) instead of GSp,,4 (R).
This will allow us to carry out the same proof using the rational representation of a not-
necessarily-polarised isogeny. Of course GL,g (R) does not act on H#, but this does not matter:
the map

o(&8)=(A5+ B)(C5+ D) for A, B,C.D € Mgxg(R)

is defined on a Zariski open subset of GL,, (R), and we will only consider matrices in GL2g (R)
where o is defined and has image in . In particular let

Y =0 1(2).

3.3. Proof of Pr0p0s1t10n 3.2. Before proving Proposition 3.2, we need to check that
every element of Z N A has a rational preimage in Y whose height is polynomially bounded
with respect to the complexity. Proposition 4.1 says that there is some preimage in GL2g (R)
with this property, and all we need to do is move it into preimage of the fundamental do-
main Fyg.

Lemma 3.3. There exist constants ¢,k depending only on g and § such that for any
I € Z N A of complexity n, there is a rational matrix y € Y such that o(y) = t and
H(y) < cnk.
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Proof. Lett = m(f). Let B be a symplectic basis for Hy(Ag, Z) with period matrix 3.

By Proposition 4.1 there is an isogeny f:A; — A and a symplectic basis B’ for
H{(A;,Z) such that the rational representation y; of f has polynomially bounded height.
As remarked in the introduction to Section 4, o(“y;) is the period matrix for (A4;, A;) with
respect to the basis B’. In particular,

ro(ly) =1,

Hence there is y2 € Sp,,4(Z) such that y2.0(*y1) = . By [20, Lemma 3.2], H(y3) is poly-
nomially bounded. Then y = y,’y; has height at most 2gH (y1) H(y2) and so satisfies the
required conditions. ]

Now we are ready to prove Proposition 3.2. We simply apply Theorem 3.1 to Y, using
Lemma 3.3 to relate heights of rational points in Y to complexities of points in ZNA. We
then use the fact that o is semialgebraic, and that the blocks in Y can be chosen uniformly from
finitely many definable families, to go from Y to Z.

Proof of Proposition 3.2. The set
Y =0 x "N 2)N Fp)

is definable because o is semialgebraic and 7|, is definable by a theorem of Peterzil and
Starchenko [16].

Hence we can apply Theorem 3.1 to Y: for every € > 0, there are finitely many definable
block families W) (e) C ¥ x R” and a constant c; (Y, €) such that for every T > 1, the
rational points of Y of height at most 7" are contained in the union of at most ¢; 7€ definable
blocks W; (T, €), taken from the families W) (¢).

Since o is semialgebraic, the image under o of a definable block in Y is a finite union of
definable blocks in Z. Furthermore the number of blocks in the image is uniformly bounded
in each definable block family WU (€). Hence o(lJ W (T,¢)) is the union of at most ¢, T¢
blocks in Z, for some new constant ¢, (Z,5,¢).

But by Lemma 3.3, for suitable constants ¢, k, every point of ZNA of complexity 7 is
in o ((J W; (cn¥, €)). i

3.4. End of proof of Theorems 1.2 and 1.3. Proposition 3.2 tells us that the points of
ZNA of complexity n are contained in fewer than ¢ (e)n€ blocks for every € > 0. On the other
hand, the Masser—Wiistholz isogeny theorem implies that the number of such points grows at
least as fast as n!/* for some constant k. Hence most points of Z N A are contained in a
block of positive dimension. We check that this is sufficient, with the hypothesis that Z N A
is Zariski dense in Z, to deduce that the union of positive-dimensional blocks in 7 has Zariski
dense image in Z.

Proposition 3.4. Let Ay be the set of points t € Z N A for which there is a positive-
dimensional block W C Z such thatt € n(W). If Z N A is Zariski dense in Z, then Ay is
Zariski dense in Z.
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Proof. Let Z; denote the Zariski closure of A1 (we do not yet know that this is non-
empty).

Let (As, As) be a polarised abelian variety corresponding to the point s € #4(C), defined
over a finitely generated field K. We choose K large enough that the varieties Z and Z; are
also defined over K.

Let ¢ be a point in Z N A of complexity n. The polarised abelian variety corresponding
to ¢ might not have a model over the field of moduli K(¢), but it has a model (A4;, A;) over
an extension L of K(¢) of uniformly bounded degree. This follows from the fact that a po-
larised abelian variety with full level-3 structure has no non-trivial automorphisms [13, Propo-
sition 17.5], so is defined over its field of moduli; and the field of moduli of a full level-3
structure on the polarised abelian variety corresponding to ¢ is an extension of K(z) of degree
at most [Spy, (Z/3)].

By Theorem 5.1, the complexity 7 is bounded above by a polynomial ¢[L : K]¥ in [L : K],
with ¢ and k depending only on As and K. Hence for a different constant ¢, we have

[K(): K] > cin'/k.

But all Gal(K /K)-conjugates of ¢ are contained in Z N A and have complexity n. By
Proposition 3.2, the preimages in g of these points are contained in the union of at most
¢2(Z,5,1/2k)n'/2k definable blocks, each of these blocks being contained in Z.

For large enough n, we have

1/k 1/2k

cin > Can

For such n, by the pigeonhole principle there is a definable block W C Z such that 77 (W) con-
tains at least two Galois conjugates of 7. Since blocks are connected by definition, dim W > 0.
So those conjugates of ¢ in (W) are in A 1. Since Z is defined over K, it follows that ¢ itself
is alsoin Z;.

In other words all points of Z N A of large enough complexity are in Z;. But this
excludes only finitely many points of Z N A. So as Z N A is Zariski dense in Z, we conclude
that Z, = Z. i

Call a subset W C H#g complex algebraic if it is a connected component of Wy N Hg for
some irreducible complex algebraic variety Wy C Magx24(C). Let 7 denote the complex
algebraic part of 7, that is, the union of positive-dimensional complex algebraic subsets of #g
contained in Z.

By [17, Lemma 2.1], 7 is the same as the union of the definable blocks contained in
7. So Proposition 3.4 tells us that 7(Z*) is Zariski dense in Z.

If dim Z = 1, then the fact that Z is non-empty implies that some irreducible com-
ponent of Z is complex algebraic. By [28] this implies that Z is weakly special, proving
Theorem 1.2.

For dim Z > 1, we use the Ax-Lindemann theorem for +, proved by Pila and Tsimer-
man [19]: if W is a maximal complex algebraic subset of Z then 7(W) is weakly special.
Hence 7(Z¢) is a union of positive-dimensional weakly special subvarieties, so these are dense
in Z. Let S be the smallest special subvariety of #, containing Z. By [27, Théoreme 1.3], we
deduce that S = S; x S, for some Shimura varieties S; and S, and Z = S; x Z’ for some
subvariety Z C S, proving Theorem 1.3.
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4. Heights of rational representations of isogenies

Let (A,1) and (A’, A’) be principally polarised abelian varieties over C related by an
isogeny of degree n (not necessarily compatible with the polarisations). In this section we show
that, for suitable choices of bases for H(A,Z) and H,(A’, Z) and of isogeny f: A" — A, the
height of the rational representation of f is polynomially bounded in 7. In particular we prove
the following proposition, used to prove Lemma 3.3.

The notation H( f, B’, B) in the proposition refers to the height of the rational represen-
tation of the isogeny f with respect to bases B’, B of the period lattices. This is defined below
in Section 4.2.

Proposition 4.1. Let (A, A) be a principally polarised abelian variety over C and fix
a symplectic basis B for Hi(A,Z). There exist constants ¢,k depending only on (A, L) such
that: If (A’, )) is any principally polarised abelian variety for which there exists an isogeny
A — A’ of degree n, then there are an isogeny f: A — A and a symplectic basis B’ for
Hy (A, Z) such that
H(f.B'.B) < cn®.

In this proposition, the isogeny whose existence is assumed and the isogeny whose ex-
istence is asserted in the conclusion go in opposite directions. This is the most convenient
formulation for our application, but it is not important since any isogeny A — A’ of degree n
gives rise to an isogeny in the opposite direction of degree n28 1.

4.1. Polarisations. Let A be an abelian variety and A" its dual variety. A polarisation
of A is an isogeny A — AV satisfying a certain positivity condition (being associated with
an ample sheaf). Any polarisation induces a symplectic form H{(A,7Z) x H{(A,Z) — Z.
A polarisation is principal if it is an isomorphism A — AV.

A polarisation A: A — AV induces an involution, called the Rosati involution, of
End A ®7 Q defined by

at=21"1o0av o2
where a¥ means the morphism dual to a. This involution reverses the order of multiplication
in End 4 ®7 Q. It gives an involution of End A itself if A is principal.

Having fixed a principal polarisation A of A, every other polarisation has the form A o ¢
for some ¢ € End A which is symmetric, i.e. " = ¢, and positive definite, i.e. each component
of g in

End A ®z R = [ [M;,(R) x [ [ M, (C) x [ [ Ma, (H)

has eigenvalues which are positive real numbers.
4.2. Rational representations. We define the rational representation of an isogeny
f: A" — A (with respect to bases B, B’ for H1(A,Z) and Hy(A’, 7)) to be the matrix of the

induced morphism

in terms of the chosen bases. This gives a 2g x 2g integer matrix. We write

H(f, 8 B)
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for the height of the rational representation of f, meaning simply the maximum of the absolute
values of the entries of the matrix.

Rational representations of isogenies are particularly interesting in the case that the bases
B, B’ are symplectic with respect to the polarisations A, A". In this case, if §,7 € H#, are the
period matrices of (A, 1) and (A’, A”) with respect to the chosen bases and y is the rational
representation of an isogeny A" — A, then

i =(A5+ B)(C5 + D)~ where'y = (4 B).

We remark also that for symplectic bases, an isogeny is polarised if and only if its rational
representation is in GSp,, (Q).

4.3. Outline of proof. In the situation of Proposition 4.1, let 7: A — A’ be an isogeny
of degree n. Then h*1’ is a polarisation of A, so there is a symmetric positive definite endo-
morphism g € End A such that

h*A = 2Xogq.

We can identify H;(A’, Z) with a submodule of H;(A,Z) of index n?8~!, and so find
a basis for Hy(A’,7Z) whose height is at most 728 1. However this need not be a symplectic
basis. We apply the standard algorithm for finding a symplectic basis: the height of this new
basis is controlled by 2*1’, in other words by ¢.

So we would like to bound the height of the rational representation of ¢ in terms of deg /.
However this is not possible: let A be an abelian variety whose endomorphism ring is the ring
of integers o of a real quadratic field. In particular o has infinitely many units. Let & be a unit
in o, in other words, an isomorphism A — A. If we take the same polarisation on each copy
of A, then ¢ = h? and the rational representation of this can have arbitrarily large height.

We can avoid this by replacing & by / o u for some automorphism u of A; recall that
all we have supposed about 4 is that it is an isogeny A — A’ of degree n. This replaces ¢ by
uTqu. We will show that we can choose u so that the height of the rational representation of
u'qu is bounded by a multiple of degq = n?.

4.4. Heights in the endomorphism ring. The following proposition is motivated by
the fact that the symmetric elements of End A of a given norm fall into finitely many orbits un-
der the action of (End A)* given by (u, q) — uqu’ (see [13, Proposition 18.2]). In geometric
terms, this says that if we fix A and deg u then there are finitely many isomorphism classes
of polarised abelian varieties (A4, i). Proposition 4.2 strengthens this by saying that each orbit
contains an element whose height is bounded by a multiple of the norm. Milne’s theorem is
proved using the reduction theory of arithmetic groups. We also use reduction theory, but in
order to get height bounds we have to go deeper into the structure of End 4 ® 7 R.

The representation p appears in Proposition 4.2 solely to give us a convenient definition
of heights and norms of elements of R. Specifically, H(x) means the height of p(x) and
N(x) = det p(x) for x € R.

Proposition 4.2. Let (E, ) be a semisimple Q-algebra with a positive involution, let R
be a T-stable order in E and let p : R — My (Z) be a faithful representation of R. There is
a constant ¢ depending only on (R, T, p) such that for any symmetric positive definite ¢ € R,
there is some u € R* such that

H(u'qu) < ¢N(q).
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Proof. 'We begin by checking that it suffices to prove the proposition for simple alge-
bras E. In general, E = [] E; for some simple Q-algebras E;. Let R; = R N E;. Then
R’ =[] R; is an order of E contained in R. Let m = [R : R’]. Given ¢ € R, we look at
mq € R’. Suppose that the proposition holds for each R;; then clearly it holds for R’, so there
isu € R’ (afortiori u € R™) such that

H(umqu*) < ¢ N(mu).

Hence the proposition holds for R with constant ¢ N(m)/m.

So we suppose that £ is simple. Then £ = M (D) for some division algebra D, and
the involution T is matrix transposition composed with some involution of D. We may also
suppose that R is contained in the maximal order M, (o), where o is a maximal order in D.

By the Albert classification of division algebras with positive involution, £ ®¢g R is
isomorphic to one of M,, 7 (R)", M,,4(C)" or M,,; (H)". Because ¢ is symmetric, its projection
onto each simple factor of £ ®¢ R is a Hermitian matrix. By the theory of Hermitian forms
over R, C and HI, there exist x,d € E ®q R such that d is diagonal with real entries in each
factor and

q = xTdx.

Since ¢ is positive definite, all the diagonal entries of d are positive so we can multiply each
row of x by the square root of the corresponding entry of d to suppose that d = 1. We then
have g = xTx.

Let G be the Z-group scheme representing the functor Z-Alg — Grp given by

G(A) = (R®z A)™.
Over Q this is the reductive group Resp,p GL,. We will use the following notations for
subgroups of G:

(1) S is the maximal Q-split torus of G whose Q-points are the diagonal matrices of GL, (D)
with entries in Q;

(i1) P is the minimal parabolic Q-subgroup of G consisting of upper triangular matrices;
(iii) U = Ry (P) is the group of upper triangular matrices with ones on the diagonal;
(iv) Z is the centraliser of S in G; that is, Z(Q) consists of the diagonal matrices in GL,(D);

(v) M is the maximal QQ-anisotropic subgroup of Z; that is, M (Q) consists of the diagonal
matrices in GL, (D) whose diagonal entries have reduced norm =+1;

(vi) K ={g € G(R) | gTg = 1} is a maximal compact subgroup of G(R).

By [4, Proposition 13.1], there exist a positive real number #, a finite set C C G(Q) and
a compact neighbourhood w of 1 in M?(R)U(R) such that

G[R) = KA;wCG(Z)

where
Ar={ae SR) |a; >0, aj/aj+1 <t foralli}.

We note that M°(R)U(R) is the group of upper triangular matrices in M, (D ®¢g R) whose
diagonal entries have reduced norm 1.
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Hence we can write

x =kazvy
where k € K,a € A;,z € w,v € Candy € G(Z) = R*.
Letu =y~ ! and
g =u'qu.

In order to prove the proposition, it will suffice to show that H(g¢") < ¢ N(q).
Since kTk = 1, and using the decomposition of x, we get that

q/ = VTZTGTQZU.

Fix some Z-basis of R. We will show below that the (real) coordinates of ata are bounded
above by a constant multiple of N(g). The coordinates of z and v are uniformly bounded
because z is in the compact set w and v is in the finite set C. Hence the coordinates of ¢ in
this basis are bounded by a multiple of N(g), so H(q') is likewise linearly bounded.

Letafa = diag(ay,...,a,) with a; € R. In order to show that the coordinates of ata
in the chosen basis are bounded, it will suffice to show that the a; are bounded by a multiple
of N(¢). We shall show that the a; are bounded below by a constant, and that their product
[Tai is bounded above by a multiple of N(g). These two facts together imply that the a; are
bounded above by a multiple of N(g).

Choose an integer m such that mv~! € R forall v € C. Then

m?ztataz = mvi=Yg'(mv™1) e R

so every entry of m?ztaTaz, viewed as a matrix in M,, (D), is in o.
Let z1; denote the upper left entry of z € M, (D ®qg R). Because z is upper triangular,

the upper left entry of m2zVtataz is mzzirlalzll. So mzzirlalzll € pand
|NrdD/Q(m22I1611211)} > 1.
But Nrd(z11) = 1 because z € w, so

2
INrdpgor/R(M*a1)| > 1.
Since m?a; is a positive real number, NrdpgoRr/R (m?ay) is just some fixed positive
power of m?ay so we conclude that
m2a1 > 1.
From the definition of A;, it follows that a; > m~2t%272 for all i and we have established that

the a; are uniformly bounded below.
Hence there is a constant ¢; such that for every j,

aj < Cll_[ai.

Since p is faithful, we have dim p > n. Together with the fact that [ [ a; is bounded below

this implies that
dimp/n
Ha,- < cz(l_[a,-) = czN(aTa).

Now N(z) = N(u) = 1 and N(v) is bounded because v comes from a finite set, so
N(a'a) is bounded above by a constant multiple of N(g). Combining all this we have proved
that each a; is bounded above by a constant multiple of N(g), and as remarked above this
suffices to establish the proposition. |
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4.5. Height of a symplectic basis. We will need the following bound for the height
of a symplectic basis for a symplectic free Z-module in terms of the values of the symplectic
pairing on the standard basis. The proof is simply to apply the standard recursive algorithm for
finding a symplectic basis, verifying that the new vectors introduced always have polynomially
bounded heights.

Lemmad4.3. Let L = 728 and let {ey, ..., exg } be a basis for L. There exist constants
¢,k depending only on g such that for any perfect symplectic pairing ¥ : L x L — Z with

N = max|y (e, e))],
L,]

there exists a symplectic basis for (L, V) whose coordinates with respect to the original basis
{e1....,exg} are at most cNk.

Proof. For any x € L, we write H(x) for the maximum of the absolute values of the
coordinates of x with respect to the basis {eq, ..., e2g}.

First let e] = e; and choose e/, such that (e}, e5) = 1 and H(e,) < N. We can do
this because v is perfect, so that ged?_, (¥ (e1,e;)) = 1. Hence there are integers a; such that
la;| < N and

Zailﬁ(el,ei) =1

Welete, =) aje;.
Then find e}, . .. ,eég orthogonal to e} and to e} such that {e, ..., e/zg} is a basis for L
and H(e]) < 2gN?. We can do this by setting

el{ =e; + W(é’/z,ei)ell + W(e/l’ei)e/Z'
Here we have
n
(€5 e)l < D lajw(e, el < (2 — HN?
j=2

and ¥ (], ¢; )¢} has height at most N2 so H(e/) < 2gN?.
Finally apply the algorithm recursively to L' = Z(ej3, ..., e, ). We have

W (ef.e})| < gNH(ej)H(e}) < 4g°N°.

Hence by induction L’ has a symplectic basis whose coordinates with respect to {e, ..., e} g}

are bounded by a constant multiple of N 5%, where &’ is the exponent in the lemma for Z2(&—1.
Converting these into coordinates with respect to {eq, . .., €24}, we get that the elements of this
symplectic basis for L’ have height bounded by a constant multiple of N 2+5K"  This proves
the lemma.

We remark that the recurrence k(g) = 2 + 5k(g — 1), k(0) = 0 is satisfied by
k(g) = (58 — 1)/2, so this provides a suitable choice of exponent for the lemma. ]
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4.6. Proof of Proposition 4.1. Let i: A — A’ be an isogeny of degree n. There is
q € End A such that
h*AM = Ldog.

Apply Proposition 4.2 to get u € (End A)™ such that
H(uqu) < ¢N(q).

Then hu is an isogeny A — A’ of degree n, so there is also an isogeny f: A" — A of de-
gree n28~1 such that

huo f = [n]a.
The image of fi: Hi(A’,Z) — Hy(A, Z) is a submodule of index n?8~!. By the struc-
ture theory of finitely generated Z-modules there is a basis {e}, ..., ey, } for Hi(A4', Z) with

respect to which the rational representation of f is upper triangular and has height at most
n?¢=1 But this need not be a symplectic basis.

Let v, ¥’ be the symplectic forms on H1(A, Z) and Hy(A’, Z) induced by A, A’ respec-
tively. Let ¢’ = uTqu. Then

n?) =\ = Ut = f*(hoq)).
In terms of symplectic forms this says that

n*y'(x,y) = U (fex. gy f5)).

In particular, since the coordinates (with respect to B, a symplectic basis for ) of
{f«€,.... fxe5,} and the entries of the matrix ¢} are bounded by a polynomial in n, the
same is true for

VACHDIF
Hence by Lemma 4.3 there is a symplectic basis B’ for H;(A’, Z) whose coordinates with
respect to {e], ..., e, g} are polynomially bounded. Using again that the coordinates with re-
spect to B of { fxe), ..., fxey,} are polynomially bounded, we deduce that H(f, B, B) is
also polynomially bounded. |

5. Isogeny theorem over finitely generated fields

The Masser—Wiistholz isogeny theorem [11] gives a bound for the minimum degree of an
isogeny between two abelian varieties over number fields, as a function of one of the varieties
and the degree of their joint field of definition. In order to prove Theorems 1.2 and 1.3 for
points s € #g defined over C and not merely over Q, we need to extend the isogeny theorem
to abelian varieties defined over finitely generated fields of characteristic 0. We will do this by
a specialisation argument, using the fact that any abelian scheme has a closed fibre in which
the specialisation map of endomorphism rings is surjective. The proof is based on Raynaud’s
proof [24] that the Manin—Mumford conjecture over Q implies the conjecture over C.

A key feature of the theorem of Masser and Wiistholz is the explicit dependence of the
bound on the abelian variety A, via the Faltings height. Our theorem does not make this explicit,
and it is not apparent that there is any analogy of the Faltings height over a finitely generated
field which would enable it to be made explicit. Instead what matters to us is the dependence
on the field of definition of B.
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Theorem 5.1. Let K be a finitely generated field of characteristic 0 and A an abelian
variety defined over K. There exist constants ¢ (A, K) and k (k depending only on dim A) such
that: If B is any abelian variety defined over a finite extension L of K and isogenous over K
to A, then there exists an isogeny A — B defined over K of degree at most

c(A, K)[L : K]*.

In Masser and Wiistholz’s theorem, the constant ¢ depended also on the degrees of polar-
isations of A and B. This dependence has been eliminated by Gaudron and Rémond [9] who
also showed that we can take k = 21%(dim A)3 + ¢ for the exponent.

Proof. Let R be a finitely generated normal (Q-algebra whose field of fractions is K,
and let S = Spec R. There is an abelian scheme 4 over some open subset U C S whose
generic fibre is isomorphic to A. (Note that R is a finitely generated Q-algebra, not a finitely
generated Z-algebra, because unlike in [24] we do not need to reduce modulo p, while Noot’s
specialisation result requires the base to be a variety over Q.)

By replacing L by a larger extension of bounded degree (the bound depending only
on dim A), we may assume that all homomorphisms A — B are defined over L (see [12,
Lemma 2.1]). Let R’ be the integral closure of R in L and S” = Spec R'. Let 7 : S’ — S be
the obvious finite morphism and let U’ = 7~ 1(U).

Because 4 and B are isogenous, there is an abelian scheme 8B over U’ with generic fibre
isomorphic to B, and such that B is isogenous to 4. We can construct this as follows: let N be
the kernel of an isogeny A — B. We can extend N to a finite flat subgroup scheme N C .
Then let B be the quotient A/ N .

For any closed points s* € U’ and s = 7 (s’) € U, the fibres +; and By are abelian
varieties over the number fields kg and kg, isogenous over kgy. We can apply the Masser—
Wiistholz theorem to deduce that there are constants ¢(y, ks) and «(dim A) and an isogeny
As — By of degree at most

c(As, ks)lky + ks]*.

Observe that [ky : kg] < [L : K].

In order to prove the theorem, all we have to do is show that this isogeny Ay — By lifts
to an isogeny A — B (which will have the same degree). Hence it will suffice to show that
there is some closed point s such that the specialisation map

(%) Homg (A, B) — Homk-s(a‘\as, Bs)

is surjective. Because we want a bound which depends only on A and not on B, we have to
show that there is a single point s € U which will work for all B.

We choose a closed point s € U such that Endg A — Endk-s Ay 1s surjective. Such an s
exists by [15, Corollary 1.5] (this is proved using the Hilbert irreducibility theorem).

Let fs be a k_s-homomorphism As — By. To prove that (x) is surjective, we have to
show that f lifts to K-homomorphism 4 — B.

We are assuming that A and B are isogenous. Choose any isogeny g, : A — B and let
gs be its specialisation at s. Let

as =g, o fs € End; As ®z Q.
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By our choice of s, this lifts to some a;; € Endg A®z Q. Then f;; = g,oay is a quasi-isogeny
A — B specialising to fs.

All we have to do is check that f, is an isogeny and not just a quasi-isogeny. Choose
an integer m such that m f;, is an isogeny. The kernel of m f; contains +[m] so lifting to the
generic fibre, the kernel of m f;; contains A[m]. Hence m f;, factorises as f,; o [m] for an isogeny
fy + A — B,and we must have f; = fy. O
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