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1 Introduction

The goal of this paper is to prove the full geometric Bogomolov conjecture.
We first reduce it to the case that the extension of the base fields has tran-
scendence degree 1, and then we prove the later case by intersection theory in
algebraic geometry. The proof uses Yamaki’s reduction theorem on the geo-
metric Bogomolov conjecture and the Manin—-Mumford conjecture proved by
Raynaud and Hrushovski.

1.1 Abelian varieties and heights

Let k£ be an algebraically closed field. Let K /k be a finitely generated field
extension of transcendence degree trdeg(K / k) > 1.Let A be an abelian variety
over K of dimension g. Let L be a symmetric and ample line bundle over A.
To define canonical heights of subvarieties of A, we need to choose integral
models.

Integral models

A projective model of K / k is anormal projective variety S over k with function
field K. It follows that dim S = trdeg(K / k).

A polarization of K /k is a pair (S, M) consisting of a projective model S
of K /k and an ample line bundle M over S.

An integral model of (A, L) over S is a triple (A, 7, £) where:

e A is a projective variety over k;
e 7 : A — Sis aprojective morphism whose generic fiber is A;
e L is aline bundle on A extending L.

We usually abbreviate (A, i, £) as (A, £).
Canonical heights

Let X be any closed subvariety of A over K. The naive height of X with
respect to the polarization (S, M) and the integral model (A, £) is defined as

EdimX—H . (H*M)dimS—l Y
(1 4+ dim X) deg; (X)

h4 o) (X) = : (1.1)
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where X is the Zariski closure of X in A, the numerator is the intersection
number in A, and deg; (X) = LYm X . X is the intersection number in A.

By Tate’s limiting argument, the canonical height of X with respect to the
polarization (S, M) and the line bundle L over A is the limit

- _ 1
(X)) = Jim Eh(‘jw([n]x). (1.2)

o0

Here [n]X is the image of X under the multiplication map [n] : A — A. The
limit exists and depends on (S, M) and L, but is independent of the integral
model (A, £). Moreover, fz/LM(X ) > 0 by choosing L to be ample in the defi-
nition. Our definition of the canonical height differs from that of Gubler [10]
(and of Yamaki [34]) by the normalizing denominator (1+dim X) deg; (X), by
applying Tate’s limiting argument with [10, Theorem 3.4(e), Theorem 3.6(d),
Remark 3.7].

The definition of the heights can be easily extended to closed subvarieties
of Az = A ®k K. In fact, let Y be a closed subvariety of Ax. Let X be the
minimal closed subvariety of A such that X% contains Y in A, or equivalently
X is the image of the composition Y — A% — A as schemes. Then we simply
define

WA (V) =0 (X)), hPAY) = h(X). (1.3)

Remark 1.1 The definition is compatible with base change in the sense that if
K’/K is a finite extension (contained in K), then

W () = (K K1 (), () = (K K1h ().

Here (A’,L') = (Akg’, Lg/), 8" — S is the normalization of Spec K’ — S,
A is the Zariski closure of A" in A x g S’, M’ is the pull-back of M via the
finite morphism S” — S, and £’ is the pull-back of £ via the finite morphism
A" — A. In fact, the equality for the canonical heights follows for that for the
naive heights, and the latter follows from the projection formula for the finite
morphism X’ — X, where X’ (resp. X) is the Zariski closure of the image
of the composition ¥ — Ax — Agr — A (tesp. ¥ — Ax — A — A).
Here the degree of the finite morphism X’ — X is equal to that of the finite
morphism X" — X, where X’ is the image of the composition ¥ — Ax —
Ak, soitisequal to [K': K]deg; (X')/deg; (X) by the projection formula
again.

Taking K'/K to be a finite extension such that Y is defined over K’, we see
that our definition is compatible with that of [38, (2.5.3)] up to the normalizing
denominator (1 + dim X) deg; (X).
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For simplicity, we usually omit the dependence on L and (S, M) in the heights,
which are usually fixed, so we write

h(X) = ' (X),  h(Y)=h'(Y).
In the special case of dim ¥ = 0, we get the canonical height for points
h=h': A(K) — [0, 400)
with respect to L and (S, M).

Remark 1.2 Let fHL\f’/ be a height function defined by another choice
(L', S, M’). Then ¢! ﬁ/LV‘ < fsz\/,‘, < cfz/L\/‘ for some rational number ¢ > 1.
We can use a few reductions to prove this. In the process, we allow M and
M’ to be nef and big (instead of ample) over S and S’ respectively. First, we
can reduce to the case S = S’ by replacing S and S’ by an integral model of
K / k dominating both S and §’, and replacing M, M’ by their pull-back’s to
the new integral model. Second, we can reduce to the case M = M’ since
there is a positive integer a > 0 such that aM — M’ and aM’ — M are
both big over S. This follows from Siu’s inequality (cf. [19, §2.2, Theorem
2.2.15]). In this process, we use the inequality Dy ... D, > D) ... D, for nef
divisors Dy, ..., D, and D{, ..., D, over a projective variety Z of dimension
n such that D| — Di, ..., D, — D), are effective divisors over Z. Note that
the inequality follows from the chain

Dy -Dy---D,>D,-Dy---Dy>D,-Dy-D3---D, > ...
> D/ .Dy---D..

Third, we can reduce to the case L = L’ because there is a positive integer
b > 0 such that bL — L’ and bL' — L are both ample over A.

In the special case of trdeg(K /k) = 1, the situation is much easier, since
the the projective model S is unique and the line bundle M is not used in the
definition of the heights.

Small points and special subvarieties
For any subvariety X of A% and any € > 0, we set

X(€) = {x € X(K)| h(x) < €}. (1.4)

We say that X contains a dense set of small points of A/ K / k if X (€) is Zariski
dense in X for all ¢ > 0. This notion is actually independent of the choice of L
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and (S, M) to define the canonical height function fzi‘/l : A(K) — [0, +00),
since any two such heights bound each other up to positive multiples (cf.
Remark 1.2).

Let (AKX’ tr) be the K / k-trace of A it is the final object of the category

of pairs (C, f), where C is an abelian variety over k and f is a morphism
from C ®; K to Ag (cf. [17, §8.3] or [4, §6]). If chark = O, tr is a closed

immersion and AX/¥ ®; K can be naturally viewed as an abelian subvariety
of Az if chark > 0, tr is a purely inseparable isogeny to its image.

A torsion subvariety of A% is a translate a + C of an abelian subvariety
C C Ag by atorsion point a of A%. A subvariety X of A% is said to be special
if

X=tu(YK)+T (1.5)

for some torsion subvariety T' of A% and some subvariety ¥ of AK/k_ When
X is special, X (¢) is Zariski dense in X for all ¢ > O ( [18, Theorem 5.4,
Chapter 6]).

1.2 Geometric Bogomolov conjecture

The goal of this paper is to prove the following theorem, which is known as
the geometric Bogomolov conjecture.

Theorem 1.3 (Geometric Bogomolov conjecture) Let k be an algebraically
closed field. Let K/ k be a finitely generated field extension of transcendence
degree at least 1. Let A be an abelian variety over K. Let X be a closed
subvariety of Ag. If X contains a dense set of small points of A/K [ k, then X
is special.

The above geometric Bogomolov conjecture was proposed by Yamaki [34,
Conjecture 0.3], but particular instances of it were studied earlier by Gubler in
[10]. It is an analog over function fields of the original Bogomolov conjecture
over number fields which was proved by Ullmo [31] and Zhang [43].

Let us give a quick historical recall on results about the Bogomolov con-
jecture and its geometric version. The original Bogomolov conjecture over
number fields was proved by Ullmo [31] and Zhang [43], where the major
technique is the equidistribution theorem of Szpiro—Ullmo—Zhang [30]. The
treatments are extended in terms of the Moriwaki height to finitely generated
fields over number fields by Moriwaki [23].

For the geometric Bogomolov conjecture, it was first proved by Gubler [10]
when A is totally degenerate at some place of K /k. Yamaki [35,38] reduced
the geometric Bogomolov conjecture to the case of abelian varieties with good
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reduction everywhere and with a trivial trace; based on this reduction theorem,
Yamaki [37] proved the conjecture for dim(X) = 1 or codim(X) = 1; he also
proved the conjecture for abelian varieties of dimension 5, good reduction
everywhere and with trivial trace in [36].

The works of Gubler [10] and Yamaki [35] are valid in arbitrary character-
istics, and extend the strategy of Ullmo and Zhang applying equidistribution
theorems. In fact, Gubler [10] considered tropical varieties of subvarieties of
abelian varieties over non-archimedean fields, extended the equidistribution
theorem of Szpiro—Ullmo—Zhang to the tropical setting, and studied the equi-
librium measure in this setting. Yamaki [35] did more careful analysis of the
situation using equidistribution over Berkovich spaces. The latter equidistribu-
tion theorem was proved by Gubler [11] and Faber [5], which generalized the
equidistribution theorems over number fields of Szpiro—Ullmo—Zhang [30],
Chambert-Loir [3], and Yuan [39].

Before Yamaki [37], various examples and partial results of the geomet-
ric Bogomolov conjecture with dim(X) = 1 were previously obtained by
[2,6,20-22,24,32,33]. In particular, Cinkir [2] proved the geometric Bogo-
molov conjecture for a curve embedded in its jacobian when char k = 0 and
trdeg(K / k) = 1, based on a height identity of Zhang [44].

In the case chark = 0, Gao—Habegger [8] proved the geometric Bogo-
molov conjecture for trdeg(K /k) = 1. Recently Cantat-Gao—Habegger—Xie
[1] proved the full geometric Bogomolov conjecture for char k = 0. These
proofs are based on the Betti map in the complex-analytic setting.

1.3 Plan of proof

Our proof of the geometric Bogomolov conjecture is based on Yamaki’s reduc-
tion theorem, which reduces the conjecture to the case of good reduction and
trivial trace. We also need the Manin—-Mumford conjecture (in the case of
trivial trace) proved by Raynaud and Hrushovski.

First, we reduce the conjecture to the case that K/k has transcendence
degree 1. This is the main goal of Sect. 3. The idea is to take intermediate
fields k” of K /k, algebraically closed in K and with transcendence degree 1
over k, such that the geometric Bogomolov conjecture for (A/K / k, X) follows
from those of (A/K /k’, X). For the construction, let (S, M) be a polarization
of K/k. Use M to get a pencil of hyperplane sections of S parametrized by
]P’,l. Take k' = k(IP’}() to be the function field. There is a generic hyperplane
section H over the generic point Spec k" of ]P’,lc. In particular, (H, M|g) is a
polarization of K / k". The process from (S, M) to (H, M|y) does not increase
canonical heights of subvarieties of A%. Then we carry out careful analysis of
the change of special subvarieties of A under this process.
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We remark that a well-known procedure to reduce the transcendence degree
is to take a closed hyperplane section of S over k. This process reduces K / k to
K’ /k (instead of our K /k’), and thus changes X and A by the corresponding
reductions. Because of this, it is hard to track density of small points, and it is
also hard to track the change of the trace of A. Our method does not change
K and thus make everything trackable.

As a consequence, we can assume that K /k has transcendence degree 1.
Then we apply Yamaki’s reduction theorem. This reduces the problem to the
essential case that K /k has transcendence degree 1, and A has good reduction
over S and trivial K /k-trace. Here § is the unique smooth projective curve
over k with function field K. Then A — Spec K extends to an abelian scheme
T:A—S.

The second step is to prove the Bogomolov conjecture in the essential case.
Denote by X’ the Zariski closure of X in 4. Let £ be a symmetric, relatively
ample and rigidified line bundle over .A. Our key property is that any torsion
multi-section 7 of A — § is numerically equivalent to a multiple of the
self-intersection £9™ 4 in the Chow group of 1-cycles in .A. This is proved in
Sect. 4.

Now we come to Sect. 5, which is the core of the proof of the essential
case. To illustrate the idea, assume that there is a positive integer r such that
the summation map f : X" — A is surjective and generically finite. This
happens, for example, if X is a curve and A is the Jacobian variety of X. We
have a morphism f : A7¢ — A over S. Note that X" C A" and X/g C Als.
Moreover, X" has canonical height 0in A", by Zhang’s fundamental inequality
and the assumption that X has a dense set of small points.

Let 7 be a torsion multi-section of A. Let us first assume that 7/ = f~1(7)
is finite and flat over S, and address the technical issue later. Denote by 4 :

; ¢ — Athe summation morphism. For any symmetric, relatively ample and
rigidified line bundle £, over A; 5» We have

[T']- Lr = [X)s)- h*(T1- Lo = a[X[g] - h* (LI - £, = 0.

Here a > 0 is a constant coming from the numerical equivalence mentioned
above. The last equality follows from the fact that X” has canonical height 0
in A”. This implies that 7" = T has canonical height 0, and thus is a finite
set of torsion points of A”. When varying 7, we obtain a Zariski dense set of
torsion points of X" in A”. By the Manin-Mumford conjecture, X" is torsion,
and thus X is torsion.

In general, we are not able to find r such that f : X" — A is surjective and
generically finite. But we can manage to find r such that f is surjective (up
to replacing A by an abelian subvariety), and that the relative dimension e of
f is strictly smaller than dim X. If 7/ = f~!(7) is flat over S of dimension
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e + 1, then the above process still implies that 7" = 7, has canonical height
0. Then we can conclude that 7" is a torsion subvariety in A" by induction,
since dim 7’ < dim X. Torsion points of 7’ are also torsion points of X".
Varying 7', we obtain a dense set of torsion points of X" in A”. Then the
Manin-Mumford conjecture implies that X is torsion.

In the above, we have made a technical assumption that 7/ = f~1(7) is
flat over S of dimension e 4 1. To remove this caveat, we will have to treat the
case that 7/ = f~!(7) has irreducible components of dimension bigger than
the expected dimension. Note that it is easy to choose 7 so that the Zariski
closure 7* of T" = 74 in 7' has the correct dimension. Then we prove that
the difference [X /’ ¢|-h*[T]—[T*]is linearly equivalent to an effective Chow
cycle of the correct dimension. It remedies the above argument. This is the
content of Sect. 2, and was inspired by a result of Jia—Shibata—Xie—Zhang.

The idea of converting the Bogomolov conjecture to the Manin—-Mumford
conjecture was originally used by Zhang [40,41] in his proof of the Bogomolov
conjecture for powers of G,. In particular, [41, Lemma 6.6] produced enough
torsion hypersurfaces of X, and thus enough torsion points of X by induction.
On the other hand, our situation is more complicated due to lack of torsion
hypersufaces in A, and our solution is based on the crucial numerical identity
between 7 and £3™ 4 As these cycles are not of codimension 1, it also brings
issues of non-proper intersection discussed above.

1.4 Notation and terminology

For any field F, denote by F an algebraic closure.

For afield extension K / k, denote by trdeg(K / k) the transcendence degree.
A variety is an integral separated scheme of finite type over a field.

For a Cartier divisor H on a scheme X, denote by |H| the linear system
associated to H.

For an integral scheme X, denote by nx its generic point.

For a scheme X over a field, denote by X*™ its smooth locus.

A subvariety of a variety is a closed integral subscheme.

By a line bundle over a scheme, we mean an invertible sheaf over the
scheme. We often write or mention tensor products of line bundles addi-
tively, soaL —bM means L®¢® M®(~?) for line bundles L, M and integers
a,b.

2 Non-proper intersections
Let B be a smooth projective variety of dimension d over an algebraically

closed field k. For a closed subvariety Z of B with dim Z = i, denote by [Z]
its class in the Chow group CH;(B). For « € CH;(B), write « > 0 if o can
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be represented by an effective i-cycle. The goal of this section is to prove the
following technical result.

Proposition 2.1 Let g : B — Y be aflat morphism between smooth projective
varieties. Let X be a closed subvariety of B such that f = glx : X — Y
is surjective. Denote e = dim X —dim Y. Let V be a closed subvariety of Y
which is not contained in

Yer1 = {y € Y| dim £~ (y) > e+ 1}.

Let Zy, ..., Zy be all irreducible components of f~'(V) satisfying f(Z;) =
V.ThendimZ; =dimV +efori =1,...,n.

Assume furthermore that V N Y, is finite and contained in V™. Then we
have

> omilZi] < g*[V]-[X]

i=1

in CHgim v+ (B). Here m; is the multiplicity of Z; in the scheme theoretical
preimage f~L(V).

Note that if X is smooth, then the last inequality can be simplified as the
inequality

> milzi] < V]

i=l

in CHdim v 4 (X).

The proposition will be used in Sect. 5. The remaining part of this section is
to prove the proposition. Readers might skip the proof temporarily and move
to the next section at the first time of reading this paper.

The idea to prove the proposition is to use complete intersections of hyper-
plane sections to bound the proper part of the intersection. See Proposition 2.4
for the result on complete intersection. In the following, we will start with a
Bertini type of result to choose suitable hyperplane sections.

2.1 A Bertini type of result

Proposition 2.2 Let Y be a projective variety over an algebraically closed
field k. Let V be a closed subvariety of Y of codimensionr > 1 such that Y is
smooth at ny. Let Zy, ..., Z,, be irreducible subvarieties of Y. Assume that

o (U'L,Z;) NV is finite;
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o (UL, ZHNV Cysmnysm

Let H be a Cartier divisor on Y such that Oy (H) ® Iy is generated by global
sections, where Iy C Qy is the ideal sheaf associated to V. Every non-zero
section s € H(Oy(H) @ Iy) defines a divisor Hy € |H| via the inclusion
HY(Oy(H) ® Iy) — H°Oy(H)). Then for general elements

(51,...,8) € H(Oy(H) ® Iy)",

the following holds:

(i) Hs, N---N H, is a proper intersection in Y ;
(ii) Hy, --- Hy, =V + W where W is an effective (dim Y — r)-cycle such that
V Q Supp W, and W N Z; is a proper intersection for everyi =1, ..., m.

Proof Set H; := H,, fori =1, ..., r. Because Oy(H) ® Iy is generated by
global sections and 51, . . ., s, are general in HO(Oy(H) ®Iy), (HI\V)N---N
(H,\V)isaproper intersectionin Y\ V,and (H{\V)N---N(HA\V)N(Z;\V)
is proper intersection in Y\V foreveryi =1,...,m.

As V C H;, the intersection

HN---NH =VU(H\V)N---0(H\V))

is of pure codimension r in Y. So H; N - - - N H, is a proper intersection. Write
Hi---H. =V + W where W is an effective (dim Y — r)-cycle.

We fix a point xy € Y (k) N V5 (k) before we choose the general
sections s1,...,s, and set B = (V N (UL,Z;)) U {xy}. It is a finite
subset of Y™ (k) N V3™ (k). For every point x € B, fix an isomorphism
¢x 1 (Oy(H) ® Iy)y — Iy . Because x € (V™ N Y*M)(k), by the Jacobi
criterion for smoothness, Iy /Iy xI. is a k-vector space of dimension r.
Because Oy (H) ® Iy is generated by global sections and s1, ..., s, are gen-
eralin HO(Oy (H)Q Iy), &x(51), ..., @x(s,)isak-basisof Iy /Iy xI.. Then
@x(51), ..., @x(s,) generate Iy .. This implies that at every point x € B, there
is an open neighborhood U, of x such that Hy N---N H N U, = V N Uy
in the sense of schemes. Hence (V + W)|y, = (Hy--- H)|ly, = V|y,. It
follows that W N Uy = @. Hence V ¢ Supp W, and W N B = {J. Because
VN (U;.”ZlZi) C Bforeveryi =1, ..., m, the intersection
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WNZi=WN(Z\V) = H\V)N -0 HAV) N (Z\V)

is a proper intersection. O

2.2 Proper part of an intersection

Lemma 2.3 Let B be a smooth projective variety of dimension d over an
algebraically closed field k. Let H be a Cartier divisor on B such that Op(H)
is globally generated. Then for « € CH;(B) witha > 0, « - [H] > 0.

Proof We may write @ = [Z] for an effective i-cycle Z. We can further assume
that Z is an integral subvariety of B. Because Op(H) is globally generated,
after replacing H by a general element in |H |, we may assume that H N Z is
a proper intersection. Then « - [H] = [Z] - [H] > 0. |

Let B be a smooth projective variety of dimension d over an algebraically
closed field k. Let Hy, ..., H, be effective Cartier divisors of B. Let X be a
subvariety of B. A proper component Z of HyN---N H,, N X is an irreducible
component of the underlying topological space of Hy N --- N H,, N X of
dimension dim X — m. Write m(Z, Hy N --- N H, N X) for the multiplicity
of Zin HyN---N Hy, N X, as defined by Serre using the tor-functor. Define

(Hy--- Hy - X)PPP := Zm(z, HiN---NHy,NX)[Z],

where the sum is taken over all proper components Z of Hi N --- N H,, N X.
The following result is a generalization of [16, Lemma 3.3] with a similar
proof.

Proposition 2.4 Let Hy, ..., H, be effective Cartier divisors on B such that
Op(Hy), ..., Op(H,) are generated by global sections. Let X be a subvariety
of B. Then we have

(Hy---H, - X)"™P < H, ... H - [X].

Proof Let Vi, ..., Vs be the proper components of Hy N --- N H, N X with
multiplicities my, ..., mg. Fori = 1,...,s, setn; := ny,. Then Hy N ---N
H, N X has proper intersection at 11, ..., ;.

Let X1, ..., X;beallirreducible components of H{N---NH,_1NX passing
through ny, ..., ny. For j =1, ..., [, the variety X; has dimension dim X —
r+land X 7¢_ H,.. Assume that X ; has multiplicity n; in H;N---NH,_1NX.
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If r = 1, by Lemma 2.3, this proposition is trivial. Now assume that » > 2.
By induction,

1
> njlXj1 < Hy-- Hey - [X].
j=1

The previous paragraph shows that (le: 1 ;X ;)N H, is a proper intersection

and m; is the multiplicity of V; in (ZL] n;jX;j) N H,. By Lemma 2.3, we
have

s )
(Hy- Hy - XPP = "miVi < | Y njlX,1| - H,
i =1
<Hi---H—i-[X] H,.

2.3 Strict transform

Let f : X — Y be a surjective morphism of projective varieties over an
algebraically closed field k. Set e := dim X — dim Y.
For every integer [ > e,

Y :={yeY| dimf(y)>1)

is a closed subset of Y. We have Y;;; C Y;. We note that Y, = Y and for
l>e+1,dimY; + /! <dim X — 1. In particular, for [ > dim X, ¥; = 0.

Lemma 2.5 Let W be a subvariety of Y. Assume that W N Y; is a proper
intersection for everyl > e 4+ 1. Then

dim /(W) = dim W + e.

Moreover, for every irreducible component Z of f~Y (W) with dimZ =
dim f_l(W), we have f(Z) = W.

Proof Write W = Ue<j<dimxW N (Y)\Y;+1). Forevery [ > e+ 1,if W N
YI\Yi14+1) # 9,

dmW N Y\Yi+) <dmWNY; =dimW +dimY; —dimY
<dmW+4+dmX —-[/—1—dmY =dmW +e—1—1.
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Soforl >e+ 1,if WN (Y)\Y;+1) # 0,
dim f~' (W N (Y)\Yi11) <dim W + e — 1.
Because W N Y, is a proper intersection, we have W\Y,1 # (. Then
dim f~H(W\Y,q1) = dim W + e.
So we have
dim f~'(W) =dim W +e.

Let Z be an irreducible component of f ~L(W) of dim Z = dim f “lw) =
dim W + e. Thendim f(Z) > dimZ —e =dim W. So f(Z) = W. |

Proof of Proposition 2.1 Set r := dimY —dimV.Ifr = 0,then V =Y
and f~!(V) = X. In this case Proposition 2.1 trivially holds. Now assume
thatr > 1. Foreveryi = 1,...,n, since f(Z;) = V and Z; is irreducible,
dim Z; = dim(Z;\ f~'(Yeq1)). Since f~'(V\Y.41) is of pure dimension
e+dmV,dimZ; = e+ dimV.

By Proposition 2.2, there are effective and very ample divisors Hy, ..., H;
on Y such that Hy N --- N H, is a proper intersection and

H- H=V+W

where W is an effective (dim Y — r)-cycle such that V ¢ Supp W, and such
that W N Y; is a proper intersection for [ > e + 1. We have

g VI+ ¢ Wl=Ig"H:---¢"H,).

By Lemma 2.5, dim f~!(W) = dim V 4. Then f~!(W) = g~ !(W) N X
is a proper intersection. Since B is smooth, f~!(W) is equidimensional. By
Lemma 2.5 again, for every irreducible component R of f~!W, the image
f(R) is an irreducible component of W.

We claim that [ f “lw] = g*[W]-[X] as algebraic cycles over B. In fact, it
suffices to prove the restriction of the equality to U = B\g~!(V). Over Y\V,
W is the proper intersection Hy N --- N H,. Then the result follows by the
fact that the intersection multiplicities are given by length of the local rings.
This can be obtained by the vanishing of the higher tor-functors in Serre’s
intersection formula, or as an example of [7, Proposition 7.1 (b)].

Similarly, we have the Zariski closure

V)N T\ Yey D] = ) milZi]

i=1
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as algebraic cycles over B. The sum gives

[fHH O N H) N Y\ Y1) = Zmi[zi] +g* W1 [X].
i=1

Note thatevery irreducible component of f “1(H|N---NHHN f -1 (Y\Yes1)
has dimension dim V + e. So we have

[f1H NN H) N I Y\Yer )] < (7 Hy -+ g7 Hy - X)P'P

in CHgim v +¢(B).
Finally, by Proposition 2.4, since Op(g*H;) fori = 1, ..., r are generated
by global sections, we get

(g"Hy---g"Hy - X)P"P < ¢*Hy ---¢g"H, - [X].

It follows that

E milZi1+ g* IW1-[X] < ¢*"H - g"H, - [X]
i=1
=g V] X + g"[W]-[X].

This concludes the proof. O

3 Lowering the transcendence degree

The geometric Bogomolov conjecture concerns a finitely generated extension
K /k. The goal of this section is to lower trdeg(K/k) to 1 in the conjecture.
The main result of this section is as follows.

Proposition 3.1 Let k be an algebraically closed field. Let K / k be a finitely
generated field extension of transcendence degree at least 2. Let A be an
abelian variety over K. Then there are two intermediate fields ki, ka of
K /k, algebraically closed in K and of transcendence degree 1 over k, such
that for any closed subvariety X of Az, the geometric Bogomolov conjec-
ture holds for (A/K [k, X) if the geometric Bogomolov conjecture holds for
(Agg,/Kki/ki, X) and (A gy, /Kka/kz, X).

Note that the intermediate fields kj, k> do not depend on the subvariety

X. Applying the theorem repeatedly, we reduce the geometric Bogomolov
conjecture to the case trdeg(K /k) = 1.
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3.1 Field of definition

For two abelian schemes A, A, over a base scheme, denote A ~ Ay if Ay is
isogenous to A;. For an abelian variety over a field K and a subfield k of K,
we say A is defined over k up to isogeny if there is an abelian variety A" over
ksuchthat A ~ A’ ® K.

Proposition 3.2 Let k be an algebraically closed field. Let K be a field
extension of k with trdeg(K / k) < oo. Let k1, ky be algebraically closed inter-
mediate fields of K [k with ki Nky = k. Let A, Ay be abelian varieties over
ki, ky respectively. If A1 @k, K ~ A2 Qx, K, then there is an abelian variety
A overk, such that A ~ A Qi k1 and Ay ~ A Qi ky. Moreover, the abelian
variety A is unique up to isogeny.

For the uniqueness in the proposition, we have the following result.

Lemma 3.3 Let A, Ay be two abelian varieties over an algebraically closed
field k. Let K be any field extension of k. [f A1 Qx K ~ A2 @ K, then A1 ~ As.

Proof There is an isogeny ® : A; Qr K — Az ®; K over K. There is a
subfield K’ of K, finitely generated over k, such that ® is defined over K'. After
replacing K by K’, we may assume that K is a finitely generated extension
over k. There is a k-variety S such that K = k(S). After shrinking S, we may
assume that there is an isogeny @5 : A; X S — Az Xi S over S such that @
is the generic fiber of @ (cf. [25, Theorem 3.2.1]) Pick a point b € S(k). The
restriction of ®¢ to the fiber at b induces an isogeny &, : Ay — Aj, which
concludes the proof. O

Proof of Proposition 3.2 We have noted that Lemma 3.3 implies the unique-
ness of A. For the existence, we only need to show that both A| and A, are
defined over k up to isogeny. Indeed, if A; ~ A} ®i ki and Ay ~ A, ®; ko
for abelian varieties A, A}, over k, then A} ®; K ~ A’, ® K, which implies
A} ~ A} by Lemma 3.3 again.

Now we prove that A1 and A; are defined over k up to isogeny. By Lemma
3.3, there is an isogeny A| ®x, K ~ Aj ®i, K defined over the algebraic
closure of k1k>. Thus we may assume that K = kiko.

For i = 1,2, there is a k-variety S;, an abelian scheme 7 : A; — S;
such that k(S;) = k; and A; — Speck; is the geometric generic fiber of
T A,‘ —> S,‘.

Because A1 ®, K ~ A2 Qk, K and K = k(S51)k(S2), there is k-variety U,
a flat and quasi-finite morphism v : U — S7 X $3, and an isogeny

Sy Ay =A1 x5, U — Ay = Az x5, U.
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Pick a point s = (s1, 52) € ¥ (U)(k) € S1 x S3. Consider S| x 52 € §1 X 5.
Pick an irreducible component V of xﬁ_l (81 x s2) € U. Then @ induces an
isogeny

Sy =0y xyV:AyuxyV— AuxyV.
The isomorphism S; >~ S| x s, induces an isomorphism
Aiu xu VA xs, V. 3.1
On the other hand,
AvxyV=Ars XV, 3.2)

where A 5, := A2 X, 52 is an abelian variety over k. Because k(V)/k(S1)
is finite, taking the geometric generic fibers in (3.1) and (3.2), we get

Ay~ A, @ k1.

Thus A is defined over k up to isogeny. By symmetry, A, is defined over k
up to isogeny. This concludes the proof. O

Lemma 3.4 Let k1, ky be two intermediate fields of a field extension K / k such
that ky Nky = k. Let Y be a variety over k. Let X be a closed subvariety of
Yk =Y ®k K over K. Assume that as a subvariety of Yx, X is defined over
k1 and also defined over ky. Then X is defined over k.

Proof By taking an open affine cover of Y, it suffices to treat the case that
Y = Spec Ry is affine. Denote by [ the ideal of Ry x = Rp ®; K associated
to X. We only need to show I = Iy ®x K for Iy := I N Ry. Here we identify
Ro with its image in Ry x = Ro ®« K.

This converts to a basic result in linear algebra. Namely, let K, k, k1, k» be
as before, let Vy be a vector space over k, and let V = Vy ®; K be the vector
space over K. Let W be a K -subspace of V. Assume that W can be descended
tok; fori =1,2;1.e., W = W; ®, K for a k;-subspace W; of Vj ® k;. Then
W can be descended to k.

If Vj is finite-dimensional, the result is an easy consequence of the existence
of the Grassmannian variety, but we give an elementary proof as follows. Write
n = dimg Vp and m = dimg W. Take a k-basis of Vj, and use it to identify
Vo = k" and V = K". Then W is represented by a m x n matrix with
coefficients in K. In fact, take a basis of W, each element of which gives a row
of the matrix. By row operations, we can convert the matrix to a reduced row
echelon form E over K. We can also get a reduced row echelon form E; over
k; for W; C k!'. By the uniqueness of the reduced row echelon from, we have
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E = E| = E». Then the coefficients of E are in k; N kp = k. It follows that
W can be descended to k.

If Vp is infinite-dimensional, let V] be a finite-dimensional subspace over k
and write V' = V| ®; K. Apply the above results to the subspace W N V' of
V. We see that W N V' can be descended to k. Vary Vjj. Note that any vector of
W is contained in some V'. It follows that W is contained in the K -subspace
of V spanned by W N Vj. Then W can be descended to k. This concludes the
proof. O

Corollary 3.5 Let K /k be an extension of algebraically closed fields.

(1) Let A be an abelian variety over K. Then there is a unique algebraically
closed intermediate field ks of K /k, such that for every algebraically
closed intermediate field k' of K / k, A is defined over k' up to isogeny if
and only if kg C k'. Moreover, we have trdeg(ka/ k) < oo.

(ii) Let Y be a variety over k. Let X be a subvariety of Yx =Y Qi K. Then
there is a unique algebraically closed intermediate field kxcy, of K /k,
such that for every algebraically closed intermediate field k' of K /k,
X C Yk is defined over k" if and only if kxcy, < k'. Moreover, we have
trdeg(kxcy, /k) < oo.

Proof We only prove (i). The proof for (ii) is almost the same, except replacing
Proposition 3.2 by Lemma 3.4.

Let I be the set of algebraically closed intermediate fields k" of K /k such
that A is defined over k" up to isogeny. Because A is of finite type, for every
k" € I, there is k" € I contained in k" and satisfying trdeg(k”/ k) < oc.

So there is k4 € I, such that trdeg(k 4/ k) is the smallest. It is clear that for
every algebraically closed intermediate field k' of K/k, if kg C k', k' € I.
So we only need to show that for every k" € I, ka4 € k’. One may assume
that trdeg(k’/ k) < oo. By Proposition 3.2, k' N ks € I. This proves k4 C k’
because trdeg(k 4/ k) is the smallest. O

3.2 Special subvarieties of abelian varieties
Let K /k be a field extension such that & is algebraically closed in K. Denote
by I (K /k) the set of intermediate fields k" of K/k which are algebraically
closed in K. If trdeg(K / k) > 1, then I (K /k) is infinite.
Let A be an abelian variety over K. Recall that a subvariety X of A is said
to be special in A/K / k if
X=t(Y®K)+T (3.3)

for some torsion subvariety 7' of A% and some subvariety Y of AK/K,
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Proposition 3.6 Let K/k be a field extension such that k is algebraically
closed in K. Let A be an abelian variety over K. Let X be a subvariety of Ax.
Then there is ka x € I(K/k) such that for every k' € I(K/k), X is special
for A/K /K" ifand only ifka x C k'.

Proof There is a bijection ¢ : I(K/k) — I(K/k) sending k' to k' N K.
Because ¢ preserves the ordering and for X’ € I(K/k), X is special for
A%/K /K if and only if X is special for A/K /¢ (k'), we may assume that
k and K are algebraically closed.

Let Stab(X) be the identity component of the closed subgroup scheme

Stab(X) :={g € Al g+ X = X}.

We note that, for every k' € I(K/k), X is special for A/K/k’ if and only
if X /Stab?(X) is special for (A/Stab®(X))/K /k’, where X /Stab®(X) is the
image of X under the quotient morphism A — A/Stab’(X). After replacing
(A, X) by (A/Stab®(X), X/Stab’(X)), we may assume that Stab®(X) = 0.

Let Tx be the minimal torsion subvariety of A containing X. Let a be a
torsion point in T, so that Tx — a is an abelian subvariety of A. Then for
every k' € (K /k), X is special for A/K / k' if and only if X — a is special for
(Tx —a)/K /K . After replacing (A, X) by (Tx — a, X — a), we may assume
that Ty = A.

By Corollary 3.5(i), there is k4 € I(K/k) such that for any &’ € I(K/k),
tr(AK/Kyx = A if and only if k4 € k. Since Stab®(X) = 0 and Tx = A, if
X is special for A/K /k" thenkq C k.

After replacing k by k4, we may assume that tr(AX/K)g = A. Pick an
isogeny ® : A — (AKX/K)g. Then for every k' € I(K/k), X is special for
A/K k' if and only if ® (X) is special for (AX/K)x /K /k'. Moreover, we still
have Stab®(®(X)) = 0 and Tox) = (AK/¥)g. After replacing (A, X) by
(AX/®y g, ®(X)), we may assume that A is defined over k. In this case, for
any k' € (K /k), X is special in A/K / k" if and only if X as a subvariety of A
is defined over k’. By Corollary 3.5(ii), there is k4 x := kxca € I (K /k) such
that for every k¢’ € 1(K /k), X is special in A/K /k’ if and only if k4 x C k'.

O

3.3 Proof of Proposition 3.1
We start with the following general result.
Lemma 3.7 Let k be an algebraically closed field. Let K / k be a finitely gen-

erated extension of transcendence degree trdeg(K /k) > 1. Let (S, M) be a
polarization of K / k. Assume that M is very ample over S.
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Then there are infinitely many intermediate fields k' of K / k, algebraically
closed in K and of transcendence degree 1 over k, together with a geomet-
rically integral subvariety H in Sy of codimension 1 satisfying the following
propetrties:

(1) the divisor H of Sy is linearly equivalent to My;
(2) the composition H — Sy — S induces an isomorphism between the
function fields of H and S.

As a consequence of (1) and (2), the pair (k', H) satisfies the following
property. Let A be any abelian variety over K, and let L be any symmetric
and ample line bundle over A. Then under the polarization (S, M) of K /k
and the polarization of (H, My/|g) of K/k', we have the inequality

AMk"H

XY = b, (X))

of canonical heights for any subvariety X of Ag.

Proof By a Bertini type of theorem (cf. [15, Theorem 6.10]), for a general
section s9 € I'(S, M), Hy = div(sg) is geometrically integral. Set H; =
div(sy) for some s1 € I'(S, M) which is not a multiple of sg. Then 59 and
s1 determine a plane in ['(S, M), and thus a pencil in S with base locus
Hy N Hj. This gives a rational map S --» IP’}( sending x to (so(x), s1(x)). Let
7 : S — Sbethe blowing-up along Hp N H;. Then the rational map becomes
a flat morphism ¢ : § — ]P,lc as in [13, II, Example 7.17.3].

For any point (ag, a;) € }P’}c(k), the fiber v ~!(ag, a1) C S is isomorphic
to the hyperplane section div(ags; — a1so) ofNS. In fact, w_l(ao, ay) C S
is the strict transform of div(ags; — aisg) in S, and thus isomorphic to the
blowing-up of div(ags; — as¢) along Ho N H{. Note that Hy N H is a Cartier
divisor in div(ags| — a1 o), by HoN H; = div(ags; —aiso) Ndiv(sg) ifag # 0
and Hy N Hy = div(ags; — aisg) Ndiv(sy) if a; # 0. Then the blowing-up of
div(ags| — ayso) along Hy N H{ does not change div(ags; — aiso).

As aconsequence, Hy and H; are closed fibers of ~1// As Hy is geometrically
integral, the generic fiber H' — Speck’ of ¥ : § — IP’,i is geometrically
integral, which follows from a general property in [9, 3, Theorem 12.2.4(viii)].
Here k' = k(IP’,]() is set to be the function field of P!, and identified with a
subfield of K via ¥. Because H' — Speck’ is geometrically integral, k' is
algebraically closed in K.

The field k" above depends on the choice of sections sq, s; in the following
way. For another choice of sections sg 1, 51,1, let k/l be the field associated to
them. Then k" 3 k| if V = kso + ks; and V| = kso,1 + ksy,1 are different
subspaces of I'(S, M). Because k is algebraically closed, there are infinitely
many choices of sections s¢ ,, s1,,, n > 1 such that the spaces V,, = kso, +
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ksi.n, n > 1of I'(S, M) are pairwise distinct. Hence we get infinitely many
choices of k’. _

Let H be the image of H' under the morphism 7 x ¢ : § — § x IP’,i. Let
S X IP,l — § be the projection to the first factor and 7y : S X IP’,l — ]P’,l

be the projection to the second factor. Then H C m, 1(Spec k') = Sp. The
generic point of H is also the generic point of S/, so H satisfies condition (2).

Now we check that H satisfies condition (1). As above, for any field exten-
sion F/k and any point ¢ € IP’,l(F) = IP’}V(F), the fiber w_l(t) C Sfgis
isomorphic to a hyperplane section of Sy corresponding to M . Take F = k’
and take t € ]P’,l(F ) to be the generic point Spec k' — IP’,i. This implies that
H'’ is isomorphic to a hyperplane section of Sy’. The same result holds for H,
since it is the image of the composition H' — Sy — § x IP’,&.

It remains to check the height inequality. We can assume that X is a closed
subvariety of A. Let(A, £) be an integral model of (A, L) over S with structure
morphism 7 : A — S. We can further assume that £ is ample, which can
be achieved by passing to a tensor power of L (cf. [1, Section 1.2.1]). Denote
by X the Zariski closure of X in A. It suffices to prove the inequality for the
relevant naive heights, which becomes the inequality

LdimX-i—l . (T[*M)dims_l . X Z (LH)dimX+1 . (n;kIMH)dlmS—z . X;_}

Here the right-hand side is an intersection in Ay = A xg H, and
gy, Ly, My, Xy denote the base change of 7, £, M, X via the morphism
H — S. Moreover, X ;"1 denotes the Zariski closure of X in Ay.

Denote by p : Ay — Sp, Lir, My, X the base change of 7 : A —
S, L, M, X via the morphism Speck’ — Spec k. By base change, the left-
hand side of the inequality is equal to

ﬁlil}mX+1 . (n]ij/)dlmS—l . Xk/a

which is an intersection in 4. Note that My is linearly equivalent to the
hyperplane section H of Sj-. The intersection number is further equal to

(LH)dimX+1 . (T[;jIMH)dlmS_z . (Xk/)H

Here (Xy)u = X N7y, ! (H) is a proper intersection in A, so it is equi-
dimensional.

The Zariski closure X ;‘I of X in Ay is an irreducible component of (X)) g.
Then we have (X)) y — &7}, is an effective cycle. As £ and M are ample, we
have
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(EH)dimX+1 . (T[;_}MH)dlmS_Z . (Xk/)H

This proves the inequality. |
Now we are ready to prove Proposition 3.1.

Proof of Proposition 3.1 Let A/K /k be as in the proposition. Let L be an
ample and symmetric line bundle over A, and let (S, M) be a polarization of
K /k. We can assume that M is very ample by passing to a positive tensor
power.

Choose (Hy, k1), (Ha, k) as in Lemma 3.7 such that k1 # kp. Fori =
1, 2, denote by M; the pull-back of M via (Hi)E,- — S. Note that Kk; =

ki ((Hl')E)' For any x € A(K), we have the height inequality

) = 12 ().

Let X be a subvariety of A% which contains a dense set of small points
of A/K /k. Then X contains a dense set of small points of A ki, /K ki /k; for
i = 1, 2 by the height inequality. By assumption, the geometric Bogomolov
conjecture holds for (A ki, /K ki/ki, X), so X is special in A/K /k; for both
i=1,2.

If X is not special for A/K/k, let k4 x as in Proposition 3.6. We have
ka.x # k. By trdeg(k; /k) = 1, we have k4 x ¢_ k; for at least one i € {1, 2}.
Then X is not special for A/K /k; for that i. This is a contradiction. O

4 Line bundles over abelian schemes

In this section, we introduce some preliminary results for abelian schemes
over curve, which will be used in the proof the geometric Bogomolov con-
jecture in Sect. 5. These results are well-known, but we collect them here for
convenience.

4.1 Rigidified line bundles

Let S be a smooth projective curve over a field k. Let 7t : A — S be an abelian
scheme over S. Let K be the function field of S and A be the generic fiber of
7. This will be the basic setup of this section.

For any m € Z, denote by [m] : A — A the homomorphism of multiplica-
tion by m, and denote by .A[m] the kernel of this homomorphism.

By a multi-section of 7 : A — S, we mean a closed integral subscheme
T of A such that the induced morphism 7 — S is finite and flat. The multi-
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section 7 is called forsion if its corresponding element in the abelian group
A7 (T) is torsion. The order of the torsion multi-section 7 is defined to be
the order of the corresponding element in A7 (7).

Any torsion multi-section 7 is necessarily the Zariski closure of a torsion
point of A(K)or in A. If the order of T is m, then 7T is an open and closed
subscheme of A[m]. If furthermore m is not divisible by char(k), then A[m]
is finite and étale over S, and thus 7 is also finite and étale over S. In this case,
7T is actually smooth over k.

Let £ be a line bundle over A. We say that L is symmetric if [—1]*L ~ L.
We say that L is anti-symmetric if [—1]*L£ >~ L. We say that L is rigidified
if it is endowed with an isomorphism e*£ =~ Oy via the identity section
e : § — A. The isomorphism is called a rigidification. The following results
are well-known to experts, but we sketch proofs for convenience of readers.

Lemma 4.1 Let L be a rigidified line bundle over A. Then the following hold.

(1) If £ is symmetric, then [m]*L ~ m>L for any m € Z; if L is anti-
symmetric, then [m]*L >~ mL for any m € 7.

(2) For any torsion multi-section T C A, the line bundle L|T is torsion in
Pic(7).

(3) If L is symmetric and w-ample, then L is nef over A.

(4) If L is symmetric and 7t -ample, and L' is another symmetric and rigidified
line bundle over A, then there is a positive integer a such that al — L' is
nef over A.

Proof For (1), we only consider the symmetric case as the anti-symmetric case
is similar. Note that [m]*£ — m2L is trivial over every fiberof 7 : A — S,
so it lies in w*Pic(S). Consider the pull-back by the identity section. Then
[m]*L£ — m?L is trivial by the rigidification.

For (2), by 2L = (L 4+ [—11*L) 4+ (L — [—1]*L), we can assume that £
is either symmetric or anti-symmetric. Let m be the order of 7. It suffices
to prove that L| [, is torsion. Note that A[m] — S is the base change of
[m] : A — A by the identity section. It follows that ([m]*L)| [m is trivial
over A[m] by the rigidification. Then L] 4] is torsion over A[m] by (1).

For (3), since £ is -ample, there is an ample line bundle £ over S such
that £+ 7*£’ is ample over A. Then [m]*(L+7*L") ~ m?>L+x*L is ample
over A. The Q-line bundle £ 4 m 27 *L’ is ample over A, and thus its limit
L is nef over A.

For (4), note that a L — L' is w-ample for sufficiently large a. Apply (3). O

4.2 Numerical classes of torsion multi-sections

The following actually holds for rational equivalence and for high dimensional
base S (cf. [12, Theorem 2.1]). We will be content to numerical equivalence
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for dim § = 1, which has the following quick proof and is sufficient for our
application.

Proposition 4.2 Let S be a smooth projective curve over a field k. Let 7 :
A — S be an abelian scheme over S of relative dimension g > 1. Let L be a
symmetric and rigidified line bundle over A. Let T be a torsion multi-section
of A over S. Then there is a numerical equivalence

deg(Ly)

8§ = =17
er = deg(7/S) 7]

of 1-cycles over A with rational coefficients. Here 1 is the generic point of S,
and deg(L,) is the degree of L, over the abelian variety A,.

Proof 1t suffices to prove that

deg(L;)

EM=Gad@s)

T -M

for any line bundle M over A.

We first prove that if M is rigidified, then both sides are 0. The right-
hand side is 0 by Lemma 4.1(2). For the left-hand side, by the decomposition
2M =M+ [—11*M) + (M — [—1]*M) again, we can assume that M is
either symmetric or anti-symmetric. Then [m]*M ~ m' M fori = 1, 2. By
the projection formula,

([m]*L)8 - (Im]* M) = deg(Im]) LS - M.
This is just
m>&t L8 M =m?8 L8 M.

It follows that £8 - M = 0.

To prove the identity for general M, write M = (M —nx*e* M) +m*e* M.
Note that M — w*e* M is canonically rigidified. It is reduced to prove the
result for M = 7* N for line bundles \ over S. This follows from the simple
equalities

L8 7' N =deg(L,)deg(N), T -7*N =deg(7/S)deg(N).
This finishes the proof. O
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4.3 Canonical height

Let S be a smooth projective curve over a field k. Let K = k(S) be the function
field. Let A be an abelian variety over K, and L a symmetric and ample line
bundle over A. Let X be a closed subvariety of A. Asin (1.2) of Sect. 1.1, we
have the canonical height h 1(X) associated to L.

Assume that A has everywhere good reduction over S. In this case, we have
the following well-known easy interpretation of the canonical height of closed
subvarieties of A.

In fact, let 7 : A — S be the unique abelian scheme with generic fiber
A — Spec K. Let L be asymmetric and rigidified line bundle over .4 extending
L.

For the existence of £, we first take any line bundle £’ over A extending
L, which can be obtained by passing to divisors and taking Zariski closures.
By replacing £’ by £’ — n*e*L’, we can assume that £’ is rigidified. Here
e : § — Ais the identity section. Then £ is automatically symmetric. In fact,
L —[—1]1*L is trivial over A, so it is isomorphic to 7 * M for some line bundle
M over S. The rigidification implies that M is trivial.

Denote by X the Zariski closure of X in 4. By Lemma 4.1(1) and the
projection formula, the naive height

EdimX-H X

heX) = i X 4 1) deg, (X)

already satisfies i/ ([n]X) = 112 ho(X). As a consequence, /. (X) is exactly
equal to the canonical height 41 (X) associated to L.

5 Proof of the geometric Bogomolov conjecture

The goal of this section is to prove Theorem 1.3. Let A/K/k be as in the
theorem. By Proposition 3.1, we can assume the following condition.

(a) the transcendence degree of K over k is 1.

Let S be the unique (normal) projective model of K /k. We can further make
the following assumptions.

(b) S is a smooth projective curve over k;
(c) A has semi-stable reduction over S.

The second condition is a consequence of the semistable reduction theorem.
Our next step is to apply Yamaki’s result to make the following further
assumption:

(d) A has trivial ?/ k-trace and good reduction over S.
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Denote by A’ the maximal abelian subvariety of A that has everywhere good
reduction over S. Yamaki [38, Theorem 1.5] asserts that the geometric Bogo-
molov conjecture holds for A if and only if it holds for A’/tr(AKX/* @, K).
This gives the condition.

The major contribution of this section is to prove the geometric Bogomolov
conjecture under (a)—(d), based on the Manin—-Mumford conjecture in this
case.

Recall that the Manin—-Mumford conjecture was proved by Raynaud [28,
29] over number fields, and proved by Hrushovski [14] over arbitrary fields.
Hrushovski’s proof relies on the model theory of difference fields. Inspired
by Hrushovski’s proof, Pink—Rd&ssler [26,27] gave a new proof using classical
algebraic geometry. We will only need the conjecture under assumption (a)-
(d). For convenience, we state it in the following case of trivial f/ k-trace (cf.
[27, Theorem 3.6]).

Theorem 5.1 (Manin—Mumford conjecture) Let K be a finitely generated field
over an algebraically closed field k. Let A be an abelian variety over K of
trivial K /k-trace. Let X be a closed subvariety of Ag. Assume that X (K) N

A(K)or is Zariski dense in X. Then X is a torsion subvariety of Ag.

We also need the following well-known consequence of Zhang’s fundamen-
tal inequality.

Lemma 5.2 Let K/k be a finitely generated field extension of transcendence
degree 1. Let A be an abelian variety over K. Let L be a symmetric and ample
line bundle over A. Let X be a closed subvariety of Ax. Then X contains a
dense set of small points of A/K | k if and only ifiz\L (X)=0.

Proof ltis a direct consequence of the fundamental inequalities for successive
minima, which asserts that

(dim X 4+ Dhp(X) > sup inf 7 (x) > hp(X).
UcX xeU(K)

Here the supremum goes through all non-empty open subvarieties U of X.
The fundamental inequality was proved over number fields by Zhang [42,
Theorem 1.10], based on his previous works [40,41] and as a part of his
theorem of successive minima. It was transferred to function fields by Gubler
[10, Lemma 4.1 and Proposition 4.3]. O

5.1 Subvarieties generated by addition

With these preparations, we are ready to prove Theorem 1.3. Let A/K /k and
X be as in the theorem. By the above reduction, we can assume that conditions
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(a)-(d) hold. By extending K if necessary, we can assume that X = X* Qg K
for a subvariety X™ of A over K. By abuse of notations, we will write X = X*,
viewed as a subvariety of A.

In this step, we consider the sum X with itself in A. The key assumption we
are going to use is that A has a trivial K /k-trace.

For any integer m > 1, denote by X, the image of the addition morphism

fm X" — A, (X1, X)) > X+ X

Set X¢ = 0 to be the identity point of A. Since X, is the image of the addition
morphism X,, 1 x X — A, we have

dim X,,_| <dim X,, <dimX,,_|{ +dimX, m > 1.

Lemma 5.3 There is a unique integer r > 1 such that dim X,_| < dim X,
and X, is a torsion subvariety of A.

Proof Fix a point xg € X (K), which exists by replacing K by a finite exten-
sion. Denote by X, = X,, — mxo the translation of X, by —mx¢ in A. Note
that X, is an (irreducible) subvariety of A, and that the sequence {X, }, is
increasing. As a consequence, there is » > 1 such that X, C X/ forallm < r
and X, = X, forallm > r.

It follows that there is amorphismo : X x X, — X, = X induced by the
addition morphism of A. This is sufficient to imply that B = X. is an abelian
subvariety of A. In fact, the relative dimension of o is equal to dim B. By semi-
continuity, the dimension of the fiber o1 (0) := {(x, y) € B :x+ y =0}is
at least dim B. On the other hand, the first projection ¢~ (0) — B is injective
on K -points, and thus bijective on K -points by comparing dimensions. This
implies that forany x € B (K),y = —x € B(K). Thus we have that the inverse
morphism satisfies [-1]B C B. It follows that B is an abelian subvariety of
A. As a consequence, X, = B + ¢ for the abelian subvariety B of A and the
point t = rxg € A(K).

By assumption, X contains a dense set of small points of A/K /k. Since the
canonical height is quadratic and positive definite up to torsion, we have

Ay + - 4 xm) <m(x)) + -+ h(x)), x € AK).

Then “small points” of X" transfer to “small points” of X,. As a consequence,
X, contains a dense set of small points of A/K/k.

By [36, Lemma 2.4], X, is torsion. The assumption that the f/ k-trace of
A is trivial is missing in [36, Lemma 2.4], but such an assumption is satisfied
in our situation. We may also prove it as follows. Denote C = A/B, which is
an abelian variety over K. It suffices to prove that the image ¢’ of ¢ in C(K)
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is a torsion point. There is a surjective homomorphism A — B such that the
composition B — A — B is an isogeny. This induces an isogeny A — A’
with A" = B x C. Since X, contains a dense set of small points of A/K/k,
its image X’ = B + ' in A’ contains a dense set of small points of A’/K /k.

Take symmetric and ample line bundles L over B and L, over C. Choose
L = pYL{ + p;L,, which is a symmetric and ample line bundle over A’,
where p; : B x C — B and py : B x C — C are the projections. For any
point x € B(K), we have the heights

hp(x +1') = hp,(x) +hp,(t') = hy, (') > 0.

This forces h L,(t") = 0 as B + ¢’ contains a dense set of small points of
A'/K k.

By assumption, A has a trivial K /k-trace, so B and C have trivial K / k-
traces (cf. [37, Lemma 5.6]). Then }AzLZ (t") = 0 implies that 1’ € C(K)or.
This follows from the Northcott property (cf. [4, Theorem 9.15]). It finishes
the proof. O

By the lemma, X, is a torsion subvariety of A. Replacing X by a translation
by a suitable torsion point, we can assume that X, is an abelian subvariety of
A. In this process, to make X to be defined over K, we may need to replace
K by a finite extension again. To summarize, we can furthermore make the
following assumption.

(e) A’ = X, is an abelian subvariety of A and dim X,_; < dim X,.
5.2 Fibers of the addition map

By assumption (e), the image of the summation map f, : X” — A is an
abelian subvariety A" of A. This induces a surjective summation morphism

f:X, 1 xX— A
Denote by
e=dimX,_; +dimX —dim A’
the relative dimension of this morphism. By assumption (e), we have
e < dim X.
Denote

Al ={yeA dimf () =e+ 1}
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Then A’ et is a closed subset of A’ of codimension atleast2. Note that X, _; x X

is a natural subvariety of the abelian variety A> = A x A. The goal of this
step is to prove the following result.

Proposition 5.4 Foranyt € A’ (K)tor\AeJrl (K) with order of t non-divisible

by char K, every irreducible component of the fiber f~'(t) C (X,_1 x X%
has canonical height 0 in (A x A).

Proof Denote by B the preimage of A" under the summation map A x A — A.
Since the preimage of O under A x A — A is geometrically integral, B is also
geometrically integral, and thus an abelian subvariety of A x A over K. We
have the following commutative diagram.

X1 x X B AXxA
~Nor |
A’ A

Let §/k with K = k(S) be as in assumption (b). Denote by 7 : A — S
the unique abelian scheme extending the abelian variety A — Spec K, which
exists by assumption (d). Then A x5 A — S is the unique abelian scheme
extending A x A — Spec K. Denote by X' the Zariski closure of X in A.
Denote by A’ (resp. B) the Zariski closure of A" in A (resp. B in A x5 A).
Both A" and B are abelian schemes over S. Denote by ) is the Zariski closure
of Y = X,_; x X in A x5 A. This gives an integral version of the above
diagram.

LT

Let 7 be atorsion multi-section of A" — § of order non-divisible by char K.
Then 7 — S is finite and étale, and 7 is a smooth projective curve over k.
Assume that T = Tk is not contained in A/ +1- Apply Proposition 2.1 to the
triangle of the second diagram. We obtain that

Zm [Zi] < h*[T]- V]

in CHe41(B). Here Zy, ..., Z, are the irreducible components of f -1
satisfying f(Z;) = 7, and m; is the multiplicity of Z; in f~1(7).
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Let L4 (resp. Lp) be a symmetric, relatively ample and rigidified line
bundle over A’ (resp. B). By Proposition 4.2, there is a numerical equivalence

[7]=alLly19m4

in CH; (A')q for some a > 0.
By these two results, we have

Zm [Zi]- [Lp]F < h*[T]- V] (L1

= a[h* L™ A [Lg1t - .

By Lemma 4.1(4), there is a constant » > 0 such that b Lz — h*L 4 is a nef
line bundle over 3. As a consequence,

[ L4195 (L]t V] < b3 A (L5195 L ()]

As in the proof of Lemma 5.3, “small points” of X transfer to “small points”
of Y = X,_1 x X. Then Y has a dense set of small points in B. This also
follows from [34, Lemma 2.1 and Lemma 2.4]. By Lemma 5.2, the height
heg(Y) = 0. Then we have [V] - [£5]9™Y = 0. This forces [Z;] - [L5]°T,
and thus hp,(Z;) = 0. Here Z; = Z; g fori = 1,...,n are exactly the
irreducible components of f~!(Zx). This finishes the proof O

5.3 Lowering the dimension

Now we prove that X is torsion by induction on dim X. If dim X = 0, we must
have 71(X) = 0, and then X is a torsion point of A by the Northcott theorem
(cf. [4, Theorem 9.15]).

If dim X > 0, consider the morphism f : X,_; x X — A’ obtained in
assumption (e). By Proposition 5.4, for any 1 € A’ (?)tor\A/e " 1(f), every
irreducible component of the fiber f It ¢ (X_1 x X )% has canonical
height 0 in A x A. Note that every irreducible component of f~!(¢) has
dimension e < dim X. By induction, it is torsion in A x A. Therefore, f -1 (1)
contains a Zariski dense set of torsion points of A x A. As A'(K)or\ A, , | (K)
is Zariski dense in A, X,_1 x X contains a Zariski dense set of torsion points
of A x A.

By the Manin—Mumford conjecture (cf. Theorem 5.1), X1 x X is atorsion
subvariety of A x A. Then X is a torsion subvariety of A, since it is the image
of the composition of X, x X — A x A with p» : A x A — A. This
finishes the proof of Theorem 1.3.
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