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Abstract In this paper, we prove index theorems for integrable metrized line bundles
on projective varieties over complete fields and number fields respectively. As appli-
cations, we prove a non-archimedean analogue of the Calabi theorem and a rigidity
theorem about the preperiodic points of algebraic dynamical systems.
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1 Introduction

The Hodge index theorem for line bundles on arithmetic surfaces proved by Faltings
[13] and Hriljac [21] is one of the fundamental results in Arakelov theory. In [29], this
index theorem has been generalized by Moriwaki to higher-dimensional arithmetic
varieties. In this paper, we will give further generalizations of the index theorem for
adelic metrized line bundles in the setting of [40]. These adelic metrics naturally appear
in algebraic dynamical systems and moduli spaces of varieties. As applications, we
will prove a non-archimedean analogue of the Calabi theorem of [6] and a rigidity
theorem about the preperiodic points of algebraic dynamical systems. In more details,
our results are explained as follows.

1.1 Local Hodge index theorem

Let K be an algebraic closed field endowed with a nontrivial complete (either
archimedean or non-archimedean) absolute value | - |. Let X be a projective vari-
ety over K of dimension n > 1. Denote by X" the associated Berkovich analytic
space (resp. complex analytic spaces) introduced in [1] if K is non-archimedean (resp.
archimedean). Then there is a theory of integrable metrized line bundles and their
intersection numbers developed in [8,17,19,40]. We will briefly review the theory in
“Appendix (Local intersections)”, and will refer to “Appendix (Local intersections)”
for our convention and terminology.

Let M be an integrable metrized line bundle on X with M = Oy, and Li,....,Lo_1
be n— 1 semipositive metrized line bundles on X . Then we show in Sect. 2 the following
inequality:

ﬁz-fln-Ln_] <0.

Moreover, if L; is ample and M is Lj-bounded for each i, then the equality holds if
and only if M € 7*Pic(K). Here 7 : X — SpecK denotes the structure morphism.
When K = C, the above inequality is written in terms of distributions as

BE] _ _
- f=f-aly) --call,-) <0, f:=—loglll.
X(©) Tl

If X is smooth and the metrics of M and L; are also smooth, this is a simple consequence
of integration by parts.
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The arithmetic Hodge index theorem... 1125

In general, for the inequality part, it is easily reduced to the smooth case when K is
archimedean or the model case when K is non-archimedean. For the equality part, we
use a non-archimedean analogue of Btocki’s method in [3], and the works of Gubler
[19] and Chambert-Loir-Thuillier [10].

One application of our local Hodge index theorem is a non-archimedean analogue
of the theorem of Calabi [6] on the uniqueness of semipositive metrics on an ample
line bundle on X" with a given volume form.

1.2 Arithmetic Hodge index theorem

Let K be anumber field and X be anormal and geometrically integral projective variety
over K of dimension n > 1. There is a theory of integrable metrized line bundles
and their intersection numbers developed in [40]. We will briefly review the theory
in “Appendix (Arithmetic intersections)”, and will refer to “Appendix (Arithmetic
intersections)” for our convention and terminology.

Let M be an integrable adelic Q-line bundle on X, and Ly,..., L, 1 ben — 1
nef adelic Q-line bundles on X. Assume that each L; is big and the equality M -
Li---L,_1 =0.Then in Sect. 3, we prove the following inequality:

M .T,---L,_; <0.

Moreover, if L; is arithmetically positive and M is L;-bounded for each i, then the
equality holds if and only if M € 7*Pic(K )@- Here m : X — SpecK denotes the
structure morphism.

When X is regular with a projective and flat model X over Ok, and M, Ly,...,
Z,,,l) comes from hermitian line bundles (ﬂ, Z, e, Z) wicharithmetically ample,
this result is due to Faltings [13] and Hriljac [21] for n = 1 and Moriwaki [29] for
n > 1. A slight extension of Moriwaki’s result gives the inequality part in the adelic
situation. For the equality part in adelic situation, we will use the local index theorem,
the vanishing result of curvatures of flat metrics by Gubler [19] (cf. Proposition 5.17),
the integration of Green’s functions on Berkovich spaces of Chambert-Loir—Thuillier
[10], and Lefschetz-type theorems for normal varieties (cf. “Appendix (Lefschetz
theorems)”).

1.2.1 Dynamical system

Let X be a projective variety over Q. A polarizable algebraic dynamical system on
X is amorphism f : X — X such that there is an ample Q-line bundle L satisfying
f*L >~ gL from some rational number ¢ > 1. A central invariant for such a dynamical
system is the set Prep( f) of preperiodic points, i.e., points of X (Q) with finite forward
orbits under iterations of f. We show the following rigidity result about preperiodic
points in Sect. 4. Let f and g be two polarized algebraic dynamical systems on X,
and Z be the Zariski closure of Prep(f) N Prep(g). Then

Prep(f) N Z(Q) = Prep(g) N Z(Q).

@ Springer



1126 X. Yuan, S. Zhang

We prove the result by first constructing f-admissible metrics for every line bundle
on X if X is normal, and then applying our arithmetic index theorem.

2 Local Hodge index theorem

In this section, we prove a local Hodge index theorem over complete fields. As a
consequence, we will prove a version of the Calabi theorem. When the base field is C,
all of these are essentially due to the original work of Calabi [6] and the later extension
by Btocki [3]. This local index theorem is a crucial ingredient in the proof of arithmetic
Hodge index theorem in Sect. 3.

2.1 Statements

First let us recall the theory of integrable metrized line bundles developed in [8,17,
19,40]. For more details, see “Appendix (Local intersections)”.

Let K be an algebraically closed field endowed with a complete and nontrivial
absolute value | - |, which can be either archimedean or non-archimedean. Let X be
a projective variety over K of dimension n > 1, and X" the associated Berkovich
analytic space (resp. complex analytic space if K = C is archimedean). Then there
are a category 75i\C(X ) of integrable metrized line bundles L = (L, | - ||) on X and the
group Pic(X) of isometry classes of these bundles. There are also notions of model
metrics and semipositive metrics. In particular, we call a metric semipositive if it is
a uniform limit of model metrics induced by relatively nef models over Ok . We call
a metrized line bundle semipositive if the metric is semipositive, and call a metrized
line bundle integrable if it is the difference of two semipositive metrized line bundles.
When K was a discrete valuation field, these were defined in [40]. For general non-
archimedean fields, they were defined by Gubler [17].

If Lo, ..., L, are integrable metrized line bundles with nonzero rational sections
Lo, ..., 4%, such that N|div(¢;)| = @, then there is a well-defined local intersection
number &R/(Zo) - &i\v(ﬁ,,) using a limit process. Assume that Ly >~ Oy and £y = 1
under this identity. Then the intersection does not depend on the choice of £y, .. ., £,.
Chambert-Loir [8] (when K contains a countable subfield) and Gubler [19] (in general)
define a measure ¢;(L1) - - - ¢1(L,,) on X" so that

—/ log |€ollet(L1) - - - c1(Ly) = div(£p) - - - div(L,).
Xal'l

Assuming further ¢1(L1) - --c1(L,) = 0, then the local intersection does not depend
on the choice of £, neither. This gives a well-defined intersection number

LO"'Zn ::_/ 10g ||ZO||C1(Z1)"'CI(ZH)~
Xaﬂ

For two integrable metrized line bundles L and M_on X, say that M is L-bounded
if there is a positive integer m such that both mL + M and mL — M are semipositive.
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The arithmetic Hodge index theorem... 1127

Here we write tensor product of line bundles additively, so m L — M means e oM’
(with the induced metric). We take this convention throughout this paper. The main
result of this section is the following local index theorem.

Theorem 2.1 (Local Hodge index theorem) Let 7 : X — SpecK be an integral
projective variety of dimension n > 1. Let M be an integrable metrized line bundle
on X with M ~ Ox, and L, ... ,anl be n — 1 semipositive metrized line bundles
on X. Then

Mz-Zlan_lgO.

Moreover, if L; is amAple and M is L;-bounded for each i, then the equality holds if
and only if M € w*Pic(K).

One application of our local index theorem is the following non-archimedean ana-
logue of the Calabi theorem. We refer to Calabi [6] for the original theorem and to
Kolodziej [23] and Btocki [3] for some regularity extensions.

Corollary 2.2 (Calabi Theorem) Let X be an integral projective variety over K. Let

L be an ample line bundle on X, and || - ||; and || - ||2 be two semipositive metrics on
L. Then
dim X dim X
et (L, |- 1™ = cr(L, || - 1™
. e I T . an
if and only if is a constant function on X*".

112

Remark 2.3 There is an open problem about the existence of a metric on a line bundle
with a given volume form, i.e., the non-archimedean analogue of the theorem of Yau
[37]. Some partial results have been obtained by Liu [26] and Boucksom—Favre—
Jonsson [5].

We will prove Theorem 2.1 in the next three subsections. Here we see how it implies
Corollary 2.2.

Proof of Corollary 2.2 Writen = dim X. Set f = —log(]| - |l1/] - Il2) as a continuous
function on X?". Then the assumption implies

/ fe L, - 1D)" =/ fe, I-1)"
X(’ln X(’ln

We need to show that f is constant. L
Denote L1 = (L, || - ||1), Lo = (L, || - |l2), and M = L| — L,. Then the difference
of two sides of the above equality is just

n—1
Z/ fer(Myei(L)iei(Ly)" ' =o0.
i=0 /X"
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1128 X. Yuan, S. Zhang

Equivalently,
n—1 5 . -
ZM Ly-Ly =0
=0

By Theorem 2.1, every term in the sum is non-positive. It forces
—n—1—i

ML Ty T =0, Yi=0,....n—1.

It follows that
Mz . (Z] +Zz)n_l =0.

Note that M is (L + L»)-bounded. Theorem 2.1 implies M e n*lSE:(K ), which is
equivalent to the statement that f is a constant. O

2.2 Curves

In this section, we prove Theorem 2.1 when dim X = 1. Then the line bundles Z,- do
not show up. Considering the pull-backs of the line bundles on the normalization of
X, the problem is reduced to the case that X is smooth.

First, let us treat the case that K is non-archimedean. The result is obtained by
combining many results of Gubler.

We start with the model case; i.e., (X, M) is induced by an integral model (X, M)
over the valuation ring Ok of K. By the semistable reduction theorem of Bosch—
Liitkebohmert [4], any integral model of X over K is dominated by a semistable model
over Ok . Thus we only need to consider the case X" is semistable. Then the result is
proved by Gubler [18, Theorem 7.17] following the methods of Faltings and Hriljac.

Now we extend it to the non-model case. As the limit case of the model case, we
have the inequality M < 0 for general vertical metrized line bundles, and a Cauchy—

Schwarz inequality. To prove the equality part of the theorem, assume M = 0. Then
for any vertical integrable line bundle N on X, we have

(M -N)* = (M)H(N*) =0.
Thus for any vertical integrable line bundle N,

M-N =0.

We first prove that the measure c¢1 (M) = 0. Note that the generic fibers M and N
are isomorphic to Ox. Use the regular sections 1, of M and 1y of N to compute the
intersection number M - N. By the induction formula of Chambert-Loir, Gubler, and
Chambert-Loir-Thuillier recalled in “Appendix (Local intersections)”, we have

0=M-N =div(ly) -div(ly)
= &) - dV(Ly) = —/

log | 1xllc1 (M).
Xan
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The arithmetic Hodge index theorem... 1129

Here we have also used the symmetry of the intersection number in [17, Proposition
9.3]. Note that log || 1y || can be any model function on X®". The space Cpoq(X?*") of
model functions on X" is dense in the space C(X?") of continuous functions on X"
with respect to the supremum norm. This is part of [17, Theorem 7.12], which actually
works in the current generality. Therefore, the measure ¢1 (M) = 0.

It remains to prove that M is constant from the vanishing of the measure. The
following argument is suggested by an anonymous referee of a previous version of
this paper.

Take two points Py, P, € X (K). Take N to be the line bundle N = O(P; — P»)
with a flat metric as in Definition 5.10 and Theorem 5.11. Denote by ¢ the canonical
rational section of N with divisor P; — P,. Use the rational sections 1 of M and £ of N
to compute the intersection number M - N. Apply the induction formula of Chambert-
Loir, Gubler, and Chambert-Loir-Thuillier in “Appendix (Local intersections)” again.
We have

v (1) - dv(e) = —/ log | 1]lc1 (W) = 0,

X

and

div(e) - div(1) = log |1 (Py) —log [[L|(P1) — / log [[€lc1 (M)
Xan
= log [ 1](P2) — log [ 1[I (P1).
By the symmetry of the intersection number in [17, Proposition 9.3] again, we have
log [[1]|(P2) = log [[1]|(P1).

This is true for any P, P, € X(K). Note that X (K) is dense in X?". Hence, log ||1]|
is constant on X?". This finishes the proof of Theorem 2.1 in the non-archimedean
case.

The theorem in the archimedean case follows from a similar argument. The theorem
is clear in the case of smooth metrics by integration by parts. In fact, denoting f =
— log || 1|37 in the smooth case, we have

—2 30 1 _
M =- f=r= —0f A3f =0
X(©) i X(©) Tl

with equality holds only if f is constant. By taking limits, this implies that M <0
in the case of integrable metrics. The proof of the remaining part is also similar.

2.3 Inequality
Now we prove the inequality part of Theorem 2.1 in the general case by induction

on n = dim X. We have already treated the case n = 1, so we assume n > 2 in the
following discussion. First, we can make the following two assumptions:
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1130 X. Yuan, S. Zhang

(1) Xis sinooth by de Jong’s alteration [11] and the projection formula in [8,17,40];

(2) each L; is arithmetically positive by adding some multiple of an arithmetically
positive integrable line bundle A on X as follows. Take a small rational number
€ > 0 and set Z; = Zi + €A. Then the inequality Mz “Ly-- -Z,,,l < 0 is the
limit of the inequality Mz . Z/l T <0.

n—1

When K = C, by approximation, it suffices to prove the inequality under the
assumption that all metrics are smooth, and the curvature forms of L; are positive

definite. Let f = —log || 1]|37. Then ¢y (M) = —22 f and

990 _ _
M -Ly---Ly 1=~ S—fci(Ly)---c1(Ly—1)
X(C) Tl

1 - _ _
=/ —af Ndf Aer(Lr)---ci(Lp—1) < 0.
X(C) Tl

When K is non-archimedean, by approximation, itis reduced to prove the inequality
M2 Ly Ly <0

under the following assumptions:

(1) X is smooth and X is a normal integral model of X over Og;
2) M, Ly, ..., L,—1 are line bundles on X with generic fibers M, Ly, --- , L,_1;
(3) L; is relatively ample on X'

We claim a Bertini-type result that, there is a positive integer m and a nonzero
section s € HO(X, mL,_1) such that Y := div(s) is horizontal on X’ with a smooth
generic fiber V.

Assuming the claim, then

1
2 2
Ly Ly = L)y Laaly-.
M= Ly 1 My - Lily 2|y

Thus it is non-positive by induction.

It remains to prove the Bertini-type result. We use an argument from [28]. By our
definition of models, there is a noetherian local subring (R, ) of Og withmNR = g,
where m denotes the maximal ideal of Og, so that (X, M, Ly, ..., L,_1) are base
changes of models (XO, MD, E?, e, ES_I) over R. Write L for Eg_l for simplicity.
We first find a section s9 € HO(XY, mL) for sufficiently large m such that div(sp)
is horizontal. In fact, denote by Vi, ..., V, the irreducible components of the special
fiber of X0. Take a distinct closed point x; in Vl.o for every i, and denote by k(x;) the
residue field of x;, viewed as a skyscraper sheaf on X°. By the ampleness of £, for

sufficiently large m, the natural map

HOXO,mL) — P HOXO, (mL) @ k(x)))

1
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The arithmetic Hodge index theorem... 1131

is surjective. By lifting an element on the right-hand side which is non-zero at every
component, we get a section sg € H 09, mL) non-vanishing at any x;. Thus div(sg)
is horizontal. Once we have s¢, consider the subset

Ty, =50+ g - HOX%, mL) ¢ HO(X, mL).

Here g denotes the maximal ideal of R as above, X° denotes the generic fiber of
X, and L = L]|yo. Then any element of I'y, has a horizontal zero locus. It is easy
to check that any polynomial on H°(X", mL) which vanishes on Iy, is identically
0. Hence, the image of I'y, in P(HO(X%, mL)) is Zariski dense. Assume that mL is
very ample. By Bertini’s theorem, there is a Zariski open subset of P(H 0(x% mL))
whose elements correspond to smooth and irreducible hyperplane sections. This open
set intersects the image of I'y,. Hence, we can find an element sS9er 5o With smooth
and irreducible zero locus on X°. The pullback of s° to X’ satisfies all the required
properties.

The following Cauchy—Schwarz inequality is a direct consequence of the inequality
part of Theorem 2.1.

Corollary 2.4 Let M and M be two vertical integrable line bundles on X, and
Li,...,L,_1 ben — 1 semipositive line bundles on X. Then

— — — 2 — — —n — —
M-M Ly L)) <M -Li--Ly_)(M"-Ly---Ly,_1).

2.4 Equality

Now we prove the equality part of Theorem 2.1 in the general case by induction on
n = dim X. The case n = 1 is proved, so we assume n > 2.

LetM,L;,...,L,_be integrable line bundles on X such that the following con-
ditions hold:

(1) M is t_rivial on X;
(2) M is L;-bounded for every i;
(3) M Ly Ly_1 =0.

There are two key lemmas in our proof. The first one is inspired by Blocki [3].

Lemma 2.5 For any semipositive integrable line bundles Z? on X with underlying

bundle L? equal to L;, and any integrable integrable line bundle M with trivial
underlying line bundle M, the following identities hold:

M-M-T)--I_, =0,
M -M I T, =o.
Proof The second equality follows from the first one by taking Z?ﬁl =L, 1+eM

with small €. So it suffices to prove the first inequality. Note that condition (2) implies
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1132 X. Yuan, S. Zhang

that every L; is semipositive. Replacing L; by a large multiple if necessary, we can

assume that both L; & M are semipositive for each i. Denote Zii =L, +M.
First, we have the following equality

—2 —€(1) —e(n—1)

MLy L =0

for any sign function € : {1,...,n — 1} — {4+, —}. In fact, since M is Z,-—bounded,
there is a constant ¢ > 0 such that

L =L;—(L; =( 0L FtM
is semipositive for any i. Write

MLy Ty =MLV ZM T1z0 - T1Z"
i<t j>t

Then the inequality part of Theorem 2.1 implies that every term on the right hand side
is non-positive. It forces

—e(n—1)

w TV T =0
Second, we claim that for any £ and any sign function € on {¢, ..., n — 1},
mT).-L) L)Y T =o. (1)

When £ = n, it gives
Mz.z(l)...L _, =0.
By the Cauchy—Schwarz inequality in Corollary 2.4, it follows that
— — —0 —
M-M -L---L, ,=0.

We now prove the claim by induction on £. We already have the case £ = 1.
Assume the equality (1) for £ and for all sign functions on {¢, ..., n — 1}. Let ¢ be a
sign functionon {£+1, ..., n — 1} which has two extensions €™, e~ on {£, ..., n—1}
by €*(¢) = +. Applying Corollary 2.4 again to M, Mzc = Zzt — Zg, and semipositive

- + - _ ..
bundles L(l), .. Lg I L; (Z), e, L;(_"l 1), we have four equalities:

— =5 =0 =0 =&  —em-1)
M-M, -Ly---L, L L,

=0, 4 =%, & ==
Take the difference for two equations with fixed §; to obtain

TEUHD  Fe=D

— =85 0 =0
M-My - Ly-Loyy-M-Lg,y n—1 =0
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The arithmetic Hodge index theorem... 1133

It is just

ML) Ty @ —T) TG T

n—1

=0.

The left-hand side splits to a difference of two terms. One term is zero by the induction
assumption for £. It follows that the other term is also zero, which gives

—2 —0 —€(l+1) —e(n—1)
M'Ll"L Lz Lopy "Ly

=0.
It is exactly the case £ + 1. The proof is complete. O

The second key lemma is the following induction result.

Lemma 2.6 Assume that L,,—1 is ample. For any closed subvariety Y of codimension
one in X, we have

M - Lily - Ly—aly = 0.

Proof Replacing L, by a multiple if necessary, we can assume that there is a global
section s of L,_; vanishing on Y. Write div(s) = >; ¢;¥; with ¢; > 0 and prime
divisors Y;. Use the non-archimedean induction formula developed by Chambert-Loir—
Thuillier and Gubler reviewed in “Appendix (Local intersections)”. We have

t

— — — — — —

M -Li---Lyq= E aiM|%,. ~Lily, - Lp—2ly;
i=1

- / log lslle1 (M)*er(L1) -+ - 1 (Ln-2).
Xaﬂ
The integral vanishes by Lemma 2.5. In fact, take M tobe any vertical metrized line

bundle on X and write ¢ = —log ||1 ;7 asa real-valued function on X?". Then the
lemma gives

¢ ci(M)*ci(Ly)---c1(Ly—2) = 0.
X'dn

It implies that the measure c| (M)2ci(Ly) -+ c1(Ly—2) = 0. Hence the integration of
—log ||s|| is also zero. By the proved inequality on every Y;, we have

M|} - Lily, -+ Ln-aly, = 0.
Since one of Y; is Y, the lemma is proved. O

Now are ready to prove the equality part of Theorem 2.1. Let M and L; be as in the
theorem. We need to prove that M is constant, or equivalently log ||1]/77 is constant
on X?". By induction on n, Lemma 2.6 immediately gives the following result.
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1134 X. Yuan, S. Zhang

Lemma 2.7 Forany integral closed subvariety Y of codimension one in X, the restric-
tion M|y is constant on Y.

Go back to the line bundle M on X. Let | X |o be the set of closed points of X, which
is naturally a dense subset of X®". It suffices to prove that log || 1|37 is constant on | X |o.
By the lemma, it suffices to prove that any two points x1, x of |X|o are connected
by integral subvarieties of codimension one in X. By [20, Chapter III, Corollary 7.9],
any hyperplane section is connected. It follows that any hyperplane section passing
through x; and x, connects them. This finishes the proof.

3 Arithmetic Hodge index theorem

In this section, we prove a Hodge index theorem for adelic metrized line bundles
on projective varieties over number fields, generalizing the following theorem in the
context of arithmetic intersection theory of Gillet—Soulé [15].

Theorem 3.1 ([13,21,29]) Let K be a number field and w : X — SpecOg be an
arithmetic variety with a regular generic fiber of dimension n > 1. Let L be an
arithmetically ample hermitian Q-line bundle on X. Let M be a hermitian Q-line
bundle on X such that c;(Mg) - ¢1 (Lx)"~! = 0 on the generic fiber Xg. Then

aM?-a@" <o

and the equality holds if and only if M = 7* My for some hermitian Q-line bundle
Mo on SpecOk.

The theorem was due to Faltings [13] and Hriljac [21] for n = 1 and Moriwaki
[29] for general n.

3.1 Statements

Let X a projective variety over Q. In [40] and as reviewed in “Appendix (Arithmetic
intersections)”, we have defined a category 751\0(X ) of integrable metrized line bundles
as certain limits of hermitian line bundles on models of X over Ok, the ring of integers
of number fields K in Q, and their intersection pairing. Then Plc(X ) denotes the group
of isomorphism classes of objects of Plc(X) and PIC(X)Q = PIC(X) ®7 Q is the
group of integrable adelic Q-line bundles. We also refer to “Appendix (Arithmetic
intersections)” for the notions “arithmetically positive” and “L;-bounded.” The main
result of this section is the following Hodge index theorem for such metrized line
bundles.

Theorem 3.2 Let 7 : X — SpecQ be a normal and integral projective variety of
dimensionn > 1. LetM be an integrable adelic Q-line bundle on X, andLy, ..., Ln 1
be n — 1 nef adelic Q-line bundles on X. Assume M - Ly --- L,_1 = 0 and that each
L; is big. Then

M .L,---L,_; <0.
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The arithmetic Hodge index theorem... 1135

Moreover; if L; is arithmetically positive and M is L;-bounded for each i, then the
equality holds if and only if

M e 7*Pic(Q)q.

Remark 3.3 The assumption “M is L;-bounded for each i” is necessary for the con-
dition of the equality in Theorem 3.2. For a counter-example, assume n = 2 and L is
induced by an arithmetically ample line bundle £ on an integral model X’ of X over
Ok, the ring of integers in a number field. Let @ : X’ — X be the blowing-up of a
closed point in X', and M the (vertical) line bundle on X” associated to the exceptional
divisor endowed with the trivial hermitian metric ||1|| = 1. Then Mg - Lx = 0 and
Mz -a*L = 0 by the projection formula. But M is not coming from any line bundle
on the base SpecOk. In this case, M is not £-bounded if we convert the objects to
the adelic setting.

Remark 3.4 A similar proof of Theorem 3.2 should give a function field analogue. In
fact, let K be an algebraic closure of the function field of a projective and smooth curve
B over an algebraically closed field k. Fixing a point x € X (K) gives a morphism
i : X — alb(X) to the Albanese variety of X over K. See discussion in Sect. A.4. Let
A be a K /k-trace of alb(X), i.e, A is an abelian variety defined over k such that Ag
can be embedded into alb(X) as a maximal abelian subvariety defined over k. Then
we have a surjective homomorphism alb(X) — A ®; K which induces a morphism
j : X — Ak over K. Then the theorem should hold over K with the last inclusion
M e 7*Pic(K ) replaced by

M e 7*Pic(K)g + j*Pic’(A)q,
where j* denotes the following natural composition
Pic’(4)g —> Pic(A)g —> Pic(A xx B)g —> Pic(Ag)g — Pic(X)g.

The second arrow is the pull-back via the projection A x; B — A to the first factor,
and the last arrow is the pull-back via j : X — Ag.

Denote by Pic*(X) the group of isomorphism classes of numerically trivial line
bundles on X. Assume that M is a flat adelic line bundle on X in the sense of “Appendix
(Flat metrics)”, i.e., M is numerically trivial and the adelic metric is flat at every place.
Then by Proposition 5.19, Mz -Ly--+L,_; does not depend on the choice of the flat

metric of M and the metrics of L1, ..., L, _1. Then it is reasonable to write

.....

The definition extends to a quadratic form on M € Pic’ (X)g by bilinearity. In this
case, we present an R-version of the theorem as follows.
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1136 X. Yuan, S. Zhang

Theorem 3.5 Let X be a normal projective variety of dimension n > 1 over Q. Let
M e Pic*(X)rand Ly, ..., L,—1 be n — 1 nef Q-line bundles on X. Then

Lp—1 S O

.....

Moreover, if each L; is ample, then the equality holds if and only if M = 0.

The inequality part of Theorem 3.5 is implied by that of Theorem 3.2. In fact, it
suffices to assume M € Pic* (X)q for the inequality.

To apply Theorem 3.2, we need each L; to be big. Thereafter, take an ample line
bundle A and a positive rational number €. Define

Lie=L;+€A.

Let Zl,e, ..., Ly—1,¢ be any nef adelic line bundles extending L ¢, ..., Ly—1 .. Then
we have

. Lo=—=2 = -
(M, M), L, =lim{M M), .L,_,,=1mM -Lic---Ly_1e=0.
e—0 e—0

3.2 Curves

In this section, we prove Theorems 3.2 and 3.5 when dim X = 1. Then degM = 0
and the line bundles L; do not show up.

We first consider Theorem 3.2. Then M has a flat metric structure M as defined
in “Appendix (Flat metrics)”. By Proposition 5.17(2)(3), My is actually induced by
a hermitian line bundle M on any regular integral model X'/Ok of X such that
cl(ﬂ) = 0 on X(C) and that M is perpendicular to lsi\c(X )vert- Define a vertical
adelic Q-line bundle N by

M= Mo +N.
Note Mg - N = 0 by the flatness of M. It follows that

—2 —2 =2 —2 —2
M =My+N =My+ > N,
v

where N, be the restriction of N to X ®k K, for each place v of K i\low Theorems
3.2 and 3.5 follow from the index theorem of Faltings and Hriljac for M and the local
index theorem in Theorem 2.1 for N, as follows:

(1) By the result Faltings and Hriljac, M% = /\_/12 < 0 where the equality is attained
if and only if My € m*Pic(K)q.

(2) By Theorem 2.1, Nz < 0 and the equality is attained if and only if NV, is constant
for every v.
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Now we consider Theorem 3.5. Then M € Pic®(X). It still has a flat metric
structure M, as an R-linear combinations of flat adelic line bundles. By linearity, the
result of Faltings and Hriljac still gives

—2
My = —2 hnp(M).

Here the Neron—Tate height function ANt : Pic’(X)pr — R is extended from Pic®(X)
by bilinearity. By [34, §3.8], AnT is positive definite on Pic%(x )r. This proves the
theorem forn = 1.

3.3 Inequality

We already known that the inequality part of Theorem 3.5 is implied by that of Theorem
3.2. Now we prove the inequality of Theorem 3.2 by induction on n = dim X. We
have already treated the case n = 1, so we assume n > 2 in the following discussion.
We make the following two further assumptions:
(1) X is smooth by the resolution of singularities of Hironaka and the projection
formlﬂa in [40];

(2) each L; is arithmetically positive in the sense of Definition 5.3.

For the second assumption, fix an arithmetically positive adelic line bundle A on

X. Take a small rational number € > 0. Set Z; =L;+cAand M =M + §A. Here
d is a number such that

MLy L =M+8A)-Ly---L,_, =

It determines

8=_M.L/1...L;1_1
A'L/l"'L;z—l

As € — 0, we have § — 0 since

M-Ly---L, - M-Li-L,_1 =0,
A-Ly---L,_,—>A-Li-Ly_; >0.

Here we explain the last inequality, which uses the assumption that L; is big and
nef for each i. We refer to [25] for bigness and nefness in the geometric setting. In
particular, the bigness of L; implies that there are ample Q-line bundles A; such that
L; — A; is effective. It follows that

A-Ly-Ly---Ly_y>A-Ay-Ly---Ly_;>-->A-A;---A,_; > 0.

Therefore, the inequality M -Ly---L,_1 < 0is the limit of the inequality m>.
—/
L1 -L

n—1
assume (2).

< 0. Here every L is arithmetically positive. This shows that we may
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By approximation, it suffices to prove

M2‘Zl"'zn—l <0

for a model (X, M, Ly,...,L,_1) of (X, M, Ly,...,L,_1) under the following
assumptions:

3) X is smooth and X’ is normal;
(4) L; arithmetically ample on X in the sense of Lemma 5.4.

Then the inequality was proved by Moriwaki [29] in the case that all £; are equal. The
current case is similar, but we still sketch a proof as follows.

Lemma 3.6 There is a smooth metric || - ||o on M at archimedean places, unique

-— .
up to scalars, such that the curvature form of M = (M, || - |lo) on X(C) pointwise
satisfies

crM)er(Ly) -+ c1(Ln1) =0,

where we omit the symbol for the wedge product of forms of degree 2. Moreover, with
this metric, one has pointwise

ct(M)2ei (L) -+ e1 (L) <0,

Proof For the first equality, write M = (M, ||-||) and || - || = e?|| - || for a real-valued
C*°-function ¢ on X (C). Then the above equation becomes

1 — — — _ _ _
;3&15 cc1(Ly) - e1(Lp—1) = —c1(M)cer1(Ly) -+ -1 (Ln=1).

Set Q@ = ¢1(£1)--¢1(L,_1). Then the left-hand side is a scalar multiple of the
Laplacian A¢ with respect to 2. The right-hand side is an exact form on every con-
nected component X, (C) of X(C). In fact, its cohomology class is represented by
—M - Ly---L,_1, which is zero in H2"(Xg (C), C) = C. The solution ¢ exists by

Gromov [14, Corollary 2.2 A2].
The inequality of the lemma is implied by the equality by Aleksandrov’s lemma. See
Gromov [14, Lemma 2.1 A] by setting Q := c1(Ly) - -c1(Lp—r)and wy = c1(Lp_1).
O

Write the original metric || - || of M as e~®| - |lo. Then by the above lemma, we
have

_ —n — 1 _ _ _
MLy Ly =MLy Loy — ¢—000p Aci(Ly)---c1(Ly—1).
X(©C) Tl

By integration by parts, the second term on the right

1 — — — 1 _ _ _
- p—030p Aci(Ly)---c1(Ly—1)= — 0P AIP Aci(Ly) - c1(Ly—1).
X(©) Tl X(©) Tl
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It is non-positive since the volume form
1 — _ _
;3¢> ANIPp Acr(Ly)---c1(Lyp-1) <0.

Hence, it suffices to prove

— — —

M™-Ly--- L, <0.

By Moriwaki’s arithmetic Bertini theorem (cf. [28], Theorem_ 4.2 and Theorem

5.3), which is also stated at the beginning to [29, §1], replacing £,_; by a multiple

if necessary, there is a nonzero section s € HO(X, £,_1) satisfying the following
conditions:

e The supremum norm ||s ||sup = Supyex () sl < 1;

e The horizontal part of div(s) on X is a generically smooth arithmetic variety );

e The vertical part of div(s) on X is a positive linear combination Zp ap Xy of
smooth fibers X, of X above (good) prime ideals o of Ok.

Then

_2 J— f— JR— J— f— JR— J— f—
M® Ly Loy =M By Lily - Laaly + 2 ag M - Lila, -+ Laal,
&

- / log [Isllet (M )2e1(L1) - - 1 (Ln—2).
X(C)

It suffices to prove each term on the right-hand side is non-positive. The non posi-
tivity of the “main term”

ﬂ’lﬁ, Lily - Laaly <0
follows from the induction hypothesis. By flatness of X'/ O,
— —_ —_
M3, Lilx, - Lnaly, = (M- Ly Ly 2) log#0x /) < 0.

Here we have used the Hodge index theorem in the geometric case as stated in Theorem
5.20. By the above lemma,

—/ log [Isllci M )2e1(L1) - - ¢1 (Lu—2) < 0.
X(C)

3.4 Equality

In this section, we prove the equality part of Theorem 3.2 and Theorem 3.5. We have
already treated the case n = 1, so we assume n > 2 in the following discussion.
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3.4.1 Reduce to flat metrics
We first treat Theorem 3.2.

Lemma 3.7 Under the conditions in the equality part of Theorem 3.2, M is numeri-
cally trivial on X.

Proof Since L,_ is arithmetically positive, Z;_ | := Ly—1 — 7*N is nef for some
N e Pic(K) with ¢ = deg(N) > 0. Then

—2 — — — —2 — —

0=M -Li-Lyo-Ly1=M 'Ll"'Ln—Z'Z;l_l+CM2'L1"'Ln—2~

The two terms in the right hand are both non-positive:

(1) Apply the inequality of the theorem to (M, L, ..., L,_2, Z;_l) to obtain

M -Ly---L,»-L <O0.

n—1 =
(2) Apply the geometric Hodge index theorem in Theorem 5.20 on X to obtain
M? Ly Ly <0.

It follows that

M Ly Lyo Ly =M Li-Lyp=0.

By the geometric Hodge index theorem again, M is numerically trivial. O

In the following discussion, we assume that M is numerically trivial. Then we can
extend M to a flat adelic Q-line bundle M. See “App_endix (Flat metrics)” for the

definition of flat metrics again. The difference N := M — M is vertical. Then we
have a decomposition

2 — p—
0=M -Ly---Ly_y=My-Li--Ly_y+N -Lji---Ly_1.
The inequality part of Theorem 3.2 implies
— —2 —

Mo Ly Lyy=N Ly L1 =0.

By the local Hodge index theorem in Theorem 2.1, N € Pic(K )@- Thus we only need
to treat the case M = M.
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3.4.2 Flat metric case

Here we prove the equality part of Theorem 3.2 assuming that M is flat. Let
M,Ly,...,L,_1 be asin the equality part of the corollary. The key is the following
induction result.

Lemma 3.8 For any closed integral subvariety Y of codimension one in X, we have
M} -Lily - Ly—aly =0.

Proof We prove this lemma by the same idea as in the proof of Lemma 2.6. Replacing
L, _1 by a multiple if necessary, we can assume that there is a nonzero global section
s of L,y vanishing on Y. Write

t
div(s) = ZaiYi,
i=1

with a@; > 0, Y; distinct, and Y| = Y. Use the section s to compute the intersection
—2 — —
number M~ - Ly---L,_1. Then

t
M™-Ly--Ly =Zai M|y - Lily, - Lu-aly,

i=1

-2 / log [Islly ¢1(M)2c1(L1) - - c1(L—2).
v X

By the flatness of M, all the integrals above vanish. See Proposition 5.17 for more
details on flat metrics. Hence,

t
M -Ly---Ly_y = Zdi Ml% “Lily, -+ Lu—aly,.
i=1

Since every term on the right-hand side is non-positive, we obtain
— = —
Mly - Lily -+ Lp—aly = 0.
This proves the lemma. O

Go back to the proof of Theorem 3.2. Still use induction on n = dim X. We apply
the lemma to a general hyperplane section Y of some very ample line bundle on
X. Note that X is normal. By a Bertini-type result of Seidenberg [32], Y is normal
(and projective). By Lemma 3.8 and the induction hypothesis, M|y is constant in the
sense that it is a pull-back from a number field. In particular, M = 0 in Pic(Y)gq. By
Theorem 5.21. the natural map Pic? (X) > PicO(Y ) has a finite kernel. Hence, M = 0
in Pic(X)q. Replacing M by positive multiple, we may assume that M = Oy. Now
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the constancy of M on X follows from the local Hodge index theorem in Theorem
2.1.

3.4.3 Proof of Theorem 3.5

The above proof also applies to the equality part of Theorem 3.5. Let Ly, ..., L,
be any nef adelic line bundles extending L1, ..., L,—1. By Proposition 5.18, M €
Pic™ (X)g extends to an R-linear combination M of flat adelic line bundles on X.
Lemma 3.8 still works in the current setting. By induction, we can assume M|y = 0.
Then the injectivity of Pic?(X)p — Pic®(Y)p implies M = 0.

Remark 3.9 As a consequence of the proof of Lemma 3.8, we have the interpretation

..... Lo_; = (M]|c, M|c) = —=2hnt(M]C).

Here C is any smooth projective curve in X representing the intersection L -
Ly---L,_1in that C = div(sy) - div(sp) - - - div(s,—_1) for a collection of sections
si€ HO(X, L)).

4 Algebraic dynamics

In this section, we present and prove the rigidity theorem (Theorem 4.1) about the
preperiodic points of algebraic dynamical systems. After the statements, we first intro-
duce a theory of admissible adelic line bundles and then prove the theorem using our
arithmetic Hodge index theorem.

4.1 Statement of the main theorem

Let X be a projective variety over Q. A polarizable algebraic dynamical system on
X is a morphism f : X — X such that there is an ample Q-line bundle satisfying
f*L =~ gL for some rational number ¢ > 1. We call L a polarization of f, and
call the triple (X, f, L) with a fixed isomorphism f*L >~ gL a polarized algebraic
dynamical system.

Note that f is necessary finite, since the pull-back of the ample Q-line bundle L by
f is still ample. The projection formula for the top intersection LI™X further gives
that deg(f) = ¢g9m¥X,

For such an f, let Prep(f) denote the set of preperiodic points, i.e.,

Prep(f) := {x € X(Q) | f™(x) = f"(x) for some m,n € N, m # n}.
A well-known result of Fakhruddin [12, Theorem 5.1] asserts that Prep( f) is Zariski
dense in X.

Denote by DS(X) the set of all polarizable algebraic dynamical systems f on X.
Note that we do not require elements of DS(X) to be polarizable by the same ample
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line bundle or have the same dynamical degree g. The main theorem of this section is
the following rigidity result about preperiodic points.

Theorem 4.1 Let X be a projective variety over Q. Let f, g € DS(X), and Z be the
Zariski closure of Prep(f) N Prep(g) in X. Then

Prep(f) N Z(Q) = Prep(g) N Z(Q).

Remark 4.2 A similar proof as in the present paper should give an analogue of the
theorem over IF, (¢).

Remark 4.3 When X = P!, the theorem was previously proved by Mimar [27] fol-
lowing the method of [38] for the power map on P!.

Remark 4.4 Let us reduce the theorem to the case that X is normal. Let ¢ : X' — X
be the normalization of X. For any finite morphism f : X — X, the normalization
of foy : X' — X isamorphism f' : X’ — X', which gives a (unique) lifting of
f : X — X.Moreover, if f is polarized by an ample Q-line bundle L on X, then f’
is polarized by the ample Q-line bundle L’ = ¥*L on X’. Since v is finite, we also
have Prep(f’) = ¥ ~'Prep(f). Hence, we can assume that X is normal by replacing
(X, f, L) by (X', f', L") in the theorem.

Remark 4.5 In this paper, we will often use models of a dynamical system over a
number field. More precisely, any polarized dynamical system (X, f, L) is the base
change of a dynamical system (Xk, fx, Lx) over some number field K.

4.2 Semisimplicity

Let (X, f, L) be a polarized dynamical system over Q. Assume that X is normal. We
want to study the semisimplicity of f* on Pic(X)q.
By definition, f* preserves the exact sequence

0 —> Pic®(X) — Pic(X) — NS(X) — 0.

See “Appendix (Lefschetz theorems)” for definitions of the terms in the exact sequence.
Itis clear that this exact sequence is the direct limit of the corresponding exact sequence

0 —> Pic’(Xg) —> Pic(Xg) —> NS(Xg) —> 0
for models (X, fx, Lx) over a number field K. We further assume that X (K) is
non-empty in the following.

Lemma 4.6 The groups NS(Xg) and Pic®(X k) are both finitely generated 7-
modules.

Proof This is true for smooth curves, and for general normal varieties by induction
using the hard Lefschetz theorem in Theorem 5.21. In fact, the Picard functor mg)( /K
is represented by an abelian variety A over K. See [22, Theorem 9.5.4, Corollary
9.5.14]. Then Pic®(X) = A(K) is just the Mordell-Weil group. O
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Theorem 4.7 Let (X, f, L) be a polarized algebraic dynamical system over Q.
Assume that X is normal.

(1) The operator f* is semisimple on Pic®(X)¢ (resp. NS(X)c) with eigenvalues of
absolute values q'/* (resp. q).
(2) The operator [* is semisimple on Pic(X)c with eigenvalues of absolute values

q'? orq.

Proof When X is smooth, the result was proved by Serre [33] using the Hodge—
Riemann bilinear relation. Here we give a variation of his proof for general X using
both geometric and arithmetic Hodge index theorem. It suffices to prove (1), since (2)
is a consequence of (1). It suffices to prove the corresponding assertion for models
(Xk, fx, Lx) over number fields where all the group are finite dimensional by the
above lemma. By abuse of notation, we often neglect the subscipt K in fx and Lg.
We first consider NS(X g )c. Write n = dim X g as usual. Make the decomposition

NS(Xx)r :=RL & P(Xk), P(Xgx)={£ e NS(Xg)g:&-L""" =0
and define a pairing

(B, &) =& -&-L"

on P(Xg). By Theorem 5.20, this pairing is negative definite. The projection formula
gives

(f*&1, f*82) = ¢* (&1, &2).

It follows that ¢ ~! £* is an orthogonal transformation (with respect to the quadratic
form). Then ¢! f* is diagonalizable on NS(X )¢ with eigenvalues of absolute val-
ues 1.

Next we consider Pic?(Xx)c. We will use an arithmetic intersection paring on
Pic’(X k). By the notation introduced right before Theorem 3.5, we have a pairing on
Pic? (X k)R defined by

1

(61.6)=5 & L.
Here £, and &, are flat adelic line bundles extending & and &, and L can be any
integrable adelic line bundle extending L. Theorem 3.5 asserts that the pairing is

negative definite on Pic®(X g )R.
On the other hand, we claim

(f&1, &) = q (&1, &).

In fact, by the projection formula,
(FED) - (FE) - (D" = (deg f)- & & L"),
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Here f*&, and f*E, are still flat. By Proposition 5.19, we can replace f*L by gL
on the left-hand side. Thus the formula gives the claim by deg f = ¢".

Hence, ¢~ /2 f* is an orthogonal transformation on Pic®(Xx)r (with respect to
the negative of the pairing). Then ¢~ !/2 f* is diagonalizable on Pic®(Xx)c with
eigenvalues of absolute values 1. The theorem is proved. O

By Theorem 4.7, the exact sequence
00— PicO(X)(; —> Pic(X)¢ — NS(X)¢c — O.
has a unique splitting as f*-modules by a section
Ly NS(X)¢c —> Pic(X)c.
We can make this splitting over Q, i.e., it is the base change of a canonical linear map
Ly NS(X)g —> Pic(X)q.

Indeed, over a model (X, fx, Lk), let P € Q[T] and Q € Q[T] be the minimal
polynomials of f* on Pic®(X k)@ and NS(Xg)q respectively. Note that P and Q
are coprime, since their roots have different absolute values. Then R = P Q is the
minimal polynomial for f* on Pic(Xg)g. Moreover, Pic%(X k)@ has a complement
in Pic(Xg)q defined by

Picy (X k) := ker Q(f™)Ipic(xx)g-

Then the projection Picy(Xg)g — NS(Xg)q is an isomorphism of f*-modules. If
K is replaced by a finite extension K’ in the construction, then Q( f*) is replaced by
a multiple, and thus Pic ¢ (X k) is naturally a subset of Pic ¢ (X /).

Denote by Pic¢(X)q the image of £¢ : NS(X)g — Pic(X)q, which is also the
direct limit of Pic ¢ (Xg)q as K varies.

Definition 4.8 We say an element of Pic(X) is f-pure of weight 1 (resp. 2) if it lies
in Pic’(X)q (resp. Pic s (X))

4.3 Admissible metrics

By [40], Tate’s limiting argument gives a nef adelic Q-line bundle L € lgi\c(X )Q
extending L and satisfying f *Zf = gL - We want to generalize the definition to
any line bundle M € Pic(X)q. The main theorem of this subsection is the following

result.

Theorem 4.9 Assume that X is normal. The projection

Pic(X)g —> Pic(X)g
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has a unique section
M +— Mf

as f*-modules. Moreover, the section satisfies the following properties:
(1) If M € Pic®(X)q, then M s is flat.
(2) If M € Picy(X)q is ample, then M g is nef.
Note that this theorem furnishes the construction for the canonical height functions
for every line bundle M € Pic(X)(, not only for the polarization L.

Definition 4.10 An element M of }ii\c(X )@ is called f-admissible if it is of the form
M - In this case, the adelic metric of M is also called f-admissible.

For any integrable adelic Q-line bundle N on X with a model (Nk, Xk) over a
number field K, recall that the height function hy : X (Q) — R is defined by

1 — _
hﬁ(.x) = m}\, X, X € X(Q)

Here x denotes the image of x in Xk, which is a closed point of X g. The following
simple consequences assert that the definition extends that of [40], and that preperiodic
points have height zero under f-admissible adelic line bundles.

Corollary 4.11 Let M € Pic(X)q. The following are true:

(1) If f*M = LM for some . € Q, then f*M y = A M s in Pic(X)q.
(2) Forany x € Prep(f), one has Mf l =0in f’i\c(i)(@. Hence, the height function
hﬁf is zero on Prep(f).

Proof Part (1) follows from the first statement of the theorem. For (2), assume that
f™(x) = f"(x) withm > n > 0. Choose a number field K such that (X, f, L) has
amodel (Xg, fx, Lx) over K as before, and such that x and M are defined over K.
Start with the identity

Myl =Myl .
We have
(fY"Mgle = (f)"Myly.
It follows that N flx = O for any N in the image of the linear map
(f)" = (fp)" : Pic(Xk)g — Pic(Xk)q-

It suffices to prove that the map is surjective. By Lemma 4.6, Pic(Xg)q is finite-
dimensional. Thus we need only prove that the map (fz)™ — (f¢)" is injective. This

. . 1
is true because the eigenvalues of f7 have absolute values ¢ or ¢ 2. O
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Now we prove Theorem 4.9 by the following steps, which takes up the rest
of this subsection. It suffices to prove the corresponding statement over a model
(Xk, fk, Lk) over a sufficiently large number field K, with some extra care about
the compatibility between different K. In the following discussion, we assume that f
has a fixed point xg € X (K), and omit the subscript K in the following discussion by
abuse of notation.

Step 1

Denote by I”i\c(X )’ the group of adelic line bundles on X (with continuous metrics), and
denote Pic(X ){@ = Pic(X)' ®7 Q. In this step, we prove that the canonical projection

Pic(X)&2 —> Pic(X)q
has a unique section
M +— Mf

as f*-modules. Note that Pic(X)’ contains the group Pic(X) of integrable adelic line
bundles.
Define D(X) by the exact sequence

0 — D(X) — ﬁc(X)(’Q — Pic(X)g —> 0.

It is an exact sequence of f*-modules. Recall that f* has the minimal polynomial
R = PQ on Pic(X)q.

Lemma 4.12 The operator R(f*) is invertible on D(X).

Assuming the lemma, then we have a unique f*-equivariant splitting of the exact
sequence. In fact, consider the composition

R(Mpix)
Pic (X)Q D(X) — " D(X).

It becomes the identity map when restricted to D(X), and thus gives a splitting of the
exact sequence. More precisely, if we denote

E(X) = ker(R(f*) : Pie(X) —> Pic(X)p).

which is also the kernel of the above composition, then we have an f*-equivariant
decomposition

Pic(X)g = D(X) & E(X).
The projection lsi\c(X){@ — Pic(X)q induces anisomorphism E(X) — Pic(X)g. The

inverse of this isomorphism gives our desired f *-equivariant splitting Pic(X)g —
Pic(X )Q This is the existence of the splitting.
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For the uniqueness, note that Pic(X)q is killed by R(f *), so any f*-equivariant
splitting j : Pic(X)qg <> Pic(X X@ has an image killed by R(f*). In other words, the
image of j should lie in £(X). But E(X) — Pic(X)q is already an isomorphism, so
J 1s unique.

The splitting Pic(X)g — Pic(X )b can be written down explicitly. In fact, for any
M € Pic(X)(q, let M be any lifting of M in Pic(X ){@. Then the f*-equivariant lifting
is given by

My =M —R(f*)pxRUHM,

One checks that this expression lies in £(X) and maps to M in Pic(X).

Note that our triple (X, f, L) is an abbreviation of a model (Xg, fx, Lx) over a
number field K. The compatibility between different K is as follows. If we replace
K by a finite extension, then the minimal polynomial R of f* on Pic(X)g becomes
a multiple of it, and E(X) becomes a space naturally including it.

Step 2

Proof of Lemma 4.12 Recall that we have assumed that the base field is a number
field K, and x¢p € X (K) is a rational point. Denote by Pic(X, x¢) and f’i\c(X, x0) the
isomorphism classes of bundles with a rigidification at xo. More precisely, an element
of Pic(X, xo) consists of an element M € Pic(X) and an isomorphism M (xp) —
K; an element of ISE(X , x0)’ consists of an element M & ﬁi\c(X)/ and an isometry
M (x9) — K, where K is endowed with the trivial adelic metric at every place. Then
we have identifications:

Pic(X)g = Pic(X, x0)g,  Pic(X)g = Pic(X, x0)g & Pic(K)q,

where f’i\c(K )@ is embedded into ﬁﬂ:(X ){@ by pull-back via the structure morphism

X — SpecK. The kernel of the projection I;i\c(X , xo)é@ — Pic(X)q can be identified
with metrics on Oy rigidified at xo. By taking — log || 1|, it is identified with

C(Xa xO) = @UC(XSH’ xO),

where the sum is over all places v of K, and C(X%", xo) is the space of continuous
functions on X3" vanishing at xo.
Thus we have shown the equality

D(X) = C(X, x0) ® Pic(K)g.

This decomposition is stable under f* since xg is a fixed point of f. On Pic(K ), the
operator f* acts as the identity map. Thus R(f™*) acts as R(1) on Pic(K)g, which is
non-zero since all eigenvalues of f* have absolute values ¢!/ or g.

It remains to show that R(f*) is invertible over C(X, xo). By the action of the
complex conjugation, it suffices to show that R(f™) is invertible over C (X, xo)c =
C(X, x0) ®r C. Decompose R(T") over the complex numbers as follows:
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T
R(T) =a 1——), a#0, |xl =42 g.
(T) H ( x,») # Lil=q'"" ¢
It suffices to show that 1 — f*/A; is invertible for each i. For that, it suffices to show
that the operator series

i (f)*
k

im0 M

is absolutely convergent on each Banach space C (X", xo)c defined by the norm

||¢v||sups Yy € C(Xﬁn, X0)C-

By definition, f* does not change this norm. Thus the operator norm || f*|| = 1. Then
*\k
Uo7t _ 1
AT M T gR
The convergence is clear. This finishes the proof of the lemma. O
Step 3

The previous steps have constructed a unique lifting M f € Pic(X ){@ for any M €
Pic(X)q. To prove that Mf actually lies in ISE:(X )@, wWhich means that Mf is inte-
grable, it suffices to prove statements (1) and (2) of the theorem since PicO(X )@ and
the ample elements of Pic ¢ (X)q generate Pic(X)g.

In this step, we prove (1); namely, if M € PicO(X ), then M 1 is flat. We refer the
construction of flat adelic line bundles to “Appendix (Flat metrics)”.

We first reduce X to abelian varieties. As above, by extending K and replacing f
by an iteration, we can assume that f has a fixed point xg € X (K). As in “Appendix
(Flat metrics)”, leti : X — A" be the Albanese map sending xo to 0. Here A =
P_ic())( /K is the Picard variety. Then the dynamical system f : X — X extends to
an endomorphism f’ : AY — AY.1In fact, f’ is just the dual of the endomorphism
A — A given by f* : Pic®(X) — Pic%(X).

The mapi : X — AY induces an isomorphism i* : Pic’(AY) — Pic%(X). By
the expression of M ¢ at the end of Step 1, this isomorphism carries f"*-admissible
adelic metrics on elements of PicO(AV)Q to f*-admissible adelic metrics on elements
of PicO(X)Q. Hence, it suffices to prove that any f"*-admissible adelic metrics on
Pic? (AV)Q is flat. In other word, we only need to treat abelian varieties.

Now assume that X is an abelian variety, and f : X — X is an endomorphism
(fixing the origin xp). Let M € Pic®(X )@ be a general element. Note that f commutes
with[2] : X — X, andthus [2]* carries f*-admissible adelic metrics to f*-admissible
adelic metrics. It follows that

RI"My=[2"M; =2My.
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Then the adelic metric of M 7 is invariant under the dynamical system [2] : X — X.
It is flat by Theorem 5.16
Step 4

It remains to prove (2) of the theorem. Let M € Picy(X)q be ample (and f-pure of

weight 2). We need to prove that M 7 is nef.
Let M’ be any nef adelic Q-line bundle extending M and consider the sequence

My = (q7'f “ym 31 of nef bundles. We will pick a subsequence “convergent” to
My.
First, denote by Mm, r the admissible adelic line bundle extending M,,, and denote

Cn =My — My ;.

Then C,, lies in C(X) := @C(XI"), the direct sum of _the spaces of contiiuous
functions on X3". The relation M,, = (g "M gives My ;= (q_lf*)me. It
follows that

Co = (g~ fy"(M° =M ).

Here MO — Mf also lies in C(X). Since f* does not change the norm of C(X), the
sequence C,, converges to 0.
Second, take a basis N; (i =1, ..., r) of Picy(X)g. Write

-
My, —M = Zai,mNi’ aim € Q

i=1

Then
,
My f—My¢= Zai’mNi’f'
i=1

It follows that

-
M, — M(f =Cy + Zai,mﬁi,f-
i=1

This is a relation in ﬁi\c(X)é@.

Third, notice that the orthogonal transformation ¢ ~! f* has eigenvalues u; with
absolute values 1 on Pic ¢(X)g. We can find an infinite sequence {my} of integers
such that ,uf"k — 1 forevery i. Thus the operator (¢~ f*)"* converges to the identity
operator on Pic ¢ (X)q. In other words, a; ;,, — 0 for all i. Then the theorem follows
from the nefness of the limits of nef bundles in a finite-dimensional space in Proposition
5.8.
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4.4 Preperiodic points

We prove Theorem 4.1 in this subsection. We start by summarizing the canonical
height theory to be used.

Let (X, f, L) be a polarized dynamical system over Q with f*L ~ gL for some
g > 1. Assume that X is normal. Then the construction of [40] gives a nef adelic
Q-line bundle L e Pic(X )@ extending L and satisfying f “L F= gL - The height
function hZf : X(Q) — R coincides with the canonical height of Call-Silverman
[9]. In particular, it has the following properties:

(1) hg, (f () =qhg, (x), Vx € X@).
(2) hg, () 20, Vx € X(@.
3) hff (x) = 0if and only if x € Prep(f).

Theorem 4.9 extends any M € Pic(X)q to a unique f-admissible integrable adelic
Q-line bundle M f € f’i\c(X )@, and thus defines a canonical height function th :

X (K) — R. The height function satisfies some partial properties of hZf as described
in Corollary 4.11.

Furthermore, as a consequence of Theorem 4.7, we also have another f*-
equivariant linear map

Ly :NS(X)g — Pic(X)q
Denote by
€5 :NS(X)g — Pic(X)g
the composition of the two liftings; i.e.,
Cp() = £;®),, VEEeNSX)q.

To prove Theorem 4.1, we present the following refinement.

Theorem 4.13 Let X be anormal projective variety over Q. Let f, g € DS(X) be two
algebraic dynamical systems on X (with possibly different polarizations and weights),
and Yo be an irreducible component of the Zariski closure of Prep(f) NPrep(g) in X.
Let Y be the normalization of Yo. Then for any element & € NS(X)q,

Cr®)ly = L)y

_In the theorem, we take the convention that M|y denotes the image of an element
M € Pic(X)q under the pull-back map Pic(X)g — Pic(Y)q.

Proof of “Theorem 4.13 = Theorem 4.17. As in Remark 4.4, we can reduce Theorem
4.1 to the case that X is normal. It suffices to prove Prep(g)NYp(Q) = Prep(f)NYo(Q)
for any irreducible component Yy of the Zariski closure of Prep(f) N Prep(g) in X.
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Denote by Y the normalization of Yj. Let L be an ample line bundle on X polarizing
f. Let & be the image of L in NS(X)q, and M be the lifting of § in Picg (X)g. By
Theorem 4.13, Zf|y = Mgh/. For any xo € Prep(g) N Yo(Q), let x € Y(Q) be a
preimage of xo in ¥ (Q). We have

hp, (o) = hy ), (¥) = hyg |, (0) = by (x0) =0

by Corollary 4.11. It follows that xo € Prep(f) N Yy (@). This proves

Prep(g) N Yo(Q) C Prep(f) N Yo(Q).

By symmetry, we have the other direction and thus the equality. O

Proof of Theorem 4.13 We need to prove Zf ®ly = Zg("g“)|y for any & € NS(X)q.
By linearity, it suffices to assume that & is ample. Denote L = £ ¢(§) and M = £, (§).
They are ample Q-line bundles on X. Then Ly = ?f (6)and M, = Zg(é) are nef by
Theorem 4.9.

Considerthe sum N = L f +ﬁg and the associated height function /137 By Remark
5.2, this is an ample metrized line bundle. By the successive minima of Zhang [40,
Theorem 1.10] for N|y on Y,

MY, N) = hg(Y) = 0.

Here h#(Y) and A (Y, N) denote the height and the essential minimum of ¥ with
respect to N:

(N|y)d+!
(n+1)degy(Y)’

A (Y,N) = sup inf hy, (X),
Ucy xeU(Q)

h(Y) = d=dimY,

where the supremum is taken over all dense Zariski open subsets U of Y.

Note that /57 is zero on Prep( f) NPrep(g), which is Zariski dense in ¥, by definition.
Hence, A1 (Y, N) = 0. It forces h7x(Y) =0.

Writing in terms of intersections, we have

(Lsly + Mgl =o0.

Note that in the binomial expansion of the left hand side, every term is non-negative
by Proposition 5.6. It follows that

Ll -MglyH' ™ =0, Vi=0,1,....d+1
It particularly gives

(Lysly — Mgly)* - (Lysly + Mgly)~' = 0.
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Note that
(Lly —Mly) - (Lly + MIy)?™' =0

since L — M € Pic®(X )@ is numerically trivial. We are in a situation to apply Theorem
32to

(Zf|Y _Mg|y, Zf|Y +Mg|)’)-

It is immediate that (Zf — Mg) is (Zf + Mg)-bounded. The only condition that does
not match the theorem is that L rly + Mg |y is not arithmetically positive. However,
since L — M is numerically trivial, we can take any C e Isﬂ:(@) with d/e\g(f) > 0,
and replace

(Zf _ng Zf ‘|‘Mg)

(Lf —Mg, Ly + My +7*C).

Then all the conditions are satisfied. The theorem implies that

Lyly = Mgly =nyN. N € Pic(Q)q.

To finish the proof, we need to show N = 0 in ISE(@)Q. Take any point x in

Prep(f) N Prep(g). By Corollary 4.11, N = x*7*N in IS.iE(x)Q is zero This finishes
the proof. O

4.5 Consequences and questions

Now we consider some consequences and questions related to Theorem 4.1. The first
result concerns the case ¥ = X.

Theorem 4.14 Let X be a normal projective variety over Q. For any f, g € DS(X),
the following are equivalent:

(1) Prep(f) = Prep(g);

(2) gPrep(f) C Prep(f);

(3) Prep(f) N Prep(g) is Zariski dense in X;
@ Zf = E as maps from NS(X)q to PIC(X)Q

Proof We will prove (1) = (2) = (3) = ()= (1).

First, (1) = (2) is trivial.

Second, (2) = (3). Let K be a number field such that (X, f, g) has a model
(Xk, fk,gk) over K, and such that both fx and gx have polarizations over Xg.
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By abuse of notation, abbreviate (X, fx, gx) as (X, f, g). For any integer d > 0,
denote

Prep(f, d) := {x € Prep(f) | deg(x) < d}.

Here the degree is with respect to the base field K. By Northcott’s property, Prep( f, d)
is a finite set since its points have trivial canonical heights with respect to a polarization
of f. Assuming (2), then g stabilizes

Prep(f) = | Prep(/. d).

d>0

Since g is also defined over K, it stabilizes the set Prep(f, d). By the finiteness, we
obtain that

Prep(f,d) C Prep(g), Vd.

Hence,

Prep(f) C Prep(g).

Then (3) is true since Prep( f) is Zariski dense in X by Fakhruddin [12, Theorem 5.1].

Third, (3) = (4) follows from Theorem 4.13 by setting ¥ = X.

Finally, we prove (4) = (1). Let L be an ample line bundle on X polarizing f. By
4), Zf = Zg. For any x € Prep(g), we have hZ,- x) = hfg (x) = 0 by Corollary
4.11. It follows that x € Prep(f). This proves Prep(g) C Prep(f). By symmetry, we
have the other direction and thus the equality. O

Semigroup

For any subset P of X (Q), denote
DS(X, P) :={g € DS(X) | Prep(g) = P}.
We say that that P is a special set of X if DS(X, P) is non-empty.

Question 4.15 Let P be a special set of X. Is the set DS(X, P) a semigroup?

The question asks whether g o h € DS(X, P) for any g,h € DS(X, P). By
Theorem 4.14, we can write:

DS(X,P)={geDS(X)|gP C P}.
Then we have g o h € DS(X, P) if g o h is polarizable.

The polarizability is automatically true if X = P". Hence, in this case DS(X, P)
is a semigroup.
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Appendix 1

For any scheme S, denote by Pic(S) the category of line bundles on S, and by Pic(S)
the group of isomorphism classes of line bundles on S. We may also work on the
groupoid Pic(8)g of Q-line bundles on S. The objects of Pic(S)q are of the form a L
with a € Q and L € Pic(S). The isomorphism of two such objects is defined to be

Isom(aL,bM) = li_r)nIsom(L®“N, MOPNy
N

where N runs through positive integers such that aN and bN are both integers. The
group of isomorphism classes of such Q-line bundles is isomorphic to Pic(S)q :=
Pic(S) ® Q. We will usually write the tensor products of line bundles additively.

Local intersections

Let K be an algebraic closed field with a a complete and non-trivial absolute value | - |.
In this subsection, we describe a local intersection theory for varieties over a K. If K is
archimedean, it is standard in complex geometry. If K is non-archimedean, it is due to
Gubler [17,19] based on Berkovich’s analytic spaces introduced in [1]. If the valuation
of K was discrete, this intersection theory was also constructed in [40] without using
Berkovich spaces. A measure-theoretic interpretation of local intersection numbers
has been introduced by Chambert-Loir [8], Gubler [19] and Chambert-Loir—Thuillier
[10].

Integrable metrized line bundles

Let us first consider the case K is non-archimedean. Denote by Ok the ring of integers
consisting of elements a € K with norm |a| < 1, by m the maximal ideal of Ok
consisting of elements a € Ok with norm |a| < 1, and by k the residue field Og /m.

Let X be a projective variety over K, and let X" be the analytification of X in the
sense of Berkovich [1]. By an integral model (or a model) of X over Ok, we mean
a projective, flat, and finitely presented, integral scheme X over Og with generic
fiber X. Note that Gubler has used formal models X with generic fiber X*". Since
all formal models are dominated by the completions X of projective models X" along
their special fibers, the constructions using (projective) integral models are equivalent
to those using formal models. See [18, Proposition 10.5] for more details.

Let L be a line bundle on X, and let L" be the analytification of L as a line bundle
on X By a continuous metric on L we mean a collection of K (x)-metrics || - ||
on L*(x) indexed by x € X", where K (x) is the residue field of x; the collection
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is required to be continuous in sense that for every rational section s of L, the map
x > ||s(x)]| is continuous away from the poles of s on X?". A metrized line bundle
L on X isapair (L, | - ||) consisting of a line bundle L on X and a continuous metric
[ -IlonL.

Let e be a positive integer, and let (X', £) be an integral model of (X, eL). Namely,
X is an integral model of X and L is a line bundle on X" with restriction Lx = eL on
X. Then one can associate a metric || - || on L so that on any open set I/ of X with a
trivialization of L|;; >~ Oy by a section £ of L], the induced metric on eL satisfies
1€]](x) = 1 for any x € X" reducing to U. It gives the metric on L by taking the
e-th root. Such a metric is called a model metric.

A model metric on L is called semipositive if it is induced by an integral model
(X, L) of (X, eL) (for some positive integer ¢) with L relatively nef on X, that is, L
has a non-negative degree on any closed sub-curve in the special fiber X. Note that it
implies that L is nef on the generic fiber X.

Definition 5.1 Let L = (L, || - ||) and M be two metrized line bundles on X.

(1) |- || is semipositive if it is equal to a uniform limit of semipositive model metrics.

(2) L is semipositive if || - || is semipositive, which implies that L is also nef.

(3) Lis arithmetically positive if L is ample and || - || is semipositive.

(4) Lis integrable if L = L; — L, with L; semipositive.

(5) M is L-bounded if there is a positive integer m such that both mL + M and
mL — M are semipositive.

(6) M is vertical if it is integrable and its generic fiber M is isomorphic to the trivial
bundle Ox.

(7) M is constant if it is isometric to the pull-back of a metrized line bundle on SpecK .

Let f\ic(X ) denote the category of integrable metrized line bundles on X with
morphisms given by isometries, and Pic(X) the group of isometry classes of integrable
metrized line bundles.

Consider the case L = Ox. The group of continuous metrics || - || on Oy is iso-
morphic to the space C(X?") of real-valued continuous functions f on X*" by the
relation f = —log||1]|. Under this relation, we say that f is an integrable function
(resp. model function) if || - || is an integrable metric (resp. model metric). Denote by
Cint (X™™) (resp. Cmod (X)) the Q-vector space of integrable functions (resp. model
functions) on X?". By definition, and using that on a projective variety over the valu-
ation ring any line bundle is isomorphic to the difference of two very ample ones, we
have

Cinod(X™) C Cinc(X™) C C(X™).

By [17, Theorem 7.12], Cog (X*) is dense in C(X?") under the topology induced by
the supremum norm.

For a morphism f : X — Y of projective varieties, we have an obvious notion of
pull-back functor f* : Plc(X ) — Plc(Y ) which respect properties in Definition 5.1
except arithmetic positivity.
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Intersection theory

Let Z be a cycle on X of dimension d, ZO, R Zd be integrable metrized line bundles
on X, and £y, ..., £; be rational sections of Lo, ..., Ly respectively such that the
common support N;|div(¢;)| has no intersection with |Z|. Gubler [17] and Chambert-
Loir [8] have defined the local height ﬁ/(@o) - -ﬁ/(ﬂd) - [Z] of Z with respect to
Lo, ..., 24 Itis characterized by the following properties:

(1) Itis linear in the variables d/i;/(ﬁ,-) and Z.
(2) For fixed ¢ ey £4, it is continuous with respect to the metrics.
(3) When every L; is induced by a model £; on a common model X of X,

div(£o) - - - div(£g) - [Z] = divy (bo) - - - divy (£g) - [Z],

where Z is the Zariski closure of Z on X.

By Chambert-Loir [8], Gubler [19] and Chambert-Loir—Thuillier [10], if the support of
div(£p) does not contain any irreducible component of Z, the intersection number can

be computed using ameasure ¢y (L1) - - - ¢1 (Lg)87 of X2 supported on Z2" inductively
by

div(£o) - - - div(€y) - [Z] = div(£y) - - - div(£y) - [div(Lo) - Z]

- / log [1€ollet (L1) -+ - c1(La)dz.
Xan

In [10, Theorem 4.1], the above formula is proved over C or finite extensions of Q,,
but the proof for general K goes through, with minor adaptations as in Gubler [19].

Let Lo, - - - Ly be integrable metrized line bundles on X such that the underlying
line bundles L; satisfy the following properties:

(1) L0|Z,- ~ Oz/. on every irreducible component Z; of Z;
(2) c1(Ly)---c1(Lg) -[Z;] = 0on X for every irreducible component Z; of Z.

We further assume that £o does not vanish on any Z;. Then the local pairing
div(£p) - - - div(€y) - [Z] does not depend on the choice of the rational sections ¢;.
Thus we can define a pairing

Lo-Li---Lg-Z:=div(&) ---div(ty) - [Z).

If Z = X, we will omit X in the notation.

Now we extend the above definitions to the archimedean case. If K = C, then
X = X (C) is the complex analytic space associated to X . For a metrized line bundle
L on X, the metric is called smooth if for any analytic map ¢ : B — X (C) from any
complex open ball B of any dimension to X (C), the metric of the pull-back ¢*L is a
smooth hermitian metric. In that case, we say that L is semipositive if the curvature
form c1(¢* L) is positive semi-definite pointwise on B for any such ¢. If K = R, then
X2 is the quotient topological space of X (C) by the action of the complex conjugate.
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A metric on X" is called smooth if its pull-back to X (C) is smooth, and a smooth
metric on X" is called semipositive if its pull-back to X (C) is semipositive.

Replacing model metrics by smooth metrics, Definition 5.1 works in the
archimedean case, and the intersection theory follows the same way.

Remark 5.2 By [39, Theorem 3.5, (2)] for non-archimedean K and [30, Theorem 2]
for K = C, the notion “arithmetically positive” is equivalent to the notion of “semi-
ample metrized” in the sense that for any € > 0 and any closed point x € X, there is
a section £ of a positive power nL such that [[£|lsup < [[£(x)]] - €"€.

Arithmetic intersections
Bundles with smooth metrics

We first review the theory of arithmetic line bundles in Gillet—Soulé [15] with some
extensions in [39] to arithmetic varieties with singular generic fibers.

Let K be a number field with the ring Ok of integers. Let 7 : X — SpecOg be
an arithmetic variety. This means that X is an integral scheme and the morphism 7 is
projective and flat. By a hermitian line bundle on X, we mean a pair £ = (£, || - ||)
consisting of a line bundle £ on X and a smooth hermitian metric | - || on £(C)
over the complex analytic space X' (C) = Hv|oo X, (C), invariant under the action
of the complex conjugation. Here the smoothness of the metric is as in “Appendix
(Local intersections)”. Let 7532()( ) denote the category of hermitian line bundles and
Pic(X) the group of isometry classes of hermitian line bundles on X'. We can define the
category 731\0(X )@ of hermitian Q;l\ine bundles on X'. The group of isometry classes
of such bundles is again given by Pic(X)(.

For any integral subvariety ) of X’ of dimension d + 1, and hermitian line bundles
Lo, ..., Lq with rational sections £, ..., £; such that N|div(¢;)| has no common
point with the generic fiber Vx of ), the intersection number c/ﬁ;/(ﬁo) e (ﬂ;/(ﬂd) - V]
can be defined as the sum of local intersection numbers over all places v of K by

div(€o) -~ div(La) - [V] = D (div(£o) -+~ div(La) - VD).

This number does not depend on the choices of ¢;. Thus we have a pairing ﬁi\c(X )at
Zy41(X) — Rby

Lo Lq- 2 :=div(ly) - - div(ly) - [Z].

If Z = X, then we usually omit & in the above notation. If furthermore dim X = 1,
then it is common to write d/e\g(zo) for the number Ly- X, which is called the arithmetic
degree.

Let £ be a hermitian line bundle on an arithmetic variety X over Ok .Ifx ¢ X (K),
we define the height of x with respect to £ by

@ Springer



The arithmetic Hodge index theorem... 1159

L-x
EATIEE)

where x denotes the Zariski closure of the image of x in X.

Definition 5.3 Let £ be a hermitian line bundle on an arithmetic variety 7 : X —
SpecOk.

(1) We say that £ is nef if £ has a non-negative (arithmetic) degree on any integral
subscheme on X, and the curvature ¢ (£) is positive semi-definite on the smooth
locus of X'(C).

(2) We say that L is arithmetically positive if the generic fiber L is ample on Xk, and
L —1* M is nef for some hermitian line bundle M of Spec Ok with deg(./\/l) > 0.

The intersection pairing extends to hermitian Q-line bundles by linearity. We say
that an hermitian Q-line bundle £ is nef (resp. arithmetically positive) if there is a pos-
itive integer a such that a £ is a hermitian line bundle which is nef (resp. arithmetically
positive).

The above notion of “arithmetic positivity” is slightly weaker that the notion of
“arithmetic ampleness” used by Zhang [39] and [29] in the case Xk is regular.

Lemma 5.4 Let X — SpecOk be an arithmetic variety such that Xk is regular.
Let L be a hermitian Q-line bundle on X. Then L is arithmetically positive if it is
arithmetically ample in the following sense:

(a) The line bundle L is relatively ample on X';
(b) The curvature of L is positive definite on X (C);

(¢) L is horizontally positive; i.e., the intersection number Zdlmy - Y > 0 for any
horizontal irreducible closed subscheme ) of X.

Proof Let M be a hermitian line bundle on Spec Ok with (Te\g(/\_/l) > 0. It suffices to
prove that N, = m L — * M is nef for some integer m > 0. By the arithmetic Nakai—
Moishezon criterion of [39, Corollary 4.8], for sufficiently large m, the hermitian line
bundle I' (X, N,,) has a Z-basis s1, .. ., s, with every ||s; lsup < 1. Using this basis to
compute intersection numbers, we see that N, m 1s nef. O

Bundles with adelic metrics

Now let us review the intersection theory of adelic line bundles in [40] and the exten-
sions by Chambert-Loir [8] and Chambert-Loir—Thuillier [10].

Let K be anumber field, 7 : X — SpecK aprojective variety, and L a line bundle
on X. An integral model (or a model) X of X over Ok means a projective and flat
integral scheme X over O with generic fiber X. If furthermore £ is a hermitian line
bundle on X with generic fiber Lx = L, we say that (X, L) is an integral model (or a
model) of (X, L). An integral model of (X, eL) (for some positive integer ¢) induces
a collection || - ||£ A = {ll-lIz ,}v of continuous metrics | - ||£ ofLan on Xi" = Xan
over all places v of K. The collection is called a model adelic metric on L. In general
by an adelic metric ||-||a = {|| - |lv}» on L, we mean a collection of continuous metrics
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Il - |lv of Lz}?v on Xi" over all places v of K, which is assumed to be coherent in the
sense that it agrees with some model adelic metric at all but finitely many places v.

An adelic metric || - || 4 is called semipositive if it is semipositive at every place in
the sense of Definition 5.1(1). An adelic metric || - |5 on L is integrable if it is the
difference of two semipositive metrized line bundles. Let 73i\c(X ) denote the category
of integrable adelic metrized ling\bundles on X, and let Igi\c(X ) the isometry classes
of such bundles. We can define Pic(X)g and ﬁi\c(X )q for Q-line bundles._

Note that the definition of adelic metrics in [40] used the space X (K,), while
we use the Berkovich space X j‘glv. But they give the same classes of model adelic
metrics, semipositive adelic metrics and integrable adelic metrics. We make some
new definitions not included in [40] in the following.

Definition 5.5 Let L, M be integrable metrized line bundles on X.

(1) We say that L is nefif the adelic metric is a uniform limit of model adelic metrics
induced by nef hermitian line bundles on integral models of X;

(2) We say that L is arithmetically positive if L is ample, and L — 7*N is nef for
some adelic line bundle N on SpecK with deg(N) > 0.

(3) We say that M is L-bounded if there is an integer m > 0 such that both mL + M
and mL — M are nef.

(4) We say that L is vertical if L is trivial on X.

(5) We say that L is constant if L is isometric to the pull-back of an adelic line bundle
on Speck.

By the Egove definitions, lsi\c(X) has sub-semigroups l;i\C(X)nef, lsi\c(X)poS and a
subgroup Pic(X)verr.- We extend the definitions to adelic Q-line bundles as in the case
of hermitian Q-line bundles.

Consider the case L = Oy. Similar to the local case, the group of adelic metrics
Il - lla on Oy is isomorphic to the space

C(X) = @,C(XT"):
the group of integrable metrics || - ||4 on Oy is isomorphic to the space
Cin(X) = @vCint(Xgn)-
The isomorphisms are given by
I lla > @u(=log I1]l).
The space C(X) has a supremum norm

£l = m;}ax I follsup- =/

By abuse of notations, we will write C (X) for the corresponding group of adelic line
bundles.
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Let Y be an integral subvariety of X of dimensiond andlet Ly, . .., L be integrable
metrized line bundles with sections £y, . . ., £4 such that N|div(¢;)| has no intersection
with Y. Then we can define intersection pairing by summing up local intersections:

div(to) ---div(ta) - [Y] = D_(div(Lo) - div(€a) - [Y ]y

This pairing does not depend on the choice of ¢;. Thus it defines a pairing Pic(X )ﬁé“ X
Z4(X) — R by

Lo-Li---Lg-Z:=div(£) ---div(ty) - [Z].

We will omit Z if Z = X, and write it as d/e\g(zo) if Z= X and dim X = 0.

The local induction formula of Chambert-Loir—Thuillier recalled in “Appendix
(Local intersections)” gives a global induction formula as follows. Let £ be a rational
section of Ly on X such that div(£p) has a proper intersection with Z, then

Lo-Ly---Ly-Z=Ly-Ly-(Z-div(£))
-> / log [[€ollvet (L1.v) -+ e1(La.0)8z.
v X
Notice that the summation has only finitely many non-zero terms.
In this paper, we will often study adelic metrics of line bundles on a projective

variety X over Q. Using base change, there is an obvious way to give the following
definitions,

Pic(X) = lim Pic(Xg),  Pic(X) = lim Pic(Xk)
Xk Xk

where limit is over models X g over number fields K, i.e., X is a projective variety
over a number field K equipped with an isomorphism Xx ®x Q ~ X. Similarly we
can define the sub-semigroups ﬁi?:(X )nef» Isi\c(X )pos» and subgroups F/’i\c(X Ivert> C(X),
Cint(X), etc. The intersection numbers on X ¢ with normalization factor 1/[K : Q]
will give intersection numbers on X.

Arithmetic positivity

In this section, we collect some facts about arithmetic positivity needed in this paper.
The first one is about the positivity of intersections of nef bundles.

Proposition 5.6 Let X be a projective variety over a number field K. Let Lo, Ly,...,
L, be nef adelic line bundles on X. Then
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Proof We prove it by induction on n. By resolution of singularity, we may assume
that X is regular. By approximation, we may assume that (Lo, ..., L,) is induced by
amodel (Lo, ..., £,) on an integral model X’ of X over Ok . Adding a small positive
multiple of an arithmetically ample line bundle on X’ to each £;, we may assume that
each £; is arithmetically ample. By [39, Corollary 5.7(2)], replacing £; by a positive
multiple if necessary, L; is a hermitian line bundle such that HO(X, £;) has a Z-basis
consisting of small sections. Let £ be such a small section of Lo. Then ||£o]|sup < 1.
We have

Lo-Ty--Ln=T1-Ln - [div(Eo)] —/ log l&olle1 Z1) - - c1Co)
X(©)
> Ly Ly - [div(€o)].

Write div(£g) as a linear combinations of integral subvarieties of X’. The problem is
reduced to a lower dimension. O

The second one is the openness of arithmetic ampleness.

Proposition 5.7 Let X — SpecOg be an arithmetic variety, ani./\_/l, Ni, ..., N,
be hermitian Q-line bundles on X . Assume that Xk is regular and M is arithmetically
ample. Then the hermitian Q-line bundle

M-ﬁ-zeiﬁi, € €Q

is arithmetically ample when max |€;| is sufficiently small.

Proof This can be proved by the same argument as in the geometric case in [25,
Proposition 1.3.7]. First, we claim that there is a positive integer m such that m M +N/;
are all arithmetically ample. Then for each r-tuple (¢q, ... €,) of sufficiently small ¢;,
the sum M + > €;N; can be written as positive linear combinations of M+ %./\f,

Now we prove the claim. To ease the notation, let A/ be a general hermitian line
bundle on X, and it suffices to prove that m M + A is arithmetically ample for some
positive integer m. Note that for sufficiently large m, mM + N is ample and its
curvature is positive definite. By Lemma 5.4, it suffices to check the positivity of
the intersection numbers with horizontal subschemes. The rest of the proof is similar
to that of Lemma 5.4. In fact, by the arithmetic Nakai—-Moishezon criterion of [39,
Corollary 4.8], for sufficiently large m, the hermitian line bundle I' (X', mM +N) has
a Z-basis with supremum norms less than 1. Using this basis to compute intersection
numbers, we finish the proof. O

The third one is the nefness of certain limit of nef bundles.

Proposition 5.8 Let X be a projective variety over a number field K. Suppose for
each m € N, there is an equality of adelic Q-line bundles as follows:

,
Mm - M= Cn + Zai,mﬁi’ Cn e C(X), ajmeQ.

i=1
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Assume the following conditions:

(1) M is ample, and every M, is nef:
2) Cpn — 0anda; ;, - 0asm — oo.

Then M is nef.

Proof We need to construct a sequence M:n of nef adelic Q-line bundles with the
same underlying bundle M such that M,/n converges to M (in the sense that the metric
of M:n converges to that of M).

Let M" and N? be any integrable metrized Q-line bundles with underlying Q-line
bundles M and N;. Let {¢,,},, be a sequence of positive rational numbers convergent
to 0, with some conditions to be imposed later. Denote

,

— — —0 —0

M, =1 —e)My+enM — (1 =€) > aimN;.
i=1

We see that the underlying line bundle of M:n is exactly M, and that M;n converges

— . . . .. —0 =0 — . .
to M (in the metric sense). It remains to pick M ', N; and €,, so that M :n is nef. Since
M,, is nef, it suffices to find ¢, such that

,

—0 —0

enM — (1= én) D aimN;
i=1

is nef for sufficiently large m. Equivalently, we need

— —0 _ —0 =0 —0
My, =M —(e' =)D aimN; =M + > bimN,

]
to be nef for sufficiently large m, where

1 aim
bi,m = _(Em - 1)ai,m = -

(1 —€).

m

Take €,, = max; |a; | 172 then b; m — 0. Thus M; is in a small neighborhood of Mo
in a finite-dimensional vector space of hermitian Q-line bundles. We have reduced the
problem to the following lemma. O

Lemma 5.9 Let X be a projective variety over a number field K. Let M, Ny, ..., N,
be line bundles on X with M ample. Then there are integrable adelic metric structures
M,Ny,...,N,of M, Ny, ..., N, such that the adelic Q-line bundle

M-i— Zbiﬁi, b; €Q
i
is nef when max |b; | is sufficiently small.
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Proof We first assume that X is regular. Take an integral model X of X over Og.
Extend M, Ny, ..., N, to hermitian line bundles M, N, ..., N, on X. We can
further assume that M is arithmetically ample.

In fact, replacing M by a positive multiple if necessary, we can assume that global
sections of M give a closed embedding i : X — P¥ with M ~ i*O(1). Take X to
be the Zariski closure of X in IP’SK , and take M to be the restriction of the standard
arithmetically ample line bundle Oprg . (1) (endowed with the Fubini—Study metric).

Take M, Nl, el Nr to be the adelic line bundles induced by M, /T/'l, R /T/r.
Then the conclusion follows from the openness of arithmetic ampleness in Proposition
5.7.

If X is singular, it suffices to prove that there is a closed embedding from X to a
regular projective variety P such that some multiple of N; can be extended to a line
bundle on P, and some positive multiple of M can be extended to an ample line bundle
on P.

In fact, take a positive integer ¢ such that No; := tM and N4;; := tM £ N;
are all very ample, and form projective embeddings X — [P; using sections of N; ;
for i € {—r, r}. Define P to be the product of all P; and denote by ; : P — P;
the projections. Then N;; extends to the line bundle Nl./,t = JTi*O]pi (1). Hence 2N;
extends to the line bundle Nl./’t — N i.r»and (2r + 1)t M extends to the ample bundle

Z;:—r N i/,l’ o
Flat metrics

In subsection we review a construction of flat metrics for numerically trivial line
bundles. Most of the subsection will treat the local case, except that in the end we
extend the definition to the global case. Let K be an algebraically closed field equipped
with a complete and non-trivial absolute value.

Definition 5.10 Let X be a projective variety over K, and L = (L, ||-])) an integrable
metrized line bundle on X. We say that L (resp. || - ||) is flat if for any morphism
f : C — X from a projective curve C over K, the measure ¢1(f*L) = 0 on C*".

If L is flat, then L is numerically trivial in the sense that deg L|c = 0 for any curve
C in X. This follows from the identity

deg(L|c) = /C eiTle) =0,

The main result of this section is the converse:

Theorem 5.11 Let K be a complete field, X a geometrically connected and geomet-
rically normal projective variety over K, and L a numerically trivial line bundle on
X. Then L has a flat metric. Moreover such a metric is unique up to constant multiple.

The uniqueness part of the theorem is equivalent to that any flat metric || - || on Ox
gives the constant function ||1]|. Any two closed points x|, xo on X can be connected
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by a curve Y. Let C be the normalization of Y, it is reduced to prove the constancy
of ||1]| on C. This is one-dimension case of our local Hodge index theorem proved in
Sect.1.2.

Remark 5.12 If K = C and X is smooth, then ¢;(L) = 0 in H%(X, Q), and the
existence of the flat metric follows from complex algebraic geometry. See [16].

Remark 5.13 If K is a discrete valuation field and X is a smooth variety over K, the
existence of flat metric has been proved by Kiinnemann [24] by constructing regular
models of albanese alb(X). If dim X = 1 with a regular (projective and flat) model
X, then the existence of flat metric follows from a model M for L¢ (e > 1) which has
zero degree on every fiber of X, see [13].

Before we give a construction of the flat metric in the general case, we formulate
some functorial properties under finite and flat morphisms.

Proposition 5.14 Let f : X — Y be a morphism of projective varieties over K. Let
L, M be integrable metrized line bundles on X and Y respectively.

(1) If M is flat, then f*M is flat. .
(2) If f is surjective and f*M is flat, then M is flat on X.

Proof The first part is trivial. For the second part, we notice that any curve C — Y is
dominated by a curve D — X in C xy X with a finite morphism = : D — C. Thus

1
ci(Llc) = En*cl(f*l‘b)-

O

In the following, we prove the existence of flat metrics in Theorem 5.11 by con-
struction using algebraic dynamical systems.

Abelian varieties

Proposition 5.15 Let A be an abelian variety over K. For any algebraically trivial
line bundle L on A, there is an integrable metric || - || on L, unique up to constant
multiples, called the admissible metric, satisfying the isometry ([2]*3) ® L(0) ~ 2L.
Here L(0) is the restriction of L via the identity of A, and viewed as a metrized line
bundles on A via pull-back by the structure morphism.

Proof Replacing L by L ® L(0)~!, we have a canonical isomorphism [2]*L = 2L.
We may use Tate’s limiting argument on L as in [40] to define the metric. We refer to

Chambert-Loir [7, §2] and Gubler [19, 10.4] for discussions of the integrability. O

Theorem 5.16 Let A be an abelian variety over K and L an algebraically trivial line
bundle on A. Then any admissible metric || - || is flat.
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Proof Let L = (L, || - ||) denote the corresponding integrable metrized line bundle
and let C — A be a smooth projective curve. We want to show that ¢ (Z|c) =0.

If K = C, L has a smooth metric || - ||” with ¢{(L, || - ||') = 0. It is clear that this
metrized line bundle is admissible. By the uniqueness of admissible metrics, || - || /] - Il
is constant. Then ¢; (L) = 0. Thus L is flat.

Assume that K is non-archimedean. Fix a point xo € C(K) mapping to 0 € A.
Denote the Jacobian variety of C by J, and the canonical embedding by

ic:C — Jac(C), ic(x)=O0c(x —xg).

Then the morphism C — A factorizes through ic. Let M denote the pull-back of L
on J. Then it is easy to check that M is admissible. Apply [19, Remark 3.14]. We
obtain ¢ (M|c) = 0. This finishes the proof. O

General case

We are ready to prove Theorem 5.11. It is well-known that some multiple eL of
L is algebraically trivial (cf. [22, Theorem 9.6.3]). Thus we may assume that L is
algebraically trivial. The plan is to map X to its “Albanese variety”.

By [22, Proposition 9.5.3, Theorem 9.5.4], the Picard functor m(;)( /K is repre-

sented by a projective and irreducible group scheme Pic())( sk over K. Denote by

A= Pic())( /K red the maximal reduced subscheme of Picy, k. Then A is is an abelian
variety over K. Fix an element xg € X (K).
Under the assumptions, there is a universal line bundle Q on X x A with rigidifica-

tions on xg x A and X x {0} which represents the functor Pic%f?{ red OVer the category

of reduced schemes over K, which takes a reduced scheme S over K to the set of the
isomorphism classes of line bundles M on X x § with a rigidification on {xp} x S such
that M is algebraically trivial over any geometric fiber of X x § — S.Let& € A(K)
denote the point corresponding to L ® L(0)~!.

Notice that every x € X (K) also defines an algebraically trivial line bundle Q| x 4.
Thus we have a morphism i : X — A", where A" is the dual of A. This morphism is
known as the Albanese map of X. It is easy to see that the bundle Q is the pull-back
of the Poincaré bundle P on AV x A via the morphism

ixlg: XxA— AY x A.
In particular, we have the following identity
L®LO)™" = Qlxxiey = i*(Plaxie)-

In other words, L = i*M where M is an algebraically trivial bundle on AV defined
by M = Pax(y ® L(0). By Theorem 5.16, M has a flat metric. It follows from
Proposition 5.14 that L has a flat metric.
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Curvatures and intersections

Here we introduce a proposition which justifies the term “flat” in terms of intersections.

Proposition 5.17 Let K be a complete field, and X be a geometrically connected and
geometrically normal projective variety over K. Let M be a flat metrized line bundle

on X. Then for any integrable metrized line bundles Li,..., L, 1onX,
ct(M)ci(Ly) - c1(Ly—1) =0
as a measure on X**. Here n = dim X.

Proof By the proof of Theorem 5.11, there is a finite extension K’ of K so that M g
is the pull-back of an admissible metrized line bundle N on the Albanese AV. If K is
archimedean, then ¢ (N) = 0. The above identity is trivial. If K is non-archimedean,
this is just [19, Remark 3.14]. Note that the statement in [ 19] assumes that X is smooth,
but it quotes back to [17], which does not require the smoothness (for our purpose).
Thus the result holds in the above generality. (Alternatively, one can prove the theorem
directly by induction on n using Bertini’s theorem on integral models of X.) O

Flat adelic line bundles

In the end, we sketch a global theory of flat metrics.

Let X be a normal projective variety over Q. An adelic line bundle M on X is called
flat if M is numerically trivial and the adelic metric is flat at every place. In this case,
we also call the adelic metric flat. Globally, we have the following result.

Proposition 5.18 Let M be a numerically trivial line bundle on X. There M has a
flat adelic metric, unique up to constant metrics in Pic(Q).

Proof Asin the local case, we can assume that M is induced by a flat adelic line bundle
on AY via the Albanese map i : X — AY.Then M is integrable by [7, Corollary 2.2].
]

As a dilation, we remark that M is usually not nef (in spit of the above properties).
In fact, Theorem 3.2 in the main body of this paper simply implies that M is nef only
if it is constant.

We will need the following result.

Proposition 5.19 Let X be as above, and write n = dim X. Let

—/

M,N.Li,...,L,, M,N,L},...,L,

be integrable adelic line bundles on X. Assume that M, N, M/, N are flat, and the
underlying line bundles M = M', N = N’ and L; = L foreveryi =1, ... ,n. Then
the following are true:
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(D

=
[N
&
I

=

2

- A —/

M-N-Ly---Ly_1=M -N “Ly---L

Proof We first prove (1). By induction, it suffices to prove

— —

M-Ly--Lyy-Ly=M-Ly-- Ly -L,.
Assume that everything is defined over a model X ¢ of X over a number field K. For
any place v of K, the quotient of the metrics of Z;l and L, at v is of the form e~ /v
for some continuous function f, : X %‘v — C. The function f, = 0 for all but finitely
many v. Then

M'Zl e 'Zn—l : (Z; _Zn) = Z/ fo CI(MU)CI(ZI,U) : "Cl(zn—l,v)
v X
=0.

Here the first equality follows from the induction formula of Chambert-Loir—Thuillier
in Sect. “Appendix (Arithmetic intersections)”, and the second equality follows from
Gubler’s result in Proposition 5.17 (1).

Now we treat (2). Applying (1) twice, we have

—r = — —

M-N-Li---Ly1=M-N 'L/l"'Ln—lZM/'N/'Z/l"'Ln—l-

O
In the situation of (2), it is reasonable to denote
(M,N)p,...., , =M -N-Ly---Ly,_j.
For fixed Ly, ..., L,_1, it is viewed as a pairing on the group of numerically trivial

line bundles.

Lefschetz theorems
We list several classical results on the Picard functor and two classical Lefschetz-type
results applicable to normal projective varieties over any characteristic.

Let X be a geometrically integral projective variety of dimension n > 2 over a field

k. Consider the exact sequence

0 —> Pic®(X) —> Pic(X) — NS(X) —> 0.
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Here Pic®(X) denotes the subgroup of algebraically trivial line bundles (cf. [22, Def-
inition 9.5.9]), and NS(X) denotes the quotient group.

By [22, Theorem 9.4.8], the Picard functor Picy /k 1s represented by a separated
group scheme, locally of finite type over k. Denote by P_ic())( « the identity component
of (the group scheme representing) Picy ., which is a group scheme of finite type over
k.

Assume furthermore that X (k) is non-empty. By [22, Theorem 9.2.5], Picy Jk (k) =
Pic(X). By [22, Proposition 9.5.10], Pic% (k) = Pic?(X).

By [36, Exp. XIII, Theorem 5.1], NS(X}) is a finitely generated abelian group.
The result can be passed to X. In fact, P_icg)( Jk is a connected scheme with a rational

point, so @9( Jk X Speck Speck is also connected and thus isomorphic to @?{_ s This
k

implies that a line bundle L on X is algebraically trivial if and only if the base change
Lj on Xj is algebraically trivial. Consequently, the natural map NS(X) — NS(Xj)
is injective. Then NS(X) is also finitely generated.

Recall that a line bundle L on X is numerically trivial if L - C = 0 for any closed
curve C in X. It is known that a line bundle L is numerically trivial if and only if the
multiple m L is algebraically trivial for some nonzero integer m. See [22, Theorem
9.6.3] for the case that k is algebraically closed. To pass from X to X, it suffices to
note that a line bundle L on X is numerically trivial if and only if the base change
Lj on X is numerically trivial, which can be checked by the projection formula of
intersection numbers.

The first Lefschetz-type theorem which we introduce here is the Hodge index the-
orem applicable to any projective variety.

Theorem 5.20 ([36], Exposé XIII, Corollary 7.4) Let Ly, ..., L,—1 be ample line
bundles on an integral projective variety X of dimension n > 2 over a field k. For any
M e Pic(X)withM - Ly---L,_1 =0, one has

M?* Ly---Ly_s<0.

Moreover, the equality holds if and only if M is numerically trivial.

Note that the original result is only stated in the case Ly = --- = L,_1, but the
proof works in the current case without much more effort. It also assumes that & is
algebraically closed, but it is easy to pass from k to k as above.

The second Lefschetz-type theorem is the Lefschetz hyperplane theorem for normal
varieties. Let X be a normal projective variety over an infinite field £ with a very ample
line bundle L. By a general hyperplane section Y of L in X, we mean the divisor of an
element in a Zariski open and dense subset of P(I"(X, L)). By the Bertini-type result
of Seidenberg [32, Theorem 7°, p. 376], if X is normal, then a general hyperplane
section Y is also normal. The following is the Lefschetz hyperplane theorem in the
current setting.

Theorem 5.21 Let X be a geometrically integral and geometrically normal projective
variety of dimension n over a field k. Assume that X (k) is non-empty. Let L be a very
ample line bundle on X. Let Y be a general hyperplane section of L.
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(1) The natural map Pic®(X) — Pic%(Y) has a finite kernel if n > 2.
(2) The natural map NS(X) — NS(Y) has a finite kernel if n > 3.
(3) The natural map Pic(X) — Pic(Y) has a finite kernel if n > 3.

Proof Part (3) is a consequence of (1) and (2). For (1), we refer to [22, Remark
9.5.8] for a historical account of the finiteness of the morphism Pic% e Pic) i It
gives what we need by taking k-points. Part (2) is a consequence of Theorem 5.20.
In fact, assume that M lies in the kernel of NS(X) — NS(Y). In Theorem 5.20, set
Ly =---=L,_1 = O(). We see that M is numerically trivial on X. Then some
integer multiple of M lies in Pic?(X). Hence, the kernel of NS(X) — NS(Y) is a
torsion subgroup. It must be finite since NS(X) is a finitely generated abelian group.

O
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