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Abstract

For a projective variety defined over a global field, the ample height, i.e., the Weil height
function associated with an ample divisor, measures the arithmetic complexity of a rational
point. In this paper, we investigate the growth rate of the ample height under the iteration
of a surjective self-morphism on a smooth, or more generally normal, projective variety.
More precisely, we mainly deal with Kawaguchi-Silverman conjecture, which asserts that
the arithmetic degree, the arithmetic complexity of a forward orbit, at a point whose
forward orbit is Zariski dense is equal to the dynamical degree, the geometric complexity
of the self-morphism.

As a preparation, we define the dynamical degree and the arithmetic degree and prove
their properties. Then we prove Kawaguchi-Silverman conjecture for any surjective self-
morphisms on a smooth projective surface and on a semi-abelian variety.

As related topics, we introduce the dynamical canonical height for Jordan blocks of
the action of the pull-back of the divisors by a surjective self-morphism. Then we give an
equivalent condition of the preperiodicity of a point under some assumptions. We also give
an explicit asymptotic formula of the growth rate of the height functions associated with
ample divisors. Moreover, the explicit formula gives the proof of a variant of the dynamical
Mordell-Lang conjecture, which asserts that the sequence of the pair of the number of the
iteration of two surjective self-morphisms under which the accident, hitting two orbits,
occur forms an arithmetic progression.
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CHAPTER 1

Introduction

1.1. Preparation

For a number field K, let My be the set of the all absolute values on K such that
its restriction on Q is the standard Archimedean absolute value or the p-adic absolute
value for some prime p. For each v € My, let K, and Q, be the completion of K and Q,
respectively, respect to the distance

dv(a:,y) = ‘x - y‘v'

Let n, be the extension degree [K,,Q,]. Then we define the naive height h,, of a point
P=lzy:z: - :xy] € PY(K) by

1 -
hu(P) = ey D log max |zi[}".
vEM g
The naive height function h,,: P¥(Q) — R is independent of the choice of the number
field K such that P € PV (K) and the choice of the homogeneous coordinates xg, z1, . . ., Tn.
For a projective variety X defined over Q and a very ample Cartier divisor H € Pic(X),
fix a basis {fo, f1,..., fn} of the linear system |H|. Then we get the closed embedding
G : X — PN over Q, and we define the Weil height function iz : X (Q) — R associated
with H by
hH = hnv o) ¢|H|

Of course, the Weil height hy depends on the choice of the basis of |[H|. But changing
the basis only makes the bounded difference of hy. Hence the Weil height function hy is
well-defined as a function up to bounded functions. See [HS, Theorem B. 3.2] and [Lan,
Chapter 4, Theorem 5.1] for the definitions and basic properties of Weil height functions.
The Weil height function hpy associated with a very ample divisor H measures the

arithmetic complexity of rational points. For a dominant rational self-map f: X --» X,
let X;(Q) = {P € X(Q) | f*(P) # I}, where I; is the indeterminacy locus of f. For a

rational point P € X;(Q), the following problem is considered.

Problem 1.1.1. How does the sequence (hy(f"(P))) grow?

nEZZO
On this problem, the arithmetic degree
ap(P) = lim max{hg(f"(P)), 1}}/"
n—oo

of f at P is introduced in [Sill]. The arithmetic degree measures the arithmetic complexity
of the orbit.
On the other hand, the (first) dynamical degree ¢¢, which measures the geometric
complexity of f, is defined by
lim ((fn)*H . ]¥dimX71)1/n7
n—oo

1



2 1. INTRODUCTION

where the pull-back f*: N'(X) — N(X) is defined as follows: take a resolution 7: X —
X of the indeterminacy of f with X smooth projective and let f: X —s X be the induced
morphism, then we define f* = m, f*.

On Problem 1.1.1, Kawaguchi and Silverman conjectured that the growth rate of
hu(f™(P)) is controlled by the dynamical degree as follows:

Conjecture 1.1.2 ([KS3, Conjecture 6]). Let X be a smooth projective variety and
f: X --» X a dominant rational map, both defined over Q. Let P € Xf(@). The limit
defining af(P) exists and if the forward f-orbit Of(P) = {f"(P) | n € Zso} is Zariski
dense in X, then

holds.

See Chapter 2 for the details and the properties of the arithmetic and the dynamical
degrees. For example generically finite invariance of the arithmetic degree is proved in
Section 2.2. In Chapter 3, we introduce the known results on 1.1.2, and prove Conjecture
1.1.2 for certain cases as the by-product of the birational invariance of the arithmetic

degrees. Moreover, we prove the existence of a point P € X (Q) with as(P) = d; for any
surjective self-morphisms f: X — X in Chapter 3.

1.2. Main results

In Chapter 4 and Chapter 5, we prove the following theorem:

Theorem 1.2.1. Conjecture 3.1.1 is true for any surjective self-morphisms on any
smooth projective surfaces, and any semi-abelian varieties, respectively.

Moreover, for the case of semi-abelian varieties, we give the precise description of the
set of the arithmetic degrees of f.

As a related topics, when f: X — X is a surjective self-morphism on a normal
projective variety X, we introduce the dynamical canonical height for Jordan blocks of
f*: NS(X) ®z R — NS(X) ®z R. Then we give an equivalent condition of the preperi-
odicity of a point under some assumptions.

Theorem 1.2.2. Let X be a smooth projective variety defined over Q andf: X — X
a surjective self-morphism on X over Q. Assume that 1 does not appear as the complex
absolute value of an eigenvalue of the linear self-map

f*:V_H—>V_H7

where Vi is the subspace of NS(X) @z R spanned by the set {(f")*H | n > 0}. Then for

every point P € X(Q), the following conditions are equivalent.

o P is preperiodic under f.
[ Oéf(P) =1.

This theorem gives a proof of Conjecture 3.1.1 for any automorphisms on a smooth
projective variety of Picard number 2, see Theorem 6.5.2 for detail.

Using the dynamical canonical height for Jordan blocks, we also give an explicit as-
ymptotic formula of the growth rate of the height functions associated with ample divisors
as follows:
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Theorem 1.2.3 ([San3, Theorem 1.1]). Let X be a normal projective variety over Q
and f: X — X a surjective self-morphism of X over Q. Let H be an ample divisor on
X over Q. Then for any point P € X(Q) with ay(P) > 1, there is a non-negative integer
t;(P) € Zxy, positive real numbers Cy, Cy > 0, and an integer Ny such that the inequalities

Con'*Play(P)" < hyy(f"(P)) < Cin'* Py (P)"
hold for all n > Np.

Moreover, the explicit formula gives a variant of the dynamical Mordell-Lang conjecture
as follows:

Theorem 1.2.4 ([San3, Theorem 1.2]). Let X be a normal projective variety over Q,
and f,g: X — X étale self-morphisms of X over Q. Let P,Q € X (Q) be points satisfying
the following two conditions:

o af(P)P =0a,(Q)?>1 for some p,q € Z>1, and
o t;(P)=1,(Q), where t;(P) and t,(Q) are as in Theorem 1.2.3.

Then the set
Ste(P.Q) :={(m,n) € Z>o x Zxo | ["(P)=g"(Q)}
is a finite union of the sets of the form

{(ai + bzg, c; + dl€> ‘ 14 S Zzo}
for some non-negative integers a;, b;, c;,d; € Z>g.

1.2.1. Notation. In this paper, the ground field & is Q if there are no attention. A
variety is a separated irreducible reduced scheme of finite type over the ground field k. A
point of a variety always means a closed point (or equivalently, a k-valued point). Let X
be a variety over k and f: X --» X a rational map. We use the following notation:

e Q, R, and C are the set of rational numbers, real numbers, and complex numbers,
respectively.

e A divisor on a variety X means a Cartier divisor on X defined over Q.

The group of codimension one cycles modulo rational equivalence is denoted by

CH'(X).

Div(X) is the group of divisors on X defined over Q.

Pic(X) is the Picard group of X.

N(X) is the quotient group of Pic(X) by the numerical equivalence.

NS(X) is the Néron—Severi group of X. It is well-known that NS(X) is a finitely

generated abelian group. We put NS(X)g := NS(X) ®z R.

The indeterminacy locus of f is denoted by I.

We write X¢(k) = {P € X(k) | f*(z) ¢ I; for every n > 0}.

The forward f-orbit {f"(P) |n > 0} of P € X/ is denoted by O (P).

A point P € X;(k) is called preperiodic if the forward f-orbit O(P) of P is a finite

set. This is equivalent to the condition that f™(P) = f™(P) for some n,m > 0

with n # m.

e For a projective variety defined over Q and a Cartier divisor D € Pic(X), fix a
WEeil height function

hp: X(Q) — R;

see [HS, Theorem B. 3.2] and [Lan, Chapter 4, Theorem 5.1] for the definitions
and basic properties of Weil height functions. For a C-divisor D = Y. _, a;D; €
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Div(X)c (a; € C), the Weil height function hp associated with D is defined by
hp ==Y _aihp,: X(Q) — C.
i=1

For a linear self-map ¢: V — V of a finite dimensional real vector space V,
the set of the eigenvalues of ¢ is denoted by EV(p; V). The maximum among
the absolute values of the eigenvalues of ¢ is called the spectral radius of 1" and
denoted by p(¢p).

For a polynomial F' € C[t], the maximum among the absolute values of the roots
of F is called the spectral radius of F' and denoted by p(F).

e For a Z-module M and a field K, we write Mg = M®zK.

e Let X be a commutative algebraic group and a € X (k) a point. The translation
by a is denoted by T,.

An self-morphism on a variety X means a morphism from X to itself defined over
k. A non-invertible self-morphism is a surjective self-morphism which is not an
automorphism.

A curve (resp. surface) simply means a smooth projective variety of dimension 1
(resp. dimension 2) unless otherwise stated.

e For any curve C, the genus of C' is denoted by g(C).

e The symbols =, ~, ~g and ~p mean algebraic equivalence, linear equivalence,
Q-linear equivalence, and R-linear equivalence, respectively.

For a surjective morphism f: X — X, we denote the degree [Q(X) : f*Q(X)] of
extension of function fields by deg f.

Let f, g and h be real-valued functions on a domain S. The equality f = g+ O(h)
means that there is a positive constant C' such that |f(x) — g(x)| < C|h(z)] for
every € S. The equality f = g + O(1) means that there is a positive constant
C" such that |f(x) — g(z)| < C' for every z € S.



CHAPTER 2

Arithmetic degrees and dynamical degrees

2.1. The dynamical degrees

In this section, let f: X --» X be a dominant rational map on a smooth projective
variety both defined over an algebraically closed field k£ of characteristic 0 and let H be an
ample divisor on X defined over k.

We define the pull-back f*: NS(X) — NS(X) as follows. Take a resolution 7: X —
X of indeterminacy of f with X smooth projective and let f: X — X be the induced
morphism. Then we define f* = m, f*. This is independent of the choice of resolution.

Definition 2.1.1. The (first) dynamical degree 6¢ of f is

6f — lim ((fn)*H . Hdim(X)fl)l/n.

n—o0

Remark 2.1.2.

(1) We introduce another definitions of the dynamical degree. Fix a norm ||| on
Hom(N*(X)g, N*(X)g). Then d; = lim,, o, 1(F)*]I*™. When f is a morphism,
47 is the spectral radius of f*: N'(X)g — N'(X)g. If the ground field is C, this
is equal to the spectral radius of f*: H(X) — HM'(X) (cf. [DS3, §4]).

(2) Dynamical degree is a birational invariant. That is, if 7: X --+ X’ is a birational
map and f: X --» X and f': X’ --» X’ are conjugate by 7, then §; = .

(3) Let X,Y be smooth projective varieties and f: X --» X, g: Y --» Y dominant
rational maps. Then, by definition, it is easy to see that 07, = max{ds,d,}.

Remark 2.1.3. The limit defining ¢y exists, and d; does not depend on the choice of
H (see [DS2, Corollary 7], [Gue, Proposition 1.2]). Note that if f is a self-morphism, we
have (f™)* = (f*)™ as a linear self-map on NS(X). But if f is merely a rational self-map,
we have (f™)* # (f*)™ in general.

Remark 2.1.4. The first dynamical degree of a dominant rational self-map on a smooth
complex projective variety was first defined by Dinh and Sibony in [DS1, DS2]. Dang
and Truong gave an algebraic definition of the dynamical degrees in [Dan] and [Tru],
respectively.

Remark 2.1.5 ([Gue, Proposition 1.2 (iii)], [KS3, Remark 7]). Let p(f*) be the
spectral radius of the linear self-map f*: NS(X) — NS(X). The dynamical degree J; is
equal to the limit lim,, .. (p((f™)*))/". Thus we have § = oy for every n > 1.

Remark 2.1.6. Let X be a smooth projective complex variety and f: X --» X a
dominant rational map. Fix an closed immersion ¢: X — P¥ and a hyperplane H in PV.

5
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Put Hx := *H and wy := wpg, where wgg is the Fubini-Study form on PV. Then we have

5f — lim ((fn)*HX . H?(imX—l)l/n
n—00

= lim (/(f Vwx AwgmXT LyL/n

N—00
1 n\x1/n
— T ()

where ||(f™)*||l1.1 is the operator norm of f*: H'(X,C) — H"“'(X,C). The second
equality follows from the property [Ful, Corollary 19.2 (b)] of the cycle map cl: NS(X) —
H?*(X,C) and the comparison theorem H3,(X) = H?*(X,C). The third equality follows
from [DS2, Corollary 7] or [Gue, Proposition 1.2 (iii)].

Remark 2.1.7. Let X be a smooth projective variety over C, and f: X — X a
surjective self-morphism. Let w € Pic(X) be an ample divisor class. Let £ € H'(X,Ox) =
H%!'(X) be the eigenvector of f*: H'(X,Ox) — H' (X, Ox) associated with the eigen-
value whose complex absolute value is the spectral radius A of f* on H%'(X). Then we
have

(5 E 2dimX—2) >0

by Hodge theory. In partlcular ¢ € HY(X) is non-zero. Hence the class £ - £ is an
eigenvector of f*: HY(X) — HY(X) associated with the eigenvalue |A|?>. Consequently,
the spectral radius of f* on H% 1( ) is greater than or equal to the square of the spectral
radius of f* on H%!(X).

When f is a self-morphism, the dynamical degree is actually the spectral radius of the
linear self-map f* on a smaller space than NS(X)g as Theorem 2.1.11.

Definition 2.1.8. When f: X — X is a surjective self-morphism, for a divisor D on
X, let Vp be the Q-vector subspace of Pic(X) ®z Q generated by the set

{(f)"D [ n=0}.
Let Vp be the image of Vp in NS(X).

Lemma 2.1.9. Let X be a normal projective variety, and f: X — X a surjective self-
morphism on X both defined over Q. Then there is a monic integral polynomial Py(t) € Z[t]
such that P¢(f*) annihilates Pic(X).

PROOF. See [KS2, Lemma 19]. Note that when X is projective geometrically integral
and geometrically normal, Pic’(X) is projective (see [FAG, Theorem 9.5.4]). Moreover
NS(X) is finitely generated. Hence the proof of [KS2, Lemma 19] works. O

We also recall an important lemma about the finiteness of the dimension of the Q-vector
space V.

Lemma 2.1.10. The Q-vector subspace Vi of Pic(X)q is finite dimensional.

PROOF. Let Py(t) € Z[t] be the monic polynomial as in Lemma 2.1.9. Consider the
Q-subspace V}; of Pic(X)g spanned by the set

{(f")*H | 0 <n < deg Ps(t) —1}.

Since Py(f*) annihilates H, the space V}; satisfies f*(V};) C V};. Hence, we have Vi =V},
and so Vy is finite dimensional. See also the top of the proof of [KS2, Theorem 3. O
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Theorem 2.1.11 ([San2, Remark 5.10]). When f: X — X is a surjective self-
morphism on a normal projective variety X over Q, we have

dp= max__ |A].
AEEV(f*; Vp)

PROOF. For D € NS(X)g, we put

ID| i= it {(Dy - HO X 4 (Dy - XYy | DR b
Then since || - || is a non-trivial norm on NS(X)g, the quantity
‘ 1) D
lmyl= s (122
pens(x)e \ 1Dl

is the operator norm of (f")*: NS(X)g — NS(X)g. Thus we see that

lim ((f”)*H . HdimX—1>1/n — lim <((f")*H . HdimX1))1/n

n—00 n—oo ||H||
n\* [y 1/
< (11)
n—oo \ || H|

n\* 1/
< sy (WD)

=0 DENS(X)g HDH
= limsup || (f")*||""

n—oo

= max |A|-
AERV(f*; NS(X)g)

Hence we obtain the following inequalities

df = max By
AEEV(f*; NS(X)r)

> max ||
ACEV(f*; (Vi)r)

> hHl ((fn) Hdimel)l/n
= 5 f-
Consequently 67 is equal to the spectral radius of f*: Vg — Vy. O

Remark 2.1.12. It is a natural problem to understand the difference of EV(f*; Vy)
and EV(f*; Vy), and the difference of the size of the Jordan blocks of the linear maps f*|y,,
and f*|y.

Let L be the Z-submodule of Pic(X) generated by the set {(f*)*H | n > 0}. Let L be
the image of L in N'(X) = NS(X)/(torsion). By [KS2, Lemma 19], L and L are finitely
generated abelian groups. If it is necessary, by replacing H by a multiple of H, we may

assume L and L do not have torsion elements. Let 7: L — L be the canonical surjectlon
and put M := ker 7. We also put W: = M ®z Q. Then M is a subgroup of Pic’(X). Let

¢: Pic’(X) — Pic’(X)
be the morphism induced by f. Let
¢ H'(X,0x) — H'(X,0x)
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be the C-linear map induced by f. Let F(t) be the characteristic polynomial of ¢’. Since
H'(X,Ox) is isomorphic to the Lie algebra of Pic’(X), we have F(¢) = 0 on Pic’(X).
Hence in particular, we get F'(p[n) = 0. Since W is generated by M, we also get F'(|ar)=0.
Consequently, the spectral radius of f*: W —— W is less than or equal to the spectral
radius of ¢’. Combining Remark 2.1.6, Remark 2.1.7, and Theorem 2.1.11, we obtain that
the spectral radius of f*: W — W is less than or equal to \/5_]»

Therefore, for A € C with |A| > /d;, the Jordan normal form of f*: Vg — Vg

associated with the eigenvalue \ is identified with the J ordan normal form of f*: Vg — Vi
associated with A by the canonical projection pr: Vg — Vj.

2.2. The arithmetic degrees

The arithmetic degree of f at a point P € X¢(Q) is defined as follows. Fix the (absolute
logarithmic) Weil height function

hi: X(Q) — [0, 00)
associated with H (see [HS, Theorem B3.2]). We put
hi;(P) := max {hg(P),1} .
We call
@;(P) := limsup hf; (f"(P))"" and

n—0o0

ay(P) = liminf hj; (f"(P)'"

the upper arithmetic degree and the lower arithmetic degree of f at P, respectively. It
is known that @;(P) and a;(P) do not depend on the choice of H and hy (see [KS3,
Proposition 12]). If @;(P) = a;(P), the limit

as(P) = lim hj(f(P))"
n—oo
is called the arithmetic degree of f at P.

Remark 2.2.1. Let D be a C-divisor on X and f a dominant rational self-map on X.

Take P € X;(Q). Then we can easily check that
@;(P) > limsup max{|hp(f"(P))],1}"/", and
n—s00
as(P) > liggfmaxﬂhp(f”(P))h1}1/"-
So when these limits exist, we have
as(P) 2 lim max{{ho(/"(P)], 1}

Remark 2.2.2. When f is a self-morphism, the existence of the limit defining the
arithmetic degree o (P) was proved by Kawaguchi and Silverman (see [KS2, Theorem 3]
or Chapter 7). But it is not known in general.

Lemma 2.2.3 (Generically finite invariance of the arithmetic degree, cf [MSS1,
Lemma3d.3, Theorem 3.4] and [MS, Lemma 2.7]). Let f: X --» X and g: Y --» Y be



2.2. THE ARITHMETIC DEGREES 9

dominant rational self-maps on smooth projective varieties. Let p is a generically finite
map such that the following diagram commutes

x-lT.x

| |

I I

Y- Y.
g

Suppose that there is a non-empty Zariski open subset U C X and V C Y such that
plo: U — Vs a finite morphism. Then equalities af(P) = a,(u(P)) and a,(P) =
a,(n(P)) hold for all P € X;(Q) such that Of(x) C U(Q). Hence for such P, oy(P)
ezists if and only if a,(u(P)). Moreover, if they exist, they are equal to each other.

Proor. Taking the resolution of indeterminacy of u, we may assume that p is a morphism.

At first, we prove the assertion in the situation that yu is birational, so p|ly: U — V
is isomorphism.

Let Hy be an ample divisor on Y. Then there is a p-exceptional effective divisor
such that Hx := pu*Hy — F is an ample divisor on X. Since U does not intersect with the
support of E, we have

th o U= hHX +hE +O(].)
> hy, +0(1)
on U(Q). On the other hand, since there is a constant C' > 0 such that CHy — p*Hy is
ample, we have
Chx > hy, o+ O(1)
on X(Q). Hence, there are positive constants C; and C, such that for a point P €
UNX:(Q)Nut(Y,(Q)), the following inequalities hold:

Chiy (f"(2)) + C1 = hay (9" (1(P))) + C2 = hg (f"(P)).
Taking limsup,, . max{1, —}/" (resp. liminf, ,, max{1, —}*/"), we consequently get
@ (P) =@, (u(P))
(resp. oy (P) = ay(u(P)). )
In general situation, let X = Z —%5 Y be the Stein factorization of w. Let 8: 7 — 72
be the resolution of singularities that is a composite of blow-up centers do not intersect
with W := ¢~ '(V). Let u: X — X be a resolution of indeterminacy of the induced

rational map X --» Z that is a composite of blow-ups along smooth centers outside .
The situation is summarized in the following diagram:

/\

\/
/

Y
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Then since (8 is a sequence of blow-ups, there exists an effective -exceptional Q-divisor
Eg on Z such that

B*q"Hy — Ep
is ample (cf [Har, II Proposition 7.10]). Since Z is smooth, there exists an effective p-
exceptional Q-divisor E; such that

p(B°¢" Hy — Eg) — E;
is ample. (To see this, use [KM, Lemma 2.62| for example.) Set Hy = p*(8*¢*Hy — Eg) —
E; and E = p*Es + E;. Then Hy is ample, E is effective, Supp(E) N *(U) = 0, and
B*u*Hy = Hy + E.

Let P := B_l(P). Since f(P) € U and /3 is isomorphic on U, the rational map
f:=p"1ogof induced by g is well-defined. Since § is birational and the assertion is
proved in the case of birational map, now it is enough to show the assertion for X — Y.

Choose height function hy_,p so that hy g = hpg, o po B. Then since Of(f) does
not intersect with Supp(E), we have the following inequalities:

(2.2.1) hHX(f”(f))) +0(1) < hHX—I—E(fn(p))
= huy OMOBOJZH(ZS)
= ha, (¢" (1(P)))-

On the other hand, let C' > 0 be a positive constant such that CHy — (Hg + E) is
ample. Then we have

(2.2.2) hirg6(F(P)) < Chur (F(P)).
By the same argument of the situation that u is birational, the assertion follows from the
inequalities (2.2.1) and (2.2.2). O

Remark 2.2.4. The assertion of Lemma 2.2.3 contains the invariance of the arithmetic
degree under birational or finite morphisms which commutes with the dynamics. Hence we
can use Lemma 2.2.3 to reduce the proof of Conjecture 3.1.1 for surjective self-morphisms on
any projective surfaces to those for surjective self-morphisms on minimal models. Moreover,
the independence of the arithmetic degree from the choice of an embedding of the algebraic
torus to the projective space is not proved in [Sill]. By Lemma 2.2.3, the upper or lower
arithmetic degree of a self-morphisms on a smooth quasi-projective variety (containing an
algebraic torus or more generally a semi-abelian variety) at a point is well-defined.

Remark 2.2.5. By Theorem 2.2.3, the arithmetic degree of a rational self-map on a
quasi-projective variety at a point does not depend on the choice of an open immersion
of the quasi-projective variety to a projective variety. Furthermore, by the birational
invariance of dynamical degrees, we can state Conjecture 3.1.1 for rational self-maps on
quasi-projective varieties, such as semi-abelian varieties.



CHAPTER 3

The Kawaguchi-Silverman Conjecture

3.1. The Kawaguchi-Silverman Conjecture

We have quantities of two types. The first is the arithmetic degree which is number
theoretic. The second is the dynamical degree which is topological. In this chapter, we
introduce the conjecture on the connection of the arithmetic degrees at a Zariski-dense orbit
and the dynamical degree, which is stated by Kawaguchi and Silverman in [KS3]. And we
prove that there are (possibly Zariski non-dense) orbits at which the arithmetic degree is
equal to the dynamical degree for any surjective self-morphisms. Finally, as applications of
birational invariance of the arithmetic and dynamical degrees, we give examples for which
Kawaguchi-Silverman conjecture is true.

Conjecture 3.1.1. Let X be a smooth quasi-projective variety and f: X --» X a
dominant rational map, both defined over Q. Let P € X;(Q).
(1) The limit defining a¢(P) exists.
(2) The arithmetic degree ag(P) is an algebraic integer.
(3) If the orbit Of(P) = {f™(P) | n=0,1,2,...} is Zariski dense in X, then

o f(P ) =9 f-
This is the Kawaguchi-Silverman conjecture, and we abbreviate it as KSC.

Remark 3.1.2. In the original statement in [KS3], the finiteness of the collections of

the arithmetic degrees {a;(P) | x € X;(Q)} is conjectured, but a counterexample is given
in [LS2, Theorem 2.

Remark 3.1.3. In [KS3], the conjecture is formulated for smooth projective varieties.
Of course, quasi—projective version of the conjecture is equivalent to the projective version.

Remark 3.1.4. Kawaguchi, Lesieutre, Matsuzawa, Satriano, Shibata, Silverman and
the author proved Conjecture 3.1.1 in the following cases (for details, see [KS1], [KS2],
[LS1], [MSS1], [MS] [Sanl], [Sill1], [Sil2],).

(1) ([KS1, Theorem 2 (a)]) f is a self-morphism and the Néron-Severi group of X has
rank one.

(2) ([KS1, Theorem 2 (b)]) f is the extension to PV of a regular affine automorphism
on AV,

(3) ([Kaw, Assertion A], [KS1, Theorem 2 (c)]) X is a smooth projective surface and
f is an automorphism on X.

(4) ([Sil1, Proposition 19]) f is the extension to PV of a monomial map on G and
P € GL(Q).

(5) ([KS2, Corollary 32|, [Sil2, Theorem 2]) X is an abelian variety. Note that any
rational map between abelian varieties is automatically a morphism.

(6) ([MSS1, Theorem 1.3]) f is a non-invertible self-morphism of a smooth projective
surface.

11
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(7) (IMS, Theorem 1.1]) f is a self-morphism of a semi-abelian varieties.
(8) ([LS1, Theorem 1.2]) f is a surjective self-morphism of hyper Kahler varieties.
(9) (|[LS1, Proposition 1.6]) f is a non-invertible surjective self-morphism of smooth
projective threefold of Kodaira dimension 0.

(10) ([Sanl, Theorem 1.2]) f is a self-morphism and X is the product [];_, X; of
smooth projective varieties, with the assumption that each variety X; satisfies one
of the following conditions:

— the first Betti number of (X;)c is zero and the Néron—Severi group of X; has
rank one,

— X, is an abelian variety,

— X, is an Enriques surface, or

— X, is a K3 surface.

(11) ([Sanl, Theorem 1.3]) f is a self-morphism and X is the product X; x X5 of

positive dimensional varieties such that one of X; or X is of general type. (In

fact, there do not exist Zariski dense forward f-orbits on such X; x X.)

Moreover, the arithmetic degrees over function fields are studied in [MSS2].

Theorem 3.1.5 ([Matz, Theorem 1.4] and [KS3, Theorem 4]). Let f: X --+ X be a
dominant rational self-map on a smooth projective variety X over Q. Then the inequality

ay(r) < oy

holds for all x € X¢(Q).

Remark 3.1.6. Let X be a complex smooth projective variety with x(X) > 0, & :
X --» W the litaka fibration of X, and f: X --+ X a dominant rational self-map on X.
Nakayama and Zhang proved that there exists an automorphism g: W — W of finite
order such that ® o f = go ® (see [NZ, Theorem A]). This implies that any dominant
rational self-map on a smooth projective variety of positive Kodaira dimension does not
have a Zariski dense orbit. So the latter half of Conjecture 3.1.1 is meaningful only for
smooth projective varieties of non-positive Kodaira dimension.

3.2. Reductions

We recall some lemmata which are useful to reduce the proof of some cases of Conjecture
3.1.1 to easier cases.

Lemma 3.2.1. Let X be a smooth projective variety and f: X — X a surjective
self-morphism. Then Conjecture 3.1.1 holds for f if and only if Conjecture 3.1.1 holds for
ft for some t > 1.

PROOF. See [Sanl, Lemma 3.3]. O

Lemma 3.2.2 ([Sil2, Lemma 6]). Let v: X — Y be a finite morphism between
smooth projective varieties. Let fx: X — X and fy:Y — Y be surjective self-
morphisms on X and Y, respectively. Assume that v o fx = fy o).

(i) For any P € X(Q), we have ay, (P) = ay, (Y(P)).
(ii) Assume that v is surjective. Then Conjecture 3.1.1 holds for fx if and only if
Congecture 3.1.1 holds for fy.

PRrROOF. (i) This is a special case of Lemma 2.2.3.
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(ii) For a point P € X(Q), the forward fx-orbit Oy, (P) is Zariski dense in X if and
only if the forward fy-orbit Oy, (¢(P)) is Zariski dense in Y since 1 is a finite surjective
morphism. Moreover we have dim X = dim Y. So we obtain

Opc = lim ((f%)"¢"H - (" H)Bm X HHn
_ hjﬂ (@Z)*(f;})*H . (w*H)dimY—l)l/n
= lim (deg(v)((f)" H - H¥™ Y 7)Hn

=y, .

Therefore the assertion follows. O

3.3. Existence of a rational point with the full arithmetic degree

As we see in Remark 3.1.6 and in the proof of Theorem 4.1.1, there does not always
exist a Zariski dense orbit for a given self-map. For instance, a self-map cannot have a
Zariski dense orbit if it is a self-map on a variety of positive Kodaira dimension. So it is
also important to consider whether a self-map has a point whose orbit has full arithmetic
complexity, that is, whose arithmetic degree coincides with the dynamical degree. We prove
that such a point always exists for any surjective self-morphism on any smooth projective
variety.

Theorem 3.3.1. Let X be a smooth projective variety over Q, and J: X — Xa
surjective self-morphism on X. Then there exists a Q-rational point P € X (Q) such that
Oéf(P) = 5f.

If f is an automorphism, we can construct a “large” collection of points whose orbits
have full arithmetic complexity.

Theorem 3.3.2. Let k be a number field, X a smooth projective variety over Q, and

f: X — X an automorphism. Then there exists a subset S C X (Q) which satisfies all of
the following conditions.

(1) For every P € S, ay(P) = dy.
(2) For P,Q € S with P # Q, O¢(P)NO#(Q) = 0.
(3) S is Zariski dense in X.

In this section, we prove Theorem 3.3.1 and Theorem 3.3.2. Theorem 3.3.1 follows from
the following lemma. A subset ¥ C V(Q) is called a set of bounded height if for some (or,
equivalently, any) ample divisor A on V, the height function h, associated with A is a

bounded function on X..

Lemma 3.3.3. Let X be a smooth projective variety and f: X — X a surjective
self-morphism with 6y > 1. Let D # 0 be a nef R-divisor such that f*D = 0;D. Let
V C X be a closed subvariety of positive dimension such that (D™ . V) > 0. Then there

exists a non-empty open subset U C 'V and a set ¥ C U(Q) of bounded height such that

for every P € U(Q) \ ¥ we have af(P) = ;.

Remark 3.3.4. By Perron-Frobenius-type result of [Bir, Theorem]|, there is a nef
R-divisor D # 0 satisfying the condition f*D = ;D since f* preserves the nef cone.
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PROOF. Fix a height function hp associated with D. For every P € X (Q), the following
limit exists (cf. [KS3, Theorem 5]).

ED(P) = lim —hD(fn(P))

n—00 (5}‘

The function p has the following properties (cf. [KS3, Theorem 5)).

(i) hp = hp + O(vVhy) where H is any ample divisor on X and hy > 1 is a height
function associated with H.
(11) If hD(P) 7é O, then Oéf(P) = 5f.
Since (DY™V . V) > 0, we have (D|y"™") > 0 and D|y is big. Thus we can write
D|y ~r A+ E with an ample R-divisor A and an effective R-divisor £ on V. Therefore
we have

Ay @) = ha + he + O(V/ha)
where hy, hg are height functions associated with A, £ and h, is taken to be hy > 1. In

particular, there exists a positive real number B > 0 such that hy + hg — h]v < B+v/hjy.
Then we have the following inclusions.

{PeV(Q)|h(P) <0} C{PEV(Q) | ha(P)+hu(P) < By/ha(P)}

C Supp EU{P € V(Q) | ha(P) < B\/ha(P)}
= Supp EU{P € V(Q) | ha(P) < B?*}.

Hence we can take U = V \ Supp E and ¥ = {P € U(Q) | hp(P) < 0}. O

Corollary 3.3.5. Let X be a smooth projective variety of dimension N and f: X —
X a surjective self-morphism. Let C' be a irreducible curve which is a complete intersection
of ample effective divisors Hy,..., Hy_1 on X. Then for infinitely many points P on C|
we have af(P) = d;.

PROOF. We may assume dy > 1. Let D be as in Lemma 3.3.3. Then (D - C) =
(D-Hy---Hy_1) >0 (cf. [KS3, Lemma 18]). Since C(Q) is not a set of bounded height,
the assertion follows from Lemma 3.3.3. U

To prove Theorem 3.3.2, we need the following theorem which is a corollary of the
dynamical Mordell-Lang conjecture for étale finite morphisms.

Theorem 3.3.6 (Bell-Ghioca—Tucker [BGT1, Corollary 1.4]). Let f: X — X be
an étale finite morphism of smooth quasi-projective variety X. Let P € X(Q). If the orbit
Oy (P) is Zariski dense in X, then any proper closed subvariety of X intersects Os(P) in
at most finitely many points.

- PROOF OF THEOREM 3.3.2. We may assume dim X > 2. Since we are working over
Q, we can write the set of all proper subvarieties of X as

{ViCc X |i=0,1,2,...}.
By Corollary 3.3.5, we can take a point Py € X \ V{ such that a;(P) = 0. Assume we can
construct Fy, ..., P, satisfying the following conditions.
(1) ar(P, )—5fforz—0

(2) Op(P) N Of(P )—Q)fOH%J-
()PgZVforZ—O...,n
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Now, take a complete intersection curve C' C X satisfying the following conditions.

e Lor g :O,...,’I’I,, C §Z Of(PZ) lfOf(H> #X

etori=0,...,n, C¢ Os1(B) if Op-1(P) # X.

o ( ¢ Vn+1.
By Theorem 3.3.6, if O+ (F;) is Zariski dense in X, then O+ (FP;) N C' is a finite set. By
Corollary 3.3.5, there exists a point

P, € C\ < U Of(B) U U Of—l(Pi) UVn+1>

0<i<n 0<i<n

such that af(P,41) = dp. Then Fy,. .., P,y satisfy the same conditions. Therefore we get
a subset S ={P;|i=0,1,2,...} of X which satisfies the desired conditions. O

3.3.1. Applications of the birational invariance. As by-products of birational
invariance of the arithmetic degree, we obtain the following two cases for which Conjecture
3.1.1 holds:

_ Theorem 3.3.7. Let k be a number field, X a smooth projective irrational surface over
Q, and f: X --» X a birational automorphism on X. Then Conjecture 3.1.1 holds for f.

Theorem 3.3.8. Let k be a number field, X a smooth projective toric variety over Q,
and f: X — X a toric surjective self-morphism on X. Then Conjecture 3.1.1 holds for

f.

Lin gives a precise description of the arithmetic degrees of toric self-maps on toric
varieties in [Lin].

PROOF OF THEOREM 3.3.7. Take a point P € X¢(Q). If Of(P) is finite, the limit
ay(P) exists and is equal to 1. Next, assume that the closure O¢(P) of Of(P) has dimension

1. Let Z be the normalization of Oy(P) and v: Z — X the induced morphism. Then
an self-morphism ¢g: 7 — Z satisfying v o g = f o v is induced. Take a point P’ € Z
such that v(P") = P. Then a,(P'") = as(P) since v is finite by Lemma 3.2.2 (i). It follows
from [KS2, Theorem 3] that ay(P’) exists (note that [KS2, Theorem 3] holds for possibly
non-surjective self-morphisms on possibly reducible normal varieties). Therefore af(P)
exists.

Finally, assume that Oy (P) is Zariski dense. If 6; = 1, then 1 < a,(P) < ay(P) <
d; = 1 by Theorem 3.1.5, so af(P) exists and af(P) = §y = 1. So we may assume that
dy > 1. Since X is irrational and §; > 1, x(X) must be non-negative (cf. [DF, Theorem
0.4, Proposition 7.1 and Theorem 7.2]). Take a birational morphism pu: X — Y to the
minimal model Y of X and let g: Y --+ Y be the birational automorphism on Y defined
as g = o fopu~t. Then g is in fact an automorphism since, if g has indeterminacy,
Y must have a Ky-negative curve. It is obvious that O,(u(P)) is also Zariski dense in
Y. Since p(Exc(p)) is a finite set, there is a positive integer ny such that u(f"(P)) =
9" ((P)) & u(Exc(p)) for n > ng. So we have f"(P) ¢ Exc(u) for n > ng. Replacing
P by f"(P), we may assume that Of(P) C X \ Exc(u). Applying Lemma 2.2.3 to P,
it follows that ay(P) = ogz(p(P)). We know that ay(u(P)) exists since g is a morphism.
So ay(P) also exists. The equality a,(u(P)) = d, holds as a consequence of Conjecture
3.1.1 for automorphisms on surfaces (cf. Remark 3.1.4 (3)). Since the dynamical degree
is invariant under birational conjugacy, it follows that 6, = ;. So we obtain the equality

Oéf(P) :5f. D




16 3. THE KAWAGUCHI-SILVERMAN CONJECTURE

PROOF OF THEOREM 3.3.8. Let G¢ C X be the torus embedded as an open dense
subset in X. Then f|gs : Gff, — G%, is a homomorphism of algebraic groups by assumtion.
Let G¢ C P? be the natural embedding of G%, to the projective space P? and g: P¢ --» P4
be the induced rational self-map. Then g is a monomial map.

Take P € X(Q) such that O;(P) is Zariski dense. Note that a;(P) exists since f is
a morphism. Since O;(P) is Zariski dense and f(G¢,) C G%, there is a positive integer
ng such that f*(P) € G¢ for n > ng. By replacing P by f™(P), we may assume that
O(P) C G%. Applying Lemma 2.2.3 to P, it follows that a(P) = ay,(P).

The equality ay(P) = 0, holds as a consequence of Conjecture 3.1.1 for monomial maps
(cf. Remark 3.1.4 (4)). Since the dynamical degree is invariant under birational conjugacy,

it follows that d, = d¢. So we obtain the equality a;(P) = dy. O



CHAPTER 4

Self-morphisms on surfaces

4.1. Outline of this chapter

In this chapter we prove Conjecture 3.1.1 for surjective self-morphisms on smooth pro-
jective surfaces.

Theorem 4.1.1. Let X be a smooth projective surface over Q, and f: X — X a
surjective self-morphism on X. Then Conjecture 3.1.1 holds for f.

The main idea of the proof of Theorem 4.1.1 is reducing the cases to the lower dimen-
sional cases along minimal model program and [Sanl, Lemma 5.2]. The proof of [LS1,
Proposition 1.6] is also by this idea.

In Section 4.2, by using the Enriques classification of smooth projective surfaces, we
reduce Theorem 4.1.1 to three cases, i.e. the case of P'-bundles, hyperelliptic surfaces,
and surfaces of Kodaira dimension one. In Section 4.3 we recall fundamental properties
of P-bundles over curves. In Section 4.4, Section 4.5, and Section 4.6, we prove Theorem
4.1.1 in each case explained in Section 4.2.

4.2. Self-morphisms on surfaces

We start to prove Theorem 4.1.1. Since Conjecture 3.1.1 for automorphisms on surfaces
is already proved by Kawaguchi (see Remark 3.1.4 (3)), it is sufficient to prove Theorem
4.1.1 for non-invertible self-morphisms, that is, surjective self-morphisms which are not
automorphisms.

Let f: X — X be a non-invertible self-morphism on a surface. We divide the proof
of Theorem 4.1.1 according to the Kodaira dimension of X.

(I) k(X) = —oo; we need the following result due to Nakayama.

Lemma 4.2.1 (cf. [Nak, Lemma 10]). Let f: X — X be a non-invertible self-
morphism on a surface X with k(X ) = —oo. Then there is a positive integer m such that
f™(E) = E for any irreducible curve E on X with negative self-intersection.

PROOF. See [Nak, Lemma 10]. O

Let : X — X' be the contraction of a (—1)-curve E on X. By Lemma 4.2.1, there is a
positive integer m such that f™(E) = E. Then f™ induces an self-morphism f’: X’ — X’
such that po f™ = f’opu. Using Lemma 3.2.1 and Lemma 2.2.3, the assertion of Theorem
4.1.1 for f follows from that for f’. Continuing this process, we may assume that X is
relatively minimal.

When X is irrational and relatively minimal, X is a P!-bundle over a curve C' with
9(C) = 1.

When X is rational and relatively minimal, X is isomorphic to P? or the Hirzebruch
surface F,, = P(Opr @ Op1(—n)) for some n > 0 with n # 1. Note that Conjecture 3.1.1
holds for surjective self-morphisms on projective spaces (see Remark 3.1.4 (1)).

17
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(IT) k(X) = 0; for surfaces with non-negative Kodaira dimension, we use the following
result due to Fujimoto.

Lemma 4.2.2 (cf. [Fuj, Lemma 2.3 and Proposition 3.1]). Let f: X — X be a
non-invertible self-morphism on a surface X with K(X) > 0. Then X is minimal and f is
étale.

PROOF. See [Fuj, Lemma 2.3 and Proposition 3.1] O

So X is either an abelian surface, a hyperelliptic surface, a K3 surface, or an Enriques
surface. Since f is étale, we have x(X,Ox) = deg(f)x(X,Ox). Now deg(f) > 2 by
assumption, so x(X,0x) = 0 (cf. [Fuj, Corollary 2.4]). Hence X must be either an
abelian surface or a hyperelliptic surface because K3 surfaces and Enriques surfaces have
non-zero Euler characteristics. Note that Conjecture 3.1.1 is valid for self-morphisms on
abelian varieties (see Remark 3.1.4 (5)).

(III) k(X) = 1; this case will be treated in Section 4.6.

(IV) k(X)) = 2; the following fact is well-known.

Lemma 4.2.3. Let X be a smooth projective variety of general type. Then any surjec-
tive self-morphism on X is an automorphism. Furthermore, the group of automorphisms
Aut(X) on X has finite order.

PROOF. See [Fuj, Proposition 2.6], [Iit, Theorem 11.12], or [Matm, Corollary 2]. O

So there is no non-invertible self-morphism on X. As a summary, the remaining cases
for the proof of Theorem 4.1.1 are the following:

e Non-invertible self-morphisms on P!-bundles over a curve.
e Non-invertible self-morphisms on hyperelliptic surfaces.
e Non-invertible self-morphisms on surfaces of Kodaira dimension 1.

These three cases are studied in Sections 4.3-4.6 below.
Remark 4.2.4. Fujimoto and Nakayama gave a complete classification of surfaces

which admit non-invertible self-morphisms (cf. [FN2, Theorem 1.1], [Fuj, Proposition
3.3], [Nak, Theorem 3|, and [FN1, Appendix to Section 4]).

4.3. Some properties of P!-bundles over curves

In this section, we recall and prove some properties of P'-bundles (see [Har, Chapter
V.2], [Hom1], [Homz2] for details). In this section, let X be a P!-bundle over a curve C'.
Let m: X — C' be the projection.

Proposition 4.3.1. We can represent X as X = P(E), where £ is a locally free sheaf
of rank 2 on C such that H°(E) # 0 but H(€ ® L) = 0 for all invertible sheaves L on
C with deg L < 0. The integer e := —deg& does not depend on the choice of such &.
Furthermore, there is a section o: C' — X with image Cy such that Ox(Cp) = Ox(1).

PROOF. See [Har, V Proposition 2.8]. O
Lemma 4.3.2. The Picard group and the Néron—Severi group of X have the following

structure:
Pic(X) =2 Z & 7" Pic(C),
NS(X) SYASY . NS(C) ENASYA
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Furthermore, the image Cy of the section o: C' — X in Proposition 4.3.1 generates the
first direct factor of Pic(X) and NS(X).
PROOF. See [Har, V, Proposition 2.3]. O
Lemma 4.3.3. Let F € NS(X) be a fiber 7=1(p) = 7*p over a point p € C(Q), and

e the integer defined in Proposition 4.3.1. Then the intersection numbers of generators of

NS(X) are as follows.

F-F=0,
F-Cy=1,
Og . OO = —€.
PROOF. It is easy to see that the equalities F'- F' =0 and F'- Cy = 1 hold. For the last
equality, see [Har, V, Proposition 2.9]. O

We say that f preserves fibers if there is an self-morphism fo on C' such that mo f =
fc om. In our situation, since there is a section o: C' — X, f preserves fibers if and only
if, for any point p € C, there is a point ¢ € C such that f(771(p)) C 77 (q).

The following lemma appears in [Ame, p. 18] in more general form. But we need it
only in the case of P!-bundles on a curve, and the proof in general case is similar to our
case. So we deal only with the case of P*-bundle on a curve.

Lemma 4.3.4. For any surjective self-morphism f on X, the iterate f* preserves fibers.

PRrROOF. By the projection formula, the fibers of 7: X — C' can be characterized as
connected curves having intersection number zero with any fiber Fj, = n*p, p € C. Hence,
to check that the iterate f2 sends fibers to fibers, it suffices to show that (f2)*(7* NS(C)gr) =
7 NS(C)r. Now dim NS(X)g = 2 and the set of the numerical classes in X with self-
intersection zero forms two lines, one of which is 7* NS(C)g, and f* fixes or interchanges
them. So (f?)* fixes 7* NS(C)g. O

The following might be well-known, but we give a proof for the reader’s convenience.

Lemma 4.3.5. A surjective self-morphism f preserves fibers if and only if there exists
a non-zero integer a such that f*F = aF'. Here, I is the numerical class of a fiber.

PROOF. Assume f*F = aF. For any point p € C, we set F,, := 7~ !(p) = 7*p. If f does
not preserve fibers, there is a point p € C such that f(F),) - F > 0. Now we can calculate
the intersection number as follows:

O0=F-aF =F-(f'F)=F,-(f'F)
= (fuFp) - F =deg(f|r,) - (f(Fp) - F) > 0.
This is a contradiction. Hence f preserves fibers.

Next, assume that f preserves fibers. Write f*F = aF + bCy. Then we can also
calculate the intersection number as follows:

b=F-(aF +bCy)=F-f*F=(fF)-F
= deg(flr) - (F- F) = 0.
Further, by the injectivity of f*, we have a # 0. The proof is complete. U

Lemma 4.3.6. If £ splits, i.e., if there is an invertible sheaf L on C such that & =
Oc @ L, the invariant e of X = P(E) is non-negative.
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PROOF. See [Har, V, Example 2.11.3]. O
Lemma 4.3.7. Assume that e > 0. Then for a divisor D = aF + bCy € NS(X), the
following properties are equivalent.

e D is ample.
e a>be and b > 0.

In other words, the nef cone of X 1is generated by F' and eF + Cj.
PROOF. See [Har, V, Proposition 2.20]. a
We can prove a result stronger than Lemma 4.3.4 as follows.

Lemma 4.3.8. Assume that ¢ > 0. Then any surjective self-morphism f: X — X
preserves fibers.

ProOOF. By Lemma 4.3.5, it is enough to prove f*F = aF for some integer a > 0. We
can write f*F = aF + bCj for some integers a,b > 0.
Since we have
aF' +bCy = (a — be)F + b(eF + Cy)
and f preserves the nef cone and the ample cone, either of the equalities a — be = 0 or
b = 0 holds.
We have

0 =deg(f)(F - F) = (ff"F) - F
= (f"F)-(f'F) = (aF +bCy) - (aF + bCy)
= 2ab — b*e = b(2a — be).
So either of the equalities b = 0 or 2a — be = 0 holds.

If we have b # 0, we have a —be = 0 and 2a —be = 0. So we get a = 0. But since e # 0,
we obtain b = 0. This is a contradiction. Consequently, we get b =0 and f*F =aF. 1O

Lemma 4.3.9. Fiz a fiber F' = F, for a point p € C(Q). Let f be a surjective self-
morphism on X preserving fibers, fo the self-morphism on C' satisfying mo f = fo o,
fr = flp: F — f(F) the restriction of f to the fiber F. Set f*F = aF and f*Cy =
cF +dCy. Then we have a = deg(fc), d = deg(fr), deg(f) = ad, and §; = max{a, d}.

PROOF. Our assertions follow from the following equalities of divisor classes in NS(X)
and of intersection numbers:

aF = f*F = f*n*p

= 7" fop = 7" (deg(fe)p)
= deg(fo)m"p = deg(fc)F,

deg(f)F = fof"F = f.f*m"p
= fum* fep = fum™(deg(fo)p)
= deg(fo) f. I = deg(fc) deg(fr)f(F)
= deg(fc) deg(fr)F

deg(f) = deg(f)Co - F' = (fof*Co) - F

= (f*Co) - (f*F) = (cF 4+ dCy) - aF = ad.

The last assertion d; = max{a,d} follows from the functoriality of f* and the equality
§p = limy, oo p((f"))/"™ = p(f*) (cf. Remark 2.1.5). O
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Lemma 4.3.10. Let Notation be as in Lemma 4.5.9. Assume that e > 0. Then both
F and Cy are eigenvectors of f*: NS(X)g —> NS(X)r. Further, if e is positive, then we

have deg(fc) = deg(fr).
PROOF. Set f*F = aF and f*Cy = cF + dCy in NS(X). Then we have
—cad = —edeg f = (f.4*Co) - Co
= (f*Cy)? = (cF + dCy)* = 2cd — ed*.
Hence, we get ¢ = e(d — a)/2. We have the following equalities in NS(X):
fH(eF + Cy) = aeF + (cF + dCy) = (ae + ¢)F + dCy.

By the fact that f*D is ample if and only if D is ample, it follows that eF + Cy is an
eigenvector of f*. Thus, we have

de =ae+c=ae+e(d—a)/2=e(d+a)/2.

Therefore, the equality e(d — a) = 0 holds. So ¢ = e(d — a)/2 = 0 holds.
Further, we assume that e > 0. Then it follows that d — a = 0. So we have deg(fc) =
a=d=deg(fr). O

The following lemma is used in Subsection 4.4.2.

Lemma 4.3.11. Let L be a non-trivial invertible sheaf of degree 0 on a curve C' with
g(C) > 1, E =0OcdL, and X = P(E). Let Cy,Cy be sections corresponding to the
projections € — L and & — O¢. If 0: C — X is a section such that (o(C))* = 0,
then o(C') is equal to Cy or C}.

PROOF. Note that e = 0 in this case and thus (C3) = 0. Moreover, Ox(Cy) = Ox (1)
and Ox(C1) = Ox()@r*L!. Set o(C) = aCy + bF. Then a = (¢(C) - F) = 1 and
2ab = (0(C)?) = 0. Thus o(C) = Cy. Therefore, Ox(c(C)) = Ox(Co)@7*N for some
invertible sheaf A/ of degree 0 on C. Then

0# H(X,0x(0(0))) = H*(C, m.0x (Co)@N)
= H°(C, (L&Oc) @ N)
and this implies N = O¢ or N = £71. Hence Ox(c(C)) is isomorphic to Ox(Cy) or
QX(CO)®7T*£_1 = Ox(C}). Since L is non-trivial, we have H°(Ox(Cy)) = H°(Ox(C})) =
Q and we get o(C) = Cy or C. O

4.4. P'-bundles over curves

In this section, we prove Conjecture 3.1.1 for non-invertible self-morphisms on P!-
bundles over a curve. We divide the proof according to the genus of the base curve.

4.4.1. P'-bundles over P'.

Theorem 4.4.1. Let 7: X — P! be a P'-bundle over P* and f: X — X be a non-
invertible self-morphism. Then Conjecture 3.1.1 holds for f.

PROOF. Take a locally free sheaf € of rank 2 on P! such that X = P(€) and deg £ = —e
(cf. Proposition 4.3.1). Then & splits (see [Har, V. Corollary 2.14]). When X is isomorphic
to P! x P!, i.e. the case of e = 0, the assertion holds by [San1, Theorem 1.3]. When X is
not isomorphic to P! x P!, i.e. the case of e > 0, the self-morphism f preserves fibers and
induces an self-morphism fp1 on the base curve P'. By Lemma 4.3.10, we have d; = § for -
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Fix a point p € P! and set F' = 7*p. Let P € X(Q) be a point whose forward f-orbit is
Zariski dense in X. Then the forward fpi-orbit of m(P) is also Zariski dense in P!. Now
the assertion follows from the following computation.

as(P) > lim hp(f"(P)" = Tim ooy (f7(P))"
= Tim hy(m 0 f"(P)" = Tim hy(f o w(P)'/" = 5, = 6.

n—oo

O

4.4.2. P'-bundles over genus one curves. In this subsection, we prove Conjecture
3.1.1 for any self-morphisms on a P!-bundle on a curve C' of genus one.

The following result is due to Amerik. Note that Amerik in fact proved it for P-bundles
over varieties of arbitrary dimension (cf. [Ame]).

Lemma 4.4.2. Let X = P(€) be aP*-bundle over a curve C. If X has a fiber-preserving
surjective self-morphism whose restriction to a general fiber has degree greater than 1, then
& splits into a direct sum of two line bundles after a finite base change. Furthermore, if €
1s semistable, then & splits into a direct sum of two line bundles after an étale base change.

PROOF. See [Ame, Theorem 2 and Proposition 2.4]. O

Lemma 4.4.3. Let E be a curve of genus one with an self-morphism f: E — E. If
g: E' — FE is a finite étale covering of E, there exists a finite étale covering h: E" — FE’
and an self-morphism f': E" — E" such that fogoh = goho f'. Furthermore, we can
take h as satisfying B = E.

PROOF. At first, since E’ is an étale covering of genus one curve F, E’ is also a genus
one curve. By fixing a rational point p € E'(Q) and g(p) € E(Q), these curves E and
E’ are regarded as elliptic curves, and g can be regarded as an isogeny between elliptic
curves. Let h := g: E — E’ be the dual isogeny of g. The morphism f is decomposed as

[ = 7.0 for a homomorphism ¢ and a translation map 7. by ¢ € E (Q). Fix a rational
point ¢ € FE(Q) such that [deg(g)](¢/) = ¢ and consider the translation map 7., where
[deg(g)] is the multiplication by deg(g). We set f" = 7. o 1. Then we have the following

equalities.
fogoh=r71,090go0g
= Te ot oldeg(g)] = 7o [deg(g)] 0 ¢
— [deg(g)] o 0% = goho
This is what we want. ]

Proposition 4.4.4. Let £ be a locally free sheaf of rank 2 on a genus one curve C' and
X =P(€). Suppose Congecture 3.1.1 holds for any non-invertible self-morphism on X with
E = Oc® L where L is a line bundle of degree zero on C. Then Conjecture 3.1.1 holds for
any non-invertible self-morphism on X =P(E) for any E.

PrROOF. By Lemma 4.3.4 and Lemma 3.2.1, we may assume that f preserves fibers.
We can prove Conjecture 3.1.1 in the case of deg(f|r) = 1 in the same way as in the case of
g(C) = 0 since deg(f|r) = 1 < deg(fc). Since we are considering the case of g(C) = 1, if
£ is indecomposable, then & is semistable (see [Muk, 10.2 (¢), Proposition 10.49] or [Har,
V. Exercise 2.8 (¢)]). By Lemma 4.4.2, if deg(f|r) > 1 and £ is indecomposable, there is
a finite étale covering g: £ — C satisfying that £ x¢ X = P(Og @ L) for an invertible
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sheaf £ over E. Furthermore, by Lemma 4.4.3, we can take E equal to C' and there is
an self-morphism f{,: C — C satisfying fc o g = g o fi. Then by the universality of
cartesian product X x¢,C, we have an induced self-morphism f': X x¢,C — X x¢,C.
By Lemma 3.2.2, it is enough to prove Conjecture 3.1.1 for the self-morphism f’. Thus,
we may assume that £ is decomposable, i.e., X = P(O¢ @ L). Then the invariant e is
non-negative by Lemma 4.3.6. When e is positive, by the same method as the proof of
Theorem 4.1.1 in the case of g(C') = 0, the proof is complete. When e = 0, we have
deg £ = 0 and the assertion holds by the assumption. 0

In the rest of this subsection, we keep the following notation. Let C' be a genus one curve
and £ an invertible sheaf on C' with degree 0. Let X = P(O¢ @ L) = Proj(Sym(O¢ & L))
and 7: X — C' the projection. When L is trivial, we have X = C' x P!, and by [Sanl,
Theorem1.3], Conjecture 3.1.1 is true for X. Thus we may assume £ is non-trivial. In this
case, we have two sections of 7: X — (' corresponding to the projections Oc & L — L
and Oc & L — O¢. Let Cy and C denote the images of these sections. Then we have
Ox(Cp) = Ox(1) and Ox(Cy) = Ox(1)®@7*L~t. Since L is non-trivial, we have Cy # Cy.
But since deg £ = 0, Cy and C are numerically equivalent. Thus (Cy-C;) = (C3) = 0 and
therefore Co N Oy = 0.

Let f be a non-invertible self-morphism on X such that there is a surjective self-
morphism fo: C' — C with mo f = foom.

Lemma 4.4.5. When L is a torsion element of Pic C', Conjecture 3.1.1 holds for f.

Proor. We fix an algebraic group structure on C. Since L is torsion, there exists a
positive integer n > 0 such that [n]*£ = Og. Then the base change of 7: X — C by
[n]: C — C'is the trivial P-bundle P! x C — C. Applying Lemma 4.4.3 to g = [n], we
get a finite morphism h: C' — ' such that the base change of 7: X — C' by h: C' — C'
is P! x ¢ — (' and there exists a finite morphism f5: C' — C with fcoh = ho f.
Then f induces a non-invertible self-morphism f’: P! x C' — P! x C. By [San1, Theorem
1.3], Conjecture 3.1.1 holds for f’. By Lemma 3.2.2, Conjecture 3.1.1 holds also for f. O

Now, let F' be the numerical class of a fiber of 7. By Lemma 4.3.10, we have

f*F = aF,
[ Co = 0bCy

for some integers a,b > 1. Note that a = deg fo, b = deg f|r and ab = deg f (cf. Lemma
4.3.9).

Lemma 4.4.6.

(1) One of the equalities f(Cy) = Coy, f(Co) = C1 and f(Cy) NCo = f(Co)NCy =10
holds. The same is true for f(Cy).

(2) If f(Co)NC; =0 fori = 0,1, then the base change of m: X — C by fo: C — C
is isomorphic to P x C. In particular, fL = Oc and L is a torsion element of
PicC. The same conclusion holds under the assumption that f(C1) N C; = for
i=0,1.

PROOF. (1) Since f*C; = bC;, Cp = C; and (C3) = 0, we have (f.C;-C;) = 0 for every
¢ and 7. Thus the assertion follows.
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(2) Assume f(Cy) NC; =0 for i = 0,1. Consider the following Cartesian diagram.
Y - X

C _Je, C
Then Y is a P!-bundle over C associated with the vector bundle O¢ @ f£ L. The pull-backs
C; = g7 1(C;),i = 0,1 are sections of 7/. By the projection formula, we have (C?) = 0.

Let 0: C — X be the section with o(C) = Cy. Since mo f oo = fo, we get a section
s: C — Y of .

Note that g(s(C)) = f(Cy) # Co, Cy. Thus s(C), C{, C} are distinct sections of 7’. More-
over, by the projection formula, we have (s(C) - Cj) = 0. Thus we have three sections
which are numerically equivalent to each other. Then Lemma 4.3.11 implies fZL = O¢
and Y = P! x C. Since f5: Pic’ C — Pic’ C is an isogeny, the kernel of f; is finite and
thus £ is a torsion element of Pic C. U

Lemma 4.4.7.

(1) Suppose that
e L is non-torsion in PicC,
o f(Cy) =Cy or Cy, and
® f(01> = Co or Cl.
Then f(Co) = Co and f(C1) = Cy, or f(Cp) = Cy and f(Cy) = Co.
(2) If the equalities f(Cy) = Cy and f(Cy) = Cy hold, then f*C; ~q bC; fori =0 and
1.
PRrOOF. (1) Assume that f(Cy) = Cy and f(C;) = Cy. Then f.Cy = aCy and f.Cy =

aCy as cycles. Since ff: Pic® C — Pic® C is surjective, there exists a degree zero divisor
M on C such that fEOc(M) = L. Then Cy ~ Cy — 7* f&M. Hence
aCo = f.C1 ~ (f*CO - f*ﬂ-*fé’M> - (aCO - f*ﬂ-*fé‘M)
and
0~ fim foM ~ fof*n*M ~ (deg f)m* M.

Thus 7*M is torsion and so is M. This implies that £ is torsion, which contradicts the
assumption.

The same argument shows that the case when f(Cy) = C; and f(C;) = C; does not
occur.

(2) In this case, we have f.Cy ~ aCy. We can write f*Cy ~ bCy + 7*D for some degree
zero divisor D on C. Thus

(deg f)Co ~ fif*Co ~ abCy + fum"D = (deg f)Co + fur™ D



4.4. P*-BUNDLES OVER CURVES 25

and f,m*D ~ 0. Since f%: Pic’ C — Pic C is surjective, there exists a degree zero divisor
D" on C such that 5D’ ~ D. Then
0~ furm™D ~ for* feD' ~ [ f*7*D" ~ (deg f)n*D’.
Hence 7* D’ ~g 0 and D’ ~g 0. Therefore D ~q 0 and f*Cj ~q bCy.
Similarly, we have f*C} ~q bC}. O

Lemma 4.4.8. Suppose a < b. If f*C; ~q bC; for i = 0,1, the line bundle L is a
torsion element of Pic C'.

PROOF. Let L be a divisor on C such that O¢(L) = L. Note that C; ~ Cy — 7*L.
Thus

f*’/T*L ~ f*(Co - Cl) ~Q bCO - bCl ~ b’/T*L
and f&L ~g bL hold.
Thus, from the following lemma, £ is a torsion element. U

Lemma 4.4.9. Let a,b be integers such that 1 < a < b. Let C' be a curve of genus
one defined over an algebraically closed field k. Let fo: C — C be an self-morphism of
deg fo = a. If L is a divisor on C' of degree 0 satisfying

foL ~g bL,
the divisor L is a torsion element of Pic(C).
PROOF. By the definition of Q-linear equivalence, we have f&rL ~ brL for some pos-

itive integer r. Since the curve C' is of genus one, the group Pic’(C) is an elliptic curve.
Assume the (group) endomorphism

f& —[b]: Pic®(C) — Pic®(O)

is the 0 map. Then we have the equalities a = deg fo = deg f} = deg[b] = b*. But
this contradicts to the inequality 1 < a < b. Hence the map f& — [b] is an isogeny,
and Ker(f& — [b]) € Pic’(C) is a finite group scheme. In particular, the order of rL €
Ker(f& — [b])(k) is finite. Thus, L is a torsion element. O

Remark 4.4.10. We can actually prove the following. Let X be a smooth projective
variety over Q and f: X — X be a surjective morphism over Q with first dynamical
degree 9. If an R-divisor D on X satisfies

f*D ~g AD
for some A > 9, then one has D ~p 0.

SKETCH OF THE PROOF. Consider the canonical height

hp(P) = lim hp(f"(P))/\"

where hp is a height associated with D (cf. [CS]). If hp(P) # 0 for some P, then we can
prove @s(P) > A. This contradicts the fact § > @;(P) and the assumption A > ¢. Thus

one has hp = 0 and therefore hp = hp + O(1) = O(1). By a theorem of Serre, we get
D ~g 0 (see [Ser, 2.9. Theorem]). O

Proposition 4.4.11. Let L be an invertible sheaf of degree zero on a genus one curve
C and X = P(Oc @ L). For any non-invertible self-morphism f: X — X, Conjecture
3.1.1 holds.
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Proor. By Lemma 4.4.5 and Proposition 4.4.9 we may assume a > b. In this case,
05 = a and Conjecture 3.1.1 can be proved as in the proof of Proposition 4.4.1. [l

PROOF OF THEOREM 4.1.1 FOR P'-BUNDLES OVER GENUS ONE CURVES. As we ar-
gued at the first of Section 4.2, we may assume that the self-morphism f: X — X is
not an automorphism. Then the assertion follows from Proposition 4.4.4 and Proposition
4.4.11. O

Remark 4.4.12. In the above setting, the line bundle £ is actually an eigenvector for
f& up to linear equivalence. More precisely, for a P-bundle 7: X = P(Oc & L) — C
over a curve C' with deg L = 0 and an self-morphism f: X — X that induces an self-
morphism fo: C' — C, there exists an integer ¢ such that f&L£ = £'. Indeed, let Cy and
C be the sections defined above. Since (f*(Cp) - Cp) = 0, we can write Ox(f1(Cy)) =
Ox(mCo)@m*N for some integer m and degree zero line bundle A/ on C'. Since

0 # H(Ox(f71(Co))) = H*(Ox (mCo)@n"N)

= H'(Sym™(Oc & L)oN) = P HO(L'aN),

i=0
we have N’ = L7 for some —m < r < 0. Thus f*Ox(Cy) = Ox(mCy)@n*L". The key is the
calculation of global sections using projection formula. Since Ox(Cy) = Ox(Co)@m* L1,
we have m,0x(mCy) = m,.0x(mCy)RL™™. Moreover, since Cy and C) are numerically
equivalent, we can similarly get f*Ox(C;) = Ox(mCy)@7n*L® for some integer s. Thus,
oL = 7 L775. Therefore, 7* f5L = m* L. Since 7*: PicC' — Pic X is injective, we
get foL = L07.

4.4.3. P'-bundles over curves of genus > 2. By the following proposition, Con-
jecture 3.1.1 trivially holds in this case.

Proposition 4.4.13. Let C be a curve with g(C) > 2 and 7: X — C be a P*-bundle
over C. Let f: X — X be a surjective self-morphism. Then there exists an integer t > 0
such that f! is a morphism over C, that is, f' satisfies wo ft = w. In particular, f admits
no Zariski dense orbit.

ProOOF. By Lemma 4.3.4, we may assume that f induces a surjective self-morphism
fo: C — C with mo f = fo om. Since C is of general type, fc is an automorphism of
finite order and the assertion follows. O

Remark 4.4.14. One can also show that any surjective self-morphism over a curve
of genus at least two admits no dense orbit by using the Mordell conjecture (Faltings’s
theorem).

4.5. Hyperelliptic surfaces

Theorem 4.5.1. Let X be a hyperelliptic surface and f: X — X a non-invertible
self-morphism on X. Then Conjecture 3.1.1 holds for f.

PROOF. Let m: X — E be the Albanese map of X. By the universality of m, there
is a morphism ¢g: £ — FE satisfying mo f = gom. It is well-known that E is a genus
one curve, 7 is a surjective morphism with connected fibers, and there is an étale cover
¢: E' — E such that X' = X xp F' 2 F x E', where F is a genus one curve (cf. [Bad,
Chapter 10]). In particular, X’ is an abelian surface. By Lemma 4.4.3, taking a further
étale base change, we may assume that there is an self-morphism h: E' — E’ such that
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poh =go¢. Let n': X! — E’ and ¢: X’ — X be the induced morphisms. Then, by the
universality of fiber products, there is a morphism f’: X’ — X' satisfying 7’ o f' = 7' o h
and 1 o f' = f o). Applying Lemma 3.2.2, it is enough to prove Conjecture 3.1.1 for the
self-morphism f’. Since X’ is an abelian variety, this holds by [KS2, Corollary 32| and
[Sil2, Theorem 2]. O

4.6. Surfaces with (X)) =1

Let f: X — X be a non-invertible self-morphism on a surface X with (X)) = 1.
In this section we shall prove that f does not admit any Zariski dense forward f-orbit.
Although this result is a special case of [NZ, Theorem A] (see Remark 3.1.6), we will give
a simpler proof of it.

By Lemma 4.2.2, X is minimal and f is étale. Since deg(f) > 2, we have x(X,Ox) = 0.

Let ¢ = @pnrcy: X — PV =PH°(X, mKx) be the Iitaka fibration of X and set Cy =
#(X). Since f is étale, it induces an automorphism g: PY — PV such that ¢po f =go ¢
(cf. [FN2, Lemma 3.1]). The restriction of g to Cy gives an automorphism fe,: Co — Cp
such that ¢ o f = fg, 0 ¢. Take the normalization v: C — Cy of Cy. Then ¢ factors as
X 5 C % Cp and 7 is an elliptic fibration. Moreover, fg, lifts to an automorphism
fc: C — C such that mo f = foom.

So we obtain an elliptic fibration 7: X — C and an automorphism fs on C' such that
mo f = foom In this situation, the following holds.

Theorem 4.6.1. Let X be a surface with K(X) =1, m: X — C' an elliptic fibration,
f: X — X a non-invertible self-morphism, and fo: C'— C' an automorphism such that
mo f=focom. Then ft =1ide for a positive integer t.

PROOF. Let {Py,..., P.} be the points over which the fibers of 7 are multiple fibers
(possibly r = 0, i.e. ™ does not have any multiple fibers). We denote by m; denotes the
multiplicity of the fiber 7*P; for every ¢. Then we have the canonical bundle formula:

mi—l

T B,

where L is a divisor on C' such that deg(L) = x(X,Ox). Then deg(L) = 0 because f is
étale and deg(f) > 2 (cf. Lemma 4.2.2). Since x(X) = 1, the divisor Ko+ L+Y;_, =P,
must have positive degree. So we have

T

2g(C) — 1)+ >

m.
i=1 v

For any i, set Q; = fc_l(H). Then 7*Q; = 7*f& P, = f*n*P; is a multiple fiber. So
(fo)lgpr,...py is a permutation of {Py, ..., P,} since fo is an automorphism.

We divide the proof into three cases according to the genus g(C') of C":

(1) g(C) > 2; then the automorphism group of C' is finite. So f§ = id¢ for a positive
integer .

(2) g(C) = 1; by (x), it follows that » > 1. For a suitable ¢, all P; are fixed points of
f&. We put the algebraic group structure on C' such that P; is the identity element. Then
f& is a group automorphism on C. So f& = id¢ for a suitable s since the group of group
automorphisms on C' is finite.

-1
> 0.
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(3) g(C) = 0; again by (x), it follows that » > 3. For a suitable ¢, all P; are fixed points
of f&. Then fk fixes at least three points, which implies that f§ is in fact the identity
map. 0

Immediately we obtain the following corollary.

Corollary 4.6.2. Let f: X — X be a non-invertible self-morphism on a surface X
with £(X) = 1. Then there does not exist any Zariski dense f-orbit.

Therefore Conjecture 3.1.1 trivially holds for non-invertible self-morphisms on surfaces
of Kodaira dimension 1.



CHAPTER 5

Self-morphisms on semi-abelian varieties

5.1. Outline of this chapter

Let X be a smooth projective variety and f: X --» X a rational self-map, both defined
over Q.
Let A(f) be the set of the arithmetic degrees of f, i.e.

A(f) =A{ay(z) | v € X(Q)}.

Determining the set A(f) for a given f is an interesting problem. As we noted in Theorem
3.3.1, for any surjective morphism f, there exists a point € X such that as(z) = d;.
When X is a toric variety and f is a self-rational map on X that is induced by a group
homomorphism of the algebraic torus, the set A(f) is completely determined in [Sil2, Lin].

When X is quasi-projective, the arithmetic degrees and dynamical degrees can be
defined by taking a smooth compactification of X. Since as we noted in Chapter 2, the
arithmetic degrees and the dynamical degrees are birational invariant, they are well-defined
for self-morphisms of semi-abelian varieties. In this chapter, we prove Conjecture 3.1.1 for
self-morphisms of semi-abelian varieties and determine the set A(f).

Theorem 5.1.1. Let X be a semi-abelian variety and f: X — X a self-morphism
(not necessarily surjective), both defined over Q.

(1) Suppose f is surjective. Then for any point x € X (Q) with Zariski dense f-orbit,
we have af(zr) = Of.

(2) For everyx € X(Q), the arithmetic degree af(z) exists. Moreover, write f = T,0g
where T, is the translation by a point a € X (Q) and g is a group homomorphism.
Then A(f) = A(g).

(3) Suppose f is a group homomorphism. Let F(t) be the monic minimal polynomial
of f as an element of End(X)®,Q and

F(t) = tF (1) - - F, ()"

the irreducible decomposition in Q[t] where eg > 0 and e; > 0 fori=1,...,r. Let
p(F};) be the mazimum among the absolute values of the roots of F;. Then we have

A(f) - {17 p(F1>7p(F1)27 s >p<Fr)7 p(Fr)2}'

More precisely, set

Xi=fOR()" - Falf) Fia () BT (X).

Define

{p(F})} if X; is an algebraic torus,

A; =< {p(F)?*} if X; is an abelian variety,

{p(F}), p(F})*} otherwise.

Then we have
A(f)y={1}UA U---UA,.
29
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Remark 5.1.2. Actually, in the situation of Theorem 5.1.1 (3), f is conjugate by an
isogeny to a homomorphism of the form

fox-x fri Xogx--xX, — Xgx--xX,
where A(fo) = {1} and A(f;)) = {1} UA; fori=1,... 7.

We can characterize the set of points whose arithmetic degrees are equal to 1 as follows
(cf. [San2] for related results).

Theorem 5.1.3. Let X be a semi-abelian variety and f: X — X a surjective mor-
phism both defined over Q. Write f =T, o g where T, is the translation by a € X(Q) and
g 1s an isogeny. Suppose that the minimal polynomial of g has no irreducible factor that is

a cyclotomic polynomial. Then there exists a point b € X (Q) such that, for any x € X(Q),
the following are equivalent:

(1) ase) = 1;
(2) # Oy(x) < oo;

(3) S b + X(Q)tors-

Here X (Q)tors is the set of torsion points.
Remark 5.1.4. When f is an isogeny, we can take b = 0.

Remark 5.1.5. If the minimal polynomial of g has irreducible factor that is a cyclo-
tomic polynomial, then one of f; in Remark 5.1.2 (applied to f = g) has dynamical degree
1.

To prove the above theorems, we calculate the dynamical degrees of self-morphisms of
semi-abelian varieties.

Theorem 5.1.6. Let X be a semi-abelian variety over an algebraically closed field of
characteristic zero.

(1) Let f: X — X be a surjective group homomorphism. Let
0—T—X-"3A4A-—0

be an exact sequence with T a torus and A an abelian variety. Then f induces
surjective group homomorphisms

fT = f|T: T —T
g: A— A

with gom =mo f. Then we have
Of = maX{(Sga(SfT}'

Moreover, let Pr and P4 be the monic minimal polynomials of fr and g as elements
of End(T)q and End(A)g respectively. Then, 05, = p(Pr) and 6, = p(Pa)?.

(2) Let f: X — X be a surjective homomorphism and a € X a closed point. Then
Or,0f = Of.

Remark 5.1.7. The description of 7. in Theorem 5.1.6(1) is well-known (see for
example [Sill]).
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The outline of this chapter is as follows. In §5.2, we summarize the basic properties of
the arithmetic degrees. In §5.3, we prove a lemma that says every homomorphism of a
semi-abelian variety “splits into rather simple ones”. In §5.4, we prove our main theorems
for isogenies of abelian varieties. We use these to prove the main theorems. In §5.5.1, we

calculate the first dynamical degrees of self-morphisms of semi-abelian varieties and prove
Theorem 5.1.6. In §5.5.2, we prove Theorem 5.1.1 and 5.1.3.

5.2. Preliminaries
In this section, the ground field is Q.

Definition 5.2.1. Let f: X --» X be a rational self-map of a smooth quasi-projective

variety. If as(z) exists for every = € X;(Q), we write A(f) = {as(x) | z € X;(Q)}.
Remark 5.2.2. By definition, 1 < a;(7) < ay(r). When z is f-preperiodic, ay(x) = 1.

Lemma 5.2.3. Let X, Y be smooth quasi-projective varieties and f: X --+» X, g: Y --»

Y rational maps. Let x € X¢(Q) and y € Yy(Q). If ap(x) and ay(y) ezist, then apyy(z,y)
also exists and

apxg(z,y) = max{as(x), ay(y)}.

PRrOOF. It is enough to prove when X, Y are projective. Take ample divisors Hx, Hy
on X,Y respectively. Fix associated height functions hpy,,hg, so that hy, > 1 and
hg, > 1. Then h := hy, o pry +hp, o pry is an ample height function on X x Y. Then

i h((f x 9)"(2,9)"" = lim (hary (" (@) + hary (9" ()"

= max{nlggo hHX (fn(x))l/n> nlglolo hHY (gn(y))l/n} = maX{af(x)a O@(y)}.

Lemma 5.2.4. Consider the following commutative diagram

y-2-y
X-->X
f

where XY are smooth quasi-projective varieties, f,qg rational maps and © a surjective

morphism. Let y € Y, (Q) be a point such that w(y) € X;(Q). Then

ay(y) = ay(x)
a,(y) > a,(x).

ProOOF. We may assume X, Y are projective. Take an ample divisor Hx on X and fix
an associated height function hy, with hy, > 1. Take an ample divisor Hy on Y so that
Hy — n*Hy is ample. Then we can take a height function hy, associated with Hy so that
he, > hp, o Then

aj(w) =limsup by (f"(z))m = lim sup (7(g" ()"
< limsup by, (6" ()™ = @, (y).
n—oo

The second inequality can be proved similarly. ([l
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The following results are used later.

Theorem 5.2.5. [KS2, Theorem 4],[Sil1, Theorem 4, Corollary 32],[Sil2, Theorem 2]

(1) For any self-morphisms of abelian varieties, Conjecture 3.1.1 is true.

(2) Let X be an algebraic torus and f: X — X be a homomorphism. Then Con-
jecture 3.1.1 is true for f. Moreover, let F(t) be the minimal monic polynomial
of f as an element of End(X)q and F(t) = tOF () --- F.(t)* the irreducible
decomposition. Then A(f) = {1, p(F1),...,p(F})}.

5.3. Splitting lemma

In this section, the ground field is an algebraically closed field of characteristic zero.
Let X be a a semi-abelian variety, i.e. a commutative algebraic group that is an extension
of an abelian variety by an algebraic torus. Note that X is divisible i.e. the morphism
X — X;z — nz is surjective for every n > 0.

Lemma 5.3.1. Let f: X — X be a homomorphism. Let F(t) € Z[t] be a polynomial
such that F(f) =0 in End(X). Suppose F(t) = Fi(t)Fy(t) where Fy, Fy € Z[t] are coprime
in Q[t]. Set X1 = Fo(f)(X) and Xy = Fi(f)(X). Then X = X; + Xy and X; N Xy is
finite. In other words, the morphism X1 X Xy — X; (21, x2) — x1 + 29 is an isogeny.

PROOF. See [Sil2, Lemma 5]. O

In the situation of Lemma 5.3.1, write f; = f|x,. Then F;(f;) = 0 and we have the
following commutative diagram:

X1XX2%X1XX2

X X.

Here  is the isogeny defined by m(x1, x2) = x1 + xa.

Since X is divisible, we have End(X) C End(X)®zQ. Let f € End(X) and F(t) € Z[{]
be the monic minimal polynomial of f as an element of End(X)®7zQ. (The monic minimal
polynomial has integer coefficients because those of (group) endomorphisms of a torus and
an abelian variety have integer coefficients.) Let

F(t) = Ko@) Fy(t) - F.()”

be the decomposition into irreducible factors where Fy(t) =t, eg > 0, ¢; > 0,0 =1,...,r
and Fj(t) are distinct monic irreducible polynomials. Note that r is possibly zero. Set

Xi=Fo(f)* - Fia(f) " Fia () - ()7 (X)

and f; = f|x,. Here, X; are also (semi-)abelian varieties since they are images of a (semi-
)abelian variety. Then we get the commutative diagram

X(]X"'XXTMXOX"'XXT

X X
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where w(zg,...,x.) = 2o+ -+ + x,. Note that the monic minimal polynomial of f; as an
element of End(X;)®zQ is F;(t)%. Note that f is surjective if and only if ey = 0 and if this
is the case, we have df = g x...xf, = max{dy,,...,ds,} (cf. Remark 2.1.2).

5.4. Arithmetic and dynamical degrees of isogenies of abelian varieties

Theorem 5.4.1 (Theorem 5.1.1(3) for abelian varieties). Let X be an abelian
variety and f: X — X be a homomorphism, both defined over Q. Let F(t) be the monic
minimal polynomial of f as an element of End(X)q and

F(t) = tOF, () - - FL(t)*

the irreducible decomposition in Q[t] where eg > 0 and e; > 0 fori = 1,...,r. Then we
have

A(f) = {17p(F1)27 ce 7p<Fr)2}

Theorem 5.4.2 (Theorem 5.1.3 for isogenies of abelian varieties). Let X be an
abelian variety and f: X — X an isogeny, both defined over Q. Suppose that the minimal
polynomual of f has no irreducible factor that is a cyclotomic polynomial. Then for any

r e X(Q),

apr) =1 = # Os(z) <00 <= 7€ X(Q)iors

where X (Q)ors is the set of torsion points.

Lemma 5.4.3. Let X be an abelian variety of dimension g over an algebraically closed
field of characteristic zero and f: X — X an isogeny. Let P(t) be the monic mini-
mal polynomial of f as an element of End(X)q, which has integer coefficient, and p the
mazimum among the absolute values of the roots of P(t). Then we have §; = p?.

Remark 5.4.4. The minimal polynomial of f as an element of End(X)g is equal to
the minimal polynomial of 7;(f) for every prime number [. If the ground field is C, these
are also equal to the minimal polynomial of the analytic representation of f.

ProOOF. By the Lefschetz principle, we may assume that the ground field is C. Let
X = C9/A, where A is a lattice in C9. Let f,: A — A be the rational representation and
fa: C9 — CY the analytic representation of f.

We have a natural isomorphism H"(X;Z) ~ Homgz(A" A, Z) (cf. [Mum, §1 (4)]). If
we identify H"(X;Z) with Homz(/A\" A,Z) by this isomorphism, then f*: H"(X;Z) —
H"(X;Z)is (A" f.)*. Therefore, the eigenvalues of f* are products of r eigenvalues of f;,.
Since fu|x = f, the characteristic polynomial of f, as an R-linear map is Q(¢)Q(t) where
Q)(t) is the characteristic polynomial of f, as a C-linear map. (Take a basis e4, ..., e, of
C9 so that f, is represented by an upper triangular matrix. Then compute the character-
istic polynomial of f,, f. using bases {e1,... ez}, {e1,ieq, ..., €4, 1e,} respectively.) Note
that the set of roots of P(t) and Q(t) are the same. Therefore, the spectral radius of
[*: HA(X;Z)®zR — H?*(X;Z)®zR is equal to the square of spectral radius of f,. Note
that the spectral radius of f* ~ H*(X;Z) is equal to the spectral radius of f* ~ H(X)
(cf. the inequality above Proposition 4.4 in [DS3]), this proves the theorem. O

_ Now, let X be an abelian variety and f: X — X a homomorphism, both defined over
Q. Let F(t) be the monic minimal polynomial of f and

F(t) = t9Fy () - F ()
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the decomposition into irreducible factors in Q[¢]. Here F; are distinct monic irreducible
polynomial in Z[t] with F;(0) # 0. Write Fy(t) = t. Set

Xi=Fo(f) - Fa(f) 7 Fia(f) - FL(f) (X))
Then by §3, we have the following commutative diagram:

Xo x o x X, 2

; :

Xo X - x X,

™

Here, the vertical arrows are isogenies. Note that the minimal polynomial of f; is F;(t)%.

Lemma 5.4.5. Let f: X — X be an isogeny over Q such that the minimal polynomial
of f is the form of F(t)* where F is an irreducible monic polynomial in Z[t]. For any

r € X(Q), if ay(x) < &y, then x is a torsion point. In particular, x is a f-preperiodic
point and ag(x) = 1.

Remark 5.4.6. Note that af(r) < §; happens only if 6; > 1. In the above situation,
0y = 1 if and only if F(¢) is a cyclotomic polynomial. This follows from Lemma 5.4.3 and
the fact that if the absolute value of every root of an irreducible monic polynomial with
integer coefficients is less than or equal to one, then the polynomial is cyclotomic.

Proor. We prove the claim by induction on dim X. If dim X = 0, there is nothing
to prove. Suppose dim X = d > 0 and the claim holds for dimension < d. Take a nef
R-divisor D such that f*D = ¢6y;D. Let g be the quadratic part of the canonical height
of D, ie. q(z) = lim, o hp(nz)/n* By [KS2, Theorem 29, Lemma 31|, there exists a
f-invariant subabelian variety Y C X such that

{z € X(@]4(2) =0} =Y(Q) + X (Q)rors-

Assume of(z) < dp. Then x = y + z for some y € Y(Q) and some torsion point z.
It is enough to show that y is a torsion point. If Y is a point, we are done. Suppose
dimY > 0. Since Y is f-invariant, the minimal polynomial of f|y divides F(¢)¢ and is
not equal to 1. Thus &z, = df > ayp(x) = ar(y) = oy, (y). Here, we use the fact that
af(r) = af(y+ z) = as(y). This follows from the definition of arithmetic degree and the
fact that the Neron-Tate height associated with a symmetric ample divisor is invariant
under torsion translate. By the induction hypothesis, y is a torsion point. O

PROOF OF THEOREM 5.4.1. We use the notation of §3. Set f; = fl|x,. By [Sil2,
Lemma 6], A(f) = A(fo x -+ x f;). Since af(0) = 1 and afyx..xs (20, ...,T) =
max{ay, (o), ..., o (z,)} (see Lemma 5.2.3), we have A(fox---x f.) = A(fo)U---UA(f,).
Note that A(fy) = {1} since f;° = 0. By Lemma 5.4.5 and the fact that there always
exists a point whose arithmetic degree equals the dynamical degree (cf. [KS2, Corol-
lary 32] or [MSS1, Theorem 1.6]), we have A(f;) = {1,065} for ¢ = 1,...,r. Thus
A(f)={1,04,...,d;}. By Lemma 5.4.3, &y, is equal to p(F;)% O

PROOF OF THEOREM 5.4.2. By §3, we may assume the minimal polynomial of f is
the form of F'(¢)¢ where F' is an irreducible polynomial that is not cyclotomic. Then p(F)
is greater than one. Thus ¢; > 1. By Lemma 5.4.5, if ay(z) = 1 then x is a torsion
point. ([l
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5.5. Arithmetic and dynamical degrees of self-morphisms of semi-abelian
varieties

5.5.1. Dynamical degrees. In this subsection, the ground field is an algebraically
closed field of characteristic zero.

Proposition 5.5.1. Let X be a semi-abelian variety. Let f: X — X be a surjective
group homomorphism. Let

0 T X"=A 0

be an exact sequence with T a torus and A an abelian variety. Then f induces surjective
group homomorphisms

fT = f|T: T —T
g A— A

with gom =mo f. Then we have
(5f = HlaX{(SméfT}

PROOF. This follows from the product formula of dynamical degrees ([DN, Theorem
1.1]) and [DN, Remark 3.4]. To apply [DN, Remark 3.4], take the standard compactifi-
cation of X as in [Voj, §2 (2.3)]. O

Lemma 5.5.2. Let f: X — X be a surjective homomorphism of a semi-abelian
variety X and a € X a closed point. Then d7,or = dy.

PROOF. Let X be the standard compactification of X as in [Voj, §2 (2.3)]. Then
T, extends to an automorphism of X, which we also denote by T, and the pull-back
Tr: NY(X) — NY(X) is the identity. (We can deduce these facts from the description of
the group law in terms of the compactification, cf. [Voj, the proof of Proposition 2.6].)

Thus, as an endomorphisms of Nll(Y), we have
(Tao f)") = (Too ") = (") o Ty = (/")
where b = a+ f(a) + -+ f"*(a). Therefore,
_ 1 n\x)|1/n _ 7. n\*|1/n __
St0p = Timn [((Tuo Y™ = T (£ = o

where [|-|| is a norm on Endg(N'(X)g). O
PROOF OF THEOREM 5.1.6. (2) is Lemma 5.5.2. (1) follows from Proposition 5.5.1,
Lemma 5.4.3 and Remark 5.1.7. O

5.5.2. Kawaguchi-Silverman conjecture and arithmetic degrees. In this sub-
section, the ground field is Q.

Lemma 5.5.3. Let f: X — X be a surjective group homomorphism of a semi-abelian
variety. Fiz an exact sequence

0 T—=X-">4A 0.
The morphisms induced by f is denoted by
fr: T —T
g: A— A
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Suppose the minimal polynomial of f as an element of End(X)®zQ is the form of F(t)¢
where F(t) is a monic irreducible polynomial that is not cyclotomic and e > 0. (Note that
the minimal polynomaial is automatically monic with integer coefficient because it is the case

for fr and g.) Then, for x € X(Q), either
(1) Oy4(p(z)) is infinite and oy(x) = 65 or,
(2) p(z) is a torsion point and oy(x) =1 or dy,.
Moreover,
{Lp(F)y i X=T,
A(f) = A1, 057,001 = {{L.p(F)?}  if X = A,
{1, p(F), p(F)*} otherwise.

Lemma 5.5.4. Let X be a semi-abelian variety and f: X — X be a surjective group

homomorphism. Let x € X(Q) be a point and n > 0 a positive integer. If op(nz) exists,
then ayp(x) also exists and ap(nx) = as(x).

PrOOF. Apply Lemma 2.2.3
Taking m-th root and limit as m — oo, we get the claim. 0

PrROOF or LEMMA 5.5.3. First of all, we have
oy = max{dy,ds, } = max{p(F)* p(F)} = p(F)* = Og
(see Theorem 5.2.5(2), Proposition 5.5.1, Lemma 5.4.3). By Lemma 5.4.5, we have

ay(p(x)) = {

Note that, by Lemma 5.2.4 and Remark 2.1.2 (3), we have a,(p(7)) < ay(v) < 6;. Thus,
if ay(p(z)) = dy, ar(x) exists and is equal to d.

Now, suppose p(z) is a torsion point. Take a positive integer n such that np(z) = 0.
Then nx € T and therefore af(nzr) = ay.(nr) exists and is equal to 1 or p(F) = dy,
(Theorem 5.2.5(2)). By Lemma 5.5.4, af(x) exists and is equal to 1 or y,.

The claim A(f) = {1,0y,,d;} follows from the facts that A(fr) = {1,0s,} (Theorem
5.2.5(2)), A(g) = {1,9,} (Lemma 5.4.5) and a¢(z) > a4(p(z)) (Lemma 5.2.4). O

1 if p(x) is torsion
dg =05 otherwise.

Lemma 5.5.5. Let f: X — X be a homomorphism of a semi-abelian variety. Let

F(t) be the minimal monic polynomial of f. Assume F(1) # 1. Let a € X(Q) be any point.

Then there ezists a point b € X (Q) such that h := T, o (T, o f) o Ty is a homomorphism.
For every such b, the minimal polynomial of h is also F(t).

PROOF. Since F(1) # 1, f —id is surjective. For any b € X (Q) with f(b) — b = a, the
morphism Ty, o (T, o f) 0T, is a group homomorphism.
Now we prove the second part. By symmetry, it is enough to prove F'(h) = 0. We have
h" = Tb o) (Ta @) f)n @) T,b = Tb e} Ta+f(a)+---+f"—1(a) o) fn o) T,b.
Note that since h is a homomorphism, we have h(0) = 0, in other words, a = (f —id)(b).
Thus
" =Ty o Tnpy—p o f" 0Ty =Ty o foTy.

Therefore, for any x € X(Q)
F(h)() = F(f)®) + F(f)(w —b) = 0.



5.5. SEMI-ABELIAN VARIETIES 37

PROOF OF THEOREM 5.1.1. Let X be a semi-abelian variety and first assume f: X —
X is a homomorphism. We use the notation of §5.3. Apply Lemma 2.2.3 for a suitable
smooth compactification of

X(]X"'XXTMX()X"'XXT

; :

™

By Lemma 5.5.3, ay,(x) exists for every ¢ and every point z € X;(Q). Therefore, by Lemma
5.2.3 and again Lemma 2.2.3, A(f) = A(fo x --- x f.) = A(fo) U---U A(f,). Since fo is
nilpotent, A(fy) = {1}. If F; is a cyclotomic polynomial, then o7, = 1 and A(f;) = {1}.
Therefore by Lemma 5.5.3, we have

A(f) =A(f)U---UA(f)
={1}UA U ---UA,.

Now, consider any self-morphism of X. For any self-morphism f: X — X satisfying
f(0) = 0, applying [Bri, Lemma 5.4.8] for ¢: X x X — given by ¢(x,y) = f(x +vy) —
f(z)— f(y), one can see that f is a group homomorphism. Hence any self-morphism on X

is the form of T, o f where T} is the translation by a € X(Q) and f is a homomorphism.

There exist points a; € X;(Q) such that 7(aq,...,a,) = ag+ --- + a, = a. Then we have
the following commutative diagram:

foxx fr Tag X+ < Ta

XogX -+ XX, ——=Xgx -+ x X, Xog X - x X,

| | |

X X X.
f Ta

As above, we have A(T, o f) = A((Ty, 0 fo) X -+ x (T, o f,)). Since fy is nilpotent, every
orbit of T,, o fy is finite and therefore A(T,, o fo) = {1} = A(fy). If F;(t) is a cyclotomic
polynomial, by Lemma 5.5.2 we have dr, o5, = 65, = 1 and therefore A(T,, o f;) = {1} =
A(f;). If Fi(t),7 > 1is not a cyclotomic polynomial, by Lemma 5.5.5, T}, o f; is conjugate
by a translation to a group homomorphism h; with minimal polynomial F;*. In particular,

A(T,, o f;) = A(h;) = A(fi). Therefore
A((Tug 0 fo) X -+ x (Ty, 0 f,)) = A(Tyy 0 fo) U+ UA(T,, o f,)
= A(fo) U---UA(fr) = A(S).

If the T, o f-orbit of a point € X(Q) is Zariski dense, then by Lemma 5.2.3 and
Lemma 5.5.3, we have

af(r) = max{d,, = dy, | F; is not a cyclotomic polynomial} = d;.
U
PROOF OF THEOREM 5.1.3. Since F(1) # 1, by Lemma 5.5.5, there exists a point

b € X(Q) such that T, o f o Ty is a homomorphism. Thus it is enough to prove the
equivalence of (1), (2) and (3) for every homomorphism f and b = 0. (3) = (2). This
follows from the fact that the set of n-torsion points of X is finite for each n > 0 and that
the image of an n-torsion point by a homomorphism is also an n-torsion point. (2) = (1)

is trivial. To prove (1) = (3), let z € X(Q) be a point with af(xz) = 1. By §3, we may
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assume that the minimal polynomial of f is the form of F(t)¢ where F' is an irreducible
monic polynomial that is not cyclotomic. We use the notation of Lemma 5.5.3. By Theorem
5.4.2 and the inequality as(z) > a4(p(z)), p(x) is a torsion point. Take n > 0 so that
np(z) = 0. Then nx € T. By Lemma 5.5.4, ay,.(nr) = ay(nz) = ap(xr) = 1. Since the
minimal polynomial of fr divides F(t)¢, we can use [Sil2, Proposition 21(d)] and have

nxr € T(Q)iors. Hence x € X(Q)tors- O



CHAPTER 6

The canonical heights for Jordan blocks

6.1. Outline of this chapter

Let X be a normal projective variety and f: X — X a surjective self-morphism on
X both defined over Q.

We shall introduce the notion of canonical heights for Jordan blocks of small eigenvalues,
which are defined on the set

mX(@) = {sequence (Py)nez € X(@)Z| f(P,) = P,y foralln € Z} )
f

For each m € 7Z, we set

pr,: Im X(Q) — X(Q)
/

Note that if f is an automorphism, each element of the set lim X (Q) is identified with
!

the set {f"(P) | n € Z}, which is the union of the forward f-orbit of P and the forward
f~1-orbit of P.

The canonical heights for Jordan blocks associated with an eigenvalue A € C satisfying
|A| > 1 were introduced by Kawaguchi and Silverman in [KS2, Theorem 13]. We generalize
their results to eigenvalues whose complex absolute values are different from 0 and 1 using

the set @X(@)
f

We shall define the dynamical canonical heights for Jordan blocks which is used to
prove the boundedness of some heights in Section 6.3, and to study the growth rate of
ample heights in Chapter 7.

Theorem 6.1.1 (The canonical heights for Jordan blocks). Let X be a smooth
projective variety defined over Q, and f: X — X a surjective self-morphism over Q. Let
A € C be a complex number with |\| # 0,1. Let

be C-divisors satisfying the following linear equivalences
f*Dj~D;_1+AD; (0<j<I),

where we set D_y := 0. For each Dj, fix a Weil height function hp,. Then there are unique
functions

hp,: Im X(Q) — C (0<j <)
f

satisfying the normalization condition

-~

hDj = hDj O pry —f-O(l)
39
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and the functional equations

hp, o f=hp, ,+Ahp, (0<5<1),
where we set hp_, := 0.

Remark 6.1.2. Kawaguchi and Silverman proved the following results in [KS1]. As-
sume that f: X — X is a polarized surjective self-morphism (i.e., there is an ample
R-divisor H satisfying the numerical equivalence f*H = 6;H for some d; € R-1). Then
we have a;(P) € {1,d;} for any point P € X(Q). Furthermore, we have a;(P) = 1 if and
only if P is preperiodic under f; see [KS1, Proposition 7] for details. So Theorem 6.3.1
can be regarded as a generalization of this fact.

We now briefly sketch the plan of this chapter. In Section 6.2, we introduce the notion of
the canonical heights for Jordan blocks associated with eigenvalues whose complex absolute
values are different from 0 and 1. It simplifies the proof of Theorem 6.3.1. In Section 6.3,
we prove Theorem 6.3.1. Since Theorem 6.3.1 is a refinement of the results proved by
Kawaguchi and Silverman in [KS2], we often refer to their paper [KS2]. In Section 6.5,
we provide an application to the relation between the dynamical degree and the arithmetic
degree; see Proposition 6.5.2. We prove a conjecture proposed by Kawaguchi and Silverman
for certain self-morphisms on smooth projective varieties. Finally, we give some remarks
on the dynamical degrees and the proof of Theorem 6.3.1.

Remark 6.1.3. Kawaguchi and Silverman proved the existence of the arithmetic degree
af(P); see [KS2, Theorem 3]. It is also known that a;(P) does not depend on the choice
of H and of hy; see [KS3, Proposition 12].

Definition 6.1.4. For a linear self-map ¢: V — V on a finite dimensional vector
space V over a subfield K of C, the set of all the eigenvalues of ¢ on V ®y C is denoted
by EV(p; V). For a real number B € R, we define

EV(p, B;V) :={A € EV(¢; V) | || = B}.

Definition 6.1.5. We say a sequence (P,)uez € X(Q)?% is an f-orbit if it satisfies
f(Pn) = Pyyy for all n € Z. An f-orbit of P € X(Q) is an f-orbit satisfying Iy = P. Let
m X (Q) be the set of all f-orbits. For each integer m € Z, let

f

i I X@ — X@, (Pnez = B

be the projection to the m-th component. For an f-orbit (P,),ez, let f((Py)nez) be the
f-orbit whose m-th component is P, for all m € Z. Then a self-map

f: m X@ — i X@

is defined and we regard it as the left shift operator. We also define the right shift operator
e X (@ — hn X(@)

such that pr,, oR((P,)) = P,,_1 for all m € Z.
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Definition 6.1.6. For a non-negative integer [ > 0 and a complex number A € C, let

A

1 A O
A= 1

O A

be the Jordan block matrix of the size (I +1) x (I +1). We put N := A — AI.

Definition 6.1.7. The symbol || - || denotes the sup norm of a (column) vector or a
matrix of complex numbers, i.e., for vectors v = ¥(ayg,...,q;) € C*! and matrices A =
(@i j)o<ij<i with complex coordinates, we set

|v|| == max |a;| and ||Al := max |a;,|.
0<i<l 0<i,j<l

Remark 6.1.8. For a (column) vector v € C!*! and a square matrix A of size (I+1) x
(I +1), we have

[Av|| < (I +1) - [|A] - [ol].
We frequently use this inequality.

6.2. The canonical heights for Jordan blocks

In this section, we shall prove Theorem 6.1.1. We shall introduce the canonical heights
for Jordan blocks whose complex absolute values are different from 0 and 1. Our canonical
heights are generalizations of the canonical heights introduced by Kawaguchi and Silverman
in [KS2] for eigenvalues whose complex absolute values are greater than 1.

Lemma 6.2.1. (a) When |\ > 1, we have ||A"| =< nf|\|".
(b) When |\ < 1, we have ||A"]] < nf|\|"~¢.
(c) When |\ > 1, for a non-zero column vector v ="'(xy, ..., x,) € C*1\ {0}, we have

[A™ 0]l = nf|AJ",
where we put
t:=0—min{i | 0 <i </, z; #0}.
(d) If [N < 1, for any vector v € C*1 we have

lim A™v = 0.

n—oo
(e) If X # 0, for any nonzero vector v € C'*1\ {0}, we have
lim [|A™0||Y™ = |\|.
n—oo
(f) If X #0, for any nonzero vector v € C1\ {0}, we have

lim [|A~"0||Y™ = |\|7L.
n—o0
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PROOF. (a), (b) Note that (7) < n* and (}}) < n*. Then both assertions follow from
the following equalities:

[A™]| = [[(AL + N)"||
—~ (n n—k Ak
= N
> (i)

k=0
¢

= Z (Z) APk NE since N1 =0

k=0

_ n n—=k
ket (k) A

(c) We may assume ¢ = ¢, so zg # 0. For a negative integer j < 0, we set z; := 0. The
asymptotic inequality ||A"v]] < nf|A\|™ follows from the following inequalities.

(Z) Ak (NE),

n
(1)t

n® A ]

(Am);] =

™~

k=0

I
=
i MN
o

]~

<
0
+1) 0" A o]

—~
|

<
The converse asymptotic inequality ||[A"v|| = nf|\|" follows from the following as-

ymptotic inequalities.

|(A™0)e| =

J4
()

k=0

{—1

> (Z) A" o] =

k=0
t né|)\|n o n€—1|)\|n
= A"

n
()

Hence we conclude ||[A™v]| < nf|\|™.
(d) The assertion follows from (c).
See [KS2, Lemma 12].
Since the Jordan normal form of A=! is A™'J + N with a nilpotent matrix N, there
is an invertible matrix U such that

UAN U= "'T+ N.

—~

— D
SN—

Since any two norms on C'*! are equivalent to each other, there are positive real
numbers C,C" € Ry such that for all v € C'*!, the following inequalities hold

Cllvll < lU=ol] < C'ffo]].
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Combining these inequalities with (d), we get

lim [|[A"0||Y" = lim [|[U~Y(A7H + N)"Uv||/"
n—oo

n—o0

= lim [\ + N)"(Uw)||M"

n—oo
=
O
Proposition 6.2.2 (The axiomatic canonical heights for Jordan blocks). Let

A € C be a complex number satisfying |A\| # 0,1. Let S be a set with a self-bijection
R: S — S, and h: S — C* q vector valued function satisfying

[|[ho R — A7th|| = O(1).
Then there is a unique function h: S —s CH1 satisfying the functional equation
hoR=A"h
and the normalization condition R
h=h+O(1).

ProOOF. We shall give a proof of the assertion for A satisfying 0 < [A\| < 1. If 1 < |)[,
we can prove it similarly using the inverse map of R instead of R. See also [KS2, Theorem

13].
First, we shall define h. Let
E:=hoR—A"'h
be the error function. There is a constant Cy > 0 satisfying ||F(z)|| < Cy for any x € S.
We define
hi=h+Y A™(EoR").
n=0
To prove that it is well-defined and satisfies the normalization condition, it suffices to prove
that the series

Y AT (E o R (2)]]

n=0
converges and is bounded by a constant which is independent of x € S. These assertions
follow from the following calculation.

DA (E o R (x))]]

n=0
<Y U+ 1) - [[A]-[|E o R ()|

3
o

~
—_

U+ 1) (A [|E o RM@)|| + > (L +1) - ||]A"Y] - ||E o R*(x)|
n=lI

n=0

1+Co - Z(l + 1) -nh - A" from Lemma 6.2.1 (b)

n=lI

IN
Q

IN
9

2
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where C and C5 are constants independent of z € S.

Next, we shall prove that T satisfies the functional equation. It follows from the follow-
ing formal calculation.

hoR=hoR+> A" (EoR")

n=0

:hoR—EJrZA"EoR"
n=0

= A h+ A ZA"“E o R"
n=0

— A%,

Finally we shall prove the uniqueness of h. Let both h and A’ be vector valued fugctio/r\ls
satisfying the functional equation and the normalization condition. We set g := h — h/.
Then ¢ is a bounded function satisfying the functional equation g o R = A~'g. Assume
that g(x) # 0 for some = € S. Then we get

1> lim [lgo R"(2)||"" = ||A™"g()[['" = [\,
n—oo

where the first inequality follows from the boundedness of g, and the last equality follows
from Lemma 6.2.1 (e). This contradicts the assumption 0 < |A| < 1. Consequently, we
have g(z) =0 for any = € S. O

PROOF OF THEOREM 6.1.1. If 0 < [A| < 1 (resp. 1 < [)]), the assertion follows by
applying Proposition 6.2.2 to the set l'ng (Q), the vector valued height function
f

hD = t(hDO, hD17 ey th) O Pry,
and the right shift operator
R: lim X(Q) — lim X (Q)
f !

(resp. left shift operator). O

Proposition 6.2.3. Let notation be the same as in Theorem 6.1.1. Moreover, assume

that 0 < |\ < 1. Then for every j (0 < j <) and for every point P € X(Q), the sequence
{hDj(f"(P))}n>0 is bounded.

PROOF. For a point P € X(Q), take an f-orbit (P,)nez of P. Let
hD = t(hDO, th, ey th)

be the vector valued height function. Take the canonical height function h p; as in Theorem
6.1.1 and let

ED = t(ﬁpo,/ﬁpl, .. ,EDZ)



6.3. PREPERIODICITY AND «y(P) =1 45

be the vector valued canonical height function. There is a real number C' € R< such that
for every f-orbit (P,)nez and every m > 0, we have

[bp(f™(P))]| = [hp o pro(f™((F)]
< [[hp(fm((P)))] +C
= [|A"hp (P +C
< (L+ 1) - [JA™]] - |[hp((Pa))]] + C

When m goes to oo, the last term converges to C' by Lemma 6.2.1 (b). Hence the assertion
follows. ([l

Remark 6.2.4. It is possible to prove Proposition 6.2.3 directly without using Theorem
6.1.1. But the canonical heights for Jordan blocks are interesting themselves, and they
make the proof clearer.

6.3. Preperiodicity and a(P) =1

The results of this section are motivated by the following result of Kawaguchi and
Silverman: they proved that either ay(P) = 1, or as(P) is equal to the complex absolute
value of an eigenvalue of the linear self-map

induced by f; see the proof of Theorem 6.3.1 or [KS2, Remark 23] for details.

It is easy to see that if P is preperiodic under f, we have ay(P) = 1. In this chapter,
we shall provide a sufficient condition under which the converse is true.

Let Vi be the Q-linear subspace of Pic(X)g := Pic(X) ®z Q spanned by the set

{(f")"H [ n =0},

and Vy the image of Vi in NS(X)g. It is known that Vi and Vp are finite dimensional
Q-vector space; see Lemma 2.1.10.
In this section, we shall prove the following theorem.

Theorem 6.3.1. Let X be a smooth projective variety defined over Q andf: X — X
a surjective self-morphism on X over Q. Assume that 1 does not appear as the complex
absolute value of an eigenvalue of the linear self-map

We put
wa(f) = min{|)\| | X is an eigenvalue of f*: Vir — Vg with |\ > 1}.

Then for every point P € X(Q), the following conditions are equivalent.

o P is preperiodic under f.

o ap(P) < pn(f)
° Ckf(P) =1.

Remark 6.3.2. If 1 does not appear as the complex value of the linear map f*: Vg —
Vi, we can get the similar result of Theorem 6.3.1 for normal possibly non-smooth projec-
tive variety X.

Before giving the proof, we give easy lemmata in linear algebra which we frequently
use in the proof.
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Lemma 6.3.3. Let U,V be finite dimensional vector spaces over a field, and py: U —
U, oy : V. — V be linear self-maps on U,V , respectively.

(a) If there is an injection = V. — U satisfying Loy = @yot, then we have EV(py) C

EV(ev).
(b) Letnm:V — U be a surjection satisfying mo @y = @y om. Then EV(py) coincides

with the set
{NeEV(py) | v eV st mv#0 and pyv = \v}.

(c) Let notation be as in (b). Let A € EV(eov)\EV(py), and let vo,vq,...,v, € V
satisfy
oyv; =vim1 + Ay (0< 5 <r),
where we set v_; := 0. Then we have mv; =0 for every j (0 <j <r).

PROOF. (a),(b) The assertions are obvious.

(c) The equality mvy = 0 follows from (b). It is easy to see mv; = 0 by induction.
UJ

PROOF OF THEOREM 6.3.1. Set (V)¢ := Vg®pC. We decompose the C-vector space
(Vir)c to the Jordan blocks as

(Vir)c = @v

Here, each V; satisfies f*(V;) C V; and f*|y; is represented by a Jordan block matrix of
eigenvalue \; as in Definition 6.1.6. By relabeling, we may assume that

f7NS(X)g
Ai € EV(f*;NS(X)g) with 0 < |\ <1foro+1<i<r7, and
i € EV(f*; Pic(X)g)\EV(f*;NS(X)g) for 7+ 1 <i <w.

By assumption, no A € EV(f*;NS(X)q) satisfies |\| = 1. Let {D;; | 0 < j < [;} be the
C-basis of V; satisfying the following linear equivalences

f*Dij~Dija+ Dy (0<j <),

where we set D; _; := 0. Take the canonical height for Jordan blocks as in Theorem 6.1.1
foreach 1 <i<oand 0 <j <.

If a point P € X(Q) is preperiodic point under f we have

ap(P)=1<pu(f).
Conversely, we assume that o (P) < pg(f). We shall prove that P is preperiodic under
f. If hp, ;(P) # 0 for some index (7,7) with 1 <7 < o, fix such an index 7y and let j, be
the smallest index satisfying hp, ; (P) # 0. Then we have
(7D =3 ()X, ()
=0

= Aphp, . (P).

10,70
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Consequently, the arithmetic degree is bounded as follows.
ap(P) = lim max{hg(f"(P)), 1}}/"
n—oo
> nh_>nolo |hDi0,j0 (fn(P))ll/n

> tim (i, (7/(P))] - €) "

n—oo

n—o0

= |)‘i0|'

— 1w (N, (P) - €) "

But since \;, € EV(f*; NS(X)r), we have ay(P) > |N;y| > pu(f). This is a contradiction.

o~

Thus, we now have hp, ;(P) =0 for every 1 <i <o and 0 < j <1,
Write H = Z” a; ;D; ; and fix an ample height hy with hy > 1. Since for 74+1 < ¢ < v,

the C-divisors D; ; are algebraically equivalent to 0, the following inequality holds on X (Q):

T
hir =) Y aisho,,

i=1 j=0

< o(hg)

(see [HS, Theorem B.3.2 (f)]). This is the only part that we use the smoothness of X.
Now, from the fact we proved above and Proposition 6.2.3, for 1 < ¢ < 7 and 0 <

J < ;, the heights hp, ; are uniformly bounded by a constant on the forward f-orbit of P.

Consequently, we can find a constant C' > 0 such that the following inequalities

B (" P) = 37N a b, ((P))

i=1 j=0

hu(f"(P)) = C <

< o(hu(f"(P)))

hold for all n > 0. The finiteness of the number of elements of the set {hg(f™(P)) | n > 0}
follows from this inequality. Since the ample height function satisfies Northcott’s property,
the point P is preperiodic under f. 0]

6.4. The growth rate of the ample heights

In this section, we provide an explicit formula on the growth rate of ample heights of
rational points under iteration of self-morphisms of smooth projective varieties over Q.

Theorem 6.4.1. Let X be a normal projective variety over k and f: X — X a
surjective self-morphism of X over Q. Let H be an ample divisor on X over k. Then for

any point P € X (Q) with ap(P) > 1, there is a non-negative integer t(P) € Z>q, positive
real numbers Cy, Cy > 0, and an integer Ny such that the inequalities

C’Ontf(P)ozf(P)" < hy(f"(P)) < C’lntf(P)ozf(P)"
hold for all n > Nj.

Let X be a smooth projective variety, and f: X — X a surjective self-morphism of

X both over Q.
We shall prove Theorem 6.4.1.
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(Vi)e = é Vi.

For each 1 < i < 7, let \; € C be the eigenvalue of f*|y,. By changing the order of the
Jordan blocks if necessary, we may assume

M= Ao Z - = [As] > 11
Agir| = =[A[ =1
L> A > > [\

for some 0 < o0 <7 <v. We put ¢; := dim¢c V; — 1.
We take a C-basis {D; ; }o<j<s, of V; satisfying the following linear equivalences:

(640) f*DiJ' ~ Di7j_1 + )\iDLj (0 S] S gz),

where we set D; _; := 0. For each 1 <1¢ <o, let

~

hp

X(@Q —C (0<j<4h)

4]

be unique functions satisfying the normalization condition

~

and the functional equation
/f;Di,j of= EDi,j,l + /\iTLDi,j (0<j<8)

(see [KS2, Theorem 5| for the existence of such functions).
For each 1 <i < v, we set
hDi = t(th.’O, hDi,l’ Ce ’hDMi)'

For each 1 <1 < o, we set

~

s e ~
hp, :="(hp, ¢ hp, s - - - 7th',ei)'

Let A; be the Jordan block matrix of size (¢; + 1) x (¢; + 1) associated with the eigenvalue
i

Lemma 6.4.2. For each o0 +1 < i <7 and a point P € X(Q), we have
I, (f*(P)] = 0"+,
PROOF. By (6.4), there is a positive real number Cj > 0 such that the inequality

Ihp, o f — A; - b,

< Cy
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holds on X (Q). Therefore, there is a positive real number C; > 0 such that for every point

P € X(Q), the following inequalities hold:
Ihp, o f*(P)|| = |A}" - hp, (P)]]
< [[hp, o f*(P) = A} - hp,(P)||

n—1
< 3 JAF - (hp, o f7R(P)) — AL (hp, o fE(P)))|
k=0

n—1

< D G+ DAY - o, (/"7 (P)) = A - hp, (f77H(P))

n—1

< Z(& +D[IAFCo

k=0
n—1

< Z(& +1)-nf N O by Lemma 6.2.1
k=0
< Cynfitt because |\;| = 1.

Furthermore, we have

[A} - hp, (P)[| < (6+ 1) - [A7]] - [[hop, (P)]]
< (6 +1)-nf - N5 ||hp, (P)| by Lemma 6.2.1
= (l; +1)-n" - ||hp,(P)|| because |\;| = 1.
Combining these inequalities, the assertion is proved. 0

Lemma 6.4.3. For each 7 +1 < i < v and a point P € X(Q), the sequence
{ o, (S (P)I Fs0

1s bounded.

PRrROOF. Consider the canonical heights as in Theorem 6.1.1. Then the assertion follows
from Lemma 6.2.1 (b) and (d). O

Lemma 6.4.4 (see [KS2, Lemma 18]). For a C-divisor D on X and a point P €
X(Q), we have

max{1, hy(f"(P))} = [hp(f"(P))].

PrROOF. The assertion is obviously true when the forward f-orbit of P is a finite set.
Hence, we may assume the forward f-orbit of P is an infinite set. Thus we may assume

(6.4.1) hu(f"(P)) = oo (asn — o00).

Write D = D, ++/—1D,., where D, and D, are R-divisors on X. By the triangle inequality,
it is enough to prove the assertion for D, and D.. Thus we may assume D is an R-divisor.
Take a sufficiently large positive real number C' > 0 such that C'H & D are ample. The

function C' - hy — |hp| is bounded below on X (Q). There is a (not necessarily positive)
real number C” € R satisfying

(6.4.2) Chyu(f"(P)) = [hp(f"(P))] = ¢’
for all P € X(Q). By (6.4.1) and (6.4.2), the assertion follows. O
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PROOF OF THEOREM 6.4.1. Write H in terms of the C-linear bases of (Vi)c:
v l;
H=>"Y ¢;Dij (ci;€C).
i=1 j=0

Let P € X(Q) be a point with af(P) > 1. If hp,(P) = 0 for all 1 < i < o, we have the
following inequalities:

hH(f"( )
ZZC%JhD,] fn Z Zcz]h[)” fn )
i=1 j=0 i=o+1 j=0
3 S ehn ()| + 00
i=7+4+1 j=0
T l;
Z Z cijhp,;(f"(P))| + O(1) by Lemma 6.4.3
i=o+1 j=0
< praxititl by Lemma 6.4.2.
Thus we get

ap(P) < lim plmexitith/n —

n—oo

But this contradicts a¢(P) > 1. Hence we get ﬁDi(P) # 0 for some 1 <i < o.
We set

A= max{|/\l-| |1<i<o, hp (P) % o} .
If EDM(P) =0, we set t;(P) := —oo. Otherwise, we set

tra(P) =t —min {j |0 < j <, hp,,(P) #0}.

Finally, we set
tr(P) :=max{ts;(P) | A= |\l}.

Since lAlDi(P) # 0 holds for some 1 < i < o, we get t;(P) # —oo. It is enough to prove

hu(f(P)) < ntr®)\m,
Note that A = a(P) follows from this asymptotic inequality. We have

(6.4.3) ZZCthD” P))|+0(1)
=1 7=0
T £;
<Y Y el o, (F1(P) 4+ 0(1)
i=1 j=0
T ¥
<33 Jel - hu(f(P)) by Lemuma 6.4.4

= hu(f"(P)).
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By the equality ﬁDz(f(P)) = AZ-HDZ,(P) and Lemma 6.2.1, we get
(6.4.4) [, (/" (P = 5 PIA" (1< < o).

Combining Lemma 6.4.2, Lemma 6.4.3, and (6.4.4), we conclude

v l;
SO leigl lho,, (F1(P)] =< 0PN,

i=1 j=0

The assertion follows from this asymptotic equality and (6.4.3). U

6.5. Applications to the Kawaguchi-Silverman Conjecture

In this section, we provide an application of Theorem 6.3.1 to the conjecture stated by
Kawaguchi and Silverman in [KS3, Conjecture 6.

Recall that Vj is a Q-linear subspace of Pic(X)g spanned by the set {(f")*H | n > 0},
and Vy is the image of Vi in NS(X)q.

Lemma 6.5.1. The map f.: Pic(X)g — Pic(X)q induces the self-morphism on V.

PROOF. Since f,f* is the multiplication by deg f on Pic(X), the map f* is injective
on Pic(X)g. In particular, the map f*|y,, : Vg — Vy is injective. Because V is a finite
dimensional Q-vector space, the map f*|y,, is surjective. For a Q-divisor D € V, there is
a Q-divisor D’ € Vi such that f*D’ = D in Pic(X)q. Hence we get

f.D=f.f*D' =degf-D € Vy.
0

Proposition 6.5.2. Let X be a smooth projective variety defined over Q. Let H be
an ample divisor on X defined over Q, and f: X — X a surjective self-morphism on X
over Q. Assume that 6; > (deg f)? and dimg Vy < 2. Then for every point P € X(Q),
P is wandering under [ (i.e., the forward f-orbit of P is an infinite set) if and only if
af(P) = d¢. In particular, Conjecture 3.1.1 is true in this case.

Remark 6.5.3. As a special case of Proposition 6.5.2, Conjecture 3.1.1 is true for any
automorphisms of any smooth projective varieties of Picard number 2.

Proor. By Theorem 2.1.11, the dynamical degree ¢y appears as an eigenvalue of
f*: Vg — Vy. If we have dim@V_H = 1, the ample R-divisor H satisfies the following
numerical equivalence
In this case, it is well-known that P is wandering under f if and only if a(P) = ;. See
[KS1, Proposition 7] for details.

So we may assume dimQV_H = 2. Since f*: Vy — Vy and fe: Vy — Vi come from
the Z-linear self-maps on NS(X), their eigenvalues are algebraic integers. Let det(f*|-)
and det(f.]y;;) be the determinants of the Q-linear maps f*: Vg — Vi and f.: Vg —
Vi, respectively. Since det( f+lv7;) is a non-zero rational number which is also an algebraic
integer, we have
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Thus, we have

det(f*|y-) < det(fily;) - det(f*[)
= det(deg f - idy-.)

= (deg f)*.
Let {67, A} be the eigenvalues of f*: Vg — Vj. Since we have
O - A= det(f"[v;),

we obtain

_ det(f"lw) _ (deg f)?
op T 05

by the assumption §; > (deg f)?. Hence, we conclude that py(f) =d; > 1.

Now let P € X(Q) be a wandering point under f. By Theorem 6.3.1, we get a;(P) >
pr(f) = ds. The opposite inequality af(P) < df is known in general; see [KS3, Theorem
4], [Matz, Theorem 1.4] for dominant rational maps, and see also the last sentence of the
proof of Theorem 3 in [KS2] for surjective self-morphisms. Hence the assertion af(P) = dy
follows. O

A

<1

Remark 6.5.4. If f: X — X does not satisfy the assumption d; > (deg f)?, the
assertion that P is wandering under f if and only if af(P) = d; may not be true. For

example, consider the elliptic curves E and E’ over Q, and a non-torsion point Py € E'(Q).
Then for the self-morphism f: E' x E' — E x E’ defined by

we have

deg f =65 = 4.

Every rational point (@, R) € E(Q) x E'(Q) is wandering under f. On the other hand,
the arithmetic degree as(Q, R) is equal to 4 if and only if () is non-torsion.



CHAPTER 7

An application to a variant of the Dynamical Mordell-Lang
Conjecture

7.1. Outline of this chapter

In this chapter, as an application, we give a positive answer to a variant of the Dy-
namical Mordell-Lang conjecture for pairs of étale self-morphisms, which is also a variant
of the original one stated by Bell, Ghioca, and Tucker in their monograph (see Section 7.2
for details).

The main theorem is as follows.

Theorem 7.1.1. Let X be a smooth projectve variety over Q, and f,g: X — X
étale self-morphisms of X over Q. Let P,Q € X(Q) be points satisfying the following two
conditions:

o af(P)P =0a,(Q)?>1 for some p,q € Z>1, and
o t;(P)=1,(Q), where t;(P) and t,(Q) are as in Theorem 6.4.1.

Then the set
Ste(P,Q) = {(m,n) € Zzg x L>o | f"(P) = ¢"(Q)}

15 a finite union of the sets of the form
{(ai + blé, c; + dﬂ) | Ix= Zzo}
for some non-negative integers a;,b;, c;,d; € Z>g.

We now briefly sketch the plan of this chapter. In Section 7.2, we provide backgrounds
of Theorem 7.1.1, and recall known results related to this theorem. In Section 7.3, we prove
Theorem 7.1.1. It seems plausible that we can generalize the assertion of Theorem 7.1.1
further. We give a conjecture (Conjecture 7.2.6) generalizing Theorem 7.1.1, and some
evidence in Section 7.4. Furthermore, to see that the results given in Section 7.4 support
our conjecture, we give a definition of the double canonical height in a special case (see the
proof of Theorem 7.4.1).

7.2. Backgrounds and general conjectures

Theorem 7.1.1 gives a positive answer to a variant of the Dynamical Mordell-Lang
conjecture for pairs of étale self-morphisms, which is a variant of the original one stated
by Bell, Ghioca, and Tucker (see [BGT2, Question 5.11.0.4]). In [GTZ1] and [GTZ2],
Ghioca, Tucker, and Zieve studied similar problems for polynomial maps and got deeper
results. Moreover, they introduced some of reductions including Lemma 7.3.2 we use.
In [GN], Ghioca and Nguyen also studied similar problems for self-maps of semi-abelian
varieties.

First, we recall a version of the Dynamical Mordell-Lang Conjecture. Note that there
are several variants of the Dynamical Mordell-Lang Conjecture. Many results are obtained
in various situations (see [BGT2] for details).
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Conjecture 7.2.1 (the Dynamical Mordell-Lang Conjecture [GT, Conjecture
1.7]). Let X be a quasi-projective variety over C. Let f: X — X be an self-morphism of
X over C. For any C-rational point P € X(C) and any closed subvariety Y C X, the set

S(PY) = {n € Zso | f/(P) € Y(C)}
15 a union of finitely many sets of the form
{a; +bm | m € Z>o}
for some non-negative integers a;,b; € Z>g.

In Section 7.3, we shall use the following result proved by Bell, Ghioca, and Tucker,
which is a special case of the Dynamical Mordell-Lang conjecture.

Theorem 7.2.2 ([BGT1, Theorem 1.3)). If f: X — X is an étale self-morphism,
Congecture 7.2.1 holds.

Furthermore, in [BGT2, Question 5.11.0.4], the following conjecture is stated.

Conjecture 7.2.3 ([BGT2, Question 5.11.0.4]). Let X be a projective variety over Q.
Let H be an ample R-dwisor on X over Q. Let f,g: X — X be étale self-morphisms of
X over Q such that f*H = 6¢H and g*H = 6,H hold in NS(X)g for some 07,0, € Rxq.

Then for any points P,Q € X (Q), the set
Spg(P, Q) == {(m,n) | ["(P) = g"(Q)}
is a union of finitely many sets of the form
{(a; +bil,c; +dil) | L € Z>o}
for some non-negative integers a;, b;, c;,d; € Z>q
Bell, Ghioca, and Tucker proved a special case of Conjecture 7.2.3.
Theorem 7.2.4 ([BGT2, Theorem 5.11.0.1]). Conjecture 7.2.3 holds if §; = 9.

Remark 7.2.5 (see [KS1, Theorem 2 (a), Proposition 7| for details). If an ample
R-divisor H satisfies f*H = dH in NS(X)g for some d € R4, the limit

hyu(P) := lim w

converges for all P € X(Q) and satisfies

hyu(f(P)) = dhy(P)

and
(7.2.1) hyy —hy = O(Vhy).

The function h #.m 1s called the canonical height. Furthermore, the following conditions are
equivalent to each other:

® f(P ) > 1,

o f(P ) = d,

° /ﬁf,H(P) 7£ 0, and

e the forward f-orbit of P is an infinite set.
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In the setting of Theorem 7.2.4, when the forward f-orbit of P or the forward g-orbit
of @ is finite, the assertion of Theorem 7.2.4 is obviously true. By Remark 7.2.5, we have

Oéf(P) = 5}0 = 5g = Oég(Q) >1

in the remaining case. Thus, when X is smooth, Theorem 7.1.1 is a generalization of
Theorem 7.2.4. The assumption of Conjecture 7.2.3 seems too strong. We propose a more
general conjecture as follows.

Conjecture 7.2.6. Let X be a smooth projective variety over Q, andlet f,g: X — X

be étale self-morphisms of X over Q. For points P,Q)Q € X(Q) with ap(P) > 1 and
ay(Q) > 1, the following statements hold.

(a) The set Sy q(P,Q) is a finite union of the sets of the form
{(ai + bzf, c + dzf) | l e Zzo}

for some non-negative integers a;, b;, c;, d; € Z>y.
(b) Iflog,,(p) ag(Q) s irrational or t;(P) # t4(Q), the set Syq4(P, Q) is finite.

The part (b) asserts that the hypotheses from Theorem 7.1.1 regarding af(P), ay(Q),
t;(P), ty(Q) must met if the set Sy (P, Q) were infinite. In Section 7.4, we give some
examples of self-morphisms for which Conjecture 7.2.6 (b) hold.

7.3. Proof of Theorem 7.1.1

In this section we prove Theorem 7.1.1.
Lemma 7.3.1. To prove Theorem 7.1.1, we may assume p =q = 1.

PrOOF. We see that
Ste(P,Q) = | {(i+pm,j+aqn) | (m,n) € Spg(f(P),g(Q))}

0<i<p—1
0<j<qg-1

Thus to prove Theorem 7.1.1, it is enough to prove it for f? and ¢%. By using Theorem
6.4.1 twice, we have

n'* O (P)" = hy(f(P))
= (pn)rPay (PP
= ntf(P)af(P)p”.
Similarly, we obtain
ntgq(Q)agq (Q)n = ntg(Q)C(g(Q)qﬂ'
Hence combining with the assumption of Theorem 7.1.1 for f and g, we get
typ(P) = 15(P) = t4(Q) = 1ge(Q),
ap(P) = ap(P)F = ag(Q)" = age(Q).
Hence our assertion follows. O
Lemma 7.3.2. To prove Theorem 7.1.1 in the case p = q =1, it is enough to prove

sup |m —n| < occ.
(m,n)€Ss,4(P.Q)
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Proor. We set
M = sup |m — nl.
(m,n)eSy 4(P,Q)
Then we have

Spa(P.Q) = |J {lm.m+k) € S4(P,Q) | m € Zxo}

0<k<M

U |J {n+kn)€Sp4(P.Q) | neZso}

1<k<M

Let f x g: X x X — X x X be the product of the self-morphisms f,g. Let A C X x X
be the diagonal. Then we have

(m,m+k) € S;4(P,Q) < f™(P)=g""™Q)
& (fxg)™(P.g"(Q)) € A.

Since f x g is étale, the Dynamical Mordell-Lang conjecture is true for f x g by Theorem
7.2.2. Hence the set

{(m,m+ k) € Sp4(P,Q) | m € Zxo}
is a finite union of the sets of the form

{(a; +bil,a; + bil + k) | £ € Zsp}
for some non-negative integers a;,b; € Z>o. Similarly, the set
{(n+Ek,n)eSry(P,Q) | neZso}
is a finite union of the sets of the form
{(ci+dil+k,c;+dil) |l € Zso}
for some non-negative integers c;,d; € Z>o. Thus the assertion follows. 0

Remark 7.3.3. Lemma 7.3.2 is the only part where the assumption of the étaleness of
f,gisused. So Theorem 7.1.1 is true if the Dynamical Mordell-Lang conjecture (Conjecture
7.2.1) is true for the self-morphism

fPxgh: X x X — XxX
and the diagonal A C X x X.

PrROOF OF THEOREM 7.1.1. By Lemma 7.3.1, we may assume p = ¢ = 1. By Theo-
rem 6.4.1, there are positive real numbers Cy, C, Cs, C'3 > 0 such that the inequalities

Comtf(P)af(P)m < hg(f™(P)) < C’lmtf(P)af(P)m,
Con'@ay(Q)" < hu(g"(Q)) < Csn's @y (Q)"
hold except for finitely many m and n. Suppose f™(P) = ¢"(Q) with m > n. Then we get
(m/n)1Pag(P)"=" < Cs/Cy
because t;(P) = t,(Q) and af(P) = o, (@) by assumption. Hence we get
(7.3.1) ap(P)™" < C5/Cy.

Since af(P) > 1, the inequality (7.3.1) holds only for finitely many values of m —n. By
the same argument for the case m < n, we conclude

sup |m —n| < oco.
(m,n)€Ss,4(P.Q)
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Hence by Lemma 7.3.2, the proof of Theorem 7.1.1 is complete. 0

7.4. Some evidence for Conjecture 7.2.6

In this section, we prove the following theorem which gives some evidence for Conjecture
7.2.6 (b).

Theorem 7.4.1. Let X be a smooth projective variety over Q. Let f,g: X — X be

surjective self-morphisms on X over Q. Assume that f commutes with g, and there is an
ample R-divisor H on X over Q such that f*H = dH in NS(X)g for some d € R~;. Let

P.Q € X(Q) be points with ay(P) > 1 and ay(Q) > 1. Assume that log, p) ag(Q) is an
irrational real number. Then the set Sy ,(P, Q) is finite.

PROOF OF THEOREM 7.4.1. It is enough to prove that once f™°(P) = g™ (@) is sat-
isfied for some mq and ng, we have f7"0(P) # ¢g"*"(Q) for all (m,n) € Z%,\ {(0,0)}.

Therefore, it is enough to prove that for every point R € X(Q), we have f™(R) # ¢"(R)
for all (m,n) € Z%, \ {(0,0)}.

Fix a Weil height function hy associated with H so that hy > 1. By Theorem 6.4.1,
there are positive real numbers Cy > 0 and C > 0 satisfying

(7.4.1) Con'*Pay(R)" < hi(g"(R)) < CintsPa,(R)"
for all n € Z>,. We set

R (R) e lmint L9 (R)
hf,g,H(‘R) = hggfm

From (7.2.1) and (7.4.1), we have

~ hu(g"(R
by, g(R) = liminf 19"( ))n > Cp > 0.

n—00 ntg(R)ag<R>

Since the asymptotic behavior of hy (g™ (R)) does not depend on the choice of an ample
divisor H and a height function hg, one can see that

hu(g" o f(R)) = hu(fog"(R))
= hppu(g"(R)) +0(1)
= nlsFa,(R)",

where the first equality follows from the commutativity of f and g. This asymptotic
equality means that we have t,(f(R)) = t,(R) and ay(f(R)) = a,(R). Hence the functional
equations

hyyi(f(R)) = as(R)hy, o (R),
by g.(9(R)) = 0y(R)hy 1y (R)
hold (see Remark 7.2.5). Thus, if we have f™(R) = g"(R), we get
af(R)mEf,g,H<R> = Ef,g,H(fm(R))
= hyon(9"(R))
= ay(R)"h;, (R).

Hence ay(R)™ = o4(R)". This equality can hold only when m = n = 0 since we are
assuming log,, (g) g([?) is an irrational real number. O
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