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ABSTRACT

The first part of this thesis considers the problem of reconstructing a rational
function f from one of its orbits, {a, f(a), f(f(a)), f(f(f(a))),...}. Conjecturally,
two complex rational functions of degree > 1 possess orbits with infinite intersection if
and only if they have a common iterate. This conjecture has been recently verified in
the polynomial case, however the rational function case is vastly more difficult. Our
first main theorem verifies this conjecture for rational functions of coprime degree,
and is the first to address intersections of orbits of rational functions which are not
polynomials.

The second part of this thesis considers the problem of characterizing polynomial
functions s using only their values on natural numbers, (s(0),s(1),s(2),...). Our
second main theorem proves that if the mth divided difference ¢,,s of an arbitrary
sequence s of rational numbers is integer-valued, then s(n) is given by a polynomial

1 1
in n if and only if there is a positive number 6 with s(n) < 6" and 1+6 < ' t27 "m.



CHAPTER 1

Introduction

This thesis presents the results of two directions of the author’s graduate research
conducted at the University of Michigan. We begin with some background which will
provide supporting context for Chapter II. The reader who would like to get quickly
to the main results can skip to §1.2.2 for the statement of the Orbit Intersection
Problem, §1.2.3 for the statements of our results in Chapter I, and §1.3 for our main

results in Chapter I11.

1.1 Historical Background

The purpose of this section is to explain the statement of an outstanding question
in arithmetic dynamics, the Dynamical Mordell-Lang Problem. The Orbit Intersec-
tion Problem is a special case of the Dynamical Mordell-Lang Problem. To properly
motivate the statement, we first explain the series of antecedent diophantine results

from the 20th century which led to its formulation.
1.1.1 Diophantine Geometry
We recall some fundamental constructions. Let n be a non-negative integer. We

define complex affine space A" to be C". We define complex projective space P™ to

be the equivalence classes of A"\ {0} under the relation = ~ y if y = rz for some



nonzero number r € C.
An affine algebraic set X is the solution set in complex affine space of a family of

equations given by polynomials f;: C* — C, 1 <i < m,

X={zeA": fi(r)=0forall 1 <i<m}.

A projective algebraic set X is the solution set in complex projective space of a family

of homogeneous polynomials g;: C"™ — C, 1 <i < m,

X ={[z] €eP":gi(z) =0forall 1 <i<m}.

We equip affine (resp. projective) space with the weakest topology for which every
affine (resp. projective) algebraic subset is closed, and we equip algebraic sets with
the corresponding subspace topologies. A topological space X is irreducible if it
cannot be expressed as a union of two nonempty proper closed subsets. For us,
a variety will be any open and irreducible subset X of a projective algebraic set.'
Concretely, X is the subset of P" where one family of homogeneous polynomials is
zero, another finite family of homogeneous polynomials is nonzero, and X cannot
be decomposed into two smaller such subsets. We say that a variety X is defined
over a field K if there exist defining polynomials for X which have coefficients in K.
A variety X is affine (resp. projective) if it is an affine (resp. projective) algebraic
set. From here on out we assume some fundamental notions from algebraic geometry
such as dimension, (geometric) genus, smoothness, birationality, and morphisms of
varieties. For definitions, see [Har77, §1].

It is very interesting — and very classical — to ask for a description of the subset
of points whose coordinates belong to a subring R of C such as Z or Q. Precisely, let

us write P"(R) for the subset of points [z] € P" for which there exists a representative

IStrictly speaking, this is the definition of a quasi-projective (irreducible) variety over C.



(xo,...,2,) € [z] with all coordinates xy,...,z, in R. We define
X(R) =P"(R) N X.

For a finitely-generated subfield K C C, the subset X (K) is often called the K-
rational points of X, and often Q-rational points are simply referred to as rational
points. The study of the K-rational points of a variety X for a finitely-generated
subfield K C C is the subject of diophantine geometry. All of the results we will
discuss in this section remain true when Q is replaced with a finitely-generated
subfield of C, so to simplify the exposition and some of the history we will usually
restrict the discussion to K = QQ unless otherwise stated.

Group varieties are of particular interest in diophantine geometry. These are the
analogue of Lie groups in algebraic geometry. A group variety is a variety G (defined
over K, say) equipped with a composition morphism GxG — G : (P,Q) — P-Q, an
inverse morphism G — G : P+ P71 and a distinguished identity element e € G, all
defined over K and satisfying the usual axioms. Group varieties play a special role
in diophantine geometry for the simple reason that when P and () are K-rational
points, P - @ and P! are also K-rational, i.e., G(K) is a subgroup of G(C). Thus
even a single K-rational point generally leads to a multiplicity of them. Furthermore,
even when a variety is not itself a group variety there is often a natural action of a
group variety by symmetries which helps to produce more K-rational points from a
single one.

An abelian variety is a group variety whose underlying variety is projective, and an
elliptic curve is an abelian variety of dimension one. Abelian varieties play a special
role in the theory. A group variety is said to be linear if its underlying variety is

affine.? Abelian varieties and linear group varieties are the most important examples

2Tt is known that every linear group variety arises as a closed subgroup of GL,, for some n.



of group varieties. For example, we mention a theorem of C. Chevalley® which asserts
that every group variety G is canonically an extension of an abelian variety A by a
linear group variety H, i.e., there is a unique normal linear closed subgroup H C G
such that G/H is an abelian variety. Two other ubiquitous group varieties are the
additive group G,, which denotes A! with additive composition, and the multiplicative
group G,,, which denotes A\ {0} with multiplicative composition. An algebraic torus
is a group variety T' which is isomorphic over C to a product of G,,s.

The important role of group varieties in diophantine geometry can already be seen
in the one-dimensional setting. In 1922 L. Mordell made a conjecture [Mor22] which

in 1983 became a theorem due to G. Faltings [['al83].

Theorem (Faltings). Let C be a projective algebraic curve defined over a finitely-
generated field K of characteristic zero. If the genus of C is > 2 then C(K) is

finite.

Using Faltings’s theorem one can easily show that the projective curves C with
the property that C'(K) is infinite for some finitely-generated field K may also be
characterized as those projective curves which contain a nontrivial group variety.
The point is that the projective curves which contain a nontrivial group variety are
precisely the projective curves of genus < 1, and Faltings’s theorem implies that
the projective curves of genus < 1 are also the projective curves such that C'(K) is
infinite for some finitely-generated field K.

We mention in passing that this observation conjecturally generalizes to higher
dimensions. Let Sp(X) denote the Zariski closure of the union of all images of
non-constant rational maps

G--+X

3For a proof in modern scheme-theoretic terminology see [Con02].




over all group varieties G, and let W = X\ Sp(X). Then W is defined over a finitely-
generated field Ky containing Q. S. Lang has conjectured that W (K) is finite for
any finitely-generated field K containing Ky [Lan91, (3.2)]. In fact, by Chevalley’s
theorem any point of a group variety GG meets a coset of a linear group variety
H. It is well-known that any linear group variety is birational to projective space
(possibly after extending the basefield), and so for the definition of Sp(X) it suffices
to consider the images of non-constant rational maps of the form P” --» X and
A --» X. Projective space is rationally connected (any two points are joined by a
rational curve), and so it even suffices to consider rational maps P* --» X, which
can then be replaced with E --» X for an elliptic curve E. In sum, all but finitely
many rational points of an arbitrary variety X are conjectured to lie in the Zariski
closure of the images of non-constant rational maps A --+ X from an abelian variety
A. For more on the set Sp(X) and its relation to geometric properties of X we refer
to [Lan91, §1.3]|.

1.1.2 The Mordell-Weil theorem

Abelian varieties play a central role in the study of rational points in general so
it is worthwhile to consider the structure of their rational points in more detail. The
subset of K-rational points A(K) of an abelian variety A defined over K is called
the Mordell-Weil group of A. The fundamental statement about A(K) is known as

the Mordell-Weil theorem.

Theorem (Mordell-Weil). Let A be an abelian variety defined over a number field

K. Then the abelian group A(K) is finitely generated.

The Mordell-Weil theorem can be used to study rational points on curves by

means of the jacobian variety. The situation can be described a priori. Let C be a



projective algebraic curve defined over a finitely-generated field K. We may assume
that C'is smooth. (If C'is singular then there is another projective algebraic curve C’
defined over K which is smooth and birational to C' and such that C’(K) is infinite if
and only if C'(K) is infinite. Hence for finiteness statements we may as well assume
that C'is smooth.) The key is to realize C' as a subvariety of an abelian variety, as it
turns out this can be done in an essentially canonical way. For curves of genus zero
the construction turns out to be trivial, but their rational points are parameterized
by a rational map so their rational points are easily understood anyway. Hence we
may assume that the genus g of C'is > 1.

We explain the classical construction of the jacobian variety of C'. By smoothness,
C' inherits the structure of a complex manifold from its embedding into complex
projective space. Let wy, ..., w, be a basis of Q'(C), the vector space of holomorphic

one-forms on C. Choose a point Fy € C'. The map

P
C>P+— w, € C

Po
is multi-valued on account of monodromy, i.e., the integral depends on the path
chosen between Py and P. However, the form w; is closed as Q?(C') = 0, and so the
ambiguity in the integral [ PP; wy due to choice of path is only up to homotopy, hence
up to a finitely-generated additive subgroup of C, namely {f7 wy :y € m(C, Ry}

In this way we obtain the Abel-Jacobi map,

C— CI/A

P P
P»—></ wl,...,/ wg>,
Py Py

where A := {f7 wi vy €m(C,R),1 <i<g}. It can be shown that A is an abelian
group of rank 2¢g so that Jo := C9/A is a compact complex manifold of dimension g.

One can show that the lattice A satisfies the “Riemann period relations”, whence Jo



can be given the structure of a complex projective algebraic variety with the help of
theta functions, and furthermore that the map C' — Jo so obtained is an embedding
of complex varieties defined over the field of definition of the chosen point F,. This
shows that Jo is an abelian variety, the jacobian variety of C. For more details see

[Mum07].

1.1.3 Classical Mordell-Lang

With the Abel-Jacobi embedding C' C J¢ in mind it is only natural to look
for a generalization of Mordell’s conjecture by making use of the ambient jacobian
variety. Moreover there is no reason to restrict to abelian varieties arising as the

* The two important data are the curve

jacobian variety of some algebraic curve.
C, considered as a subvariety of J, and the finitely-generated subgroup Jo(K) of
K-rational points (we assume that the chosen point P, defining the embedding is
defined over K). In the context of the abelian variety Jo, Mordell’s conjecture is that
C(K) = Cn (Je(K)) is finite if the genus of C is > 2. Equivalently, C' N (Jo(K))
is infinite only when C' is genus one, in which case C' is a translate of an abelian
subvariety of Jo (of dimension one). As early as 1960 Lang considered the following

replacements:

Jo ~» any abelian variety A,
Jo(K) ~~ any finitely-generated subgroup I" of A,
C ~» any closed subvariety Y of A.

This led S. Lang to make the following generalization of Mordell’s conjecture in 1960

which was proven by G. Faltings in 1994.

4The question of which abelian varieties arise as the jacobian of an algebraic curve is known as the Schottky
problem, after F. Schottky. For a nice survey see [Grul2]. It was only fairly recently shown that there exists an
abelian variety over Q which is not isogeneous to a jacobian, [Tsi12].



Theorem 1.1.1 (Classical Mordell-Lang conjecture for abelian varieties, [Lan60],
[Falol], [Falod]). Let A be an abelian variety defined over a field K that is finitely
generated over Q. Let Y C A be a closed subvariety. Then Y (K) is a finite union

of cosets of subgroups of A(K).

The above statement holds verbatim for an algebraic torus 7' in place of the
abelian variety. This being known at the time (at least in the case Y is of dimension
1), Lang conjectured that for G either an abelian variety or a torus, Y C G a closed®
subvariety, and I' a finitely generated subgroup of G, the intersection I' MY is equal
to a finite union of cosets of subgroups of I'.% Lang also asked whether his conjecture
would hold for a group variety S fitting into a short exact sequence of group varieties
1—-T— 5 — A — 1 for an abelian variety A; such group varieties are known as

semiabelian varieties. In 1996 this became a theorem of P. Vojta.”

Theorem 1.1.2 (Classical Mordell-Lang conjecture for semiabelian varieties, |Vo0j96]).
Let S be a semiabelian variety over a number field K. Let Y C S be a closed subva-
riety and let I' C S be a finitely generated subgroup. Then I' MY is a finite union of

cosets of subgroups of T'.

There exists another variant of the classical Mordell-Lang conjecture in connection

5 While Lang does not explicitly state that the subvariety Y is closed this hypothesis is necessary and it is included
in [Fal91], [Fal94], and [Voj96]. (For example, let z # 0,1, let Y be the twice-punctured plane C\{0, z} inside Gm,
and let I" be any infinite finitely-generated subgroup contained in Y. Then Y NI = I" but the only cosets of group
subvarieties of G, contained in Y are singletons. A similar idea shows the hypothesis is also necessary for abelian
varieties.) For [BGT16] a subvariety is assumed to be closed by convention, cf. (3.1.1).

6 This formulation is more suitable for our dynamical interpretation, which is why we follow [BGT16] in stating
Lang’s conjecture this way, but it’s worth pointing out that Lang actually states his conjecture differently in [Lan60,
p29]. The assertion there is that the intersection I' MY is contained in a finite union of cosets of group subvarieties
of G contained in'Y .

The two formulations are seen to be equivalent as follows. If ' NY is equal to a finite union U;~;T"; of cosets
of subgroups I'; C T then the Zariski closure H; of I'; is a subgroup variety of G (cf. [Mill7, (1.40)]). Each coset
viH; = ~;I'; is contained in Y since Y is closed. This proves the original formulation. Conversely, suppose I'NY
is contained in a finite union U;g; H; of cosets g; H; C Y of subgroup varieties H; of G. We may suppose that each
intersection (g;H;) NI is nonempty. Fix v; € (g;H;) N T for every i, and set I'; := TN H;. Let y € ' NY. By
assumption, v € g; H; for some i. Then 'y'yfl € I'nH; =T;. In particular, v € v;I';. This shows that I'NY C U;v; ;.
However, v,I'; C g;H; C Y, and also v;I'; C T, showing that U;v,I'; C ' NY. This shows that ' NY = U;v 1y,
thereby proving the second formulation.

7 We have stated Vojta’s theorem following [BGT16, (3.4.2.1)], hence in terms of the reformulation of Lang’s
conjecture (cf. footnote 6), though Vojta’s theorem was originally stated in terms of Lang’s original formulation.




with a generalization of the conjecture in [Lan60] again due to Lang. In [Lan65] Lang
formulated a conjecture which encompassed the earlier conjecture in [Lan60| as well
as the Manin-Mumford conjecture. The idea is to replace the finitely generated
subgroup I' with its division hull, i.e., the group I of all @ € S such that a" € T’
for some positive integer n. (The Manin-Mumford conjecture is obtained by taking
[' = 1, in which case I" is the group of torsion points of S.) This general form of
the Mordell-Lang conjecture was proven by M. McQuillan [Mc()95] following the
earlier works of Faltings and Vojta mentioned above, as well as earlier works of M.
Hindry, M. Laurent, and M. Raynaud. This is sometimes called the full form of
the Mordell-Lang conjecture while the form of the Mordell-Lang conjecture proven
by Faltings and Vojta is sometimes called the Mordellic part of the Mordell-Lang
conjecture. There has not been a dynamical form of Mordell-Lang proposed for the
full form of the Mordell-Lang conjecture, so we will focus on the Mordellic part in

what follows.

1.2 Dynamical Mordell-Lang

The classical Mordell-Lang conjecture gives much more than a condition for finite-
ness of ' NY. To illustrate, we consider a reformulation of this theorem “in coordi-
nates”. Let e be the identity element of S. Write I" = (v1,...,7,), and assume that
the generators have been chosen so that every element g of I is of the form ~* - - - /'
for some non-negative integers nq,...,n,.

Now we make the first conceptual shift from diophantine geometry to algebraic
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dynamics. Define the endomorphisms®

(1'1) fz S =5

a — avy;.

The semiabelian variety S is commutative (cf. [lit77, Lemma 4]) so the endomor-
phisms fi, ..., f, commute under composition. Let f°" = fo---o f denote the n-fold
iterate of an endomorphism f under function composition. As (f;y™ o---o f2")(e) =
Yt - - rr, the finitely generated subgroup I' is simply the forward orbit of e under

the endomorphisms f1,..., f,, i.e.,

0 = 04y (€)= {(f™ 00 [7)(€) : (... n;) €N} =T

With this shift in emphasis, we change focus from the finitely generated subgroups I'
of S to the (forward) orbits O of a commuting family of endomorphisms.
To keep track of the relationship between the orbit O and the subvariety Y we

can consider the set of indices which iterate the initial point into Y, i.e.,

Z(Y,0) :={(n1,...,n,) e N (fi"™ o---0 f")(e) € Y}.

T
We can now state a dynamical reformulation of the classical Mordell-Lang conjecture.

Theorem 1.2.1 (Dynamical form of [Voj96]). Let S be a semiabelian variety, Y C S
a closed subvariety, and O = Oy, . y.(e) the forward orbit of a family of commut-
ing endomorphisms fi,...,f. of S of the form (1.1). Then there exist subgroups

Gi,...,Gs of Z" and elements n; € N such that

s
=1
8These are not endomorphisms in the group sense but as self-maps of A as an algebraic variety.
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Why shift emphasis from subgroups to orbits? One motivation is to generalize
Vojta’s theorem. As it turns out, there are many other settings where the dynamical

reformulation is true which are unrelated to semiabelian varieties.
Example 1. Consider the endomorphism
d: Al — Al
3

y=y.

Let O be the orbit of @ = i under ®. Then ®°"(a) = *" and Z({i}, O) is the set of

n such that " =4. As 3" = (—1)" (mod 4), this shows that
Z({i},0) = 2N.

However, the following examples show that Z is not always of this form, even
when the ambient variety is a semiabelian variety. Both examples are from [BGT16],

§3.6.
Example 2. Consider the commuting endomorphisms
b, A2 - A?
(z,y) = (z+ 1,y)
and
Dy: A% — A?
(z,y) = (2,97).

Let A be the diagonal subvariety of A? and let O be the orbit of a = (1,2) under
®y, ®y. Then &"d5(a) = (m + 1,2%") and Z(A, O) consists of the set of (m,n)

such that m + 1 = 22", This shows that

Z(A,0) = {(2" —1,m): m € N}.
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Example 3. Consider the commuting endomorphisms

D an%an

(z,y,2) = (2Py " y?272, 2%)
and

D, : G?n%(G?n

(z,y,2) = (2%, y72", 22).

Let Y be the subvariety of G?, defined by = = 1, and let O be the orbit of (1,1/3,9)

under &, ®5. Then

Z(A,0) = {(12m? £ 6m, 6m?) : m € N}.

1.2.1 The Dynamical Mordell-Lang Problem

Now we make the second conceptual shift from diophantine geometry to alge-
braic dynamics: The semiabelian variety S and its commuting set of endomorphisms
are replaced with a general commutative dynamical system. We may now state the

Dynamical Mordell-Lang Problem.

1.2.1 (Dynamical Mordell-Lang Problem). Let X be a wvariety and let fi,..., [,
be a commuting family of endomorphisms of X. Let Y be a closed subvariety of
X, and choose an initial point a € X. Let O be the forward orbit of a under the
endomorphisms f1,..., fr. Under what conditions — on X, Y C X, fi,..., [,
and the initial point a — do there exist subgroups G1,...,Gs of Z" and elements

ny,...,n, € N such that

S

Z(Y,0) = J (n; + (GinN"))?

i=1
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In this generality, this problem first appeared in a paper of D. Ghioca, T. Tucker,
and M. Zieve, [GTZ12]. In the case of a single endomorphism, the Dynamical

Mordell-Lang Problem asks for conditions ensuring that

Z(Y,0)={neN: f"(a) €Y}

is a finite union of arithmetic progressions. This special case is sometimes called the
cyclic case of the Dynamical Mordell-Lang Problem, or also the Dynamical Mordell-
Lang Conjecture. It is conjectured by Ghioca-Tucker [GT09] to hold without any

further assumptions on X,V f, or a.

1.2.2 The Orbit Intersection Problem

We are interested in a natural specialization of the Dynamical Mordell-Lang Prob-
lem. For the ambient variety previously denoted with X we will take the product

variety X". This has the natural subvariety given by the diagonal,

AcCX".

For this special case of the Dynamical Mordell-Lang Problem it is easy to construct
commuting families of endomorphisms. We take endomorphisms Fi, ..., F,. € End X

(which do not necessarily commute), and use the commuting endomorphisms

fi = (dx,idx, ..., F,...,idx) € End(X").

This situation leads to the Orbit Intersection Problem. The reason for the terminol-

ogy is that

Z(X",A) = {(n1,...,n,) €N : F™(a) = F5"(a) = --- = F*™ (a)}.

The Dynamical Mordell-Lang Problem now takes the following form.
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1.2.1 (Orbit Intersection Problem, split case of the Dynamical Mordell-Lang Prob-
lem). Let X be a variety, let Fy,..., F,. be (not necessarily commuting) endomor-
phisms of X, and choose an initial point a € X. Under what conditions — on X,
Fy, ... F., and the initial point a — do there exist subgroups G1,...,Gg of Z" and

elements ny,...,n, € N such that

{(n1,....n,) EN": FY"(a) = - = F"(a)} = | (m + (GiNN"))?

=1

1.2.3 Statements of Main Results in Chapter II

In Chapter II we study the Orbit Intersection Problem for curves. The results in
this chapter are joint work with Michael Zieve |OZ]. Our main result concerns the

intersection of orbits of endomorphisms of P!.

Theorem 1.2.1. Let F and G be endomorphisms of P! whose degrees are greater
than one. Let O (resp. Og) be any orbit of F (resp. G). If the degrees of Fy and

Fy are coprime then Op N Og is finite.
This has the following corollary for the Orbit Intersection Problem for X = P!

Corollary 1.2.2. Let Fy, ..., F, be endomorphisms of P! whose degrees are greater
than one. Let a be a point of P'. If the degrees of the endomorphisms are pairwise
coprime then

{(n1,...,n,) eN": F{"(a)=---= F’(a)}
s a finite union of arithmetic progressions.

For curves of positive genus we obtain a characterization for when two endomor-

phisms have a common iterate.
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Theorem 1.2.3. Let ® and ¥ be non-invertible endomorphisms of an algebraic curve
X of positive genus over a field of characteristic zero. Then there exist orbits of ®

and U with infinite intersection if and only if ® and U have a common iterate.

Putting these theorems together, we obtain a solution to the Orbit Intersection

Problem for curves which is complete for positive genus.

Corollary. Let Fi, ..., F, be endomorphisms of a curve X whose degrees are greater
than one. Let a be a point of PL. If the genus of X is zero then further assume that

the degrees of the endomorphisms are pairwise coprime. Then

{(n1,...,n,) ENT: FP™(a) = -+ = F*"(q)}

15 a finite union of arithmetic progressions.
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1.3 Polynomials with Integral Divided Differences

The second part of this thesis is in the field of number theory. We are interested in
a classical problem of interpolation. Let s(0), s(1),s(2),... be a sequence of rational
numbers. Under what conditions on s does there exist a polynomial f € Q[z] such
that f(n) = s(n) forn=0,1,2,...7

We approach this general problem by means of the divided differences of s. Di-
vided differences are a fundamental construction of interpolation theory and non-
Archimedean analysis. They are of great utility for numerical applications and ap-
plied mathematics, but their theoretical applications are much less explored. Let
us recall their definition for the unacquainted reader. For more we refer the reader
to [MT51] for their use in interpolation theory, and [Sch06] for their use in non-
Archimedean analysis.

The mth divided difference 6,,s of s is the function of distinct nonnegative integers

N, - .., Ny given by

Oms(no, ...y ny) 1= i { I_I(nz - nj)_l}s(ni).

i=0  j#i

It is a symmetric function on the complement of the union of the diagonal hyper-
planes {n; = n;} in N™*1. Let {ng,n1,...} C N be any infinite subset. Newton’s
interpolation formula gives a formal interpolation series for s in terms of its divided

differences:”

00 k—1
(1.2)  s(z) = s(ng) + Z(Sks(no,nl, cey M) H(w —ny) for all z € {ng,nq,...}.
k=1 Jj=0

This formula should be viewed as a kind of formal Taylor series for the sequence s.
In this chapter we prove the following result which uses the integrality of divided

differences to give a criterion for s to be polynomial. Let K be an algebraic number

9This equality is to be interpreted in the following formal sense: for each = € N, the right-hand side of (1.2) is a
finite sum that is equal to s(z). For more on Newton’s interpolation formula we refer the reader to [MT51, §1].
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field of degree d with ring of integers O. We write r, < ¢, to mean there is a positive

constant C' such that |r,| < Clg,| for all n > 0.

Theorem 1.3.1. Let s: N — K. Suppose that
(i) 6ms is O-valued, and

(i) for each embedding o: K — C, |os(n)| < 02 for some positive number 6, and

T (140 < etlidon)

o K—C

Then s(n) is a polynomial in n.

In §3.3 we will prove Theorem 1.3.1 as a very special case of Theorem 3.3.2. The
special case of Theorem 1.3.1 when m = 1 and K = Q was discovered independently
in 1971 by R. Hall and L. Ruzsa, [Hal71], [Ruz71].

The integrality of divided differences has interesting arithmetic consequences. For
simplicity suppose s is valued in Q. The integrality of the zero-th divided difference,
dos(n) = s(n), simply requires that s itself is integer-valued. The first divided

difference of s is equal to
hs(m,n) = ——= (m #n).

The integrality of d;s(m,n) for all distinct pairs of nonnegative integers m,n is
equivalent to requiring that m — n divides s(m) — s(n) for all nonnegative integers
m,n, which simply means that s preserves all congruences between nonnegative
integers. The integrality of higher divided differences can be interpreted using the
subspace topology on the natural numbers N inherited from its inclusion into the
adele ring A (see §1.3.3).

For the interested reader, we mention that when K = Q and m = 1, Ruzsa

conjectured that the second condition could be improved by replacing e with e + 1
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so that the inequality becomes 6 < e. Ruzsa’s conjecture remains open, though
there has been some partial progress, |[Zan82|, [PZ84], [Zan96]; also see [BN19] for
a function field analogue. It is interesting to consider how our inequality might be

likewise improved, though we do not venture any guesses here.

1.3.1 Outline of the Proof of Theorem 1.3.1

Our approach to Theorem 1.3.1 uses two new results, one local and one global. The
local result concerns the special values of higher divided differences at consecutive

integers. Recall that the finite differences ¢ of s are defined by

We will show that the hypotheses of Theorem 1.3.1 imply that ¢(n) is eventually
zero, thus proving that s is polynomial by Newton’s interpolation formula (1.2). To
state our results in the local part, we assume some familiarity with non-Archimedean
analysis. We refer the reader to the standard text [Sch06] for definitions and termi-
nology.

The local part uses tools from non-Archimedean analysis to show that p-adic

integrality of d,,s implies p-adic decay of ¢(n). Let |- |, denote the usual p-adic

norm on Q and let [|0,,s]|,, denote the supremum of [4,,8(no, . .., nm )|, over all sets
{no,...,n,} of nonnegative integers. We will prove the following new result.
(1.3) 10ms]l,, = sup [e(n) ™)

where 7,,,(n) is the largest possible p-adic valuation of a product of m distinct

positive integers < n, i.e.

Tmp(N) 1= maxnhwp{ Hs}

Ne 17"'7
#{S:m seS
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where w, denotes the normalized p-adic valuation. Formula (1.3) shows that p-
integrality of d,,s is equivalent to sufficiently rapid p-adic decay of finite differences,
and so integrality of d,,s implies local decay of ¢(n) at all finite primes.

The global part of the argument uses the product formula to obtain an Archimedean
growth condition. We recall that the product formula says that for any nonzero ele-

ment = of K,

1T I

veEMg

Ny __
o =1

where n, is the local degree of the place v. If s is not polynomial, there exists a
subsequence ¢(n;) such that ¢(n;) # 0 for every ¢ > 0 (this follows from Newton’s
interpolation formula). Applying the product formula to such a non-vanishing sub-
sequence c(n;) allows us to combine local decay at all primes to obtain Archimedean
growth for ¢ as a necessary condition for the integrality of d,,s and non-polynomiality
of s. In order to combine local decay rates over all primes it is necessary to study

7m.p(™)  Our second new result is that

the asymptotic behavior of Hp prime P
(1.4) [T pe® = e(ita+-+im)nOmespi-ato !/} gy
p prime

for some positive constant . Combining (1.3) with (1.4) forms the basis for Theo-

rem 1.3.1.

1.3.2 Further Discussion and Background

We proceed to discuss the proofs of (1.3) and (1.4) in greater detail and provide
some contextual background. Let C, be the metric completion of an algebraic closure
of the p-adic field Q,. The use of finite differences in non-Archimedean analysis goes
back to a classical result of Mahler [Mah58]. He proved that s: N — C, is the
restriction of a continuous function f: Z, — C, if and only if the finite differences

of s converge to zero p-adically. He also showed that when this is the case, the



20

supremum of f (or s) is equal to the supremum of the finite differences:

(1.5) Isll, = liell, -

It is well-known that there are many other Mahler-type characterizations (cf. e.g.,
[Sch06], §53). For instance, s is the restriction of a Lipschitz continuous func-
tion f: Z, — C, if and only if |c(n)[,p°®™ is bounded,'® and the supremum of

c(n)],pl°% ™ is equal to the optimal p-adic Lipschitz constant of s (loc. cit.):
(16) 615l = sup ()57

Our formula (1.3) is an extension of (1.6) to all higher divided differences. In §3.1
we work out the precise Mahler-type criterion obtained from the integrality of higher
divided differences (Proposition 3.1.3): If §,,41s is p-integral, then s extends to
an element of C™(Z,,C,), the Banach space of m-times continuously differentiable
functions, and f(™ is Lipschitz continuous with constant |m!|,.

For the proof of (1.3) we make use of the Mahler series formula for ¢,,s due to
Schikhof. Before we may use this formula, however, we must resolve a technical
difficulty which is the fact that §,,s (after a minor change of variables to avoid the

diagonal hyperplanes) inhabits the larger of the two Banach spaces
C(Z;”H, C,) C €;°(Nm“).

Schikhof stated this formula as a convergent Mahler series for d,,s under the assump-
tion that d,,s is continuous, and while it still gives a sensible expression when 9,,s is
only bounded, it is a divergent series for the topology of ZgO(Nm“). Computing the
norm of this divergent series requires some care. A related difficulty is the fact that

there is no canonical orthonormal basis of £;° (N™1) not even when m = 0.

10This is typically stated in terms of the boundedness of |c(n)|pn, however the exact formula for the optimal

Lipschitz constant justifies the use of the semi-norm s — sup |c(n)|pp[l°gr ™ over s — sup le(n)|pn.
n>1 n>1
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Let (Cj)jenm+1 be a bounded C,-valued function. The divergent series we will
consider are of the form
(L.7) 3 C]—G) (z € ZmH).
jeNm+1 J
We can formally interpret any such series as a definition for the function F': N™+1 —
C, whose value at n is given by ZCA?) as this reduces to a finite sum. We will
show that in fact any element of ﬁg"(NmH) can be uniquely expressed as a divergent

series of the form (1.7). Furthermore, the mapping

(1.8) K;O(Nmﬂ) — K;O(Nm“)

F |—> (Cl)l'eNm+1

so obtained is an isometry (Theorem 3.0.1). Taken together, these two statements
may be regarded as a generalization of the second part of Mahler’s classical result
(1.5) to p-adically bounded functions. The fact that (1.8) is an isometry means that
the norm of bounded functions F': N™*! — C,, given by divergent series of the form
(1.7) can be calculated as though the multivariate binomial polynomials did form an
orthonormal basis of £5°(N"*') despite the fact that they do not. This work-around
lets us circumvent the absence of a canonical orthonormal basis and prove (1.3) using
Schikhof’s formula.

In §3.3 we return to the global setting by combining the local decay of the finite
differences over all primes. For this discussion we will consider a function s valued in
Q rather than K for simplicity. If d,,s is integral then 9,,s is p-integral for all primes
p, so using (1.3) shows that

[T el < [T o7 mem)

p prime p prime
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Note that both products have only a finite number of terms that differ from unity.
By using the product formula we obtain an Archimedean growth condition for non-
vanishing finite differences ¢(n):

(1.9) e(m)| = [T p™™ (c(n) #0).

p prime

It is well-known that s is polynomial if and only if ¢ is eventually zero. It follows
that s is not polynomial if and only if there exists a subsequence n; such that c(n;)
is non-vanishing, in which case we may apply (1.9) to see that

Tm,p (1)
(1.10) limsup |e(n)|Y™ > sup |e(ng)[Y™ > lim H pn
1<00

n—00 n—00 :
p prime

whenever 9,,s is integer-valued but s is not polynomial.
In §3.2 we calculate the asymptotic behavior of pr”"’?(”) (cf. (1.4), Theo-

rem 3.0.2). We find that

Tm,p(n) 1 1
' n =ttt tn
(1.11) nh_)nolo H D e :

p prime

The proof uses the Chebyshev function 9(x) = )

p<nlogz. It is well-known that
Y(x) = x4 o(x) but we will require a smaller error term. For this purpose we employ
a useful result of Rosser and Schoenfeld [R562] (cf. (3.13)). In the final section, §3.3,

we use the inequality (1.10) to obtain a growth condition on s which together with

(1.11) leads to the two conditions of Theorem 1.3.1.

1.3.3 Interpreting the Integrality of Divided Differences

Divided differences and the Hall-Ruzsa theorem are connected because the con-
dition of congruence-preserving is equivalent to the integrality of §;s. This interpre-
tation generalizes to the integrality of higher divided differences as we now explain.

Roughly speaking, a function whose mth divided difference is integral is “locally”

approximated to mth order by polynomials. “Locally” is in reference to the topology
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on N inherited from the ring of adeles, N C A. In this topology the neighborhoods
are infinite arithmetic progressions and small neighborhoods are infinite arithmetic
progressions with highly divisible periods.

Suppose that s: N — Q is a function whose mth divided difference is integral.
Then there is a positive integer NV such that N¢;s is integral for every ¢ = 0,...,m
(this is not obvious but it follows from Theorem 3.0.1, cf. Remark 1). We again make
use of the Newton interpolation formula (1.2). Let {zg, z1,...} C Q be a denumerable
subset and let s: {xg,z1,...} — Q be a function. For all x € {z¢,x1,...} we have

that

(1.12) s(x) = s(xo) + Z Os(zo, z1, ... xi) | | (2 — ;).

|
—

<.
Il
o

We consider the restriction of s to a small neighborhood U = ng + Ne, where &

is a nonzero integer and ng is arbitrary. Let xg,...,z,, be chosen from U, where we
consider g, . .., Z,,_1 as fixed and x := x,, as variable. From (1.12) we obtain that''
(1.13) s(x) =P(x)+0(™) forallz €U

where P(x) is a polynomial in x of degree < m whose coefficients are rational numbers
with denominators dividing N. When 0,,s contains arbitrarily large denominators
in its values, the implied constant in the asymptotic notation cannot generally be
chosen independently of x.

We can interpret the integrality of ;s in light of the above discussion as follows.
On any neighborhood U C N of order ¢ the function s is approximated to first order
in £ by the constant polynomial P(x) = s(xy). Moreover, the implied constant in the
asymptotic notation may be chosen to be unity. We see that s(z) — s(x¢) is divisible

by ¢ for any x,xq € U.

" The asymptotic notation is to be interpreted in the following sense: there exists a positive integer M such that
for any x in U, M(s(x) — P(x)) is integral and divisible by €™. If d,,s is integer-valued then M may be chosen to
be unity.
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In §3.1 we will prove a second interpretation of the integrality of ,,s: If a function
s: N — Q has Z-valued mth divided difference, then for every prime p the function
s extends to a p-adic m-times continuously differentiable function f,: Z, — Q, and

£ is Lipschitz continuous with constant |m!|,.



CHAPTER I1

Orbits of Rational Functions

This chapter studies pairs of rational functions which possess forward orbits with
infinite intersection. This hypothesis suggests that we may use tools from dynam-
ical systems related to orbits, such as equilibrium measures, or recent results on
equidistribution in orbits — however this is not the case. The real object of study
in this chapter is the monodromy of rational functions. Under what circumstances
can two rational functions have “compatible” ramification? This is a subtle question,
and its ramifications will lead us to the well-known special classes of dynamically
affine rational functions: power maps, Chebyshev polynomials, and Lattés rational

functions. The results in this chapter are joint work with Michael Zieve [OZ].

2.1 Algebraic Curves

In this chapter we work over an algebraically closed field K of characteristic zero,
although no essential generality will be lost if the reader takes K to be the field
of complex numbers. Recall that a variety is an open and irreducible subset of a
projective algebraic set (always over K; see §1.1.1). We define a curve to be a variety
of dimension one. Let K (t) be the field of rational functions in one variable. We fix,
once and for all, an algebraic closure K () of K(t). For fundamental notions about

varieties and curves, such as morphisms of varieties, ramification degree, degree, and

25
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(geometric) genus, we refer to the standard text [Har77]. Morphisms are always over
the field K.

We will frequently switch between the geometric and algebraic pictures according
to suitability and convenience. On the level of curves, this equivalence takes the

following form.

Theorem 2.1.1 ([Har77], (1.6.12)). The following two categories are equivalent:
1. field extensions of K of transcendence degree 1, and K-homomorphisms;

2. nonsingular projective curves, and dominant' morphisms.

Recall that the function field K¢ of a smooth curve C' is the set of morphisms
C — P! which are not identically equal to co. This set naturally forms a field
extension of K of transcendence degree 1. The functor from the second category
to the first category is given by mapping a nonsingular projective curve C' to its
function field K¢, and a dominant morphism f: D — C of nonsingular projective
curves D and C'is mapped to the K-homomorphism Ko — Kp: ¢ — @o f. Defining
the functor in the other direction takes a bit more work (see [Har77, §1.6.12]).

It often happens that a function field L of dimension 1 over K is presented as a
finite extension of K (¢). The field of rational functions K(¢) is the function field of
the projective line P!, In this case the function field L gives us a curve O, and a
nonconstant morphism Cj, — P!

It is worth keeping in mind that Theorem 2.1.1 is only an equivalence of categories
and not an isomorphism of categories. If f: D — (' is a nonconstant morphism of
curves, then it corresponds by Theorem 2.1.1 to two function fields Kp and Ko with
a K-homomorphism Ko — Kp. Passing back through the equivalence produces

nonsingular projective curves C' and D', a morphism f': ¢ — D', and isomorphisms

INote that for curves, a morphism f: D — C is dominant if and only if f is nonconstant.
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C = (" and D = D’ such that the diagram,

commutes.” This ambiguity manifests in both the geometric and field-theoretic pic-
tures. Geometrically, we may use the bottom isomorphism to identify D and D’,
however this does not identify the morphisms f and f’. We obtain an isomorphism
p: C — C such that f = f'op. When we want to emphasize this ambiguity, we will
say that the curve Dy and morphism f: D; — (' associated to a finite extension
L/K¢ is defined up to an isomorphism over C'.

Field-theoretically, if we use the bottom isomorphism to identify Kp with Kp,
and Kp®is a given algebraic closure of Kp, then the subfields of Kp® corresponding
to the morphisms f and f’ are not necessarily the same, they are only conjugate
subfields in general. Note however that if the field extension corresponding to f is
Galois then there is a unique subfield in any algebraic closure corresponding to f.

This brings us to our next definition.

Definition 2.1.2. A nonconstant morphism of curves 7: D — C' is (generically)

Galois if Kp/K¢ is a Galois extension of fields.

The usual notion of a Galois morphism from the theory of schemes requires that
the morphism = is étale (cf. [Mil80, §1.5]), however this is too restrictive for our
purposes since we will generally want to allow for ramification. As we have no need

for the stronger notion, we will simply say that = is Galois.

2 Strictly speaking, these isomorphisms are not part of the statement of Theorem 2.1.1, which only asserts that
natural isomorphisms of these functors exists, but there is an “obvious” choice for the isomorphisms C =+ C’, namely
the bijection between a curve C' and the set of valuations corresponding to its points.
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Galois morphisms arise naturally when taking quotients by a finite group of au-

tomorphisms.

Definition 2.1.3. Let C be a curve and let G be a finite subgroup of Aut C. The
quotient of C' by G is the nonsingular projective curve C/G associated (by Theo-

rem 2.1.1) to the field (K¢)©.

The quotient comes equipped with a natural morphism 7: C' — C/G coming from
the inclusion (K¢)¢ C Ko. By Artin’s criterion, [Lan02, VI.1.8], 7 is Galois with

group G.

Definition 2.1.4. Let f: D — C be a nonconstant morphism of curves. The Galois
closure (N, p) of f is the data of the nonsingular projective curve N associated to the
Galois closure Ky of Kp/K¢ together with the morphism p: N — D associated to

the field inclusion Kp C Ky.

The Galois closure of a morphism f: D — C' is only defined up to a isomorphism
over C'.

The geometry of a variety and its projective embeddings is often studied by means
of its divisors. On the level of curves, the theory of divisors takes an especially simple

form.

Definition 2.1.5. A divisor D on a curve C is a finite subset of C' with Z-multiplicities.

We write a divisor as a sum,
D=> np[P),

where np € Z and all but finitely many np are equal to zero. The degree of D is

defined by

Dl =) np.

pPeC



29

A nonconstant morphism of curves comes equipped with a few natural divisors.
To give their definitions we will need some notation. For a nonconstant morphism
f: X — Y of curves and any point P € X, let ef(P) denote the ramification index
of f at P. For any point Q € Y we define the fiber of f over @) to be the subset
Fi(Q) ={P € X : f(P) = Q} (we occasionally also write f~1(Q) for F;(Q)). We

define r¢(Q) = #F¢(Q). The lcm-ramification index of f at () is defined to be

£(Q) = lemf{es(P) : P € Ff(Q)}.

The ramification divisor of f is

Ry =3 (es(P) ~ D[P).

PeX

The branching divisor of f is

By =Y (deg f —r(@)Q).

QeYy

In general the ramification locus of a dominant morphism of varieties f: X — Y
is a (pure) codimension one closed subvariety of X. For curves this implies that the
ramification locus is a finite set of points (the points where ef(P) > 1). Hence Ry
is a divisor. The next formula implies that f(R;) = By, and so By is also a divisor

(on Y). For a proof of the proposition see [Har77, 11.6.9].

Proposition 2.1.6. Let f: D — C' be a nonconstant morphism of nonsingular pro-

jective curves. Let Fr(Q) be the fiber of f over a point Q of C. Then

> ep(P)=degf.
PE.Ff(Q)

Let us recall the well-known Riemann—Hurwitz formula, for which we will have

much use.
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Theorem 2.1.7 (Riemann—Hurwitz; [Har77|, IV.2.4). Let f: D — C be a noncon-

stant morphism of nonsingular projective curves. Then

2gp — 2 = (deg f)(2g¢c — 2) + |Ry|.

The following useful result computes the ramification of points under the Galois

closure morphism.

Lemma 2.1.8. Let f: D — C be a nonconstant morphism of curves and let (N, p)
be the Galois closure of f. Let Q be any point of C and let F;(Q) be the fiber of
[ over Q. Then the ramification index es.,(P) of the composite map f o p at any

point P € N such that (f op)(P) = Q is equal to the least common multiple eq of

{ef(R): R e Ff(Q)}.

Proof. We will utilize the equivalence between the categories of function fields of
dimension 1 over K and dominant morphisms of curves over K (Theorem 2.1.1) and
give a field-theoretic proof using Galois theory.

Let G be the Galois group of Ky /K¢, and let H be the subgroup corresponding to
Kn/Kp. We make use of the double-coset description of primes in intermediate (not-
necessarily-Galois) extensions.? Let Dp = {s € G : s(P) = P} be the decomposition
subgroup at P. The primes (points) of D lying over @ are in bijection with the
double cosets in H\G/Dp. Since K is algebraically closed and characteristic zero,
Dp is cyclic and generated by a single element «y of order e, (P). There is a natural
bijection H\G/Dp = (H\G)/Dp, and the action of v on H\G decomposes this set
into cycles whose lengths are precisely the ramification indices of points in M lying
over (). Therefore, if v has order greater than the lcm €¢ of these cycle lengths, then

Dp cannot act faithfully on the set H/G (i.e., some nontrivial power of v acts by the

3See [vdW35] or, for a proof in the number field setting, [Neu99, §1.9].
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identity). However, since Ky is the Galois closure of K /K¢, the subgroup H cannot
contain any nontrivial subgroups which are normal in G; in particular, N#¢H = 1.
This subgroup is also the kernel of the (right-) action of G on H\G, which implies
that G acts faithfully, so Dp must also. We see that v has order which is < ¢q.
However, by multiplicativity of ramification, we also have that eg < e, (P). This

proves that g = e, (P). O

The next formula computes the genus of the Galois closure of a nonconstant

rational function f considered as a morphism f: P! — P
Lemma 2.1.9. Let f: P! — P! be a nonconstant rational function, and let (N,p)
be its Galois closure. Then

gy =1+ (degf)(degp)(—l +3) (1- @))

Qept
Proof. Let us apply the Riemann—Hurwitz formula to the composite map fop: N —
P!. For any point P € N, the ramification index ey, (P) of the composite map f op
is equal to the lem-ramification index €(Q) of f over Q = (fop)(P) (Lemma 2.1.8).

We obtain that

298 — 2 = —2deg(f op) + |Ryop|

—2(deg f)(degp) + Z (esp(P) = 1)

PeN

—2(deg f)(degp) + Z Z (erp(P) —1)

QEP! PeFrp(Q)

= —2(deg f)(degp) + Y ((deg f)(degp) — r1,(Q)).

Qep!

Since f o p is Galois, we have that

deg(fop)= Y ep(P)= D> £(Q)=cs(Qrp(Q)

PeF;,(Q) PeFfp(Q)
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It follows that

29y — 2 = (deg f)(degp)(—2+ Y (1= ).

QeP!?

By rearranging terms we obtain the claimed formula,

gN:1+(degf)(degp)(—1+% ) (1‘efT1Q>)>' -

QeP!?

The next definition introduces a fundamental construction which will play an

essential role in our results.

Definition-Proposition 2.1.10. Let f: C — E and g: D — E be nonconstant

morphisms of curves. The tensor product of fields
KC®KEKD2K1 Xoee XKt

s 1somorphic to a direct product of function fields of dimension 1 over K. We define
the smooth fiber product C' X D to be the finite disjoint union of smooth projec-
tive curves associated to the fields K1, ..., K;. The smooth fiber product possesses
canonical maps g C xpD — C and mp: C Xg D — D whose restriction to every
connected component is nonconstant. The smooth fiber product C X g D and the maps
To, Tp satisfy the following universal property: for any smooth projective curve T
and nonconstant morphisms a: T'— C and b: T — D such that f oa = gob, there

exists a unique morphism &: T — C X g D such that the following diagram

commutes.
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Proof. The extension Kp/Kp is finite and separable, so there is an element o € Kp

such that Kp = Kg(«). Let f(t) be the minimal polynomial of o over K. Then

Kp = (I;’Ejt[)t;, so we have the isomorphism

Kclt]
(f)

As f(t) is separable, this shows that the tensor product algebra K¢ ®f, Kp is

Ko ®k, Kp =

a separable Kpg-algebra, hence isomorphic to a product of fields K, ..., K; which
are finite extensions of K¢. Each map Ko — Ko ®k, Kp — K;, 1 <1 < ¢,
corresponds (by Theorem 2.1.1) to a nonconstant morphism C; — C where C; is the
curve corresponding to the function field K;. By putting these maps together, we
obtain a canonical map 7¢: C X g D — C which is nonconstant on every connected
component C; of C' X g D. Similarly, there is such a map 7p: C X5 D — D.

The universal property for (C' xg D, m¢, wp) follows immediately from combining
the facts that the tensor product over Kg is the coproduct in the category of com-
mutative Kg-algebras, and the functors which realize an equivalence of categories
are full and faithful (i.e., they induce bijections on every set of morphisms between

two objects). O

Remark. The smooth fiber product is not a fiber product in the category of schemes.
We will have use for the following form of Abhyankar’s lemma.

Lemma 2.1.11. Let f: B — D and g: C — D be nonconstant morphisms of smooth

projective curves. Let A be a component of the smooth fiber product B X p C, and let

m: A — B and ¢: A — C be the morphisms associated to the K-homomorphisms

Kp — BxpC — K4 and K¢ — BXpC — Ka. Let P be a point of A, and set

Q =7(P) and R =(P). Then efor(P) = lem(ef(Q), e4(R)).

For a proof see Theorem 3.9.1 of [Sti09)].
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When the smooth fiber product is irreducible (< connected), applying the Riemann—
Hurwitz formula results in a useful relation between the genus of the smooth fiber

product and the ramification data of f and g.

Lemma 2.1.12. Let f: C — E and g: D — E be nonconstant morphisms of curves.
Suppose that the smooth fiber product C X g D is irreducible. Then

2005,0—2= (200 —2)deg f+ > (es(P) — ged(es(P), ¢5(Q))),
(P,Q)EF

where F' = {(P,Q) € C x D : f(P)=g(Q)}.

Proof. Let (P,Q) € F and write T = C xgD. We claim that there are exactly
ged(ef(P),e,(Q)) points R of T such that m¢(R) = P and np(R) = Q. Let K¢ p
denote the completion of K¢ for the valuation at a point P of C. Then K¢ p®gk, Kp g
is isomorphic to the product of the completions K r over all points R € T" such that
me(R) = P and mp(R) = (. Let R be such a point of T', and set a = es(P),
b = e,(Q). By Abhyankar’s lemma (Lemma 2.1.11), the ramification of R through
the composite map f o m¢ is equal to lem(a, b). The following diagram indicates the
ramification degrees:

lem(a,b)

lcm(a,b)l lb

P —— f(P).
The dimension of K¢ p @k, Kp,g over K¢ p is equal to the dimension of Kp ¢ over
Kg, ¢(p), so the sum over lem(a,b)a™" over all points R such that 7o(R) = P and
mp(R) = Q is equal to the degree of Kp o/Kg s(p), and this is b since the extension
Kp.o/Kg sp) is totally ramified. Therefore the number of such points R is equal to

b(lem(a,b)a™1) "t = ged(a, b), as claimed.
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Now we apply the Riemann—Hurwitz formula to the map np: T'— D to obtain

297 — 2 = (2gp — 2)deg f + Z(eﬂD(R) —1).

ReT

We can break up the sum over F' to obtain

20r —2=(2gp — 2 deg f+ > D (ex,(R)—1)

(PQ)EF WC(R)iR

mp(R)=Q
= (200~ 2)deg f+ Y ged(es(P),g(@Q)) (LT — 1)
(PQR)EF
= (2gp —2)deg f+ D (ef(P) —ged(es(P), e,(Q))). o
(PRIEF

2.2 Dynamically Affine Rational Functions

In this section we study a special class of rational functions arising naturally
in the theory of algebraic dynamics and number theory. Let G be a commutative
group variety. An affine morphism of GG is a functional composition of a nontrivial
endomorphism of GG as a group variety with a translation.

Recall that the degree of a rational function f is the maximum of the degrees of
the numerator and denominator of f in reduced form. The degree is multiplicative
under composition and agrees with the usual geometric notion of degree when f is

considered as a morphism of curves f: P — P

Definition 2.2.1. A rational function f of degree > 1 is dynamically affine if there
exist a one-dimensional group variety G, an affine morphism A: G — G, and a

nonconstant morphism 7: G — P! such that fr = 7A.

2.2.1 Power Maps, Chebyshev, and Lattés

In this subsection we introduce the standard families of dynamically affine rational
functions. For simplicity, we will only consider affine morphisms with trivial transla-

tion component. The only group varieties of dimension 1 over an algebraically closed
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G—2 .G

pt 1, pt.

Figure 2.1: A dynamically affine rational function.
field are the additive group G,, the multiplicative group G,,, and elliptic curves FE.
The only affine maps of the additive group have degree 1, so they do not give rise to
dynamically affine maps. However the multiplicative group and elliptic curves give

rise to interesting families of dynamically affine rational functions.

2.2.1.1 The multiplicative group

The endomorphisms of the multiplicative group are of the form 2" for n € Z. By
taking 7 to be the inclusion map G,, C P!, we obtain our first family of dynamically

affine maps.

x

pl 2", pl,

Figure 2.2: Power maps.

The map x™ is totally ramified at = 0 and oo with ramification index |n|. There

are no other critical points or critical values. The ramification divisor of 2" is given
by

R = (In| = D)[0] + (In[ = 1)[o0].

A more interesting class of examples arises by taking the quotient map 7 to be

w: G, — P!

T x+al

Let n be a positive integer.
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Definition-Proposition 2.2.1. The nth Chebyshev polynomial is the unique poly-

nomial T, (x) € Z[x] satisfying
(2.1) Tz +a ) =a"+2"

For all positive integers m and n the Chebyshev polynomials satisfy

o Th(=z) = (=1)"Tu(2),

Gy, —— G,

TH+ax~ 1[ [erw_ 1

pt — L, p1,

Figure 2.3: Chebyshev polynomials.

For the proof see [Sil07, §6.2].

T ==z

Ty =22 -2

Ty =23 — 3z

Ty =2 — 422 +2

Ts = 2° — 52 + b

Ts =28 — 62* + 922 — 2

Ty =27 — 72 + 142% — Tx

Ty = 2% — 82 4 202* — 1622 + 2

Figure 2.4: The first eight Chebyshev polynomials T, (z).

From the defining relation (2.1) it is easy to find the critical points and critical
values of T,,(z). As T,(x) is a polynomial of degree n, it is totally ramified at oo
with ramification index n. The finite critical points of T, (x) are given by the points
of the form

z4+z27Y 2 € g, \{£1}).
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The finite critical values are given by

;

%) if n=1,

{2} ifn=2

{£2} ifn>3.
\

The ramification divisor of T, (z) is given by

3
—

R =(n—1)oo] + > ["+27"]

B
Il

where z is any primitive 2n-th root of unity in K.

2.2.1.2 Elliptic curves

Let E be an elliptic curve over K. It follows from the Riemann—Roch theorem
that £ admits a projective model in P2 whose affine part is given by the Weierstrass
equation,

v =23 +ar+b, abckK,

where A = 4a3 + 27b? # 0. Then FE is the closure of this affine curve and possesses
a unique point O at infinity; see [Har77, IV.4] or [Sil09]. The functions z and vy,
considered as coordinates on the affine part of E, are called Weierstrass coordinates.

Let L: E — E be a morphism. We may express L in Weierstrass coordinates,

L(x,y) = (F(z,y), G(z,y)),

where F(x,y) and G(x,y) are rational functions in the function field of E and
G(x,y)? = F(z,y)® + aF(x,y) + b for all (z,y) € E.

Let us express the group operation on £ additively. It is well-known that the
group-theoretic inverse of a point (z,y) is given by (z, —y) (this follows, for instance,

from the geometric description of the group law on E). Suppose that L: E — E is
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an endomorphism of E as a group variety. The fact that L(—P) = —L(P) gives the

relation

L(z, —y) = (F(z,—y),G(z, —y)) = (F(z,y), =G(z,y)) = —L(z,y).
The Weierstrass equation shows that the function field Kz is a quadratic extension
of K(z), so we may write F(x,y) = Fi(z) + yF»(z) and G(z,y) = G1(x) + yGa(z).
The above relation now shows that 5 = GG; = 0, hence that any endomorphism of
E takes a special form:
L(z,y) = (F(z),yG(x)).
Consider the x-coordinate map:

x: E— P!

X7V it Z 40,
(X:Y:Z]—

o0 if Z=0.
By using z as our quotient map 7: £ — P! we can define a large number of interesting

dynamically affine rational functions.

Definition 2.2.2. Let E be an elliptic curve in Weierstrass form, and let L: £ — F
be an endomorphism of E of degree > 1. The Lattés rational function ¢(x) associated
to L is the xz-coordinate function of L(z,y) = (¢(z),y7(x)).

E—Lt L, E

Pt £ 5 pl

Figure 2.5: “flexible” Lattés maps.

Lattés maps which are defined using the z-coordinate projection are sometimes
called “flexible” Lattés maps. Indeed the z-coordinate is not the only way to ob-

tain Lattés maps from elliptic curve endomorphisms. The z-coordinate realizes the
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“quotient-by-(—1)” map F — E/{+1} = P'. However, there are two isomorphism
classes of elliptic curves with other automorphisms besides P — —P. For these
other automorphisms one may use (in Weierstrass coordinates) quotient maps given
by y, %, or 2. These produce other examples of Lattés maps, which are sometimes
called “rigid” Lattés maps, since the isomorphism class of the associated elliptic curve
cannot be deformed without losing the extra automorphisms.

In general, a Lattés map is defined to be any rational function ¢: P* — P! which

fits into a commuting diagram of the form

E-4.p

Wl lw

pt — P!

for some elliptic curve E, affine morphism A: F — E, and nonconstant morphism
m: B — PL

Although we have ignored affine morphisms with nontrivial translation compo-
nents in the case of the multiplicative group, it turns out that all dynamically affine
rational functions are essentially accounted for by the standard families above. Re-
call that two rational functions f and g are said to be conjugate if there exists an
automorphism g of P! such that f = pogopu™t.
Theorem 2.2.3. A rational function of degree > 1 is dynamically affine if and only
if it is conjugate to one of the following dynamically affine rational functions:

1. 2", with n € Z\{%1};

2. a signed Chebyshev polynomial £T,(x) with n > 2, or

3. a Lattés map Ug ax(x) for some elliptic curve E, affine morphism A: E — E,

and nonconstant morphism m: E — P,

We will not prove this theorem, which is standard. Instead we refer the reader
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to the standard reference [5il07]. We remark here that the third item may be opti-
mized by giving quotient maps 7 that are “reduced”; in Weierstrass coordinates this

constrains 7 to be among a finite set (see Lemma 2.2.5).

2.2.2 Ramification of Dynamically Affine Maps

In the next section we will prove a new characterization of dynamically affine
maps in terms of Galois-theoretic conditions (Theorem 2.3.2). In this subsection, we
study the ramification of dynamically affine maps and prove the results that we will
need for the Galois-theoretic characterization.

The following notion is useful.

Definition 2.2.1. A Galois morphism 7: D — C of curves is reduced if it has a

totally ramified critical value.

We first show that reduced morphisms between curves of low genus are essentially
determined by their ramification. Recall that the branching divisor B, of a noncon-
stant morphism 7: D — C'is the divisor on C given by B, = >, ,(degm — )

where ¢ is the size of the fiber of 7 over @) (counted without multiplicity).

Lemma 2.2.2. Let 7: D — C and w: D' — C be reduced Galois morphisms. If

gp < 1 and B, = By, then there is an isomorphism p: D = D' such that m = wp.

Proof. The assumption that B, = B, implies that the same points of C' realize
the maximal coefficients of these divisors. As the totally ramified points are the
points with maximal coefficients, this implies 7 and @ have the same totally ramified
branch points. Comparing coefficients at any such point shows that 7 and w have
the same degree. As m and w are Galois and have the same degree, the equality of

the branching divisors shows that for any point @) in C, the lem-ramification indices



42

£:(Q) and e,(Q) are equal. This implies that the normal divisors of 7 and w are
equal, so from Lemma 2.1.9 we see that gp = gp.

Consider the smooth fiber product D x¢ D’ (Definition 2.1.10). By Abhyankar’s
lemma (2.1.11), both projection maps D x¢ D' — D and D x¢ D' — D' are un-
ramified. Let D” be an irreducible component of D X D', say of genus g. The
Riemann-Hurwitz formula applied to the unramified morphism D" — D (of degree

d, say) is
(2.2) 2g — 2 = d(2gp — 2).

If gp = 0 then (2.2) implies that g = 0 and d = 1. The same consideration applies

to D" — D’ so the projection maps
D<«—D"—D

are isomorphisms. Composing these isomorphisms produces the required isomor-
phism p.

If gp = 1 then (2.2) implies that g = 1. Let O and O’ be totally ramified points
of m and w, respectively, and let O” be a point of D” which maps to both O and O'.
We consider D as an elliptic curve E with basepoint O, and likewise for £’ and E”.
Let Aut(D”/C) be the set of automorphisms of D" over C. Let T" be the subgroup
of Aut(D”/C) generated by Aut(D”/D) and Aut(D"/D’), and let D" /T denote the
quotient of D" by T.

The projection map D” — D defines an isogeny E” — E by construction, so
Aut(D”/D) is a subgroup of E” (namely the kernel of this isogeny; see [Sil09,
[11.4.10]). This isogeny induces an isomorphism between E”/Aut(D”/D) and E,
showing that it is a Galois morphism of curves. The same consideration applies

verbatim to the projection map D” — D', and it follows that the quotient map
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D" — D"/T factors through D and D’. We obtain the following diagram:

DN D/

L LN

D —— DT

N

z C.

The quotient map D” — D” /T is unramified (every point has |T| preimages), so
by the Riemann-Hurwitz formula the genus of D”/T is equal to 1. However, the fiber
of m over m(O) contains only O which shows that D — D”/T is an isomorphism.
The same consideration applies to D’ — D" /T by looking at (O’, and composing the

isomorphisms D — D" /T <+ D’ produces the required isomorphism p.

]

The next lemma gives an explicit description of the ramification of rational func-
tions whose Galois closure has genus zero. For expressing ramification data, it is
convenient to work with multisets. If f: D — C is a nonconstant morphism of
smooth projective curves, and @) is a point of C, we will write E;(Q) for the multiset
of ramification indices e;(P) for all points P in the fiber of f over ). We will denote
multiplicities with exponents, e.g., the multiset {1, 1,1,2,2} is denoted with [13,22].

We will write E for the (disjoint) union of multisets E¢((Q)) over all points @) € C.

Lemma 2.2.3. Suppose that f is a rational function of degree n > 60 with a genus
zero Galois closure. Then there are automorphisms p and T of P* such that (uf7, Ey)

s equal to one of the following:

1. z™, [n] over each of two points,

2. To(x), [n] over one point, [12,2"~Y] over a set of two other points,

n
2

n
8. m is even, x2 + 1~ 2, [, 8] over one point, [27/2] over each of two other points.
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Proof. Let (N,p) be the Galois closure of f. By applying the Riemann—Hurwitz
formula to the composite morphism 7 := f o p and using Lemma 2.1.6, we obtain

that

(23) —2=degm(-2)+ Y _(ex(P)—1) =degm(-2)+ Y _(degm — r.(P))

PePl QeP!

= degﬂ(—Q + Z (1 - EJ@))'

QeP!?

This shows that

(2.4) Y. (-=g) <2

QeP!
If £,(Q) > 1 then 1 — % > 150 (2.4) shows that 7 has at most three critical
values.

When there are two critical values we may choose an automorphism p so that uf

has critical values at 0 and oo. Since £,(Q) < degm we have that

-2 = degﬂ(—Q + (1 - 57,1(0)) +(1 - ﬁ)) < degﬂ(—dfgﬂ) = 2.

It follows that we must have equality, and so £,(0) = e,(c0) = degm. This implies
that these points are totally ramified for puf. Now we choose an automorphism 7
sending 0 and oo to the unique pf-preimages of 0 and oo, respectively, so that pfr
has totally ramified fixed points at 0 and co. It follows that pufr = ca™ for some
constant ¢ € K, and we may rescale ;1 to ¢!y to obtain pfr = 2™

Now suppose that there are three critical values of f. Let K(z) be the function
field of the Galois closure (N, p) of f so that we have containments K (t) C K(z) C
K(y) corresponding to the morphisms N 2 P! I, P with f(x) =t and g(y) = z for
some rational function g(y). Let us set a(y) = f(g(y))-

From (2.3) we obtain that

1 _ 2
(2.5) D s =1%am
QeP!
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which is greater than 1 but less than 1+ 2 since degm > deg f > 60. If every e,(Q)
were greater than two then the left-hand side would be too small, so at least one
lem-ramification index must be equal to 2. Suppose that one lem-ramification index
is 2 and the others are greater than 2. Since % + i + }1 = 1 at least one of them is
less than 4 so must be 3, but for any integer s > 6 we have that 1 < % + % + % <1,
and so s is either 4 or 5, but then % + % + % < 1 which also is a contradiction. We

conclude that the three ramification indices are (2,2, s) for some integer s, and from

degm

(2.5) we have s = =%

We will now show that a(y) is equal to y* + y~* up to composing with automor-
phisms of P! on either side. By composing with automorphisms we may assume that
a maps 0 and oo to oo with ramification index s and that the other critical values are 2
and —2. Tt follows that a(y) has the form b(y)y—* where b(y) is a polynomial of degree
2s and has nonzero constant term. Since the preimages of 2 have ramification index
2 it follows that b(y) — 2y* = c(y)? and likewise for —2, so that b(y) + 2y* = d(y)*
for some polynomials ¢(y) and d(y) of degree s. Putting these together we have
b(y)* — 4y* = e(y)?, where e(y) = c(y)d(y). Then 4y* = (b(y) — e(y))(b(y) + e(y)),
which shows that b(y) — e(y) = uy’ and b(y) + e(y) = 4u~'y*~* for some nonzero
constant u and 0 < ¢ < 2s. This shows that b(y) = %y" + 2>~ which has no
constant term, and so ¢ € {0, 2s}. In either case we have b(y) = vy** + v~! for some
nonzero constant v which implies a(y) = b(y)y—* = vy* + (vy®*)~1. By precomposing
with the automorphism y + v'/*y we may assume v = 1. We have shown that a(y)
is equal to y* 4+ y~° up to automorphisms.

The Galois group of K(y)/K(t) is generated by the automorphisms y +— 3y~
and y — (y for an s-th root of unity in K. The group they generate will be Dy,

the dihedral group of order 2s. Because K(y) is the Galois closure, the elements
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fixing K(z) form a subgroup which cannot contain any normal subgroups. The
only possibilities are either a trivial group or a group of order two generated by an
involution of the form 7: y + C(y~! for some s-th root of unity in K. In the former
case, ¢g(y) is an automorphism of P'. Since a(y) = f(g(y)) we have that f(z) =
x®+x~* after composing with the functional inverse to g(y) and s = % dega = % deg f.
In the latter case, K(z) is the subfield of K(y) fixed by 7, which must be K(x) =
K(y + Cy™'). The equality of these fields implies there is an automorphism whose

composition with z is equal to y + (y~!.

After precomposing with the functional
inverse to g(y) we have a(y) = y*+y~° = f(y+Cy~'). Upon making the substitution
y = /Cw, this becomes a(w) = —w® — w=* = f(wy/C ' + /Cw™!). By the defining
equation for Chebyshev polynomials (2.1), we have that f(x) = —Ts(x). In this case,
dega = 2deg f so that s = n. Thus f(z) is equal to T, (z) up to composing with
automorphisms.

We now verify the ramification data of these three functions. The rational function
x® 4+ x7° has critical points at 0 and oo with ramification degree s. The derivative
vanishes when x is an n-th root of unity and so 2 and —2 are critical values; an n-th
root of unity lies over 2 or —2 according to whether it is an even or odd power of
a primitive n-th root of unity. In either case the ramification degree of any one of
these roots of unity is 2. This verifies the third case. For the power map and the

Chebyshev polynomial, the multiset descriptions follow easily from the description

of their ramification given in §2.2.1.1. O

The next proposition proves that any Galois morphism from a genus one curve to

a genus zero curve may be canonically factored into an isogeny and a reduced map.

Proposition 2.2.4. Let E be a genus one curve and let m: E — P be a nonconstant

Galois morphism. Let S C P! be the subset of points Q such that £,(Q) is mazimal.
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There exists a genus one curve E° such that © factors as E 2 B 2 P where D 1S
Galois and totally ramified over any Q) € S. Moreover, E° has the following universal
property: for any genus one curve E' such that 7 factors as E LN N P!, there

exists a map ¢: E' — E° such that ¢ = o and a = py.

Proof. Let G be the group of automorphisms of £ commuting with 7 and let w be a
nonzero regular one-form on E. The canonical map G — K*: 0 — w?/w is clearly
independent of the choice of w. Let G° be the kernel of this homomorphism and take
E° = E/G° with its quotient map ¢: E — E°. Therefore ¢ is unramified and so
E” is genus one by the Riemann—Hurwitz formula. Let ¢: E° — E/G be the map
induced by the inclusion G° C G and let i: E/G = P! be the map induced by 7.
We have a factorization iqp = .

The quotient G/G° is isomorphic to a subgroup of K* so it is a cyclic group; let
o be a generator. Any lift of ¢ to G must have a fixed point in £ — G° was precisely
the fixed-point-free elements of G — and so ¢ has a fixed point P € Ej. As P is
fixed by every element of G/G° it is a totally ramified critical point of ¢q. Because ¢
and ¢ are unramified we have e,(i(P)) = ,(P) for any P € Ejy.. As ¢,(P) divides
deg g with equality precisely when P is a fixed point of every element of G/G°, it
follows that £,(P) = deggq if and only if i(P) € S. Then p = iq is totally ramified
over all the points of S.

Now we prove that E° has the claimed universal property. Suppose 7w factors
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through a genus one curve E' as F LA TN P! 7 = arp. We view 1) as an isogeny
of elliptic curves by giving E and E’ the base-points P and ¢ (P), respectively. It
follows that ker — with its natural group structure inherited from (£, P) — is
isomorphic to Gal() and its natural translation action on E may be identified with
the action of Gal(¢) on E. It is well-known that any one-form on E is translation-
invariant so that Gal(y)) < G° and it follows that there exists a map ¢: E' — E°
such that ¢ = p).

Showing that @ = py amounts to an easy diagram chase. Let ) € E)% and

consider a ¥-preimage P of (). Then

As @) was arbitrary this shows that o = py. n

The next lemma proves that there are only four types of reduced maps, and that
they may be distinguished on the basis of their ramification. When these maps are
used to construct Lattés maps, the degree 2 reduced maps correspond to “flexible”
Lattés maps, while the degree 3, 4, and 6 reduced maps correspond to “rigid” Lattés
maps (see [Sil07, §6]). Accordingly, for the degree 2 reduced map there is no con-
straint on the j-invariant, whereas for the other three cases a specific isomorphism

class of elliptic curves must be utilized in order to realize the reduced map.

Lemma 2.2.5. Let E be a genus one curve with j-invariant j(E) and let p: E — P!
be a reduced morphism. Then (degp,j(E), R,,B,) satisfies one of the rows of the

following table: (for each divisor the points are distinct)
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degp | j(E) Ry B,
2 - [P1] + [Po] + [Ps] + [Pa] | [@:1] + [Q2] + [Q3] + [Q4]
3 0 2[P1] + 2[P2] + 2[P5] 2[Q1] + 2[Q2] + 2[Qs]
4 [ 1728 | [Py 4 [Pa) +3[Ps]) +3[Pa] | 2[Q1] + 3[Q2] + 3[Q3]
[P1] + [P2] + [Ps]+

6 0 3[Q1] +4[Q2] + 5[Q3]
9[Py] + 2[Ps] + 5[Ps]

Proof. The Riemann-Hurwitz formula for p gives the constraint that > ,cpi (1 —
£,(Q)™") = 2. The finitely many solutions in the positive integers (£,(Q))q can
be found in an elementary way: they are (2,2,2,2), (3,3,3), (2,4,4), and (2,3,6).
This suffices to determine the ramification and branching divisors. For instance, for

(2,3,6), the degree of p is 6 as p is reduced. It follows that the branching divisor is

B, = (6 — $)[Q1] + (6 — $)[Q2] + (6 — 1)[Qs]
= 3[Q1] + 4[Q2] + 5[Qs].

The other three cases are completely similar.

]

The next proposition collects the results we will need about the ramification of

rational functions with Galois closure genus one.

Proposition 2.2.6. Let f be a rational function such that f°? has Galois closure
genus one. Suppose that deg f > 24. Let (N, p) be the Galois closure of f: P* — P!,

Then:
o for any point P, e;(P) € {1,2,3,4,6},

o for any Q € P, there are at most four preimages of Q which have ramification

index # €¢(Q),
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Proof. Let (No,ps) denote the Galois closure of f°2: P! — P! and let 7 = f°% o py.
By Proposition 2.2.4 the morphism 7 factors as N, 2 B° 4 P! where q is reduced
and E° is a genus one curve. By the Riemann-Hurwitz formula applied to ¢, we
have that

0 =2gn, — 2= (deg @) (2ge- — 2) + |Ry| = |Ryl,

which shows that ¢ is unramified.
Let P be any point of P!. By multiplicativity of ramification indices, it follows
that e;(P) divides ef2(f(P)). Let R be any po-preimage of P. By Lemma 2.1.8 we

see that
ero2(f(P)) = ex(R) = e,(¥(R)).

Since ¢ is reduced, there are only four possibilities for the degree of ¢. From
Lemma 2.2.5 we see that degq € {2,3,4,6}. From the explicit expressions for the
branching divisors it follows that e,(Q) € {1,2,3,4,6} for any point () of No. This
proves the first claim.

We now prove the second claim. First suppose that N is genus zero. Then f is
constrained by Lemma 2.2.3 to one of three possibilities, and in each of them the
claim is immediately verified.

Now suppose that N is genus one. We factor p using Proposition 2.2.4 to obtain
a genus one curve F and a factorization N Y B M P! swhere w is reduced. By
the same Riemann-Hurwitz argument as before, ¢ is an unramified map. Since p is
Galois, for any point P € P! the ramification indices e,(R) of points R which are
in the fiber of p over P are all equal (Lemma 2.1.8). Let @ be a point of P! and

suppose P is an f-preimage of () such that ef(P) # €¢(Q). Let R be any p-preimage
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of P. We have from Lemma 2.1.8 that
£1(Q) = epop(R) = €p(R)ef(P) = ewop(R)ef(P) = ey((R))es(P).

Since ef(P) # €¢(Q), this shows that e,,(¢(R)) > 1, hence that w(¢(R)) = p(R) = P
is a critical value of w. By Lemma 2.2.5, there are at most four critical values of w.

This proves the second claim.

2.3 Lifting

Let f be a power map, a Chebyshev polynomial, or a Lattés rational function.
Although it is not obvious, it turns out that there is almost always a canonical choice
for the group variety G which realizes f. Aside from a few exceptions in low degree,
it turns out that the Galois closure (N, p) of f contains a group variety which realizes
f as a dynamically affine map. This means that there is a morphism F': N — N and

a group variety G C N with F(G) C G, such that the diagram

N LIy N

| I

Pt p!
commutes.

The above diagram has another property which is also special to dynamically
affine maps: this diagram is cartesian in the category of smooth projective curves.
This means that the smooth fiber product P* X, N is isomorphic to N over P*.

The next definition axiomatizes this property to a general morphism f: C' — C
and Galois morphism 7: D — C. To emphasize the intuition that the left copy of

D — C'is the “pullback” of the right copy of D — C, let us write f*D for the smooth

fiber product C Qfﬂr D and f*r for the projection map f*m: f*D — C.
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Definition 2.3.1. Let f be a noninvertible endomorphism of a curve C. Let 7: D —
C' be a (generically) Galois morphism and let F' be an endomorphism of D. We say
that f lifts along 7 to F'if f o (f*m) is (generically) Galois, and the smooth fiber
product f*D is isomorphic to D over C'.

D —~ f*D D

]

c—1-c

Figure 2.6: Lifting f along a Galois morphism 7.

In this section we will prove two theorems. The first theorem is a Galois-theoretic

characterization of dynamically affine maps.
Theorem 2.3.2. Let f be a rational function of degree > 60. The following are
equivalent:

o f is dynamically affine;

o the genus of the Galois closure of f°" 1s bounded independently of r.

Our second theorem proves that dynamically affine maps admit liftings to their

Galois closure.

Theorem 2.3.3. Any dynamically affine rational function of degree > 12 lifts along
its Galois closure p: N — P! to a morphism A: N — N. The étale locus* of A is a

group variety G C N, A(G) C G, and A|g is an affine morphism.
We begin by studying rational functions whose iterates have Galois closure < 1.

Lemma 2.3.4. Let [ be a rational function such that the Galois closures of f and

f°% have genus one. Let (E,p) denote the Galois closure of f. Then p is reduced.

4

i.e., the largest subset of N on which A is unramified.
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Proof. Consider f as a morphism of genus zero curves C' — D where C' (resp. D) has
coordinate = (resp. y). Apply Proposition 2.2.4 to the composite map fp: E — D
to get a genus one curve E” and maps ¢: E — E’, r: E” — D. Next apply
Proposition 2.2.4 to the map p: F — C' to get a genus one curve £’ and maps ¢: £ —
E', q: E' — C. Proposition 2.2.4 guarantees the existence of a map ¢: F' — E”

making the diagram commute:

We regard all function fields as subfields of an algebraic closure of K. Consider
the subfield F' of K which is fixed by both Gal(y) and Gal(g). Then F is a subfield
of Kg» and K¢ inside of Kp. We claim that the intersection L of Kgv) and K¢ is
Kp. Any critical value of r is a critical value of f, and vice versa. As the Galois
closures of f and f°? have genus one, it follows that €;(Q) = €2(Q) for all Q € D.
Let @ be a totally ramified critical value of r and set R = h(Q). Then £¢(Q) is
maximal among ramification indices of f — and also f°* — so that € 2(R) < £4(Q),
but the reverse inequality clearly also holds so that e2(R) = £7(Q). But then
ef2(R) = €4(R) = &,(R) is maximal among ramification indices of r, hence R is a
totally ramified critical value of r. If every totally ramified critical value of r had no
f-unramified f-preimages then we would have ef.2(R) > e7(R), which would be a
contradiction.

It follows that some totally ramified critical value Q of r has an f-unramified

f-preimage. Then the number of places of L over () is simultaneously equal to both

one and [L : Kpl, so L = Kp. As Kp C F C L we conclude F' = Kp. Hence
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fq is Galois with Galois group generated by Gal(q) and Gal(p) inside of Aut(E’);
however, E was the Galois closure of f so that ¢» must be an isomorphism. Since ¢

is reduced we conclude p is reduced. O

Proposition 2.3.5. Let f be a rational function of degree n > 60. The following

are equivalent:

(a) [ has genus zero Galois closure for every integer r > 1,
(b) £ has genus zero Galois closure for some integer r > 1,
(c) f is conjugate to x*" or £T,(x),

(d) there is a reduced map p: P — P! and an affine morphism A: G,, — G,,, such
that f o p is Galois, and the diagram

G,, -2+ G,,

| I

pt 7, p

commutes.
Proof. Property (d) implies (c) by the classification of dynamically affine maps (The-
orem 2.2.3). We have shown that (c¢) implies (d) already (in §2.2.1.1) by directly
constructing p and A, however we did not show that f o p is Galois. We show this
now.

Suppose f is conjugate to 2. There is no loss of generality in assuming that f is
simply equal to z%". The field extension induced by ™" is K(t) — K(x): t — 2.
For z™ (resp. x~™) this realizes K (x) as the splitting field of 2" — t € K (t)[z] (resp.
" —t~' € K(t)[z]). By assumption, K is characteristic zero so this extension is also
separable. It follows that 2*" is Galois and p = id, so f o p = f is Galois.

Now suppose f is conjugate to €T, ¢ € {—1,1}. Again, there is no loss of

generality in assuming that f is simply equal to €7},. Recall the defining equation of
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the Chebyshev polynomials:
(2.6) T(r+z ) =a"+a "

The field extension induced by €7, is K(t) — K(x): t — €T,,, and we identify K (t)
with its image under this embedding. Consider the quadratic extension K(y) over
K () given by adjoining a root of y*> —zy+ 1 € K(x)[y]. Using (2.6) we obtain that
et = T, (x) = Tn(y+y =) = y"+y ™, or equivalently that y** —ety"+1 = 0. The roots
of this equation in K (y) are y*'w! i =0,...,n — 1, where w is a primitive n-th root
of unity in K. This shows that K(y) is the splitting field of 3" — ety™ + 1 € K(¢)[y]
over K(t). It follows that the function field of N, is isomorphic to K(y). The
morphism p: N.z,, — P! corresponding to the inclusion K(z) — K(y): x— y+y~*
is Galois, and has a totally ramified critical point at 1. We have shown that (c¢) and
(d) are equivalent.

Clearly (a) implies (b) so we will show that (c¢) implies (a) and that (b) implies
(c). Assume f satisfies (c¢). We have shown that f then satisfies (d), which proves
that f has a genus zero Galois closure. However, the set of power maps and (signed)
Chebyshev polynomials is closed under iteration (Proposition 2.2.1), so we have
already shown (a).

Now assume that f satisfies (b). The function field of the Galois closure (N, p,)
of the iterate f°" contains the function field of the Galois closure of the second iterate
f°% (both function fields considered in the algebraic closure of K(t)). This produces
a canonical map N, — N,. By the Riemann-Hurwitz formula, the genus of Ny, must
be < the genus of N,, which is zero, and so f°% must also have genus zero Galois
closure. Applying Lemma 2.2.3 to f°? constrains the ramification multi-set of f°? to

one of the following possibilities:



56

1. [n?] over each of two points P and Q,

2. [n?] over one point P, [12,2"°~] over a set of two other points {Q, R},

3. [, 2] over one point, [27*/2] over each of two other points.

202

Case (3) cannot actually occur. Indeed ramification indices are multiplicative over
compositions of dominant maps, so any ramification index for the composite f°2 must
be realized as a product of ramification indices from a single case of Lemma 2.2.3.
However the integer %2 cannot be realized as a product of two integers taken from
any one of the sets {n}, {n,1,2}, or {3,2}.

It is well-known that the automorphism group of the projective line acts 3-
transitively.” By replacing f with a conjugate we may thus assume that (P,Q) =
(00,0) in case (1) and (P,Q, R) = (00,2, —2) in case (2). In the first case, f will
have ramification index n over each point of {0,00}. In order for f°% to achieve
a ramification index of n?, f must stabilize the set {0,00}. Let p(x) := f(1/z) if
case (1) is satisfied and f(0) = oo, and let p(z) := f(x) otherwise. Then in the
first case we have that p(0) = 0, while in either case we have that p(co) = co. By
Lemma 2.2.3 there exist automorphisms g and v of P! such that p equals either
pox"ovor poly,ov.

Suppose p is p o z" o v. There are two critical values of z™ and both are fixed
and totally ramified so we are in the first case. Either p and v both fix 0 and oo,
or they both permute 0 and co. Hence (u,v) = (ax®, bx®) for constants a,b € K
and € € {—1,1}, so f = cz*" for some constant ¢ € K. If d € K is any solution of
¢ = d~17", then the automorphism 7(z) = dz satisfies 7o f o771 = 2",

Suppose p is p o T, ov. The polynomial T, has only one totally ramified critical

value so we are in the second case. In order for f°? to achieve a ramification index

5i.e., AutP! acts transitively on {(P,Q,R) : P,Q, R € P!, P,Q, R distinct}.
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of n? over oo, p (= f) must fix co as it is the unique totally ramified critical point of
f and has ramification index n. Then v must also fix oo for oo is the unique totally
ramified critical point of T,,, and it follows that u fixes co also. From the defining
equation (2.6) of the Chebyshev polynomials it is easily determined that the finite
critical values of T,, are precisely {2, —2}. It follows that u stabilizes {2, —2}. As
we are in the second case, the set of the two unramified pre-images of f over the
set {2, —2} must be {2, —2}, since otherwise the second iterate of f would have a
ramification index of 4. Hence v stabilizes {2, —2} also. It is easily found that the
only automorphisms of P! fixing oo and stabilizing {2, —2} are {z, —x}. Tt follows

that f is conjugate to +7,,(x). O

The next proposition is the complement of Proposition 2.3.5 for genus one Galois

closure.
Proposition 2.3.6. Let f be a nonconstant rational function of degree > 12. The
following conditions are equivalent:

(a) f°" has genus one Galois closure for every integer r > 1,

(b) f°" has genus one Galois closure for some integer r > 1,

(c¢) f is a Lattés map,

(d) there is a reduced map p: E — P! and an affine morphism A: E — E such that

fopis Galois and the diagram

commutes.

Proof. Condition (a) clearly implies (b). We will show that (b)) = (d) =

() = (a).
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Assume f satisfies (b). Let F': X — Y be any nonconstant morphism of curves
with Galois closure (NN, p), and let R be a point in Y. Recall that the ramification
index epo,(P) under F o p of any point P € N such that F(p(P)) = R is equal
to ep(R) (Lemma 2.1.8). It follows by multiplicativity of ramification indices that
ep(P) = ep(R)/er(p(P)). Since p is Galois we have that r,(p(P)) = degp/e,(P),

and therefore

7 By= Y (degp— (@) = Y (desp) {1 - %} Q.

QeXx QeX

Let (E;, p;) be the Galois closure of f° (i = 1,2) and let B; be the branching

divisor of p;. Using (2.7) we have that

o o ' _ efoi(Q> or i —
(2.8) B; QEZ]Pn(d g pi) {1 gfm_(foi(@))} (@] f L,2.

If P is any preimage of f over Q, then ejo2(P) = ef(P)es(Q) divides € o2 (f°2(P)). As
this holds for any preimage P of @, it follows that £4(Q)e(Q) divides & o2 (f°%(P))

also. This shows that

02 P
(2.9) cr(Q)er(Q) = 4(Q) (ef—()) divides & o2 (f°*(P)) for all P € P'.
er(P)
Upon multiplying (2.9) on both sides by e.2(P)~! we obtain that
P 02 02 P
(2.10) P giviqes 22U P) ¢ on pept.
ef(P) efo2(P)

Note that both quantities in (2.10) are integers.

Let us write By := ) cp1 aq|Q], Bz := 3 5cp bo[@)], and d; := deg p;. From (2.8)

we have that

and by rearranging we obtain

B A £ (f(Q))
(1 le ) ef(Q) :
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Likewise we get that

_ —1y—1 _ 2 (f2(Q))
Uobek ) =00

From (2.10) we have that
(2.11) (1 —agd; ")~ divides (1 — bgdy ')~ for all Q € P*

where both quantities in (2.11) are integers. We claim that (2.11) suffices to show
Bl - BQ.

For any positive integer r there is a canonical map
i'r‘: Nfo(r+1) — Nfor

coming from the field inclusion of the respective function fields inside the algebraic
closure of K (t). By the Riemann-Hurwitz formula, it follows that Ng.2 has genus g,
which is < g, = 1. If the Galois closure of f°? were genus zero, then Proposition 2.3.5
would imply that f°" would have genus zero Galois closure for r > 0, which is a
contradiction. Hence the genus of N2 is one. By Proposition 2.2.6, every ramifica-
tion index of f is < 6. If the Galois closure of f were genus zero, then Lemma 2.2.3
implies that f would have some ramification index which is at least deg f/2. As
deg f/2 > 6, this is a contradiction, and so the Galois closure of f is genus one.

It follows from Lemma 2.3.4 that p; and py are reduced morphisms from genus
one curves to genus zero curves. Therefore there are only four possibilities which are
tabulated by Lemma 2.2.5. First consider the case that dy = 2. By Lemma 2.2.5 we
have that By = [Q1] + [Q2] + [@3] + [Q4] for distinct points @Q;. As Nj is reduced,
there are only four possibilities for B;. From (2.11) we have the constraint that

1

(1 —ag,d; ")~ divides (1 — bg,dy")™" = (1 — $)~' = 2. Considering a as an integer

variable in the equation (1 — ad;')™! = 2 where d; ranges over the four possibilities



60

{2,3,4,6} of Lemma 2.2.5, we find that d; = 3 is disallowed (corresponds to the

non-integral solution a = 3/2). The remaining possible cases are

(1—ad;) ' =i <

A direct case-by-case inspection of the branching divisors in Lemma 2.2.5 shows that
the only possibility is if d; = 2 and By = B,. Similar arguments prove that By = B,
for the other three cases of Lemma 2.2.5 when dy = 3,4 and 6.

By Lemma 2.2.2 there is an isomorphism p: E; = E, such that p; = pyp. As
E is the Galois closure of f, there is a map v¢y: Es; — E; such that p1¢y = fpo.
Set ¢ = ¥gp. Any nonconstant morphism : E — E of degree > 1 for an elliptic
curve F is an affine morphism. Indeed if O € E is the identity section of E, then
we may postcompose 1 with a translation 7' to obtain a morphism 7% such that
(T¥)(O) = O, and it is well-known that any morphism F — E sending O to O is
automatically a homomorphism of groups, [Sil09, I11.4.8]. This shows that f is a
Lattés map for the genus one curve E with affine morphism . This proves that (b)
implies (d).

Assume f satisfies (d). Then f is a Lattés map by definition. By [Sil12, The-
orem 3.26|, the Galois closure of any iterate f°" is genus one. This shows that (c)

implies (a). O
We may now prove Theorem 2.3.2 and Theorem 2.3.3.

Proof of Theorem 2.3.2. For any positive integer r there is a canonical map

7:7»: Nfo('r*+1) — NfO’I‘
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coming from the field inclusion of the respective function fields inside the algebraic
closure of K (t), and the degree of i, is the degree of the corresponding field extension.
For sufficiently large r the genera on both sides of this map are independent of r,
say equal to g. Applying the Riemann-Hurwitz formula to ¢, shows that 2g — 2 =
degi.(2g — 2) + |R;.|- If g > 1 then degi, = 1, implying that the corresponding
function fields are equal. This cannot happen since the function field of Nyor over
K (t) contains the function field corresponding to f°", so its degree over K (¢) must
go to infinity.

Hence the genus of the Galois closure of f°" is < 1 for all » > 0, and f satisfies
the hypotheses of either Proposition 2.3.5 or Proposition 2.3.6. In either case we see

that f is dynamically affine. O

Proof of Theorem 2.3.3. Let f be a dynamically affine rational function of degree n
and let (N,p) denote its Galois closure. We have already shown that dynamically

affine maps fit into commutative diagrams of the form

N 2N

| I

pt L pr,

and that N contains a group variety G (G = G,, for power maps and Chebyshev,
G = N for Lattés maps) such that A|s is an affine morphism. In both cases, G is
precisely the étale locus of A, and A(G) C G.

What remains is to show that this diagram is cartesian. There is no loss of
generality in assuming that f is equal to either 2", +T), (), or a Lattés map, since
the property of the diagram being cartesian is preserved when f is replaced by a
conjugate of itself.

If fis 2*" then p is an isomorphism and the diagram is automatically cartesian.
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In the remaining two cases, we claim that there exists a totally ramified point @) of
p such that f has an unramified preimage over . When f is £7,,(z) the Galois
closure map p is x+x ! (this was proven in Proposition 2.3.5). The map p has totally
ramified critical values at x = £2. However the critical points of the nth Chebyshev
polynomial are at x = oo and {z + 7! : € u,\{£1}}. In particular, +7,,(z) is
unramified at the points £2. For any ¢ € {£1} we have that €7,,(2) = €2, showing
that 2 is an unramified preimage of the point () = €2 which is totally ramified for p.

Now suppose f is a Lattés map. The proof of Proposition 2.3.6 showed that f and

f°2 have Galois closures which are isomorphic over P*. Therefore we have a diagram,

Nt NN

|

pr—,yp L, p

in which the left-most morphism p is the Galois closure of f°2. By the Riemann-
Hurwitz formula (in the form of Lemma 2.1.9), we have the equalities

(2.12) 2(1—%):2(1—%#@):0.

QeP! Qept
However €7(Q) < €42(Q) for any point Q in P*. As the quantity 1 — 1 is monotone-
increasing in the variable ¢, it follows from (2.12) that we must have equality ¢;(Q) =
£02(Q) for any point @ in P.
Suppose that R is a totally ramified critical value of p. Let P be a point of N

such that (f op)(P) = R and let Q = f(R). Then

degp = ££(Q) = £502(Q) = £,r2(Q) = £,(Q),

showing that () is a totally ramified critical value of p. Since £4,(Q) = €,(Q), we
must have that ef(R) = 1. This proves the existence of a point ) which is a totally

ramified critical value for p such that f has an unramified preimage over it.
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Let us choose coordinates z and t for P! so that we have the diagram

NN

| I

Pt L p!

P %
We must show that the smooth fiber product P. Qf,pN is isomorphic to N over
P!. For this it suffices to show that PL X, N is irreducible. Indeed, the universal

property of the smooth fiber product implies there is a map j: N — PL Qf,p N such

that the diagram

L —L P!
commutes. Once we have shown that P! x ;, N is irreducible, then the diagram shows
that the degree of j is 1. This will show that j is an isomorphism of PL x #p IV and

N over P{. The existence of the isomorphism j will also verify the other condition

for f to lift to p, namely that the composite map
PLX,, N —P. L p!

is Galois. Hence to finish the proof we need only show that PL X, N is irreducible.

It is the same to show that the function fields of PL and N are linearly disjoint
over the function field of P}. Recall that we have shown the existence of a totally
ramified point @) of p such that f has an unramified preimage P, say, over ). We
proceed by contradiction. Let K(z) and Ky be the function fields of P. and N,
resp., considered as subfields of K (¢)". Suppose that K(z) and Ky are not linearly
disjoint over K (t). Since p is Galois, the failure of linear disjointness is equivalent

to the existence of a subfield K(t) C L C (K(z) N Ky) which has degree > 1 over



64

K(t). Let i: D — P! be the curve D and nonconstant morphism 7 corresponding to
the extension L/K(t). We have that degi = [L : K(t)] > 1. We obtain the following

diagram:

P! x;, N — N

| |

PL— D

\\;‘ P!

As @Q is totally ramified for p, it has a single preimage i~'(Q) under 7. Since

degi > 1, @) is thus a critical value of :. However, by multiplicativity of ramification
indices, the ramification index e;(i"'(Q)), which is greater than 1, must divide e;(P)

which is equal to 1. This contradiction completes the proof. O

2.4 Irreducible Pairs

In this section we introduce the notion of an irreducible pair of rational functions.
Let f and g be rational functions over K of degree > 1. Recall that the smooth
fiber product P! ;(/f’g P! is defined to be the smooth, possibly disconnected curve
associated to the tensor product of the function fields (Definition 2.1.10).

Let C™ denote the smooth fiber product P! §for7gos P! of the iterates f°" and ¢°*.

Definition 2.4.1. If C" is irreducible for all positive integers r and s, we say that

f and ¢ form an irreducible pair.

Theorem 2.4.2. Let f and g be rational functions of degree > 60. Suppose f and
g form an irreducible pair and that the genus of C™ 1is bounded independently of r
and s. Then there exist a one-dimensional group variety G and a Galois morphism

7: G — P! such that f and g both lift along 7 to affine morphisms ¥ and ¢ of G.
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In particular, it follows that the group variety G and the quotient map 7: G — P!
yield a simultaneous realization for f and g as dynamically affine rational functions.
First we will prove a useful result which lets us bound the genus of the Galois clo-
sures of the rational functions in an irreducible pair when the smooth fiber products

of the iterates have low genus.

Lemma 2.4.3. Suppose C!! is irreducible and has genus g. If degg > deg f + g

then the Galois closure of f is genus zero or one.

Proof. Using Lemma 2.1.12 shows that

(2.13) D7D D (er(@Q) — ged(ef(Q). eg(R))) < 2(deg f + g).
SeC, QeD, R€EE,
£1(8)>1 F(Q)=8 g(R)=5

For any S € C' let Ts be the subset of points R € g~'(S) such that £7(5) does not
divide e,(R). Then for any R € Tg there is a f-preimage @) lying over S such that
ef(Q) does not divide e, (R), and then ef(Q) — ged(ef(Q), e4(R)) > 1. From (2.13)
it follows that the size of Ty is at most 2(deg f + g). Then r,(S) = #Ts + #1§ <

2(deg f +g) + (deg g)es(S)~!. Applying the Riemann-Hurwitz formula to g gives

—2> —2degg+ > (degg—ry(S5))
SeC,
Ef(5)>1

> —2degg+ Y, (degg—2(deg f +g) — (degg)es(S)™")
SeC,
ef(S)>1

= (degg){ -2+ > (1—ep(S)™)} —2(deg f +g) - #{S € C: 4(5) > 1}.

This shows that if deg g > deg f + g then we must have

Y (1—gp8)h) <2

SeC

Using the formula for the genus of the Galois closure (Lemma 2.1.9) shows that

gy, < L O
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We are ready to prove Theorem 2.4.2.

Proof of Theorem 2.4.2. We will prove that f and g have the same Galois closure
N (up to isomorphism), and that f and ¢ lift along their common Galois closure
morphism p: N — P! to endomorphisms v and ¢ of N. Then we will show that
N contains an open group variety G such that ¥(G) C G and ¢(G) C G, and the
restrictions of ¢ and ¢ to G are affine morphisms.

By Lemma 2.4.3 the genus of the Galois closure of the iterate f°': P* — P! is
< 1 for sufficiently large r. The Galois-theoretic classification of dynamically affine
maps (Theorem 2.3.2) implies f is dynamically affine, and the same consideration
holds for g. Let (N¢,ps) (vesp. (Ny,p,)) denote the Galois closure of f (resp. g).
Theorem 2.3.3 implies that f lifts along p; and g lifts along p,.

We now show that N; and N, are isomorphic over P'. First we prove that f and

¢ have similar ramification. Precisely, we will prove that for any point ) € P! either

1. @ is a totally ramified critical value of f and g, or

2 £(Q) = 5,(Q).
Let C denote the smooth fiber product P! x;, P!, and let 7 and w denote the

projection maps:
C —Z— P!

a2 ls

pt L, pt.
To prove the first claim, suppose ) is a totally ramified critical value of f which
is not a totally ramified critical value of g. From this assumption we will derive a
contradiction. As ¢ is dynamically affine, its ramification indices at points which are

not totally ramified are bounded from above by 6. Indeed, when g is conjugate to a

power map z™ or a Chebyshev polynomial +7,,(x) then this follows from the explicit

SRecall that 7(Q) is defined to be the least common multiple of the set {es(P): f(P) = Q}.
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description of the ramification in §2.2.1.1. Suppose ¢ is a Lattés map. We have
already seen that g lifts to an endomorphism ¢ : N, — Ny, and that N, is reduced
(Theorem 2.3.3 and Proposition 2.3.6). As g has degree > 60, the Galois closure N,
is genus one by Proposition 2.3.6. By the Riemann—Hurwitz formula applied to 1,

we see that
2gn, — 2 = (deg¥) (29N, — 2) + Ry,

which shows that |Ry| = 0, i.e., ¢ is unramified. Therefore for any point P in P! we

have that

eg(P) < g(9(P)) = €gop, (9(P)) = €pyou(9(P)) = &p, (9(P)).

By Lemma 2.2.5 we see that ¢, (Q) is < 6 for any point @ € P'. This proves that
the ramification indices of g are < 6. It follows that r,(Q) > 67" degg.
Suppose P is a point of C such that g(w(P)) = Q. Since g(w(P)) = f(n(P)), we

see that

As this lower bound holds for any point P lying over w(P), this shows that

ro(w(P)) = #F=(w(P)) < (degw)(g deg f) ™ = 6.
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Applying the Riemann—Hurwitz formula to w obtains

20c — 2= (2gp — 2)degw + Y (ex(P) — 1)
pPeC

= (—2)deg f + Z (degw — r&(R))

ReP!

> —2deg f + Z(degf—6)

ReP!

> —2deg f+ ) (degf—6)

Reg—1(Q)
> —2deg f + (§ deg g)(deg f — 6)
= (deg f)(3 degg — 2) — degyg

> (60)(360 — 2) — 60 = 420.

The right-hand side is positive but this would imply g¢ > 1, a contradiction. This
proves the first claim.

We also prove the second claim by contradiction. Suppose that a point R € P!
is not a totally ramified critical value of either f or g, and that e¢(R) # ¢,(R). Set
r:=¢c¢(R) and s := ¢,(R). By switching f and ¢ if necessary, we may assume that
r > s.

By the description of the ramification in Lemma 2.2.3 and Proposition 2.2.6, € ;(R)
is less than or equal to 6, and all but at most 4 f-preimages of R have ramification
index equal to e7(R). Let P be an f-preimage of R. If ef(P) # r then it is a proper
divisor of 7, hence no greater than r/2. It follows that the sum of e;(P) over {P €
Fi(R) : ef(P) # r} is at most 4(r/2) = 2r. The sum of ef(P) over F¢(R) is equal to
deg f (Lemma 2.1.6), so the sum of ef(P) over {P € F¢(R) : ef(P) = r} is at least
deg f — 2r. Therefore, the number of points in the subset {P € F¢(R) : ef(P) =1}

is at least %(degf —2r).
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With the help of Lemma 2.1.12 we get that
(2.14) 2gc —2=—2deg f+ > (es(P)—ged(ef(P),e,(Q))).
(P,Q)EF
where F'= {(P,Q) € P! x P! : f(P) =g(Q)}. Let Q be any g-preimage of R. Then
for any f-preimage P of R we have that (P,Q) € F, so the sum in (2.14) is greater
than or equal to

S Y (es(P) - ged(es(P), ¢, (Q)))

QeFy(R) PeFs(R)

> 3 N (e4(P) — ged(es(P), ¢,(Q))
QEeFy(R) PEFs(R),
ef(P)=r

> 3 deg S~ 20)(r — ged(r,,(Q))

QEFy(R)

> Z %(degf — 2r)(r — ged(r, 5))

QETFH(R)
There are at least %degg points in F,(R), so we get that

> (es(P) — ged(ef(P), ¢4(Q))) = (X deg g)t(deg f — 2r)(r — ged(r, 5)).
(P,Q)EF

Since r > s, we have that ged(r,s) > r/2. Recall that r < 6, and since s < r, the

next largest possibility for s is 4 (Proposition 2.2.6). Therefore

> (es(P) — ged(er(P), e4(Q))) > (X degg)t(deg f — 2r)(3)

(P,Q)EF
> (; degg);(deg f — 2r)
> (7 degg)z(deg f —12)

= (ydegg)(deg f — 12).



70

Returning to (2.14) we see that

20c —2=—2deg f+ > (es(P)—ged(er(P),¢,(Q)))

(P,Q)eF

—2deg f + (5 degg)(deg f — 12)

v

v

—2deg f + 2(deg f — 12)

— Udeg f — 90 > 160 — 90 = 240 > 0.

This would show that g > 1, a contradiction. This proves the second claim.

Now we will use this description of the ramification of f and g to show that N
and N, are isomorphic over P!, i.e, there is an isomorphism p: N; = N, such that
Pgp = py-

We have already shown that f and g are dynamically affine. In particular, f
and g are conjugate to either a power map, a Chebyshev polynomial, or a Lattés
map. We will show that f and g are simultaneously conjugate to functions with
the same Galois closure. This will show that f and ¢ also have the same Galois

closure. Suppose that p is an automorphism of P* such that pfp=*

is either a power
map, a Chebyshev polynomial, or a Lattés map, and let us write h = ugu='. The
description of the ramification of dynamically affine maps in Proposition 2.3.5 and
Proposition 2.3.6 shows that g has at most three totally ramified critical values,
hence the same is true of h.

If A has two totally ramified critical values then h is equal to cx™ for some ¢ € K*
and n € Z\{0}. Maps of the form cz™ (as above) are automatically Galois, so this
shows that f and g are both Galois, hence Ny = N, and we may take p = id in this
case. Then pufp~! and h have the same étale closure, namely G,,, and they are both

affine morphisms. This proves the theorem when A has two totally ramified critical

values.
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Suppose h has a single totally ramified critical value. Then this must also be
the case with ufu™!, and so pfp~t must be £7}, for some positive integer m. As
h and +7T,, each have a single totally ramified critical value at infinity, and h is
itself conjugate to a dynamically affine map, h is equal to a polynomial of the form
po (£T,) o p! for some p(z) = ax +b, a € K*, b € K, and positive integer n.
We make use of the description of ramification of Chebyshev polynomials in §2.2.1.1
to determine the possibilities for p. Since the critical values of £7,, are at {2},
and these are not totally ramified critical values, the critical values of h are also at
{#£2}. Then p must stabilize the set {42} since {£2} is the set of critical values for
+7T,. There are two possibilities depending on whether p acts trivially on this set
or not: we have either y = 2 or —x. In either case, we see that ufu~! = £T,, and
pugp~t = +T,,. All Chebyshev maps of degree > 2 have the same Galois closure (this
was shown in the proof of Proposition 2.3.5), so this shows that f and g have the
same Galois closure if h has a single totally ramified critical value. Hence Ny = N,
and we may take p = id in this case also. By Theorem 2.3.3 both f and g lift to
morphisms ¢ and ¢ of Ny. Up to a simultaneous conjugation, ¢ and ¢ are both
power maps, which shows that their étale loci are both equal to G,,,. This proves the
theorem when h has a single totally ramified critical value.

If h has no totally ramified critical values then f and ¢ are Lattés maps by
the classification of dynamically affine rational functions (Theorem 2.2.3). We have
shown that any Lattés map of degree > 12 has a reduced realization given by its
Galois closure (Proposition 2.3.6):

Nf—>Nf

al |pr

pt L, p1.

As Ny has genus one, the map Ny — N; is unramified by the Riemann-Hurwitz
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formula. Recall that if P is a point in the Galois closure V¢, then under the composite
map fp; it has ramification index £¢(Q)) where Q = f(ps(P)). It follows from
commutativity of the diagram that e,,(Q) = ¢;(Q) for any Q € P!. The same

consideration for g now shows that

Epy (Q) =¢4(Q) = £4(Q) =&, (Q).

As py and p, are both reduced, comparing ramification at any totally ramified critical
value shows that p; and p, have the same degree, and it follows that they have
the same branching divisors also. Applying Lemma 2.2.2 obtains an isomorphism
p: Ny = N, such that p; = p,p, as required. Since f and g are dynamically affine,
Theorem 2.3.3 shows that such maps lift to endomorphisms 1) and ¢ of their Galois
closure. The ramification loci of ¢y and ¢ are empty, so they are equal, and any
endomorphism of degree > 1 of an elliptic curve is automatically an affine morphism,

[S51109, T11.4.8]. This concludes the proof of Theorem 2.4.2. ]

2.5 Proofs of Main Theorems

In this section we prove the main theorems of this chapter: Theorem 1.2.1 and

Theorem 1.2.3.

2.5.1 Proof of Theorem 1.2.3
We recall the statement of Theorem 1.2.3.

Theorem (Theorem 1.2.3). Let C' be a curve of positive genus and let f and g be
endomorphisms of C' of degree greater than one. Then there exist orbits of f and g

with infinite intersection if and only +of f and g have a common iterate.

For the proof we will need a theorem of Lang.
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Theorem 2.5.1 ([LanG0], p. 320). Let I' be a subgroup of finite type of K*. Then
the curve ax + by = 1 with a,b € K and ab # 0 has only a finite number of points

with v,y € T

Proof of Theorem 1.2.3. The Riemann-Hurwitz formula for f shows that
29c — 2 = (deg f)(28c — 2) + [Ry].

If go > 1 then both sides are positive, which can only occur if |R| = 0 and deg f = 1.
As we have assumed f has degree > 1, this cannot occur. Hence we are reduced to
the case when go = 1.

Because f is not a degree one map it has a fixed point O. Let E be the elliptic
curve (C,0) and let End E denote the set of endomorphisms of C' to itself which
send O to O; End F is a commutative ring. We have that f(X) = r(X) and ¢g(X) =
s(X)+Q for some r,; s € End F and Q € E. Because deg s = deg g the endomorphism
s — 1 is nonconstant and thus surjective; suppose (s — 1)(R) = @. Then for any

positive integer b we have
gIX) =" (X)+ (Lt s+ +5"7)(Q) = s"(X) + (s — 1)(R).

Thus for any positive integers a and b, the condition that f°* = ¢°* is equivalent
to the conditions that r* = s® and (s* — 1)(R) = O. Pick orbits of f and g having
infinite intersection, and let P be any point in the intersection; then the orbits Of(P)
and O4(P) also have infinite intersection, so there are infinitely many pairs (a,b) of
positive integers such that r%(P) = s(P) + (s — 1)(R). Let (c,d) be another such

pair of positive integers. Then

(2.15) (r* — s")(P) = (s* — 1)(R)
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and
(2.16) (r® — s (P) = (s> = 1)(R).

Apply s — 1 to (2.15) and s®* — 1 to (2.16) to obtain (s — 1)(r* — s*)(P) = (s* —
1)(r¢ — s?)(P). As P cannot be a torsion point we must have (s — 1)(r® — s°) =

(s° = 1)(r® — s%), or equivalently
(217) (1= )t 4 (= )s” = ¢ = s

Embed End E as a subring of C and let R € C (resp. S € C) correspond to r (resp.

s). We see from (2.17) that if R®# S¢ then the equation

1—8° R —1
X Y=1
(Rc—Sd) +(Rc_5d>

has infinitely many solutions in the multiplicative subgroup I' C C* generated by R

and S, but this is a contradiction by the theorem of Lang (Theorem 2.5.1). We see
that R¢ = S¢, which implies that r¢ = s¢. By (2.16) one has (s —1)(R) = O so that
f¢ = g¢. This concludes the proof of Theorem 1.2.3. [

2.5.2 Lifting Lemma

Let f and g be endomorphisms of degree > 1 of a curve C' and let 7: D — C' be a
(generically) Galois morphism. Recall we say that f lifts along 7 to an endomorphism

F of Dif fo(f*n) is (generically) Galois, and the diagram

D -3 D

1 ]
C — C

is cartesian, i.e., that the smooth fiber product C Qf,ﬂ D is isomorphic to D over C.
Suppose that f and g both lift along 7 to endomorphisms F' and G of D. We now

prove a result which lets us lift orbits of f and ¢ with infinite intersection to orbits
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of F' and G with infinite intersection. This lets us reduce the proof of Theorem 2.5.1

to Theorem 1.2.3, once we have shown the existence of a lifting for f and g.

Lemma 2.5.1. Suppose that f and g both lift along ™ to endomorphisms F and G of
D. If there are ¢,d € C such that O;(c)NO,4(d) is infinite then there exist a € 7~ *(c)

and b € 71(d) such that Op(a) N Og(b) is infinite.

Proof. Let S C NxN be an infinite subset such that f°"(¢) = ¢°*(d) for any (r,s) € S.
Choose a € 77!(c) and b € 7'(d) arbitrarily. As the orbit of ¢ contains an infinite
set, it is itself infinite, so it must be disjoint from the set of preperiodic points for
fin C. The same consideration holds for O,(d), and also Or(a) and Og(b) since 7
maps F-preperiodic points into f-preperiodic points, and likewise for G.

For any (r,s) € S we have that 7F°"(a) = 7G°*(b) so that F°"(a)-u = G°(b) for
some u € Gal7 (depending on r and s). Let S, := {(r,s) € S: F"(a) -u = G**(b)}

so that S = Sy; as S is infinite one of the S, must be infinite also.

ueGal 7
We claim that F'is Gal m-equivariant. Once we have shown this we are done, since
then F°"(a) - u = F°"(a - u), showing that F°"(a - u) = G°(b) for any (r,s) € S,
which implies that Op(a - u) N Og(b) is infinite since neither of these orbits contain
any preperiodic points.
Let L denote the function field of C' over K, and let L® be an algebraic closure of
L. From the assumption that f lifts along 7, we have a cartesian diagram:
D—L>D
Wl lw

C%C.

There are unique subfields L', M, M’ of L* corresponding to the diagram above, say

M +— M

I

L' «—— L,
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where arrows denote inclusions. Let us choose a generator a for M over L, so that
M = L(«). Since the diagram is cartesian, M and L’ are linearly disjoint over
L, and M’ is equal to the compositum of M and L’ inside of L. Tt follows that
M=L® M=L®Lla)=L(x).

As M/L is Galois, linear disjointness of M and L' implies that M N L' = L.
Therefore restriction, o — ol gives an isomorphism between the Galois groups of
M'/L" and M/L (cf. e.g., [Lan02, (1.12)]). This means that for any automorphism

o € Gal(M'/L"), we have a commuting diagram

M — M

(2.18) (,l l"‘M

M +—— M.

There is a canonical isomorphism between p: Galm — Gal(M/L) given by

plu)y = ou™t for € Kp.

It follows that for any o € Gal(M /L) there is a unique u € Gal 7 such that oo = o
u~!. There is an isomorphism p’: Galm — Gal(M’/L’) which is defined in the same
way as p, and since restriction o — 0|y defines an isomorphism between Gal(M'/L’)
and Gal(M/L), it follows that for any o € Gal(M’/L’) such that p(u) = o, we have

that
(oly)a=aout = p(u)a.

From this it follows that the diagram of curves which corresponds to (2.18) is given

by

DI,

D
D —— D.

This shows that F' is Gal m-equivariant as was to be shown. O
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2.5.3 Proof of Theorem 1.2.1
We recall the statement of Theorem 1.2.1.

Theorem (Theorem 1.2.1). For rational functions f, g of coprime degree and degree

greater than one, the orbits Os(c) and O4(d) have finite intersection for any c,d € K.

Proof. Let K(t) be the function field of P!. Let K(z), K(y) C K(t)* be the field
extensions of K (t) corresponding to the morphisms f and g, i.e., z,y € K(¢)* and we
have that f(z) = g(y) = t. As the degrees of f and g are coprime, the field extensions
K(x)/K(t)and K(y)/K (t) have coprime degree, hence are linearly disjoint. It follows
that K () ®x ) K (y) is a field, and so the smooth fiber product P! x 7, P! is a curve
(irreducible). The same consideration holds for P! X jor sos P!, and it follows that f

and g form an irreducible pair. Theorem 1.2.1 therefore follows from Theorem 2.5.1.

O

Theorem 2.5.1. Suppose that f and g form an irreducible pair. Then the orbits

O¢(c) and O4(d) have finite intersection for any elements c,d of K.

Proof. Suppose to the contrary that the intersection O(c)NO,(d) is infinite for some
c,d € K. Let Ky C K be the field generated over Q by ¢, d, and the coefficients of f
and g. Consider the (possibly singular) curve C’' over K defined by the numerator of
the bivariate rational function f(z) — g(y) and let 7: C — C’ be its normalization.”
By hypothesis there is an infinite subset S C N>0 x N>? guch that f°™(c) = ¢°"(d)

for any (m,n) € S. This establishes a map of sets

S — C'(Kyp)

(m,n) = (f7" D (e), g"" D (d)).

i.e., C is smooth and 7 induces an isomorphism between the function fields of C and C’.
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This map is injective as the orbits of ¢ and d are necessarily infinite, so C’ has
infinitely many points defined over Ky. As 7 is a birational isomorphism, it induces
an isomorphism on a nonempty open subset, i.e., for some nonempty open subsets
UcCCandU CC wehave nt|y: U = U’. As the complement of U’ in C’ is finite,
we see that U’'(Ky) is infinite, and so U(K)j) is infinite also. We conclude that C has
infinitely many points defined over K. By applying Faltings’s theorem as generalized
to finitely generated fields, [[Fal84, Theorem 3|, we see that the genus of C is zero or
one.

For any positive integers r and s, we have that O (c) = U/_j O (f°(c)). There-
fore if O¢(c) and O,(d) have infinite intersection, then for some positive integers i
and j, the orbits Oyor(f°(c)) and Oyes(g*(d)) have infinite intersection also. The
pair (f°",¢g°%) is clearly still irreducible, so we may again apply Faltings’s theorem
just as above to conclude that the genus of C" is zero or one for any positive integers
r and s.

By Theorem 2.4.2, there exist a curve N and a Galois morphism 7: N — P! such
that f and g both lift along m to endomorphisms F' and G of N. By Lemma 2.5.1
there are orbits of F' and G with infinite intersection. If gy > 0 then Theorem 1.2.3
implies that F' and G have a common iterate. It follows that f and g then have
a common iterate also, i.e., f° = ¢°° for some positive integers r and s. By the
universal property of the smooth fiber product we obtain a morphism j: P! — C"

such that the diagram
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commutes. As C™ is irreducible, the degree of the composite P! Zocrs — Pis
(deg 7)(deg g)*® but this cannot equal one, so we have obtained a contradiction in the
case that gy = 1.

Suppose that gy = 0. By Theorem 2.4.2, f and g lift along 7: N — P! to affine
morphisms ¢ and ¢ of an open group variety G C N. As ¢ and ¢ both have degree
> 1 (since f and g were assumed to have degree > 1), G cannot be isomorphic to the
additive group, so it is isomorphic to G,, (there are no twists since K is algebraically
closed). Therefore 1) and ¢ are simultaneously conjugate to affine morphisms of G,,.
It follows that 1)°% and ¢°? are simultaneously conjugate to polynomials (note that
(C:E”)O2 is a polynomial). By Lemma 2.5.1 there are orbits of ¢ and ¢ with infinite
intersection, and it follows that 1)°2 and ¢°? also have orbits with infinite intersection.
It follows that 1°? and ¢°? are simultaneously conjugate to polynomials S and T'
which have orbits with infinite intersection. We have thus reduced the problem to
the main theorem of a paper of Ghioca-Tucker-Zieve, |G'TZ12], which asserts that S
and T have a common iterate. It follows that 1°% and ¢°? have a common iterate,
hence that ¢ and ¢ have a common iterate, and finally that f and g have a common

iterate. This concludes the proof of Theorem 2.5.1. O



CHAPTER III

Polynomials with Integral Divided Differences

This chapter studies functions with integral divided differences. We prove the
following characterization of polynomial functions whose mth divided difference is
integer-valued. Let K be an algebraic number field of degree d with ring of integers

0.

Theorem (Theorem 1.3.1). Let s: N — K. Suppose that'
(i) Oms is O-valued, and

(11) for each embedding o: K — C, |os(n)| < 02 for some positive number 6, and

T (1 +6,) < etOraesia).

o:K—C
Then s(n) is a polynomial in n.
Along the way to proving Theorem 1.3.1 we prove two other results, one local and

one global. Both results concern the following elementary number-theoretic function:

Tmp(N) = maxnhwp{ H k}.

SC 17"'7
#S:m keS

In other words, 7,,,(n) is the maximal p-adic valuation of a product of m distinct

positive integers that are < n. We will prove the following new results concerning

Oms and Ty, .

We write r, < gn to mean there is a positive constant C such that |r,| < C|gx| for all n > 0.

80
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Theorem 3.0.1. Let s: N — C,. Let [|0,5], denote the supremum of d,s over

N™ N\ U, ; {n; = n;}. Let c(n) denote the nth finite difference of s (cf. (3.3)). Then

(3.1) 18,5, = sup o(n)], ™.
Theorem 3.0.2.

H prm,p(n) — exp {(1 + % 4ot %)n + O(nexp{—a(logn)I/Q} log n)}

p prime

for some positive constant .

These theorems are proved in §3.1 and §3.2.

Notation: A place v of K is an equivalence class of isometric embeddings o: K —
C, with p € {2,3,5,...,00} where C, is the completion of an algebraic closure of
the p-adic field Q, and C, := C. Mg denotes the set of all places of K. d, denotes
the local degree at v. |z|, := |o(x)]|, is the norm corresponding to a place v and a
representative embedding o, and w, is the (additive) p-adic valuation. [-] denotes
the floor function and H,, = 1+ % +--+ % is the mth harmonic number, Hy := 0.
J(n) =3, <, logp is the Chebyshev function and m(n) equals the number of rational

primes < n.

3.1 Divided Differences

In this section p always denotes a finite rational prime. The results of this section
are in the local setting so we often omit the subscript p from norms for brevity. The
goal of this section is to prove Theorem 3.0.1. In §3.3 we will combine the local
estimates (3.1) using the product formula to obtain a condition for the Archimedean
growth of the finite differences of a sequence whose mth divided difference is integral.

Let us briefly recall some necessary background from difference calculus. Let

s: N — K be a sequence and let m be a non-negative integer. The mth divided
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difference of s is the function d,,s: X,, — K given by

(3.2) OmS(noy ..y ny) 1= Z { H(nz - nj)_l}s(ni)
=0 ji

where

X, = {(no,...,nm) € N" 1 n; all distinet}.
We mention without proof that the sequence s can be reconstructed using values of
its divided differences by means of Newton’s interpolation formula (cf. [MT51], §1).
The nth finite difference of s is defined by?

53 et =3 () - 1rtsth)

k=0
Recall the following classical result of difference calculus. We only sketch a proof.

Lemma 3.1.1. Let s: N — K be a sequence and let ¢: N — K be its sequence of

finite differences. Then s is polynomaial if and only if ¢ is eventually zero.
Proof. Let S be the forward shift operator on sequences defined by (Ss)(n) := s(n+1)
for all non-negative integers n. Then for any non-negative integer /¢,

(5= idrs0 =3 () -0rhste-+ b

k=0

and in particular, {(S — id)"s}(0) = c(n). We have that (S — id)(n?) = dn¢~! +

O(n%2), and so the restriction of S — id to the space of polynomial sequences is
nilpotent. This shows that c¢ is eventually zero if s is polynomial.

Conversely, assume that c is eventually zero. It is easy to verify that the inverse

relation of (3.3) is given by

(3.4 s(n) = (1)et0

2Strictly speaking, this is the sequence obtained by evaluating the finite differences of s at zero. We will not have
use for the usual finite differences, so we refer to the sequence defined by (3.3) as the finite differences of s for the
sake of brevity.
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and this shows that s is given by a polynomial of degree < N if ¢(n) = 0 for

n > N. OJ

Let m be a non-negative integer and p a prime. Let E be a non-Archimedean
Banach space over C, and let K;O(Nm“,E) denote the Banach space of bounded

functions F': N — E equipped with the norm given by

IF] = sup [[F(n)]].

QEN"H'I

Define x = (vo,...,2Zm), j = (Jo,- - -,Jm), and

(-

The following proposition generalizes Mahler’s theorem to bounded functions (cf.

(1.5)).

Proposition 3.1.2. Let F': N™*! — . There exist unique C; € E such that for all
(3.5) F(n) = Z C; (2) (finite sum).

; m—+1 B ‘l

JeEN™+

The Mahler coefficients C have the properties that
(i) F is bounded if and only if C is bounded,

(i) the mapping F — C is a self-isometry of £;°(N™*' E), and

(iii) F extends to a continuous function Z*' — E if and only if C' goes to zero.”

Note that the proposition does not imply that the (?) form an orthonormal basis

for £°(N™+1, E) as the sum Zl‘eNmH C’l(i) does not necessarily converge.

3i.e., lim sup HCLH =0.

N—oco jo+-t+im>N
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Proof. We proceed by induction on m. If m = 0 then we take C), to be the nth finite
difference of F' given by C,, := Y1 ()(=1)""*F(k). The inverse relation is given
by (3.4) which proves existence for (3.5), and uniqueness follows from bijectivity of
this mapping. If F'is bounded then C' is bounded by the ultrametric inequality and
vice versa. To see that F' — (' is an isometry when F' is bounded it suffices to
observe that the relation (3.3) and its inverse (3.4) are both defined over Z and to
apply the ultrametric inequality. The third property is Mahler’s theorem [Mah58].
Now suppose m is a positive integer. Fix a natural number n,, and define the

function

Gp, N"— F

(ngy -y 1) = F(ng, « o, M1, M)«

By the inductive hypothesis there are uniquely defined coefficients D; = D;(n,,) € E
for i € N™ such that for all (ng,...,n,_1) € N

o) = 3 ) (1) () - (1),

z‘ cNm

We may also express D;(n,,) as a function of n,, in terms of its finite differences,

cn(i) € E, to obtain

(3.6) F(no, ..., Non_1, M) = ;ﬂ ; e (d) (”];”) (7;‘5) (7;1) . (?:3) _

Setting Cj,.._j,. = €. (Jo,- -+ Jm—1) Proves (3.5), and uniqueness follows from that
of ¢ (i) and D;(ny,).

If F'is bounded then G, is bounded for all n,, € N, and by the inductive
hypothesis |Gy, || = ||D(n,)]]. Similarly, sup,, oy |Di(nm)| = sup,, cy |cx(?)| for all
i € N, This proves that C' is bounded. If C is bounded then, by means of the

ultrametric inequality, (3.5) shows that F is bounded.
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If F' is bounded we observe that

|Fll = sup sup |F(no, ... nm-1,nm)| = sup |Gy, || = sup [|D(ny)]

nm €N eN™ nm€EN Nm EN

= sup sup |D;(nm,)|

= sup sup |c(i)| = ||C]|.
1€N™ ny,, €N

This proves that F' +— C is a self-isometry of £°(N™*1 E). If F extends to a
continuous function Z;”“ — FE then by Corollaire 1, §2.7, [Ami64], the coefficients

C go to zero. O]

We can now prove that the p-adic supremum of higher divided differences is given

by the p-adic supremum of the finite differences relative to p~™»( . Ag before, let

Tpln) = max (i) + -+ w0y (im).

We recall that the finite differences of a function s are defined by

e(n) =" (Z) (—1)"*s(k) (n€N).

k=0

Theorem (Theorem 3.0.1). Let s: N — C,. Then

(37) ||5m8||p = Sl>1p |c(n)|ppﬂn,p(n).

In particular, if 6,s(n) is integral for all n € X,, then |c(n)], < p~™»™ for all

n > m.

We will show that (3.7) holds even if |[d,,s|,, is infinite.

Remark 1. In view of the theorem, and the fact that 7, ,(n) is monotonically in-

creasing in m, we have the bound (m > 1):

6151, < mase {Je(m = Dlylm = 115" sl }-
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This shows that if §,,s is Z-valued then there is a positive integer N such that Ndys

is Z-valued for all £k < m.

Proof. The claim is clearly true when m = 0 so suppose m > 1. Let (ng,...,n,) €
X, and set ¢ = (n;,ni,,...,n;,) where the indices have been reindexed so that
Nig >Ngy >--->mn;, . Nowset L= (x14+ - +Tpm+y, 21+ +Tpa+Yy,...,T1+
To+y,x1 +y,y) where the xy, ..., z,, are positive integers as the integers ng, ..., n,

are all distinct. We make use of the formula for the Mahler series for the mth divided

difference due to Schikhof, [Sch06], Theorem 54.1:

(38) dms(n) =3 > Ko (Ko i]k:l?)+ : <k:: im) + k) @ ﬁ (i : 1)

J20 k1yekm 21 i=1

Note that (3.8) is always a finite sum.

The dependence of the xy, s, ..., x,,,y on the entries of £ is clearly invertible, and
as the xq1, x9, ..., z,, vary over all positive integers, and y varies over all non-negative
integers, the corresponding ¢ will vary over all strictly decreasing tuples in X,,. As
dms is a symmetric function, the right-hand side of (3.8) will therefore achieve all
values of ¢,,s as x1,...,x, vary over all positive integers and y varies over all non-
negative integers. Now setting (z1, s, ..., Tm,y) = (a1 + 1, a0+ 1, ... am+ 1, apmi1),
a := (a1,0z,...,0n,amy1), and letting n, be the corresponding element of X,,, we

see the right-hand side of (3.8) gives a well-defined function
F:N"" - C,
(a1, my1) = O0ms(ny,),

and that moreover ||F'[|, = [|0,,5]],,

By reindexing with i1 = k., io = kpy + k1, ooy tn =k + ko1 + -+ - + k1 and
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n=j+k + -+ kn, we get that

cG+ki+...+kn)
Ko (K 4 k1) -+ - (B 4=+ - + k1)

c(n)

2'12'2 .. Zm

(3.9) sup

J20,k1,.. km>1

p

= sup [e(n)|p" "
p n>m

= sup
0<iy <+ <im<n

where 7,,, ,(n) = MaXoci; <...<ipy <n (Wp(11) + -+ - + Wy (im)).

If |||, is infinite, then (3.8) and (3.9) show that

c(j+ki+...+kpn)
sup

— a Tm (TL) _
= sup [c(n)|pP P = 00,
7>20,k1,....km>1 km(km km—l) e (km e kl) | ( )|p

p n>m

for if this were finite then the second part of Proposition 3.1.2 would imply that
F e £2(NmH),

If | F'||, is finite, then it follows from (3.8), (3.9), and Proposition 3.1.2 that

||F||p - ||5ms(ﬂ)”p = sup |C(n)|pp7mm(”)'

n>

This concludes the proof. O

We have already remarked that congruence-preservation is equivalent to integral-
ity of 0;s and now we offer a third interpretation. Integrality of ;s implies that for

all primes p and integers m,n € N,
s(m) = s(n)l, < [m —nlp.

In other words, d;s is Z-valued if and only if s is simultaneously Lipschitz continuous
with Lipschitz constant 1 for every p-adic metric on N. It is natural to ask for
a similar interpretation for the integrality of higher divided differences. The next

proposition provides such an interpretation though we will not have use for it.

Proposition 3.1.3. Let s: N — C, and let m be a positive integer. Suppose that
10msll, < M. Then s extends to an element f of C™(Z,,C,) and fm=Y s Lips-

chitz continuous with Lipschitz constant M|(m — 1)!|,.
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Proof. By the recursive definition of divided differences (cf. [MT51], §1),
(310) ’(Smfls(mO; e 7$m71) - mfls(xb U 7xm)‘ < M’330 - xm‘

for all x = (zo, -+ ,2m) € X, Since d,,s is a symmetric function, from (3.10) we

obtain the inequalities
(3.11) |0m—15(23; Yi5) — Om-15(53y35)| < M|z — 2]

where 0 < i < j <mand y;; :== (o, ..., i, -, Tjy ..., Tpm) € Xppoa.

We equip Z," with the metric given by

dm(ma y) = 12%}7(” |xl - yi‘py

and will show that d,,,_1s is Lipschitz continuous for this metric on the dense subset
Xm-1 C Z;'. By a limiting argument, it suffices to show the Lipschitz condition
for d,,_1s on elements x = (z1,...,2,) and ¥y = (y1,...,Ym) in X,,_1 such that

{z1,.. ey 0 {y1, ... ym} = 9. Let 29 =z, 2z, =y, and
zi = (T1,%9, o, Ty Ym—it 1y - - - Ym) fOr 0 <7 < m.

Then d,, (2, 2i+1) = |Tm—i — Ym—i|p for 0 < i < m. Because z; and z;4, differ by only
one coordinate, and since we assumed none of the z; coincided with any of the y;, we
may apply (3.11). We conclude that [0,,-15(2;) — 0m—15(2it1)|p < M|Tpm—i — Ym—ilp =

Md,, (2, zi+1) for 0 < i < m. Using

m—1

Om-15(20) = Sm-15(zm) = D (Om-15(2:) = Sm15(2i41))

1=0

together with the ultrametric inequality shows that

[6m—15(2) = Om—15(y)|p < Mofg?gfn |6m—15(2i) = Om—15(2i11)lp

< Mo%i}fn |T—i — Ym—ilp

= Md,,(z,y).
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We have shown that ¢,,_1s is Lipschitz continuous on a dense subset of ZZI SO we
may extend its domain from X, ; to Z;' to obtain a Lipschitz continuous extension
5m,1s: Zy — C, of 6,,—15s. It follows that s extends to a (m — 1)-times continuously

differentiable function f: Z, — C, and that " V(a) = (m — 1)!6,,_15(x,) where

2o = (a,a,...,a) (cf. [Sch06], §29). By Lipschitz continuity of d,,_1s we get that
70 () = FrDB)] < M(m — Dl ) = M](m = DllpJla—bl,. O

Corollary. Let s: N — Q and suppose that 6,115 is Z-valued. Then for every prime
p, the function s extends to a p-adic m-times continuously differentiable function

fp: Zy, — Q, and £\™ is Lipschitz continuous with constant |m!|,.

The corollary extends in the obvious way to functions valued in number fields. We
now derive an explicit formula for 7, ,(n) which will be needed in the next section.

Recall that for n > m we define

() = e (wplia) o wlim).

Lemma 3.1.4. Let m be a non-negative integer, p a prime > m, n an integer > m,

and ay(n) := [np~1°%™]. Then

m[log, n] if a,(n) > m,
(3.12) Tmp(n) =
mllog, n] + ay(n) —m if ay(n) < m.
The formula generally fails if p < m, e.g., 7p11,(p*) = p+ 1 whereas (3.12) gives

p+ 2.

Proof. If m is zero the formula clearly holds so suppose that m is positive. Let

t := [log, n|, and suppose

n=ag+ap+ap’ + -+ ap
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where 0 < a; < pfor 0 < ¢ <t and a; # 0. We will calculate a set of integers
1 <4 <--- <14, < n that realize the maximum p-adic valuation.

If m < a; then we take i, = a;p', i1 = (e, —1)p", ..., i1 = (z—m~+1)p'. Adding
up the valuations we get that 7,,,(n) = mt. If m > a;, then we can take i, = a;p’,
im_1 = (a; — )P, ..., im_q,+1 = p'. Subsequently, we may take i,,_, = p' — p'~,
a1 = P =2p" 1 i = pt—(m—ay)p''. As p > m by hypothesis, m—a; < p—1
so that the valuation of p' — (m — a;)p'™! is precisely ¢ — 1. Putting the valuations

together we get that
Tmp(n) =ta, + (t — 1)(m — a;) = mt + a; — m.

This finishes the proof of (3.12). O

3.2 Asymptotic Behavior of Certain Sums over Primes

The previous section established a local estimate for the finite differences ¢ of an
arbitrary sequence s with integral mth divided difference: for any s: N — C, and

any finite prime v of K,
dms v-integral = |c(n)|, < p—m,p(n)'

To combine this local estimate over all primes we will need to calculate the asymptotic

behavior of

Z Tim,p(1) lOg p.

p<n

The goal of this section is to prove that this is nH,, + o(n) (Theorem 3.0.2). The
standard bound for the Chebyshev function coming from the prime number theorem,
U(z) =z + o(z), or even J(z) = x + O(;;), is not strong enough to establish the

estimates needed for the proof. Instead we will employ the following useful estimate
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due to Rosser and Schoenfeld, [RS62], (2.29):
(3.13) D(z) = = + O(x exp{—a(log x)/?})
for some positive constant a.

First we prove a simple lemma. Let [-]: R — Z denote the floor function.

Lemma 3.2.1.

Z[logp n]logp = n 4+ O(nexp{—a(logn)/?})

p<n

for some positive constant «.

Proof. For any prime p in the sum we have that r := [log, n] must be positive. We

then have that

logn logn 1 1
log,n] =1 <= <logp < = nl <p<nr.
r+1
Then
OSZ[Ioan]logp:Z rlogp
psn r=1 n%I <p§n%
< ) logp
Vn<p<n
= J(n) —I(V/n).
The last term is n + O(n exp{—a(logn)'/2}) by (3.13). O

Let m be a non-negative integer, p a prime, n any integer > m. As before we set

() = e (wplia) o wlim).

Let H,, be the mth harmonic number and set Hy = 0.
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Theorem (Theorem 3.0.2).

Z Tnp(n) logp = nH,, + O(nexp{—a(logn)"*} log n)

p<n
for some positive constant «.
Proof. This is clear if m is zero as 7,(n) = 0, so we suppose m is positive. Suppose
n=c +cp+ -+ ept where 0 < ¢; < p and ¢, # 0. Let ay(n) := ¢;. When

n,p > m, Lemma 3.1.4 gives the formula:

m[log, n] if a,(n) > m,
(3.14) Tmp(n) =
m[log,n] + a,(n) —m if a,(n) < m.

The asymptotic contribution to »_ _, 7y (1) logp from the logarithmic term in 7,

is given by Lemma 3.2.1:

(3.15) Z mllog, n]log p = mn + O(nexp{—a(logn)'/*}).

p<n

The asymptotic contribution from mflog, n] — 7., ,(n) is more difficult to establish.

We will show that for some positive constant «

(3.16) Z (m[log, n] — T p(n)) logp = (m — Hy)n + O(nexp{—a(log n)/?} logn).

p<n

Combining (3.14), (3.15), and (3.16) immediately proves the claim so we now
establish (3.16). Let ¢ > 1,a > 1,n > 1 be integers and let p be a prime. Then we

have the following equivalences,

a=[np'] <= a<npt<a+l

= an ' <pt<(at+1)n?

=

1
(3.17) < (na Nt >p>(n(a+1)""r.
If a = [np~'] then we also claim that

(3.18) 1<a<p < t=[log,n],a=a,n).
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To see this, let n = by + byp+ -+ + bsp® with 0 < b; < p for 0 <7 < s, and s chosen

to be > t. Then
np™ = [(bo+ -+ be—1p" p ™"+ by 4 bpap + - - - + bp® 7).

As 0 < (bo+---+b1p™Hp~t < 1, we have that a = [np™] = by + by ip+-- - +bp*~"
If 1 < a < p then we must have t = [log, n], byy1 = -+ = b, = 0, and a = b; = a,(n).
The converse of (3.18) is clear by the definition of a,(n). This proves the equivalence
(3.18), and by putting (3.17) and (3.18) together we get that for any integers ¢ >

1,a > 1,n > 1, and prime p,

1
t

(3.19) a=ay(n),t = [log,n] < (n(a+1)"")t <p< (na_l)%, 1<a<p.

We will use (3.19) to sum over triples of integers ¢, a,p such that p is prime,

a = ay(n), and t = [log, n]. For integers a > 1,n > 1, define

1
t

1
P, = {p prime : (n(a+1)""t < p < (na™ ')t for some integer 1 < t < [log, n},

and consider the sum

Using (3.19) shows that

Gy = Y (m—ayn)logp.

p<n,ap(n)<m

From (3.14),

> (mllog, n] — Tp(n)) logp = O(1) + (m — ay(n))logp,

p<n p<n,ap(n)<m

where the implied constant comes from the primes < m, and so we have that

(3.20) > (mflog,n] = Timp(n)) logp = G(n) + O(1).

p<n
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In view of (3.20) it will suffice to prove (3.16) for G(n). Observe that

logy n] m—1

= 3 Xm0 = d(nfa+ 1)
Let G(n) denote the inner sum for 1 <t < [log, n]. Then
(3.21) Gi(n) = mo{(})V"} = {(H)Y} =YY = = {3}

By (3.13) there is a positive constant « such that
I} = ()" + O(nexp{~a(logn)'/?}).

With the help of (3.21) we get that

1

(322) Gu(n) = {mnt —ni — (n)2)i —

=

~ (n/m)7} + O(nexp{—allog m)'/*}).
Let Ly(n) := EO%Q n]( )t for 1 < a < m. By summing up (3.22) we get
(3.23) G(n) = mLi(n)—Li(n)—Ly(n)—- - -— Ly (n) +O(n exp{ —a(log n)/*} log n).

Once n > a we have that

(/) < Lyln) = (n/a) + (nfa)3 {1+ (n/a)53 + - + (nja) el 2)

< (n/a) + (n/a)2 (log, n),

and so Ly(n) = (n/a) + O(y/nlogn). Finally, from (3.23) we get that
G(n) =mn — (n/1) — (n/2) — --- — (n/m) + O(nexp{—a(logn)*/*} logn)
which proves (3.16) in view of (3.20). O

Remark. If the Riemann hypothesis is true then the error terms in Lemma 3.2.1 and

Theorem 3.0.2 improve significantly: for any € > 0,

Z[logp n]logp = n + O(n*/**¢), ZTmp )logp = nH,, + O(n****logn).

p<n p<n

We will not need these stronger error terms for the applications in §3.3.
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3.3 Proof of Theorem 3.3.2

In §3.1 we established a local estimate for the finite differences ¢ of a sequence s

with integral mth divided difference. The calculations in §3.2 show that

Tm,p(n) 1 1
. 14 =g —
lim H p n =e T2t
n—oo

p prime

By combining the local estimates for 9,,s with this calculation we will obtain a
characterization of polynomial sequences in terms of the Archimedean growth of
their finite differences. Let K be an algebraic number field of degree d with ring
of integers O. For the sake of generality, we work with an arbitrary finite set S of
places of K that contains the Archimedean places. Recall that the finite differences
of s are defined by
c(n) := (Z) (—=1)"*s(k) (n€N).
k=0
Proposition 3.3.1. Let s: N — K and let S C My be a finite set containing the

Archimedean places. Suppose that
(i) 6ms is O-valued, and
(ii) for each v in S there is a positive number p, such that |c(n)|, < p.

If

(3.24) [Tt < etCezesin)

vES

then s(n) is a polynomial in n.

Proof. By Lemma 3.1.1 the conclusion is equivalent to ¢ being eventually zero, so for
the sake of contradiction suppose that (3.24) holds and that ¢ has infinitely many

nonzero terms.
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Let v be a place of K not in S, p, the rational prime v lies over, o, a representative
embedding for v, and d, the local degree of v. The finite differences (3.3) of the
sequence o,s: N — C, are clearly given by o,c(n). We may apply Theorem 3.0.1 to
see that |c(n)|s = |ouc(n)],, < po ™™ for n > m, and so

(3.25) H| )& < Hp duTm py (1

vgS vegS

Note that both sides amount to finite products (7,,,,(n) = 0 if p, > n).

By the definition of 7, ,(n),

Fng0) < max _ (wy(ia) -+ wyin)) = m max w, (i) = mllog,(n)

and in particular 7,,,(n) = O(logn). Then, once n is larger than any prime lying

under a prime of S, we have that

> duTmp,(n)1ogpy = Y duTp, (n)logpy — > dyTp, (n) log p,

vgS pPv<n veS
—dZTmp )logp + O(logn).
p<n

With the help of Theorem 3.0.2 we see that

> " dyTing, (n)logp, = dnH,, + o(n).
vgS

By putting this together with (3.25) we obtain

[]letn

vegS

dv —nde—l-o(n)

Now let n; be chosen so that ¢(n;) # 0 for all non-negative integers i. With the
help of the product formula we obtain

_d’u < . . . —dv/ni < _dH"L.
[Leit <timinf ( T]le(n)l; /) <

veS veS

This contradicts (3.24) and concludes the proof. O
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We now prove a generalization of Theorem 1.3.1. In addition to the integrality of
higher divided differences we will consider the possibility of p-adic analytic interpo-
lation — i.e., the existence of a power series F'(z) € C,[z] which converges for all
z € D5 = {z € C, : |z|, < R} such that R > 1 and F(n) = o,s(n) for all n > 0.
It is known that p-adic analytic interpolation corresponds to p-adic decay of finite
differences (cf. e.g., [Sch06], §54). By combining this decay with the decay coming
from the integrality of §,,s, we obtain a common generalization of the Hall-Ruzsa
and Hilliker—Straus theorems, [Hal71], [Ruz71], [HS70], as well as one of the main
results from Dwork’s work on the rationality of the zeta function over a finite field

(cf. Remark 2).
Theorem 3.3.2. Lets: N — K, let S C My be a finite set containing the Archimedean
places M2, and let F C My be another finite set disjoint from S. Suppose that
(i) O0ms is O-valued,
(ii) for each v in S there is a positive number 0, such that |s(n)|, < 0%, and

(iii) for each v in F there is a number R, > 1 such that o,s extends to a p-adic

analytic function D;JR” — C,,.

If

326) T (a0 [ max(r o [[oF TRy < c05ei)

veEM;z? veES\MP veF

then s(n) is a polynomial in n.

Proof of Theorem 1.53.1. Take S = Mp°, F = & and apply Theorem 3.3.2, noting

that there are two isometric embeddings for every complex place. O]

Proof of Theorem 3.3.2. By Proposition 3.3.1 we see that s is polynomial if for each
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v € SU I there are positive constants D, and p, such that

(3.27) le(n)|, < Dypyy for alln >0

and

(3.28) IT Pt < et
vESUF

Suppose that v is an Archimedean place in S. Then |c¢(n)|, < maxo<i<n |s(k)|.
by the ultrametric inequality. As |s(n)|, < 0 by hypothesis, there is a positive

constant D, such that

D, if 0, < 1,
le(n)|, < max CHF =
0<k<n
D" if 6, > 1.
Hence in either case we may take p, = max{l,6,}. Now suppose v is a non-

Archimedean place in S. We have that

ol = 3 () sthle

0<k<n

Therefore for some positive constant D, we have that |c(n)|, < D,(1 4+ 6,)", and
here we take p, =1+ 6,. Then for every v in S (3.27) is satisfied.

Now we consider the places v in F. By hypothesis, for any place v in F' there
exists an analytic function f,(z) defined on the closed disk of C,, of radius R,,
R, > 1, containing zero such that o,s(n) = f,(n) for all n > 0. Without loss of
generality, we may assume that f, is analytic on a disk of radius strictly larger than
R, for all v € F since the inequality (3.26) remains valid even if R, is replaced with
a sufficiently close but smaller quantity. Furthermore, by taking a sufficiently small
e > 0 we may assume that for all v in F', f, is analytic on a disk of radius strictly

larger than R, + . Now we make use of a theorem of Iwasawa, [[wa72|, Theorem 3,
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to see that

(3.29) lim |e(n)|,r ™" =0
n—oo

for any real number r such that

(3.30) P (Ry )" <1

On the other hand, (3.29) implies that |c(n )\ > r for only finitely many n, or that
limsup,, |c(n)[+/™ < r. Hence there are positive constants D,, p, satistying (3.27) and
pp < rforall v € F. As r was arbitrary subject to (3.30) this shows that r may
be taken to be < p{}“’%qujl. Therefore the constants D,, p, may be chosen to satisfy

(3.27) as well as

(3.31) Iee <TI0 ”1R

veF veF

Putting (3.31) together with the choices of p, for v in S shows that

IT o< T] G+o0® TT max{rop® [JoF )

vESUF veMpe ’UES\M?(O veEF

This inequality shows that (3.26) implies (3.28) and concludes the proof. O

Remark 2. Tt is well-known that a power series > ., a,X" is the expansion of a

rational function if and only if there exists an integer N such that
(3.32) c(n) == det(anritj)ri—

is zero for all sufficiently large n. Theorem 3.3.2 may be applied to the sequence
s whose finite differences are given by (3.32) to obtain a generalization of Dwork’s
Theorems 2 and 3 from his article proving the rationality of the zeta function of a
variety over a finite field [DwoG0]. We have not emphasized this application however
as hypotheses (1) and (3) of Theorem 3.3.2 do not appear to be natural conditions

on power series.
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