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POLYNOMIAL DYNAMICS

ALICE MEDVEDEV AND THOMAS SCANLON

ABSTRACT. We study algebraic dynamical systems (and, more generally, o-
varieties) ® : AR — AR given by coordinatewise univariate polynomials,
D(z1,...,2n) = (fi(z1),..., fn(zn)) by refining an old theorem of Ritt on
compositional identities amongst polynomials. Our main result is an explicit
description of the skew-invariant varieties, that is, those algebraic varieties
X C AZ for which there is a field automorphism o : C — C with ®(X) = X°.
As consequences, we deduce a variant of a conjecture of Zhang on the existence
of rational points with Zariski dense forward orbits and a strong form of the
dynamical Manin-Mumford conjecture for liftings of the Frobenius.

We also show that in models of ACFA, a trivial set defined by o(z) = f(z)
for f a polynomial has Morley rank 1 and is usually strongly minimal, that
the induced structure on this set is No-categorical unless f is defined over a
fixed field of a power of o, and that nonorthogonality between two such sets
is definable in families if f is defined over a fixed field of a power of o.

1. INTRODUCTION

Let f1,..., fn € C[z] be a finite sequence of polynomials over the complex num-
bers and let ® : AZ — AR be the map (z1,...,2,) — (fi(z1),..., fo(zs)) given
by applying the polynomials coordinatewise. We aim to explicitly describe those
algebraic varieties X C A which are invariant under ®. To do so, we solve a more
general problem. We fix a field automorphism ¢ : C — C and then describe those
algebraic varieties X C Ag which are skew-invariant in the sense that d(X)C X°
and recover the solution to the initial problem by taking ¢ to be the identity map.

We consider this more general problem of classifying the skew invariant varieties
in order to import some techniques from the model theory of difference fields and
because we are motivated by some fine structural problems in the model theory
of difference fields. Recall that a difference field is a field K equipped with a
distinguished endomorphism o : K — K. The theory of difference fields, expressed
in the first-order language of rings expanded by a unary function symbol for the
endomorphism, admits a model companion, ACFA, the models of which we call
difference closed, and it is the rich structure theory of the definable sets in difference
closed fields developed in [6] which we shall employ.

In [12] the first author refined the trichotomy theorems of [6l [8] to show that
sets defined by formulas of the form o(x) = f(x) where f is a rational function are
trivial unless f is covered by an isogeny of algebraic groups in the sense that there
is a one-dimensional algebraic group G, an isogeny ¢ : G — G7, and a rational
function 7 : G — P! with fom = ©° o ¢. In this context, triviality is a very
strong property and, essentially, all algebraic relations amongst solutions to trivial
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equations are reducible to binary relations. It is this consequence and the fact that
the dynamical systems arising from isogenies are well-understood that we shall use
to reduce the problem of describing general ®-skew invariant varieties to that of
describing skew invariant curves in the affine plane.

Thus, the bulk of the technical work in this paper concerns the problem of
describing those affine plane curves C' C AZ which are (f, g)-skew invariant where f
and g are trivial polynomials in the sense of the previous paragraph. Via some easy
reductions one sees that this problem is really the same as that of describing those
polynomials h for which there are polynomials 7 and p satistying fom = 77 o h and
go p = p° o h. Possible compositional identities involving polynomials over C were
explicitly classified by Ritt in [I7] and Ritt’s work has been given a conceptually
cleaner presentation and has been refined to give a very sharp answer to the question
of which polynomials a(x),b(x),c(z),d(x) € Clz] satisfy a o b = ¢ o d by Miiller
and Zieve in [13]. Here, we perform a combinatorial analysis of Ritt’s theorem to
explicitly describe the possible h, 7, and p in terms of decompositions of f and g
as compositional products.

We find that there are three basic sources for skew-invariant curves. The easiest
to see are those coming from (skew) iteration. If f is any polynomial and g = f",
then the graph of f°" := f"ni1 of"ni2 o---ofis (f,g)-skew-invariant. In particular,
when f = f7 is fixed by o, the graphs of iterates of f (and their converse relations)
are (f, f)-invariant. When f is expressible as a nontrivial compositional product,
f =goh , then considering what we call a plain skew-twist of f, f := h% o g, we
see that the graph of h is (f, f)-skew invariant. In most cases, by computing one
expression of f as a composition of indecomposable polynomials, one may explicitly
and quickly describe all of the possible plain skew twists. Finally, it can happen
that graphs of monomial identities (or their conjugates via some linear change
of variables) may be (f,g)-invariant. For example, if f(z) = x - (1 + 2%)? and
g(y) = y- (1 +y?)3, then the curve defined by y? = 22 is (f, g)-invariant. Our
primary task is to prove a precise a version of the assertion that these examples
exhaust the possibilities for skew-invariant curves.

We apply our results on skew invariant varieties to address problems of two
different characters. First, we use them to prove variants of two conjectures of
Zhang [21] on the arithmetic of dynamical systems. In another direction, we use
our results to resolve the question of definability of nonorthogonality between types
containing a formula of the form o(xz) = f(x) for some polynomial f in ACFA.

In the case of the diophantine questions, we show that if K is a finitely generated
subfield of C and ® : A% — A’ is given by a sequence of univariate polynomials
each of degree at least two, then there are points a € A"(K) with a Zariski dense ®-
forward orbit. In fact, we prove a somewhat stronger result in which some of the f;s
are allowed to be linear. In another direction we prove a refined version of Zhang’s
Manin-Mumford conjecture for dynamical systems lifting a Frobenius. Again, the
precise statement will have to wait, but we can note a special case. Suppose that ¢
is a power of a prime p and that f(x) € Z[z] is a polynomial of degree ¢ for which
f(x) = 27 (mod p) but f is not linearly conjugate to either x9 itself or the ¢'®
Chebyshev polynomial and f is not a compositional power, then any irreducible
variety X C Ag containing a Zariski dense set of n-tuples of f-periodic points must
be defined by finitely many equations of the form x; = ( for some f-periodic point

¢ and x; = fo"(zx).
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In the case of differential fields, Hrushovski and Itai showed that there are theo-
ries of model complete differential fields other than the theory of differentially closed
fields [I0]. It is still open whether or not there are model complete theories of dif-
ference fields other than ACFA, but if one could show that there were some formula
0(z) defining in a difference closed field a set of D-rank 1 having only finitely many
algebraic realizations such that for for every other formula 7(y, ) the set of parame-
ters {b : some nonalgebraic type p(z) extending 6(z) is nonorthogonal to 7(y, b)}
is definable, then one could produce a new model complete difference field by omit-
ting the nonalgebraic types in . We do not achieve this goal, but we do show
that in characteristic zero for 6(z) given by o(z) = f(z) where f is a polynomial
defined over the fixed field, for any n(y, z) of the same form (ie 1(y, z) is defined
by o(y) = g(y, z) where g is a polynomial), then the set of parameters b for which
0(z) and n(x,b) are nonorthogonal is definable. In fact, we show that even in
the cases where nonorthogonality is not definable, the only real obstruction comes
from graphs of the distinguished automorphism. A byproduct of this analysis is an
explicit characterization of the algebraic closure operator on trivial D-rank 1 sets
defined by o(z) = f(z), and the observation that this set is strongly minimal unless
f(z) is skew-conjugate to z* - u(z)" for some polynomial u and some n > 1, and in
any case has Morley rank 1 if u is non-constant.

This paper is organized as follows. In Section 2] we lay out our conventions
and notation. We begin with our technical work on polynomial compositional
identities in Section Bl In Section M] we completely describe the possible skew-
invariant varieties as a consequence of theorems on the model theory of difference
fields and the results of SectionBl In Section Bl we conclude with three applications
of our results to definability of orthogonality, Zhang’s conjecture on the density of
dynamical orbits, and a version of the dynamical Manin-Mumford conjecture for
Frobenius lifts.

We thank M. Zieve for sharing a preliminary version of [I3] and for discussing
issues around compositional identities of polynomials and rational functions.

2. NOTATION AND CONVENTIONS

For the most part, our notation is standard.

Unless explicitly stated to the contrary, we work over an algebraically closed
field L of characteristic zero which the reader may take to be C without loss of
generality. Thus, for example, when we say “polynomial” without qualification we
mean “polynomial with coeflicients from L.”

With the exception of the results in Section [5.3]for which the language of schemes
is necessary, when we speak of algebraic varieties we really mean closed subvari-
eties of affine space. As such, the reader is welcome to read for “variety” the
phrase “subset of some A"™(K) = K™ defined by the vanishing of finitely many
polynomials.” Note that for us a variety need not be irreducible. We write G, for
the additive group considered as an algebraic group and G, for the multiplicative
group considered as an algebraic group.

Recall that a difference field is a field K given together with a distinguished field
endomorphism ¢ : K — K. On occasion, we shall endow L with a distinguished
endomorphism ¢ : L. — L making L into a difference field. We shall explain some
results from the model theory of difference fields in Section[dl By the fized field we
shall mean {z € L : o(z) = z}.
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If X is an algebraic variety over L, then X7 is the o-transform of X. Formally,
X7 is the base change of X from Spec(L) to Spec(L) via o*. Less categorically, if X
is given as a closed subvariety of some affine space defined by the vanishing of some
polynomials, then X7 is defined by the vanishing of the polynomials obtained by
applying o to the coefficients of the polynomials defining X. In terms of rational
points, if X C A7, then X°(L) = {(o(a1),...,0(an)) : (a1,...,an) € X(L)}.
Likewise, if f : X — Y is a morphism of varieties, then one obtains a morphism
f: X7 ->Y°.

Following Pink and Ré8ler [16], a o-variety is a pair (X, f) where X is an
algebraic variety and f : X — X7 is a morphism from X to the o-transform of X.
Some authors require f to be dominant and in practice we are really only interested
in this case. When X7 = X and f? = f, so that f : X — X, we call this o-variety
an algebraic dynamical system or an AD for short. A morphism ¢ : (X, f) — (Y, 9)
of o-varieties is given by a morphism of varieties ¥ : X — Y for which the following
diagram commutes

X#X"

wl lw"

vy —9 , yoe

A morphism ¢ : (X, f) — (Y, g) of ADs is also given by a morphism of varieties
1 X — Y for which a related diagram commutes

x - . x

o |v
y 24— Y

When all of the objects in question are defined over the fixed field, a morphism
of ADs is the same as a morphism of o-varieties, but in general, these notions are
different and it may happen that two ADs are isomorphic as o-varieties but not as
ADs.

Given an AD (X, f) we define (X, f°") by recursion with f°° := idx and
et .= fo for. If (X, f) is a o-variety, then we define fO : X — X°" by
recursion with f00 :=idx and fO+tD .= 7" o fO If we need to discuss Carte-
sian powers we might use the notation f*™. That is, if f : X — Y, we might write
frm XX — Y™ for the map (21,...,25) — (f(z1),..., f(zn)).

If (X, ®) is a o-variety, then we say that a subvariety Y C X is skew-invariant,
or ®-skew-invariant if we wish to emphasize ®, if ® maps Y dominantly to Y.
Likewise, if (X, ®) is simply an AD, then a subvariety Y of X, also defined over
the fixed field of o, is ®-invariant just in case (V) =Y.

Note that it could happen that a variety is (skew-)invariant even though none
of its irreducible components are. However, they will be (skew-)invariant for ®°"
(respectively, ®°™ and ¢™). In general, one might prefer to study those varieties
for which ®(Y) C Y or for which ® [ Y : Y — Y7 is dominant. For the questions
we study here, these distinctions are immaterial.
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3. POLYNOMIAL COMPOSITIONAL IDENTITIES

In this the longest section of the paper we recall Ritt’s theorem on compositions
of polynomials in detail, derive our theorems on the canonical sequences of Ritt
swaps, and then use these results on canonical sequences of Ritt swaps to describe
the possible (f, g)-skew invariant curves when f and g are polynomials of degree at
least two.

We should say a something about attributions before launching into the tech-
nical details. Of course, the key result, Theorem B.] already mentioned, is due
to Ritt [I7]. Julia and Fatou are usually credited with having founded the study
of identities amongst iterations of rational functions, but Ritt’s contemporaneous
work contains stronger results and his theorem on compositional identities amongst
polynomials stands as one of the highest achievements in algebraic dynamics. We
take Ritt’s theorem as basic and then deduce via a mostly combinatorial analysis
(mixing in some elementary properties of polynomials) some canonical forms for
recompositions of polynomials. The end result of Section is an easy conse-
quence of the main theorem of Miiller and Zieve in [13] and the proof there is much
cleaner. The reader might well ask why we have bothered to retain this material.
Our main goal is to describe the skew-invariant varieties for polynomial ADs. To
do so we need to continue the combinatorial analysis to an investigation of skew-
twists (see Section B.6.I]) and the internal structure of our combinatorial proof of
the refinements of Ritt’s theorem seems to be necessary. In private communication,
Zieve suggested a method to deduce our final results from the main theorem of [13],
but as these arguments were at least as long as those presented here, we chose to
follow our original approach. It may be the case that Zieve’s arguments can be
simplified and also given a geometric presentation in which case they might adapt
well to rational functions or positive characteristic.

3.1. Ritt’s theorem. We begin by recalling the definitions needed for the state-
ment of Ritt’s theorem.

Definition 3.0.1. A polynomial L is linear if there are A # 0 and B, with L(z) =
Az + B. We say that L is a scaling if B =0 and write L = (-A). We say that L is
a translation if A =1 and write L = (+B). We write (—C) for (+(—C)).

We use the word “linear” even though “affine” might be more appropriate. The
linear polynomials correspond to the automorphisms of the affine line. In algebraic
terms, the linear polynomials are the elements of the polynomial ring invertible
under composition.

Definition 3.0.2. A polynomial f is indecomposable if deg(f) > 2 and it cannot
be written as a composition f = g o h of two non-linear polynomials g and h.

We define decompositions to have indecomposable factors, since that is the only
notion used in this paper. In a different context, one might wish to speak about
decompositions some of whose factors are themselves decomposable, and then one
might wish to call our decompositions complete.

Definition 3.0.3. For f € K[z] we say that the finite sequence (f%, ..., f1) of poly-
nomials f; is a decomposition of f if f = fro---o fi; and each f; is indecomposable.
We often write f instead of (fk, ..., f1).
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As deg(goh) = deg(g)-deg(h) > deg(g), deg(h) for non-linear g and h, the degree
of a polynomial acts as an analogue of a Euclidean norm. Thus, all nonlinear poly-
nomials have decompositions. (Linear polynomials do not have decompositions.)
Some polynomials admit many decompositions. For example, if a,b € Z are distinct
primes and f(z) = 2%, then (2%, 2°) and (2%, 2%) are two different decompositions
of f.

Ritt proved [17] that these different decompositions are in some sense unique up
to permutations. We need a few more definitions before we can state his theorem.
We will then prove a stronger version of the “up to permutations” part.

Definition 3.0.4. For n € Z,, the n'" Chebyshev polynomial is the polynomial
Cp(z) € Z[z] defined by the relation

1 1
xn'i‘_n:Cn(x""_)
X X

Other definitions of the Chebyshev polynomials appear in the literature. Note
that with our definition, C,, is monic. We have included the case of n = 1 for the
sake of uniformity, but when we speak of Chebyshev polynomials, we will usually
mean C,, with n > 2. In fact, we will usually only consider C, with p an odd prime.

Definition 3.0.5. The following polynomials, when they are indecomposable (and
this is an extra condition only in the last case), are called ritty.

Q(z) := a?

P,(z) := 2P, p an odd prime

Cp(x), p an odd prime

Stkenu) = oF - u(2f)" where k # 0, ged(k, £) =1, ged(k,n) = 1, u(0) # 0,
u is monic non-constant, and at least one of £ and n is greater than one.

Lemma 3.0.1. Any ritty polynomial o of the last kind has a unique mazimal k, £,
and n, and u is unique up to multiplication by nth roots of 1.

Proof. Of course, the number k is the order of vanishing of o at 0. Let f(x) :=
u(x?)™ and let £ be maximal such that f(x) = g(z*2) for some polynomial g. This
is the maximal ¢ such that the zeros of f are a union of multiplicative cosets of
the group of /3th roots of 1. Let ny be maximal such that f(x) = h(z)™2 for some
h. This no is least common multiple of the multiplicities of roots of f. O

Definition 3.0.6. If f is a ritty polynomial of the last kind, we define the in-degree
of f to be the maximal ¢, and the out-degree of f to be the maximal n from the
last lemma.

Remark 3.0.1. Occasionally, we write P, for @), but as the properties of @ are
distinct from those of the monomials of odd degree, we generally treat ) and
P, for p an odd prime separately. Occasionally, we write Cy for the Chebyshev
polynomial of degree 2, but note that it is not ritty. Though we give a separate
name to the Chebyshev polynomials, it is clear from the definition that they are
odd functions, so for each odd p there is some u such that Cy(z) = z - u(z?); so
they are in fact a special case of the last kind of ritty polynomials.

Remark 3.0.2. The condition that u be monic is not necessary and does not appear
in the original statement of Ritt’s theorem. We will show in Lemma B.I.1] that
including this hypothesis does not affect the truth of that result.
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Definition 3.0.7. The following identities involving ritty polynomials are called
the basic Ritt identities.

e PhoP,=P,0oP, forp#gq

e CpoCy=Cyqo0C, forp+#gq

® Bpo(Sktpnu) = Skepnuobp

We formally exclude the tautological identities f o f = f o f from the first two
kinds of basic Ritt identities because they are clearly useless, and because including
them would make the combinatorial results and proofs even more cumbersome. In
particular, Lemma [3.2.6] would not be true as stated.

Other compositional identities involving indecomposable polynomials can be ob-
tained from these by carefully inserting linear factors: if aob =cod and L, M,
and N are linear, then

(L 'oaoM)o (M toboN)= (L oc)o(doN)

Before giving a formal definition of this phenomenon, we note that it is even possible
to obtain new compositional relations between ritty polynomials in this way.

Remark 3.0.3. From the fact that each C}, commutes with Cs(z) = 2% — 2, it is easy
to see that C), := (+2) o C, o (—2) is of the form Cp(z) = z - u(x)?, so it is ritty;
it is also easy to see that these commute with each other. Another example comes
from using scalings L, M, and N on the basic Ritt identity Cp, o Cq = Cy o C,.

Definition 3.0.8. Suppose that (fk, ..., f1) is a decomposition and that 1 <i < k.
If there are linear polynomials L, M, and N such that (L='o fiz10M)o(M~1o
fioN) = Ro S is a basic Ritt identity, then (gi,...,g1) given by g; := So N71,
gi+1 = Lo R, and g; := f; for the other j < k is another decomposition of the same
polynomial and we say that this latter decomposition is obtained from the former
by a Ritt swap at i.

In light of this and looking ahead to Ritt’s theorem, we define

Definition 3.0.9. An indecomposable polynomial f is swappable if there are linear
polynomials L and M such that Lo foM isritty. In general, we say that polynomials
f and g are linearly related if there are linear L and M such that Lo fo M = g.

Remark 3.0.4. It is clear from the definitions that if some decomposition may be
obtained from f by a Ritt swap at ¢, then one of the following must happen:

e both f; and f; 1 are linearly related to monomials

e both f; and f;11 are linearly related to odd-degree Chebyshev polynomials;

e f; is linearly related to a monomial P, and f;1 is linearly related to a ritty
polynomial whose out-degree is a multiple of p;

o fi11 is linearly related to a monomial P, and f; is linearly related to a ritty
polynomial whose in-degree is a multiple of p.

Remark 3.0.5. In the definition of one decomposition having been obtained from
another via a Ritt swap at ¢ we suppress the auxiliary choices of the linear poly-
nomials L, M, and N. At the level of decompositions, there is a real ambiguity
attributable to these choices. For example, (x - (x + 1)° 2°) may be swapped to
(25,2 - (2° + 1)) taking L(z) = M(z) = N(x) = z. It may also be swapped to
((32)52°, 2 - £41) taking L(z) = (32)2, M(z) = 32z, and N(z) = 2z. Although
the factors in this decomposition are not monic, the basic Ritt identity used does
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involve monic ritty polynomials.

However, the two resulting decompositions are linearly equivalent, defined four lines
below. Our first fundamental result, Proposition B.1.3] is that at most one decom-
position can be obtained from a given one by a Ritt swap at a given ¢, up to linear
equivalence.

Definition 3.0.10. The decompositions (f, ..., f1) and (gk,...,91) are linearly
equivalent if there are linear polynomials Lg_1,..., Ly for which g = fx o Li_1,
gi:Li_loinLi,1 for k >1i> 1, andgl :Ll_lofl.

If (fx,...,f1) and (gk,...,¢1) are linearly equivalent, then they are decompo-
sitions of the same polynomial. Linear equivalence, as the name suggests, is an
equivalence relation.

Definition 3.0.11. We often write f for a decomposition (fy, ..., f1); [f] is the
linear-equivalence class of this decomposition. For a polynomial f, Dy is the set of
linear-equivalence classes of decompositions of f.

Ritt’s theorem says basically that Ritt swaps act transitively on Dy. Our first
fundamental result is that this slogan can be formalized. Here is our statement of
Ritt’s theorem:

Theorem 3.1 (Ritt). Over C, any two decompositions of the same polynomial have
the same length. Indeed, iffcmd g are decompositions of the same polynomial, then
g 1s linearly equivalent to a decomposition obtained from f by a finite sequence of
Ritt swaps.

A diligent reference hunter will note that our definition of ritty polynomials
differs from Ritt’s in that we require u to be monic in the last case; this does not
make a difference:

Lemma 3.1.1. The notion of “Ritt swap” is not changed if in the last case of the
definition of ritty polynomial we drop the requirement that u be monic.

Proof. Tt suffices to show that if p is a prime, k, n, and ¢ are integers, and U is
a polynomial, and z* - U(2P*)" satisfies the requirements in the definition of ritty
polynomial, then (z*-U(2*)P", P,) is obtained by a Ritt swap from (P,, z*-U (xP*)™).
Let a be the leading coefficient of U. Set v(z) := z, pu(z) := a™x, and A(z) := a?"z.
Then A~loP,ou = P, and p~to(ak-U(zP)")ov = (2 -u(zP?)™) where u(y) := @
is monic. The result is now clear. (]

The next lemma shows that the relation “g is obtained from f by a Ritt swap
at ¢” is invariant under linear equivalence.

Lemma 3.1.2. If f, g, and h are decomposztwns of the same polynomml g is
obtained from f by a Ritt swap at i, and h is linearly equivalent to f, then there is
a decomposition obtained from h by a Ritt swap at i and linearly related to §.

Proof. Let Rx_1,...,R1, L, M, and N be linear polynomials witnessing our hy-
potheses. That is, the Rs witness that his linearly related to f

hy = fr o Rk—1, hj = R;l ij oRj 1 forl<j <k, hy = R;l o f1 and the other
linear polynomials witness the Ritt swap: (L™1o fiy1oM)o(MtofioN)=ToS
is a basic Ritt identity, g; :== So N7', g;y1 = Lo T, and g; := f; for the other
j < k. To simplify the notation, we define Ry(x) = Ro(x) = x.
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Define L’ := R;_ll oL, M' := Ri_l oM, and N’ := R;_; o N. It is now routine
to check that this choice of L', M’ and N’ witnesses that h admits a Ritt swap at
7 and that the resulting decomposition is linearly equivalent to g. (Il

To finish formalizing our slogan, that is defining an action of Ritt swaps on the
linear-equivalence classes in Dy, we need “g is obtained from f by a Ritt swap at ¢”
to be a function rather than a relation. Our next lemma has a surface appearance
of yet another elementary result about compositions of polynomials, but its proof
while locally elementary is surprisingly complicated. In fact, it is the crucial result
required to show that sequences of Ritt swaps form a monoid that acts on linear-
equivalence classes of decompositions. This is one the two crucial results towards
canonical sequences of Ritt swaps, which give the near-action of the permutations

group.

Lemma 3.1.3. If two decompositions h and g are both obtained from f by a Ritt
swap at i, then h is linearly equivalent to g.

Our proof of this crucial Lemma B.1.3] occupies most of Section 3.2l Let us give
a hint of the difficulties involved. Suppose there are two polynomials u and w,
integers k, k' and p, and a field element A such that f; := (z* - u(2?)) o (+A) =
2* - w(2P). (We will show that such polynomials do not actually exist.) Then
the decomposition (Pp, f1) admits two Ritt swaps: one with L = M = N = id
produces the decomposition (2 - w(z)?, P,); the other, with L = M = id and
L = (—A), produces (z¥ - u(z)?, P, o (+A)). It is evident that these two are not
linearly equivalent. As this example suggests, the bulk of our work will consist of
classifying linearly related ritty polynomials.

We start the proof of the lemma here, indicating precisely what we need to
resolve. The next section is devoted to resolving it.

Proof. Suppose that we can perform a Ritt swap at ¢ in two different ways. That is,
for j =1 or 2 we can find linear polynomials L;, M;, and N; and ritty polynomials

G;, Hj, éj and flj such that

o G :Lj_lofl-JrloMj

e Hi=M: "0 fioN;

Gjo Hj = Hj oG is a basic Ritt identity
giv1 = L1 o H,

gi=Gpo Nfl

hi+1 = L2 o ﬁg, and

h; = ég o N{l.

We are charged with finding a linear R for which (L1 o H1)o R = (Ly o Hs) and
R! o(él oNfl) :é2oN{1,

Now then, if we set L := L2_1 oLy, M := M2_1 oMy, and N := N{l o N, then
we have Lo Gy o M~! =Gy and M o H; o N~' = H,. We claim that it is enough
to find a linear R for which (Lo Hy)o R = Hy and R0 (Gy 0 N~1) = G,. Indeed,
apply Lo to the left of the first equation and N, ! to the right of the second.
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It remains to analyze the possible ways to express ritty polynomials as linear
polynomials composed with ritty polynomials. We carry out this analysis in Sec-
tion and complete this proof at the end of that section. Note that in light of
Lemmal[3.0.1] we may assume that at least one of the linear factors is non-trivial. [

3.2. Linear relations amongst ritty polynomials. This section is devoted to
characterizing linearly related ritty polynomials. We first reduce the study of lin-
early related polynomials to the cases where the linear functions are both transla-
tions or both scalings.

First, some notation:

Definition 3.1.1. We say that the polynomials f and g are scaling related if they
are linearly related witnessed by scalings. We say that f and g are translation
related if they are linearly related witnessed by translations.

A special case of scaling related polynomials will be seen so often that it deserves
its own notation.

Definition 3.1.2. Given any polynomial f and nonzero scalar ¢, we define

flex)

cxf =3

Note that if f is monic, then ¢ * f is also monic. And now, the reduction:

Lemma 3.1.4. If f and g are linearly related ritty polynomials, then there is an-
other ritty polynomial h which is scaling related to f and translation related to

g.

Proof. Since the group of automorphisms of the affine line is the semidirect product
of the group of translations by the group of scalings, if f and g are linearly related,
then we can find a third polynomial h which is scaling related to f and translation
related to g.

That is, if L(z) = Az + B and M(z) = Cx + D are linear polynomials with
LofoM =g, then as L = (+B) o (-A) and M = (-C) o (+2), we may take
h:=(-A)o fo(-C) and then g = (+B)oho (+L5). We need to show that h is itself
ritty.

Since h is translation-related to a monic polynomial g, h is itself monic. It is
clear that if f and h are scaling related monic polynomials, then h = Ax f for some
A

It remains to show that a monic polynomial scaling related to a ritty polynomial
is itself ritty:

e \x P, = P, for every p, including p = 2.
e As noted above, for p odd, C, being an odd function, fits into the next case.
e Given a polynomial u and natural numbers k, ¢, and n, if w := (\) * u,
then A x (2% - u(2®)") = 2% - w(z®)"
O
Before the last part of the above proof is forgotten, we exploit it to show that

carefully inserting scalings into a basic Ritt identity produces another basic Ritt
identity. We will prove something of a converse to this lemma in Lemma 3271
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Corollary 3.1.1. Ifboa = doc is a basic Ritt identity, and a and b are not both
Chebyshev, then for any non-zero \, u, there are non-zero v and n such that

(mxb)o(A*xa)=(n=*d)o(v*c)
is also a basic Ritt identity.

Proof. Since a and b are not both Chebyshev, one of them must be a monomial. If
both are monomials, the result is immediate as A * P, = P, for any p and non-zero
A

If only @ = P, is a monomial, then b must be of the form (2% - u(x)P"). Then
looking at the proof of the lemma, p* b = p* (2% - u(z*)P") = 2¥ - w(z®)P" for
w = (X)) xu. Since (A*xa) = (\* P,) = P,, we see that

(nxd)o(Axa) = (z" - w(x*)P™) o P, = P, o (z" - w(aP")")

Is a basic Ritt identity, and we may take n = id, and v? = A.

If only b = P, is the monomial, then (u*b) =b=c = (v*c) = P, for any v, so
we might as well take v = id. Now a must be of the form (2% - u(x?*)"), so

Aka = \x (28 u(2Ph)) = 28 - w(@P)"
where w = \P¢ % u. Tt is easy to check as above that 7 = \? works. (]

Remark 3.1.1. In particular, if @ and b are not both linearly related to Chebyshev
polynomials, and (d,c) is obtained from (b,a) by a Ritt swap, then some (d,?)
linearly equivalent to (d,c) can be obtained from (b, a) by a Ritt swap witnessed
by translations.

We now return to characterizing linearly related ritty polynomials. With the
reduction in Lemma BT it is sufficient to separately characterize scaling-related
ritty polynomials, and translation-related ritty polynomials. We have just done the
first in the proof of the last Lemma B.1.4, and we can immediately give the whole
answer for monomials:

Proposition 3.1.1. For all p including p = 2, P, is not linearly related to any
ritty polynomial other than itself, nor is it translation-related to itself. For every c
and every p, ¢ x P, = P,.

Proof. Only the first of the three assertions is not immediate. It is true because P,

is the only ritty polynomial of degree p with a unique 0. O

As we have noted that Chebyshev polynomials are a special case of the last kind
of ritty polynomials, we are left with the following problem.

Problem 3.1.1. When are two ritty polynomials of the form x* -u(z®)™ translation
related? That is, we need to solve

(+B) o (zF - u(z®)") o (+A) = ("2 - up(x2)"2)

The brunt of the work in this section is devoted to solving this. We make a
few easy observations and summarize our results before diving into the necessary
computations.
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Remark 3.1.2. In light of Lemmal[3.0.T] we are not interested in the case A = B = 0;
evaluating both sides at 0 shows that the case A = 0 # B is impossible; thus we

assume that A # 0 and examine separately the cases where B = 0 and where
B #0.

The next two propositions are proved later in this section.
Proposition 3.1.2. All solutions of Problem [3.1.1] with B = 0 are of the form
(2! (z =A™ u(z)") o (+A) = (x + A)' - 2™ -u(z + A"
Proof. This follows imediately from Proposition B:22.1] below and Lemma O

Definition 3.1.3. A ritty polynomial of the form f(z) = z¢ - (z — A)™u(x)"
with both ged(4,n) > 1 and ged(m,n) > 1 is called a type J ritty polynomial. A
polynomial linearly related to a type J ritty polynomial is called a type J swappable
polynomial.

Remark 3.1.3. Since a ritty polynomial is, by definition, indecomposable, if f(x) =
2t (x — A)™ - u(z)" is a type J ritty polynomial, then gcd(¢,m,n) = 1. Unless
ged(m,n) > 1, f is not a ritty polynomial; the condition that ged(¢,n) > 1 implies
that f o (+A) is also a ritty polynomial. Since indecomposability and swappability
are invariant under linear relatedness, a type J swappable polynomial is necessarily
swappable and indecomposable.

Remark 3.1.4. The representation of a type J ritty polynomial need not be unique:

the polynomial

T — 0

i<n
where p; are distinct primes, is translation-related to n different type J ritty poly-
nomials.

Remark 3.1.5. The existence of type J ritty polynomials rules out the possibility
that in-degree and out-degree might be well-defined up to linear relatedness, and
thus might be a property of a swappable indecomposable. However, we can at least
say that the in-degree of a type J swappable indecomposable f is 1, in the sense that
any ritty polynomial linearly related to f has in-degree 1. In light of Remark 3.0.4
we can see that if a factor f; of a decomposition f is type J, then no decomposition
may be obtained from f by a Ritt swap at <.

Proposition 3.1.3. For each degree d and for each A # 0, there is a unique triple
of polynomials Ua, Va, Wa of degree d such that for some B,C # 0

(+B) o (z-Ua(z?)) o (+A) =z - Va(z)?
(+C) o (z-Va(x)?) 0 (—24) = - Wa(x)®

Proof. This follows immediately from Propositions[3.2.4 and and Lemma
O

Before explaining how these solutions come from Chebyshev polynomials, we
make an easy observation

Lemma 3.1.5. If f and g are ritty polynomials giving a solution to problem [T 1],
that is if (+B)o fo(+A) =g, then Ax f is a solution of the same problem with 1
in place of A: (+C) o (Ax* f)o(+1) = Axg.
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So it is sufficient to characterize solutions for one particular A, as we do in the
next proposition.

Proposition 3.1.4. In Proposition [31.3, x - U_o(2?) = Cogqr1 is the (2d + 1)st
Chebyshev polynomial.

Forany A, U_, =Ux and Wy =V_, = (—1) x V4.

Further, (x-V_2(2)?) 0 Q = Qo Caqy1.

Proof. For odd n, both (+2) o C, o (—2) and (—2) o C}, o (+2) are of the form
x - v(x)?. Both come from the fact that C,, commutes with Co(z) = 22 — 2. Here

is the reason for the first:
On e} CQ = 02 e} Cn

Cpo(=2)oQ=(-2)0oQoC,
(+2)oCpro(=2)0Q =QoC,
For the second, first observe that
i%Co = i%((m)Q —2)=—(—2?-2)=2%+2
Now Cp,0Cy=Cro(-—=1)o(-=1)oCy0 (-i)o(-—1i) =
=(-1)oCho(@*+2)o(-—i)=Cr00C,

So, bringing all outside linear factors to the right and introducing (—2) on the left,
(=2)oCpro(+2)0oQ =(—2)o(-—1)oCy0Cy 0 ()
Now, [(=2)(- = 1) 0 G3l(w) = —(2% —2) =2 = —2? = [Qo (- £ 1)](2), 50
(=2)Cro(+2)0Q =Qo(-ti)oCho (i) =Qo (i*xCh)
O

We now name these polynomials, and the solutions for other different A which
are scaling-related to these.

Definition 3.1.4. Continuing to use the notation from Proposition[3.1.3] CA’p (x) =
x-V_g(x)?. For \ # 0,

Cpx :=AxCp and CA'p)\ = )\*@,

There ritty polynomials are called a type C ritty polynomials.
A (necessarily indecomposable and swappable) polynomial linearly related to a
Chebyshev polynomial is called a type C' swappable polynomial.

Remark 3.1.6. A Ritt swap involving two monomials or two Chebyshev polynomials
really swaps two factors of a decomposition. While the non-monomial factors on
the two sides of the last kind of a Ritt swap are different, it is useful to think
of one of them becoming the other while simultaneously swapping places in the
decomposition with the monomial.

To study indecomposables that might in this sense become type C or type J after
a sequence of Ritt swaps, we introduce a formal notion and collect some taxonomy.

Definition 3.1.5. Given two indecomposable polynomials a and b, the relation “a
may become b after a sequence of Ritt swaps” is the transitive closure of the relation
“there exist indecomposable ¢ and d such that coa =bodoraocc=dob.

Definition 3.1.6. (A list of different kinds of ritty polynomials)
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Monomials are self-explanatory.

Type C ritty polynomials C), » and CA'IL A are defined above.

Type J ritty polynomials are defined above.

A ritty polynomial that is not type J but can become type J after a sequence

of Ritt swaps is called a type coJ ritty polynomial.

e A ritty polynomial that is not a monomial, type C, J, or coJ is called a type
B ritty polynomial.

e A (necessarily indecomposable and swappable) polynomial linearly related

to a type X ritty polynomial is called a type X swappable polynomial, for

X=C, J, coJ, B.

Remark 3.1.7. The symbols C, J and B are not entirely arbitrary, but we chose to
spare the reader from our eccentric naming conventions: C for Chebyshevichi, J for
Janus (Jani in the plural), and B for boring.

Definition 3.1.7. e A class C of swappable polynomials is closed under Ritt
swaps if whenever f; € C and ¢ is obtained from f by a Ritt swaps at @
(vesp., i — 1), then g;11 € C (resp., gi—1 € C). In other words, if a is in the
class, and a may become b after a sequence of Ritt swaps in the sense of
Remark B.1.6] the b is also in the class.
e A class of ritty polynomials is closed under Ritt swaps if the same holds
under the additional assumption that g;41 (resp., g;—1) is ritty.

Theorem 3.2. The only ritty polynomials among the type C (respectively, J, coJ)
swappable polynomials are the type C (respectively, type J, coJ) ritty polynomials.
These classes of ritty polynomials - monomials, types C, J, coJ, and B - are disjoint
and closed under linear relatedness, and cover all ritty polynomials.

The class of type C swappable polynomials is closed under Ritt swaps; so is the class
of type J and coJ swappable polynomials.

All translation relations among ritty polynomials are listed in propositions[3.1.2 and

Z1.3

Proof. For the most part this theorem merely collects and translates into new no-
tation the results of Propositions [B.1.3 B.1.4] and above. One bit worth ex-
plaining is that the classes of type C, type J, and type coJ swappables are disjoint.
Type coJ ritty polynomials are not translation related to any other ritty polyno-
mials, because their in-degree is too high for them to be type J, and their & is too
high for them to be type C. In particular, type J or coJ ritty polynomials are not
type C. The last part of the theorem is proved in Proposition [3.2.2] O

We now prove some useful consequences of this theorem, including Lemma [3.1.3
We begin with something of a converse to Corollary[B.1.1] as we use it in the proof of
Lemma [3.1.3] which in turn is used to prove Lemma [3.2.2] which looks very similar
to Lemma B-2.11

Lemma 3.2.1. If a and b are ritty and not both type C, and L, M, and N are
linear, and (Lobo M~ o (MoaoN~Y) =doé is a basic Ritt identity, then L,
M, and N are scalings.

Furthermore, there are ritty ¢ and d such that boa = d o c is another basic
Ritt identity, which is linearly equivalent to the first one, and in particular (CZ, ¢) is
linearly equivalent to (d,c).
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Proof. Since a and b are not both type C, one of them must be (linearly related to,
and therefore equal to) a monomial.

If a is a monomial, then M and N must be scalings, since monomials are not
translation-related to any ritty polynomial. Then, since both b and Lobo M ! are
ritty and M is a scaling, L must also be a scaling because the equation in Problem
[BI1 has no solutions with B # 0= A

If b is a monomial, then L and M must be scalings. Since both a and (MoaoN 1)
must be ritty, either N is a scaling or both a and (M oa o N~!) must be type J.
But (Lobo M~! M oao N™1!) is swappable, contradicting remark

”Furthermore” follows immediately from Corollary 3111 O

Now we can finish the proof of Lemma B.1.3l Afterwards, we must go back and
prove the two propositions B.1.2 and B.1.3

Pmof Let us recall the situation. We have ritty polynomials Gy, G2, H1, Ha, Gl,
Gg, Hl, and H2 and linear polynomials L,M, and N such that

LoGioMt'=Gyand MoH,oN~' = H,

and Gjo H; = ﬁj o éj are basic Ritt identities for j = 1 and 2. We need to find a
linear polynomial R such that

LoﬁloR:ﬁg andR_loaloN_lzég

In fact, we show that R = M ! always works, and that it is always a scaling.
We consider separately the three cases that none, one, or both of G; and H; are
monomials. Since G5 is linearly related to G, G2 is a monomial if and only if G
is, and if both are monomials, then G; = G2, and similarly for H;.

(none) In this case, @i = G; and ﬁi = H,; are Chebyshev polynomials of odd
degree, since commuting Chebyshevs are the only basic Ritt identity not involving
any monomials. Then R = M~! works. (In fact, L = M = N = (- £ 1) in this
case, as Chebyshevs are not non-trivially linearly related to themselves except via

(1) % C, = C.)

(two) In this case, CA?Z = G, and I;TZ = H; are monomials, since this is the only
basic Ritt identity with two monomials on one side. Then R = M~! works. (In
fact, L, M, and N are scalings in this case, as monomials are not non-trivially
translation related to themselves.)

(one) This is done in Lemma B2l with b := G4, a :== Hy with one less assump-
tion. g

This proof does not use the hardest part of our analysis: it suffices to know that
Problem [B.1.1] has no solutions with A = 0 # B, and to have a characterization of
solutions with B = 0 # A, the type J ritty polynomials. Rest assured that we do
need the full answer for the second crucial Lemma

We end this section with a lemma closely resembling Lemma [3.2.1] because its
proof is similar to the last two, though it will not be used until much later.

Lemma 3.2.2. Suppose that a and b are ritty and neither is type C; and D, C, B
and A are linear; and b:= DoboC and a:= Boao A are ritty, andboa =do ¢
is a basic Ritt identity.
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Then D, B, and A are scalings; and there are a translation T, a scaling C', and
a ritty b’ :=boT such that boC = o C’; and for some d and ¢, b’ ca=docis a
basic Ritt identity. Unless b is type J, T =id and ' = b.

Proof. Since neither a nor b is type C, D and B must be scalings. If A is not a
scaling, then a and a must be type J, but this contradicts remark So Ais a
scaling by A and @ = A * a.

Write C' =T o C’ for a scaling C’ =: (-u) and a translation 7. Then ¥’ :=bo T
is a monic polynomial scaling-related to the ritty b, so it is itself ritty. Soif T' # id,
then b is type J, and in any case b= pub'.

So (u*b)o(Axa)=docis a basic Ritt identity. By Corollary B.1.1] there are

1 and v such that b’ oa = (n*d) o (v * ¢) is a basic Ritt identity. O

3.2.1. Zeros of f(z) = z¥ - w(x®)™ and its derivative. We now turn to proving
PropositionsB.T.2and[3B. 1.3l It may be interesting to note that the only consequence
of the indecomposability of f we use here is that ged(k, £) = ged(k,n) = 1, that is
that no monomial is a compositional factor of f.

Some of our preliminary computations appear in [3].

In this subsection we fix a ritty polynomial f(z) of the form f(x) = z* - u(x)"
satisfying the requirements of Definition and study its zeros as well as those of
its derivative. We introduce several auxiliary polynomials and integer parameters
and the association from f to these auxiliary objects is intended to be notationally
uniform.

The following notation remains in force only throughout this Section B.2.1]

Notation/Assumption 3.2.1. Given a nonzero polynomial g(y) we define:

= I w-o
{a:g(a)=0}

() = g(v)/9(y)
9(y) =9 (v)/9(y)

Let us return now to the case that f(z) = 2% - u(z*)" with the usual restrictions

on the data defining f. As we will be studying the relations between f and other
polynomials of a similar form, we fix fa(z) = 2 - ug(22)"2. For each of the terms
defined for f, we have a corresponding term defined for f; noted with a subscript
Of “2'77

Throughout this section we write s := deg(u) and ¢ := deg(u). We define two
more associated polynomials

n—1  ~

v(y) = u(y) u(y)

w(y) == ku(y) + nlyu(y)
Note that every zero of v is also a zero of u while w shares no zeros with u (and,
hence, with v). Note also that deg(v) = (n —1)s+ (s —t) = ns —t and deg(w) = t.
A simple calculation shows that
f(z) = 2F tu(z®)" () [k (z) + nlata(z®)] = 251 o(ah) - w(zb)
Thus, the zeros of f/ may be described as follows.
(1) If £ > 1, then f/(0) =0 and ordo(f") = k — 1.
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(2) Each £ root of a zero of v is a zero of both f and f’. Hence, counting
multiplicity, there are £(ns — t) zeros of f/(z) arising as £*® roots of zeros
of v.

(3) There are ¢t zeros of f' arising as the ¢ roots of zeros of w. None of these
are zeros of f.

From the above calculation, one sees that in some sense most of the ramification
of f occurs above zero. (When we say that a zero a of [ lies above b, we simply
mean that f(a) =b.)

Note that the zeros of f’ of the last two kinds come in batches of size £ consisting
of a (multiplicative) translate of the group of roots of unity over order dividing £.
Moreover, if a and b are zeros of the third kind and are in the same batch, then
they lie above different points. Indeed, write b = Ca # a for some *" root of unity
¢. We know that w(a’) = 0 implies that u(a’) # 0. As ged(k,¢) = 1, we have
f0) = (Ca)fu((Ca))™ = FaFu(a)" # a*u(a’)" = f(a).

Let us note some numerical consequences of these observations.

Observation 3.2.1. With the notation given above:

e # ramification points of f lying above zero = (k — 1) + £(ns —t)
e # ramification points of f lying above other points = ¢t and this set of
ramification points is a union of ¢ cosets of the group of £** roots of unity.

Let us return to the equation

(1) (+B) o (2" -u(ah)") o (+4) = ™ - ug(z"2)"

As the linear operations are invertible, we see that if fa(a) = f2(b), then f(a +
A)=fb+ A).

Differentiating Equation [I we have

floA=f;

Hence, for any point a, we have ord, f3 = ordgya f. That is, (+A) translates
the zeros of the derivative of fy onto the zeros of the derivative of f respecting
multiplicities. If B = 0, then the ramification of f> above zero is matched precisely
with the ramification of f above zero. If B # 0, then the ramification of f above
one other point is matched with the ramification of fo above zero and wvice versa.
It is this consequence which makes these seemingly trivial observations useful.

Lemma 3.2.3. If{ > 1, then the sum of the roots of f is zero as is the sum of the
roots of f’.

Proof. f has a zero at 0 which contributes nothing to the sum while the rest of its
zeros are the £*" roots of the zeros of u. For each zero ¢ of u pick one ¢! root b.
Then the others have the form ¢b for some ¢! root of unity. As the sum of the ¢th
roots of unity is zero, the sum over all these roots is zero. From our expression for
f'(z), we see that it, too, may be expressed as a power of o times a function of z.
Hence, by the same reasoning the sum of its roots is zero. ([l

Corollary 3.2.1. If A# 0 and £ > 1, then the roots of g(x) := (xF - u(x?)")o (+A)
do not sum to zero, and neither do the roots of h'(x) where h(z) = (+B) o (z*
a()") o (+4).
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Proof. Combining the above observations, we see that the sum of the roots of g is
A - deg(g) while the sum of the roots of h/(x) is A - (deg(h) — 1) (which is not zero
as deg(h) > 3). O

The following Corollary already appears in [3].
Corollary 3.2.2. In the Equation[dl one of £ and £> must be 1.

Proof. Use the previous two results, remembering that we are only interested in the
case A # 0. (Evaluating Equation [ at 0 shows that A = 0 implies that B =0.) O

Notation/Assumption 3.2.2. In light of Lemma above, we may and do
assume that A = 1 from now on.

In light of the last result, we may and do assume that £ = 1 from now on, breaking
the symmetry of the two sides of the equation.

In the next section, we address the possibility that B = 0; after that, we return
to the other, significantly more difficult possibility.

3.2.2. isolating type J. In this section, we find all solutions to the equation

(" - u(@)") o (+1) = (2" - ua(a’2)"™)
that is, the special case of Problem B.I.1]l where B = 0 or, equivalently, where
u(1) = 0. In light of Lemma [B.T.5 we have set A =1 from Problem BIIl We just
proved that we may assume without loss of generality that ¢ = 1, which is why it
is missing.
Lemma 3.2.4. Suppose that f(x) := (zF - u(x)") and fa(x) = (z*2 - ug(zf2)"2)
and f(x+1) = fo(x). Then by =1.
Proof. Since fo(x—1) = f(x), we see that k = ordg(f) = ord_1(f2). As (=1)k2 #£ 0,
it follows that —1 is a k-fold zero of uz(2%2)"2). Then any other £3nd root ¢ of (—1)2
is also a k-fold zero of fa(x). Thus unless ¢5 = 1, some (¢ + 1) # 0 is an exactly
k-fold zero of f, and therefore of u(x)™. Hence, n divides k. As ged(n, k) = 1, it
follows that n» = 1. But £ = n = 1 so that f is not ritty. With this contradiction
we see that ¢o = 1. [l

Thus we only need to solve the equation (z* - u(x)") o (+1) = (z*2 - ug(x)"2),
with u(1) = 0.
Lemma 3.2.5. If u(1) = 0 and the equation
(@* - u(z)") o (+1) = (™ - up(w)")
holds, then there are integers m and ms and a monic polynomial U such that

k =mang, ks = mn, u(z) = (x — 1) -U(z)", and uz(z) = (x + 1) - U(z + 1)".

Proof. We have ko = ordg fo = ord; f implying that n divides ks. Setting m :=
ka/n we see that ord; u = m. Likewise, k = ordg f = ord_; f2 so that ns divides
k. Write mg := k/ns and note that ord_q ug = mao.
Write u(z) = (x — 1)™P(x) and uz(z) = (x + 1)™*Pz(x). Then, our equation is
Cancelling (x 4 1)™2"2 . ™" we obtain

Plx+1)" = Py(x)™
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Recalling that k = namo and n are relatively prime, so that ged(n,n2) = 1, it
must be that P is an ni® power and P, an n'! power. Write P(x) = U(z)" and
Py(z) = Ua(x)™. As U(z + 1)""2 = Us(x)™"2, if we take these polynomials to be
monic, then we have U(x 4+ 1) = Us(x). O

Together, these lemmata prove the Proposition B.1.2] above and vindicate Defi-
nition B.1.3

Proposition 3.2.1. All solutions to the equation
(+B) o (zF - u(z®)") o (41) = (a*2 - uy(z*2)"2)
with w(1) =0 are of the form
(™22 (x — )™ U(x)™") o (+1) = 2™ - (x + 1)™2"2 - U(z + 1)"*"

for some monic polynomial U and integers m and ma satisfying ged(mmn,ng) =
ged(mang,n) = 1.

3.2.3. B # 0, a first reduction. We are left with the possibility that u(1) # 0 in
the equation in Problem B.1.Jl Recall that we have reduced to the case that A =1
(Lemma B.TH) and ¢ =1 (Corollary B:22.2). Thus we need to solve the equation

(+B) o (a* - u(@)") o (+1) = (2"2 - uz(a2)")

when B # 0. This section is devoted to showing that n = nals = 2.
Then, the following two sections examine the two possibilities, no = 2 = 2/5 and
éz =2= 2n2.

Proposition 3.2.2. If u(1) # 0 and the following equation holds
(+B) o (" - (u(@®)")) o (+1) = (2™ - uz(x2)"2)

then k = ko = 1, s =, so = tg (that is, all roots of u and of us are simple), and
n = 71262 = 2.

Proof. Note that u(1) # 0 if and only if B # 0.

Recall that for any £ we have ordg f5 = orde41 f' and that if € # 0 and f5(£) = 0,
then for any ¢ with ¢*2 = 1 we have ordc¢ f5. Recall our observation that as long as
f2(€) # 0 and ¢ # 1 is an £39 root of unity as above, f2(&) # f2(¢€). In particular,
for each of the batches of ramification points of f5 described in in Observation 3211
there is at most one which lies above B. Translation by 1 takes the ramification of
f2 to ramification of f and it takes the points lying above B to point lying above
0. Thus,

e at most one point in each batch of the ramification of fo above a point
other than zero goes to the ramification of f over 0 and

e the rest of the ramification points of fo must go to the ramification of f
above other points.

Translating into inequalities involving the various degrees of f and fo2 using the
calculations in Observation B.2.1] and recalling that £ = 1 we have the following

o (k—1)4+(ns—1t) <ty
° (kg — 1) + éQ(TLQSQ — tz) + (éz — 1)t2 <t
Adding and collecting ¢s on the right, we have

(k2 - 1) + (k - 1) —|—€2n252 +ns S 2t—|—2t2
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Recall that t < s, to < s9,n=nl > 2,lany > 2, k> 1, and ky > 1. Thus, all of
these inequalities must be equalities. (|

Since the numbers no and £y are positive integers, the inequality £ono = 2 implies
fo=1and ng =2 or o =2 and ny = 1.

3.2.4. uniqueness of solutions with B # 0. The next two propositions prove Propo-
sition [3.1.3

Proposition 3.2.3. There is exactly one u of each degree satisfying
(+B) o (z - u(x)?) o (+1) = (- ua(x)?)

Proof. Consider the equation

(2) (+B) o (z - u(xz)*) o (+1) = (z - uz(2)?)

with B # 0 and u and us having only simple roots. Since B # 0, it follows that
u(z 4+ 1) and uz(x) are coprime. Differentiating Equation [2] and using the notation
from the beginning of this section we have

(3) v(z 4+ Dw(x + 1) = va(x)ws(z)

or

4)  u(x+1)-(u(z+1)+2(x + Du'(z + 1)) = ua(x) - (uz(z) + 22uy(x))

From the coprimality of u(z + 1) and uz(x) and noting the leading coefficients
we obtain two equations.

(5) (25 + Dug(x) = u(z + 1) + 2(z + 1)/ (z + 1)

(6) (25 + Du(z + 1) = ua(z) + 2zu5H(x)
Differentiating Equation [ again we get

(7) (25 + Duh(x) = 3u'(x + 1) + 2(x + D' (x + 1)

Multiplying Equation[@ by (2s+1), and then using Equations[land[7to eliminate
ug and ub, we obtain

(8) (2s+1)%u(x+1) = u(x+1)+2(x+1)u (x4+1)+22(3u’ (v+1)+2(z+1)u" (x+1))
Collecting terms, we see that u(z 4+ 1) must satisfy the following ODE

(9) (252 +25)Y + (3 —42)Y' +2(z - 2°)Y" =0

A routine calculation shows that if u(z + 1) is a solution to Equation [0 and we
define uz(z) via EquationBland set B := —u(1)?, then these data satisfy Equation2l
The linear differential operator L = 2(z — 22)9? + (3 — 42)0 + (252 + 2s) defines
a linear operator on the s + 1-dimensional space of polynomials of degree s. With
respect to the standard monomial basis of this space, the matrix M = (M, ;) of L is
upper triangular. On the main diagonal, we have M, ; = 2(1—i)i—4i+ (25> +2s) =
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(252 +2s) — (2i? + 2i) and just above the diagonal we have M; ;11 = (i +1)(3 + 2i).
In particular, M, = 0 so that rank(L) < s whilst the (s, s)-minor is invertible.
Thus, the rank of L is s and the dimension of the space of solutions to Equation

is exactly one. As we require u to be monic, there is exactly one solution of degree
s. ]

Proposition 3.2.4. For each positive integer s, there is a unique monic polynomial
u of degree s and nonzero parameter B for which there is another monic polynomial
ug satisfying

(10) (+B) o (z-u(@)?) o (+1) = (2 - uz(z?))

Proof. As before, since B # 0, u(z + 1) and us(2?) are coprime. Differentiating,
we obtain

(11) u(z+1)-(u(z+1)+2(@+ 1) (2+1)) = uz(2?) +22%ub(2?) = (ug+2z-uh)oQ

The zeros of the righthand side of Equation [I1] come in +-pairs. We claim that
for each such pair one is a root of u(x + 1) and the other is a root of (u(x + 1) +
2(z + 1u(x + 1)). Indeed, it cannot happen that u(c+ 1) =0 and u(—c+1) =0
for Equation [0 would yield cuz(c?) = B = —cua((—c)?) = —cua(c?) contrary to
the fact that B # 0. Thus, at most one of each pair of roots of the righthand side
is also a root of u(x 4+ 1). As the degree of the righthand side of Equation [I] is
twice that of u, it follows that at least one root from each pair must be a root of
u(z + 1). Matching leading coefficients, we conclude:

(12) (=1)*@2s+ Du(z+1) = (u(—z + 1) + 2(—2 + D)o/ (—x + 1))
Substituting z := —x+1, we see that u satisfies the following difference-differential

equation:

(13) 0=u(z)+22u/(z) — (2s + 1)(—1)°u(2 — 2)

The difference-differential operator in Equation is a linear operator on the
space of degree s polynomials and it is given by an upper triangular matrix relative
to the standard monomial basis. The entries along the main diagonal are

142 — (=1)"5(2s + 1)

Hence, the rank of this operator is exactly s meaning that there is a unique monic
solution. (]

We are now done with linearly related ritty polynomials, and the proof of the
crucial Lemma B.1.3]

3.3. The Ritt monoid. With Lemma[3.1.3in place we can describe the sequences
of Ritt swaps as a monoid acting on the set of linear-equivalence classes of decom-
positions. Unfortunately, we will need to return to some messy computations to
verify that this action works as required.
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Definition 3.2.1. For a non-linear polynomial f we let Dy be the set of distinct
decompositions of f up to linear equivalence. That is, Dy = {[fx,..., f1] : f =
fro---of1, each f; indecomposable } where [f%,..., f1] is the equivalence class of
the decomposition with respect to linear equivalence.

For the remainder of this section we will work with a fixed polynomial f admit-
ting a decomposition of length k. By Ritt’s theorem, all decompositions of f have
length k.

Definition 3.2.2. Let M}, be the free monoid on the (k—1) generators t1, ..., tx_1.

Our work from the previous section allows us to define an action of M), on Dy
whereby ¢; acts by converting a (linear equivalence class of a) decomposition into
the (linear equivalence class of a) decomposition obtained by a Ritt swap at 4, if
possible. A word in the ¢;s (that is, an element of M}) corresponds to a sequence
of Ritt swaps. This action is very close to the action of the symmetric group S
with ¢; identified with the transposition (i i + 1).

Definition 3.2.3. We define an action of M, on D} := Dy U {oo} as follows. If

some decomposition h may be obtained from f by a Ritt swap at ¢, we say that
t; = [f] = [h]; if no decomposition may be obtained from f by a Ritt swap at i, we
say that ¢; x [f] = oo; and ¢; x 0o = oo for all 4.

For w € M}, and [?] € Dy we say that w« [7] is defined if w [f] # oo.
— —
We often abuse notation writing w f = ¢ forwx[f]=[q].

Ritt’s theorem may be restated as saying that this action is transitive on Dy.

Our goal now is to show that this action is more or less the same as an action
of the permutation group Sy on a set with k elements. Of course, this cannot be
literally true, but the result is close enough for our purposes.

Fact 3.2.1. The following is a presentation of Sk, the symmetric group on k letters.
Generators:
(ti+1) for1<i<k
Relations:
(ii+1)* =id
i+ 1) Jj+)=Gi+D)GEi+1) forj#i£1
((i+1)(E+1i+2)Gi+)=0G(+1i+2)(ii+1)(i+1i+2)
To make the connection more precise, we define

Definition 3.2.4. The permutation represented by a word t,, ...tayta, in My is
(ar +1ap)... (a2 +1az)(ar + 1aq).

Our fundamental result is that our action satisfies the relations satisfied by Si:

Lemma 3.2.6. For any ? €Dyandi <k
— - =
o Iftix f is defined, thent?x f = f.
— —
o Forj#ix1, tityjx f =t;t;* f. In particular, one is defined if and only
if the other is.
— —
o titivitix [ =tiv1titiv1* f. In particular, one is defined if and only if the
other is.
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The first two parts are immediate from the definition. The last part will be
proved in the next section. It is clear that the qualifier ‘if defined’ is necessary
in the first clause of the lemma. In most cases this rules out a true true action
of the permutation group on Dy, i.e. the possibility that any two words in M;
representing the same permutation act the same way. However, we will show in
Corollary that if two words w and w’ represent the same permutation and
both w x f and w’ x f are defined, then they are equal.

3.4. Descalings, double-jumps, and the crucial combinatorial lemma. The
main aim of this section is

Proposition 3.2.5 (Crucial combinatorial lemma). For any decomposition f and
forany i, titip1tix f = tig1titic1x f, i.e. that one is defined if and only if the other
is, and when both are defined, the result is the same.

The second part follows immediately form the results of Muller and Zieve [13],
but we do not see how to obtain the first part without our intermediate results.
We also use descalings and double-jumps, defined and described in this section, in

section [3.6.11

3.4.1. Descalings. What we do here is overkill for the Crucial Combinatorial Lemma
at hand, but we will need it in the proof of Theorem [3.3] and it makes sense to
develop the ideas here.

Definition 3.2.5. Given a decomposition f, we deine a descaling of fto be a
k-tuple (M;, h;, L;)i<y, of triples where h; are ritty, and linear L; and M; are trans-
lations except possibly for M} and Lq, such that ((MgohgoLg),...(MyohyoLq))
is linearly equivalent to f

Lemma 3.2.7. If all factors f; in a decomposition fare swappable, then fadmits a
descaling (M;, h;, L;), in which we may choose, for each 1 < i < k, to have M; = id
or Liy+1 = id, and also choose to have one of My and Ly to be a translation.

Proof. We sketch the proof for making L; a translation and M; = id for all ¢ < k.
Other options are identical. First, find ritty g; and linear B; and A; such that
fi = Biog;oA;. To make L; a translation, write A; = (-A) o L1, let h; := A g;.
Now f is linearly-equivalent to (fx,...f2 o (-:A%8(/)) Ay o Ly). Inducting on k
finishes the proof. O

Definition 3.2.6. o A left descaling of a decomposition is a descaling (M;, h;, L;)

where M; = id for all ¢ # k and L; is a translation.

o A left descaling (M;, hi, L;) has no loose translations at j if neither h; nor
hjy1 is type C, and if hjyy is type J, then Lj 1 = M; = id.

o A left descaling (M;, h;, L;) has no essential translations at j if neither h;
nor h;i is type C, and Lj;q1 0o M; =id.

o A left descaling (M;, h;, L;) has no loose (resp. essential) translations if it
has no loose (resp. essential) translations at j for any 1 < j < k.

o If (M;, h;, L;) is a descaling of f. then a compatible descaling of tj * fis
(M;, hi, L;) where h = h; for all i # j,j + 1, and Lj31 = M; = id, and
h3’+1 o h; = hjt10h;.

With two compatible descalings, the linear factors witnessing the Ritt swap may
be taken to be identity.
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Lemma 3.2.8. If a left descaling (M;, h;, L;) of f has no loose translations at j
and t; * f is defined, then (M;, h;, L;) has no essential translations at j and t; x f
admits a descaling compatible with this Ritt swap.

Proof. Let us unwrap the definitions. Since j < k and this is a left descaling, we
are assuming that M; = id. We are assuming that neither h; 1 nor h; is of type C,
and that if hj4q is type J, then L1 = M; = id. We need to show that L;;; = id,
and that there are ritty g;11 and g; such that g;41 o g; = hj11 0 h; is a Ritt swap.

We first show that L;;; =id. We already know this when h;,; is type J, so we
assume it is not. So we have ritty h;;; and h; and a translation L;j;; such that
(hjt10Ljt1,h;) is swappable, but hj;y; is neither type C not type J, and h; is not
type C. This is clearly impossible unless L, = id.

Now neither hj;y1 nor h; is type C, and (h;41, h;) is swappable, and lemma[3.2.1]
finds the desired ritty g;j+1 and g; for us. O

Proposition 3.2.6. Suppose that (M;, h;, L;)i<) s a left descaling offwhich has
no loose translations, let v := (tp—1tg—2...t1) and suppose that v * f 1s defined.

Then (M;, hi, L;) has no essential translations, and v x f admits a left descaling
with no essential translations, compatible with the Ritt swaps in v.

Proof. Since t; *fis defined and (M;, h;, L;) has no loose translations at 1, the last
lemma says that it has no essential translations at 1 and ¢; x f admits a compatible
descaling (M;, hi, L;). That is, (M;, h;,L;) = (Mg o h o Ly, hg—1 0 Lg_1,...hzo
L3, ha, hyo L) and there are ritty g2, g1 such that Myohgo Ly, hg—10Lk_1,...h3o
L3, g2,91 0 L1) is a descaling of ¢1 * f, and he o hy = g 0 g1. Note that this new
decomposition is still a left descaling. Since neither ho nor hy were type C, and
the class of type C ritty polynomials is closed under Ritt swaps, the new ritty
factors g2 and gy are not type C. Also, this new descaling does not have any loose
translations: at all j # 1, it inherits this property from the old descaling, and at 1
is has no translation as required.

Thus, the new decomposition satisfies the hypotheses of this proposition, so we
can apply the lemma again to show that L3z = id and obtain ritty g3 and go such
that g3 0 go = hg o go and (My o hg o L, hiy—1 0 Lg—1,...hgo L4, g3, 92,910 L1) is a
descaling of tot1 x f: again satisfying the hypotheses of the proposition.

Repeating this process (k—1) times we end up with a descaling (Myogk, gk—1, - - - g2, g1°
Ly) of vx f that satisfies the conclusions of the Proposition. O

Lemma 3.2.9. Again, let v := (tg—1tp—2...t1) and suppose that v *f is defined.
If no factor of f is type C, then f admits a left descaling with no loose translations.

Proof. We showed before that f admits a left descaling (Mj o hy o Lg, hy—1 o
Li—1,...ha 0 Ly, hy o L1). We would like to show that for each j > 2, if h; is
type J, then L; = id. Instead, we will show that if there is a left descaling of f
where this first fails at j, then there is another left descaling of f where this first
fails at j + 1. Thus, we will show by induction that there is a left descaling where
this never fails.

To start from the beginning, suppose this fails at 1, so that hs is type J but
Ly # id. However, t; *fis defined, so (hgoLs, h1oLq) is swappable. Since hs is type
J, hy must be a monomial, so h, := hy o Lo must itself be ritty. So we have found
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a new left descaling of f, namely (Myohyo Ly, hx—10Lg_1,...hszo L3, hl, hyoLj)
with no loose translations at 1. It is clear that we can continue inductively. O

3.4.2. Double-jumps and the proof of the crucial combinatorial lemma. We first
make a few observations about words of the form ¢;t;41 or t;41t;, called double-
jumps. Most of the time, their action is undefined.

Definition 3.2.7. A double-jump a sequence of two Ritt swaps of the form ¢;t;1
or ti—i—lti-

Since only three compositional factors are involved in a double-jump, it is suffi-
cient to characterize the case ¢ = 1.

If jolor =1ojor=1ofoj, witnesses the fact that t1¢2 * (ji,I,7) = (I, 7, jr)
then we say that j; double-jumps (I,) from the left and so (I, r) is double-jumpable
from the left.

Reading the same equation right-to-left, j; o lor= lojor =1ofoj, witnesses
the fact that toty * (I,7,7,) = (jl,f, r); we say that j,. double-jumps (I,7) from the
right, and so (I, ) is double-jumpable from the right.

Remark 3.2.1. In order for a double-jump to be defined, all of the factors above
must be swappable, i.e. linearly related to a ritty polynomial.

Lemma 3.2.10. If in the middle of a double-jump j is an odd Chebyshev polyno-
mial, then (1, j,r) is linearly equivalent to (Ao Cyp,Cy, Cy o B) for some prime, not
necessarily odd, p and r and some linear A and B. ( We allow the possibility that
p=2 and/orr =2.)

Proof. We already know that [ and r must be linearly related to (possibly degree 2)
Chebyshev polynomials, so we may write (I, j,7) = (A’ 0o Cp0A”,Cy,B" 0 C 0 B').
Our purpose is to get rid of A” and B"”. We show how to get rid of A” and assure
you that the other half of the proof is exactly the same. Since (I, j) is swappable,
there are linear L, M, and N such that L™'0A’0Cpo0A” oM and M~ oC,oN are
ritty and [L™' o A’0 Cp0 A” o M]o[M~toC o0 NJis one side of a basic Ritt identity.
If p is also odd, the basic Ritt identity must be Cp o Cy = C4 o C,. Since odd
Chebyshev polynomials are not non-trivially linearly related to themselves except
for (—1)*C, = C,, we must have L™ 104’ = A”oM = (-+1)and M~! = N = (-+1),
in particular making A” = (- + 1), as wanted.

If p = 2, then the basic Ritt identity must be Q o Cy \ = éq,k o () for some A.
Then M~! = (-u) where p = szar; and L™ o A’ 0o Cy0 A" o M = Q.

Write A” = (+D) o (-v) and apply *;Tlu to both sides to get (-u?v?)o L7t o A’ o
Cy 0 (+D) = Q. Therefore, D = 2, and

A0 Cyo A" = A0 Cyo(+2) 0 () = A o (+24 — 2) o (442) 0 Cs
So we let A= A’ o (+2u? —2) o (-?) and obtain the desired conclusion. O

Lemma 3.2.11. If j in a double-jump is not quadratic, then there are linear L and
M and ritty I, j and 7 such that (L ol,j,7 o M) is linearly equivalent to (I, j,r).

Proof. If j = Ao Cp o B is odd type C, we apply the previous lemma to (I o
A,Cp, Bor). Since to (1, 7,r) is defined, j cannot be type J, as per remark B.T.0
The hypothesis of the lemma explicitly rules out quadratic j. The only possibilities
left are that j is type B, type coJ, or an odd monomial. In any case, since (I, j)
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and (j,r) are both swappable, neither | nor  can be type C, so Proposition [3.2.0
applies and the rest is routine. (|

We now give a proof of one of the directions of Proposition B.25 and note
that the same proof gives the other direction simply by reading equation [I4] below
right-to-left instead of left-to-right.

Proof. Going back to the original question and naming everything, suppose that
titaty * (ag, bo, co) is defined; we need to show that tot1te * (ag, b, ¢o) is also defined
and equal. In
t t t

(14) (ao, bo, co) = (ag, c1,b1) ¥ (ca,a2,b1) = (ca, b3, as3)
¢o double-jumps (ag, bo) from the right, and ap double-jumps (c1,b1) from the left,
with ¢; playing the role of j in the first case, and az in the second case.

Since agoc; = ca 0aq is a Ritt swap, ¢; and as cannot both be quadratic. Then,
by Lemma B.2.TTl we get compatible descalings of (ag,c1,b1) and (c2,as2,b1), and
the rest is routine. O

3.5. canonical forms.

3.5.1. motivations and definitions. We now work on finding canonical forms for
words in My, such that every word has an equivalent (defined below) word of this
canonical form. In particular, equivalent words represent the same permutation
(see Definition B24]). We obtain these canonical words  from the original word w

by a sequence of syntactic operations on substrings of w. We just proved Lemma
B:2.6] which shows that we may

(1) replace t;t; by the empty string;
(2) replace t;t; by t;t; for non-consecutive ¢ and j;
(3) replace t;41titi+1 by titit1ti, or vice versa.

These operations allow us to obtain equivalent words of two canonical forms, one
roughly corresponding to an insert-sort, the other to a merge-sort, if one thinks of
permuting factors as putting them in a particular order. Surely these combinatorial
computations have been worked out by computer scientists, but we failed to find
a reference in the literature. To the best of our understanding, our results on
canonical forms do not follow easily from [13]. Although our main result of this
section, Theorem [3.3] can be immediately deduced from their work, we need these
canonical forms in the next section B.6.1] whose results cannot be obtained easily
from their work.

Remark 3.2.2. If a word v is obtained from a word w via finitely many applications
of rules (1), (2) and (3) above, then they represent the same permutation, the
length of v is less than or equal to the length of w, and for any decomposition f: if
w*fis defined, the v*f: w*f. It may be that v*fis defined while w*fis not.

Definition 3.2.8. If two words v and w in M} can be obtained from each other
by operations (2) and (3) above, we write w = v.

Definition 3.2.9. A word w is length-minimal if no strictly shorter word v may
be obtained from w via finitely many applications of rules (1), (2) and (3) above.
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To shorten our proofs, we will assume that we start with a length-minimal word,
and reach a contradiction every time we get a chance to cancel ¢;t;. Equivalently,
we could induct on the length of the word and cite the inductive hypothesis every
time we get a chance to cancel ¢;t; obtaining a shorter equivalent word. We do not,
because there are already far too many inductions in these proofs.

3.5.2. The first canonical form: A sequence of Ritt swaps in the first canonical form
acts by moving several factors f,, in the decomposition some number of steps to
the left; the first factor it moves, fp,, begins to the left of the next factor moved,
fv,, which begins left of f;,, etc. In computer science, this is called an insert-sort:
having arranged f; through f;11 in the right order, this sequence inserts f; in the
required place among fr through f;11, and then proceeds to f;_1, and so on, until
all factors are ordered the right way.

Proposition 3.2.7. For every w € My, there exists a unique w € My which repre-
sents the same permutation as w and has the form

w = (taktak—l .. 'tbk)(tak—ltak—l_l .. 'tbk—l) . (taltal—l .. .tbl)

with ap, > by for all k, and by, < bi—1 < ... < by.
This W is obtained from w by operations (1), (2), and (3) above, so for any
decomposition f such that w* f is defined, W f =w* f.

Proof. We begin by replacing w by some w’ that has the shortest length among
words that can be obtained from w by operations (1), (2), and (3) above. This
means that as we continue to perform these operations on w’, we should never be
able to perform operation (1) as that would shorten the word.

Without the requirement that by < by_1 < ... < by, the proposition follows triv-
ially, by cutting the word w’ into maximal consecutive-decreasing-index substrings.
So it is only when b; 1 > b; that we need to do anything. Note that any substring
of w' is also length-minimal:

Lemma 3.2.12. If w' = tuv is length-minimal, then u is length-minimal.

Note that if we can fix one pair of out-of-order b;’s, we can fix everything in
finitely many steps; so it suffices to prove the proposition for

w' = (tata—1.--tp)(tete—1...ta)

If b < d, then v’ is already of the desired form. So assume b > d.
Now compare b and c:

e If b > ¢+ 1, then & = (tete—1...tq)(tata—1...ts) works, because in this
case each t; in the first chunk of w’ commutes with each ¢; in the second
chunk, and b > c+1 > d.

e If b = ¢+ 1, w' is already of the desired form, a single consecutive-
descending-index string.

e Ifb = ¢, operation (1) shortens the word w’ contradicting length-minimality.

e This leaves the case where ¢ > b > d, which needs a lemma:

Lemma 3.2.13. o ifr+1>r>s, thent,(try1trtr—1...ts) & (trp1trtr_1 .. . ts)try1
o ifp>r>s, then tp(tytp—1...ts) = (tptp—1...ts)trq1

Proof. For (1), tyt,y1t, = tpi1t try1, and then ¢,.41 commutes with ¢,_; through
ts. For (2), note that ¢, commutes with ¢, through ¢, 2 and then (1) applies. O
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Returning to the special case of the proposition, we compare a and c:

e If a < ¢, then the lemma can be applied to each ¢; for a > i > b giving
w & (tete—1 .. . td)tat1ta - - -tpr1 =: W, of the desired form because d < b
implies d < b+ 1.

e If ¢ > ¢, the lemma can still be applied to each t; for c — 1 > ¢ > b giving

w' = (tata—1 ... tp)(tete1.. . ta) =
= ta e tc(tc—l e tbtctc—l e td) ~
Rty .. te(tete—1 ... tate. .. tb+1)
contradicting length-minimality.
This finishes the proof of the special case of the proposition, and the whole
proposition follows. O

Corollary 3.2.3. If two words w and w' represent the same permutation and both
wx f and w' x [ are defined, then wx f = w' * f.

Proof. For every permutation there is a unique word in the first canonical form
representing it. ([l

The first canonical for is used a lot, in particular to obtain words in the second
canonical form in the next section B.5.3l One immediate consequence is a bound
on the length of words and the number of decompositions of a given polynomial.

Corollary 3.2.4. For any given polynomial P and decomposition (fx,...f1) of
P, there are at most k! other decompositions § of P (up to linear equivalence, of
k(k—1)

course), and any one of them can be reached by a sequence of at most == Ritt

swaps.

3.5.3. second canonical form. The second canonical form is for refactoring de-
compositions of polynomials that come pre-factored into chunks: suppose P =
P,o...oP; and we have a decomposition (f; r;,. .., fi,1) for each P;. Then we want
to first do as much shuffling as possible within the decompositions of P;, and only
then move factors between them. This corresponds to a merge-sort, where first the
factors in each chunk are put into the order in which they will appear in the final
decomposition, and then the chunks are merged. More precisely,

Proposition 3.2.8. Given a polynomial P = Fio...oFy, decompositions (fir,, .., fi1)
for each F;, let f: (ftres- Jeas ft—1re_1s--- f1,1) e the decomposition of P ob-
tained by concatenating the decompositions of the F;.
For every word w such that w*f is defined, there is another word w = vwiws ... wy
such that:
® W% f: w * f
e each w; only permutes factors f; j, sowiws. .. wt*fis still a concatenation
of decompositions of P;.
e cach of w; and v is in the first canonical form.
o v never switches factors f; ; and f; ;o originating in the decomposition of
the same Fj;.

The last item in the conclusion of the proposition is a bit vague, to be made
more precise in Lemma [3.2.T5] below. The rest of this section constitutes the proof
of this proposition.
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Remark 3.2.3. Although the statement of the proposition seems to be about a
decomposition, this is in fact a purely combinatorial result that only depends on
the numbers r; and not on the particular polynomials. The new word will be
obtained from the old word by operations (1), (2), and (3) defined at the beginning
of this section, so the same new word will work for any decomposition. Given a
tuple of positive integers r; and a permutation of k& = ) .7; elements, there is
a unique word in M}, representing that permutation and satisfying the last three
requirements of the proposition, so w is unique and does not depend on f

Lemma 3.2.14. It is enough to prove the Proposition[3.2.8 for t = 2.

Proof. We induct on ¢t with ¢ = 2 as base case. To prove the case t = s + 1 from
t = s, first write

P:GQOGl WhereGQZFS+1OFSO...OF2 andG1:F1

We first apply the case ¢ = 2 to w and P = G2 o G getting w =~ vg o u; o us.
We then apply the case t = s to uy and Go = Fsy1 0 Fs0...0 Fy, getting us =
viwhws . wl . So w R vQuiv'whwy ... why R vou uiwyws ... w1, the second
equivalence because u; and v" act on disjoint sets of factors. Finally, we notice that
letting v = vgv', w1 = w1, and w; = w; for ¢ > 2 is of the desired form. O

Let us restate Proposition B.2.8] for ¢ = 2 with fewer subscripts and more preci-
sion:

Lemma 3.2.15. (Proposition [3.2.8 for t = 2) Suppose that we have a polynomial
F = H o G, decompositions (gi,...g1) of G and (hy,...h1) of H, and a word
W E Myyr. Let fi= (hpy. . hi,98,...91), SO f is a decomposition of F.

Then there is another word W = vwgwy such that:

W * f: w * f

wg it a word in t1 through tx_1, so it only permutes factors of G;

wy it a word in tgy1 through t.1k—1, so it only permutes factors of H;
all three pieces v, wg, and wyg are in the first canonical form, so in partic-
ular

v = (tamtam—l .. 'tbnl)(tam—ltanl—l_l .. 'tbm—l) . (taltal—l .. .tbl)

e v never switches factors that both originate in H or both originate in G.

bp=kbo=k—-1,...bp,=k—m-+1anda; >as > ...an

Proof. We may assume without loss of generality that w is already in the first
canonical form:

w=(te,te, -1 ta, ) te, 1ten o1 ta, ). (teste,—1...ta,)
with ¢ > di for all k, and d,, < dp,_1 < ... < d;.

Now wp is going to be the largest right substring of w that doesn’t touch the
factors of G. More precisely, Let j be the greatest index for which d; > k, and let
Wi = (te,te;—1-- ta,) .o (teyter—1. . tay)

Then

w=(te,te,—1---ta,) (e, _ite, 1—1---td,_,)--- (t0j+1th+1—l oo ldgg, )wH =w'wy

Rewriting w’ (what’s left of w) as vweg requires actual reordering for two reasons
corresponding to the two new requirements: it is possible that some d is too small:
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djy1 < k or diy1 < dj — 1 for some i; or that ¢;41 > ¢;. As we did in the proof of
the first canonical form, we start unwrapping w’ from the right, maintaining the
following inductive hypotheses:

o W & VbadVgoodUG

e ug only permutes the factors of G,

® Vgood = (tatay—1---tht1—1) - (tastas—1---th—1)(ta ta,—1 - . . tx) satisfies the
requirements for v, i.e. has a; > as > ...qy,

® Upeq is in the first canonical form in chunks (., ...tq, with all d; < k+1—1
(I is from the previous item on this list).

We initiate the induction by collecting as much as possible in ug, i.e. setting
ug to be the maximal right substring of w’ which only uses #; through ¢,_;. Let
w” be what’s left, i.e. such that w’ = w”ug. Since the indices in the ith chunk
(te,te,—1---ta;) of w' begin with d; < k and increase rightwards, the first from the
right index > k is k. So the rightmost chunk of w” indeed has k as its lowest index,
SO we can set Ugooq to be that chunk. We set vpqq to be what’s left, still in the first
canonical form, with every chunk beginning with d; < k.

The induction step will shorten vpqq by one chunk. So we need to find a word
equivalent to

q = (tc . -td)(taltalfl AP tk+1fl> NN (ta2ta2,1 [P tkfl)(taltalfl . .tk)
that looks like a Ugppqticc
We first deal with the possibility that d is too low, namely that d < k —[.
If ¢ < k —1 also, then the whole left chunk (¢....tq) commutes with v4o0a, SO
if we let Ugood = Vgood and ug = (tc...tq), we're done. Otherwise, (f....tq) =
(te.. . th—1)(tk—i—1 . ..tq), the right half of which commutes with vg4eeq, S0 now, with
ug = (tp—i—1...tq),
q~ (tc e tkfl)(taltalfl .. -tk+1fl) N (ta2ta2,1 e tkfl)(taltalfl AN tk)zTE;
Now the worry is that ¢ > a;. Since a; > k+1—-1> k-1,
teootpor = (te- . tap1)(ta, - - tai)
Computations just like in the proof of the first canonical form give
(tal .. -tkfl)(taltalfl e thrlfl) ~ (tal,1 .. -tkfl)(tal RPN tk+1fltkfl)
Now the rightmost t;_; commutes with the rest of vgpq, and (t¢ . .. tq,+1) commutes
with (tq,—1...tk—1), SO we get that
q= (tal,1 e tkfl)(tc .. .talJrl)(tal . tk+1fl)(tal,1tal,1fl SN tk-l—l—(l—l)) e

. (taztag—l coitig—1)(taytay—1 -t )te—t

The rightmost t;_; can be added into ug. As long as ¢ > a;, we repeat this
procedure, moving (tc...tq,+1) past the ith chunk of vg4eeq, until he’s finally in his
rightful place.
We are now done with the induction step, and hence with the proof.
O

Combining the two lemmas proves Proposition B.2.8
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3.6. Using second canonical form to show that almost everything comes
form skew-twists. Finally, we put our technical tools to use. Though you may
have forgotten over the past twenty pages (assuming we told you in the first place),
our quest is to characterize (f, g)-skew-invariant curves for trivial polynomials f and
g, i.e. non-linear f and g that are not skew-conjugate to monomials or Chebyshevs.
Remember (if we ever told you), for linear L, two polynomials f and g := L0 foL =}
are called skew-conjugate. Most of these skew-invariant curves come from skew-
twists, described in the next section. Here, we mop up the few curves that do
not. Actually, we will say nothing about invariant curves until much later; for now,
we characterize certain commutative diagrams of polynomials with coefficients in
a difference field. More precisely, we characterize triples of polynomials (f, g, 7)
satisfying 7% o f = g o7, where f and 7 share no initial compositional factors, and
7% and g share no terminal compositional factors.

The main result of this section, Theorem [B.3] follows immediately from Lemma
2.8 of [13]. However, the new tool we develop to prove this theorem, chebyclumps,
will be used extensively in the next section, and is not present in [I3].

Theorem 3.3. If two trivial polynomials f and g satisfy gom = w°o f, and f and «
share no initial compositional factors, and 77 and g share no terminal compositional
factors, then there are linear L and M such that M owo L is a monomial and both
L°o foL ! and (M?)~' o go M have decompositions where all factors are ritty
and the degree of m divides the out-degree of all factors of some decomposition of f
and the in-degree of all factors of some decomposition of g.

One can remove much of our terminology from this theorem, in particular re-
moving all references to decompositions. Then the theorem would read
“If two polynomials f and g satisfy gon = 7% o f, and f and 7 share no ini-
tial compositional factors, and 7% and ¢ share no terminal compositional factors,
then there are linear L and M such that either L° o f o L™! and (M°)"*ogo M
are both monomials or Chebyshev polynomials (and then we say nothing about
7); or M omo L(z) = 2" is a monomial, L7 o f o L™ (z) = 2* - u(z™), and
(M)t ogoM(x)=ax"-u(z)" for some polynomial u.”

We break down the proof into three propositions: a translation into the language
of decompositions and canonical forms, a proof of the theorem in case none of these
polynomials have any type C factors, and a proof of the theorem in case one of the
polynomials does have a type C factor.

Proposition 3.3.1. (Translating the theorem)

Suppose that polynomials f, g, and 7 satisfy gomr = w0 f, and that f and ™ share no
initial compositional factors, and ©° and g share no terminal compositional factors.
Let m be the number of factors in (any) decomposition of w, and let | be the number
of factors in (any) decomposition of f (or g). Then there are decompositions & of
w, fis f, § of g, and § of ©° (which p’ need not be (7)%) such that

(tr.. .tl) coo(tigm—2a .. -tm—l)(tl+m—1 coilm) kg7 = pf

Proof. Let (mp,, ..., m1) be a decomposition of 7, and (gi, . . ., g1) be a decomposition
of g. Let w = vwiwy be the word in the second canonical form that yields a
decomposition of f followed by a decomposition of 77. Since we were free to choose
the decompositions of 7 and g, we may assume, losing this freedom, that w; are
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empty. So we get decompositions as above and

v = (taytap—1---Toy)(Fap_rtag_1—1---Tog_q) - (tagtay—1---tby)

with a; > b; — 1 for all ¢ ( a; = b; — 1 means that the word (t,,,...%,) is empty);
b; = length(7) + 1 — 4, and a; < ... < az < a1; and

vxgit = pf
Now it follows immediately that k = length(7), for otherwise ¢; does not occur in
v, so the rightmost factor 7; in g7 is untouched by the action of v, so it is a shared
initial factor of m and f, contradicting a hypothesis of the proposition.
For exactly the same reasons, unless a; = length(g) + length(7) — ¢ for all 4, p

and g will share a terminal factor, which is also not supposed to happen.
Sov=_(t;...t1) .. (titm-2-- - tm-1)E14+m—1---tm) as wanted. O

We have v := vjvy...v, where v; := t;11_;t;42-;...t;, and we have v x g7
defined. In the next proposition where none of the g; or m; are type C, we will
make repeated use of Proposition We will then introduce chebyclumps and
make a series of observations about them in order to handle the other case.

Proposition 3.3.2. (the Descaling case)
Theorem [3.3 holds if g and 7 have no type C factors.

Proof. We may without loss of generality replace ¢ and 7 by linearly equivalent

decompositions that admit descalings with only ¢; and m; non-monic, so that the

concatenation of the two descalings is a descaling of g7. Since none of the g; or m;

are type C, Lemma [3.2.9] and Proposition apply to the action of each v;, and

an easy induction on ¢ shows that there are linear L and M and ritty h;, o; such

that gy = M o hy, g; = h; for all other i, m1; = 01 0o L, and m; = o; for all other 1.
So

gom=Mohjohj_10...0h100...0090010L
and
mof=Moog...0000010hjohj_10...0h10L

where the ritty polynomials with tildes are the result of the Ritt swaps where the
linear factors witnessing the Ritt swaps are all identity.

By assumption, none of the factors are type C. None of the o are type J, since
those cannot swap in the necessary direction. So all non-monomial o; have well-
defined in- and out-degrees; for each ¢, the in-degree of 6; is higher than the in-degree
of the corresponding o; (by a factor of deg g), contradicting the fact that o; are the
factors of 77 and o; are the factors of w. Therefore, 6; = 0; are monomials for all
i. For some linear N, N oo ...0 09007 0 L is a decomposition of 7, so L := L™!
and M; := N~! are the unique translations such that M; o7 o L; is a monomial.
They witness the conclusion of the theorem. (I

To treat the last possibility, that at least one factor of g or 7 is type C, we
must turn aside and contemplate how type C factors play with each other. These
observations will be used again heavily in the next section.
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3.6.1. Chebyclumps. We show that clumps of compatibly-scaled type C factors per-
sist (up to invading quadratic factors) under Ritt swaps, and that Ritt swaps in-
volving two odd Chebyshevs can only occur within these clumps.

Definition 3.3.1. Let fbe a decomposition of a polynomial f.

If Lofjo...of;oM = C, for some integer n that is not a power of 2, and some
linear L and M, we call (f},... fi) a chebyclump of the decomposition.

If in addition neither (fjy1, f; ... fi) nor (fj,... fi, fi—1) is a chebyclump, we call
(fj,- .- fi) a mazimal chebyclump of the decomposition.

A chebyclump is called odd if n is odd.

Note that this definition is invariant under linear equivalence. Let us see how
this notion interacts with Ritt swaps.

Observation 3.3.1. (1) If one of the f; and f3 is type C, then (f2, f1) is swap-
pable if and only if the pair is a chebyclump.

(2) Every decomposition of C,, is linearly equivalent to a decomposition all of
whose factors are C), for prime p, including p = 2.

(the property “all factors are C),” is invariant under Ritt swaps.)

(3) If (fj,..., fi) is a chebyclump so that Lo fjo...0 fio M = Cy, let g; :=
Caeg(f,); then (Lo fj, fj—1,..., fix1, fi o M) is linearly equivalent to g.
(immediate from previous)

(4) The converse to the previous item is obvious.

(5) For every type C indecomposable ¢, there are unique up to £1 linear 7" and
S such that T'oco S = Cp. For Cy, there is at most one such S given such
a T, and vice versa: (+2A2? —2)o (-A%) 0 Cy 0 (-A) = Cy for each non-zero
A.

(6) L and M in the definition of chebyclump are unique up to multiplication
by +£1.

(Combine (2) and (4) and the fact that at least one factor in a chebyclump
has odd degree.)

Lemma 3.3.1. If (fj,... fix1) and (fi,..., fx) are both chebyclumps, witnessed by
L, M for the first and by L,M for the second, then the concatenation (f;,... fx) is
a chebyclump if and only zfﬁ oM=(-%£1).

Proof. The back directions is immediate; we prove the forward direction. In other
words, we have polynomials f and ¢ and linear A, B, C, D, L, and M, such that
B lofoA'=Cphand D 'ogoC'=C,and Logo foM = Cyp.

So f=BoCpoAand g=Do(C,oC.

Since chebyclumps must have at least one factor of odd degree, and factors can
move freely within the chebyclump, we choose decompositions (B o Cp, fx—1, ... f1)
of fand (g;,...,92,Cq0C) of g.

Then (g1, ...,92,Cq0C,BoCyp, fr—1,... f1) is a decomposition of go f = L™ o
Chrun © M™Y. According to observation 3 above, it must be linearly equivalent to
the decomposition (L™ 0Cleg(g,)s - - - » Cdeg(ga)s Cas Cps Caeg(fr 1) - - - Caeg(p1)0M ).
But type C ritty polynomials are not non-trivially linearly related to themselves
except for (—1) «C, = Cp, so Co B = (-+1). O

Corollary 3.3.1. The unique L and M are invariant under Ritt swaps within the
chebyclump.
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Proof. Without loss of generality, all of L o f;, fj_1,..., fix1, fi o M are actually
Chebyshevs, in which case the assertion is verified immediately by writing out the
Ritt swap. ([l

Lemma 3.3.2. If f, has odd degree, then (fe,..., fo,-.., fa) i a chebyclump if
and only if both (fe,..., fo) and (fp,..., fa) are chebyclumps.

Proof. The forward direction is obvious, so we assume that both (f.,..., f») and
(fo,- -+, fa) are chebyclumps and prove that (fe,..., fb,..., fa) is one.

Without loss of generality, we may assume that, for some Chebyshev polynomials
ge and gp and linear A and B, f. = Ao g., fr = gy o B, and that f; are themselves
Chebyshev for ¢ > i > b.

On the other hand, (fs, ... f,) is linearly equivalent to (Cogy, gp—1, - - - Gat+1, ga©D
for linear C' and D and Chebyshev g;. The occurrence of g, here and in the previous
paragraph is not an accident: it is indeed the same Chebyshev of the same degree
as fp.

Let Ly, ... Lt witness this:

froLy = Cogy, Ly 'ofp—10Ly—1 = gy—1, ... ,La+20fa+19Lat1 = gat1, Lyt19fa = gaoD

Since f, = gp o B, the first of the above gives g0 Bo Ly = f, 0 Ly, = C o g.
But g is a Chebyshev polynomial of odd degree, only linearly related to himself by
(-1)*xgpy=gp, 80 BoL,=C=(-%1).

Now the same linear factors L; inserted in the same places witness that (fc, ..., fp,- ..

is linearly equivalent to (fe,..., fo1,fo © Loy Ly o fy—1 0 Ly—1,..., L }1 0 fo) =
(Aoge,ge1y-+5 9011, 95° (- £ 1), 9p—1, - - Gat1,9a 0 D

The (- £ 1) linear factor can be pulled left out of the middle of a chebyclump:
Cpo(-—1)=(-—1)oCp for odd p, and Cy 0 (- — 1) = Cy, so this is indeed a
chebyclump as wanted. ([

The purpose of all those technical bits is:

Lemma 3.3.3. Suppose (f;,... fi) is a mazimal chebyclump of the decomposition
f of f. Let g be another decomposition of f obtained from fby a single Ritt swap.
Then (gr,-..gs) is a mazimal chebyclump of § for somer € {j —1,7,5+ 1} and
some s € {i—1,i,i+1}. Further, the odd parts of the degrees of the two chebyclumps
are the same.

Proof. First note that Ritt swaps within the chebyclump, and Ritt swaps among
factor neither in nor adjacent to the chebyclump have no effect. Thus we have
nothing to prove except for the Ritt swaps at (§ + 1), 7, (i — 1) and (i — 2). Note
that in any case (gj—1,...gi+1) is still a chebyclump. Thus a maximal chebyclump
cannot lose more than one factor though a single Ritt swap; since Ritt swaps are
invertible, this means that a maximal chebyclump also cannot gain more than one
factor. It remains to show that the factor gained (or, symmetrically, lost) cannot be
odd. Suppose towards contradiction that a Ritt swap at (j+ 1) adds an odd factor
to the chebyclump; that is, t;41 x (b, a, f;,... fi) = (d,¢, fj,... fi), where ¢ is odd
type C and (c, fj, ... fi) is a chebyclump. Since (d, ¢) is swappable, by observation
1 above, (d,c) is a chebyclump. Now by the last lemma the whole (d, ¢, f;,... fi)
is a chebyclump, giving the desired contradiction. The proof for the Ritt swap at
(1 — 2) is identical. O

afa)
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The next (hard) technical lemma describes the very rare situations when two
quadratic factors can get all the way across a decomposition.

Lemma 3.3.4. Let f be a decomposition of length k of f with deg(f2) = deg(f1) =

2; let v1 := tgp_1tg_o...ta and vy := tp_otp_3...t1 and v = vov1; suppose that
v f is defined. Then either f is a chebyclump, or f is linearly equivalent to (Ay o
Vs Vh—1 - - -,7¥3, @, Q o L) for some linear L and Ay, where each v; is a monomial

or a ritty polynomial whose out-degree a multiple of 4.

Proof. Up to linear equivalence, we may take f := (fry--- f3,Q,MoQoL) for some
linear L and translation M.

Since to f is defined, there is a linear As, an integer r3, and a monic polynomial
u3 such that either Agl o f3 = 2" - uz(w)? or Agl o f3 is a monomial. Let ag :=
2™ - uz(2?) in the first case, and the same monomial in the second case. Then
tg*f = (fk,...f4,A3OQ,O(g,MOQOL).

Since t3tox f is defined, there is a linear A4, an integer r4, and a monic polynomial
u4 such that either A;l o fyo0Az = 2" -uy(x)? or A;l o f3 is a monomial. Let
ay = ™ -ug(2?) in the first case, and the same monomial in the second case. Then
tgtg*f = (fk,...f5,A4OQ,Q4,O¢3,MOQOL).

Inducting, since t;...tsts * fis defined, there is a linear A;;1, an integer 7,41,
and a monic polynomial u;11 such that either Ai_+11 ofit10A4; = a1y, (x)? or it
is a monomial. Let ;41 := 2"+ -u; 41 (2?) in the first case, and the same monomial
in the second case. Then ¢; ... tgtg*f: (fry- - firo, Ai10Q ;. ..a5, MoQoL).

And at the end we get

Ul*f: (AkOQ,O[k,...Oég,MOQOL)

In the rest of the proof we will name many linear factors witnessing Ritt swaps
between ritty indecomposables. In each of these Ritt swaps one of the indecom-
posables is @, so none of these Ritt swaps will involve commuting odd Chebyshevs,
so we may and will always choose these witnesses to be translations (see Remark
BII). )

Now since t1v1 * f is defined, (a3, M o Q o L) is swappable. Thus, there must be
some translation N, integer s, and polynomial v such that NoagoM = z%-v(x)? or
N oagoM is a monomial. There are two distinct possibilities: either M = N = id,
or ag and N o ag o M are two non-trivially translation-related ritty polynomials.
The rest of the proof goes differntly in the two cases, yeilding the two different
conclusions of the lemma.

Case 1: Suppose that M = N = id. Then either a3 is a monomial, or a3 =
2% -v3(1)?; let B3 := az if it is a monomial, and (33 := 23 - v3(x?) otherwise. Then
t1vg * fis linearly equivalent to (Ag o Q, g, ... a4, @, P, L).

Now since tat1v1 * f is defined, (ay, @) is swappable. Since there are no solutions
to translation o ritty = ritty, this means that either a4 is a monomial, or oy =
x4 - vy(x)?; let By := ay if it is a monomial, and B4 := x4 - v4(2?) otherwise. Then
toti1v1 * fis linearly equivalent to (Ag o Q, g, ... a5, Q, B4, B3, L).

Inducting, for each 4 < i < k, since t;_1...tat1v1 * f is defined, («;, Q) is
swappable. Since there are no solutions to translation o ritty = ritty, this means
that either a; is a monomial, or o; = % - v; (x)2; let B; := «; if it is a monomial,
and f3; := 2% - v;(2?) otherwise. Then for i < k we get t;_1 ...tat v * fis linearly
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equivalent to (Ax o Q, ag,...it1,Q, Bi, - .. B3, L), and finally
vy * f'= (A 0 Q,Q, By, - 3, L)

Note that in this case, for each ¢ we have that either §; = a; is a monomial, or
a; = 2% - v;(z)? and B; = 2% - v;(z?). Remember from the first half of the proof
that o; = A;l o fio A;_1 if it is a monomial, and that otherwise a; = x" - u;(2?)
and A o fio A;_1 = 2" -u;(z)?. So either §; = a; = A; 'o fio A;_; is a monomial;
or o = x% - v;(x)? = a" - u;(2?), i.e. r; = s; and there is some polynomial w;
such that a; = 2™ - w;(2?)? and A; ' o fio A;1 = x" - wi(x)!. Let v; = ay if it
is a monomial, and otherwise let 7; := 2" - w;(z)* = Ai_1 ofioA;_1. Now Ax_1
through Az witness the conclusion of the lemma.

Case 2: The other possibility is that N o az o M = x° - v(x)? with at least one
of N and M not identity. Then a3 is not a monomial, so we see form the first
part of the proof that its in-degree is at least 2. Thus, a3 is not type J, so it must
be type C, and in fact A3 * Cp, for some A3. We now wish to insert scalings into
the decomposition so as to maintain the monicity of all o; and turn as into C,,.

For ¢ > 3, let A\jy1 = )\?Cg(ai) so that (Tlﬂ) oa;o (-A;) = A; % a; is monic. Let
@; := (A2) % u; so that \; x ; = 2" - 4;(2?). Putting it all together, let
g:: (Ak o] (~/\i+1)OQ,/\k *Ozk,...,)\4 *044,Cp3,M/OQOL/)

where M’ is a translation such that (%3) oM =Mo (/\%) and L' := (ﬁ) oL.
Since ¢ is linearly equivalent to our previous decomposition of vy * f, we may say
that .

vxf=g

And now we do the whole thing all over again, applying vs to ¢ one swap at a
time. But now we are applying these swaps to g;, about whom we know a whole
lot, rather than to f;, about whom we knew nothing. This is why it takes two
quadratic factors to get the conclusion of the lemma.

So, back to t1 * § being defined: for some N, s, v, N™' o Cp, o M’ = z* - v(x)%.
But then we must have N = M’ = (=2) or N = M’ = (42). In the first case,
tixg = (.., \s00a4,(—2)0Q,Cp, o L'). In the second case, t; x G = (..., Aq *
ag, (+2) 0 Q,i % Cp, o L').

Now tat; * § is defined, so for some N, s, v, Nt o \y * ag 0o M’ = x° - v(x)?.
Whether M’ = (+2) or M’ = (—2), this still forces Ay * a4 = Cp, and N = M.
So the two options for tot1 x § are (..., A5 * a5, (+2) 0 Q, 1 % Cp,, i % Cpy 0 L') and
(... 00a5,(—=2)0Q,Cp,,Cpy 0 L').

Induct as before to obtain vs * § =

(A o (')‘i-i-l) o Q7 (_2) o Q? Cpkv s Cmv C;Ds ° L/)
or
(Ao (')‘Z+1) 0Q,(+2)0Q,i* Cpy,...i%Cp,,i % Cpyo L)
In either case the whole decomposition is a chebyclump.

O

=l

Let us now return to the question at hand, namely to decompositions g,
at least one of which has at least one type C factor, and to the word v :=
(tr...t1) ... (tigm—2 - - tm—1)(titm—1 - - - t) such that v+ g7 is defined.

Proposition 3.3.3. (type C lemma)
Theorem [3.3 holds when at least one of g and ® has a type C factor.
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Proof. Note that if one of g and 7 has a type C factor, all factors of the other one
must be either type C or degree 2. Since each factor of g must at some point swap
with each factor of 7, they cannot both have quadratic factors. This leaves the
following options:

(1) Both g and 7 have a type C factor, and one of g and 7 is linearly related
to an odd-degree (decomposable) Chebyshev polynomial.

(2) g has a type C factor and no quadratic factors, while all factors of 7 are
quadratic.

(3) 7 has a type C factor and no quadratic factors, while all factors of g are
quadratic.

In the first case, the whole g7 must be one giant chebyclump, which forces the
unique linear L and M such that M oo L = C, for n = deg(w) to also make
L? o f o L' a Chebyshev polynomial, contradicting its triviality.

In the second case, if 7 is itself quadratic, then M o7 o L = @ for some linear
M and L and the theorem is clearly true. Otherwise, the previous lemma applies
to gr. If 7 is linearly related to 2*, the conclusion of the theorem follows. If 7 is
not linearly related to Py, then chasing the linear factors in the lemma above, one
sees that g must be skew-conjugate to a Chebyshev polynomial.

For the third case, we only skecth the proof. First, we break 7 into maximal
chebyclumps: 7 := M~1C,, oT,0C,, ,0...0C,, 0Ty 0C,, o L for linear M,
L, and non-trivial linear T;. If deg g > 2, the lemma above applied to 7 f implies
that 7 must be a single chebyclump, and chasing the translations in the proof of

the lemma shows that g is skew-conjugate to Cyeg(q)- If g is quadratic, and m is

the number of indecomposable factors of m, then t1ts...t,, *x g7 = p f and g will
break into maximal chebyclumps the same way that 7 did, but where T, had to be
scalings in order for tyts ...t x gn to be defined, the corresponding linear factors
in p will not be scalings, contradicting the fact that p is a decomposition of 77. [

3.7. skew-twist monoid. In trying to make this section more readable, we have
tried to motives the rather technical results as we go along. Unfortunately, the
motivation often involves concepts not defined until Sectiondl The worst offenders
are trivial polynomials, which are simply polynomials that are not skew-conjugate to
any monomial or Chebyshev polynomial; and correspondences between o-varieties
(AL f) and (Al, g) which are simply (f, g)-skew-invariant curves.

3.7.1. skew-linear equivalence.

Definition 3.3.2. Remember, for linear L, two polynomials f and g := L%0 foL™!
are called skew-conjugate.

In this case, L : (Al, f) — (Al, g) is an isomorphism of o-varieties and, when
f, g, adn L are defined over the fixed field of o, of the corresponding dynamical
systems. For fixed f and g, L also gives rise to a bijection between the set of
decompositions of f and the set of decompositions of g: if (fi, fi—1,--., f2, f1) is a
decomposition of f, then (L7 o fx, fi—1,.--, f2, f1 o L™!) is a decomposition of g.

Lemma 3.3.5. Given a linear polynomial L and a decomposition f of a polynomial
f,let G:= (L% o fu, fu—t1,.--, f2, f1o L™Y), a decomposition of g := L° o f o L™L.
Thus for fived f and g, L gives rise to a bijection between decompositions of f and
decompositions of g, which respects linear equivalence.
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Definition 3.3.3. Two decompositions f and fr are skew-linearly-equivalent if there
is a linear L such that h is linearly equivalent to (L% o fi, fx_1,..., f2, fio L™1).

Skew-linearly-equivalent decompositions may be decompositions of different, but
always skew-conjugate, polynomials. It is immediate that

Lemma 3.3.6. Skew-linear-equivalnce is an equivalence relation.
3.7.2. skew-twists.

Definition 3.3.4. The decomposition (f7, f, ..., f2) is called the single-skew-twist
of the decomposition f := (fx,.-., f2, f1) and denoted ¢ x f (¢ stands for “for-
ward”.)

If f is a decomposition of a polynomial f, then ¢x f is a decomposition of a (prob-
ably different) polynomial h; we call h a single-skew-twist of f.

To undo what ¢ does, we define % f := (fu1, ..., f1, 7 ). (8 for “back”.)

Note that while a decomposition has a unique single-skew-twist, a polynomial
may have several single-skew-twists, coming from different decompositions. In par-
ticular, single-skew-twists of linearly-equivalent decompositions will be discussed
shortly.

If h is a single skew-twist of f, then ho fi = f{ o f, so the graph of f; is an (f, h)-
skew-invariant subvariety of A%; and f; is a morphism of o-varieties from the one
defined by f to the one defined by h. We have shown in Theorem B3] that under
most circumstances, all skew-invariant curves come from composing many such

morphisms, possibly in different directions. This suggests the following definition:

Definition 3.3.5. For polynomials f and g, the relation “f is a skew-twist of g”
is the symmetric-transitive closure of the relation “f is a single-skew-twist of ¢”.

3.7.3. monoid. Similar to the monoid M}, of Ritt swaps acting on linear-equivalence

classes of decompositions, we now define a monoid of By, of Ritt swaps and single

skew-twists, acting on skew-linear-equivalence classes of decompositions. While the

action of M}, always produced a new decomposition of the same polynomial, the

action of By will produce decompositions of skew-twists of the original polynomial.
We start with an analog of the first crucial Lemma

Lemma 3.3.7. Ritt swaps are well-defined up to skew-linear-equivalence.
Single skew-twists are well-defined up to skew-linear-equivalence.

Proof. In Lemma [B.1.3] we proved that Ritt swaps are well-defined up to linear
equivalence; so for the first statement, we only need to prove that if a decompo-
sition (hg,hk—1,...,h2,h1) of f is obtained from fby a Ritt swap at ¢, then the
decomposition (L7 o hg, hj—1,...,ha,hioL™1) of g := L% o fo L~! is obtained from
G:= (Lo fx, fr—1,---, f2, f1 o L71) by a Ritt swap at . This is immediate from
the definition of Ritt swap, with the same linear factor witnesses.

For the second part of the Lemma, we need two things (¢ and ¢ stay the same)

e The decomposition (f{, fk, ... f2) obtained from f by a plain skew-twist is
linearly equivalent to the decomposition ((f; o L=, L o fx, frk—1,--- f2)
obtained from § by a plain skew twist.

e If @ is obtained from ¢ by a plain skew-twist,
and b is obtained from d by a plain skew-twist,



POLYNOMIAL DYNAMICS 39

and d is linearly equivalent to ¢,
then @ is skew-linearly equivalent to b.

The first is immediate, and so is the second once the assumtions are written out:
a=(c],Cry...,Ca)
d= (cxLy, Ly e 1 L1, L3 cala, Ly er)
b= ((Ly*e1)", exli, Ly er1 L1, ... L3 cala)

Now let L := L;l and note that b is linearly equivalent to (L oag, ak—1,...az2,a1 0
L). O

Definition 3.3.6. Let By be the free monoid generated by {¢; : 1 < i < k — 1}
and ¢ and (3.
Let St be the set of skew-linear-equivalence classes of decompositions of skew-twists

of f.

Lemma 3.3.8. Iffzs a decomposition of f, then any decomposition of any skew-
twist of f may be obtained by a finite sequence of the following operations:

e t;: Ritt swap at i defined long ago;

o ¢ defined by ¢ x (fr,...,f1) = (f{’,fk,..l.,fg);

o 3 defined by B+ f = (fa1,---, f1, 17 ).
This defines a action of By on Sy U{oo}, transitive on Sy.

3.7.4. correspondences encoded. In the case of the monoid of Ritt swaps acting on
the decompositions of a single polynomial, the only question was which decompo-
sitions could be obtained; how they could be obtained only mattered as a tool.
Now things are different: a word w in Bj applied to a decomposition f not only
gives another decomposition g := w* f, but also encodes a correspondence between
o-varieties (Al f) and (A', g). We care which correspondences. Intuitively, this
correspondence comes from a long commutative diagram (here, superscripts are
merely names and not any kind of power)

]P>1 =5 ]P>1

fl

P! _o=r", P!
where the horizontal arrows are the polynomials whose decompositions are obtained
from f by longer and longer subwords of w, and the vertical arrows are either
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identity, if the corresponding symbol in w is one of the ¢;, or a morphism down for
¢ and up for 5. More precisely,

Definition 3.3.7. Given a word w := wy, ... wsw; € By and a decomposition fof
a polynomlal filet §:=wx* f be a decomposmon of a polynomial g, and for each
7 <nlet fJ = (wj...w1) * f be a decomposition of a polynomial f7; so f° = f
and f" =g.
Then the correspondence encoded by w and f is a correpondence 4,, between

o-varieties (Al f) and (A, g) defined by
(a,b) € A, if and only if there are ag = a, a1, az,...a, = b such that for each j

o if w; = t; for some ¢, then a;11 = a;;

o if w; = ¢, then aj41 = ff(aj);

e if w; = 3, then a; = fi*1(a;41).
Remark 3.3.1. A careful reader will not permit us speak of the (f,g)-invariant
correspondence encoded by w x f, when even ¢ := w* f is only defined up to skew-
linear equivalence, and so g is only defined up to skew-conjugacy! She would worry
that these linear factors entering at every step of the inductive definition might
make an intractable mess. These concerns are addressed by Lemma [B.3.7, which
show that g and C,, are well-defined up to a single linear factor.

It is clear that A, is an (f, g)-skew-invariant set: one simply pushes the witnesses
forward by a; — f7(a;) and notes that every box in the diagram above commutes.
On the other hand, A,, will usually be reducible, and its irreducible components
may be skew-invariant, skew-periodic, or strictly skew-pre-periodic. We only care
about the skew-invariant components, which suggests the following definition

Definition 3.3.8. Two words w and w’ in By are equivalent with respect to f,
written w ~f w,ifwxf=uwxf=§ (in particular, defined), and the two
correpondences A4, and A, have the same skew-invariant irreducible components
(i.e. for any invariant irreducible D, we have D C A, if and ounly if D C A,/),
and for any irreducible component € of one but not the other, (f x ¢)(€) is skew-
invariant.

The last bit of the definition is needed for ~ to be preserved under concatenation.
It is harmless, as the only source of equivalent words whose correspondences are
not identical is the following remark.

Remark 3.3.2. In particular, the (f, f)-skew-invariant corrsepondence Cj, encoded
by (¢ is defined by f1(a) = f1(b). One of its irreducible components, the diagonal
a = b, is clearly (f, f)-(skew)-periodic. However, the image of the whole Cg4 under
(f x f) is just the diagonal, so all other irreducible components are strictly pre-
skew-periodic.

We now show that ¢ and § commute up to ~; that ¢* and $* commute with
everything up to ~; and that ~ is preserved under concatenation.

Lemma 3.3.9. (1) ¢8 ~id =~ B¢
(2) Suppose uq R, and so let § := uy * f: vl * f, and suppose uz ~g va;
then usuy R f U201
(3) For any word w in My, we* ~ ¢*w and wBF ~ BFw
Later, we will also want:
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e Fori<k-— 1, ti(bz(btzﬁrl
e Fori> 1, tzﬂ ~ 6&',1

Proof. We indicate the ideas of the proof:

(1) One part is explained in the remark above, the other comes from the fact
that “Jz f(z) = a and f(x) =b” is equivalent to a = b.

(2) Push the witnesses in the definition of A,, forward.

(3) With part (1), we only need to show that ¢* and ¥ commute with Ritt
swaps. This is so because ¢* *f: f" and 3* *f: ]?(‘771).

For the last two parts, note that the same two factors Ritt-swap on the two sides
of each equation. O

Lemma 3.3.10. For all w € By, there is some u € By, that does not contain 3 nor
&* as a substring, and such that w ~ ¢™*u or w ~ ™ u.

Proof. We may introduce extra $°¢’ pairs into the word w. We introduce enough
of them to obtain w’ ~ w so that 3 only occurs in multiples of k in w’. Then we
pull all 8% to the left, and obtain #V*w” ~ w’ where w” contains no instances of
(3. Then we can also pull all ¢* to the left and obtain BN¥¢MFy ~ BNkw" where
u contains no instances of 3, and no instances of ¢" for r > k. Then we cancel (¢
pairs in the beginning. ([

What geometry is hiding behind this bit of combinatorics? Naturally, A,, comes
with a diagram

(AL ) o ALY o o (Al

each arrow corrseponding to an occurrence of ¢ or # in w. What we just proved
is that, for correspondences coming from skew-twists, we can instead look at irre-
ducible components of the fiber produt of the diagram

(AL, £) 5 (a1, g7") £5 (al, g)

where we know exactly what one of the morphisms is. In the next two sections we
describe the usual situation where v in Lemma can be taken to be of the
form ¢'v where v only contains Ritt swaps, so once appropriate decompositions are
chosen, we know both arrows in the above diagram. Afterwards, we will need more
combinatorics to mop up vicious special cases.

3.8. cracked.

3.8.1. definitions.

Definition 3.3.9. Suppose that h = a o b for non-linear a and b; let g := b% o a;
we then call the triple (h, g,b) a plain-skew-twist.

Translating the definition of plain-skew-twists into the language of our monoid
action, we have the following lemma.

Lemma 3.3.11. The triple (h,g,b) a plain-skew-twist if and only if there are
decompositions h of h and § of g and i < k such that § = ¢ x h and the graph of
b= f;o...0 f1 is the correspondence from h to g encoded by ¢".
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Definition 3.3.10. A pair (b,a) of non-linear polynomials is called a crack of f
if f =0boa and for any decomposition f of f, there is an integer m and a linear
polynomial L such that

b=fro...fmp1oL tanda=Lo fho...0f;

We say that a polynomial h is cracked at the edge if for any decomposition h of
h and for any 4

((hf o...0hY), (hgohit1))

is a crack. Beware the universal quantifier on decompositions!
If h is cracked at the edge and g is a plain skew-twist of h, we say that g is
cracked.

The purpose of this notion is a transitivity for plain skew-twists.

Proposition 3.3.4. If h is cracked at the edge, and both (h,g,b) and (g, f,d) are
plain skew-twists, then either (h, f,d o b) is a plain skew-twist, or there is some 7
for which (h°, f,m) is a plain skew-twist, and w o h = d ob.

Proof. Here’s the diagram witnessing the assumptions of the proposition:

Pl h=aob Pl
bl b"l
(16) Pl g=b%oca=cod Pl
dl d"l
p f=doc pl
Let (hy, ..., 1) be a decomposition of h obtained by concatenating decompositions

of a and b, so that b = b o hy and a = hy, 0 a’; then g =07 oh{ ohy0d’ =cod.
Decompose ¢ and d in any which way: d =d;jo...0d; and ¢ = ¢, 0 ... 0¢p; then
g=c¢po...ociod;o...odp is a decomposition of g, so a right part of it must be
a: this is where we use the assumption that A is cracked at the edge to obtain that
for some linear L

e cither a = Lod,.0...od; for some r < [, and then b7 = COle...dT_HOL_l =
cod,and d=d oa;

eora=Loc.o...ociodjo...odyoL™!:=¢ od for some r < m, and then
b =c¢pmo...ocr41 and c=b" o (.

In the second case, h = aob = c'odoband f =d°oc=d’ob? o, so (h, f,dob)
is a plain skew-twist.
In the first case, let’s insert the information that d = d’ o a into the diagram:
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h=aob
—_—

pt f=(d'0a)?oc Pl

Now forget all about g, but insert a horizontal arrow one level below:

h=aob
——

P! P!

|
(18) al aﬁl

P! P!

| v

pl f=(d'0a)?oc pl
Now in the bottom square of this diagram (h?, f,d’) is a plain skew-twist, and
dob=4d o(aob)=d oh as wanted. O

3.8.2. translating back to combinatorics.

Corollary 3.3.2. Suppose that his a decomposition of h, h is cracked at the edge,
u € My is a sequence of Ritt swaps, and 0 < n,m < k; then there is another
sequence of Ritt swaps v € My, such that ¢"u¢™ x h = ¢" v x h.

Proof. To relate this to the proposition above, let g := ¢™ % h and g7 ‘= uxg be
two decompositions of the same polynomial g, and let f = " ug™ * h be a decom-
position of f. Further, let b := h,, 0...hy and let d := g} o...¢}. Now h, g, f, b,
and d satisfy the hypotheses of the proposition. If (h, f,dob) is a plain skew-twist,
take v to be the sequence or Ritt swaps that turns h into the decomposition of h
that has d o b as an initial segment.

Otherwise, take v to be the sequence of Ritt swaps that turns (ﬁ)" into the decom-
position that has d’ as an initial segment, and note that ¢vo* ~ ¢'pFuv. O

Corollary 3.3.3. Suppose that his a decomposition of h, h is cracked at the edge,
and w € By, does not contain 3. Then there is some v € M, such that ¢Mv Rp W,

Proof. Use the previous corrolary repeatedly and carefully. Write

W = O U @™ Uy —1 . .. u10*. Use the previous corollary to find v; such that
Py, ~p oM urg. Let § = vy ﬁ, still cracked at the edge because of the
universal quantifier on decompositions in the definition of “cracked at the edge”.
Now we're looking at ¢%™u,,¢*™ 1y, _1 ... us¢d** T x g, essentially decreasing m
by 1. ([l
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Corollary 3.3.4. Suppose that his a decomposition of h, h is cracked at the edge,
and w € By; then there is some n € N and some v € My such that w ~j "v or
w =5 P,

Proof. First use Lemma B.3.101 to pull all the instances of § out left, then use the
previous corrolary, and then cancel any (¢ pairs. O

Having inducted, let us forget combinatorics and restate the above result:

Corollary 3.3.5. If h is cracked at the edge, and an irreducible correspondence A
between h and g comes from skew-twists, then there are decompositions h of h and
g of g and an integer n such that A is the correspondence encoded by (™ *xh = g or
by ¢" x h = §.

Proof. Where did the v from the above Corrolary go? Into the freedom to choose
a decomposition of g. O

We rewrite the above without naming decompositions.

Corollary 3.3.6. If g is cracked, and an irreducible correspondence A between g
and f is encoded by a sequence of skew-twists, then A is either a graph of a" o fon
for some n and for some initial compositional component a of f; or the correspond-
ing thing in the other direction.

3.8.3. who is cracked? Now that we have a theorem about cracked polynomials, we
should prove that some polynomials are indeed cracked. First, some reminders and
one new definition:

Definition 3.3.11. e A pair of indecomposables (a,b) is called swappable if
there is a Ritt swap aob=cod.

e An indecomposable is called swappable if it is linearly related to a ritty
polynomial.

e A pair of indecomposables (a,b) is called double-jumpable from the right if
there is some indecomposable ¢ such that ot % (a, b, ¢) is defined. Similarly
for double-jumpable from the left.

e A pair of indecomposables (a,b) is called a mizing bowl if there are inde-
composables ¢ and d such that totsty x (¢, a,b, d) is defined.

Note that in each of the above cases, something is not a crack: (a,b) for swap-
pable, (a,bo ¢) for double-jumpable from the right, (coa,bo d) for a mixing bowl.
The first result will cover the bulk of polynomials and is very easy to prove.

Proposition 3.3.5. Suppose g is a decomposition of a polynomial g and one of the
g; 1s not swappable; then g is cracked.

Proof. Let h be the plain skew-twist of ¢ such that h; is unswappable. Then for
any decomposition f of h, f1 is (the same up to linear-relatedness) unswappable.
It is easy to see that whenever a is an unswappable indecomposable, (bo a,c) is a
crack for any b and c. So h is cracked at the edge, and g is cracked. (]

Now a not-so-hard sufficient condition.

Lemma 3.3.12. Suppose that for every decomposition h of a given polynomial h
the pair (h{, hi) is not swappable, nor double-jumpable by indecomposables appear-
ing in some decomposition of h, nor a miring bowl witnessed by indecomposables
appearing in some decomposition of h. Then h is cracked at the edge.
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Proof. We need to show that ((h7o...0hy), (hrohit1)) is a crack. Any other decom-
position of the same polynomial can be obtained from this one by a sequence of Ritt
swaps in the second canonical form with respect to the three pieces @ := (h7,...h3),
(h§, hi), and b= hy_1,... hity1). Swaps within @ and b are irrelevant. No swaps
are possible within (h{, h) since it is not swappable. Since (h{, hy) is not double-
jumpable from the left (by a1), hr cannot move left at all. So any decomposition
of h = aohf o h ob can be obtained from (aT,...aj,;L\‘l;,a?_/l,...cﬂ,hk,bs,...bl)
for some j by moving some of the b; left as per second canonical form. In particu-
lar, (ay,...a;,h?,a;_1,...a1) will be a left segment of the resulting decomposition
unless by can double-jump aj o hy, or h{ ohy if j = 1, from the right. But by cannot
double-jump h{ o hy since it is not double-jumpable, and by cannot double-jump
ay o hy, from the right, since that would make h{ o hj, a mixing bowl. [l

3.8.4. essential translations. All of these, except when all factors are monomials,
are covered by the next borderguard section, though the result there is weaker.
Here, we build on our previous analysis of descalings in section 3.4l In this sec-
tion, we describe how to verify the hypotheses of Lemma [3.33.12 for decompositions
without type C factors. Since we have already dealt with polynomials that have
an unswappable factor, and we are not ready to deal with type C factors, we make
the following assumption:

Notation/Assumption 3.3.1. Throughout this Section B.8.4], all decom-
positions have no type C factors and no unswappable factors.

Definition 3.3.12. We say that a left descaling (M;, h;, L;) of a decomposition is
clean if My is a scaling and L; = id whenever h; o L; is already ritty.

The point of the definition is that whenever L; # id, the descaling has an essen-
tial translation at (i —1) mod (k); with skew-twists, it makes sense to speak of an
essential translation at k. The following generalizes the definition of essential trans-
lation in section B.4.1] in particular defining the notion of an essential translation
at k.

Definition 3.3.13. We say that h has an essential translation at i if Lit1 mod k #
id in some clean left descaling of h.

In this case we also say that any decomposition f which is skew-linearly equiv-
alent to h has an essentail translation before i, and even that the polynomial
f:= fro...f1 has an essentail translation before 1.

We now prove that this is a good definition: that every decomposition admits a
clean left descaling up to skew-conjugacy; that this definition does not depend on
the choice of a clean left descaling, nor on the choice of a decomposition of a given
polynomial up to skew-conjugacy.

Lemma 3.3.13. For ecvery decomposition f, some decomposition skew-linearly
equivalent to f admits a clean left descaling.

Proof. Lemma [B.2.7 proves that any decomposition f admits a left descaling. To
obtain L; = id whenever h;oL; is already ritty, replace (M;, h;, L;) by (M;, h;oL;,id)
whenever possible. For the last bit, write My = T oS for a translation 7" and scaling
S and look at T=1o foT( ), O

Any two clean left descalings of the same decomposition are almost equal:



46 ALICE MEDVEDEV AND THOMAS SCANLON

Lemma 3.3.14. If (M;, h;, L;) and (By, gi, A;) are clean left descalings of the same
decomposition; then My, = By, and h; o L; = g; 0 A; for all i. Further, h; = g; and
L; = A; unless g; (and therefore h;) is type J and A; # id.

Proof. First, observe that both M} and By, are the scaling by the leading coefficient
of the polynomial decomposed, so they are equal. Now choose linear T} for 1 < k—1
witnessing linear equivalence: TiohioL; = g0 Ay, and T;0h;0 L0 T;ll =g;o0A;
for 1 <i <k, and MkOhkOLkOTk:ll = Bj o gy o Ag.

Starting with 77 and inducting up, it is clear that all T; must be translations.
Since Ty o hyo Ly o A} = g7 and hy is not type C, T1 = id; inducting, we see that all
T; = id. This gives h; o L; = g; o A; for all 4. Unless g; is type J, h; = g; 0 A; o L;l
forces A; o L;l =1id. If g; is type J and A; = id, then h; o L; = g; is ritty, so L;

must also be identity. (I

Corollary 3.3.7. e One clean left descaling offhas an essential translation
at i if and only if every clean left descaling of f has an essential translation
at 1.

o If § is skew-linearly equivalent to f and both admit clean left descalings,
then clean left descalings of one have an essential translation at ¢ if and
only if clean left descalings of the other do.

Proof. The first assertion follows immediately form the previous lemma. The sec-
ond one is true because linear functions witnessing skew-linear equivalence must be
scalings, as can be seen easily from the proof of the previous lemma. O

Lemma 3.3.15. (1) If f has an essential translation at i, then (fit1, fi) s
not swappable.
(2) Iffhas an essential translation at i, then any decomposition tj*fobtained
from it by a Ritt swap at j also has an essential translation at i.

Proof. (1) Replacing f by a skew-linearly equivalent decomposition if neces-
sary, let (M;, h;, L;) be a clean left descaling of f. Then (fi+1, f:) is swap-
pable if and only if (h;410L;41, h;) is swappable. That requires the existence
of linear L, M, and N such that (Lo h;41 0 Liy10oM~') and (M oh; o N
are both ritty. Since h; and h;11 are not type C, L = M = id, and then
hiy1 o Ly is ritty, contradicting the assumption that f has an essential
translation ay 1.

(2) We just proved that j # . If j # i+ 1,4,4 — 1, the relevant factors are
unchanged and the conclusion is immediate.

If j = i+ 1, let translations L, M, N witness the Ritt swap: b :=
Lohiig0L; o0oM 1 and a:= Moh; 0L 10N "! areritty, and doc = boa
is a basic Ritt identity. Since no factors are type C, L = M = id. Since
a=hiy10L;11 o N~ is ritty but fhas an essential translation at 4, N # id.
Now tiy1%f = (...d,coN,h;oL;...) has an essential translation at i unless
co N is ritty. Since N = id, if co N is ritty , then ¢ must be type J, which
is impossible according to remark

If j =4 —1, let translations L, M, N witness the Ritt swap: b :=
LohjoL;joM~'anda:=Moh;_10L;_10N"! areritty,and doc=boa
is a basic Ritt identity. Since no factors are type C, L = M = id. Now
ti1 *f: (...hiyx10L;y1,d,coN,...) still has an essential translation at i.
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That was the induction step for the following Lemma.

Lemma 3.3.16. If f has an essential translation at k, then any clean left descal-
ing of any decomposition of any polynomial skew-conjugate to f has an essential
translation at 7.

Proof. The statement of this lemma is just like the definition except for a univer-
sal quantifier instead of the existential. We need to show that If some clean left
descaling of some decomposition ¢ of some polynomial g skew-conjugate to f has
an essential translation at ¢, then any clean left descaling of any decomposition h
of any polynomial h skew-conjugate to f has an essential translation at i. Now h
is skew-linearly equivalent to w % ¢ for some sequence of Ritt swaps w € My, so we
induct on the length of w, using the last lemma as the induction step, and Lemma
B3 for the base case where w is empty. O

Lemma 3.3.17. If h has an essential translation before 1, then h is cracked at the
edge.

Proof. The previous lemma shows that in any clean left descaling of any decompo-
sition & of any polynomial skew-conjugate to h, L1 # id. We will use Lemma B3.13
to obtain the conclusion of this lemma. In Lemma above, we showed that
(hg, hi) is not swappable; it is also neither double-jumpable nor a mixing bowl,
because in either of those, the first one or two Ritt swaps would preserve the essen-
tial translation (again, according to Lemma [B3T5), and the last Ritt swap would
have to be across an essential translation, which is impossible (again, according to

Lemma B3.15). O

3.9. border-guards. Our analysis so far leaves two cases unexamined: the case
when all factors of f are swappable, and one of them is type C; and the case
when all factors of f are swappable, none are type C, and there are no essential
translations. Both can be attacked with some further combinatorial machinery that
we now develop.

3.9.1. definition. We define a submonoid Gy, of By; all words in Gy, will leave fi in
its place, though possibly altering it via Ritt swaps in the sense of Remark

Definition 3.3.14. Let G be the free monoid generated by t; through ¢5_o and

1 and 7.
Embed Gy, in By, by mapping t; to ¢; and ¥ to (tx—1¢) and v to (Btr—1).

We define the action of Gj, on Sy by identifying Gj, with its image in By and
denote the action by the same sumbol x. G} gives just enough wiggle room to
perform all the Ritt swaps:

Proposition 3.3.6. Any word w in By, is equivalent to ¢Nw' or to BNw' for some
integer N and some word w' in Gj,.

Proof. We take w € By, start from the right, and move to the left. At every step,
we have a word wbadﬁaqﬁbwgood with wyaq € Br and wgeoq € Gi. We begin with
Whad = w and induct on its length; we begin with a = b = 0 and wgeoqd empty. At
the induction step, we must make wyp,q shorter. Thus, it is sufficient to prove
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Claim 1: If wgooa € Gk, a,b € N, and s is a generator of By, then there are
', b € N and w),,, € Gy, such that 58°¢ wgeoa & B ¢¥ W, 0q-

If s=plet a’ :==a+ 1,0 :=b, and w4 := Wgood-
Ifs=¢anda>0,leta :=a—1,b :=b, and wgood = Wyood-
Ifs=¢anda=0,leta :=a,b :=b+1, and wgood = Wgood-
If s = t; for some i, we need

Claim 2: For any t; a generator of M}, and any a,b € N, there exists u a generator
of Gi and @, b € N such that ¢;5°¢" ~ 3% ¢* u.

We prove Claim 2 by induction on (a + b).

Base cases:
Ifa=b=0andi#k—1,welet a’ =a, ¥ =b, and u =t;.
Ifa=b=0andi=k—1, note that t,_; ~ ¢Bt),_1 = ¢y,soleta’ =0,b =1, and
u=-.

Inductive cases:
Ifa=0andi# k—1, then t;¢ = ¢t;;1 and we can apply the inductive hypothesis
to tiy1" L.
Ifa=0and i =k —1, then b # 0. If b = 1, then we are looking at (tx—1¢), so we
let @/ =% =0 and v = 1. If b > 2, note that t,_1¢? ~ ¢?t; so we can apply the
inductive hypothesis to t;¢?~2.
If a #20 and i # 1, then ¢;0 ~ (Bt;_1 and we can apply the inductive hypothesis to
i1l
If a # 0 and i = 1, note that t;3 ~ %*t,_1¢. If a = 1, then we get t;3¢" ~
B?tp_10T1 and we can apply the second inductive step to tx_1¢"*'. If a > 2,
we get t1 3% ~ Btr_168° 1 ~ Ft_15°"2¢?, and we can apply the inductive
hypothesis to t,_1 5% 2¢P.

Now we have proved Claim 2, which is sufficient to prove Claim 1, which is
suficient to prove the proposition. ([

We get a weaker analog of Lemma [3.3.10)

Lemma 3.3.18. For any word w € Gy, there are w; € G such that w ~ wow;
and v does not appear in wy and ¥ does not appear in ws.

Proof. Given w € Gy, we find an equivalent word w’ that has no substrings of the
form tuy for some u € My_1. Clearly, w’ is the desired word. To construct w’, we
prove a

Claim: for any u € Mj_1 there is a word v’ € My_1 such that Yuy =~ v’ or
Yuy & ytp_o2 v’

Then replacing a substring ®uy by one of these does not increase the number
of instances of ¥ and v in a word, and straightens out one v, - pair in the wrong
order. Thus, after finitely many such operations we obtain the desired w’.

Proof of Claim: Without loss of generality, we may assume that v € Mj_; is in
reverse first canonical form, i.e. either u = v or u = t;v where ¢; does not appear
in v € Mg_1. Then Ypuy ~ v in the first case, and Ypuy ~ ytp_2%v’ in the second,
for some v’ € Mj,_1. O

The purpose of the previous lemma is that with a sufficiently vicious fi guarding
the border, the number of instances of ¥ in w; and  in wy is severely limited.
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Lemma 3.3.19. If fi is neither a monomial nor type C, then the correspondences
encoded by the words w; in Lemmal3. 318 are (up to skew-conjugacy) graphs of P, ,
where n; are bounded by the product of the in- and out-degrees of fy.

Proof. The careful reader will complain that type J indecomposables do not have a
well-defined out-degree; but we are only after a bound, and for a given type J or coJ
indecomposable fi, there certainly is a bound on the out-degrees it can pretend to
have.

We sketch the proof for wy € Gy in which « does not appear; the proof for ws in
which ¥ does not appear is analogous. We write w1 = v,Yv,_1¢ ... v19vg for some
sequences of Ritt swaps v; € My_1. We induct on n. Without loss of generality we
may replace f by a decomposition where f =: a is itself ritty and not a monomial.

Since tyvg * f is defined, the second leftmost factor of vy x f is linearly equivalent
to a monomial: for some linear L and M, and for some prime (not necessarily
odd) p, we have vy *f: (a,LoP,oM,...)and txvg *fz (Py,bo M,...), where
(aoL)o P, = P,obis a basic Ritt identity, so b cannot be type J because of remark
Then wvo*f: (boM,...,P,) =: g, and the correspondence encoded by this
equation is the graph of P,.

Note that g satisfies the hypotheses of the lemma. The in- and out-degrees of
its leftmost factor b are well-defined up to linear relatedness. Even if a was type
J, the out-degree of (a o L) is well-defined (not up to linear relatedness). Now the
out-degree of b is % times the out-degree of (a o L). We now apply the inductive

hypothesis to v, ... 1Yv; % g. |

As before, for the purpose of irreducible skew-invariant curves, we can cancel
B¢, and therefore 1. Since monomials commute, if n; and ns in the lemma have
a common factor, we may bring those two together, and then cancel them. So

Corollary 3.3.8. If fi is neither a monomial nor type C, and w € Gy, then the
only skew-invariant irreducible component of the correspondence encoded by w is
defined by x™ = y™ for relatively prime ni and ne bounded by the product of the
in- and out-degrees of f.

Together with the last item of Lemma [3.3.18 this characterizes correspondences
coming from skew-twists for polynomials that have at least one factor that is neither
a monomial nor type C.

Corollary 3.3.9. For any decomposition f with at least one factor that is neither
type C' nor a monomial, there exists an integer Ny such that for any w € By

with w * f defined, there are w; € Gy and integers a < k and N such that w ~r

dNwawr d* or w R BN wowy ¢%; wy contains no occurrences of v and at most N
occurrences of 1; wa contains no occurrences of 1 and at most Ny occurrences of vy,

and the correspondences encoded by w; are graphs of monomials of degree at most
Ny.

The Ny in the corollary is the product of in- and out-degrees of the factor that
is neither type C nor a monomial, and the maximum possible such if the factor is
type J so that his out-degree is not well-defined.

This leaves two questions. What about polynomials each of whose factors is type
C or linearly related to a monomial? How do correpondences coming from Theorem
interact with those coming from skew-twists?
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3.10. Maximal Odd chebyclumps. Now we deal with the possibility that all
factors of f are monomials or type C; and at least one of the factors is type C. We
make heavy use of chebyclumps introduced for the proof of Theorem

There, we proved that in any decomposition, type C factors occur in clumps
which are well-defined up to linear equivalence, and which persist (up to invading
quadratic factors) under Ritt swaps. We also proved that Ritt swaps involving
two odd Chebyshevs can only occur within these clumps; it is clear that the only
other factor that can Ritt swap all the way through, or even any distance into, an
odd chebyclump is @. This makes odd chebyclumps effective borderguards. We
begin by extending the technical results to the new context of skew-twists, showing
that chebyclumps are invariant under skew-linear equivalence, and that they persist
under single skew-twists. First, we must adjust the notion of maximality.

Definition 3.3.15. A maximal chebyclump (g, . .., g;) of a decomposition (gg, . . ., g1),
with j > 1, is called skew-maximal if (g5, gk, ..., g;) is not a chebyclump.

Lemma 3.3.20. Suppose that a decomposition f contains a maximal chebyclump.
Then there is a plain skew twist § := ¢' x f such that (gk,...,gj) is a mazimal
chebyclump for some j.

Proof. Suppose that (fp, ... fq) is a maximal chebyclump of f, then (g, ... Gk—bta)
is a maximal chebyclump of §:= ¢*~b x f. O

Now we begin to look at correspondences encoded by the words w; in Lemma
B3I8 acting on a decomposition that has a maximal chebyclump on the left.

Lemma 3.3.21. Suppose that fis a decomposition of a polynomial f of degree o' -2t
for some odd o ; suppose that f is not skew-conjugate to a Chebyshev polynomial;
suppose that (fi, ... fa) is a mazimal chebyclump of degree o-2"; and suppose that
the degree of fi is odd. Let wy € Gy not contain any instances of vy, and suppose
that wy * f is defined. Then the correspondence A, 1is the graph of a chebyshev
polynomial C where N divides o - 2171,

Proof. Write w1 = v, ... 1%vg, and replace f by a skew-conjugate decomposition
such that f; = Cp, for each a < i < k, where p; may be 2

We induct on the odd part of the degree of the chebyclump. In the decomposition
G:=nvo*f, (gk, - - - gp) is still a chebyclump for some b < k — 1, with the same odd
part of the degree as the chebyclump (f,... f,) in f We may again assume that
gi = Cy, for each b < i < k. Then Yox f = h*§ = dtp_1x§ = ox(Cy 11 Cqps- o) =
(Cqr--3Cqpy) = h The correspondence encoded is the graph of Coor- I g
is odd, then the degree of the maximal chebyclump (hg,...,h;) is 1/qx—1 times
the degree of the chebyclump (f,... f.) in f, in particular, the odd part of the
degree of the new chebyclump is less than the odd part of the degree of the old
chebyclump, so we have completed the induction step.

Note that, since f is not skew-conjugate to a Chebyshev polynomial, the whole
h is not a chebyclump, so the odd hy = C, _, cannot rejoin the chebyclump
(hk, ..., h;) via Ritt swaps.

We now tell a story in order to avoid gruesome notation. What is different when
qx—1 = 27 What prevents us from inducting on the whole degree of the chebyclump
is the fact that it is not invariant under Ritt swaps, and may indeed grow from a
decomposition h to the decomposition v; * h as new quadratic factors join the
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chebyclump. This can happen in two distinct ways: either some quadratic f; for
i < a from the original decomposition finds his way into the chebyclump (which
is accounted for by 2¢), or in some v ...y * f the rightmost factor is a new
quadratic who has just been pushed across the border by v, and v;41 brings this
quadratic all the way to the chebyclump on the left of the decomposition. This may
happen once, but if it happens twice, Lemma [3.3.4] a little bit of care, and a whole
lot of notation forces the whole f to be a chebyclump, and f to be skew-conjugate
to a chebyshev polynomial. (|

A similar proof yeilds the corresponding statement for wy € Bj in which v
doesn’t appear, and together with Lemma [3.3.1§ they give

Proposition 3.3.7. Given a word w € By and a decomposition fwith at least one
type C factor, let o be the degree of the largest mazimal odd chebyclump in f: and
let t be mazimal such that 2¢ divides the degree of f. Suppose that w*fis defined.
Then there there are words w; in Gy and integers a < k and N, such that

w R N waw1¢® or w R BN wowy ¢
and

e w;y contains to instances of v and the correpondence from f to g encoded
by wy * fz: g is the graph of C4, where A divides 02t*'; and

e ws contains no instances of ¢ and the correpondence from h to g encoded
by wo * 5 =:h is the graph of Cg, where B divides 0271,

3.11. skew twists summary. We have now described all correspondences that
arise from skew-twists. We have three possible conclusions, the strongest for cracked
polynomials in Corollary[3.3.6, and two weaker ones in CorollaryB.3.9and in Propo-
sition 3.7

Corollary .3.6] applies to polynomials with unswappable factors and to polyno-
mials with an essential translation (and, therefore, no type C factors).

Proposition [3.3.7] applies to trivial polynomials with at least one type C factor.

Corollary applies to polynomials with at least one factor that is neither
type C nor a monomial; it is useful if some factor is type C, or if there are no
essential translations.

This exhausts trivial polynomials, as a polynomial all of whose factors are linearly
related to monomials either has an essential translation, or is skew-conjugate to a
monomial and therefore is not trivial.

Actually, the vast majority of decompositions are cracked, yielding the much
stronger conclusion of Corollary B.3.6, but we do not wish to bore the reader with
more computations and a long list of exceptions.

3.12. How skew-twists interact with correspondences from Theorem [3.3]
Correspondences from Theorem are composed of pieces in each of which 7 is a
monomial P, for some prime p. When P, is also a compositional component of f,
these turn out to be skew-twists. Otherwise, they commute with skew-twists.

Proposition 3.3.8. Suppose that f; = P, in a decomposition f of f, and m = P,
gives a morphism from f to some g. Then this morphism is actually a skew twist,
i.e. there is a decomposition h of f such that hy = P,.
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Proof. Since the foreign P, from 7 cannot Ritt swap with the native P, from f, it
is the native P, from f that must end up all the way at the beginning after the
sequence of skew-twists that turns (P, fx, ... f1) into (g, ..., g1, Pp). Putting that
sequence into first canonical form shows that the native P, can end up all the way
at the beginning before the foreign P, does anything, which is precisely what we
want to show. (|

So this correspondence is a single skew-twist for polynomials, and it is a sequence
of Ritt swaps followed by a single skew-twist followed by a sequence of Ritt swaps for
the decompositions. These have already been completely characterized in various
cases, summarized in the next section. This leaves the case when m = P, is not a
compositional factor of f.

Proposition 3.3.9. Suppose A is a correspondence from g to h coming from skew-
twists, and that ™ gives a morphism from f to g as in Theorem [T.3. Then there
is some d which admits a correspondence D from f to d coming from skew twists,
and such that d, 7, and h are as in Theorem[33. Indeed, D is encoded by the same
word w € By as A.

And conversely.

Proof. By induction, it is sufficient to show this for single Ritt swaps and single
skew twists. Both are completely obvious: Ritt swaps with P, only change the
degrees of p in the in- and out-degrees of the factors of f, which does not affect the
ability of other factors P, of f to swap, because that ability depends on factors of
q in the in- and out-degrees. O

This proposition shows that correspondences coming from skew-twists commute
with those coming from Theorem 3.3l

Remark 3.3.3. Correspondences from Theorem B3] are always defined by =™ = y™
for some integers m and n. If m and n are not relatively prime, this correspondence
is reducible, as it is the correspondence xP = yP composed on some other stuff. Its
irreducible components are given by x = (y for pth roots of unity (. In the context
of dynamics, when we assume that the algebraic closure of the prime field sits inside
the fixed field of o, only the diagonal among these is invariant, and the others are
periodic, in contrast with correspondences of this form that came from skew twists,
where the other components were strictly pre-periodic.

This is the last bit we needed for a complete description of correspondences
between o-varieties given by polynomials.

3.13. answers. We prove in the next section that all skew-invariant curves come
from skew-twists and from Theorem [3.3] and thus are listed in this theorem.

Theorem 3.4. Given two trivial polynomials f and h, any (f, h)-skew-invariant
curve coming from skew twists and Theorem [3.3 is of the form Az o Az o Ay where
o As is the graph of an initial compositional factor a of f: it is an (f, f)-
skew-invariant curve, where f =boa and f =boa’.
o Ay is a (f,g)-invariant curve, which, is
— the diagonal if f has an unswappable factor, or if it is linearly related
to a monomial.
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— defined by 2™ = yV if some indecomposable compositional factor of f
is not linearly related to any monomial or Chebyshev polynomial. In
this case, M and N are relatively prime and bounded by the degree of
that factor.

— defined by Cpr(x) = Cn(y) if some indecomposable compositional fac-
tor of f is linearly related to some Chebyshev polynomial. In this case,
M and N are relatively prime and each divides 2 deg f.

o A, is the graph of @ o g™ for some initial compositional factor ¢ of
g, where g=doc and h =d®") o @™,

Proof. With Proposition [3.3.9] it is sufficient to insert one correspondence coming
from Theorem B.3] in a place of our choice in the word in By in Corollary [3.3.6],
Corollary B.3.9, or Proposition .37l Correspondences from Theorem B3] do not
appear for polynomials with an unswappable factor, nor for trivial polynomials
linearly related to a monomial. In both other cases we choose to insert it between
wy and wi. To see that this works in Proposition B.3.7] note that since there is
an type C factor, the correspondence coming from Theorem is the graph of 2,
which is not itself a skew-twist only if f has no quadratic factors. O

In fact, As is the diagonal for the vast majority of polynomials, but the precise
characterization of exceptions is tedious. For example, A is the diagonal if f has
an essential translation, or if some decomposition of f has two factors f; and f;

with deg,,, (fi) - deg,.(fi) and deg;, (f;) - deg,,.(f;) are relatively prime.
4. SKEW INVARIANT VARIETIES

In this section we complete our classification of the skew-invariant varieties for
o-varieties of the form ® : A™ — A" where ® is given by a sequence of univariate
polynomials. The results of Section [3] can be used directly to describe the skew-
invariant plane curves. To describe the skew-invariant varieties in higher dimensions
we use the model theory of difference fields to reduce to the case of plane curves.
After recalling two important ideas from model theory, triviality and orthogonality,
we show how the problem of classifying skew-invariant varieties reduces to the cases
of linear dynamics, dynamics defined by monomials, and the cases considered in
Section Bl We then dispose of the first two cases and conclude by combining these
results.

4.1. Difference algebraic geometry. Recall from SectionPlthat a difference field
is a field K given together with a distinguished endomorphism o : K — K. The first
order theory of difference fields admits a model companion, ACFA, axiomatized by
saying that K is difference closed in the sense that it is algebraically closed, o is an
automorphism, and for every irreducible algebraic variety X over K and irreducible
subvariety I' € X x X7 which projects dominantly in both directions the set of
points (X, T)¥(K,0) := {a € X(K) : (a,0(a)) € I'(K)} is Zariski dense in X. To
say that ACFA is a model companion of the theory of difference fields includes the
assertion that every difference field extends to a difference closed field. Note that if
X is an irreducible variety over a difference closed field (K,0) and f: X — X7 is
a dominant map making (X, f) into a o-variety, then the axioms for ACFA include
the assertion that {a € X(K) : o(a) = f(a)} is Zariski dense in X. These facts,
that every difference field extends to a difference closed field and that the solutions
to o(z) = f(z) become Zariski dense, are what allow us to deduce strong structure
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theorems for algebraic dynamical systems and o-varieties from the corresponding
theorems about definable sets in difference closed fields proven by Chatzidakis and
Hrushovski in [6].

Before we discuss orthogonality and triviality, let us introduce one new notion.
If (X, f) is a o-variety over some difference field (K, o), then a o-subvariety is
a subvariety Y C X for which f [ Y : Y — Y?. This is an important notion,
and one which is directly implicated by the problem of the classification of the
skew-invariant varieties, but we need to consider a slightly stronger condition. A
subvariety Y C X is difference subvariety if in some difference closed field (L, o)
extending (K, o) the set of points {a € Y(L) : f(a) = o(a)} is Zariski dense in
Y. Provided that K is algebraically closed, one may replace the phrase “in some
difference closed field” by “in every difference closed field.”

Two notions from geometric stability theory, a part of modern model theory, are
important for us. Fortunately, their usually complicated definitions based on the
theory of forking can be replaced by simpler statements in our special setting.

Definition 4.0.1. Let (K, o) be an algebraically closed difference field and (X, f)
and (Y, g) two irreducible o-varieties over (K, o) with f and g dominant. We say
that (X, f) and (Y, g) are almost orthogonal over K, written (X, f) L% (Y,g), if
every difference subvariey of (X x Y, (f,g)) is a product of a difference subvariety
of (X, f) with a difference subvariety of (Y, g). We say that (X, f) and (Y, g) are
orthogonal if for every difference field extension (L, 7) of (K, ) one has (X, f) L¢
(YL, g) where we have written Xy, and Y7, for the base changes of these varieties to
L.

Remark 4.1. Orthogonality is usually defined at the generic level. What we call
(almost) orthogonality is usually called full (almost) orthogonality. As we are
concentrating on the structure of difference varieties rather than on difference fields,
which would be better encoded by generic behavior, we shall take full orthogonality
as primitive.

Remark 4.2. The distinction between almost orthogonality and orthogonality is
real, but in the cases that concern us, ADs defined by univariate polynomials of
degree at least two over fields of characteristic zero, the phenomenon does not
appear. However, it is relevant for linear dynamics: for instance, to obtain an
isomorphism between (A!,id) and (A!, x — x+1) one needs parameters beyond the
fixed field of 0. We will see shortly that some linear maps that are not isomorphic
over the fixed field are almost-orthogonal over the fixed field, while others are not.

An important result for us is that orthogonality passes from pairs to products,
though this result is not true for almost orthogonality.

Fact 4.2.1. If (K, 0) is a difference field, (X1, f1), ... (Xr, fr) and (Y1,91), ..., (Ys, 9s)
are o-varieties over (K,o) for which (X;, f;) L (Yj,g5) for all i and j, then
(HXiv(flv"'afT)) 1 (H}/;'?(glv"'?gs))'

Two contradictory notions of triviality for o-varieties appear in the literature.
Sometimes (see for instance [I16] [I5]), one says that a o-variety closely related to one
of the form (X, idyx) is trivial; this is not the notion we mean. Our triviality comes
from the model-theoretic notion of forking triviality, first isolated in the context of
stable theories (see [2]) and then successfully used in the context of difference fields
(see [6] and [§] for the development of theory of forking in difference fields). The
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following is really a theorem, but it suffices as a definition for the purposes of this
paper:

Definition 4.2.1. Let (K, o) be an algebraically closed difference field and (X, f)
a o-variety over (K,c). We say that (X, f) is trivial if for every n € Z,, every
irreducible difference subvariety Y C (X *™, f*™) is a component of the intersection
mlgigjgn ﬂ'i_)jlmij where m; ; : XX — X*2 given by (z1,...,2,) — (;,7;), is

the projection onto the i*® and j* coordinates.

The main theorem of the first author’s doctoral thesis [12] gives an explicit
characterization of the rational functions f for which (P!, f) is trivial. We abuse
notation by saying “trivial polynomial f” to mean “polynomial f such that (P!, f) is
trivial.” Similarly, we write f 1| g to mean (Al, f) L (Al g). We state the (simpler)
special case of that theorem, where f is a polynomial and the characteristic of the
field is zero, which is relevant to this paper.

Theorem 4.3. Suppose that f is a non-constant, non-linear polynomial over a
difference field of characteristic zero, and suppose that f is not skew-conjugate to
a monomial or a Chebyshev polynomial. Then the o-variety (A1, f) is trivial.

The hypotheses of this theorem are as weak as possible: the graph of multiplica-
tion witnesses that monomials are not trivial. Each Chebyshev polynomial admits a
2-to-1 cover by the corresponding monomial, inheriting its rich structure. Triviality
is invariant under isomorphisms, so in particular under skew-conjugation.

It is fairly easy to see that, when specialized to the case of X being a curve, triv-
iality is equivalent to the nonexistence of families of difference subvarieties of X?2
other than horizontal and vertical lines (see Chapter 2 of [14] for details). From the
technical results of this paper, one immediately concludes that polynomials satis-
fying the hypotheses of the theorem do not admit families of difference subvarieties
of X? other than horizontal and vertical lines, in effect reproving Theorem

Combining the Zilber trichotomy for minimal types in ACFA proved in [6] with
Theorem above and some easy observations, we obtain:

Proposition 4.3.1. Linear polynomials are non-orthogonal to each other and or-
thogonal to all other polynomials. For polynomial f, P, X f if and only if [ is
skew-conjugate to Py, or C,.

From these observations, we conclude that the difference varieties for coordinate-
wise polynomial actions may be decomposed into pieces corresponding to each of
the three classes from the Zilber trichotomy.

Proposition 4.3.2. Suppose that polynomials the polynomials ®; are linear for
1 <@ < a, skew-conjugate to monomials and Chebyshevs of degree > 2 for a +1 <
i < b, and none of those for b < i < n and that ® : A" — A" is given by
(@1, yxn) = (P1(zi), ..., Pp(xyn)). Then any irreducible difference subvariety of
(A", ®) is of the form ANBNC, where A= Ag x A% B = A® x By x A"~
C = At x Cy, and each of A, B and C is a difference subvariety. Further, By
similarly breaks into pieces according to the degrees of the ®;.

The possible By were already classified via the study of one-based groups in differ-
ence closed fields (see [Bl [7]). Indeed, non-linear monomials and Chebyshevs define
nontrivial, modular difference varieties, which were the key tools in Hrushovski’s
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proof of the Manin-Mumford conjecture [I1]. We pay little attention to them in
this paper as their difference subvarieties, such as By above, are well understood.
If ¢ : GY, — GY, is given by (z1,...,2,) — (2. .. ,xf]wg) for integers M; > 2,
then every difference subvariety of (GY,, ¢) is a finite union of translates of algebraic
subgroups of GY,.
To deal with Chebyshevs, pull back the coordinates on which they act by w(z) =
x—i—% to obtain a sub-o-variety of a o-variety defined by monomials. It bears noting

that not every connected algebraic subgroup of G¢, is a difference subvariety of

(G, 9)-
We have already classified the possible Cy without having said so explicitly.
Indeed, as each fzu is a trivial, Co must be a component of (\, <<, w;jlm,j (Co).

Thus, it suffices to describe the invariant curves for (f;, f;) : A2 — A%
An easy computation of ramification indices yields the following proposition.

Proposition 4.3.3. If f and g are trivial polynomials and an irreducible curve
C C A? is a sub-o-variety of (A%, f x g), then there are polynomials 7, p, and h
such that (a,b) € C if and only if there is some ¢ with 7(c) = a and p(c) = b and
the following commutes:

Al L
(19) Al Al

Al 9, Al

Proof. Let a; be the projection of C' onto i*" coordinate and let h:C — C° be the
restriction of f x g to C.

We need to show that there is a birational isomorphism 3 : C — A' such that
all of o o 871 and 37k o 31 are polynomials. First, we normalize the curve C,
then we note that degh = deg f > 1, so C' must have genus 0 or 1.

Let {ay,...,am} :=aj'(c0), and let n be the degree of f.

Note that A must be a bijection from {ai, ..., am} to {af,...,aZ}, since h must
take the a;-fiber above co to the af-fiber above f(oco0) = 0o, and cannot take any
other points into that fiber since f does not take any other points to co. Let 7 be
the permutation of {1,...,m} such that g(a;) = a7,

Let us compare the two ways to compute the ramification index of the diagonal
of the diagram at a;:

ear (a1) - ep(ai(a) = ej(ai) - eag (A(a;))
Since a(a;) = oo and ef(00) = n; h(a;) = al(;y and eqg (a;'(i)) = €qa, (ar(;)); and

ej, (any point) < deg(h) = n, the equation becomes

€ay (@) -n = €5(a;) - €, (7)) < n-ea, (ar))
So for all i, e, (a;) < eq, (ar(;)), With equality iff e; (a;) = n.
But ), eq, (ai) = >, €a, (ar(;)) since 7 is a permutation.
Therefore, for all i, eq, (a;) = €a, (ar@)) and e (a;) =n > 1.
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Notice that, in particular, h ramifies: C admits a ramified, separable, non-
constant morphism h of degree grater than 1 to a curve C'? of the same genus, so
the genus of C' must be 0.

Since h totally ramifies at all a;, there are at most two such points. If there are
two points, they are either fixed or switched by h, in either case contradicting the
triviality of f and g as in the first case h is conjugate to 2™ and in the second to
a the rational funtion z7". So the unique point P in al_l(oo) is the unique point
where £ is totally ramified, which by the same argument must also be the unique
point in a;y '(00). Any 8 : C — A such that 3(P) = oo works.

O

Finally, we need to say something about Ay. For a coordinatewise linear & :
A* — AF_ the difference subvarieties of (A*, ®) are very easy to describe: over a
difference closed field the o-variety (A, ®) is isomorphic to the o-variety (A%, id),
whose difference subvarieties are exactly the subvarieties defined over the fixed field
of 0. To exhibit the isomorphism, it suffices to find one solution of the equation
o(z) = ®;(x) for each i where we write ®(x1,...,25) = (P1(z1),..., Pr(zx)). The
question is less easy for ADs as we work over the fixed field of o, so these parameters
are not available to us. This section clarifies this situation.

Every linear polynomial is a (possibly trivial) scaling or a translation by 1, up
to conjugation by linear polynomials. Therefore, up to isomorphism of dynamical
systems, a coordinate-wise linear polynomial action acts on each coordinate by
either scaling or by adding 1. The dynamical system on A? given by ®(x,y) = (z +
1,y+ 1) is isomorphic to the one given by G(z,w) = (z,w+ 1) via the isomorphism
(z,y) — (r — y,y), so we may also assume without loss of generality that the
dynamical system acts by translation on at most one coordinate. We will reduce
the more difficult case, where ® indeed acts on one of the coordinates by translation,
to the easier case where ® acts only by scalings.

That is, we may reduce to the study of algebraic dynamical systems on A" or
ATFL of the form ® : A"t — A" given by (z1,...,2,,9) — (M21, ..., \eZr, y +
1) where each A; is a nonzero scalar or ® : A" — A" given by (z1,...,2,) —
MZpy ooy Apye)

It is clear that the coordinate hyperplanes defined by x; = 0 are invariant and the
the restriction of ® to any such has the same form, but with one less scaling term.
Hence, to analyze the invariant varieties, it suffices to consider ® on G, x G,. Let
H < G, be the smallest algebraic group containing (Ay,..., ;). Then every ®-
orbit must be contained in a coset of H x G,. If M is the index of H?, the connected
component of H, in H, then we see that every orbit of M is contained in a coset of
HY x G,. As the ®-invariant varieties are also ®°M-invariant, it suffices to classify
the latter. As HY is a connected algebraic torus, possibly after base change, it is
isomorphic to G, for some ¢ < r and as the action of ® is semisimple, relative to
some isomorphism with G!, x G, the action of ® on H° x G, takes the same form
as that of ®. Hence, we may reduce to the case that Aq,..., A\, are multiplicatively
independent.

With the next lemma we use the Skolem-Chabauty [20} [4] method to deduce that
there cannot be any interesting algebraic relations on a ® orbit. In the following
proof we make use of the p-adic exponential function and the consequence of the
Weierstrafl Division Theorem that a convergent p-adic power series in one variable
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which vanishes on infinitely many p-adic integers must be identically zero (see
chapter 6 of [9] for details).

Definition 4.3.1. If (X, F) is a dynamical system and P € X (K), then Op(P) C
X (K) is the (forward) orbit of P under F'.

Lemma 4.3.1. Let K be an algebraically closed field of characteristic zero and
A,y A € KX a sequence of multiplicatively independent elements of K. Let
D : G, x G, — G, x G, be given by (x1,...,2p,y) — (Mz1,..., \pr,y + 1), Let
P=(a1,...,a;,b) € (G, X G,)(K). Then Og(P) is Zariski dense in G, X G,.

Proof. Let us start with a few reductions.

First, the lemma is obvious when r = 0. So, we may assume r > 0.

Secondly, If U(z1,...,2r,y) = (a121,...,0:2-,y + b), then ¥ is an automor-
phism of G, x G, (as an algebraic variety), takes Os((1,...,1,0)) to Og(P)
and preserves the product structure. Hence, we may, and do assume that P =
(1,...,1,0). Thus, Os(P) = {(A},..., A", n):n € N}.

Finally, if the lemma fails, then we may assume that there is an irreducible
hypersurface Y for which Y (K) N Og(P) is Zariski dense in Y. Indeed, if Z C
G}, x G, is an irreducible subvariety which contains a Zariski dense set of points
from Og(P), then the projection of Z to G, must be either a point or all of G, by
the Mordell-Lang theorem for the multiplicative group. As Og(P) is not contained
in F X G4(K) for any finite set F', we see that some component of Og(P) must be
a hypersurface.

So, we can find an irreducible polynomial G(x1,...,x.,y) € Klz1,...,2Zn,y]
defining a hypersurface Y containing a Zariski dense set of points from Og(P).

As all of these data are defined over a finitely generated extension of Q, by
choosing an appropriate rational prime p we may assume that G € Z,[z1, ..., zy, Y]
and that each )\; is a nonzero p-adic number.

Let us write \; = w; expp(,ul-) where w; is a (p — 1)*® root of unity and exp, is
p-adic exponential function. The function z — A7 is p-adic analytic on each coset of
N + pZ, of Z, (where N € Z) and is given by the formula z — w™¥ exp(u;(z — N)).
Hence, the function g : Z, — Z,, given by g(z) := G(\},..., A%, 2) is itself analytic
on each coset of pZ,.

From our hypotheses, g vanishes on infinitely many natural numbers, and thus,
because it is piecewise analytic, on some coset of pZ,. Thus, on some coset of pZ,
the series expansion for g is identically zero.

Let H(z1,...,Tn,y) = % +>0 uiXig—g.

Differentiating, we see that ¢'(z) = H(A},..., A%, z). That is, H also vanishes
on an infinite subset of Og(P) and is therefore an element of the ideal generated
by G. So, there is a number a with H = aG.

Let us write G in multi-index notation as G(X,y) = > cnr jen G jz'y?. Then
we compute that H(X,y) = 3y jen((Cimy #ili)Grj + (5 + 1)Grjp1)a’y’.

As Y is not horizontal, there must be some nonzero multi-index I for which
there is some j with G ; # 0. Choosing j maximal with this property we have
(i mili)Gr; = aGr ;. If a = 0, then we obtain a nontrivial linear dependence
amongst the u;’s contrary to the multiplicative independence of the \;’s. In any
case, as Y is irreducible, there must be some other multi-index K (possibly an n-
tuple of zeros) for which there is some ¢ with G ¢ # 0. Again choosing ¢ maximal

)th
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with this property we deduce the >, u; K; = a. Hence, >\, pu;(I; — K;) =0 is
a nontrivial linear dependence. With this contradiction we conclude the proof. [

Our calculations in the case of linear dynamics yield the following proposition.

Proposition 4.3.4. Let ® : A" — A™ be given by (x1,...,2n) — (P1(x1), ..., Pn(zy))
where each ®; is linear. Let v be the dimension of the Zariski closure of the sub-
group of GL,, generated by (®1,...,®,). Then there is an isomorphism of ADs
O: (A", ®) — (A", ¥) x (A" ",id) and the irreducible ®-invariant varieties are ex-
actly those of the form ©~Y(V x Y) where V. C A" is an intersection of coordinate
hyperplanes and Y is any irreducible subvariety of A"~ ",

Let us put all of these observations together into a refinement of Proposition[4.3.2]

Theorem 4.4. Suppose that polynomials ®; are linear for 1 < i < a, skew-
conjugate to monomials and Chebyshevs of degree > 2 for a +1 < i < b, and
none of those for b < i < n and that ® : A™ — A" is given by (z1,...,2,) —
(P1(zi), ..., Pn(xn)). Then any irreducible difference subvariety of (A™, ®) is of
the form AN BN C, where A = Ay x A% B = A® x By x A" and each of
A, B and C is a difference subvariety. Moreover:

o Ag is described by Proposition [{-34}

e By is a quotient by a finite group action of a translate of an algebraic torus.

e Co is a component of [\, pcicj<n ﬂ'z-fjlmyj(co) and m; ;(Co) is a point, a
line, or a curve described by Theorem [3.7].

5. APPLICATIONS

In this section we use the results from Section M to answer some open questions
about the model theory of difference fields and the arithmetic of algebraic dynamical
systems.

5.1. Trivial minimal sets in ACFA. This section is intended mainly for logi-
cians.

In this section we work in a sufficiently saturated model (L, o) of ACFA(. For
a polynomial f we write f¥ for {a € L : o(a) = f(a)}. For a 1-type p over some
small substructure of L we write p € f* to mean that the formula o(z) = f(z) is an
element of the type p, or, equivalently, that for any realization a = p one has a € f*.
Whenever we say that some property P of a polynomial is definable we mean that
for each natural number d, the set {(ao,...,aq) : E?:o a;x" has property P} is a
definable set.

Theorem [£.4] allows us to describe the structure of trivial minimal sets of the form
(A, f)f for a trivial polynomial f. In particular, we try to answer two questions
definably:

Problem 5.0.1. (1) Given f, for what g are there non-orthogonal types p € f*
and q € g*?
(2) Given p € f* and q € g*, are they non-orthogonal?

Another theorem from the first author’s thesis translates these questions into
the language of this paper:
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Theorem 5.1. If p(x) € f* is non-orthogonal to q(y) € g*, then there are polyno-
mials m, p, and h such that

7:ht = P and p: bt — ¢t
and the formula 0(x,y) := (3zm(2) = x A p(2) = y) witnesses nonorthogonality.

Conversely, it is easy to see that given such h, 7, and p, any p € f* and ¢ € ¢*
are non-orthogonal as long as

(Fzm(z) =x Ao(z) = h(z)) € p and

(Fzp(z) =y Ao(z) = h(2)) € q
Otherwise, there might or might not be some other formula witnessing non-
orthogonality between p and q.
Thus, the questions we need to answer are

Problem 5.1.1. (1) Given f, for what g are there h, 7, p such that 7w : h¥ — f1
and p: ht — gt?
(2) Given f and g, what are the possible h, 7, p such that = : h* — f* and
p:ht— gh?

As was mentioned above, morphisms of the form fO" : (A, f) — (A, f)
prevent the definability of answers, to the first question if f is not over the fixed
field of any power of o, and to the second question if f is over some power of
o. However, it follows from Theorem [£4] that these are the only obstructions.
Furthermore, this is an obstruction to question [B.0.T12 if p is also defined over some
fixed field. In particular, if f is not over any fixed field, there are only finitely many
definable finite-to-finite correspondences from f to itself, so the model-theoretic
algebraic closure on f¥ is finite.

Lemma 5.1.1. The following properties of two trivial polynomials f and g of the
same degree are first-order definable in ACFA:

Ja,bf =boa and g=boa’
FhIN, M <2-deg f(Pyyoh=foPy and Pyoh=go Py) or
(Cppoh=foCy and Cxoh=goCy)
If f is defined over the fized field of ¢™ for some m, Ing = f(°") is also definable.

Lemma 5.1.2. For fized trivial polynomials f and g of the same degree, the fol-
lowing properties of a pair of points A € f* and B € g* are definable:

Ja,bf =boa and g="boa’ and B = a(A)

3h3IN,M < 2-deg f(Pyyoh = fo Py and Py oh = go Py and AN = BM) or

(Crpyoh=foCy and Cyoh =goCy and Cn(A) = Cn(B))

If f is not defined over the fized field of c™ for any m, then there is at most one
n such that g = O, so

Ing= ") and B = fO”(A)

is also definable.
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Note that for the last items in both lemmata, the requirement on f is not only suf-
ficient but also necessary: otherwise, there is a countable family of almost-disjoint
difference subvarieties of (A2, f x g)¥ so definability would produce an infinite
definable family of such, contradicting triviality. Combining these lemmata with
Theorem B.4] gives:

Proposition 5.1.1. For a fized trivial f, the property “g X f” is definable if and
only if f is defined over the fixed field of o™ for some m.

For fized trivial f and g with f [ g the property “A € f* and B € g¢* and
B € acl(A)” is definable if and only if f is not defined over the fized field of c™ for
any m.

Here acl(A) is the model-theoretic algebraic closure of AUk where k is a small
model of ACFA over which everything is defined.
A special case f = g of the second part of the proposition gives

Corollary 5.1.1. For a generic A € f*, acl(A) N f* is finite if and only if f is not
defined over the fized field of o™ for any m.

In another direction, using Proposition 1.1 in [7] we show that these trivial
minimal sets are in fact strongly minimal:

Proposition 5.1.2. For f a nonlinear polynomial the minimal set f¥ is strongly
minimal unless (L% o f o L™Y)(z) = z* - u(x)? for some prime p, some integer k,
and some linear polynomial L, and o(¢) = ¢* for some primitive pth root of unity
C. In that case, it is a finite union of strongly minimal sets.

Proof. With an easy computation of ramification indices one deduces from Propo-
sition 1.1 in [7] that any infinite-coinfinite subset S of f¥ is defined by “IB €
g* m(B) = A” for some polynomials 7 and g such that 77 o g = f o 7. Our com-
putations show that it suffices to show that this is impossible in the case that 7 is
indecomposable, and that 77 og = fow either is a single skew-twist, or comes from
Theorem 3.3

In the first case, we show that = : gf — f% is onto , so S = f* is not coinfinite.
Indeed, in this case f = pon® and g = p o for some p. Given A € fF, let
B :=0"'(p(A)). Note that p is a morphism of o-varieties from f¥ to (¢7)* because
g° = p® on?. Then p(A) € (¢°)%, so B € g*. On the other hand, n(B) =
m(01(p(A))) = oL (x(p(A)) = o~ (f(4)) = A. )

In order for the second case to be relevant, we must have f(z) := (L7 o f o
LY (x) = ¥ - u(z)? for some prime p, some integer k, and some linear polynomial
L. To lighten notation, we work with f instead of f. Then n(z) = 2 and g(z) =
ok u(zP). If A € f* then o must take points in the fiber of m above A to the
points in the fiber of 77 = 7 above f(A). Fix some B € 7 1(A) and a primitive
pth root of unity ¢, and note that g(B) is in the fiber of 7 = 7 above f(A4). So
o(B) =n- g(B) for some pth root of unity 7.

What happens with other points in the 7-fiber above A? Note that 7—1(A) =
{¢*B}i<k for some primitive pth root of unity ¢, and that g(¢'B) = (¢'B)* -
u((CiB)P) = C*g(B) while o(C' - B) = o(C') - o(B), so

o(' - B) = ("(f%g(ci B)
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If Ug(,f) is a primite pth root of unity, we can find 7 such that (‘T(g# =1 and
then ¢ - B € 7= (A) N g* shows that 7 : gf — f* is onto.

Otherwise, the % = 1, and all points in 7~!(A) belong to (1 - ¢)%, so the
formulae “IB € (n - g)f such that B? = A” define p disjoint infinite coinfinite
subsets of ff, one for each pth root of unity 7.

However, this can only happen finitely many times, as each time the out-degree
of g is strictly less than the out-degree of f. (|

5.2. Density of dynamical orbits. In this section we apply Theorem [£4 to
deduce a version of a conjecture of Zhang on the density of dynamical orbits.
Let us recall Zhang’s conjecture.

Conjecture 5.2 (Conjecture 4.1.6 of [21]). Let K be a number field and f : X — X
a polarizable dynamical system over K. Then there is point a € X (K9) algebraic
over K whose forward orbit Of(a) := {f°"(a) : n € Z4} is Zariski dense in X.

The dynamical systems we have been considering, namely, (A", ®) given by
coordinatewise univariate polynomials as above, do not fit Conjecture as stated
for a couple of reasons. First, as A™ is affine, no dynamical system on A™ can be
polarized. More seriously, even if we pass to a projective closure, the hypothesis of
polarizability forces all of the polynomials involved to have the same degree. We
shall prove that there are dense orbits without these restrictions.

In light of our results and a geometric version of Conjecture due to Amerik
and Campana [I], we propose a more general conjecture on the density of dynamical
orbits.

Conjecture 5.3. Let K be an algebraically closed field of characteristic zero, X
an irreducible algebraic variety over K, and ® : X — X a rational self-map. We
suppose that there does mot exist a positive dimensional algebraic variety Y and
dominant rational map g : X — Y for which g o ® = g generically. Then there is
some point a € X (K) with a Zariski dense forward orbit.

We shall prove the instance of Conjecture [£.3]in which X is affine space and ®
is given by a sequence of univariate polynomials.

Theorem 5.4. Let K be a field of characteristic zero, f1,...,fn € Klx] non-
constant polynomials over K in one variable. Suppose that the linear polynomials
amongst the f;’s are independent in the sense that if f; are linear for i € I C
{1,...,n} then the Zariski closure of the subgroup of GL7 generated by (f;)icr has
dimension |I|. Let ® : A% — A} be given by (x1,...,zn) — (fi(z1),..., falza)).
Then there is a point a € A™(K) for which Og(a) is Zariski dense.

Remark 5.5. As one sees from the proof, in some sense almost every point in A" (K)
has a Zariski dense orbit. We do not pursue the issue of giving a quantitative
treatment of this observation.

Remark 5.6. As the reader will see, the notion of independence is exactly what is
required for Theorem [5.4] to holds for a sequence of linear polynomials. We do not
pretend that the inclusion of linear polynomials in this statement is deep, but we
have included them as there is little extra work involved in doing so and they round
out the statement.
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Remark 5.7. Theorem [5.4l may be read as saying that there are points a € A™(K)
having the property that for no positive integer N is ®°V(a) contained in any
proper difference subvariety of (A", ®) when K is treated as a difference field with
o = idg. In fact, we will prove Theorem [5.4] by explicitly describing the irreducible
difference subvarieties of (A", ®°M) for all M € Zy and then observing that there
are points in A"(K) whose forward orbits miss all such difference subvarieties.

We prove Theorem [5.4] as a consequence of a number of simple lemmata.

Lemma 5.7.1. Let f : X — X be an algebraic dynamical system over some field
K with X being irreducible. A point a € X (K) has a Zariski dense forward orbit
if and only if there is no natural number m and proper f-invariant subvariety (not
necessarily irreducible) of X containing f°™(a).

Proof. For any point a € X(K), as f(Os(a)) = Of(f(a)) C Of(a), for m > 0 the
variety Of(f°™(a)) is an f-invariant subvariety of X. Hence, if O(a) is not Zariski
dense in X, then O;(f°™(a)) is a proper f-invariant subvariety of X. Conversely, if
fo(a) €Y C X and Y is f-invariant, then O(a) CY(K)U{f°"(a) : 0 <i < m}
so that Of(a) CY U {f°(a):0<i<m}C X. O
Lemma 5.7.2. If f : X — X is an algebraic dynamical system over some field
K, X is irreducible, and a € X (K) has a Zariski dense forward orbit, then for any

m € Zy, X = Opom(a)

Proof. Fori=0,...,m—1,let Z; :== Oom (f°(a)). Thenas Os(a) = /"y Ofom (£ (a)),
we have X = UZ_Ol Z;. Hence, X = Z; for some i. As X has a dense f-orbit, the
map f : X — X is necessarily dominant (otherwise, Os(a) C {a} U f(X) € X).
As f maps Z; t0 Zj11 (mod m), we must have X = Z; for all j. In particular,

X = ZQ = Ofom (a) [l

Lemma 5.7.3. Suppose that f : X — X and g : Y — Y are algebraic dynamical
systems over the field K, (X, f) L (Y,g), and that there are rational points a €
X(K) and b € Y(K) with Of(a) = X and Oy(b) =Y. Then O g (a,b) = X x Y.

(
Proof. Let Z := O 4 (a,b) be the Zariski closure of the forward (f,g)-orbit of
(a,0). As (f,9)(Oy,)(a,b)) € Os,4)(a,b), the variety Z is (f,g)-invariant. As
(X,f) L (Y,g), Z must be a finite union of varieties of the form A x B where
A C X is fo-invariant for some m and B C Y is g°*-invariant for some £. Taking
a common multiple, we may assume that all such A and B are invariant for the
same iterate m of f or g, respectively. Let A x B be a component containing (a, b).
By Lemma 572 X = Om(a) CAC X and Y = Oym(b) C B C Y. Hence,
XxY:O(f)g)(a,b). [l

The next few lemmata (Lemma 574 Lemma B78 and Lemma B8] are all
well-known, but we include them for completeness.

Lemma 5.7.4. If f1,..., fn € K[x] are independent linear polynomials over a field
K of characteristic zero, then there is a point a € A"(K) for which Oy, .. .y(a)
is Zariski dense in A™.

Proof. After amaking a linear a transformation, we may assume (f1(x), ..., fu(z)) =
M1, Anxn) or (f1(x),..., fu(x)) = (Mx1,. .., Ap—1Zn—1,Zn + 1) where the



64 ALICE MEDVEDEV AND THOMAS SCANLON

Ai’s are multiplicatively independent. By Lemma [£31] relative to this presenta-
tion, any a € GI (K) will do. O

Lemma 5.7.5. If Ny,..., N, € Z, are positive integers each greater than one and
K is a field of characteristic zero, then here is a point a € (K*)" = G (K) with a
dense f-orbit where f: G — G?, is given by (x1,...,2,) — (xV', ... zNn).

Proof. As we noted above each f-invariant variety is a union of translates of al-
gebraic subgroups of G2, by torsion points. Thus, by Lemma 5.7l we need only
find a point a € G, (K) which does not belong to any translate of an algebraic
subgroup by a torsion point. Simply take a = (aq,...,a,) so that the multiplica-

tive group generated by ai,...,a, has rank n. For example, let these points be
n distinct rational primes. The unique factorization theorem for Z says that this
choice works. (|

Remark 5.8. In Lemma [E.7.5 it is not true that every translate by a torsion point
of an algebraic torus is invariant.

Lemma 5.8.1. If Ny,..., N, € Zy are positive integers each greater than one,
t <n, and K is a field of characteristic zero, then there is a point b € A"(K) with
a dense g == (Cny,...,Cn,, Pn,.., PN, )-orbit.

Proof. Let a € GI'(K) be a point with a dense (Pu,,..., Py, )-orbit given by
Lemmal5.7.5 Themaph : (G?na (PNla"'van)) — (An, (ONla---7CNt;PNt+17"'7PNn))
given by (z1,...,2,) — (x1 + mll,...,xt + mlt,xtﬂ,...,xn) is a dominant map of

dynamical systems. Hence, if we set b := h(a), we have O,4(b) = A". O

Lemma 5.8.2. Let K be a field of characteristic zero and f and g two polynomials
over K of degree at least 2 neither of which is linearly conjugate to a monomial or
a Chebyshev polynomial. Suppose that R C K is a subring of K over which some
decompositions

f=fro---ofi and g = gro---0g1 are defined and over which each of the leading
coefficients of the polynomials in the decompositions is a unit. Then if C C A% is
an (f°™, g°™)-invariant curve for some m € Zy and (a,b) € C(K) with a € R,
then b is integral over R.

Proof. This follows immediately from Theorem 3.4l The curve C' is a component
of a composite of correspondences coming encoded by the 3 and ¢ operators for
the decomposition of f, hence as graphs of the given components of f and their
converse relations, algebraic tori, and then skew twists of the decomposition of
g°™, each of which is given by a polynomial over R. Following a through these
correspondences we see that in each step either we apply a polynomial defined over
R (and thus maintain integrality over R) or we extract a root to an equation of the
form h(xz) = ¢ where c is integral over R and h is a polynomial over R with a unit
as leading coefficient. O

Lemma 5.8.3. Let K be a field of characteristic zero and f1,...,fn, € K[z] a
sequence of monconstant polynomials over K. We assume that each f; has degree at
least two and is not linearly conjugate to a Chebyshev polynomial or to a monomial.
Then there is a rational point a = (a1, ...,an) € A"(K) with a dense (f1,..., fn)-
orbit.
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Proof. Let R C K be some finitely generated subring over which complete decom-
positions of each f; are defined and the leading coeflicient of each indecompos-
able factor is a unit. We argue by induction on 7 that we can find some finitely
generated ring B containing R and contained in K for which there is a point
(a1,...,a;) € A"(B) with Oy, . f,(a) Zariski dense in A’. In the case of i = 1,
the result follows by height considerations (for example, by embedding R C C if we
take a € R with |a| > 0, then lim,, .o fy(a) = oo so that, in particular, a is not
preperiodic).
In the inductive case, we have (ay, ..., a;) € AY(B) with a Zariski dense (f1, ..., f;)-

orbit. Let a;11 € K be any element of K which is not integral over B. Then for
every m, f°"(an+1) is also non-integral so by Lemma (o™ (aj), fo(ai41))

does not belong to any (fi™, f1)-invariant curve. By triviality, it follows that
(ff™(a), ..., f2l1(a)) does not belong to any (ff™,..., f)-invariant variety. [

Combining these lemmata and with Theorem .4 we conclude that Theorem [5.4]
is true.

5.3. Difference equations for Frobenius lifts. In this section we observe that
for dynamical systems lifting the Frobenius, one can capture the periodic points
with a difference equation. Consequently, our results on the structure of difference
varieties imply strong restrictions on the algebraic relations among the periodic
points of such dynamical systems.

In what follows, K is a field with a valuation v, ring of integers R := {x € K :
v(z) > 0}, maximal ideal m := {x € R : v(z) > 0}, and residue field k := R/m
of characteristic p > 0. We assume that ¢ : K — K is an automorphism lifting
the p-power Frobenius in the sense that v(o(z)) = v(z) for all z € K and o(z) =
2P mod m for x € R. We assume moreover that K is maximally complete and
algebraically closed. The results we prove about periodic points descend from K
to subfields, so the reader may comfortably drop these last two hypotheses, but
some of our intermediate results require at least completeness. Ultimately, we shall
assume that K has characteristic zero, but for now, this is not necessary.

If X is a scheme over R, then we write X, for the base change of X to k£ and
X, for the base change of X to K. We write 7 : X(R) — Xo(k) for the natural
reduction map.

With Theorem we show that difference equations given by liftings of the
Frobenius give dynamical Teichmiiller maps. Towards the end of this section we
specialize to the case of dynamical systems given by sequences of univariate poly-
nomials and thereby deduce form our earlier work that algebraic relations amongst
periodic points of such systems are highly restricted.

Theorem 5.9. Let X be a separated scheme of finite type over R. We assume that
X is smooth over R. Suppose that ' C X x X7 is a closed subscheme of X x X°
for which the projection I' — X is étale. Suppose moreover that g = p™ is a power
of p and T lifts the Frobenius in the sense that some component of the special fibre
T'g is the graph of the geometric q-power Frobenius morphism F : Xg — Xéq). Then
the reduction map 7 : X (R) — Xo(k) restricts to a bijection between (X,T)*(R, o™)
and Xo(k).

Proof. To ease notation let us write p := o™.
Let us first show that 7 : (X,T)*(R, p) — Xo(k) is surjective. Let a € Xo(k) be
any k-rational point on Xy. Pick any point @ € X (R) with n(a@) = a. From the
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hypothesis that X is smooth over R, we may fix an étale covering f : U — A where
a€U(R), U C X is an affine open subset and f(a) = 0. Note that f7 : U7 — A}
gives analytic coordinates on X7 near o(a).

As T — X is étale, the set (f x fo)(I(R) N7~ Ya} x (7)) H{F(a)}) is the
graph of an analytic function g : m™ — m™ where g(z1,...,2y,) = (21,...,2%)
mod m - R[[z1,...,%m]]. That we can find a solution to g(x) = o(x) follows from
Newton’s method (see [I9] in this context).

That is, if for some v > 0 we have a solution to g(z) = o(z) mod I, where
L, :={x € R:v(x) > v}, we can find some 2’ with x = 2’ mod I, but g(z) = o(x)
mod I+ := {z € R:v(z) >~} and then taking limits we find a true solution with
in the given neighborhood. In our case, we already know that g(0) =0 mod m =
Ip+. Given an approximate solution z, suppose that g(z) = o(x) mod I, with
v > 0. Let € € R with v(e) = v. We seek to find 2/ = x + ce with ¢ = (¢1,...,¢m)
and v(c;) > 0 for each i. We have g(z + ce) = g(z) + >, aa_j?i(x)ce + 2% =
g(x) mod L+ as aa—)i(X) = ¢X! mod mR[[X,...,X,]]. On the other hand,
o(x +ce) =o(x) +o(c)o(e) = o(x) + (cf,...,cl)o(e) mod I,+. Subtracting, we
need only solve o(€)(c{,...,cl) = g(x) — o(x) mod I,+ . By hypothesis, each
component of g(z) — o(x) has valuation at least v = v(o(e). As k is perfect, we
may solve these equations.

These calculations demonstrate that the restriction of 7 to (X,T)*(R, p) is in-

jective as well since the solution ¢ = (¢1,...,¢y,) is uniquely determined modulo m.
Since we know the residue of the solution, this shows that the reduction map is
injective. (I

Corollary 5.9.1. With X and T' as in Theorem [5.9, for any natural number N
one has (X, (R, p) = (X, T*N)¥(R, p).

Proof. A composite of étale extensions is étale. Hence, the hypothesis of Theo-
rem 59 apply to X, I'°Y, and mN. So, 7 : (X,T°M)¥(R,p") — Xo(k) is also a
bijection. As (X,T)#(R, p) C (X, T°N)4(R, pV), these sets must be equal. O

Specializing I' somewhat, we may use Theorem to find a difference equation
for periodic points.

Theorem 5.10. Let X be a separated scheme of finite type over R, smooth over R
and f: X — X a morphism lifting the ¢ = p™-power Frobenius. Let p := c™. We
assume that f = fP and X = XP. Then every f-periodic R-rational point belongs
to (X, f)*(R, p).

Proof. Let b € X(R) be an f-periodic point of order M. There are only finitely
many solutions to f°M(x) = x (as, for instance, this is true on the special fibre).
Hence, p™V(b) = b for some N > 0. Thus, b satisfies pM¥ (z) = foMN(z). That is,
be (X, fPMNYYR, pMN) which is (X, f)*(R, p) by Corollary (.01 O

Remark 5.11. Theorem[5.I0holds for f analytic. This observation yields interesting
information in the case that X is a moduli space of abelian varieties, I' C X x X is
a p-power Hecke correspondence, and f : X — X (or, really, f is defined on some
dense open subset) is a branch of T" lifting the Frobenius. In this case, the difference
equation captures the canonical lifts. (See [I§] for more details.)

Remark 5.12. If in Theorem B.10] we assume that k = Fglg, then as every point in
X (k) is f-periodic, every point in (X, f)*(R, p) is f-periodic.
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Remark 5.13. This method of obtaining interesting difference equations for peri-
odic points by lifting equations on the Frobenius has been used in the study of
Manin-Mumford questions [IT, [16]. When more structure (for instance, a group)
is available, then more complicated equations beyond simply f(x) = o(z) may
be used to give deeper information. We expect that these equations in the more
general dynamical context will be useful, but we have not pursued this issue.

Let us conclude by specializing to the case of sequences of univariate polynomials.

Theorem 5.14. Let ¢ = p® be a power of p. We suppose that K has charac-
teristic zero. Let fi,...,fn € R[x] be polynomials with f;(z) = 2P mod mR[z]
for each i < n. We suppose that for some m > 0 each f; = ffm for each i. If
X C A% is an irreducible subvariety containing a Zariski dense set of points of
the form (C1,...,¢n) where §; € R is f;-periodic, then X is a difference subvariety
of (A™, (f™,...,fo™)) and has the shape described in Section [Z.2.  Moreover, if
deg(f;) = q for each i, then we may replace the hypothesis “(; € R” by (; € K.”

Proof. By Theorem [B.I0 the (fi,..., fn)-periodic points in A"(R) are all con-
tained in (A", (fo™, ..., fS™)¥(R,c"™). Hence, if X contains a Zariski dense set
of periodic points from A™(R), then X N (A", (f™, ..., fS™)4(R, ™) is Zariski
dense in X implying that X is a difference subvariety of (A", (f2™, ..., fo™)). The
description of X now follows from our description of such difference varieties.

For the “moreover” clause observe that if deg(f;) = ¢, then every f;-periodic
point is integral over R, and, hence, actually an element of R as R is integrally
closed in K. (]

Remark 5.15. Further specializing Theorem [5.I4] one obtains statements about
algebraic relations amongst the periodic points of polynomial without reference to
valuations. For example, let ¢ be a power of a prime number p. Suppose that
f(z) = 27 4 pg(x) where g(z) € Z[z] and deg(g) < ¢. Suppose moreover that
f is not linearly conjugate to a monomial or a Chebyshev polynomial and that
f is not a compositional power. Then every irreducible variety X C A which
contains a Zariski dense set of n-tuples of f-periodic points is defined by a sequence
of equations of the form f(z;) = z; or f(z;) = a for a some fixed f-periodic point.

The remark is true because all compositional factors of f have degree a power of
p. In particular, no two have relatively prime degrees, so no Ritt swaps are possible
amongst them.
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