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Introduction

An idea that became unavoidable to study zero entropy symbolic dynamics is
that the dynamical properties of a system induce in it a combinatorial structure.
The first use of this approach was in the works of Morse and Hedlund [MH38;
MH40], where Sturmian sequences were studied based on a structure given by
what the authors called derivative sequences. As the theory developed, more
examples like this one emerged. Relevant ones include substitutive and linearly
recurrent subshifts [DHS99], Toeplitz systems [GJ00], (natural codings of) in-
terval exchange transformations [GJ02], dendric sequences [GL22] and general
minimal subshifts [HPS92].

In this thesis, we investigate these combinatorial structures under two ap-
proaches. The first one assumes a given combinatorial structure and focuses on
studying the dynamical properties of the systems supporting such a structure.
We will consider finite topological rank systems, a class of systems possessing
two desirable but opposite properties: It is a large class and contains most of
the known zero entropy symbolic systems, yet it presents strong dynamical re-
strictions. Thus, the finite topological rank class provides a good framework
for proving general and interesting theorems. We exploit this idea by studying
automorphisms and symbolic factors of finite topological rank subshifts. Sev-
eral theorems, describing rigidity properties for these objects, are obtained in
Chapters 2 and 3.

The second approach consists of finding new combinatorial structures for
systems of interest. We study one of the major questions in this direction -the S-
adic conjecture, which asks for a structure theorem for linear-growth complexity
subshifts. In the final chapter, we solve this conjecture and, furthermore, extend
it to nonsuperlinear-growth complexity subshifts. An important consequence of
our results is that these complexity classes gain access to the S-adic machinery.
We show how this provides a unified framework and simplified proofs of several
known results, including the pioneering 1996 Cassaigne’s Theorem.

We will now discuss the thesis topics in more detail.

Basic terminology

Let us briefly review the modern standard for describing symbolic systems and
their structures. An alphabet is a finite set A and a word is a finite concatenation
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8 INTRODUCTION

of letters, i.e., elements of A. The full-shift on A is the set A% endowed with the
product topology of the discrete topology of A. We define the shift as the map
S: A2 — A% defined by (zn)nez = (Tnt1)nez- A symbolic system or subshift is
a closed subset X of A” such that S(X) = X. We will mostly consider minimal
subshifts X, that is, such that {S™x : n € Z} is dense in X for all z € X.

A substitution is a map 7: AT — B that substitutes the letters a; of a
word w = aj ...ag by 7(a;). Then, a sequence of substitutions 7 of the form
(Tnt At 1 = Al)n>o is called an S-adic sequence and generates a subshift
X, C A% given by requiring that € X, if and only if, for all £ > 0, T[_g,0)
oceurs in 797y ... Tp—1(a) for some n > 1 and a € A,.

Finite topological rank systems

An ordered Bratteli diagram is an infinite directed graph B = (V| E, <) such
that the vertex set V and the edge set E are partitioned into levels V' =
VouWiu..., E = EyU... so that F,, are edges from V1 to V,, Vj is a
singleton, each V,, is finite and < is a partial order on E such that two edges
are comparable if and only if they start at the same vertex. The order < can
be extended to the set Xp of all infinite paths in B, and the Vershik action
Ve on Xp is defined when B has unique minimal and maximal infinite paths
with respect to <. We say that (X, Vp) is a BV representation of the Cantor
system (X, S) if both are conjugate. Bratteli diagrams are a tool coming from
C*-algebras that, at the beginning of the 90’, Herman et. al. [HPS92] used to
study minimal Cantor systems. Their success at characterizing the strong and
weak orbit equivalence for systems of this kind marked a milestone in the theory
that motivated many posterior works. Some of these works focused on studying
with Bratteli diagrams specific classes of systems and, as a consequence, many
of the classical minimal systems have been characterized as Bratteli-Vershik
systems with a specific structure. Some examples include odometers as those
systems that have a BV representation with one vertex per level, substitutive
subshifts as stationary BV (all levels are the same) [DHS99], certain Toeplitz
sequences as “equal row-sum” BV [GJ00], and (codings of) interval exchanges
as BV where the diagram codifies a path in a Rauzy graph [GJ02]. Now, almost
all of these examples share certain coarse dynamical behavior: they are sub-
shifts, have finitely many ergodic measures, are not strongly mixing, have zero
entropy, and their BV representations have a bounded number of vertices per
level, among many others. It turns out that just having a BV representation
with a bounded number of vertices per level (or, from now on, having finite
topological rank) implies the previous properties (see, for example, [BKMS13],
[DMO8]). In particular, finite topological rank systems are subshifts. Hence, the
finite topological rank class arises as a possible framework for studying minimal
subshifts and proving general theorems.

This idea has been exploited in many works: Durand et. al., in a series
of papers (being [DFM19] the last one), developed techniques from the well-
known substitutive case and obtained a criteria for any BV of finite topological



rank to decide if a given complex number is a continuous or measurable eigen-
value, Bezugly et. al. described in [BKMS13] the simplex of invariant mea-
sures together with natural conditions for being uniquely ergodic, Giordano et.
al. bounded the rational rank of the dimension group by the topological rank
([HPS92]), among other works. It is important to remark that these works were
inspired by or first proved in the substitutive case.

Now, since Bratteli-Vershik whose topological rank is at least two are con-
jugate to a subshift [DMO08], it is interesting to try to define them directly as
a subshift. This can be done by codifying the levels of the Bratteli diagram as
substitutions and then iterate them to obtain a sequence of symbols defining a
subshift conjugate to the initial BV system. This procedure also makes sense
for arbitrary nested sequences of substitutions (called directive sequences), inde-
pendently from the Bratteli diagram and the various additional properties that
its codifying substitutions have. Subshifts obtained in this way are called S-adic
(substitution-adic) and may be non-minimal (see for example [BSTY19)).

Although there are some open problems about finite topological rank systems
depending directly on the combinatorics of the underlying Bratteli diagrams,
others are more naturally stated in the S-adic setting (e.g., when dealing with
endomorphisms, it is useful to have the Curtis—Hedlund—Lyndon Theorem) and,
hence, there exists an interplay between S-adic subshifts and finite topological
rank systems in which theorems and techniques obtained for one of these classes
can sometimes be transferred to the other. The question about which is the
exact relation between these classes has been recently addressed in [DDMP21]
and, in particular, the authors proved:

Theorem 1 ([DDMP21)). A minimal subshift (X,S) has topological rank at
most K if and only if it is generated by a proper, primitive and recognizable
S-adic sequence of alphabet rank at most K.

In Chapters 2 and 3, we will use the S-adic formalism to study automor-
phisms and factors of finite topological rank systems.

Automorphisms

Let X be a subshift. The automorphism group of (X, S), Aut(X,S), is the set
of homeomorphisms from X onto itself that commute with S. The study of
the automorphism group of low complexity subshifts (X, .S) has attracted a lot
of attention in recent years. By complezity, we mean the increasing function
px: N — N which counts the number of words of length n € N appearing in
points of the subshift (X, .S). In contrast to the case of non trivial mixing shifts
of finite type or synchronized systems, where the algebraic structure of this
group can be very rich [BLR88; KR90; FF96], the automorphism group of low
complexity subshifts is expected to present high degrees of rigidity. The most
relevant example illustrating this fact are minimal subshifts of non-superlinear
complexity, where the automorphism group is virtually Z [CK15; DDMP16]. In-
terestingly, in [Sall7] (and then in [DDMP16] in a more general class) the author
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provides a Toeplitz subshift with complexity px(n) < Cn'757, whose automor-
phism group is not finitely generated. So some richness in the algebraic structure
of the automorphism groups of low complexity subshifts can arise. Other low
complexity subshifts have been considered by Cyr and Kra in a series of works.
In [CK16b] they proved that for transitive subshifts, if lﬁglirgcf)px(n)/nz =0,

then the quotient Aut(X,S)/(S) is a periodic group, where (S) is the group
spanned by the shift map; and in [CK16a] for a large class of minimal subshifts
of subexponential complexity they also proved that the automorphism group is
amenable. All these classes and examples show that there is still a lot to be
understood on the automorphism groups of low complexity subshifts.

In Chapter 2, we study the automorphism group of minimal S-adic subshifts
of finite or bounded alphabet rank. This class of minimal subshifts is somehow the
most natural class containing minimal subshifts of non-superlinear complexity,
but it is much broader, as was shown in [DDMP16; DDMP21]. Moreover, this
class contains several well studied minimal symbolic systems. Among them,
substitution subshifts, linearly recurrent subshifts, symbolic codings of interval
exchange transformations, dendric subshifts and some Toeplitz sequences. Thus,
this class represents a useful framework for both, proving general theorems in
the low complexity world and building subshifts with interesting dynamical
behavior. The descriptions made in [BKMS13] of its invariant measures and in
[DFM19] of its eigenvalues are examples of the former, and the well-behaved S-
adic codings of high dimensional torus translations from [BST20] is an example
of the latter.

The main result of Chapter 2 is the following rigidity theorem:

Theorem 2. Let (X,S) be a minimal S-adic subshift given by an everywhere

growing directive sequence T = (Tp: Aiﬂ — Ab)n>0. Suppose that T is of

finite alphabet rank, i.e., lim_iirnf #A, < +oo. Then, Aut(X,S) is virtually Z.
n—-+0oo

A minimal S-adic subshift of finite topological rank, as stated in [DDMP21],
is defined as an S-adic subshift in which the defining directive sequence 7 is
proper, primitive, recognizable and with finite alphabet rank. In particular, 7 is
everywhere growing. Therefore, Theorem 2 includes all minimal S-adic subshifts
of finite topological rank. Also, in the same paper, the authors prove that
minimal subshifts of non-superlinear complexity are S-adic of finite topological
rank. Thus, Theorem 2 can be seen as a generalization to a much broader class
of the already mentioned results from [CK15] and [DDMP16]. Finally, by results
stated in [DDMP16], Theorem 2 also applies to all level subshifts of minimal
Bratteli-Vershik systems of finite topological rank and its symbolic factors.

The proof of Theorem 2 follows from a fine combinatorial analysis of asymp-
totic classes of S-adic subshifts of finite alphabet rank. This idea already ap-
peared in [DDMP16], where the authors prove that the automorphism group
of a minimal system is virtually Z whenever it has finitely many asymptotic
classes. The following theorem summarizes this combinatorial analysis.

Theorem 3. Let W C A" be a set of nonempty words and define (W) =
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mi};lv length(w). Then, there exists B C AW) with #B < 122(#W)" such that:
we

if z,2' € A” are factorizable over W, T(—o0,0) = ;1:2_00 0) and xg # xf, then
Z[-(w),0) € B.

Here, the important point is that, despite the fact that the length of the
elements in B is (W), the cardinality of B depends only on #W, and not on

Finally, we get a bound for the asymptotic classes of an S-adic subshift of
finite alphabet rank. This result does not require minimality.

Theorem 4. Let (X, S) be an S-adic subshift (not necessarily minimal) given
by an everywhere growing directive sequence of finite alphabet rank K. Then,
(X, S) has at most 122K" asymptotic classes.

Factors

In the context of finite topological rank systems, a fundamental question is the
following:

Question 1. Are subshift factors of finite topological rank systems of finite
topological rank?

Indeed, the topological rank controls various coarse dynamical properties
(number of ergodic measures, rational rank of dimension group, among others)
which cannot increase after a factor map, and we also know that big subclasses
of the finite topological rank class are stable under symbolic factors, such as the
linearly recurrent and the non-superlineal complexity classes [DDMP21], so it
is expected that this question has an affirmative answer. However, when trying
to prove this using Theorem 1, we realize that the naturally inherited S-adic
structure of finite alphabet rank that a symbolic factor has is never recogniz-
able. Moreover, this last property is crucial for many of the currently known
techniques to handle finite topological rank systems (even in the substitutive
case it is a deep and fundamental theorem of Mossé), so it is not clear why it
would be always possible to obtain this property while keeping the alphabet
rank bounded or why recognizability is not connected with a dynamical prop-
erty of the system. Thus, an answer to this question seems to be fundamental
to the understanding of the finite topological rank class.

In Chapter 3, we obtain the optimal answer to Question 1 in a more general,
non-minimal context:

Theorem 5. Let (X, S) be an S-adic subshift generated by an everywhere grow-
ing and proper directive sequence of alphabet rank equal to K, and w: (X,S) —
(Y, S) be an aperiodic subshift factor. Then, (Y,S) is an S-adic subshift gen-
erated by an everywhere growing, proper and recognizable directive sequence of
alphabet rank at most K.

Here, a directive sequence o = (o, : A;r 11— A ) nen is everywhere growing
if limy, 0o Mingea,, |0¢...0n—1(a)] = oo, and a system (X,S) is aperiodic if
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every orbit {S™x : n € Z} is infinite. Theorem 5 implies that the topological
rank cannot increase after a factor map (Corollary 7). Theorem 5 implies the
following sufficient condition for a system to be of finite topological rank:

Corollary 1. Let (X, S) be an aperiodic minimal S-adic subshift generated by
an everywhere growing directive sequence of finite alphabet rank. Then, the
topological rank of (X, S) is finite.

An interesting corollary of the underlying construction of the proof of The-
orem 5 is the coalescence property for this kind of systems, in the following
stronger form:

Corollary 2. Let (X, S) be an S-adic subshift generated by an everywhere grow-
ing and proper directive sequence of alphabet rank equal to K, and (X,5) 4
(X1,8) B ... 55 (X1, 8) be a chain of aperiodic subshift factors. If L > log, K,
then at least one ; is a conjugacy.

One of the results in [Dur00] is that factor maps between aperiodic linearly
recurrent subshifts are finite-to-one. In particular, they are almost k-to-1 for
some finite k. For finite topological rank subshifts, we prove:

Theorem 6. Let 7: (X,S) — (Y, S) be a factor map between aperiodic minimal
subshifts. Suppose that (X, S) has topological rank equal to K. Then 7 is almost
k-to-1 for some k < K.

We use this theorem, in Corollary 9, to prove that Cantor factors of finite
topological rank subshifts are either odometers or subshifts.

In [Dur00], the author proved that linearly recurrent subshifts have finite
topological rank, and that this kind of systems have finitely many aperiodic
subshifts factors up to conjugacy. Inspired by this result, we use ideas from the
proof of Theorem 5 to obtain:

Theorem 7. Let (X,S) be a minimal subshift of topological rank K. Then,
(X, S) has at most (3K)32E aperiodic subshift factors up to conjugacy.

Altogether, these results give a rough picture of the set of totally discon-
nected factors of a given finite topological rank system: they are either equicon-
tinuous or subshifts satisfying the properties in Theorems 5, 2, 7 and 6. Now,
in a topological sense, totally disconnected factors of a given system (X, S) are
“maximal”, so, the natural next step in the study of finite topological rank
systems is asking about the connected factors. As we have seen, the finite topo-
logical rank condition is a rigidity condition. By this reason, we think that the
following question has an affirmative answer:

Question 2. Let (X,S) be a minimal system of finite topological rank and
m: (X,S) = (Y,T) be a factor map. Suppose that' Y is connected. Is (Y, T) an
equicontinuous system?

We remark that the finite topological rank class contains all minimal sub-
shifts of non-superlinear complexity [DDMP21], but even for the much smaller
class of linear complexity subshifts the author is not aware of results concerning
Question 2.
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Low complexity subshifts

Structure theorems

Theorems that describe a combinatorial structure of a given class of subshifts are
usually an S-adic characterization, namely, of the form: a subshift X belongs to
the class C if and only if X is generated by an S-adic sequence satisfying certain
property P. The structure then appears as an infinite desubstitution process
for the points of X.

In the context of structure theorems, an interesting intuition is that a sub-
shift of low enough complexity should be very restricted, and thus hide a strong
structure. Here, low complexity is a vague term referring to a slow growth of
the complexity function px (n), defined as the number of words of length n that
occur in some point of X. This intuition dates back to the 70s, and matured in
the 80s and 90s until it was finally established as the following more concrete
question.

Question 3. Consider the class (L) of linear-growth complexity subshifts, de-
fined by requiring that px(n) < dn for some d > 0. Is there an S-adic charac-
terization of the class (L)?

Question 3 is known as the S-adic conjecture. The first time it was explicitly
stated was in [Fer96], where the author attributes the idea to B. Host, who, in
turn, attributes the idea to the whole Marseille community.

The attempts to solve this conjecture have identified two major difficulties.
The first one is that, in contrast to what happens with other structure theo-
rems, there is no clear structure induced by the complexity. For example, in
the substitutive case, it was always clear that the substitution itself should pro-
duce a self-similar structure; the main obstruction was technical and referred
to whether the desubstitution process was properly defined [Mos96]. Similarly,
in the Sturmian and IET cases, the known structure came from the geometric
counterpart (more precisely, from the Rauzy induction). The second challenge
is that the condition P we are looking for in Question 3 is ill-defined. To ex-
emplify this point, observe that a corollary of [Casll] is the following S-adic
characterization of (L): a subshift is in (L) if and only if there exist 7 generating
it and such that X, is in (L). This tautological answer to Question 3 does not
provide information. Certain restrictions on Question 3 have been proposed to
avoid this type of trivial answer, but none of them is considered satisfactory;
we refer the reader to [DLR13] for a full discussion.

In Chapter 4, we completely solve the S-adic conjecture for minimal subshifts
by proving the following theorem.

Theorem 8. A minimal subshift X has linear-growth complexity, i.e., X satis-

fies

limsup px (n)/n < +oo,

n—-+oo

if and only if there exist d > 0 and an S-adic sequence o = (0, Apy1 —
A )n>o generating X such that, for every n > 0, the following holds:
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(Pl) #(I’OOt J[O,n) (An)) S d T-
(P2) logo,ny(a)] < d-lojn)(b)| for every a,b € A,.
(P3) lon—1(a)| < d for every a € A,.

Our techniques extend to the case of nonsuperlinear complexity subshifts
(NSL).

Theorem 9. A minimal subshift X has nonsuperlinear-growth complezity, i.e.,
X satisfies
liminf px (n)/n < oo,

n—-+oo

if and only if there exist d > 0 and an S-adic sequence o = (0n: Any1 —
AV n>o generating X such that, for every n > 0, the following holds:

(P1) #(rootogn)(A,)) <d.
(P2) logomy(a)] < d- o) (b)| for every a,b € A,.

The case of non-minimal subshifts does not pose additional intrinsic difficul-
ties and follows from methods similar to those given here. However, we did not
include it to avoid over saturating an already technical presentation.

An important consequence of our main results is that the classes (L) and
(NSL) gain access to the S-adic machinery. We show in Section 4.10 how this
provides a unified framework and simplified proofs of several known results on
(L) and (NSL), including Cassaigne’s Theorem [Cas95]. Further applications of
our main results, which include a new proof of partial rigidity for (NSL) [Cre22]
using the technique in [BKMS13, Theorem 7.2], will be presented in a future
work.

We prove, in the more specialized Theorems 33 and 34, that when X is
in (L) or in (NSL), then 7 can be assumed to be recognizable. Observe that
the conditions (P;) in Theorems 8 and 9 are optimal in the sense that if we
remove any of them then the corresponding theorem is false. Conditions (Ps)
and (P3) also occur in the positive substitutive case * and in linearly recurrent
subshifts, but the behavior in our theorems is very different since we do not
impose positiveness.

With regard to (P1) and (Ps), these were designed on the basis of two
conditions that are present in most works that involve S-adic sequences. The
first is having bounded alphabets (BA), which requires that #.A4,, is uniformly
bounded, and the second is finitariness, which asks for the set {r, : n > 0}
to be finite. Note that finitariness implies both (BA) and Conditions (P;) and
(Ps), that (BA) implies (P1), and that, under (Ps), finitariness and (BA) are
equivalent. There are several papers in which a finitary S-adic sequence is
looked for a subshift in (L) (see [Lerl4] and the references therein), and S-adic
sequences with (BA) have shown to be closely connected with (L) and (NSL)

TFor a word u, rootu denotes the shortest prefix v of u such that u = v¥ for some k; for a
set of words W, root W = {rootw : w € W}.
TA substitution o: A — Bt is positive if for all a € A and b € B, b occurs in o(a)
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[Fer96; DDMP21]. It is then natural to ask if we can replace, in Theorem 8,
Conditions (P;) and (P3) by finitariness. We show in Theorem 35 that this is
not possible. More precisely, we build a minimal subshift with linear-growth
complexity such that any 7 generating it and satisfying (P;), (P2) and (P3) is
not finitary (equivalently, (BA) does not hold). However, in Theorems 33 and
34 we give a sufficient condition for 7 being finitary. Subshifts satisfying this
sufficient condition include substitutive subshifts, codings of IETs and dendric
subshifts.

Organization

The first chapter of the thesis is devoted to present the common background on
topological and symbolic dynamics that will be used in the rest of the document.
We study automorphisms and symbolic factors of finite topological rank systems
in Chapters 2 and 3, respectively. Chapter 4 contains our results on the S-adic
conjecture. Finally, a discussion of our results and the future work is contained
in Chapter 5.
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INTRODUCTION



Introduction (en frangais)

Une idée devenue incontournable pour étudier la dynamique symbolique a en-
tropie nulle est que les propriétés dynamiques d’un systeme induisent en lui une
structure combinatoire. Cette approche a été utilisée pour la premiere fois dans
les travaux de Morse et Hedlund [MH38; MHA40], ou les suites Sturmiennes ont
été étudiées sur la base d’une structure donnée par ce que les auteurs ont appelé
les suites dérivées.

Au fur et & mesure que la théorie s’est développée, d’autres exemples comme
le Sturmien sont apparus. Parmi les exemples pertinents, on peut citer les sous-
shifts substitutifs et linéairement récurrents [DHS99], les systémes de Toeplitz
[GJ0O], les (codages naturels des) échange d’intervalles [GJ02], les suites den-
driques [GL22] et les sous-shifts minimaux généraux [HPS92].

Dans cette these, nous étudions ces structures combinatoires selon deux ap-
proches. La premiere suppose une structure combinatoire donnée et se con-
centre sur I’étude des propriétés dynamiques des systéemes supportant une telle
structure. Nous considérerons systemes de rang topologique fini, une classe de
systemes possédant deux propriétés souhaitables mais opposées : C’est une
grande classe qui contient la plupart des systemes symboliques a entropie nulle
connus, mais qui présente de fortes restrictions dynamiques. Ainsi, la classe de
rang topologique fini fournit un bon cadre pour prouver des théorémes généraux
et intéressants. Nous exploitons cette idée en étudiant les automorphismes et
les facteurs symboliques des sous-shifts de rang topologique fini. Plusieurs
théoremes, décrivant des propriétés de rigidité pour ces objets, sont obtenus
dans les chapitres 2 et 3.

La seconde approche consiste a trouver des nouvelles structures combina-
toires pour des systemes d’intérét. Nous étudions 'une des questions majeures
dans cette direction : la conjecture S-adique, qui demande un théoreme de
structure pour les sous-shifts de complexité linéaire. Dans le dernier chapitre,
nous résolvons cette conjecture et, de plus, nous ’étendons aux sous-shifts de
complexité non superlinéaire. Une conséquence importante de nos résultats est
que ces classes de complexité gagnent 'acces a la machinerie S-adique. Nous
montrons comment cela fournit un cadre unifié et des preuves simplifiées de
plusieurs résultats connus, comprenant le théoréeme de Cassaigne de 1996.

Nous aborderons maintenant les themes de la theése plus en détail.
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Terminologie de base

Passons brievement en revue la notation moderne qui décrive des systemes
symboliques et leurs structures. Un alphabet est un ensemble fini A et un
mot est une concaténation finie de lettres, i.e., éléments de A. Le full-shift
sur A est I'ensemble A% doté de la topologie produit de la topologie discréte
de A. Nous définissons le shift comme lapplication S: AZ — A% définie
par (Tn)nez — (Tnt1)nez. Un systéme symbolique ou sous-shift est un sous-
ensemble fermé X de A” tel que S(X) = X. Nous considérerons principalement
des sous-ensembles X minimauz, ¢’est-a-dire tels que {S"x : n € Z} est dense
dans X pour tout x € X.

Une substitution est une application 7: AT — BT qui remplace les lettres
a; d'un mot w = ay ...ap par 7(a;). Une suite de substitutions 7 de la forme
(Tn: Ang1 = Al )n>0 est appelée une séquence S-adique et génere un sous-shift
X, C A% défini par la condition suivante : z € X, si et seulement si, pour tout
¢ >0, x(_; ) apparait dans 797y ...7,_1(a) pour tout n > 1 et a € A,.

Systemes de rang topologique fini

Un diagramme de Bratteli ordonné est un graphe infini dirigé B = (V, E, <) tel
que 'ensemble des sommets V' et I’ensemble des arétes E sont divisés en niveaux
V=VWuWViu..., E=FEyU... desorte que F,, sont les arétes de V,,1 a V,,, V§
est un singleton, chaque V,, est fini et < est un ordre partiel sur E tel que deux
arétes sont comparables si et seulement si elles commencent au méme sommet.
L’ordre < peut étre étendu a I’ensemble Xp de tous les chemins infinis dans
B, et I'action de Vershik Vg sur Xp est définie lorsque B a des chemins infinis
minimaux et maximaux uniques par rapport & <. Nous disons que (Xp, V) est
une représentation BV du systéme de Cantor (X, .S) si les deux sont conjugués.
Les diagrammes de Bratteli sont un outil issu de ’étude des algebres C* que,
au début des années 90, Herman et. al. [HPS92] ont utilisé pour étudier les
systemes de Cantor minimaux. Leur succes a caractériser ’équivalence orbitale
forte et faible pour les systemes de ce type a marqué une étape importante
dans la théorie qui a motivé de nombreux travaux postérieurs. Certains de ces
travaux se sont concentrés sur I’étude de classes spécifiques de systemes a 1’aide
de diagrammes de Bratteli et, en conséquence, de nombreux systemes minimaux
classiques ont été caractérisés comme des systemes de Bratteli-Vershik avec une
structure spécifique. Parmi les exemples, on peut citer les odometres en tant que
systemes qui ont une représentation BV avec un sommet par niveau, les sous-
shifts substitutifs en tant que BV stationnaire (tous les niveaux sont identiques)
[DHS99], les séquences de Toeplitz en tant que BV ayant ”niveaux avec la méme
somme” [GJ00], et (codages des) échanges d’intervalles en tant que BV ou le
diagramme codifie un chemin dans le graphe de Rauzy [GJ02]. Pratiquement
tous ces exemples partagent certains comportements dynamiques grossiers : ils
ont un nombre fini de mesures ergodiques, ne sont pas fortement mélangeurs,
sont a entropie nulle, sont des sous-shifts, et leurs représentations BV ont un
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nombre borné de sommets par niveau, parmi beaucoup d’autres. Il s’avere que
le simple fait d’avoir une représentation BV avec un nombre borné de sommets
par niveau (ou, dorénavant, d’avoir rang topologique fini) implique les propriétés
précédentes (voir, par exemple, [BKMS13], [DMO08]). Par conséquent, la classe
de rang topologique fini apparait comme un cadre possible pour étudier les
sous-shifts minimaux et prouver des théorémes généraux.

Cette idée a été exploitée dans de nombreux travaux : Durand et. al.,
dans une série d’articles (le dernier étant [DFM19]), ont développé des tech-
niques a partir du cas substitutif et ont obtenu un critére pour tout BV de rang
topologique fini pour décider si un nombre complexe donné est une valeur propre
continue ou mesurable, Bezugly et. al. ont décrit dans [BKMS13] le simplexe
des mesures invariantes ainsi que les conditions naturelles pour étre uniquement
ergodique, Giordano et. al. ont borné le rang rationnel du groupe de dimension
par le rang topologique ([HPS92]), parmi d’autres travaux. Il est important de
noter que ces travaux ont été inspirés ou prouvés pour la premiere fois dans le
cas substitutif.

Comme les systemes de Bratteli-Vershik dont le rang topologique est au
moins égal & deux sont conjugués & un sous-shift [DMO8], il est intéressant
d’essayer de les définir directement comme un subshift. Cela peut se faire en
codifiant les niveaux du diagramme de Bratteli comme des substitutions, puis en
les itérant pour obtenir une suite de symboles définissant un sous-shift conjugué
au systeme BV initial. Cette procédure est également valable pour des suites
de substitutions arbitraires (appelées ”suites S-adiques”), indépendamment du
diagramme de Bratteli et des diverses propriétés supplémentaires que possedent
les substitutions qui le codifient. Les sous-shifts ainsi obtenus sont appelés S-
adiques (substitution-adiques) et peuvent étre non minimaux (voir par exemple
[BSTY19)).

Bien qu’il y a quelques problémes ouverts sur les systémes de rang topologique
fini dépendant directement de la combinatoire des diagrammes de Bratteli sous-
jacents, d’autres sont plus naturellement énoncés dans le cadre S-adique (e.g.,
lorsqu’il s’agit d’endomorphismes, il est utile d’avoir le théoreme de Curtis-
Hedlund-Lyndon) et, par conséquent, il existe une interaction entre les sous-
shifts S-adiques et les systémes de rang topologique fini dans laquelle les théoremes
et les techniques obtenus pour I'une de ces classes peuvent parfois étre transférés
a l’autre. La question de savoir quelle est la relation exacte entre ces classes a été
récemment abordée dans [DDMP21] et, en particulier, les auteurs ont prouvé :

Theorem 10 ([DDMP21]). Un sous-shift minimal (X, S) a un rang topologique
au plus égal a K si et seulement s’il est généré par une suite S-adique propre,
primitive et reconnaissable de rang alphabétique au plus égal a K.

Dans les chapitres 2 et 3, nous utiliserons le formalisme S-adique pour étudier
les automorphismes et les facteurs des systemes de rang topologique fini.
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Automorphismes

Soit X un sous-shift. Le groupe des automorphismes de (X,S5), Aut(X,S5),
est ’ensemble des homéomorphismes de X sur lui-méme qui commuent avec
S. L’étude du groupe d’automorphismes des sous-shifts de faible complexité
(X, S) a attiré beaucoup d’attention ces derniéres années. Par complexité, nous
entendons la fonction px: N — N qui compte le nombre de mots de longueur
n € N apparaissant en des points du sous-shift (X, S). Contrairement au cas
des sous-shifts non triviaux de type fini ou des systemes synchronisés, ou la
structure algébrique de ce groupe peut étre treés riche [BLR88; KR90; FF96],
le groupe d’automorphisme des sous-shifts de faible complexité présentent des
degrés élevés de rigidité. L’exemple le plus pertinent illustrant ce fait est
celui des sous-shifts minimaux de complexité non superlinéaire, ou le groupe
d’automorphisme est virtuellement Z [CK15; DDMP16]. 1l est intéressant de
noter que dans [Sall7] (puis dans [DDMP16] dans une classe plus générale),
I'auteur fournit un sous-shift de Toeplitz de complexité px(n) < Cn"7, dont
le groupe d’automorphisme n’est pas finiment engendré. La structure algébrique
des groupes d’automorphismes des sous-shifts de faible complexité peut donc
s’avérer riche. D’autres sous-shifts de faible complexité ont été étudiés par Cyr
et Kra dans une série de travaux. Dans [CK16b], ils ont prouvé que pour les
sous-shifts transitifs, si ng}rlgpx(n)/nQ = 0, alors le quotient Aut(X,S)/(S)

est un groupe périodique, ou (S) est le groupe engendré par le shift ; et dans
[CK16a] pour une grande classe de sous-shifts minimaux de complexité sous-
exponentielle, ils ont également prouvé que le groupe d’automorphisme est
moyennable. Toutes ces classes et tous ces exemples montrent qu’il reste en-
core beaucoup a comprendre sur les groupes d’automorphisme des sous-shifts
de faible complexité.

Dans le chapitre 2, nous étudions le groupe d’automorphisme des sous-shifts
minimauz S-adiques de rang alphabétique fini ou borné. Cette classe de sous-
shifts minimaux est en quelque sorte la classe la plus naturelle contenant des
sous-shifts minimaux de complexité non superlinéaire, mais elle est beaucoup
plus large, comme cela a été montré dans [DDMP16; DDMP21]. De plus,
cette classe contient plusieurs systémes symboliques minimaux bien étudiés.
Parmi eux, les sous-shifts substitutifs, les sous-shifts linéairement récurrents,
les codages symboliques des échanges d’intervalles, les sous-shifts dendriques
et certaines suites de Toeplitz. Ainsi, cette classe représente un cadre utile a
la fois pour prouver des théoréemes généraux dans le monde de la faible com-
plexité et pour construire des sous-shifts ayant un comportement dynamique
intéressant. Les descriptions faites dans [BKMS13] de ses mesures invariantes
et dans [DFM19] de ses valeurs propres sont des exemples du premier cas, et les
codages S-adiques bien équilibrés des translations de tore de haute dimension
de [BST20] sont un exemple du second cas.

Le résultat principal du chapitre 2 est le théoreme de rigidité suivant :

Theorem 11. Soit (X, S) un sous-shift minimal donné par une suite S-adique
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T = (Ta: Aty = Al )n>0 qui est partout croissant, i.e.,

Jimmin [ro7 .7 ()] = oo

Supposons que T soit de rang alphabétique fini, i.e., limiann < +4o00. Alors,
n—-+oo

Aut(X,S) est virtuellement Z.

Un sous-shift S-adique minimal de rang topologique fini, comme indiqué dans
[DDMP21], est défini comme un sous-shift engendré par une suite S-adique T
qui est propre, primitive, reconnaissable et avec un rang alphabétique fini. En
particulier, 7 est partout croissant. Par conséquent, le théoréeme 11 inclut tous
les sous-shifts minimaux de rang topologique fini. De plus, dans le méme arti-
cle, les auteurs prouvent que les sous-shifts minimaux de complexité non super-
linéaire sont de rang topologique fini. Ainsi, le théoréme 11 peut étre considéré
comme une généralisation a une classe beaucoup plus large des résultats déja
mentionnés dans [CK15] et [DDMP16]. Finalement, par des résultats énoncés
dans [DDMP16], le théoreme 11 s’applique également & tous les sous-shifts des
niveaux des systemes minimaux de Bratteli-Vershik de rang topologique fini et
a ses facteurs symboliques.

La preuve du théoreéme 11 découle d’une analyse combinatoire fine des classes
asymptotiques de sous-shifts S-adiques de rang alphabétique fini. Cette idée est
déja apparue dans [DDMP16], ou les auteurs prouvent que le groupe d’automorphisme
d’un systeme minimal est virtuellement Z lorsqu’il possede un nombre fini de
classes asymptotiques. Le théoreme suivant résume cette analyse combinatoire.

Theorem 12. Soit W C AT un ensemble de mots non vides et définissons
W) = mi};lv length(w). Alors, il existe B C AM) avec B < 122(W)7 tel que
we

: six,x’ € A sont factorisables sur W, T(—00,0) = mé_oo 0) €t To # xf, alors
T w),0) € B-

Ici, le point important est que, malgré le fait que la longueur des éléments
de B est (W), la cardinalité de B ne dépend que de #W, et non de (W).

Enfin, nous obtenons une borne pour le nombre de classes asymptotiques
d’un sous-shift S-adique de rang alphabétique fini. Ce résultat ne nécessite pas
de la minimalité.

Theorem 13. Soit (X,S) un sous-shift (pas nécessairement minimal) donné
par une suite S-adique partout croissante de rang alphabétique fini K. Alors,
(X,S) a au plus 122K7 classes asymptotiques.

Facteurs

Dans le contexte des systemes de rang topologique fini, une question fondamen-
tale est la suivante :

Question 4. Les facteurs sous-shifts des systémes de rang topologique fini sont-
ils de rang topologique fini ?



22 INTRODUCTION

En effet, le rang topologique controle diverses propriétés dynamiques grossieres
(nombre de mesures ergodiques, rang rationnel du groupe de dimension, entre
autres) qui ne peuvent pas augmenter apres le passage a un facteur, et nous
savons également que des grandes sous-classes de la classe de rang topologique
fini sont stables sous facteurs symboliques, comme les classes linéairement récurrentes
et de complexité non superlinéaire [DDMP21]. Donc, on s’attend que cette ques-
tion a une réponse affirmative. Cependant, en essayant de le prouver a l'aide
du théoreme 10, nous nous rendons compte que la structure S-adique de rang
d’alphabet fini qu'un facteur symbolique naturellement hérite n’est jamais re-
connaissable. De plus, cette derniére propriété est cruciale pour de nombreuses
techniques actuellement connues pour traiter les systéemes de rang topologique
fini (méme dans le cas substitutif, il s’agit d’un théoréme profond et fondamen-
tal de Mossé), de sorte qu’il n’est pas clair pourquoi il serait toujours possible
d’obtenir cette propriété tout en gardant le rang alphabétique fini ou pourquoi
la reconnaissabilité n’est pas liée & une propriété dynamique du systeme. Ainsi,
une réponse a cette question semble étre fondamentale pour la compréhension
de la classe de rang topologique fini.

Dans le chapitre 3, nous obtenons la réponse optimale & la question 4 dans
un contexte plus général et non minimal :

Theorem 14. Soit (X,S) un sous-shift S-adique généré par une suite S-adique
partout croissante et propre de rang alphabétique égal ¢ K, et w: (X, S) — (Y, 5)
un facteur symbolique apériodique. Alors, (Y, S) est engendré par une suite S-
adique partout croissante, propre, reconnaissable et de rang alphabétique au plus
égal a K.

Ici, un systeme (X, S) est apériodique si toute orbite {S™z : n € Z} est
infinie. Le théoréme 14 implique que le rang topologique ne peut pas augmenter
apres passer & un facteur symbolique (corollaire 7). Le théoréme 14 implique la
condition suffisante suivante pour qu’'un systeme soit de rang topologique fini :

Corollary 3. Soit (X,S) un sous-shift minimal apériodique engendré par une
suite S-adique partout croissante de rang alphabétique fini. Alors, le rang
topologique de (X, S) est fini.

Un corollaire intéressant de la construction sous-jacente de la preuve du
théoreme 14 est la propriété de coalescence pour ce type de systémes, sous la
forme plus forte suivante :

Corollary 4. Soit (X, S) un sous-shift généré par une suite S-adique propre et
partout croissante de rang alphabétique égal o K, et (X,8) 5 (X1,9) B ... 5
(X1, S) une chaine de facteurs symboliques apériodiques. Si L > log, K, alors
ay moins un m; est une conjugaison.

L’un des résultats de [Dur00] est que les applications facteur entre les sous-
shifts linéairement récurrents apériodiques sont finies-a-un. En particulier, elles
sont presque k-a-1 pour un certain k fini. Pour les sous-shifts de rang topologique
fini, nous prouvons :
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Theorem 15. Soit 7: (X,S) — (Y,S) un facteur entre des sous-shifts mini-
maux apériodiques. Supposons que (X, S) a rang topologique égal & K. Alors w
est presque k-a-1 pour quelque k < K.

Nous utilisons ce théoréeme, dans le corollaire 9, pour prouver que les facteurs
de Cantor des sous-shifts de rang topologique fini sont des odometres ou des
sous-shifts.

Dans [Dur00], 'auteur a prouvé que les sous-shifts linéairement récurrents
ont rang topologique fini, et que ce type de systémes a un nombre fini de fac-
teurs symboliques apériodiques sauf conjugaison. Inspirés par ce résultat, nous
utilisons les idées de la preuve du théoréeme 14 pour obtenir :

Theorem 16. Soit (X,S) un sous-shift minimal de rang topologique K. Alors,
(X,8) a au plus (3K)**K facteurs symboliques apériodiques sauf conjugaison.

Dans I’ensemble, ces résultats donnent une image approximative de I’ensemble
des facteurs totalement discontinu d’un systeme de rang topologique fini donné
: il s’agit de systemes équicontinus ou sous-shifts satisfaisant les propriétés des
théoremes 14, 4, 16 et 15. Au sens topologique, les facteurs totalement discon-
tinu d’'un systéme donné (X,S) sont “maximaux”, de sorte que la prochaine
étape naturelle dans I’étude des systéemes de rang topologique fini consiste a
se demander sur les facteurs connexes. Comme nous l'avons vu, la condition
de rang topologique fini est une condition de rigidité. Pour cette raison, nous
pensons que la question suivante a une réponse affirmative :

Question 5. Soit (X, S) un systéme minimal de rang topologique fini et w: (X, S) —
(Y, T) un facteur. Supposons que Y est connexe. Fst-ce que (Y,T) est un
systeme équicontinu ?

Nous remarquons que la classe de rang topologique fini contient tous les
sous-shifts minimaux de complexité non super-linéaire [DDMP21], mais méme
pour la classe beaucoup plus petite de sous-shifts de complexité linéaire, I’auteur
n’a pas connaissance de résultats concernant la question 5.

Sous-shifts de faible complexité

Théorémes de structure

Les théoremes qui décrivent une structure combinatoire d’une classe donnée de
sous-shifts sont généralement une caractérisation S-adique de la forme suivante
: un sous-shift X appartient a la classe C si et seulement si X est généré par
une suite S-adique satisfaisant une certaine propriété P. La structure apparait
alors comme un processus de désubstitution infini pour les points de X.

Dans le contexte des théoréemes de structure, une intuition intéressante est
qu’un sous-shift de complexité suffisamment faible devrait étre tres restreint,
et donc cacher une structure forte. Ici, faible complexité est un terme vague se
référant & une croissance lente de la fonction de complexité px(n). Cette intu-
ition remonte aux années 70, et a miri dans les années 80 et 90 pour finalement
s’établir sous la forme plus concrete de la question suivante:
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Question 6. Considérons la classe (L) des sous-shifts de complexité linéaire,
définie en exigeant que px(n) < dn pour quelque d > 0. Euxiste-t-il une car-
actérisation S-adique de la classe (L) ¢

La question 6 est connue sous le nom de conjecture S-adic. La premiere fois
qu’elle a été explicitement énoncée, c’était dans [Fer96], ou l'auteur attribue
I'idée a B. Host, qui, a son tour, I'attribue a I’ensemble de la communauté
marseillaise.

Les tentatives de résolution de cette conjecture ont mis en évidence deux
difficultés majeures. La premiere est que, contrairement & ce qui se passe avec
d’autres théoremes de structure, il n’y a pas de structure claire induite par la
complexité. Par exemple, dans le cas des substitutifs, il a toujours été clair
que la substitution elle-méme devait produire une structure autosimilaire ; le
principal obstacle était d’ordre technique et concernait la question de savoir
si le processus de désubstitution était correctement défini [Mos96]. De méme,
dans les cas Sturmien et IET, la structure connue provient de la contrepartie
géométrique (plus précisément, de I'induction de Rauzy). Le deuxieéme défi est
que la condition P que nous recherchons est mal-posé. Pour illustrer ce point,
observons qu’un corollaire de [Casll] est la caractérisation S-adique de (L)
suivante : un sous-shift appartient & (L) si et seulement s’il existe 7 le générant et
tel que X, appartient & (L). Cette réponse tautologique & la question 6 n’apporte
aucune information. Certaines restrictions a la question 6 ont été proposées
pour éviter ce type de réponse triviale, mais aucune est jugée satisfaisante ;
nous renvoyons le lecteur & [DLR13] pour une discussion compléte.

Dans le chapitre 4, nous résolvons complétement la conjecture S-adique pour
les sous-shifts minimaux en prouvant le théoréme suivant:

Theorem 17. Un sous-shift minimal X a complexité linéaire, i.e., X satisfait

limsup px (n)/n < +oo,

n—-+4oo

si et seulement s’il existe d > 0 et une suite S-adique o = (04, Apt1 — Al )n>0
générant X telle que, pour tout n > 0, ce qui suit est vrai :

(7)1) #(I’OOt J[o,n) (An)) <d §'
(P2) lojo,ny (@)l < d-|ojo,n(b)] pour tout a,b € A,.
(P3) |on—1(a)] < d pour tout a € A,.

Nos techniques s’étendent au cas des sous-shifts de complexité non super-
linéaire (NSL).

Theorem 18. Un sous-shift minimal X a complexité superlinéaire, i.e., X
satisfait
liminf px(n)/n < +oo,

n—-+o0o

§Pour un mot u, rootu désigne le préfixe le plus court v de u tel que v = v* pour quelque
k ; pour un ensemble de mots W, root W = {rootw : w € W}.
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si et seulement s’il existe d > 0 et une suite S-adique o = (0, Apt1 — Al )n>o
générant X telle que, pour tout n > 0, ce qui suit est vrai :

(7)1) #(I’OOt J[0,n) (An)) <d.
(P2) logomy(a)] < d-logn)(b)] pour tout a,b € A,.

Le cas des sous-shifts non minimaux ne pose pas de difficultés intrinseques
additionnelles et découle de méthodes similaires a celles données ici. Cependant,
nous ne ’avons pas inclus pour éviter de saturer une présentation déja technique.

Une conséquence importante de nos résultats principaux est que les classes
(L) et (NSL) obtiennent 'acces a la machinerie S-adique. Nous montrons dans
la section 4.10 comment cela fournit un cadre unifié et des preuves simplifiées de
plusieurs résultats connus sur (L) et (NSL), y compris le théoreme de Cassaigne
[Cas95]. D’autres applications de nos résultats principaux, qui incluent une
nouvelle preuve de rigidité partielle pour (NSL) [Cre22] en utilisant la technique
dans [BKMS13, Théoreme 7.2], seront présentées dans un travail futur.

Nous prouvons, dans les théoremes plus spécialisés 33 et 34, que lorsque X
est dans (L) ou dans (NSL), alors T peut étre supposé reconnaissable. Ob-
servons que les conditions (P;) des théorémes 17 et 18 sont optimales dans le
sens ou si nous supprimons 'une d’entre elles, le théoreme correspondant est
faux. Les conditions (P2) et (P3) apparaissent également dans le cas des sub-
stitutions positives. ¥ et dans des sous-shifts linéairement récurrents, mais le
comportement dans nos théoremes est tres différent puisque nous n’imposons
pas la positivité.

En ce qui concerne (P;) et (Ps3), ils ont été congus sur la base de deux
conditions qui sont présentes dans la plupart des travaux qui s’agissent des
suites S-adiques. La premiere est la condition d’alphabets bornés (BA), qui
exige que #.A4,, soit uniformément borné, et la seconde est la finitude, qui exige
que ’ensemble {7, : n > 0} soit fini. Notons que la finitude implique & la fois
(BA) et les Conditions (P;) et (P3), que (BA) implique (P1), et que, sous (Ps3),
la finitude et (BA) sont équivalentes. Il existe plusieurs articles dans lesquels
une suite S-adique finitaire est recherchée pour un sous-shift dans (L) (voir
[Ler14] et les références qui y figurent), et les suites S-adiques avec (BA) se sont
révélées étre lides a (L) et (NSL) [Fer96; DDMP21]. 1l est alors naturel de se
demander si ’on peut remplacer, dans le théoreme 17, les conditions (P;) et (Ps)
par la finitude. Nous montrons dans le théoreme 35 que cela n’est pas possible.
Plus précisément, nous construisons un sous-shift minimal avec une complexité
linéaire telle que tout 7 le générant et satisfaisant (P1), (P2) et (P3) n’est pas
finitaire (de maniére équivalente, (BA) n’est pas satisfaite). Cependant, dans
les théoremes 33 et 34, nous donnons une condition suffisante pour que 7 soit
finitaire. Les sous-shifts satisfaisant cette condition suffisante comprennent les
sous-shifts substitutifs, les codages des IET et les sous-shifts dendriques.

9Une substitution o: A — Bt est positive si pour tout a € A et b € B, b apparait dans

o(a)
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Chapter 1

Background

1.1 Background in topological and symbolic dy-
namics

All the intervals we will consider consist of integer numbers, i.e., [a,b] = {k €
Z:a<k<b} with a,b € Z. For us, the set of natural numbers starts with
zero, i.e., N=1{0,1,...}.

1.1.1 Basics in topological dynamics

A topological dynamical system (or just a system) is a pair (X, S), where X is a
compact metric space and S: X — X is a homeomorphism of X. The orbit of
z € X is the set {S"z :n € Z}. A point x € X is periodic if its orbit is a finite
set and aperiodic otherwise. A topological dynamical system is aperiodic if any
point x € X is aperiodic and is minimal if the orbit of every point is dense in
X. We use the letter S to denote the action of a topological dynamical system
independently of the base set X.

1.1.2 Basics in symbolic dynamics
Words and subshifts

Let A be an alphabet i.e. a finite set. Elements in A are called letters and
concatenations w = aj...ap of them are called words. The number ¢ is the
length of w and it is denoted by |w|, the set of all words in A of length ¢ is
At and AT = J,5, A% The word w € AT is |u|-periodic, with u € AT, if w
occurs in a word of the form wu...u. We define per(w) as the smallest p for
which w is p-periodic. We will use notation analogous to the one introduced in
this paragraph when dealing with infinite words z € AN and bi-infinite words
x € AZ. The set At equipped with the operation of concatenation can be
viewed as the free semigroup on A. It is convenient to introduce the empty

27
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word 1, which has length 0 and is a neutral element for the concatenation. In
particular, A* U {1} is the free monoid in A.

Let W C A* be a set of words and u € A*. We write uW = {uw : w € W},
Wu = {wu : w € W}, and also

(W) = min |w| and IW| := max |w|.
weWw weWw

The shift map S: AZ — A% is defined by S((#p)nez) = (Tni1)nez. For
z € A% and integers i < j, we denote by x[; ;) the word z;x;11 ... ;. Analogous
notation will be used when dealing with intervals of the form [i,00), (i, 00),
(—00,i] and (—o00,%). A subshift is a topological dynamical system (X, S) where
X is a closed and S-invariant subset of A% (we consider the product topology
in A?%) and S is the shift map. Classically one identifies (X, S) with X, so one
says that X itself is a subshift. When we say that a sequence in a subshift
is periodic (resp. aperiodic), we implicitly mean that this sequence is periodic
(resp. aperiodic) for the action of the shift. Therefore, if 2 € A” is periodic,
then per(z) is equal to the size of the orbit of . The language of a subshift
X C AZ is the set £(X) of all words w € A% that occur in some z € X.

Morphisms and substitutions

Let A and B be finite alphabets and 7: AT — B' be a morphism between
the free semigroups that they define. Then, 7 extends naturally to maps from
AN to itself and from A” to itself in the obvious way by concatenation (in the
case of a twosided sequence we apply 7 to positive and negative coordinates
separately and we concatenate the results at coordinate zero). We say that 7
is primitive if for every a € A, all letters b € B occur in 7(a). The minimum
and maximum length of 7 are the numbers (7) := (7(A)) = minge |7(a)| and
|7] == |7(A)| = maxze 4 |7(a)|, respectively.

We observe that any map 7: A — BT can be naturally extended to a mor-
phism (that we also denote by 7) from A" to Bt by concatenation, and we use
this convention throughout the document. So, from now on, all maps between
finite alphabets are considered to be morphisms between their associated free
semigroups.

Factorizations and recognizability

Definition 1. Let X C A% be a subshift and o: AT — Bt be a morphism. We
say that (k,r) € Z x X is a o-factorization of y € B% in X if y = S*o(x). If
moreover k € [0, |o(xo)|), then (k,z) is a centered o-factorization in X .

The pair (X, o) is recognizable if every point y € BZ has at most one cen-
tered o-factorization in X, and recognizable with constant » € N if whenever
Yl—rr] = yffm] and (k, ), (K',2') are centered o-factorizations of y,y' € BZ in
X, respectively, we have (k,xq) = (K, x().
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The cuts of (k,x) are defined by

Co (k) = —k+lo(zpy)l j =0,
i (k, —k —lo(z0) i <0.

We write Co(k,x) = {cs j(k,x) : j € Z}.
Remark 1. In the context of the previous definition:

(i) The point y € B% has a (centered) o-factorization in X if and only if y
belongs to the subshift Y =, c;, S"0(X). Hence, (X,0) is recognizable
if and only if every y € Y has a exactly one centered o-factorization in X .

(ii) If (k,x) is a o-factorization of y € B® in X, then (cy ;(k,x),Sx) is a o-
factorization of y in X for any j € Z. There is exactly one factorization
in this class that is centered.

(iii) If (X, o) is recognizable, then it is recognizable with constant r for some
r € N [DDMP21].

The behavior of recognizability under composition of morphisms is given by
the following lemma.

Lemma 1 ([BSTY19], Lemma 3.5). Let o: AT — Bt and 7: BT — C* be
morphisms, X C A% be a subshift and Y = U, ., S*0(X). Then, (X,70) is
recognizable if and only if (X,0) and (Y, 7) are recognizable.

S-adic subshifts

We recall the definition of an S-adic subshift as stated in [BSTY19]. An S-adic
sequence or directive sequence o is a sequence of morphisms having the form
(on: Af = Al)nen. For 0 < n < N, we denote by o, n) the morphism
On00nt10---00N_1. We say that o is everywhere growing if

NLHEOO<U[O,N)> = 400, (1.1)
and primitive if for any n € N there exists N > n such that oy, n) is positive.
We remark that this notion is slightly different from the usual one used in the
context of substitutional dynamical systems. Observe that o is everywhere
growing if o is primitive. Let P be a property for morphisms (e.g. proper,
letter-onto, etc). We say that o has property P if o, has property P for every
n € N.

For n € N, we define

XM = {z e AL vl eN, T[_g,¢ OCCUrs in o, n)(a) for some N >n,a € Ay}.

This set clearly defines a subshift that we call the nth level of the S-adic subshift

generated by o. We set X, = X,(,O) and simply call it the S-adic subshift gener-

)

ated by o. If o is everywhere growing, then every Xc(,n , n € N, is nonempty; if
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o is primitive, then Xt(,") is minimal for every n € N. There are non-everywhere
growing directive sequences that generate minimal subshifts.

The relation between levels of an S-adic subshift is given by the following
lemma.

Lemma 2 ([BSTY19], Lemma 4.2). Let o = (0,: A}, — Af)nen be a direc-
tive sequence of morphisms. If 0 < n < N and z € X,(,n), then there exists a
(centered) oy, ny-factorization in XN m particular, xm = Urez S0, (Xe

We define the alphabet rank of a directive sequence T as

AR(7) = liminf #A,,.

n—-+oo

A contraction of T is a sequence T = (T[n, nyiy): A,‘fk“ — Al )ren, where
0=mnp <ny <ng <....Observe that any contraction of T generates the same
S-adic subshift X;. When the context is clear, we will use the same notation
to refer to 7 and its contractions. If 7 has finite alphabet rank, then there
exists a contraction ¥ = (Tjn, )t A — Al Jren of 7 in which A, has

Mk +1
cardinality AR(7) for every k > 1.

(N

),



Chapter 2

Automorphisms

2.1 Introduction

Automorphism groups of low complexity subshifts have gained considerable at-
tention in recent years. Unlike the case of mixing shifts of finite type, where the
algebraic structure of this group can be very rich [BLR88; KR90; FF96], the
automorphism group of low complexity subshifts has a high degree of rigidity.
The most relevant example illustrating this fact is the case of minimal subshifts
of nonsuperlinear-growth complexity, in which the automorphism group is vir-
tually Z [CK15; DDMP16]. In this chapter, we study the automorphism group
of minimal S-adic subshifts of finite alphabet rank. This class of subshifts con-
tains all minimal subshifts of nonsuperlinear-growth complexity, but it is much
broader, as was shown in [DDMP16; DDMP21].

The main result of this chapter is the following rigidity theorem:

Theorem 19. Let (X,T) be a minimal S-adic subshift generated by an every-
where growing S-adic sequence T = (T, A:H — A )n>0. Suppose that T is of
finite alphabet rank, i.e. liminf, . #A, < +o00. Then, Aut(X,T) is virtually
Z.

The proof of Theorem 19 is a consequence of a fine combinatorial analy-
sis of asymptotic classes of S-adic subshifts of finite alphabet rank, which we
summarize in the following theorem.

Theorem 20. Let W C A" be a set of nonempty words and define (W) =
mi}yv length(w). Then, there exists B C AW) with #B < 122(#W)" such that:
we

if z,2' € A” are factorizable over W, T(—o0,0) = mz_oo 0) and xo # xj, then

T w),0) € B-
This chapter was published as a standalone article in [Esp22].
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2.1.1 Organization

The chapter is organized as follows. In the next section we give additional
background in topological and symbolic dynamics. In Section 2.3 we introduce
some special ingredients allowing to prove the main theorems: the notions of
interpretation and reducibility of sets of words together with its properties and
the key Proposition 1, whose technical proof is given in Section 2.5. In Section
2.4 we restate our main results and provide complete proofs.

2.2 Additional background

An automorphism of the topological dynamical system (X,S) is a homeomor-
phism ¢: X — X such that ¢ 0.S = S o . We use the notation ¢: (X,S) —
(X, S) to indicate the automorphism. The set of all automorphisms of (X, .5) is
denoted by Aut(X,S) and is called the automorphism group of (X,S). It has a
group structure given by the composition of functions. It is said that Aut(X, S)
is virtually Z if the quotient Aut(X,S)/(S) is finite, where (S) is the subgroup
generated by S.

We write <, and <, for the relations in A* of being prefix and suffix, re-
spectively. We also write u <, v (resp. u <, v) when u <, v (resp. u <, v)
and u # v. When v = sut, we say that u occurs in v or that u is a subword of
v. We also use these notions and notations when considering prefixes, suffixes
and subwords of infinite sequences.

2.3 Notion of Interpretation

In this section we introduce the concepts of interpretation and double interpre-
tation of a word together with its basic properties. The definitions we provide
here are variants of the same notion used seldom in combinatorics of words, see
for example [Lot97]. The key Proposition 1, where we provide a fundamental
upper bound for the number of irreducible sets of simple double interpretations,
is announced here and proved in the last section of the chapter.

For the rest of this section we fix an alphabet A and a finite set of nonempty
words W C At. If u,v, w € A* are such that w = uv, then we write u = wv~!

and v = v lw.

2.3.1 Interpretations and simple double interpretations

Definition 2. Let d € AT. A W-interpretation of d is a sequence of words
I =dy,dy,dg,a such that:

(1) dpr € W* and a € A;
(2) there exist ur,up € W such that 1 #dr <s; ur, dra <, ug;

(3) d=dpdydg.
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See Figure 2.1 for an illustration of this definition. Note that dps and dg can
be the empty word. The extra letter a will be crucial to handle asymptotic pairs
and W-interpretations later.

Figure 2.1: Diagram of the W-interpretation I = d,dys, dg, a of d in Definition
2.

If the context is clear, we will say interpretation instead of W-interpretation.

Now we make an observation that will be useful when we want to inherit
interpretations of a given word to some of its subwords. We state it as a lemma
without proof.

Lemma 3. Let [ = dy,dy,dg,a be a W-interpretation of d € A*. Suppose
that d' <, d satisfy |d'| > |dp|. Then, d’ has a W-interpretation of the form
I' =dg,d},d, ' such that d'a’ <, da.

The proofs of our main theorems are based in a procedure allowing to reduce
the so called double interpretations (defined below) to a special class called
simple double interpretations.

Definition 3. Let d € A*. A W-double interpretation (written for short V-
di.) of d is a tuple D = (I;I'), where I =dy,dy,dg,a, I' =d},d),,d, d are
W-interpretations of d such that a # a’. We say that D is simple if in addition

(1) d),d%, <, dg, and
(2) d7> € W or |d;| > |u| for some u € W having dra as a prefix.

Again, if there is no ambiguity, we will omit VW and simply say double inter-
pretation or d.i.

Note that if D is simple, then D’ = (I’;I) is a d.i., which is not necessarily
simple. Condition (1) in the previous definition says that d’; , the left-most word
of I, “touches” dpg, the right-most word of I; see Figure 2.2 for an illustration
of this. Condition (2) is more technical and we will comment about it at the
end of the Subsection 2.3.2.

Remark 2. From condition ((2)) in previous definition we have that |d7 |, |d| >
(W), whenever D is a simple W-d.i.
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dr dup dg a Uugr
d
P 7 T a

Figure 2.2: Diagram of a d.i. of d satisfying (1) in Definition 3. Here, dra <, ug
and dza’ <, u, where ug, u’; are the words given in condition (2) of Definition
2.

The next lemma will be useful to build a simple double interpretation from
a word having a double interpretation.

Lemma 4. Let D = (I =dg,dy,dg,a; 1" = d},d},,d,a') be a double inter-
pretation of a word d € A*. Suppose that d;, € W and |dp| < |d}d),|. Then,
there exists e <g d with a simple double interpretation.

Proof. By considering the shortest suffix of d verifying the hypotheses of the
lemma we can assume without loss of generality that this suffix is d itself. We
consider three cases.

(1) d}, <, dr. This condition and the hypotheses of the lemma imply that
d} <, dp <, d}d),. Therefore, d}; is not the empty word and we can write
dy = wv, with v € W and v € W*. Then, e = d),;d; <, d has the inter-
pretations J = (d})~'dr,dps,dg,a (here we are using that (d})~'dy # 1) and
J' = u,v,d,a’. But u € W and |[(d})"d| < |(d})1dyd),| = |uv], so e is
a strict suffix of d having a d.i. E = (J;J') verifying the hypotheses of the
lemma, which contradicts the minimality of d. Thus, this case is incompatible
with the hypotheses.

(2) dr <p d7. If D is not a simple d.i. we have dg <, d,d since d}, € W
and then d; <, d7 <, dpdy;. This implies that djs is not the empty word.
Then, we can write dy; = wv with u € W and v € W*. We have that F =
(J =d ), dy,dR,a’; J' = u,v,dp,a) is a di. of e == dydp <, d which, in
addition, satisfies u € W and |d;'d}| < |uv|. This contradicts the minimality
of d and D must be simple.

(3) d, =d}. If dpy = 1 or dj,; = 1, it follows directly from definition that
D = (1,I') or D' = (I',I) are simple d.i. respectively. So we assume dp; # 1
and d}; # 1. Therefore, we can write dyy = uv and d};, = /v, with u, v’ € W
and v,v" € W*. Let e :=dydg =d),d'r, J =u,v,dg,a and J =/, v, d}y, d'.
Observe that when |u/| < |u|, E = (J';J) is a d.i. of e satisfying u € W and
[o/| < Juv|, and when |u| < |u/|, E = (J;J') is a d.i. of e satisfying v’ € W
and |u| < |u'v’|. In both cases we get a contradiction with the minimality of d.
Then, in this case either D or D’ is a simple d.i. of d.
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O

A point = € A% is factorizable over W if there exist a point y € W% and
k € Z such that z o) = Yoy1y2 -+ and T(_ oo k) =+ +*Y-3y—2¢y—1. For example,

if T is a directive sequence, 0 < n < N and z € X,(.")

that x is factorizable over 77, ny(An).

The last lemma of this subsection gives the relation between asymptotic pairs
that are factorizable over the set of words W and simple double interpretations
over W. This lemma is crucial to reduce our combinatorial studies in next
sections to the case of simple double interpretations.

, from Lemma 2 we see

Lemma 5. If z,2’ € A” are factorizable over W, T(—o0,0) = .Z'/(ioc’o) and xg #
xy, then there exists a word e < T(—o0,0) having a simple double interpretation
over W.

Proof. Let 1 > 2|W| and d := x(_;5). Then d inherits in a natural way in-
terpretations I = dr,dy,dg,a and I’ = d,d),,d%,a’ from the factorizations
of x and a’ respectively. Since a = z¢ # z(, = o/, the tuple D = (I;I') is a
d.i. Moreover, by choosing adequately [ we can suppose that d; € W. Also,
|dr] < W| <1 —|d%| = |d};d};], so the hypotheses of Lemma 4 hold. Thus d
(and of course 2(_ ) has a suffix e with a simple double interpretation over
W. This proves the lemma. O

2.3.2 Reducible and irreducible simple double interpreta-
tions

In this section we introduce the notions of reducible and irreducible sets of
simple double interpretations. In Proposition 1 we provide an upper bound for
the size of irreducible sets of simple d.i. (the proof of this proposition is very
technical and is postponed until Section 2.5). Thus, even if in some cases it is
not necessary, most of the notions appearing in this section will be considered
only for simple d.i.

For the rest of the chapter each time we use a letter D to denote a d.i.
on W, then it double interprets the word d € A" and is written D = (Ip =
dL,dM,dR,CLD; IID = dlL,dgw,le,a/ )

Definition 4. Given U = (upr, ug, u}, Uy, U, £) € W5 x N, we define Dy as
the set of simple W-d.i. D such that:

(1) either dpr € W*ups ordy =1 and d, < upy;
(2) drap <, ug and |ug| = min{|w| : drap <, w, w € W};
(8) dpa’n <, ul, dp <;u} and |up| = min{|w| : d} <, w, w e W};

(4) dyy =1 ordy, =v1---v, € W, vy = U}, and maxi<;<n |v;] = L.
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It is easy to see that

D= U DU

UeWwb xN

is the set of all simple W-d.i. of words in .AT. Moreover, from ((4)) of Definition
4 we have that £ € {|w|: w € W} U {0} when Dy # 0, so D is the union of no
more than #W?(#W + 1) sets Dy.

dp dyuy; um dr ap UR
ui [
a

di vl Un d}{ D uk

max{|vql,..., [v,]} =€

Figure 2.3: Diagram illustrating restrictions in Definition 4 for a simple d.i. in
the case dps,d}, # 1.
Definition 5. Let D, E be simple d.i. on W. We say that,

(1) D is equivalent to E, and we write D ~ E, if d and e have a common
suffiz of length at least (W) (this makes sense by Remark 2).

(2) D reduces to E, and we write D = E, if e <, d.

Observe that, when D and F are simple d.i. on W with D = FE| then, by
Remark 2, D ~ E.

Definition 6. A subset D' C D of simple d.i. is reducible if
(1) there are two different and equivalent elements in D', or
(2) there exists D € D' that reduces to some simple d.i.

If D' is not reducible, we say that it is irreducible.

The main combinatorial result about irreducible sets of simple d.i. is the
following proposition, whose proof will be carried out in Section 2.5.

Proposition 1. Let U € W5 x N. Any irreducible subset of Dy has at most
61(#W) elements.

The use of condition (2) of Definition 3 appears during the proof of this
proposition. This proof consists in directly showing that sets D’ C Dy with more
than 61(#W) elements are reducible. For this, one finds elements in D’ that
are equivalent or can be reduced. In this process, one observes that eliminating
condition (2) in the definition of simple d.i. has two opposite effects. On one
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hand, it should be easier to find a reduction of a given simple d.i., since more d.i.
are simple; but on the other hand, without condition (2) being simple means less
structure, so it is more difficult to actually find the desired reductions during
the proof. Balancing this trade-off is the reason behind the technical condition
(2). It is worth mentioning that this condition (2) is only used in the proof of
Lemma 9.

2.4 Proof of main results

In this section we prove our main results. As we commented in the introduction,
the proof of Theorem 19 is based on two general steps: first we use a proposition
from [DDMP16] relating the number of asymptotic components with the “size”
of the automorphism group and secondly we develop a complete combinatorial
analysis of the asymptotic classes arising in an S-adic subshift of finite alphabet
rank.

Let (X,S) be a topological dynamical system. Two points z,2’ € X are
(negatively) asymptotic if lim,,, o dist(S™z, S™a’) = 0. We define the relation
~ in X as follows: = ~ 2’ whenever x is asymptotic to S¥z’ for some k € Z.
It is easy to see that ~ is an equivalence relation. An equivalence class for ~
that is not the orbit of a single point is called an asymptotic class, and we write
Asym(X, S) for the set of asymptotic classes of (X, S). Observe that if (X, 5)
is a subshift, then  ~ 2’ if and only if x(_ 1) = a:éfoo’g) for some k,{ € Z.

The following proposition, which is a direct consequence of Corollary 3.3 in
[DDMP16], gives a relation between the number of asymptotic classes and the
cardinality of Aut(X,S)/(S) under conditions that any infinite minimal subshift
satisfies.

Proposition 2. Let (X,S) be a topological dynamical system. Assume there
exists a point xo € X with w(xo) = (),,0 {520 : kK > n} = X that is asymptotic
to a different point. Then, #Aut(X,S)/(S) < #Asym(X, S)!.

Now we prove our first combinatorial theorem.

Theorem 20. Let W C AT be a set of nonempty words. Then, there exists
B C AW with #B < 122(#W)7 such that: if x, 2’ € A% are factorizable over
W, T(—oo0) = 9:’(_0070) and xo # 1w, then T_wy0) € B.

As will be clear from the proof, the bound “122(#W)7” is not necessarily
optimal. Here, the important point is that, despite the fact that the length of
the elements in B is (W), the cardinality of B depends only on #W, and not
on (W).

Proof. We start by defining the set B. For each U = (ups, ug,uy,ufy,, ug, ¢) €
W5 x N, fix Dy, € Dy an irreducible subset of maximal size (we consider the
empty set as an irreducible set, so there always exists such set Dj;). We define

Bi={we A™ :3U e W’ xN, De D}, w<,d},
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where in this set d € AT represents the word that is double interpreted by D.
We note that this makes sense because |d| > (W) for all simple d.i. As we
observed previously, we have ¢ € {|w| : w € W} U {0} when Dy is nonempty.
Thus, there are no more than #W?(#W + 1) choices for U such that Dy is
nonempty. Using this and Proposition 1 we get:

#B < 61#W - #{U ¢ W x N: Dy # B},
S BIHW - #WS(FW +1) < 122(#W)".

It rests to prove the main property of the theorem. In this purpose, let z, 2’ € AZ
be factorizable over W with x(_. 0) = xz_wm and zg # xj. From Lemma 5
we can find a simple d.i. D of d <s x(_o0). Let

D = D(0) = D(1) = D(2) = --- = D(n)

be a sequence of reductions that starts with D (where, possibly, n = 0 and D
has no reduction). We write, for convenience, D(j) = (I(j);I'(j)) and d(j) for
the word that is double interpreted by D(j). Since |d(0)| > |d(1)] > ..., any
sequence like this ends after a finite number of steps. In particular, we can take
(and we are taking) this sequence so that n is maximal. This implies that D(n)
has no reduction.

Since D = Uy eyys xny Pus we can find U € W° x N satisfying D(n) € Dy.
We claim that there is a word e with a simple d.i. E = (Ig;I};) € Dj; such that
D(n) is equivalent to E. Indeed, if D(n) € Dy, then, since D(n) is equivalent to
itself, we can take E := D(n). If D(n) is not in Dj;, then, from the maximality
of Dy; we see that Dy, U {D(n)} is reducible. Since D(n) has no reduction and
Dy, is irreducible, there exists E € Dy, equivalent to D(n). This proves the
claim.

Then, using the definitions of reduction and equivalence of simple d.i., we
have that the suffix w € A of e satisfies

w < d(n) <sd(n—1) <g - <5 d(0) <5 2(—00,0),
and w € B since E € Dy;. This finishes the proof. O

Now we have all the ingredients to compute the number of asymptotic classes
in the case of S-adic subshifts of finite alphabet rank.

Theorem 4. Let (X,S) be an S-adic subshift given by an everywhere grow-
ing directive sequence of alphabet rank K. Then, (X,S) has at most 122K
asymptotic classes.

Proof. Set K’ = 122K7. We are going to prove the following stronger result.

Claim 20.1. Let P be the set of pairs (x,y) € X x X such that x(_ o) =
Y(—o0,0) and To # yo. Then, #{r(_0) : (v,y) € P} < K'.
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First, we show how this claim implies the theorem. Suppose the claim is true
and let Cy,...,Ck/ be asymptotic classes for (X, S). For each j € {0,..., K’}
we choose (2;,2}) € C; such that z; and z; do not belong to the same orbit.
Then, there exist m;, m’ € Z such that z; == S™iz; and y; = S 2} satisfy

() (—00.0) = (i) (—00,0) and  (z5)0 # (yj)o, Vj€{0,....,K'}.  (2.1)

Thus, (z;,y;) € P for all j € {0,..., K’} and, by the claim and the Pigeon-
hole Principle, there exist different j,j" € {0,..., K’} such that (2;)_oc,0) =
(%) (~00,0)- This implies C; = Cj and, thus, that (X,S) has at most K’
asymptotic classes.

Now we prove the claim. Let 7 = (7,: A}, — Al)n>0 be an every-
where growing directive sequence of alphabet rank K generating X. By doing
a contraction, if required, we can suppose that #A4, = K for every n > 1.
For n > 1 put W,, = 7j0,n)(A,) and let B,, C AZ be the set given by The-
orem 20 when it is applied to W,,. By hypothesis, #W,, < #A4,, = K, so
#B, < 122(#W,)7 < 122K = K.

For j € {0,...,K"} let (z;,y;) € P. We have to show that (2;)(—cc,0) =
(7)) (=o0,0) for different j,j° € {0,...,K’}. Since for all n > 1 and j €
{0,..., K"} the points z; and y; are factorizable over W, (Lemma 2), from
Theorem 20 we have that (z;)—(w,),0) € Bn. But #B,, < K’ so by the Pigeon-
hole Principle there exist j,,j., € {0,..., K’} with j, # j/ such that

(5, 1= Wa).0) = (T2 = (W), 0)- (2.2)

Thus, again by the Pigeonhole Principle, we can choose 1 < n; < ny < ... such
that jn, = jn, = =J#3 =Jn, =Jjn, =.-- By (2.2),

(@)= owa )00 = (@) =W, )0, Vi>1 (2.3)

Since T is everywhere growing, (W,,) goes to infinity when n — +o0. Thus, (2.3)
implies that (7;)(—cc,0) = (7j/)(~c,0), s desired. This completes the proof. [

We remark again that in previous result we do not assume minimality. This
hypothesis is needed in the next proof (of Theorem 19) only because we bound
the size of the automorphism group by the number of asymptotic classes via
Proposition 2. Thus, Theorem 19 is mainly a consequence of combinatorial
facts inherent to S-adic subshifts.

Theorem 19. Let (X, S) be a minimal S-adic subshift given by an everywhere
growing sequence of finite alphabet rank K. Then, its automorphism group is
virtually Z.

Proof. From Proposition 2 and Theorem 4 we get
#Aut(X, S)/(S) < #Asym(X, S)! < (122K7)! < +oc.

This inequality proves that Aut(X,S) is virtually Z. O
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2.5 Proof of Proposition 1

In this last section we prove Proposition 1. All but one result we need (Lemma
4) are presented and proved here, so the section is almost self contained.

We fix, for the rest of this section, a finite set of words W C A%t and a
sequence U = (ups, ug, uy, Uy, us, £) € W3 x N. For D € Dy, we define:

d = dg(dy,d%) "t = (drdps) " td).

We need a last definition: two words u,v € A* are prefiz dependent (resp.
suffix dependent) if « <pvorv<,u (resp. u <;vorv <, u). In this case, u
and v share a common prefix (resp. suffix) of length min(|ul, |v]).

Lemma 6. Consider different elements D, E in Dy. If any of the following
conditions holds, then the set {D, E} is reducible:

(i) dyydrap, €\ ,ehar are prefix dependent;
(i) |dr| = lerl;
(iii) |d| < |&| < |dd),| or [&] < |d| < [&e),]-

Proof. We will show that under conditions of the lemma one of the following
relations occurs: D ~ E, FE reduces to a simple d.i. or D reduces to a simple
d.i.

Without loss of generality, we can suppose that d,drap <, €},erap. We
distinguish two cases:

(1) dy,drap = €)€pap. Using item ((3)) of Definition 4 we can write
d = d}d),dy <, u}d),dy. Similarly, e <, u}e€),e,. This and hypothesis (a)
imply that d and e are suffix dependent. But, since D and E are simple d.i., by
Remark 2 we have that |d|, |e| > (W). We conclude that d and e share a suffix
of length at least min(|d|,|e|) > (W), which implies D ~ E.

(2) dy,dRap <, ey ehar (so, dydrap <, €y, ek). We claim that £ > 0 in
the definition of U. Suppose that £ = 0. Then, d’; = ¢/, = 1 and we can write:

/ / !/
dRaD Sp €r Sp Up.

Since by ((3)) of Definition 4 we also have dpa), <, ufy, we conclude that
ap = a’p. This contradicts the fact that E is a d.i. Thus, ¢ > 0.

Now, £ > 0 and ((4)) of Definition 4 imply that vp = (u),;)~1d}, € W* and
vp = (uh,)"tely; € W*. Let w = d),d%. Observe that Jp = uy,,vp,d%,a}
is an interpretation of w. Moreover, since u}, <, w <, u},vgey by hypothesis
(b) and vy € W*, we can obtain, using Lemma 3, an interpretation of w of the
form Jg = u’y,, €}, €, a’f such that waly, <, u)vpel.

Next, we prove that F = (Jp;Jg) is a d.i. of w. Observe that vpdrap <,
vge by hypothesis (b) and e)j,efa% <, vgey by the definition of Jg. But
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vpdy = (uy) " tw = €} e}, so ap = a}}. Hence, a}, # ap = a/, and F is a d.i.

of w.

Finally, we note that since Jp and Jg start with v}, € W, we can use
Lemma 4 with F' to obtain a simple d.i. G of a word g such that g <, w <, d.
This corresponds to the fact that D reduces to G.

Assume |dg| = |eg|. Since, by ((2)) of Definition 4, we have that dr and er
are prefix of ug, hypothesis (ii) implies that dg = eg. In addition, from ((1))
of Definition 4 we see that d;d;; and epeps either share the suffix up; € W or
are suffix dependent. We conclude that d = d;dy;dr and e = epeper share a
suffix of length at least (). This is, D ~ E.

We consider the case |d| < |&| < |ddf,|, the other one is symmetric.

We start with some simplifications. Observe that condition ((2)) in Definition
4 implies

dRaD = adﬁwd’Rap Sp uUpr and CRaE = ée'Me’RaE Sp UR. (24)

Then, if |d| = |&|, we are in case (i), and if |dg| = |er|, we are in case (ii). Thus,
we can suppose, without loss of generality, that

d| < [&], (2.5)
|dr| # ler|.

The idea of the proof is the following. We are going to define a word w, which
is suffix of d or e, and that has a d.i. F satisfying the hypothesis of Lemma 4.
This would imply that F' (and then also D or E) reduces to a simple d.i., as
desired.

From (2.5) and hypothesis (iii) we have that |d| # |dd},| and thus ¢ # 0.
In particular, this last fact implies that vp = (u},;)~'d}, € W* and vg =
(uy)"tel, € W*. Also, from (2.4) and (2.5) we see that it makes sense to
define ¢ :== d~'& # 1. Then, Jp = u},,vp,d,a)p is an interpretation of d),d%
and Jg = t, €, €, alp is an interpretation of te/,e},. Now, using (2.4) and (2.6)
we also obtain that either d’,d%, <, te), ey or te), e <, d),d;. We analyze
these two cases separately:

(1) Assume d),d, <, te},ez. We define w = d},d <, d. Note that Jp
is an interpretation of w. By hypothesis (iii), we have t <, w <, te),;e, so
we can use Lemma 3 with Jg to obtain an interpretation of w having the form
Jp = t,e§(4,e’1§,‘,a~ and SatiSnying wa <, e ek We set FN: (JD,J,’E).~ Since
wa <, teh,er = dter <, d"tug and wap = d),;drap = d"'drap <, d"lug,
we have a = ap. Being ap # a/, as D is a d.i., we conclude that a # a/, and
that F'is a d.i. Recall that u; € W and observe that |¢t| < |d’,| by hypothesis
(iii). Thus, F satisfies the hypothesis of Lemma 4. This implies that D is
reducible.
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(2) Suppose te} e, <, djd;. Observe that from ((4)) of Definition 4 we
know that there exist n > 0 and, for j € {1,...,n}, v; € W with |v;| < ¢, such
that vp = vy ---v, (we interpret v1---v, = 1 when n = 0). We define w =
tehyer <s e and v,41 = d. See Figure 2.4 for an illustration of the definitions
so far. Since |w| > |u;|, we have v}, <, w <, u),v1 - vuq1 by (b), and thus,
there exists a least integer m € {1,...,n + 1} such that w <, uj,v1 - vp.
Being m minimal, we can write w = u)v1 - Upp_1v},, with v/, <, v, and
wa <, dy,d% for some a € A. Then, J}, = vy, v1- - Vpm_1,0,,,a and Jg are
interpretations of w.

~ 7
d UMO1 *** Upt1
w

ugr

~ 7
e UmOE

Figure 2.4: Diagram of the construction in Case (b) of the proof of Lemma
6. Observe that conditions (b) and (2.4) say that d <, & <, éujvg <,
dufv1---vp41 <, ug. This and the definitions of w and t are represented
in the figure.

We set F' = (Jp, Jg) and claim that F is a d.i. Indeed, on the one hand,
the d?ﬁnition of J,’;, gives wa <, dy,d% §p~d*1uR. On the other hand, since
w = d~'&);ef, = dler, we have wap <, d~tug by ((2)) of Definition 4. We
conclude that @ = ag. Then, a # a5 (because E is a d.i.) and F is a d.i.

Finally, we prove that F' satisfies the hypothesis of Lemma 4. Since J},
starts with u}, € W, we only need to show that |¢|] < |ujv1-  vm-1]. By
contradiction, we assume ujv1 - vm—1 <, t. This condition implies two
things. First, that we can define ¢’ = (u};v1 -+ vm—1)" 't # 1, and then, since

Wy U1 -« U1y, = teh, e, that v), = t'e),ef. In particular, ¢ < |&},| <
Uy, |- e second fact 1s that m < n. Indeed, pothesis (111) we have
' |. Th d fact is th < n. Indeed, by hypothesis (iii) we h

[uh o1 vm—1] < [t < |dYy| = Julyv1 - o] Hence, £ < |v),| < |vpm| < £, which

is a contradiction. This proves that Lemma 4 can be applied with F', so F' (and
then also E) reduces to a simple d.i.

O

If u € AT, then we write u® = vuu--- and ®u = ---uuu. Recall that an
integer k£ > 1 is a period of w € A" if w <, u™ (equivalently, w <; *°u) for
some u € AF. The following result (also known as the Fine and Wilf Lemma)
is classical.

Lemma 7 (Proposition 1.3.2, [Lot97]). If p,p’ > 1 are periods of w € A" and
p+p < |w|, then ged(p,p’) is also a period of w.
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We fix an irreducible subset D’ C Dy. For D, E € D/, since d, & <, ug and
d,& <, u}, we have that d and & are both prefix and suffix dependent. So it
makes sense to define in D’:

D<E iff d<,&

Observe that Lemma 6 part (iii) implies that D = E if and only if d = &
Therefore, < is a total order. In particular, we can use the notation D < F
when D < E and D # E. In this case it is not difficult to prove that [& — |d| is
a period of &.

Let D(1) < --- < D(s) be all the elements in D’ (deployed in increasing
order). We adopt the mnemotechnical notation:

D(j) = (dr (), du (), dr(4), as); d7.(5), dis(5), dR(5), @' (4));
d(j) = dr(j)dar ()dr (), d(j) = (dz(i)dar (1) d7(5). (2.8)

For D, E € D', since drap, & <, ug, we have that dgrap <, € if and only if
|dr| < |E|. Thus, for j € {1,...,s} we can define

D'(j)={D €D :drap <, d(j)} ={D €D : |dg| < [d(j)|}

and D'(s + 1) := D’. By definition of the total order, this is a nondecreasing
sequence. Moreover, D'(j) C {D(k): ke {1,...,j—1}}forallj € {1,...,s+1}.
In particular, D’(1) = 0.

Lemma 8. Let p € {1,...,s+ 1} be such that D'(p) is nonempty and let
D(p') == max D' (p), where the mazimum is taken with respect to the total order.

Then, #(D'(p)\D'(p')) < 6.

Proof. We prove the lemma by contradiction. Suppose #(D’(p)\D’(p’)) > 7 and
let D(j1) < D(j2) < -+ < D(j7) be seven different elements in D’ (p)\D'(p').

We start by obtaining some relations. First, from part (iii) of Lemma 6 and
the irreducibility of D', we get
dd), <, & for all D, E € D'(p) such that D < E. (2.9)

Thus,

d(jx) <p d(ie)dis (k) <p A1) <p dGis1)dis (es) for all k € {1, 6}.
(2.10)
In Figure 2.5 we illustrate these conditions.
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Ur |

d(j1) E(]'z) y g(j7)

Figure 2.5: Diagram of conditions in equation (2.10). Observe that, since
ddh,d, = dr <, ug for any D € D’ by ((2)) of Definition 4, all the words in
the figure occur inside ug.

We set vy = d(jx)d4, (), k € {1,...,6}. By (2.10),
v <p - <pUs <p d(js) <p V6 <p d(jr).
Also, observe that for any D € D'(p)\D'(p’) we have D < D(p') and D &€ D' (p’),
which gives B B
d Sp d(pl) Sp dR Sp Uug. (211)
Equation (2.10), the first inequality of (2.11) used with d(j7) and the second
inequality of (2.11) used with d(jj) imply that

vp <p d(j7) <p d(p') <p dr(jg) for all k € {1,...,6}. (2.12)

From previous relations we can define the nonempty word w = vy 1&( J7)-
Let ¢ <, w be such that |¢| is the least period of w. We will prove that |g|
divides vy tvy| for all k € {1,...,5}.

On the one hand, the observation made before the proof shows that |d(js)~d(j7)|
is a period of a(j7), and thus also of w. On the other hand, if k£ € {1,...,6},
then from (2.12) and the definition of d we get

(v "on) e = v d(je) Sp v dR (k) = dR(in) Sp U,
being the last step true due to item ((3)) of Definition 4. In particular, for
k=1 we get w <, up. These inequalities imply w <, (vy'vj)®. Conse-

quently, |v; *vg| is a period of w. Since, by (2.10), vk_la(jg) is defined for all
ke {1,...,5}, then for these values of k we can compute

lal + oy Mol < 1d(je) "M d ()] + oy okl = w] — |o;td(jo)| < Jwl.
Hence, Lemma 7 can be applied to get that ged(|q|, |[vy 'vk|) is a period of w for
k€ {1,...,5}. In particular, |¢| = ged(|q|, |v; tvx|) and || divides vy vy| for
ke{l,...,5}.
Then, we have w <, ¢° and, by the claim, for k£ € {1,...,5} there exists
ng > 0 satisfying vflvk = ¢"*. Moreover, from the definition of v; we have
vk = v1¢™*, which implies

dir(jr)a(in) = vy "dr(je)a(ie) <p vy 'ur = ¢ ™ vy 'ug
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and d'; (jr)a' (jr) <p uz. Thus, since a(ji) # a’(ji), we deduce that d';(ji) is
the maximal common prefix of ¢~"* vfluR and u’.

Now, let n,n’ > 0 and r,7’ <, ¢ be maximal such that ¢"r <, vi'ug and
q",r' <, up. We conclude that

dR(ix) = ¢ ™ rif n —n, <n’ and dx(ji) = @ ifn—ng >0 (2.13)

for k € {1,...,5}.

We have all the elements to complete the proof. Since ny < n3 < ng < ns,
we have no < ng <n—n' or nyg >ny >n—n'. We are going to show that both
cases give a contradiction, proving, thereby, the lemma.

First, suppose that ns < ng < n—n'. Then, for k € {2, 3}, we have n—ny >
n', and thus, by (2.13), dp(jx) = ¢ 7. It £ = 0, d(jr) = d} (r)d%0r) <s
u’Lq”'r’. Then, d(j2) and d(j3) are suffix dependent, which gives that D(js) is
equivalent to D(j3), contradicting the irreducibility of D’. If £ > 0, we have
dr(jr) = v1(vy tor)d% (k) = v1¢™ T 7. Then, using (2.10),

"% | = [y tok] > o M oe| > [d)y(G2)] > [uly, ] > (W),

and hence d(j2) and d(j3) share a common suffix of length (W). This is, D(ja) ~
D(js3), which is a contradiction.

Finally, assume ns > n4 > n—n’. We have, by (2.13), that d’;(jx) = ¢" "*r
for k € {4,5}. Hence, dr(jx) = vi(v]  op)d%k (k) = v1g™d(jr) = vig"r. In
particular, condition (ii) of Lemma 6 holds for {D(j4), D(j5)}, contradicting the
irreducibility of D’. This completes the proof.

O

Lemma 9. Let p € {1,...,s} be such that #D'(p) > 2 and let D(p')
maxD'(p), D(p”) = maxD'(p) \ {D(p')}. Then, there exist w € W
w' <, d(s)d(p”)~! such that w and w' are suffiz dependent, |w| > |d(p’)
|w'| > [d(s)| — [d(p)].

[SURESH

an
an

Proof. Note that p” < p’ < p. Before proving the main statement of the lemma,
we highlight two useful relations. First, note that

dr(p")das (p")d(p") = d7,(p") (2.14)

as D(p”) is simple. Second, since ug and u’; are, by Definition 4, the short-
est words in W satisfying dr(p”)a(p”) <, ug and d7, (p”) <, u’, respectively,
we have, by condition ((2)) of the definition of simple d.i., that |d}(p")] >
min(|ug|, |u}|) > |d(k)| for k € {1,...,s}. This and the fact that d/, (p") and
d(k) are both suffix of u’, imply

d(k) <, d}(p") for ke {1,...,s}. 2.15)

(
Now we are ready to prove the main statement of the lemma. Using (2.15)
and d(p’) <, d(p), we have (d} (p")d(p)~1)d(p") <, d’.(p”). In addition, d1.(p") <,
d’ (p”) by the simplicity of D(p”). Thus, (d}(p”)d(p)~1)d(p’) and dp(p") are
prefix dependent. In what follows, we split the proof in two cases according to
which of these words is prefix of the other.
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(a) (di(p")d(p)~")d(p') <, dr(p"). Observe that d(s) <, uf, and dar(p")d(p") <,
d; (p") < Uy, so d(s) and dp(p”)d(p”) are suffix dependent. In addition, from
(2.14) and (a) we get

|dar (p")d(p")] = |d7, (") — L (p")
< |d7 (") = |(d2 ('
= [d(p)| — [d(p")]| <

(2.16)
d(p)~Hd(p")]
(

|
)
d(s)|.

We conclude that

dar(p”)d(p”) <, d(s).
Thus, it makes sense to define w’ = d(s)(da(p”)d(p”))~". Clearly, w' <,
d(s)d(p”)~!. Let w € W be a word satisfying dz,(p”) <, w, as in the definition
of interpretation. Observe that, by (2.15) and (2.14),

w' <o dp (") (dar(p")d(p") 7 = dL(p”) < w,

so w and w' are suffix dependent. It is left to prove that |w’| > d(s)|—| N( )| and
|w| > |d(p’)|. For this, we note that in (2.16) it was shown that [das(p”)d(p”)| <
|d(p)| — [d(p')]. Thus,

jw'| > [d(s)] = |d(p)| + [d(p")] = max(jd(s)| — [d(p)], [d(p)]).

We conclude that |w’| > |d(s)| — |d(p)| and, since w’ <, w, |w| > || > |d(p')].
This completes the proof in case (a).

(b) d(»") <p (d},(»")d(p)~1)d(p'). We start by claiming that

[d(@")] + [d(p')] < d(@)]- (2.17)

Assume that (2.17) does not hold. Let g be the shortest word satisfying d(p) <,
*°q. As we commented before Lemma 8, condition p’,p” < p implies that
d(p'), as well as d(p"), are prefixes and suffixes of d(p). So |d(p)| — |d(p’)| and
|d(p)|—|d(p”")]| are periods of d(p). Moreover, since we are assuming (2.17) is not
true, we also have that (|d(p)| — |d(p")[) + (|d(p)| — |d(p")]) < [d(p)|. Then, by
Lemma 7, we obtain that [q] divides \d( )| — |d( )| and \d( )| - \d(p”)| Hence,
there exists n/, n” € N such that ¢* = d(p/)~'d(p) and ¢" = d(p")~'d(p). Now,
since p’,p" € D’( ), we can write dy,(p')d’z(p))a(p’) = d(p')"1dr(p)a(p’) <
d(p)~'d(p) = ¢" <, ¢ and, in a similar way, dy,(p")d%(@")a(p”) <, ¢
Thus, {D(p"), D(p/ )} is reducible by part (i) of Lemma 6, which contradicts the
irreducibility of D’. This proves the claim.

From (2.17) and (2.14) we get

|(d2,(p")d(p) " 1)d(p)] = d7,(p")] — [d(p)]| + [d(p)]
< |dL (") = 1d(")| = [d(p") " d (") = |dz(0")dar (")]-



2.5. PROOF OF PROPOSITION 1 47

Then, since
(d7(p")d(p)")d(p') <, (dL(p")d(p) " )d(p) = dL(p") = d(")dar(p")d(P"),

we obtain that (d} (p”)d(p)~)d(p') <, dr(p”)das(p”). This and (b) can be
written together as

dz(p") <p (d7(p")

(e 18]
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(2.18)

Since d,(p")das(p")d(p”) = d, (p") by (2.14), we can represent the right-hand
side of equation (2.18) as in Figure 2.6.

dr(p)dm@”)  d@”)
- di(p”)
d(p)

d(p)

Figure 2.6: Diagram of the right-hand side of equation (2.18).

By (2.18), we can write d,(p”)dps (p”) = vwv', where v € dr, (p"YW*, w € W,
v € W* and
v <p (d7(p")d(p) " Hd(p') <p vw, (2.19)

The word w is the one we need in the statement of the lemma. To define w’,
we first note that d(s) <, d (p”) and v'd(p") <, dr(p")dar(p")d(p") = d, (p ”)
so d(s) and v'd(p”) are suffix dependent. Moreover, using (2.19) we get

[o'd(p")] = d7, (p")] = [ow] < [d7,(p")] = [(dL,(p")d(p)~)d(p")| = [d(p)| — I?(p’)l)-

2.20
Then, [v'd(p")| < |d(p)| — |d(p )| < |d(s)| and v'd(p”) <, d(s). Now it makes
sense to define w’ == d(s)(v'd(p”)) =", which clearly verifies w’ <, d(s)d(p”)~".
It is also clear that w and w’ are suffix dependent. Indeed, from (2.15) and
(2.14) we have w’ <4 d} (p”)(v'd(p”)) ™! = vw.

Now, from (2.20), [w'| > |d(s)| — |d(p)| +|d(p")| = |d(s)| — |d(p)], proving the
desired condition on the length of w’. It only rests to prove that |w| > |d(p')|.
We argue by contradiction. Assume that

jw| < 1d(")]- (2.:21)
First, we prove that it makes sense to define the word

= ((dL("d(p)™") o) dr(p)) € AT, (2.22)
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From (2.19) and (2.21) we get |v| > |(d7 (p")d(p) ~1)d(p')|—|w| > |d7 (p")d(p) "]
But, v <, dz(p")dar(p) <p dip (p) and d7, (p")d(p) ™ <, d7,(p"), s0d7 (p")d(p) ™! <,
v and (d’, (p")d(p)~ 1)t exmtb and is not the empty Word Hence, by (2.19),

(d2(p")d(p) ™) o <, d(p) <, dr(P) (2.23)

and w” is well defined.

Now, we have vw <, dp(p”)dm(p”) <, d7.(p”) and, using p’ € D'(p),
that (d, (")) )dr() <p (&5 (0")aP) A(P) = df (). Thus, vw and
(d} (p")d(p)~")dgr(p') are prefix dependent. Therefore, there are two cases: vw
is prefix of (d} (p”)d(p)~")dr(p') and (d’, (p”)d(p)~1)dgr(p') is a strict prefix of
vw; in each of these cases we will build a reduction for D(p’), producing a
contradiction.

(b.1) vw <, (d7,(p")d(p)~")dr(p'). We start by building a d.i. of w”. Note
that B
w”a(p") <, wo'd(p”). (2.24)

Indeed, since D(p') € D'(p) and( T(p")d ( )_1)8( ) =dz(") = vwv'd(p"), we
have dg(p)a(p’) <, d(p) = (d/,(p ”)a(p) D=lywo'd(p”), which implies (2.24).
Now, since w € W, v/ € W* and d(p') <, ug, the word wv'd(p’) has an
interpretation of the form J = w,v’,a( "),a. Moreover, using (b.1) we can
get [w”| = |dr(p)| + |d}(p")d(p) "' = [vo] = |w|. Hence, by (2.24), Lemma
3 can be apphed with J to obtain an interpretation of w” having the form
I' = w,r,r";a(p’). We need another interpretation of w”. Note that in the
middle step of (2.23) we showed that (d/, (p”)d(p)~!) " v <, d(p’). In particular,
the word ((d/,(p")d(p)~")~'v)~d(p’) is nonempty and is a suffix of v, € W.

Then,

= ((d2.(")d(p) ™)~ o)1), dy (1), dR (). @' ()
is an interpretation of w” (here, we used that d(p')dy, (p')d% (') = dr(p')). We
set D = (I,I'). Since a(p’) # a'(p'), D is a d.i. of w”.

Now we can_conclude the proof of this case. From (2.19) we have |v] >
|(d,(p")d(p)~)d(p")| — [w], which implies |((d%,(p")d(p)~") ') 'd(p)] < || <
|wr|. This and that w € W allow us to use Lemma 4 to obtain a simple d.i.
E of a word e such that e <, w”. Since w” <s; dr(p’) <s d(p’), we have that
D(p') reduces to E. This is the desired contradiction.

3
d

(b.2) (d,(p")d(p)""dr(p) <, vw. We are going to build a simple d.i.
D = (I;I') of dg(p’) <s d(p'), proving, thereby, that D(p’) has a reduction.
Let I’ = d(p "), dy(p'), dx(p'),a’(p'). 1t is clear that I” is an interpretation

of dr(p') since d(p') <. uy, dy,(p)) € W*, dn(p)d (') <, U and |d(p')] >
|d(p")| > 0. To define I, observe that in the proof of (2.22) we showed that
(d}(p")d(p)~')~'v exists and is not the empty word. But, moreover, from
v € dp (p")W* we see that we can write (d}, (p”)d(p)~1)~ v = 77 in such a way
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that r is a nonempty suffix of some word in W and ' € W*. Since, by definition,
dr(p’) = rr’w”, to prove that I:=rr,w” a(p’) is an interpretation of dg(p’)
it is enough to show that w” (p ) <p w. From (b.2) we get rr'w” = dR( ) <p
rr’w, so w”’a’ <, w for some a’ € .A Then, using that vw <, vwv'd(p”) =

d7 (p'"), we obtaln

dr(p)a’ <, rr'w = (df,(p")d(p) ") ow
<p (d,(")d(p)~") " 1dL(p") = d(p) <p ur.

Since we also have dr(p')a(p’) <, ug, we deduce that ¢’ = a(p’). Hence,
w”a(p’) <, w and I is an interpretation of dr(p’). Being a(p’) # o'(p’), w
conclude that D = (I;I') is a d.i. of dg(p’).

Finally7 we prove that D is simple. Using the middle step in (2.23) we
get rr’ = (d (p")~"*d(p))~'v <, d(p’). This implies that dy,(p")d%(p) =
d(p')"Ydg(®) < (r')"'dr(p’) = w”, which is the first condition in Defini-
tion 3. Since w”a(p’) <, w and, by (2.21), |d(p’)| > |w], the second condition
also holds. Hence, D is simple and D(p’) reduces to it.

O

Remark that in the last paragraph it was the first time that in a proof we
build a reduction to a simple d.i. satisfying the second condition of ((2)) in
Definition 3.

2.5.1 Proof of Proposition 1
Proposition [. 1] Any irreducible subset of Dy has at most 61(#W) elements.

Proof. Let D’ be an irreducible subset of Dyy. Recall that, with the notation

introduced above, D(1) < --- < D(s) are the elements of D’ deployed in in-

creasing order, D'(s+1) =D and D'(j) ={D € D' : drap <, d(j)} ={D €
ldrl < JAG)I} for j € {1,...,s}.

We define recursively a ﬁmte decreasing sequence (pl)fi(l) We start with
po = s+ 1. Then, for i« > 0: a) if #D'(p;) < 1 we put p;4+1 = 1 and the
procedure stops; b) if #D'(p;) > 1, set D(p;+1) = maxD’'(p;). Observe that
D'(pi+1) € D'(p;). Let t > 0 be the first integer for which #D'(p;) < 1, so that
D'(pt+1) = D'(1) = (. This construction gives

D' = UO D'(pi)\D' (pi+1)-

From Lemma 8 we get that #D" < 6t + 1. To complete the proof we are going
to show that ¢ < 8#W + 2.

We proceed by contradiction, so we suppose t > 8#W + 2. This will imply
that D’ is reducible, which contradicts our hypothesis.
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Let 1 <4 < t—1. Since p; # s+ 1 and #D'(p;) > 1, we can define
D(p}) = maxD’'(p;) \ {D(pi+1)} and use Lemma 9 with D’(p;) to obtain suffix
dependent words w; € W and wj] € A* such that

() Jwil > [d(pisa)l, (i) wil > [d(s)| = d(ps)], (i) w] <, d(s)d(pf) "
(2.25)
Then, by the Pigeonhole Principle, we can find 1 < i5 < --- < i3 <t —1 such
that

(a) w:=w; = =w;, and (b) ig41 +2 < iy for any k € {1,...,4}.

Using (a) and (b

First, we use

we are going to obtain relations (2.26) and (2.27) below.
b) to prove that

)
(
d(s)d(pip,,) " <p wi <p d(s)d(pi,) "t <pwj ~forany ke {1,...,4}.
(2.26)
Let k € {1,...,4}. By (b), we have i1 < g1 + 1 < ig41 +2 <t — 1. Thus,
D(p1k+1+2) < D(p1k+1+1) and D(plk+1+1) D(pik+1+2) € D/(pik+1)’ which implies
that plk+1 > leﬁQ by the definition of pf’ .- Being pi, 12 > p;, by (b), we

(N)btaln P, = Pip- This and (iii) of (2.25) imply wj, , <, d(s )d(pg’kH) <,
d(s)d(pi,)~'. This proves the middle inequality of (2.26). Let k € {1,...,5}.
Since wj, <, d(s )d(pl )~! <, d(s) by (iii) of (2.25) and d(s)d(pi, )" <, d(s),
we have that wj and d(s )d(pzk)*lﬂ are prefix dependent. Moreover, |wj | >
|d(s)d(ps,)~t| by (ii) of (2.25), so d(s)d(p;,)~' <, w} . This proves the first
and last inequality of (2.26), completing the proof.

Thanks to (2.26), the word (a(s)a(pik)_l)_lwgk, exists for any 1 < k/ < k <

5. We will use this fact freely through the proof.
Next, we want to obtain from (a) that

(d(s)d(pi,) ™) " w), <swfor k€ {1,...,4}. (2.27)

By (a) and (i) of (2.25), we have |d(p;, )| < |d(pi;+1)| < |w|. This and (iii) imply
|(d(s)d(pi,) ") "l | < ld(s)d(piy) " = ld(s)d(pi,) | < [d(pi,)] < Juwl.

But, being w and (d(s)d(p; )17 tw] suffix dependent since w and wj, have the
same property and (d(s)d(p;, )~ Y~ hwj, < wj, , we obtain that (a(s)a(pu)_l)_lwgk <s
w, as desired.

Now we use relations (2.26) and (2.27) to obtain restrictions on the smallest
period of v := (d(s)d(p;,) ") "*wj . More precisely, we claim that if ¢ € A
is the shortest word satisfying v <, ¢°, then |g| divides |d(pi,)| — [d(pi,)| for
ke {2,3}.

Fix k € {2,3}. First, observe that v <, w and v((w)) 'w} )" =

(a(s)a(pi4)_1)_1w§2 <s w by (2.27). Being (w},)~'w] # 1 by (2.25), we deduce
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that v <, *((w},)~'w} ). This implies that |g| < |(w],) " w}, |. Thus,

12

Jal + d(pi,)d(pi) 71 < I(wh,) ™ wl, |+ [d(piy)d(pi,) 7| (2.28)
= [o] +1(d(s)d(pi,) ") M, | < o,

where (d(s)d(p;, )~ ")~ lwgz exists because k > 2.

Second, since w;, <, d(s) by (iii) of (2.25), we have that v = (a(s)a(pm)_1)_1w§1 <
d(pi,) <, ug and (a( Yd(pg, )1 "wi <, d(pi,) <p ur. Therefore,

v <, ug and (d(p;,)d(ps,) ™) "o = (d(s)d(ps,) ") ], <p ug.

This and the fact that, by (2.25), (d(ps,)d(p;,)~") # 1 imply that v <, (d(pi,)d(ps, ).
Hence, B B
|d(p;,)d(ps,, )| is a period of v. (2.29)

Then, from (2.28) and (2.29), we can use Lemma 7 with v to deduce that |q]
divides |d(p;,)d(ps, ) '], proving the claim. y

Let now ¢ € A" be the shortest word such that d(p;,) <, ¢°°. From the last
claim, we have for k € {2,3} that d(pu)d(pzk) = ¢"* for some ny > 1. Then,
since |d(pl4)d(pzk) 1| is a period of d(p;,) as Di, < Di,> We obtain d(p;,) <
(d(pi,)d(pi,) 1™ = ¢*° and ¢ <, ¢. Since, v <, d(ps,) <p §°, we also have
q <p G. Therefore, ¢ = q.

Now we can finish the proof of the proposition. Since a(pi4) <p ¢, there
are n > 0 and r <, ¢ such that d(p;,) = ¢"r. Then, for k € {2,3}, we have
d(pi,) = ¢ "*d(pi,) = ¢"~"*r. Being pi,,pi; € D'(pi,), we get

a,]\/l(plk)a;%(ptk)a(ptk) = d(pik)ilaR(pik)a(pik) Sp a(pik)fla(pu) = Tﬁlan SP ,,,flqoo'

Thus, condition (i) of Lemma 6 holds, which implies that {D(p;,), D(pi;)} is
reducible, contradicting our hypothesis.
O
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Chapter 3

Symbolic factors

3.1 Introduction

The class of finite topological rank subshifts have shown to be both a broad
class of symbolic systems [DDMP16; DDMP21], containing many of the most
studied types of subshifts, and to present high degrees of rigidity [BKMS13;
BDM10; EM21]. Hence, it arises as a possible framework for studying minimal
subshifts and proving general theorems.

In this direction, a fundamental question is the following:

Question 7. Is the finite topological rank class closed under symbolic factors?

Indeed, the topological rank aims to measure how complex is the system, so
an affirmative answer is expected to this question. However, symbolic factors
inherit a natural yet non-recognizable S-adic structure with finite alphabet rank
from their extensions, and thus it is not clear if a structure that is, in addition,
recognizable can always be obtained. Thus, an answer to this question seems
to be fundamental to the understanding of finite topological rank systems.

In this chapter, we obtain the optimal answer to Question 7 in a more general,
non-minimal context:

Theorem 21. Let (X,S) be an S-adic subshift generated by an everywhere
growing and proper directive sequence of alphabet rank equal to K, and w: (X,S) —
(Y, S) be an aperiodic subshift factor. Then, (Y,S) is an S-adic subshift gen-
erated by an everywhere growing, proper and recognizable directive sequence of
alphabet rank at most K.

Theorem 21 implies that the topological rank cannot increase after a factor
map (Corollary 7).

We are also able to prove the following theorems, which give a finer descrip-
tion of symbolic factors.

Corollary 5. Let (X, S) be an S-adic subshift generated by an everywhere grow-
ing and proper directive sequence of alphabet rank equal to K, and (X, S) GEY

593
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(X1,8) B ... 55 (X1, 8) be a chain of aperiodic subshift factors. If L > log, K,
then at least one m; is a conjugacy.

Theorem 22. Let 7: (X,S) — (Y,S) be a factor map between aperiodic min-
imal subshifts. Suppose that (X,S) has topological rank equal to K. Then m is
almost k-to-1 for some k < K.

Theorem 23. Let (X,S) be a minimal subshift of topological rank K. Then,
(X, S) has at most (3K)3*K aperiodic subshift factors up to conjugacy.

This chapter was published as a standalone article in [Esp22].

3.1.1 Organization

This chapter consists of 6 sections. In the first one, we give the additional
needed background in topological and symbolic dynamics. Section 3.3 is devoted
to prove some technical combinatorial lemmas. The main results about the
topological rank of factors are stated and proved in Section 3.4. Next, in Section
3.5, we prove Theorem 22. In Section 3.6, we study the problem about the
number of symbolic factors and prove Theorem 23. The last section contains a
combinatorial proof of Proposition 3.

3.2 Preliminaries

The hyperspace of (X, S) is the system (2%, S), where 2% is the set of all closed
subsets of X with the topology generated by the Hausdorff metric dg (A, B) =
max (sup,¢ 4 d(z, A), sup,cpd(y, A)), and S the action A +— S(A).

A factor between the topological dynamical systems (X, S) and (Y,7T) is a
continuous function 7 from X onto Y such that 70S = T'or. We use the notation
m: (X,S) = (Y, T) to indicate the factor. A factor map 7: (X,S) — (V,T) is
almost K-to-1if #7~1(y) = K for all y in a residual subset of Y. We say that 7 is
distal if whenever 7(x) = 7(2') and = # 2/, we have infyez dist(S*z, S*2') > 0.

Given a system (X, S), the Ellis semigroup E(X,S) associated to (X,.5) is
defined as the closure of {z + S"x : n € Z} C X¥X in the product topology,
where the semi-group operation is given by the composition of functions. On
X we may consider the F(X,S)-action given by x — uz. Then, the closure of
the orbit under S of a point z € X is equal to the orbit of z under E(X,S).
If 7: (X,S) — (Y,T) is a factor between minimal systems, then 7 induces a
surjective map 7*: E(X,S) — E(Y,T) which is characterized by the formula

m(uz) = 7*(u)m(z) for allu € E(X,S) and z € X.

If the context is clear, we will not distinguish between u and 7*(u). When
u € E(2%,89), we write u o A instead of uA, the last symbol being reserved to
mean uA = {uzx : € A}. We can describe more explicitly u o A as follows:
it is the set of all x € X for which we can find nets zy € A and my € Z
such that limy S"™*x) = x and limy S™* = w. Finally, we identify X with
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{{z} € 2% : 2z € X}, so that the restriction map E(2%X,S) — E(X,S) which
sends u € E(2%,9) to the restriction u|x: X — X is an onto morphism of
semigroups. As above, we will not distinguish between u € 2% and ulx.

3.2.1 Basics in symbolic dynamics
Words and subshifts

The pair (z,%) € A” x A” is right asymptotic if there exist k € 7Z satisfying
T(hoo) = T(koo) and x # Tg. If moreover k = 0, (z,%) is a centered right
asymptotic. A right asymptotic tail is an element (g ), where (x,Z) is a cen-
tered right asymptotic pair. We make similar definitions for left asymptotic
pairs and tails.

Morphisms and substitutions

We say that 7 is positive if for every a € A, all letters b € B occur in 7(a), is r-
proper, with r > 1, if there exist u,v € B” such that 7(a) starts with v and ends
with v for any a € A, is proper when is 1-proper, and is letter-onto if for every
b € B there exists a € A such that b occurs in a. The minimum and maximum
length of 7 are, respectively, the numbers (7) := (7(A)) = mingec 4 |7(a)| and
7] = |7(A)| = maxsea|7(a)|.

Let X C A% and Z C C” be subshifts and 7: (X,S) — (Z,9) a factor
map. The classic Curtis-Hedlund-Lyndon Theorem asserts that « has a lo-
cal code, this is, a function 9: A>"*1 — C, where r € N, such that n(z) =
(Y(@[i—ri4r]))iez for all z € X. The integer r is called the a radius of 7. The
following lemma relates the local code of a factor map to proper morphisms.

Lemma 10. Leto: AT — Bt be a morphism, X C A% and Z C C” be subshifts,
and Y = Uz Ska(X). Suppose that 7: (Y,8) — (Z,9) is a factor map of
radius v and that o is r-proper. Then, there exists a proper morphism 7: AT —
C* such that |7(a)| = |o(a)| for any a € A, Z = Uy S*7(X) and the following

diagram commutes:
X
Ul \ (3.1)

Yy X~ Z

Proof. Let 1: A>"T1 — B be a local code of radius r for 7 and u,v € B" be such
that o(a) starts with « and ends with v for all a € A. We define 7: A — CT
by 7(a) = 9(vo(a)u). Then, since o is r-proper, 7 is proper and we have
m(o(x)) = 7(x) for all x € X (this is, Diagram (3.1) commutes). In particular,

U s*r(x) = | S*n(o(X) ==(¥) = Z.

kEZ kEZ
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S-adic subshifts

The levels Xt(,n) can be described in an alternative way if o satisfies the correct
hypothesis.

Lemma 11. Let o = (oy,: AX_H — AN)nen be an everywhere growing and
proper directive sequence. Then, for everyn € N,

X3 = U *opm (A%) (3.2)
N>nkeZ

Proof. Let Z be the set in the right-hand side of (3.2). Since, by Lemma 2,
X((,") = UkeZ Sko[n,N) (X,(,N)) for any N > n, we have that X,(,n) included in Z.
Conversely, let x € Z and £ € N. We have to show that x_, occurs in
o,y (a) for some N >n and a € Ay. Let N > n be big enough so that oy, n)
is -proper. Then, by the definition of Z, there exists y € AJZ\, such that z[_g

occurs in o, n)(y). Since (op, ny) > £ (as o, ) is f-proper), we deduce that

T[_g ) occurs in o, n)(ab) for some word ab of length 2 occurring in y. (3.3)

Hence, by denoting by u and v the suffix and prefix of length ¢ of 71, n)(a)
and 7y, ny(b), respectively, we have that x[_ ) occurs in oy, ny(a), in 7, ny(b),
or in uv. In the first two cases, we are done. In the last case, we observe
that since o[, ny is £-proper, the following is true: for every M > N such that
(o[v,a0)) = 2, vu & oy an)(c) for any ¢ € Ay, In particular, x_g ¢ E 7pn,a1)(c)

for such M and ¢. We have proved that = € XS, O

Finite alphabet rank S-adic subshifts are eventually recognizable:

Theorem 24 ([DDMP21], Theorem 3.7). Let o be an everywhere growing di-
rective sequence of alphabet rank equal to K. Suppose that Xs is aperiodic.
Then, at most logy K levels (X,(,n), on) are not recognizable.

We will also need the following property.

Theorem 25 ([EM21], Theorem 3.3). Let (X, S) be an S-adic subshift generated
by an everywhere growing directive sequence of alphabet rank K. Then, X has
at most 144K right (resp. left) asymptotic tails.

Proof. In the proof of Theorem 3.3 in [EM21] the authors show the following:
the set consisting of pairs (z,y) € X x X such that x(_s0) = Y(—cc,0) and
xo # yo has at most 144K7 elements. In our language, this is equivalent to
saying that X has at most 144K7 left asymptotic tails. Since this is valid for
any S-adic subshift generated by an everywhere growing directive sequence of
alphabet rank K, 144K is also an upper bound for right asymptotic tails. [

3.3 Combinatorics on words lemmas

In this section we present several combinatorial lemmas that will be used through-
out the chapter.
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3.3.1 Lowering the rank

Let o: AT — BT be a morphism. Following ideas from [RS97], we define
the rank of o as the least cardinality of a set of words D C B¥ such that
o(A") C DF. Equivalently, the rank is the minimum cardinality of an alphabet
C in a decomposition into morphisms AT % ¢t X5 Bt such that o = pq.
In this subsection we prove Lemma 15, which states that in certain technical
situation, the rank of the morphism o under consideration is small and its
decomposition o = pq satisfies additional properties.

We start by defining some morphisms that will be used in the proofs of this
subsection. If a # b € A are different letters and @ is a letter not in 4, then we

define ¢qp: AT = (A\ {bH)T, Yo p: AT — AT and 0,5: AT — (AU {a})* by

ban(c) = {c if ¢ # b, as(€) = {c if ¢ # b, Buac) = {c if ¢ # a,

a ife=0b. ab if ¢=0. aa if c=a.

Observe that these morphisms are letter-onto. Before stating the basic proper-
ties of these morphisms, we need one more set of definitions.

For a morphism o: AT — BT, we define 0|1 = " . 4 [o(a)|. When u,v,w €
AT satisfy w = uv, we say that u is a prefix of w and that v a suffix of w. Recall
that 1 stands for the empty word.

Lemma 12. Let o: AT — BT be a morphism.

(i) If o(a) = o(b) for some a # b € A, then 0 = 0'¢qp, where o’: (A\
{b}H)t — BT is the restriction of o to (A\ {b})".

(ii) If o(a) is a prefix of o(b) and o(b) = o(a)t for some nonempty t € BT,
then o = 0'tbqp, where o’: AT — BT is defined by

iy Jole) ifc#b,
()= {t ife=b. (34)

(iii) If o(a) = st for some s,t € Bt and a € A, then 0 = 00,5, where
o': (Au{a})t — BT is defined by

o(e) ifc#a,a,
d'(c)=1s if c=a, (3.5)
t if c=a.

Proof. The lemma follows from unraveling the definitions. For instance, in case
(i), we have o’(¢a(a)) = 0'(a) = o(a), o' (Yas(b)) = o’(ab) = o(a)t = o(b),
and o' (14,(c)) = 0'(c) = o(c) for all ¢ # a,b, which shows that 0’1, = 0. O
Lemma 13. Let {o;: AT — Bj}jEJ be a set of morphisms such that

for every fized a € A, €, :=|o;(a)| is constant for any chosen j € J, (3.6)
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and u,v € AT, with u of length at least { =3 . 4 lq. Assume that u and v
start with different letters and that oj(u) is a prefiz of oj(v) for every j € J.

Then, there exist a letter-onto morphism q: AT — CT, with #C < #A, and
morphisms {pj: CT — B;’}]EJ satisfying a condition analogous to (3.6) and
such that o; = p;q.

Remark 3. If in the previous lemma we change the last hypothesis to “u and
v end with different letters and oj(u) is a suffix of 0;(v) for every j € J7, then
the same conclusion holds. This observation will be used in the proof of Lemma
26.

Proof (of Lemma 13). By contradiction, we assume that u, v and {o;};cs, are
counterexamples for the lemma. Moreover, we suppose that ¢ is as small as
possible.

Let us write v = au’ and v = bv’, where a,b € A. Since o;(u) is a prefix of
o;j(v), we have that for every j € J,

one of the words in {o;(a),o;(b)} is a prefix of the other. (3.7)

We consider two cases. First, we suppose that £, = ¢,. In this case, (3.7)
implies that ¢;(a) = o,(b) for every j € J. Hence, we can use (1) of Lemma 12
to decompose each o as 0@ b, Where o’ is the restriction of o; to (A\ {b})".
Since ¢q is letter-onto and £. = |o’(c)| for every j € J, ¢ € A\ {b}, the
conclusion of the lemma holds, contrary to our assumptions.

It rests to consider the case in which £, # ¢;,. We only do the case £, < ¢}
as the other is similar. Then, by (3.7), for every j € J there exists a nonempty
word t; € Bj?b_e“ of length ¢, — ¢, such that o;(b) = o;(a)t;. Thus, we can use
(2) of Lemma 12 to write, for any j € J, 0j = 0’945, where o is defined as in
(3.4).

Let @ = e p(v') and 0 = bipy p(v'). We want now to prove that @, ¥ and
{0+ j € J} satisfy the hypothesis of the lemma. First, we observe that for
every j € J,

if ¢ # b, then |o}(c)| = L, and |07 (b)| = [t;] = £y — Lq. (3.8)

Therefore, {0”} jec satisfy condition (3.6). Also, since 1,5(c) never starts with
b, we have that
@, U start with different letters. (3.9)

Furthermore, by using the symbol <, to denote the prefix relation, we can
compute:

oj(a)oy(t) = oj(a)o;(u') = 0j(u) <p 0j(v) = 05(Yap(v) = 0j(a)as (D).
This and the fact that o;(a) is equal to ¢(a) imply that

o’ (a) is a prefix of o (?) for every j € J. (3.10)
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Finally, we note
i > ful =123 e — Ly =0 (3.11)
ceA

We conclude from equations (3.8), (3.9), (3.10) and (3.11) that @, ¢ and {0’ : j €
J} satisfy the hypothesis of this lemma. Since ¢/ < ¢, the minimality of £ implies
that there exist a letter-onto morphism ¢': AT — C*, with #C < #.A4, and
morphisms {p;: C* — B;-' }jes satisfying O’} = p;¢’ and a property analogous
to (3.6). But then ¢ := ¢'t1), is also letter-onto and the morphisms {p;};cs
satisfy o; = p;q and a property analogous to (3.6). Thus, the conclusion of the
lemma holds for {o;},es, contrary our assumptions. O

Lemma 14. Let o: AT — BT be a morphism, u,v € AT, a,b be the first
letters of u, v, respectively, and o(a) = st be a decomposition of o(a) in which t
is nonempty. Assume that o(u) is a prefix of so(v), |u| > |o|1 + |s|, and either
that s=1 and a # b or that s # 1.

Then, there exist morphisms q: AT — CT and p: Ct — BT such that #C <
#A, q is letter-onto, |pl1 < |o|1, and o = pq.

Remark 4. As in Lemma 13, there are symmetric hypothesis for the previous
lemma that involve suffizes instead of prefixes and which give the same conclu-
sion. We will use this in the proof of Lemma 15.

Proof (of Lemma 14). Let us write u = au’ and v = bv’. We first consider the
case in which s = 1. In this situation, u and v start with different letters, so
Lemma 13 can be applied (with the index set J chosen as a singleton) to obtain
a decomposition AT % ¢+ B Bt such that ¢ is letter-onto, #C < #A, and
o = pq. Since C has strictly fewer elements than A, we have |p|; < |o|;. Hence,
the conclusion of the lemma holds in this case.

We now assume that s # 1. In this case, t and s are nonempty, so we can
use (3) of Lemma 12 to factorize o = 0’6, z, where @ is a letter not in A and o’
is defined as in (3.5). We set @& = af, 5(u') and ¥ = 0,,5(v). Our plan is to use
Lemma 13 with %, © and o’.

Observe that 6, z(c) never starts with a, so

@, U start with different letters. (3.12)

Also, by using, as in the previous proof, the symbol <, to denote the prefix
relation, we can write:

so' () = so'(a)o' (0p.5(u)) = sto(u') = o(u) <p so(v) = s0"(04,a(v)) = so’(9),

s )

which implies that
o' (1) is a prefix of o/ (). (3.13)

Finally, we use (3.5) to compute:

@l > Jul =1 > lofs + [s] = 1 > |o]s = o’]1. (3.14)
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We conclude, by equations (3.12), (3.13) and (3.14), that Lemma 13 can be
applied with @, ¥ and ¢’ (and J as a singleton). Thus, there exist morphisms
q¢: (Au{a})t — C* and p: C* — B* such that #C < #(A U {a}), ¢ is
letter-onto and ¢’ = pq’. Then, #C < #A, g = ¢'0,5 is letter-onto and
0 = pq¢'0,s = pg. Moreover, since §, 5 is not the identity function, we have
lplx <lols. O

The next lemma is the main result of this subsection. To state it, we in-
troduce additional notation. For an alphabet A, let AT+ be the set of words
w € AT in which all letters occur. Observe that o: AT — BT is letter-onto if
and only if o(A*TH) C BTT.

Lemma 15. Let ¢: AT — CT, 7: BT — C* be morphisms such that T is {-
proper, with £ > |p|%, and ¢(AY) N T(BTH) # 0. Then, there exist Bt —%
Dt 25 ¢ such that

(i) #D < #A, (ii) T =pq, (iii) q is letter-onto and proper.

Proof. By contradiction, we suppose that the lemma does not hold for ¢ and 7
and, moreover, that |¢|; as small as possible.

That ¢(A)TN7(BTT) is nonempty means that there exist u = uy - - - u,, € A"
and w = wy -+ - wy, € BT with ¢(u) = 7(w). If m = 1, then, since w € BT, we
have B = {w;} and the conclusion of the lemma trivially holds for D = {a € C :
a occurs in 7(wy)}, ¢: BT — DY wy — 7(wy), and p: DT — C* the inclusion
map, contradicting our initial assumption. Therefore, m > 2 and {1,...,m—1}
is nonempty.

Let k € {1,...,m — 1}. We define i) as the smallest number in {1,...,n}
for which |7(wy - wk)| < |d(uq---u4, )| holds. Since |p(ui)| < |o1 < € <
|7(wy -+ wg)|, ik is at least 2 and, thus, |¢p(uy---u;—1)] < |7(wy---wyg)| by
minimality of i;. Hence, there exists a decomposition ¢(u;, ) = sitx such that
ti is nonempty and

tk¢(uik+1 . Un) = T(wk+1 ‘e wm) (315)

Our next objective is to use Lemma 14 to prove that s; and u; have a very
particular form:

Claim 25.1. For every k € {1,...,m —1}, sy =1 and u; = u;, .

Proof. To prove this, we suppose that it is not true, this is, that there exists
ke {l,...,m — 1} such that

sp # 1 orup # u;,. (3.16)

Let u = w;, ... uy p2—1 and 0 = uy...upys. We are going to check the
hypothesis of Lemma 14 for w, v and ¢.
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First, we observe that, since ¢(u) = 7(v), we have that ¢(9) is a prefix of
7(v). Moreover, given that |¢(?9)| < |¢|] < ¢ and that T is f-proper, ¢(?) is a
prefix of 7(b) for every b € B. In particular,

¢(v) is a prefix of 7(wg). (3.17)

Second, from (3.15) and the inequalities [trd(wi, 11 - U, 4 jg2—1)] < [P <€ <
|7(wy)| we deduce that txd(wi,+1 .. U, 4gj2—1) is a prefix of 7(wy). Therefore,

(1) = spted(Uipt1 - - - Uiy 4pj2-1) is a prefix of spT(wg). (3.18)

We conclude from (3.17), (3.18) and the inequality |¢(@)| < |6|3 = 9] < |sro(D)]
that

o(a) is a prefix of s,¢(0).

This, the inequality |a| > |¢|1 +]|sk| and (3.16) allow us to use Lemma 14 with ,

o and ¢ and obtain morphisms AT —1» AT %, ¢+ such that HA<H#A 6= ¢q
and |@|; < |@1. Then, £ > |¢| > |¢|f and ¢(AT)N7(BF+) contains the element
#(G(u)) = 7(w), and so 7 and ¢ satisfy the hypothesis of this lemma. Therefore,
by the minimality of |¢|;, there exists a decomposition B+ % DT & ¢t of 7
satisfying (i-iii) of this lemma, contrary to our assumptions. O

An argument similar to the one used in the proof of the previous claim gives
us that

Up, = u;,—1 for every k € {1,...,m — 1}. (3.19)

We refer the reader to Remark 4 for further details.

Now we can finish the proof. First, from (3.15) and the first part of the
claim we get that 7(wy) = é(usy,_, - us—1) for k € {2,...,m — 1}, 7(wy) =
d(ur---uiy—1) and T(wy) = ¢(u4,_, - -u,). Being w € BT, these equa-
tions imply that each 7(b), b € B, can be written as a concatenation x; - - - zy,
with z; € ¢(A). Moreover, by the second part of the claim and (3.19), we
can choose this decomposition so that x1 = w; and *ny = wu,. This de-
fines (maybe non-unique) morphisms B+ -4 D 24 €+ such that 7 = pigq,
#D1 < #{P(u1),...,0(un)} < #A and ¢ is proper. If we define D as the set
of letters d € Dy that occur in some w € ¢(B), and p as the restriction of p; to
D, then we obtain a decomposition Bt —% Dt -2 C* that still satisfies the

previous properties, but in which ¢ is letter-onto. Hence, p and ¢ met conditions
(i), (ii) and (iii). O

3.3.2 Periodicity lemmas

We will also need classic results from combinatorics on words. We follow the
presentation of [RS97, Chapter 6].

Let w € A* be a nonempty word. We say that p is a local period of w at the
position |u| if w = uv, with u,v # 1, and there exists a word z, with |z| = p,



62 CHAPTER 3. SYMBOLIC FACTORS

such that one of the following conditions holds for some words u' and v':

(7) u=1u'z and v = 2v;

(i) z=u'u and v = 2v’; (3.20)
(4i7) u=1u'z and z = vv'; '

v z=v'u=wv.

(i)

Further, the local period of w at the position |u|, in symbols per(w,u), is defined
as the smallest local period of w at the position . It follows directly from (3.20)
that per(w,u) < per(w).

w 1 u ! v ! l_"_,l u, v ! 1!1 u, v, 2/
: I X T 1 t f X T 1 t [ X T |
z z z z z z
(#) (i) (iv)

Figure 3.1: The illustration of a local period.

The following result is known as the Critical Factorization Theorem.

Theorem 26 (Theorem 6.2, Chapter 6, [RS97]). Each nonempty word w € A*,
with |w| > 2, possesses at least one factorization w = uv, with u,v # 1, which
is critical, i.e., per(w) = per(w,u).

3.4 Rank of symbolic factors

In this section we prove Theorem 21. We start by introducing the concept of
factor between directive sequences and, in Proposition 3, its relation with factor
maps between S-adic subshifts. These ideas are the S-adic analogs of the con-
cept of premorphism between ordered Bratteli diagrams from [AEG15] and their
Proposition 4.6. Although Proposition 3 can be deduced from Proposition 4.6 in
[AEG15] by passing from directive sequences to ordered Bratteli diagrams and
backwards, we consider this a little bit artificial since it is possible to provide a
direct combinatorial proof; this is done in the Appendix. It is interesting to note
that our proof is constructive (in contrast of the existential proof in [AEG15])
and shows some additional features that are consequence of the combinatorics
on words analysis made.

Next, we prove Theorem 21. We apply these results, in Corollary 7, to
answer affirmatively Question 7 and, in Theorem 5, to prove a strong coalescence
property for the class of systems considered in Theorem 21. It is worth noting
that this last result is only possible due the bound in Theorem 21 being optimal.
We end this section by proving that Cantor factors of finite topological rank
systems are either subshifts of odometers.
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3.4.1 Rank of factors of directive sequences

The following is the S-adic analog of the notion of premorphism between ordered
Bratteli diagrams in [AEG15].

Definition 7. Let o = (A}, = Ab),en, 7 = (B, = B )nen be directive
sequences. A factor ¢: o — T is a sequence of morphisms ¢ = (¢n)nen,
where ¢o: A — B and ¢n: Af — BY for n > 1, such that ¢o = To¢1 and
OnOn = Tndnt1 and for every n > 1.

We say that ¢ is proper (resp. letter-onto) if ¢, is proper (resp. letter-onto)
for every n € N.

Remark 5. Factors are not affected by contractions. More precisely, if 0 =
no <ny <ng < ..., then @ = (¢, )ren is a factor from o' = (0, nyir))ken
to T, = (T[nk,nk+1))kEN-

The next lemma will be needed at the end of this section.

Lemma 16. Let ¢ = (¢n)n>1: 0 — T be a factor. Assume that o and T
are everywhere growing and proper and that ¢ is letter-onto. Then, X, =

Ukez S’kgbo(X,(,l)) and X" = Ukez Skqbn(X((,")) for every n > 1.

Proof. We start by proving that xM c Ukez S’“(;Sn(X‘(,n)). Let y € X.E-n) and
¢ € N. There exist N > n and b € B, such that y;_, 4 occurs in 7, ny(b).
In addition, since ¢ is letter-onto, there exists a € Ay for which b occurs in
én(a). Then, yi_g g occurs in 77, )@ (b) and, consequently, also in ¢, o, n)(b)
as Tjp, )N = Pn0n,n). Hence, by taking the limit £ — oo we can find (K", z) €
Z x X5 such that y = S¥ ¢, (z). Therefore, y € Ukez Skp, (X5). To prove
the other inclusion, we use Lemma 11 to compute:

on(X5) = () U $*nomm(A%) = () U 5" 71w 6 (AF)

N>n keZ N>nkeZ
c N U S*mmB%) = xm.
N>nkeZ

O

As we mentioned before, the following proposition is consequence of the main
result in [AEG15]. We provide a combinatorial proof in the Appendix.

Proposition 3. Let o be a letter-onto, everywhere growing and proper directive
sequence. Suppose that X4 is aperiodic. Then, there exist a contraction o' =
(0], )nen, a letter-onto, everywhere growing, proper and recognizable T = (Ty )nen
generating Xo, and a letter-onto factor ¢: o' — 7, ¢ = (dn)nen, such that
d)o = 0'6.

The next proposition is the main technical result of this section. To state
it, it is convenient to introduce the following concept. The directive sequences
o and T are equivalent if o = v/, 7 = v"” for some contractions v/, v’ of a
directive sequence v. Observe that equivalent directive sequences generate the
same S-adic subshift.
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Proposition 4. Let ¢: o — 7 be a letter-onto factor between the everywhere
growing and proper directive sequences. Then, there exist a letter-onto and
proper factor ¥: o’ — v, where

(1) o' is a contraction of o;

(2) v is letter-onto, everywhere growing, proper, equivalent to T, AR(v) <
AR(o), and the first coordinate of ¥ and ¢ coincide;

(8) if T is recognizable, then v is recognizable.

Proof. Let us write o0 = (A}, = A}),en and 7 = (B, = B )nen. Up to
contractions, we can suppose that for every n > 1, #A4, = AR(o) and that 7,
is |¢,|{-proper (for the last property we used that 7 is everywhere growing and
proper).

Using that ¢p,41 is letter-onto, we can compute:

Ta(Bii1) 2 To(@ns1 (A1) = dn(on (A7) € dn(AL),

where in the middle step we used the commutativity property of ¢. We deduce
that

To(BH) N on(Af) # 0 for every n € N.

This and the fact that 7,, is a |¢,|{-proper morphism allow us to use Lemma 15
to find morphisms B,/ s D, P, B such that

(1) #Dpa1 < #A,, (i) T = Pngnr1, (iil) gne1 is letter-onto and proper.

We define vy = pg, the morphisms v, ‘= ¢.pn: D:{H — Df and ¢, =
Gndn: AF — DF, n > 1, and the sequences v = (Vy)neny and ¥ = (¥ )nen,
where ¢y := ¢g. We are going to show that these objects satisfy the conclusion
of the proposition.

We start by observing that it follows from the definitions that the diagram
below commutes for all n > 1:

AT_A,L_ Pn dn

+ +

Bn Dn

UWT THT \ Tyn
Pn

+ + +

An+1 bnt1 Bn+1 An+1 Dn+1

In particular, v,vni1 = @nTaPns1, 50 (Vjnnt1]) = (Tn). Being T everywhere
growing, this implies that v has the same property. We also observe that (iii)
implies that v, = g,p, is letter-onto and proper. Altogether, these arguments
prove that, up to contracting the first levels, v is everywhere growing and proper.
Next, we note that v and 7 are equivalent as both are contractions of
(po,q1,P1,92,...). This implies, by Lemma 1, that v is recognizable if T is
recognizable. Further, by (i), v has alphabet rank at most AR(o).
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It is only left to prove that 1) is a letter-onto and proper factor. By unraveling
the definitions we can compute:

Yo = ¢o = Tod1 = Poq1P1 = Vo1,

and from the diagram we have 0,9, = 1,117, for all n > 1. Therefore, 1 is a
factor. Finally, since g, is letter-onto and proper by (iii) and ¢ was assumed to
be letter-onto, v, = ¢, ¢, is letter-onto and proper. O

3.4.2 Rank of factors of S-adic subshifts

In this section, we will prove Theorem 21 and its consequences. We start with
a technical lemma.

The next lemma will allow us to assume without loss of generality that our
directive sequences are letter-onto.

Lemma 17. Let 7 = (7,: AIH — AN )nen be an everywhere growing and

proper directive sequence. If A, = A, N E(X,(,n)), T, 18 the restriction of T,

)

to Apyq and 7 = (To, 71y ... ), then T is letter-onto and XS-_” = X.(rn) for every

n € N. Conversely, if T is letter-onto, then A, C /J(X.,(-n)) for every n € N.

Proof. By Lemma 2, 7,, is letter-onto mapping AZ 41 into A,,. Moreover, that
lemma also gives that for every x € X.S-n) and N > n, there exists a 7, n)-
factorization (k',z") of = in X.E-N). This together with the inclusion X,(-N) - AJZ\,
imply that

Z = ﬂ U SkT[mN)(AJZV) D) X.,(.n)

N>n keZ

Now, T is everywhere growing and proper, so we can apply Lemma 11 to obtain
that XS:”) — 7 2 X™. Since it is clear that X_(Fn) c X" as Ay C Ay for
every IV, we conclude that X _g_”) = x{m™.

If 7 is letter-onto, then A, C L(U,cz S*7n,n)(A%)) for every N > n, and
hence, by the formula in Lemma 11, A,, C E(X.E-n)). O

Now we are ready to prove Theorem 21. We re-state it in a more precise
way.

Theorem 21. Let 7: (X,S) — (Y,S) be a factor map between aperiodic sub-
shifts. Suppose that X is generated by the everywhere growing and proper di-
rective sequence o = (0y: A}y — Al )nen of alphabet rank K. Then, Y is
generated by a letter-onto, everywhere growing, proper and recognizable direc-
tive sequence T of alphabet rank at most K.

Moreover, if o is letter-onto, then, up to contracting the sequences, there

exists a proper factor ¢: o — T such that w(oo(x)) = ¢o(x) for all x € xM

and |og(a)| = |¢po(a)| for all a € Ay
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Proof. Thanks to Lemma 17, we can assume without loss of generality that o
is letter-onto. Moreover, in this case we have:

A, C LX) for every n € N. (3.21)

Let us write o0 = (0,,: At ; = A})nen. By contracting o, we can further
assume that og is r-proper and 7 has radius r. Then, Lemma 10 gives us a
proper morphism 7: Af — B*, where B is the alphabet of Y, such that

m(oo(z)) = 7(z) for all z € XV and |oo(a)| = |7(a)] for every a € A;. (3.22)

In particular, 7(op ) () = 7071 ny(2) and |79, (a)| = [Top1 n)(a)| foralln € N,
ze X and a € A, so (3.22) holds for any contraction of o.
We define & = (7,01,09,...) and observe this is a letter-onto, everywhere

growing and proper sequence generating Y. This and that Y is aperiodic allow
us to use Proposition 3 and obtain, after a contraction, a letter-onto factor
¢: 0 — T, where o9 = 09 = 7 and T is a letter-onto, everywhere growing,
proper and recognizable directive sequence generating Y. The sequence 7T has
all the properties required by the theorem but having alphabet rank bounded
by K. To overcome this, we use Proposition 4 with ¢ and do more contractions
to obtain a letter-onto and proper factor ¢p: & — 7 such that ¢g = @9 = 7
and 7 is a letter-onto, everywhere growing, proper and recognizable directive
sequence generating Y and satisfying AR(7) < AR(6) = AR(o).

It is left to prove the last part of the theorem. Observe that since & and o
differ only at their first coordinate, ¢ is also a factor from o to 7. Further, by
equation (3.22) and the fact that ¢9 = 7, we have 7(og(z)) = 7(x) = ¢o(x) and
|oo(a)| = |po(a)] for every x € X and a € 4. O

Corollary 6. Let (X,S) be an aperiodic minimal subshift of generated by an
everywhere growing and proper directive sequence of alphabet rank K. Then, the
topological rank of X is at most K.

Proof. We can use Theorem 21 to obtain an everywhere growing, proper and
recognizable directive sequence T = (7,: B 41 — B )nen generating X and
having of alphabet rank at most K. Due to Lemma 17, we can assume that 7
is letter-onto. In particular, B, C ,C(X.(r")) for every n € N.

We claim that X,(.n) is minimal. Indeed, if Y C X.E.n) is a subshift, then
Tio,n) (V) is closed (as Tjg p): X,(.") — X5 is continuous), so J,¢y, SkT[O,n)(Y) =

UIkISIT[o ol S¥710,n)(Y) is & subshift in X, which, by minimality, is equal to it.
Thus, any point = € X has a Tjo,n)-factorization (k,z) with 2 € Y. The
recognizability property of (X.f."), Tio,n)) then implies that Y = xm,

Now, we prove that for any n € N there exists N > n such that 7, n) is
positive. This would imply that the topological rank of X is at most K and hence
would complete the proof. Let n € N and R be a constant of recognizability
for (X-,(-n),T[()’n)). Since X\ is minimal, there exists a constant L > 1 such



3.4. RANK OF SYMBOLIC FACTORS 67

that two consecutive occurrences of a word w € ﬁ(X.(r")) N B2EFL in a point
T € X.E-n) are separated by at most L. Let N > n be big enough so that
(To.ny) > L + 2R. Then, for all a € By € £(X)) and w € £(X™) n B2RH1,
w occurs at a position 7 € {R, R+1,... |70, nx)(a)| — R} of Tjg n)(a). Since R is
a recognizability constant for (X,(-”), Tio,n)); we deduce that for all a € By and
b € By, b occurs in 1, ny(a). Thus, 7j, ) is positive. O

We can now prove Corollary 1.

Corollary 1. Let (X,S) be an aperiodic minimal subshift generated by an ev-
erywhere growing directive sequence of finite alphabet rank. Then, the topological
rank of (X, S) is finite.

Proof. We are going to prove that X is generated by an everywhere growing
and proper directive sequence 7 of finite alphabet rank. This would imply, by
Corollary 6, that the topological rank of X is finite. Let o = (0y,: A 1
AF)nen be an everywhere growing directive sequence of finite alphabet rank
generating X. We contract T in a way such that #A4, < K for every n > 1.

We are going to inductively define subshifts X,,, n € N. We start with
Xo = X. We now assume that X,, is defined for some n € N. Then the set
X ={r € x5 on(z) € X, } is a subshift. We define X, 41 as any
minimal subshift contained in X, , ;. It follows from the definition of X, that
Usez S*0n(Xnt1) € X,. Being X, minimal, we have

U S*on(Xnt1) = X (3.23)
kEZ

Let A, = A, N L(X,). Equation (3.23) and the fact that o is everywhere
growing allow us to assume without loss of generality that, after a contraction
of o, the following holds for every n € N:

if a € A, 1 and w € £(X,,) has length 3, then w occurs twice in o, (a).
(3.24)
Let us fix a word w, = apbncy, € L(X,,) of length 3. Then, by (3.24), we can
decompose 0, (a) = up(a)vy,(a) in a way such that

un(a) ends with a,, v,(a) starts with b,c, and |v,(a)| > 2. (3.25)

To define 7, we need to introduce additional notation first. Let B, be

the alphabet consisting of tuples [¢] such that ab € L£(X,). Also, if w =

Wy ... Wy, € L(X,) has length |w| > 2, then x,,(w) = [1][22] ... ["lv1-1] €

wal Lwsz W

B, and if v’ = [Zﬂ [wﬁ:‘l] € By, then n(w') = wy...wy—1 € AJ.
Observe that n: B(')" — Aa' is a morphism.

We now define 7. Let 7,: B}, — B} be the unique morphism such

that 7,([7]) = Xn(vn(a)un(a)b,) for every [7] € B,i1. Observe that since

vp(a)un(a)b, € L(X,), it is indeed the case that 7,([3]) € Bf. We set

T = (NT0,T1, T2y -+ )-
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It follows from (3.25) that for every n € N and [}] € Bpi1, Ta([}]) starts

with [g:] and ends with [Z:] Thus, T is proper. Moreover, since |v,(a)| > 2,
we have |v,,(a)uy,(a)b,| > 3 and thus |7,,([¢])| > 2. Therefore, (r,) > 2 and 7 is
everywhere growing. Also, #B, < #A2 < K? for every n € N, so the alphabet
rank of 7 is finite.

It remains to prove that X = X,. By minimality, it is enough to prove
that X O X.,. Observe that since 7, xn+1(ab) = xn(vn(a)u,(b)b,), the word
TnXn+1(ab) occurs in x,0,(ab). Moreover, for every w = w; ... w)y,| € E(Xc,")),
TnXn+1(w) occurs in X0, (w). Then, by using the symbol C to denote the

“subword” relation, we can write for every n € N and ab € [,(Xt(,n)):

T[O,n)Xn(ab) E T[O,nfl)Xn—lo'n—l(ab)
C 7[0,n—2)Xn—20[n—2,n)(ab) E -+ T X0070,n) (ab)

Hence, n7j0.,)([§]) T nx007(0,n)(ab) T o0, (ab). We conclude that X, C X, =
X. O

Corollary 7. Let (X, S) be a minimal subshift of topological rank K and w: (X, S) —
(Y, S) a factor map, whereY is an aperiodic subshift. Then, the topological rank
of Y is at most K.

Proof. By Theorem 1, (X,S) is generated by a proper and primitive directive
sequence o of alphabet rank equal to K. In particular, o is everywhere growing
and proper, so we can use Theorem 21 to obtain an everywhere growing, proper
and recognizable directive sequence T = (7,,: B, | = B} ),>0 generating (Y, S)
and having of alphabet rank at most K. Then, the hypothesis of Corollary 6
hold for (Y, S), and thus the topological rank of (Y,.5) is at most K. O

The following notion will be used in the proof of the theorem below: o =
(on: AZH — A,)n>0 has ezact alphabet rank at most K if #A,, < K for all
n > 1.

Corollary 5. Let (X, S) be an S-adic subshift generated by an everywhere grow-
ing and proper sequence of alphabet rank K, and m;: (X;41,5) — (Xj,9),
7 =0,...,L, be a chain of aperiodic symbolic factors, with X; = X. Suppose
that L > logy(K). Then 7; is a conjugacy for some j.

Proof. We start by using Theorem 21 with the identity function id: (X,S) —
(X,S) to obtain a letter-onto, everywhere growing, proper and recognizable
directive sequence oy, of alphabet rank at most K generating X. By doing a
contraction, we can assume that o has exact alphabet rank at most K.

By Theorem 21 applied to w1 and o, there exists, after a contraction
of o, a letter-onto factor ¢p_1: o0, — or_1, where or_1 is letter-onto,
everywhere growing, proper, recognizable, has alphabet rank at most K, gen-
erates Xy_1, and, if ¢r_1,0 and o1 are the first coordinates of ¢p_1 and
o, respectively, then n,_1(op0(z)) = ¢r_1,0(x) for every xz € XL(,lL) and
loro(a)] = |¢r—1,0(a)| for every letter a in the domain of o, o. By contracting
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these sequences, we can also suppose that oz, 1 has exact alphabet rank at most
K. The same procedure applies to m;,_s and o 1. Thus, by continuing in this
way we obtain for every j = 0,...,L — 1 a letter-onto factor ¢;: oj41 — 0o;
such that

e 0 is letter-onto, everywhere growing, proper, recognizable, has exact al-
phabet rank at most K, generates X, m;(0j41,0(z)) = ¢;,0(x) for every

€ X&), and |oj110(a)| = |¢j0(a)| for every a € Aji11.
Here, we are using the notation o = (0;,,: Aj:nﬂ — AIn)nGNa ¢; = (Djn: j+1 n =

AT, )nen and Xj(n) = X,(,T;.). We note that

7,n

(Aq) for every x € X](+)1, j(0j41,0(x)) = ¢j0(x) = 0j00j1(x) since ¢jo =
05,005,1;

(82) X = Upey 8%¢5.1(X(})) by Lemma 16.

Hence, the following diagram commutes:

Xél) $0,1 o ng) i1 X](-l‘r)l . fr-1n XS)
ltfo,o J/O'j,() J/a-j+1,0 lO'L,O
0 0 0 0

X0 e X0 e X1 — X

Claim 26.1. If (X(—H’ ®j1) is recognizable, then m; is a conjugacy.

Proof. Let us assume that (X;}gl,(bj,l) is recognizable and let, for i = 0,1,

2t € X)) such that y = m;(2°) = m;(z!). We have to show that 2° = 7.

Jj+1 S .
First, we use Lemma 2 to find a centered ;41 o-factorization (k*,z2") of 2" in
X J( Jr)l Then, equation Ay allows us to compute:

Sk00j70¢j71(20) = Skoﬂ'j(O'j_._LQ(ZO)) = Wj(l’o) = ﬂj(SCl) = Sk10j70¢j71(21).

This implies that (k?,2%) is a 0} 0¢;1-factorization of y in Xj(-i)l for i = 0, 1.
Moreover, these are centered factorizations as, by e, |oj00j1(a)] = |ojt1,0(a)]
foralla € Aj;1,1. Now, being (X( ) oo ) and (X 1, ¢; 1) recognizable, Lemma
1 gives that (X _,'_)1,0] 105, 1) is recognizable, and thus we have that (k°,2%) =
(k',z'). Therefore, 2° = 2! and 7 is a conjugacy. O

Now we can finish the proof. We assume, by contradiction, that 7; is not a
conjugacy for all j. Then, by the claim,

(X;l), ¢1,;) is not recognizable for every j € {0,...,L —1}. (3.26)

Let
v=(¢01,01,1,021,---,PL-1,1,00L1,0L,2,0L,3,- ).
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The idea is to use Theorem 24 with v to obtain a contradiction. To do so, we
first note that, since v and o(*) have the same “tail”, X" ™) = Xémﬂ) for all

m € N. Moreover, Ay and the previous relation imply that

X0 = U Sk (X XG+) — U SEpiy . pr11(X )
kEZ keZ
= U SEpia . or_11(X5) U S5 bron (X)) = = Xj(l)-
kEZ k€EZ

This and (3.26) imply that for every j € {1,...,L — 1}, the level (X,(,j),gbj’l)
of v is not recognizable. Being v everywhere growing as oy, has this property,
we conclude that Theorem 24 can be applied and, therefore, that X(()l) =X,
is periodic. But then Xo = U,z SkO'O’O(X(()l)) is periodic, contrary to our
assumptions. O

A system (X, S) is coalescent if every endomorphism 7: (X,S) — (X, 5) is
an automorphism. This notion has been relevant in the context of topological
dynamics; see for example [Dow97].

Corollary 8. Let (X, S) be an S-adic subshift generated by an everywhere grow-
ing and proper directive sequence of finite alphabet rank. Then, (X, S) is coa-
lescent.

Remark 6. A linearly recurrent subshift of constant C' is generated by a primi-
tive and proper directive sequence of alphabet rank at most C(C +1)? ([Dur00],
Proposition 6). In [DHS99], the authors proved the following

Theorem 27 ([DHS99], Theorem 3). For a linearly recurrent subshift X of
constant C, in any chain of factors 7;: (X;,5) = (X;41,95), 7 =0,..., L, with
Xo = X and L > (20(2C 4 1)2)4¢°C+D* there is at least one 7; which is a
conjugacy.

Thus, Theorem 5 is not only a generalization of this result to a much larger
class of systems, but also improves the previous super-exponential constant to a
logarithmic one.

In Proposition 28 of [DHS99|, the authors proved that Cantor factors of
linearly recurrent systems are either subshifts or odometers. Their proof only
uses that this kind of systems satisfy the strong coalescence property that we
proved in Corollary 8 for finite topological rank systems. Therefore, by the same
proof, we have:

Corollary 9. Let 7: (X,S) — (Y, T) be a factor map between minimal sys-
tems. Assume that (X, S) has finite topological rank and that (Y,T) is a Cantor
system. Then, (Y,T) is either a subshift or an odometer.

Proof. We sketch the proof from [DHS99] that we mentioned above.



3.5. FIBERS OF SYMBOLIC FACTORS 71

Let (Pn)nen be a sequence of clopen partitions of Y such that P,1 is finer
than P,, and their union generates the topology of Y. Also, let Y,, be the subshift
obtained by codifying the orbits of (Y, T') by using the atoms of P,. Then, the
fact that P, is a clopen partition induces a factor map w,: (Y,T) — (Y, S).
Moreover, since P,,41 is finer than P,,, there exists a factor map &,: (Y,41,5) —
(Y., S) such that &,m,+1 = m,. Hence, we have the following chain of factors:

(X,8) 5 (V,T) ™ (Y, ) 278 (Yoo1,8) 2% . 55 (v, 9).

We conclude, by also using the fact that the partitions P,, generate the topology
of Y, that (Y,.5) is conjugate to the inverse limit lim,—, o (Yn; &n)-

Now we consider two cases. If Y}, is periodic for every n € N, then Y is the
inverse limit of periodic system, and hence an odometer. In the other case, we
have, by Corollary 5, that &, is a conjugacy for all big enough n € N, and thus
that (Y, S) is conjugate to one of the subshifts Y;,. O

3.5 Fibers of symbolic factors

The objective of this section is to prove Theorem 22, which states that factor
maps 7: (X, S5) — (Y, 5) between S-adic subshifts of finite topological rank are
always almost k-to-1 for some k bounded by the topological rank of X. We
start with some lemmas from topological dynamics.

Lemma 18 ([Aus88]). Let m: X — Y be a continuous map between compact
metric spaces. Then m=1:Y — 2% is continuous at every point of a residual
subset of Y.

Next lemma gives a sufficient condition for a factor map 7« to be almost
k-to-1. Recall that E(X,S) stands for the Ellis semigroup of (X, 5).

Lemma 19. Let w: (X,S) — (Y,T) be a factor map between topological dy-
namical systems, with (Y, T) minimal, and K > 1 an integer. Suppose that for
every y € Y there exists u € E(2%,S) such that #uon~'(y) < K. Then, T is
almost k-to-1 for some k < K.

Proof. First, we observe that by the description of wo A in terms of nets at the
end of Subsection 3.2, we have

Huo A< #A, Yue E(2%,S), Ac2X. (3.27)

Now, by previous lemma, there exists a residual set Y CY of continuity points
for 71, Let y,1/ € Y be arbitrary. Since Y is minimal, there exists a sequence
(ne)e such that lim, T™y = y'. If w € E(2%,S) is the limit of a convergent
subnet of (S™¢),, then wy = 3’. By the continuity of 7= at 3’ and (3.27), we
have

#r(y') = #r 7 (wy) = fwon (y) < #1(y).



72 CHAPTER 3. SYMBOLIC FACTORS

We deduce, by symmetry, that #7~1(y') = #7~(y). Hence, k := 7~ 1(y) does
not depend on the chosen y € Y. To end the proof, we have to show that
k< K. Wefixy € Y and take, using the hypothesis, u € E(2%,S) such that
#uom!(y) < K. As above, by minimality, there exists v € E(2%, S) such that
vuy = y. Then, by the continuity of 71 at v,

71 y) = 7 ouy) = (vu) o 1 (y) = vo (wonA(y).
This and (3.27) imply that k = #7(y) < #uon 1(y) < K. O

Let 0: At — BT be a morphism, (k,z) a centered o-factorization of y €
B%Z in A% and ¢ € Z. Note that there exists a unique j € Z such that £ €
[co,i(k, ), cq41(k,z)) (recall the notion of cut from Definition 9). In this
context, we say that (¢ ;(k,x),x;) is the symbol of (k,x) covering position £ of
y.

Theorem 22. Let m: (X,S) — (Y, 5) be a factor between subshifts, with (Y, 5)
minimal and aperiodic. Suppose that X is generated by a proper and everywhere
growing directive sequence o of alphabet rank K. Then, w is almost k-to-1 for
some k < K.

Proof. Let 0 = (0,: Apt1 — An)n>0 be a proper and everywhere growing
directive sequence of alphabet rank at most K generating X. Due the possibility
of contracting o, we can assume without loss of generality that #.4, < K for
every n > 1 and that oq is r-proper, where r is the radius of w. Then, by
Lemma 10, Y is generated by an everywhere growing directive sequence of the
form T = (1,01,09,...), where 7: A] — BT is such that 7(x) = 7(0o(x)) for
every x € X,(.l) = Xg,l). We will use the notation 7jg ) = T0[1,,). Further, for
y € Y and n > 1, we write F,(y) to denote the set of (g ,)-factorizations of y

in V™.
Before continuing, we prove the following claim.

Claim 27.1. There exist {,, € Z and G,, C Z X B,4+1 with at most K elements
such that if (k,z) € F,(y), then the symbol of (k,x) covering position £,, of y is
m Gp.

First, since Y is aperiodic, there exists L € N such that

all words w € L(Y) of length > L have least period greater than |7y ,,|.

(3.28)
We assume, by contradiction, that the claim does not hold. In particular,
for every £ € [0, L) there exist K + 1 7o ,)-factorizations (z,k) of y in Y.r(")
such that their symbols covering position ¢ of y are all different. Now, since
#710,n)(Ant1) < K, we can use the Pigeonhole Principle to find two of such
factorizations, say (k,z) and (k’,z’), such that if (¢,a) and (¢/,a’) are their
symbols covering position £ of y then a = a’ and ¢ < ¢/. Then,

Y(erctImiom (@)l] = T10,0) (@) = Y(er,e'+ 1m0,y (a)]]
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and, thus, y(c,c'+ |7, (a))] 18 (¢’ — ¢)-periodic. Being £ € (¢, ¢ + [0,n)(a)]), we
deduce that the local period of yjo 1y at £ is at most ¢’ — ¢ < |770,,)|. Since this
true for every £ € [0, L) and since, by Theorem 26, per(yjo,1)) = per(yo,1), ¥[0,))
for some ¢ € [0,L), we conclude that per(yj,zy) < [7[0,n)|. This contradicts
(3.28) and proves thereby the claim.

Now we prove the theorem. It is enough to show that the hypothesis of
Lemma 19 hold. Let y € Y and F,(y) € F,(y) be such that #F,(y) = #Gp
and the set consisting of all the symbols of factorizations (k, z) € F,,(y) covering
position £, of y is equal to G,,. Let z € 7~ 1(y) and (k,x) be a o[0,n)-factorization
of z in X, Then, ST,y (x) = SFm(070.0)(2)) = 7(2) = y and (k,z) is a
Tjo,n)-factorization of y in Y.,En). Thus, we can find (K, 2) € Fn(y) such that the
symbols of (k,x) and (K, z") covering position ¢,, of y are the same; let (m,a)
be this common symbol. Since o is proper, we have

_ !
Flm—(o10,n—1))m+o0,n) (@) +(o10,n—1))] = Flm—(o(0,n_1))m+|o[0,n) (@) +(T0,n-1))]’

where 2/ = Sk/U[O,n) (z') € X is the point that (k', ') factorizes in (X((;n), T[0,n))-
Then, as £, € (m,m + |09, (a)]],

o
Z(ln—(0[0,n—1))ln+{0[0,n—1))] = Z(ln7<d[o,n71)),5n+<0[o,n,71)>]'

Thus, dist(Sz, 5 Pa(y)) < exp(—(o[0,n—1))), Where P,(y) C 7 '(y) is the
set of all points Sk”a[o’n) (z") € X such that (k”,z") € F,(y). Since this holds
for every n > 1, we obtain that dy (S 7~ (y), S P,(y)) converges to zero as
n goes to infinity (where, we recall, dy is the Hausdorff distance). By taking
an appropriate convergent subnet u € E(2%,S) of (S*),en we obtain #u o
71 (y) < sup,eny #Pn = sup,ey #Gn < K. This proves that the hypothesis of
Lemma 19 holds. Therefore, 7 is almost k-to-1 for some k£ < K. O

3.6 Number of symbolic factors

In this section we prove Theorem 23. In order to do this, we split the proof into
3 subsections. First, in Lemma 22 of subsection 3.6.1, we deal with the case of
Theorem 23 in which the factor maps are distal. Next, we show in Lemma 26
from Subsection 3.6.2 that in certain technical situation -which will arise when
we consider non-distal factor maps- it is possible to reduce the problem to a
similar one, but where the alphabet are smaller. Then, we prove Theorem 23
in subsection 3.6.3 by a repeated application of the previous lemmas.

3.6.1 Distal factor maps

We start with some definitions. If (X, S) is a system, then we always give X*
the diagonal action SI* := § x ... x S. If 7: (X,S) — (Y, T) is a factor map
and k > 1, then we define RF = {(z!,...,2F) € X*¥ : 7(z!) = --- = 7(z")}.
Observe that R¥ is a closed S!¥l-invariant subset of X*.
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Next lemma follows from classical ideas from topological dynamics. See, for
example, Theorem 6 in Chapter 10 of [Aus88].

Lemma 20. Let w: (X,S) — (Y,T) be a distal almost k-to-1 factor between
minimal systems, z = (21,...,2%) € RE and Z = orbgu (2). Then, 7 is k-to-1
and Z is minimal

We will also need the following lemma:

Lemma 21 ([Dur00], Lemma 21). Let 7;: (X,S5) — (Y;,T5), i = 0,1, be two
factors between aperiodic minimal systems. Suppose that g is finite-to-one. If
z,y € X are such that mo(z) = mo(y) and m(z) = TVm1(y), then p = 0.

Lemma 22. Let (X,S) be an infinite minimal subshift of topological rank K
and J an index set of cardinality #J > K(144K")X. Suppose that for every
J € J there exists a distal symbolic factor m;: (X,S) — (Y;,S5). Then, there are
i # j € J such that (Y;,S) is conjugate to (Y3, 5).

Proof. We start by introducing the necessary objects for the proof and doing
some general observations about them. First, thanks to Theorem 22, we know
that 7; is almost k;-to-1 for some k; < K, so, by the Pigeonhole Principle, there
exist J; C J and k < K such that #J; > #J/K > (144K7)K and k; =k for
every j € Ji. For j € Ji, we fix 2/ = (2],...,2]) € Rf with z], # 2], for all
n # m. Let Z; = orbgu (27) and p: X* — X be the factor map that projects
onto the first coordinate. By Lemma 20, 7; is k-to-1 and Z; minimal. This

imply that if © = (z1,...,2%) € Z;, then

{z1,..., 21} = W;l(ﬁj(l'n)) for all n € {1,...,k}, (3.29)
Xy # Ty for all ny,m € {1,...,k}. (3.30)

Indeed, since Z; is minimal, (Sk)me 2 — g for some sequence (n¢)g, so,

inf dist(z,,zm) > inf  dist(S'z,, S'zm) > 0,
ném ( n 7n) jil n#m,lez ( n 'rrL)

where in the last step is due the fact that m; is distal. This gives (3.30). For
(3.29) we first note that {x1,..., 21} C ’/T;l(ﬂ'j(l'n)) as © € Ry, and then that

the equality must hold since #77]71(79 (xn)) =k =#{x1,..., 21} by (3.30).
The next step is to prove that asymptotic pairs in Z; are well-behaved:

Claim 27.2. Let j € Jy and (27 = (¢),...,2]), & = (#,...,%])) be a right
asymptotic pair in Z;, this is,

lim dist((S*"2?, S*27) = 0 and 27 # 7. (3.31)

n——oo

Then, (z2,73) is right asymptotic for every n € {1,...,k}.

n’ n
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Proof. Suppose, with the aim to obtain a contradiction, that (xJ,%%) is not
right asymptotic for some n € {1,...,k}. Observe that (3.31) implies that

for every m € {1,...,k}, either (x? &7 ) is right asymptotic or 27 = &7 .
(3.32)
Therefore, @), = &}, Using this and that 27,7/ € RF we can compute:

) =mj(20) = m;(#) = 7;(#]) for all m,l € {1,...,k},
and thus, by (3.29),
{af,. 2} = (s (ad) = w5 Ny (@) = {F, . 5

The last equation, (3.30) and that 2/ # &7 imply that there exist m # [ €
{1,...,k} such that & = 27 . This last equality and (3.32) tell us that 27, and
x{ are either asymptotic or equal. But in both cases a contradiction occurs: in
the first one with the distality of = and in the second one with equation (3.30).
O

Let j € Jy. Since Y is infinite, Z; is a infinite subshift. It is a well-known fact
from symbolic dynamics that this implies that there exists a right asymptotic

pair (z7 = (¢],...,2]), & = (&),...,%])) in Z;. We are now going to use

Theorem 25 to prove the following:

Claim 27.3. There exists i,j € J1, i # j, such that Z; = Z;.

Proof. On one hand, by the previous claim, (z7,,%},) € X? is right asymptotic

for every n € {1,...,k} and j € J;. Let pJ, € Z be such that (SPraxi, SPnil) is
centered right asymptotic. On the other hand, Theorem 25 asserts that the set

T(0.00) : (T, ) is centered right asymptotic in X
(0,00)

has at most 144K” elements. Since #.J; > (144K7)X  we conclude, by the
Pigeonhole principle, that there exist i, € Ji, i # j, such that

S’pilel and Spflel agree on (0,00) for every n € {1,...,k}. (3.33)

We are going to show that Z; = Z;. ‘ ‘
Using (3.33), we can find v € E(X, S) such that uSP»z?, = uSPraJ, for every
n. Then, by putting v, = uz’,, y} = uzd and ¢, = pJ, — pi,, we have

Y= (y},y}c) e Z y = (y{,,y}c) € Z; and yfl = Sq”yfl.

Hence, m(y?) = S%m(y}) and Lemma 21 can be applied to deduce that q == ¢,
has the same value for every n. We conclude that y* = S%y’/ € S1Z; = Z;, that
Z; N Z; is not empty and, therefore, that Z; = Z; as these are minimal systems.
O

We can now finish the proof. Let ¢ # j € J; be the elements given by the
previous claim, so that Z = Z;, = Z;. Let y € Y; and z = (x1,...,21) €
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p~ 7 (y) N Z. Then, by (3.29), m; ' (y) = {z1,..., 21} = W;l(ﬂj($1)), and so
m;jm; ' (y) contains exactly one element, which is 7;(x1). We define 1: Y; = Y;
by ¢(y) = m;(21).

Observe that 7, ': Y; — 2% is continuous (as 7; is distal, hence open) and
commutes with S. Being 7; a factor map, 1 is continuous and commutes with
S. Therefore, ¢: (Y;,S) — (Y;,5) is a factor map. A similar construction gives
a factor map ¢: Y; — Y; which is the inverse function of 7). We conclude that
1 is a conjugacy and, thus, that Y; and Y; are conjugate. O

3.6.2 Non-distal factor maps

To deal with non-factor maps, we study asymptotic pairs belonging to fibers of
this kind of factors. The starting point is the following lemma.

Lemma 23. Let w: (X,S5) — (Y,5) be a factor between minimal subshifts.
Then, either 7 is distal or there exists a fiber m—1(y) containing a pair of right
or left asymptotic points.

Proof. Assume that 7 is not distal. Then, we can find a fiber 7=!(y) and
proximal points z,2’ € m~!(y), with o # 2’. This implies that for every k € N
there exist a (maybe infinite) interval I = (ak,bx) C Z, with by — a > k, for
which x and z’ coincide on I and I is maximal (with respect to the inclusion)
with this property. Since z # ', then ap > —o0 or by < co. Hence, there exists
an infinite set £ C N such that ay > —oo for every k € E or by < oo for every
k € E. In the first case, we have that (S° (z,2'))rcr has a left asymptotic pair
(z,2') as an accumulation point, while in the second case it is a right asymptotic
pair (z,2’) who is an accumulation point of (S% (x,2’))xcr. In both cases we
have that (z,2') € R2 since (8% (x,2'))rer and (S% (z,2"))rer are contained
in R2 and RZ is closed. Therefore, the fiber 7—1((2)) contains a pair 2,2’ of
asymptotic points. O

The next lemma allows us to pass from morphisms o: X — Y to factors
m: X' — Y in such a way that X’ is defined on the same alphabet as X and has
the “same” asymptotic pairs. We remark that its proof is simple, but tedious.

Lemma 24. Let X C A" be an aperiodic subshift, o: AT — Bt be a morphism
and Y = Jyc; S*o(X). Define the morphism i, : AY — AY by iz(a) = al®@],
a €A, and X' = Uyey S¥io(X). Then, centered asymptotic pairs in X' are
of the form (i, (x),i,(Z)), where (x,Z) is a centered asymptotic pair in X, and
there exists a factor map w: (X', S) — (Y, S) such that w(iy(x)) = 7(x) for all
e X.

Proof. Our first objective is to prove that (X,i,) is recognizable. We start by
observing that

if (k,z), (l;, Z) are centered i,-factorizations of y € X', then zg = Zg. (3.34)

Indeed, since the factorization are centered, we have zg = i,(zo)r = Yo =
io(Z0); = Zo-
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Let A be the set of tuples (k,x, k, Z) such that (k,z), (k, %) are centered i,-
factorizations of the same point. Moreover, for R € {=, >}, let Ax be the set
of those (k,z, k,T) € A satisfying k R k.

Claim 27.4. If (k,2,k,i) € A—, then (0,S2,0,S%) € A—, and if (k, .k, %) €
A, then (|ig(zo)| — k+k,2,0,5z) € As.

Proof. If (k79~c, k,%) € A_, then, since 2y = & by (3.34), we can write iy (Sz) =

Skiy(x) = SFi, (%) = ig(S%). Thus, (0,S5,0,8%) € A=. Let now (k,z,k,%) €
As and y == S*i,(x) = S*i,(Z). We note that

S|ia(zo)\fk+lzrio_(i,) _ S\la(l’o)‘fky — SlZU(ZO)l'La(I) = ’LU(SSC),

50 (Jig(0)] — k + k, &) and (0, Sz) are i,-factorization of the same point. Now,
since o = & (by (3.34)) and (k, z), (k, &) are centered, we have k, k € [0, i, (zo)|).
This and and the fact that k& > k imply that k — k € (0, |is(zo)|). Therefore,
lig(20)| —k—+k € (0, |is(x0)]) and, consequently, (|ig(zo)|—k+k, &,0,Sz) € As.
O

We prove now that (X, i,) is recognizable. Let (k, z, l%,fr) € A. We have to
show that (k,z) = (k,#). First, we consider the case in which k = k. In this
situation, the previous claim implies that (0,Sx,0,5%) € A_. We use again
the claim, but with (0,Sz,0,S5%), to obtain that (0,5%z,0,5%%) € A—. By
continuing in this way, we get (0, S™x,0,5"%) € A= for any n > 0. Then, (3.34)
implies that =, = &, for all n > 0. A similar argument shows that z,, = &,
for any n < 0, and so (k,z) = (k,#). We now do the case k > k. Another
application of the claim gives us (p1,%,0,Sz) € As for some p; € Z. As before,
we iterate this procedure to obtain that (ps, Sx,0,5%) € As, (p3, 7,0, 8%x) €
A~ and so on. From these relations and (3.34) we deduce that xo = %o, Tg =
(SI)O = T, 1 = (Sl‘)o = (Sf)g = i‘l, J'le = (Si’)o = (521‘)0 = T2, etc. We
conclude that z,, = &, = ¢ for any n > 0. Then, by compacity, the periodic
point - - - xg.zoxg - - - belongs to X, contrary to our aperiodicity hypothesis on X.
Thus, the case k > k does not occurs. This proves that (X, i,) is recognizable.

Using the property we just proved, we can define the factor map 7: X' — Y
as follows: if 2/ € X', then we set w(2’) = S¥7(z) € Y, where (k,x) is the
unique centered i,-factorization of z’ in X. To show that 7 is indeed a factor
map, we first observe that since

|7(a)] = |ig(a)| for all a € A, (3.35)

7 commutes with S. Moreover, thanks to (iii) in Remark 1, « is continuous.
Finally, if y € Y, then by the definition of Y there exist a centered (k,x) 7-
factorization of y in X. Thus, by (3.35), (k,z) is a centered i, factorization of
2’ = S¥i,(z). Therefore, m(z') = y and 7 is onto. Altogether, these arguments
show that 7 is a factor map. That (i, (x)) = 7(x) for every x € X follows
directly from the definition of .

It is left to prove the property about the asymptotic pairs. We only prove
it for left asymptotic pairs since the other case is similar. We will use the
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following notation: if Z is a subshift, then A(Z) denotes the set of centered
left asymptotic pairs. To start, we observe that (is(z),i,(2")) € A(X’) for
every (z,Z) € A(X). Let now (z,2) € A(X'), and (k,x) and (k,Z) be the
unique centered i,-factorizations of z and Z in X, respectively. We have to
show that k = k = 0 and that (z,#) € A(X). Due to (iii) in Remark 1, (X, i,)
has a recognizability constant. This and the fact that (z,Z2) is centered left
asymptotic imply that (k,z) and (k, Z) have a common cut in (—ooc, 0], this is,
that there exist p, ¢ < 0 such that

m:=—k — |7;cr(x[p,0))| = _Ig - |7;J(i'[q,0))‘ € (—O0,0].

We take m as big as possible with this property. Then, z, # Z,. Moreover,
being z,, = =, and Z,, = &, by the definition of i,, we have that z,, # Z,, and
consequently, by also using that (z, Z) is centered left asymptotic, that m > 0.
We conclude that m = 0, this is, that k + |is(z[,0))] = k+ lig(Z[g,0))| = 0.
Hence, k& = k= p=¢q=0. Now, it is clear that x(_. p) = T(_c0,q], S0 from the
last equations we obtain that (z,Z) € A(X). This completes the proof. O

We will also need the following lemma to slightly strengthen Proposition 25.

Lemma 25. Let X C A% be an aperiodic subshift with L asymptotic tails.
Then, (X, S) has at most 2L? - #A? centered asymptotic pairs.

Proof. Let P, be the set of centered right asymptotic pairs in X and 7, =
{20,00) 1 (2, %) € A} C ANzt be the set of right asymptotic tails, where N>; =
{1,2,...}. We are going to prove that

#P, < HT? - #A%. (3.36)

Once this is done, we will have by symmetry the same relation for the centered
left asymptotic pairs P;, and thus we are going to be able to conclude that the
number of centered asymptotic pairs in X is at most (#7,2 + #7?) CHA% <
2L2 - #.A2?, completing the proof.

Let (z,%) € Prand Ry = {k < 0: 2(;,00) € Tr}. We claim that #R, < #7,.
Indeed, if this is not the case, then, by the Pigeonhole principle, we can find
k' < k and w € T, such that w = T( o) = T(s/,00)- But this implies that
w has period k — &/, and so X contains a point of period k — k’, contrary to
the aperiodicity hypothesis. Thus, R, is finite and, since R, is nonempty as it
contains Z(g,x0), ke = minR; is a well-defined non-positive integer.

Let now ¢: P, — T,2 x A% be the function defined by

¢(2,Z) = (T(k, 00)> T(ks,00)> Lhy > Thy )

If ¢ is injective, then (3.36) follows. Let us then prove that ¢ is injective.

We argue by contradiction and assume that there exist (z,Z) # (y, ) such
that ¢(z,z) = ¢(y,9) = (2, 2,a,a). Without loss of generality, we may assume
that x # y. Then, T(x, o) = 2 = Y(r,,00) and T, = a = yi,. Being z # y,
this implies that (z,y) is asymptotic. Furthermore, it implies that there exist
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p < k and ¢ < ¢ such that (SPx, S?%) is centered right asymptotic. In particular,
T(poo) € Tr and p < kg, contrary to the definition of k,. We conclude that ¢ is
injective and thereby complete the proof of the lemma. O

Lemma 26. Let X C A% be a subshift of topological rank K, J be an index set
and, for j e J, let 7j: AT — B;f be a morphism. Suppose that for every j € J

(1) Y; = Upez S*7;(X) is aperiodic;

(II) for every fized a € A, |1;(a)| is equal to a constant {, independent of
JjeJ.

Then, one of the following situations occur:
(1) There existi,j € J, i # j, such that (Y;,S) is conjugate to (Y}, S).

(2) There exist ¢: AT — Af with # A1 < #A, a set J; C J having at least
#J24# A (144K7)2 — K (144K")X elements, and morphisms : C — B;,
Jj € Ji, such that T; = Tj/-d). In particular, the hypothesis of this lemma

hold for X1 == Uyez S*0(X) and i, €1

Proof. Let i: At — A* be the morphism defined by i(a) = a‘s, a € A, and
X' = Upez S*i(X). We use Lemma 24 with X and 7; to obtain a factor map
i (X', 8) = (Y;,S) such that

7(i(z)) = 7;(z) for every x € X. (3.37)

If 7; is distal for K(144K7)K + 1 different values of j € J, then by Lemma
22 we can find 4, j such that (Y, S) is conjugate to (Y;,S). Therefore, we can
suppose that there exists J' C J such that

#J' > #J — K(144K")X and 7; is not distal for every j € .J'. (3.38)

From this and Lemma 23 we obtain,_ for every J € J’, a centered asymptotic
pair (), 7)) in X’ such that 7;(z()) = 7;(#()). This and (3.37) imply that

7j(2V) = m;(2P) = m;(3V) = 7;(2V). (3.39)

Now, by Lemma 25, X has at most 2#.A4%(144K7)? centered asymptotic pairs
and thus, thanks to Lemma 24, the same bound holds for X’. Therefore, by the
Pigeonhole principle, there exist .J; C J satisfying #.J; > #J'/2#.A?(144K7)% >
#J/2#A%(144K7)? — K(144K7)K and a centered asymptotic pair (z,7) in X’
such that (z,%) = (), 30)) for every j € J;.

We assume that (x, %) is right asymptotic as the other case is similar. Then,
equation (3.39) implies that if £ = _ , £, then, for every j € Jy,

one of the words in {7;(z[0,¢)), 75 (Z[0,¢)) } is a prefix of the other. (3.40)

This, hypothesis (IT) and the fact that, since (z, ) a centered asymptotic pair,
To # To allow us to use Lemma 13 with u := x[g ), v = Ty, J = J1 and
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w’ = 7j([0,00))[0,¢) and obtain morphisms ¢: AT — Af and 7}: A — B,
Jj € Ji, such that #A; < #A, 7; = 7/¢ and

for every a € Ay, £;, := |7j(c)| does not depend on the chosen j € J. (3.41)

Finally, we observe that X; and TJ/-, j € Ji, satisfy the hypothesis of the
lemma: condition (I) holds since, by the relation 7; = 7/¢, the subshift X; :=
Upez S¥0(X) satisfies that (J,cy SkTJ/»(Xl) =Yj is aperiodic; condition (II) is
given by (3.41). O

3.6.3 Proof of main result

We now prove Theorem 23. We restate it for convenience.

Theorem 23. Let (X,S) be an minimal subshift of topological rank K. Then,
(X, S) has at most (3K)32K aperiodic symbolic factors up to conjugacy.

Proof. We set R = (3K)32K. We prove the theorem by contradiction: assume
that there exist X C A% of topological rank K and, for j € {0,..., R}, factor
maps 7;: (X,S5) — (Y;,5) such that (Y3, S) is not conjugate to (Y}, .S) for every
i#j€{0,...,R}. We remark that X must be infinite as, otherwise, it would
not have any aperiodic factor.

To start, we build S-representations for the subshifts X and Y;. Let o =
(on: A +1 = A} )nen be the primitive and proper directive sequence of alpha-
bet rank K generating X given by Theorem 1. Let r € N be such that every =;
has a radius r and let B; the alphabet of Y;. By contracting o, we can assume
that oq is r-proper and #A, = K for all n > 1. Then, we can use Lemma 10
to find morphisms 7;: A — B;T such that

7j(o1(x)) = 7j(z) for all z € X and |7;(a)| = |oo(a)| for all a € A;. (3.42)

Next, we inductively define subshifts X,, C CZ and morphisms {7, ;: C;} —
Bj : j € J,} such that

(i) X, has topological rank at most K;

(i) ¥; = UkeZ T, (Xn);

(ili) for every ¢ € Cp, ln,q = |Tn,j(c)| does not depend on the chosen j € J,.

First, we set Xg = X,(,l), Co = Ay, Jo = J and, for j € Jy, 70; = 75, and note
that by the hypothesis and (3.42), they satisfy (i), (ii) and (iii). Let now n > 0
and suppose that X,, C CZ and Tnjs J € Jn, has been defined in a way such
that (i), (ii) and (iii) hold. If #.J,, /2#A2(144K7)2 — K (144K7)X < 1, then the
procedure stops. Otherwise, we define step n 4 1 as follows. Thanks to (i), (ii),
(iii) we can use Lemma 26, and since there are no two conjugate (Y;,S), this
lemma gives us a morphism ¢: C;F — CL_I, a set J,4+1 C J, and morphisms
{Tn41,5: C:{H — B;' 1 j € Jpt1} such that

#Cry1 < #Cpy # i1 > #J02#C2(144K7)? — K(144K™)5 and 7, j = Tyi1,i0n-
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Furthermore, X, 1 = Uz Sk, (X,) and Tn+1,; satisfy the hypothesis of that
lemma, that is, conditions (ii) and (iii) above. Since (¢, ...¢oo1,02,03,...) is
a primitive and proper sequence of alphabet rank K generating X,,41, Theorem
21 implies that condition (i) is met as well.

Since #Co > #Cy1 > ..., there is a last Cy defined. Our next objective is to
prove that N > K. Observe that #C,, < K, so

H T > #J,/2K?(144K7)? — K(144K")X for any n € {0,...,N —1}.

Using this recurrence and the inequalities #Jo > (3K)32K and K > 2, it is
routine to verify that the following bound holds for every n € {0,..., K — 1}
such that the nth step is defined:

#J,/2#C2(144K7)? — K(144KT)K > 1

Therefore, N > K. We conclude that #Cny < #Co — K = 0, which is a
contradiction. O

Remark 7. In Theorem 1 of [Dur00], the author proved that linearly recurrent
subshifts have finitely many aperiodic symbolic factors up to conjugacy. Since
this kind of systems have finite topological rank (see Remark 6), Theorem 23
generalizes the theorem of [Dur00] to the much larger class of minimal finite
topological rank subshifts.

3.7 Appendix

To prove Proposition 3, we start with some lemmas concerning how to construct
recognizable pairs (Z,7) for a fixed subshift Y = |J, o, S*7(2).

3.7.1 Codings of subshifts

If Y C B? is a subshift, U C Y and y € Y, we denote by Ry (y) the set of return
times of y to U, this is, Ry(y) = {k € Z : S¥y € U}. We recall that the set
C:(k,z) in the lemma below corresponds to the cuts of (k, z) (see Definition 9
for further details).

Lemma 27. Let Y C B% be an aperiodic subshift, with B C L(Y). Suppose that
UCY is

(1) d-syndetic: for everyy €Y there exists k € [0,d — 1] with S*y € U,
(II) of radius r: U is a union of sets of the form [u.v], with u,v € A",
(III) ¢-proper: U C [u.v] for some u,v € A°,
(IV) p-separated: U, SU,...,SP~*U are disjoint.

Then, there exist a letter-onto morphism 7: Ct — B and a subshift Z C C*
such that



82 CHAPTER 3. SYMBOLIC FACTORS

(1) Y =U,ez8"7(Z) and C C L(Y),

(2) (Z,T) is recognizable with constant r + d,

(3) || < d, (1) > p and T is min(p, £)-proper,

(4) Cr(k,z) = Ruy(y) for ally € Y and 7-factorization (k,z) of y in Z.

Remark 8. If U C Y satisfies (III), then U is p :== min per(Ly(Y))-separated.
Indeed, if UN S*U # O for some k > 0, then [v] N S*[v] # 0, where v € A* is
such that U C [v]. Hence, v is k periodic and k > p.

Proof. Let y € Y. By (I), the sets Ry (y) N[0, 00), Ry (y) N (—o0,0] are infinite.
Thus, we can write Ry (y) = {...k-1(y) < ko(y) < k1(y) ...}, with min{i €
Z : kz(y) > 0} =1 Let W= {y[ki(y),ki+l(y)) tyeyY, e Z} C B*. By (I), w
is finite, so we can write C := {1,...,#W} and choose a bijection ¢: C — W.
Then, ¢ extends to a morphism 7: Ct — BT. As B C L(Y), ¢ is letter-onto.

We define ¢: Y — cz by w(y) = (d)il(y[ki(y),ki+1(y))))iEZ and set Z = ’(/)(Y)
We are going to prove that 7 and Z satisfy (1-4).

Claim 27.5.
(Z) If Yl—d—r,d+r] = yf_d_r,d_;'_,.]; then ¢(y)0 = ¢(y,)0;

(ii) T(p(y)) = SFoWly,
(iii) S7p(y) = (S*y) for j € Z and k € (ki (y), kjr1(y)).
Proof. Let y,y" € Y such that y_g_, a4y = yf_d_T,dJrT]. By (I), we have

kiv1(y) — ki(y) < d for all i € Z and, thus, |ko(y)l,|k1(y)| < d. Slnce U has
radius 7 and yj_g—r.da4r] = y[ d MH_T], we deduce that kg(y) ko(y') and

ki(y) = ko(y'). Hence, v(m)o = &~ Wiko(w) k1)) = @ Wlkotyyawry) =
¥(y")o. To prove (ii) we compute:

T(¥(y)) =T(-~-¢‘1(y[k,my),ko(y)))-(b‘l( Ylko(y) k(1)) * )

k,
= Yo (y) ko (1)) Ylko () ka (w) - =S Y

Finally, for (iii) we write, for k € [k;(y), kj+1(y)),

ST(Y) = Wy )k ) D Uy ) k) - = D(SFY).

Now we prove the desired properties of 7 and Z.

(1) From (i), we see that v is continuous and, therefore, Z is closed. By (iii),
Z is also shift-invariant and, then, a subshift. By (ii), Y = (J,cz S"7(Z). The
condition C C L(Y") follows from the definition of W and 7.
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(2) We claim that the only centered T-interpretation in Z of a point y € Y
is (—ko(y),¥(y)). Indeed, this pair is a 7-interpretation in Z by (ii), and it
is centered because ko(y) < 0 < ki(y) implies —ko(y) € [0,k1(y) — ko(y)) =
[0, ]¥(y)o]). Let (n,z) be another centered 7-interpretation of y in Z. By the
definition of Z, there exists y' € Y with z = ¢ (y’). Then, by (ii),

SRy = §hr(y(y') = §Mr(z) = y. (3.43)

Now, on one hand, we have |7(20)| = |7(¥(¥')o)| = k1(y") — ko(y'). On the
other hand, that (n,¥(y’)) is centered gives that n € [0, |7(20)|). Therefore,
n+ ko(y') € (ko(y'),k1(y')]. We conclude from this, (iii) and (3.43) that
Y(y') = (y). Hence, y = S"m(y’) = S"1ep(y) = S"HRoWy which implies
that n = —ko(y) as Y is aperiodic. This proves that (—ko(y), % (y)) is the only
T-interpretation of y in Z. From this and (i) we deduce property (2).

(3) Since U is d-syndetic, |T(¥(y)i)l = Yk y) kira ()| = Fiv1(y) — ki(y) < d
for y € Y and i € Z, so |7| < d. Similarly, we can obtain (r) > p using that
U is p-separated. Let u,v € B’ satisfying U C [u.v]. Since k;, kir1 € Ru(y),
we have that u = Yk, (y). ki (v)+lul)s U = Ylkisr (y)—|v],kisi(y)) and, thus, that 7 is
min(¢, (7))-proper. In particular, it is min(¢, p)-proper.

(4) This follows directly from the definition of 7 and Ry (y).
O

Lemma 28. For j € {0,1}, let 0;: Aj' — Bt be a morphism and X; C AJZ» be
a subshift such that'Y =, o, S"0;(X;) and A; C L(X;) for every j € {0,1}.
Suppose that:

(1) (Xo,00) is recognizable with constant ¢,
(2) o1 is L-proper,

(3) Coy (K%, 2%)(y) 2 Cy, (k',2Y)(y) for ally € Y and oj-factorizations (k7 x7)
ofyin X;,5=0,1.

Then, there exist a letter-onto and proper morphism v: Af — .Aar such that
o1 = oov and Xo = Uy Sku(X1).

Proof. Since o is f-proper, we can find u,v € B? such that oy(a) starts with
u and ends with v for every a € A;. We define v as follows. Let a € A; and
x € X; such that a = zy. Since o7 is f-proper, the word v.oq(a)u occurs in
o1(z) € Y at position 0. By (3), we can find w € L(Xy) with o1(z¢) = go(w).
We set v(a) = w. Since (X, 09) is recognizable with constant ¢ and wu,v have
length ¢, w uniquely determined by v.c1(a)u and, therefore, v is well defined.
Moreover, the recognizability implies that the first letter of v(a) depends only
on v.u, so v is left-proper. A symmetric argument shows that v is right-proper
and, in conclusion, that it is proper. We also note that v is letter-onto as
Ao C L(Xp). It follows from the definition of v that o1 = ogv. Now, let
x € X; and (k,2’) be a centered op-factorization of o1(z) in Xy. By (3),
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k = 0 and oi(z;) = Jo(xik,»,k,url)) for some sequence ... < k_1 < ky < ...
Hence, by the definition of v, v(z) = 2’ € Xy. This argument shows that
Xy = Upez S"v(X1) € Xo. Then, U, oz S"00(Xg) = Upcz S"oov(X1) =Y,
where in the last step we used that oo = 0. Since the points in Y have exactly
one oyp-factorization, we must have X} = Xj. This ends the proof. O

3.7.2 Factors of S-adic sequences

Now we are ready to prove Proposition 3. For convenience, we repeat its state-
ment.

Proposition 5. Let o = (0,0 Ay, — An_1)n>0 be a letter-onto, everywhere
growing and proper directive sequence. Suppose that X is aperiodic. Then,
there exists a contraction ' = (o, )ken and a letter-onto and proper factor
¢: o' — T, where T is letter-onto, everywhere growing, proper, recognizable
and generates X, .

Proof. We start by observing that from Lemma 17 we can get that
A, C LX) for every n € N. (3.44)

Let p, = min{per(op,n)(a)) : a € A,}. Since o is everywhere growing and X,
is aperiodic, lim,, .., p, = co. Hence, we can contract o in a way such that, for
every n > 2,

(In) Dn = 3|0[O,n—1)|7 (IIn) J[0,n) is 3|J[O,n—1)|'pr0per7

For n > 2, let Up = U, peu2
has radius 2|0, )|, is 3|07g,,—1)[-proper and, by Remark 8, is p,-separated.
Thus, by (I,), U is 3|ojgn—1)|-separated. We can then use Lemma 27 with

[070,n) (u.v)]. Observe that Uy, is |0y ,)|-syndetic,

(Xyl),a[om)) to obtain a letter-onto morphism v,,: B — Al and a subshift
Y, C B% such that

We write C,, (z) == C,, (k,y) if x € X, and (k,y) is the unique v,-factorization
of  in Y;,. Observe that U,41 C U, for n > 2. Thus, C,, () = Ry, (x) C
Ru, (z) = C,, (z) for all z € X,. This, (P?) and (P3,,) allow us to use Lemma
28 with (Y41, ¥n+1) and (Y, v,) and find a letter-onto and proper morphism
Tn' Bi—u — B} such that v, 7, = vpy1 and Y, = ey Sk (Yoi1).

Next, we claim that C,, (z) 2 Cy, ., (k,2) for all z € Xo and ojgn11)-

factorization (k,z) of x in XY Indeed, if j € 7Z, then S t0,m+1)d(F2) 0 o
[070,n+1)(2j-1-252j41)] C [070,n)(a.bc)] C Uy, where a is the last letter of o, (2 1)
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and be the first two letters of 0y,(2;25+1), 80 Coy 45,5 (K, 2) € Ru, () = Cy, (2),
as desired.
Thanks to the claim, (P2), (I,+1) and (3.44), we can use Lemma 28 with

(Y, vn) and (X,(,n+1)’g[07n+1)) to obtain a proper morphism ¢,: A',, — B
such that o ,41) = Vnty and Yy, = U,y Sk¢n<Xén+1)).
Now we can define the morphisms 71 := 15 and ¢; := ¢ and the sequences:

¢ = (¢n)n>1, T = (Tn)n>1 and 6’ = (0[0,2), 02,03, ... Jn>2-

We are going to prove that ¢, o/, and 7T are the objects that satisfy the conclu-
sion of the Proposition.

These sequences are letter-onto as each v, and each ¢,, is letter-onto. Next,
we show that ¢ is a factor. The relation ¢; = 71 ¢ follows from the definitions.
To prove the other relations, we observe that from the commutative relations
for 7, and ¢,,, we have that

Vn¢n0n+l = 0[0,n+1)%n+1 = O[0,n4+2) = Vn-‘rl(bn—i-l = VnTn¢n+1~ (345)
In particular, v, ¢non+1() = VT dni1(x) for any z € Xt(,n+2). Since ¢, 0p,+1(x)
and 7,¢,11(z) are both elements of Y,, and (Y, v,) is recognizable, we deduce
that ¢nopt1(x) = Thépt1(z) for any z € X((,TH_Q). Thus, one of the words in
{Gnon+1(20), Tndnt1(z0)} is a prefix of the other. Since Ao C E(Xf,nﬂ)), we
deduce that, for any a € A, 12, one of the words in {7,¢n+1(a), Vndnont1(a)}
is a prefix of the other. But, by (3.45), the words v, 7p¢n+1(a) and v, ¢,0n41(a)
have the same length, so ¢,,0,,+1(a) must be equal to 7,,¢,+1(a) for every n > 2.
This proves that ¢,0,11 = Tndny1 for every n > 2 and that ¢: 0’ — 7 is a
factor.
The following commutative diagram, valid for all n > 2, summarizes the
construction so far:

+ On+1 + T[0,n+1) +
—
AfL, A A

As shown in the diagram, we have that v,7, = v,41 for n > 2. Thus,
TiTo ***Tp = Vpt1, and hence (1172 -+ 7y) 2> (Vnt1) > Pn —n—oo 00. Therefore,
T is everywhere growing. Also, by using Lemma 1 with (Y,,,v,) = (Yo, 172+ Tn—1),
we deduce that (Y;,,7,—_1) is recognizable for every n > 2, which implies that T
is recognizable. Finally, as each 7, is proper, 7 is proper. O
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Chapter 4

A solution to the S-adic
conjecture

A interesting intuition in symbolic dynamics of zero entropy is that a subshift
of low enough complexity should be very restricted, and thus hide a strong
structure. This idea dates back to the 70s, and matured in the 80s and 90s until
it was finally established as the following more concrete question.

Question 8. Consider the class (L) of linear-growth complexity subshifts, de-
fined by requiring that px(n) < dn for some d > 0. Is there an S-adic charac-
terization of the class (L)?

Question 8 is known as the S-adic conjecture.
In this chapter, we completely solve the S-adic conjecture for minimal sub-
shifts by proving the following theorem.

Theorem 28. A minimal subshift X has linear-growth complexity, i.e., X sat-
isfies

limsuppx (n)/n < +oo,

n—-+oo

if and only if there exist d > 0 and an S-adic sequence o = (0, Apy1 —
A ) >0 generating X such that, for every n >0, the following holds:

(P1) #(rootojg,y(An)) <d .
(P2) logomy(a)l < d- oo (b)] for every a,b € A,.
(P3) |on-1(a)| < d for every a € A,.

We are able to give a similar structure for nonsuperlinear complexity sub-
shifts (NSL).

TFor a word u, rootu denotes the shortest prefix v of u such that u = v* for some k; for a
set of words W, root W = {rootw : w € W}.

87
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Theorem 29. A minimal subshift X has nonsuperlinear-growth complexity, i.e.,
X satisfies

lég_sl_rgofpx(n)/n < 00,
if and only if there exist d > 0 and an S-adic sequence o = (o Apy1 —
AV >0 generating X such that, for every n > 0, the following holds:

(Pl) #(rOOtU[O,n) (An)) < d.
(P2) logomy(a)l < d- o) (b)| for every a,b € A,.

We show in Section 4.10 how these theorems provide a unified framework
and simplified proofs of several known results on (L) and (NSL), including Cas-
saigne’s Theorem [Cas95]. We also prove, in Theorem 35, that Condition (P;) in
Theorems 28 and 29 cannot be improved to a uniform bound on the cardinalities
of the alphabets.

Strategy of the proof

The hard part of the proofs of Theorems 28 and 29 is constructing an S-adic
sequence satisfying properties (P;) from the complexity hypothesis. We detail
here the strategy for doing so in the case of Theorem 28; the proof of Theorem
29 is similar.

It is convenient to introduce the following terminology: a coding of a subshift
X C A% is a pair (Z,0), where Z C CZ is a subshift and o: C — AT a substi-
tution such that X = J,c, S*o(Z). It is a standard fact that if T is an S-adic

m

sequence then there are subshifts X.S-n)7 with X{© = X, such that (X,(- ), Tin,m))

is a coding of X.E-") for any n < m, where 7(, ;n) = TnTnt1 .. Tm—1-

Let X be a linear-growth complexity subshift and d = sup,,~; px(n)/n. The
typical method for building an S-adic sequence for a subshift X is an inductive
process: First, X = X; then, a coding (X;41,0;41) of X; is defined. In this
way, o = (0,)n>0 is an S-adic sequence that, under mild conditions, generates
X. We, instead, take a more direct approach, similar to that in [DDMP21,
Theorem 4.3] and [Esp22, Corollary 1.4], but with additional technical details.
We consider an increasing sequence of positive integers (¢,,),>0 with adequate
growth and build codings (X,, C C%,0,,: C, — A") of X C AZ satisfying (P;),
+ln < |o(a)| < d't, for all letters a and with d’ depending on d, and such
that certain technical properties hold. These technical properties allow us to
define connecting substitutions 7,: C, 11 — C} in such a way that o,7,(z) is,
up to a shift, equal to o,41(z), for all + € X,,4+1. Then, we can prove that
T = (00,70, 71, T2, .. ) generates X and satisfies all the properties in Theorem
28.

The main idea for constructing the codings (X,,,0,) is that, thanks to a
modification of the technique from [Fer96, Proposition 5], we can build a coding
(X],00) of X (which is described in Proposition 15) in such a way that the
words o’/(a) are either strongly aperiodic or strongly periodic. The aperiodic
words greatly contribute to the complexity, so we can efficiently control them
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using d. For controlling the periodic words, we rely on tricks from combinatorics
on words. These two ideas are used to obtain, in Sections 4.6 to 4.7, two
variations of (X, 07,), with increasingly better properties, and where the last
one is (X, 0p).

Organization

The chapter has three parts. The first one consists of Sections 4.1, 4.2 and 4.3
and provide the necessary background and some lemmas for handling periodic
words. Then, in Sections 4.4 to 4.8, we carry out the proofs of Theorems 28 and
29. Finally, we prove Theorem 35 and present applications of our main results
in Sections 4.9 and 4.10.

4.1 Preliminaries

The word w € AT is |u|-periodic, with u € AT, if w occurs in u™ for some n > 1.
We denote by per(w) the least p for which w is p-periodic.

In order to describe more precisely the periodicity properties of w, we use
the notion of root, which will play a key role throughout the chapter.

Definition 8. The minimal root, or just root for short, of w € A* is the
shortest prefix u of w for which w = u* for some k > 1, and it is denoted by
root w.

We remark that per(w) is an integer but that rootw is a word, and that
per(w) is in general different from |root w|.

Let X C A% be a subshift and v € AT. We will use the notation v>®° =
vov--- € AV and v = .. ovov- - € AZ. We denote by Powx (v) the set of
words v, where k > 1, for which there exist u,w € A%\ {v} of length |v| such
that uv*w € L£(X). The power complexity of X is the number pow-com(X) =
sup,c 4+ #Powx (v). Remark that pow-com(X) may be infinite. Examples with
finite power complexity include linearly recurrent subshifts and subshifts in
which the extension graph of every long enough word is acyclic (in particular,
Sturmian subshifts and codings of minimal interval exchange transformations).

4.1.1 Morphisms and codings

We say that 7 is positive if for every a € A, all letters b € B occur in 7(a),
that 7 is proper if there exist letters a,b € B such that 7(c¢) starts with a and
ends with b for any ¢ € A, and that 7 is injective on letters if for all a,b € B,
7(a) = 7(b) implies a = b.

Factorizations and recognizability

We now introduce factorizations, the recognizability property and the associated
notation.
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Definition 9. Let Y C B% be a subshift and 7: BT — AT be a morphism. We
say that (k,y) € Z x Y is a T-factorization of z € AZ in Y if x = S*7(y) and
0<k<|7(yo)l-

The pair (Y,T) is recognizable if every point x € A” has at most one T-
factorization in' Y. We say that (Y,7) is d-recognizable, with d > 1, if when-
ever (k,y) and (12717) are T-factorizations of x,& € A” in'Y, respectively, and
T[—d,d) = T[-d,d), we have thal k = k and Yo = Yo.

The cut function c¢: Z — Z of the T-factorization (k,y) of x in'Y is defined
by

¢ = 4 R Iop)l 7520, (4.1)
—k —|m(yyo)l i j<O0.
When (Y, T) is recognizable, we write (c,y) = F(y,)(x) and (co,y0) = F((JYJ) (z).
Remark 9. In the context of the previous definition:

(1) If (Y,T) is recognizable, then a compacity argument shows that it is d-
recognizable for some d > 1.

(2) Suppose that (Y, ) is recognizable. Let x € X, (c,y) = F(y,»(x) and
i € Z. Then, there exists a unique j € Z such that i € [c;,cj41). Note
that the last condition is equivalent to F?Y,T)(Sim) = (¢; — 1,95).

Lemma 29. Let 0: C — Bt and 7: B — C* be morphisms and Z C C* be
a subshift. We set Y = Uyeq S¥0(Z) and X = Uyey S*7(Y). Suppose that
(Z,70) is recognizable. Let x € X, (k,Y) be a T-factorization of x in' Y and
(£, 2) be a To-factorization of x in Z. Then, there exists m € [0,|0(20)]) such
that y = S™o(2) and k = |0(2(—m,0))| + €.

Proof. Being (¢,z) a 7To-factorization of x, we have that ¢ € [0, |7(o(20))]).
Hence, there exists m € [0, |0(z0)|) such that

|7 (2)j0,m)| < £ < |0 (2)[0,m)]- (4.2)
Therefore, as (¢, z) is a To-factorization of x, we can write
Sl @0m)lr (870 (2)) = Stro(z) = .

This and (4.2) ensure that (¢ — |7(0(2)[0,m))|, S™0(2)) is a T-factorization of
x in Y. We conclude, using that (Y, 7) is recognizable by Lemma 1, that ¢ —
I7(0(2)[0,m))| = k and S™o(2) = y. O

Codings of a subshift

We fix a subshift X C A%. A coding of X is a pair (Y,7), where Y C BZ is
a subshift and 7: BY — AT a morphism satisfying X = J, ., S*7(Y). We
present in Proposition 6 a general method for building recognizable codings of a
subshift X. This idea occurs commonly in the literature under several different
names and with different degrees of generality. Our Proposition 6 is inspired by
the coding based on return words from [Dur98].

Let U C X be a clopen (i.e., open and closed) set. We say that U is
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(1) L-syndetic if for all x € X there exists k € [0,¢) such that S*z € U;

(2) of radius r if U is an union of sets of the form {z € X : z_y y)) = uv},
where u,v € A".

Remark that, in a minimal X, any nonempty clopen set U is ¢-syndetic and of
radius r for some ¢ and r.

Proposition 6. Let U C X be a nonempty clopen set. There exists a recogniz-
able coding (Y C B%,0: B — AT) of X, with o injective on letters, such that
ifre X, (¢,y) = Fy)(2) and i € Z, then Sz € U if and only if i = ¢; for
some j € 7.

If U is L-syndetic and of radius r, then (Y, o) additionally satisfies that:

(1) lo(a)| <€ for all a € B.
(2) (Y,0) is (£ + r)-recognizable.

4.1.2 The complexity function

The complezity function px : Z>1 — Z>1 of a subshift X is defined by px(n) =
#L(X)NA". Equivalently, px(n) counts the number of words of length n that
occur in at least one x € X.

Definition 10. We say that X has

(1) linear-growth complexity if there exists d > 0 such that px(n) < dn for
alln > 1;

(2) nonsuperlinear-growth complexity if there exists d > 0 such that px(n) <
dn for infinitely many n > 1.

Remark 10. When X is infinite, then a classic theorem of Morse and Hedlund
[MH38] ensures that px(n) > n+1 for all n > 0. Thus, an infinite subshift of
linear-growth complexity satisfies n < px(n) < dn, and so px grows linearly.

The following theorem is classic.

Theorem 30 ([Cas95]). Let X be a transitive linear-growth complexity subshift.
Then, px(n+ 1) — px(n) is uniformly bounded.

For the proof of Theorems 33 and 34 in Section 4.8, we will need only the
following two weaker versions of Cassaigne’s Theorem.

Lemma 30. Let X be a subshift and d > 1 be such that px(n) < dn for all
n > 1. Then, for every n > 1 there exists m € [n,2n) such that px(m + 1) —
px(m) < 2d.

Proof. Let n > 1. We observe that the average of px(m + 1) — px(m) for
m € [n,2n) can be bounded as follows by using that px(2n) < 2dn:

2n—1

=3 pxlm+ 1) = px(m) =+ (px(20) — () < 20
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Thus, there exists m € [n,2n) satisfying px(m + 1) — px(m) < 2d. O

Lemma 31. Let X C A% be a subshift and d > 1 be such that px(n) < dn for
infinitely many n > 1. Then, there are infinitely many m such that px(m) <
3dm and px(m+1) — px(m) < 2d.

Proof. Let n > 1 be arbitrary. The hypothesis permits to find k& > 2n such that
px (k) < dk. We now observe that

1 k .
w m=z|_:k/2J pX(m ! 1) - pX(m) S pr(k) S 2d.

Therefore, there exists m such that |k/2| < m < k and px(m+1)—px(m) < 2d.
The first condition ensures that m > n and px(m) < px (k) < dk < 3dm. O

4.2 Some combinatorial lemmas

In order to prove our main results, we will need to extensively deal with strongly
periodic words. The objective of this section is to give the necessary tools for
doing so.

A Dbasic result on periodicity of words is the Fine and Wilf Theorem, which
we state below.

Theorem 31. Let u,v,w € AT and suppose that w is a prefiz of u™ and v™°.
If |lw| > |u| + |v| — 1, then there exists t € AT such that u and v are powers of t.

A proof of Theorem 31 can be found in [RS97, Chapter 6, Theorem 6.1].
Lemma 32. Let u be a word such that |u| > 2| rootu|. Then, |rootu| = per(u).

Proof. Note that u is a prefix of (rootu)? and thus that per(u) < |rootu|. It is
left to prove the other inequality.

Let ¢ be the prefix of u of length per(u). Then u is a prefix of both ¢ and
(rootu)™. We deduce, as |u| > 2per(u) > |t| + | rootul, that the hypothesis of
Theorem 31 is complied. Hence, ¢t and rootu are powers of a common word r.
In particular, uw is a power of r, so we must have that rootu = r. Therefore,
|rootu| = |r| < |¢| = per(u). O

Remark 11. The previous lemma ensures that if u is a word and k > 1, then
rootu® = rootw. In particular, if u and v are powers of a common word, then
they have the same root. These basic relations will be freely used throughout the
chapter.

The next proposition will allow us to synchronize occurrences of strongly
periodic words.

Proposition 7. Lett,s € AT.
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(1) Suppose‘that 6‘2 Is| 4+ [t| = 1 and i,j € Z are such that t[Zi,i—o—E) = S[Zj7j+z)
Then, S't = S7s.

(2) An integer i satisfies St = t” if and only if i = 0 (mod | roott|).

Proof. We first prove Item (1). Let to = t[Ziﬂ'%—lt\)’ so = S[Zj,j+|s\) and w =
t[Zi,i+l) = S[Z]’-)jJr[ . Then, w is a prefix of both ¢° and s5°. Since |w| = £ >
[s| + [t| = 1 = |so| + |to| — 1, we can use Theorem 31 to deduce that sy and ¢
are powers of a common word 7. We then have S%s? = s§ = r% =t = SitZ.

We now prove Item (2). It is clear that if i = 0 (mod | roott|) then St% = tZ.
Let us suppose that St? = t*. We argue by contradiction and assume that
i # 0 (mod |roott|). We write roott = ss’, where |s| =4 (mod |roott|). Then,
(s'5)? = St = t* = (ss')%, so Theorem 31 implies that s's and ss’ are powers
of a common word r. In particular, root(s’s) = root(ss’) = rootr. This implies
that

| root(s's)| = | root(ss’)| = | rootroott| = |roott| = |ss’| = |s's|,

so root(s’s) = s’'s. Hence, s's = ss’. Now, since i # 0 (mod | roott|), s and s’ are
not the empty word. This and the condition s’s = ss’ imply that s’s is a prefix of
5% and of '™, We can then use Theorem 31 to deduce that s and s’ are powers
of a common word r’. Therefore, as root = ss’, ss’ = roott = roots = root s’.
This is possible only if s = 1 or ' = 1. Consequently, |s| € {0,]|roott|} and
i =1s] =0 (mod | roott|), contradicting our assumptions. O

The rest of the section is devoted to prove Propositions 8 and 9. These results
describe situations in which information about the global period of a word can
be retrieved from small subwords of it. We remark that Propositions 8 and 9
can be obtained as a direct consequence of the Critical Factorization Theorem, a
fundamental result in combinatorics on words; here we give proofs that depend
only on Theorem 31 in order to maintain our presentation as self-contained as
possible.

Lemma 33. Let u,v,w,s and t be words in A.

(1) Suppose that uv occurs in t>° and that vw occurs in s*°. If, |v| > |t|+|s|—1,
then wvw occurs both in t*° and in s°°.

(2) Suppose that uv is a prefiz of t°° and that vw is a suffiz of *°t. If |v| > 2|¢|,
then uvw is a power of roott.

(3) If |v| > per(uv) + per(vw), then per(uvw) = per(uv) = per(vw).

Proof. Assume that the hypothesis of Item (1) holds. Then, uv = t[ZZ. it luv]) and
_ Z . ;o z R/ ‘
VW = S5 i o) for some i, j € Z. Hence, it ulitluv)) = S[j+lo])" This and the

inequality |v| > |t| + |s| — 1 allows us to use Item (1) in Proposition 7 to get
that SiHultZ = Sis% We conclude that

Z
1

_ 47 Z _ 47 Z _
VW = 3 4 )y St ol g+ low]) = Uisitlun]) it lul+ ol it Jul+ow]) = L it luvw])
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and that wvw occurs in t*°. Similarly, uvw occurs in s°°.

We now assume that the hypothesis of Item (2) holds. Let ¢ty = roott
Then, uv = (t%)[o}‘uv‘) and vw = (t%)[,‘ku)). This implies that (t%)HUMUUD =
(t8) (= jvw|,—|w])> and then, since |v| > 2[¢| > 2[to|, Item (1) in Proposition 7
ensures that

S|u‘t% = Silvw‘t% and wvw = (t%)[o,wvwn. (4.3)

Now, from the first equation in (4.3) and Item (2) in Proposition 7 we get that
|lu| = —Jvw| (mod [to]), that is, |luvw| = 0 (mod [tp]). This and the second
equation in (4.3) give that uwvw = (t%)[07|m,w|) is a power of tg = roott.

We finally prove Item (3). Clearly, per(uv) < per(uvw) and per(vw) <
per(uvw). Let ¢y be the prefix of uv of length per(uv) and sy be the prefix of
vw of length per(vw). Then, uv occurs in ¢ty and vw occurs in sg. This and the
inequality |v| > |u| 4 |v| > |to] + |so| allow us to use Item (1) of this lemma to
deduce that wvw occurs in t5 and s%. We deduce that per(uvw) < |to| = per(uv)
and per(uvw) < |sg| = per(vw). Therefore, per(uvw) = per(uv) = per(vw). O

Proposition 8. Let V C A" and u € AT be such that |u| > 2|V|. Suppose
that for any subword v of u with length |v| = 2|V| there exists w, € V such
that v occurs in w%. Then, for any such word v, u occurs in w%. In particular,
per(u) < |V|.

Proof. The case |u| = 2|V| follows directly from the hypothesis. Suppose the
lemma is true for words u’ of length 2|V| < |v/| < |u]. Let v be a subword
of u with length |v| = 2|V|. We have to prove that w occurs in wZ. Let us
write u = au’ = u”b for certain letters a,b and words «/,u”. There is no loss
of generality in assuming that v occurs in u'. Since |u| > 2|V|, we can take a
subword v" of u” with length |v'| = 2|V|. Then, the inductive hypothesis can
be used to deduce that u' occurs in wZ and that u” occurs in w%. Now, v’ and
u” have a common subword of length |u| — 2 > 2]W| — 1 > |w,| + |wy| — 1.
Therefore, Item (1) of Lemma 33 can be applied and we deduce that w occurs
in wZ. This proves the inductive step and thereby the proposition. O

Proposition 9. Let u be a word.
(1) If t is a word occurring in u and |t| > 2 per(u), then per(t) = per(u).

(2) Let k > 1. If |u| > 2k and per(u) > k, then there exists t occurring in u
with |t| = 2k and per(t) > k.

Proof. We start with Item (1). Note that per(t) < per(u), so we only have to
prove the other inequality. Let s (resp. s’) be the prefix of ¢ of length per(t)
(resp. per(u)). Then, t occurs in s and s'”. Being |t| > 2per(u) > |s| + ||,
we can use Item (1) in Proposition 7 to deduce that s = S%s'’” for some
¢ € Z. This implies, as u occurs in s’Z, that u occurs in s”
per(u) < |s| = per(t).

Next, we prove Item (2) by contradiction. Assume that k£ > 1 and u are such
that |u| > 2k and per(u) > k, but that for all word ¢ occurring in u of length

. In particular,
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|t| = 2k we have that per(t) < k. We define, for all such ¢, s; as the prefix of ¢
of length per(t), and note that ¢ occurs in sZ and that |s;| < k. Therefore, the
set V consisting of the words s; and the word u comply with the hypothesis of
Proposition 8. We conclude that per(u) < |V| < k. O

4.3 The classic coding based on special words

The notion of right-special word is an important concept for studying linear-
growth complexity subshifts. In this section, we present basic results on right-
special words and the coding associated to them. Most of these ideas are com-
mon to many works on the S-adic conjecture and related problems. One of the
new ingredients of our work is Proposition 12.

Definition 11. Let X be a subshift. A word w € L(X) is called right-special
if there exist two different letters a and b such that wa, wb € L(X). We denote
by RS, (X) the set of all right special words of X having length n.

Remark 12. We can also define left-special words, which together with right-
special words form the set of special words of X. In our work, we will only use
right-spectal words.

The next proposition summarizes the facts about RS, (X) and its relation
to the complexity of X that are important for us. A return word to a clopen set
U is an element w € AT such that there exists x € X satisfying T, jw]) = W,
Skx € U if k € {0,|w|} and S*z ¢ U if k € (0,|w|). A clopen set U is
k-recurrent, for d > 0, if for all z € X there is i € [0,d) such that Sz € U.

Proposition 10. Let X C A? be an aperiodic subshift and U the clopen set
U={re€ X :x)n €RS,(X)}.

(1) We have the following bounds on the number of right-special words:

#—;@XW 1) — px(n)) < #RS,(X) < px(n+ 1) — px (n).

(2) The set U is (px(n) + n)-recurrent in X.
(8) The number of return words to U is at most #A - # RS, (X).

Proof. A proof of Items (1), (2) and (3) can be found, with a different notation,
in [LR13]. O

We can combine Propositions 10 and 6 to obtain the following proposition.

Proposition 11. Suppose that X C A? is an aperiodic subshift and let d be the
mazimum of [px(n)/n], px(n+1)—px(n) and #A. Let (Z CC% 1:CT — AT)
be the coding obtained from Proposition 6 with U = {x € X : x[ ) € RS, (X)}.
Then:
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(1) #C < d>.
(2) |m(a)] < (d+ 1)n for alla € C.
(3) (Z,7) is (d+ 2)n-recognizable.

(4) Ifx € X, (¢,2) =F(z () and i € Z, then i = c; for some j € Z if and
only if x[; j4n) € RS(X).

Proposition 11 is the starting point of other works on the S-adic conjecture;
see for example [Fer96; Ler12].

Proposition 12. Let (Z,7) be the coding in Proposition 11. Let x € X
and (c,z) = F(z . (x) and suppose that i,j € 7 satisfy i +d < j and £ =
max{|7(zx)|: k € [¢,5)} < n/6d. Then, Per(T(c, —n/3,c;_q)) < dL.

Proof. We start by noticing that, since z[.,, _n.c,.) € RS, (X) for all m € Z and
since # RS,,(X) < d, we can use the Pigeonhole principle to obtain, for each
k € [i,j7 — d), integers pg, qx € [k, k + d) such that p; < g and Tle,, —ncp,) =
Tle,, —ncq,)- Lhese conditions imply that per(x[cpk _,qu)) < cqp — Cp, < dL.
Therefore, as ¢y, —n < cx +dl —n < ¢ —2n/3 and cq,, > Cpy1,

Tle,—2n/3,cr41) fOr all k € [i, 7 —d). (4.4)

We will use (4.4) to prove the lemma by contradiction. Assume that per(z, ,/3.c;,_,)) >
dl. Then, by Item (2) in Lemma 9, there exists m € [¢; —n/3 + 2dl, ¢;_q) such
that per(;,—2q¢,m)) > df. Now, the condition m € [¢; —n/3 +2dl,c;_q4) allows
us to find k € [i,j — d) such that m € [cx — n/3,ck+1). Hence, as 2d¢
N/3, Tim—2de,m) OCCUIS iN T[¢, _9p/3.c,.,), Which yields per(zp, —n/s.c. 1))
per(Z(m—2de,m)) > €. This contradicts (4.4) and completes the proof.

LIV IA

4.4 The first coding

In this section, we begin the proof of the main results: Theorems 33 and 34. We
start by constructing the codings described in Proposition 13. Then, in Sections
4.5, 4.6, and 4.7, we will modify these codings to obtain new versions of them,
each with better properties than the previous one. We will show in Subsection
4.7.2 that the final codings can be connected with morphisms, and we will use
this fact in Section 4.8 to complete the proof of the main results.

Proposition 13. Let X be a minimal infinite subshift, n > 1 and let d be the
mazimum of [px(n)/n], px(n + 1) — px(n), #A and 10*. Then, there exist
a coding (Z C C?,7:C — AY) of X and ¢ € [n/d2d3+4,n/d) satisfying the
following conditions:

(1) C has at most d* elements.
(2) |m(a)] < 3dn for alla €C.
(3) (Z,1) is 3dn-recognizable.
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(4) The periodicity properties in Proposition 14 are satisfied.

Proposition 14. Consider the coding described in Proposition 13. Let z € Z,
x = 7(2) and (c,z) = F(z - (x). We define Qp(z2) as the set of integers j € 7Z
such that [root 7(z;)| < e and |, —g9c c,,,+99¢) = (root T(ZJ'>)[Z—99s,|r(z_,»)\+995)'

(1) 0 &€ Qp(z) and |T(20)| > 401e implies that per(x[60+9757cl_975)) > €.

(2) Suppose that 0 & Qp(z) and |7(20)| < 401e. If =1 € Qp(z) or 1 € Qp(x),
then per(c,1+97¢,c,—97¢)) > €-

(3) If k > d and |7(z;)| < 401e for all j € [0,k), then [0,k) € Qp(2).

(4) Let 2’ € Z and assume that 0 € Qp(2), 0 € Qp(2') and that rootT(zg) is
congugate to root 7(z(). Then rootT(zg) = root7(z().

We fix, for the rest of the section, the following notation. Let X C A%
be a minimal infinite subshift, n > 0 and d be the maximum of px(n
px(n+1) — px(n), #A and 10*. We denote by (Y C BZ 0: B — A") the
coding given by Proposition 11 when it is used with X and n.

4.4.1 Construction of the first coding

Lemma 34. Let W be a finite set of words. Then, there exists e € [[W|/d>#WV+4 |W|/d)
such that for all w € W, either |w| > 10% or |w| < e/d.

Proof. Let dy = 10*d and, for £ € [1,#W + 1], W, = {w €¢ W : [W|/d5* <
|w| < |[W|/d§}. The Pigeonhole principle ensures that W, is empty for some
(e [1,#W +1]. Weset ¢ = [d|W]|/d5™ | and note that for any w € W, either
w € UpcgWp and |w| > 10%, or w € Ups Wy and |w| < e/d. Also, since
0 € [1,#W + 1], we have that e € [[W|/d>*VT4 |W|/d). O

We use Lemma 34 with the set o(B) to obtain € € [n/d**"*+4 n/d) such
that
for all a € B, either |o(a)| > 10% or |o(a)| < &/d. (4.5)

Note that e € [n/d2?"+4 n/d) as d3 > #0(B) by Item (1) in Proposition 11.

We now define a set W. C A" that will be important for controlling the
periodicity properties in Proposition 13. We start by introducing classic notions
related to periodicity of words. Recall that two words u,v € AT are conjugate
if ur = rv for some r € A*. The relation u ~g v iff u and v are conjugate is
an equivalence relation, and a ~pg-equivalence class is called a rotation class.
A word u € A% is primitive if u = rootu *. We fix a set W. C A" consisting
of one element of the rotation class of each primitive word w € A% such that
lw| <e.

Lemma 35. Lett € AT be such that per(t) < e and |t| > 198 + per(t). Then,
for some s € W, 8[27995 99e) occurs in t.

tWe recall the reader that rootw is the shortest prefix v of u such that u = v* for some
k>1
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Proof. Let u be the prefix of ¢ of length per(t). Note that u is primitive as other-
wise per(t) < |rootu| < |u| = per(t), which is a contradiction. The primitiveness
of w and the inequality |u| = per(t) < € imply that there exist s € W. and a
suffix v’ of s such that |s| = |u| and u’'s is a prefix of uu. Being per(t) = |u| = |s],
we then have that

t is a prefix of u's>. (4.6)

We set k = [99%“",'—‘. Observe that, since |s| < e.

99
u's*| = || + k|s| < per(t) + [ﬂ & = 99¢ + per(t).
e

Hence, |u/s*| +99¢ < |t|. From this and Equation (4.6) we deduce that if v is
the prefix of s of length 99, then u's*v is a prefix of t. Now, we have the

bound
99 — |u/|

5]
Z

Hence, s[Z_gga 99¢) is a suffix of w's*v. We conclude that 51 g9e,09¢) OCCUIS in
t. O

[u's*| = |u'| + [ w [s| > 99e.

Lemma 36. Let w be a word of length n. Then, there exists a decomposition
w = vuu'v' satisfying one of the following sets of conditions.

(a) Ju| = || = 99, |v|,|v'| > n/2 — 500e, and wu' = 5[27995,995) for some
seW..

() |ul = [u'| = 500, [v] = [n/2 = 500¢], [v'| > n/2 — 500, and s{ gq_ gq.)

does not occur in vy’ for all s € W;.

Proof. Since |w| > 2 - 500¢, there is a decomposition w = vytv, where |vg| =
|n/2 — 500¢], |vy| > n/2 — 500e and |t| = 2 - 500e. There are two cases:

. Z .
(i) $[_gge 99¢) Occurs in t for some s € Wk.

(i) 5{" 9. go-) does not occur in ¢ for all s € W..

Suppose first that case (i) occurs. It is then possible to write ¢ = vyuu'v], where
uu = 5[2—995,995) and |u| = |u’| = 99¢. We set v = vov, and v' = v]v|, and note
that w = vuu'v’ satisfies Condition (a).

We now assume that (ii) holds. Being the length of ¢ equal to 2-500e, we can
write wo = uu’, where |u| = |u'| = 500e. Then, the decomposition w = vouuv|
satisfies Condition (b). O

We now can define (Z, 7).

Definition 12. For w € RS, (X), we use Lemma 36 to fix a decomposition
W = Uyl V), satisfying one of the following conditions:
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(Pa) |uw| = |ul,] = 99, |vyl, VL] = n/2 — 500e, and uy,u, = 5[2_995,996) for
some s € We.

(Py) |ww| = |u,| = 500¢, |v,| = [17/2-500¢], |[v},| > n/2—500¢, and sf_gq. 4.
does not occur in uyul, for all s € W.

Moreover, we choose this decomposition so that |vyty,| is as small as possible.
We define (Z C C?,7: C — A%) as the coding of X obtained from Proposition
6 and the clopen set U = {z € X : Jw € RS, (X), T[_ v, up |, Jul,0,]) = W}

4.4.2 Basic properties of the first coding

Lemma 37. Letx € X andi,j € Z withi < j. Suppose that T |y, u,|i+|u) v |) =
W and T(j|ygug| e, )) = @ for some w,w € RS, (X). Then, i+ |uj,v,| <
J+ lugvgl

Proof. We assume, with the aim of obtaining a contradiction, that i+ |u. v} | >
g+ lug vl
First, we consider the case i + |ul,vl,| = j + |ul;v};|. Then,

W= Tlit[ug, vl | —nyitlugvl,)) = Pl+Hupvgl-ngtlugog) = W

W W

)

Hence, u), v}, = uv}, and therefore

i = (i + uyvy,|) = v, = (G + lugugl) — lugvgl = j.
This contradicts that ¢ < j.
Next, we assume that
i+ |ul,vl, | > g+ |ulpvk). (4.7)

Note that this is equivalent to i — |vyuw| > j — |vgug|. This fact will be freely
used through the proof.
We consider the following two cases:

(i) 4+ Jug, | < J+ gl

(i) @4 g | = J + |ugl.
Suppose first that case (i) occurs. We are going to define a decomposition
W = vuw'v’ as the one in Definition 12 and such that |vu,| < |vgug|. This
would contradict the minimality of |vgug|.

We start by noting that, thanks to (4.7), if we set v = Z[;_ |y, up,i—|u.|) @a0d
V= T fur | gl |)» then @ = vuy,u,v”. Note that from (4.7) we have that

V] = 2 jogus|i-fvwuw )| T [Vw] > n/2 = 500e.
Also, (i) implies that

V| = 18 i g | g+ oty D 2 (s g g ] = V5] = 1/2 — 500e.

() W
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We conclude, as w = vy, uy,ul,vl, satisfies Condition (P,) or (Pp) in Definition 12,

that w = vu,u,v" satisfies (P,) or (Py). Moreover, since [viw| = |2 juguvg),i)
and [vgtg| = |T[j—jvgue,j)l, We have that
[vpug| = [vuy| + 7 — @ > |Vt

Thus, w = vu,u,,v satisfies (P,) or (Pp), and |vu,| is strictly smaller than
|vgug|. This contradicts the minimality of |vgug|.

Next, we assume that ¢ + |ul,| > j + |ul;|. Then, as ¢ < j, we have that
[7,7 4 [uz]) € [¢,i+ |ul,|). This implies two things. First, since |ug| = |ul;| and
[tw| = |ul,|, that

= lual,j + lugl) G [0 = luwl, i+ [u,]). (4.8)

Second, that |ul;| < |ul,|. Being |ul,|, |ul| € {99¢,500e}, the last relation is
possible only if
lulz] = 99¢ and |ul,| = 500¢. (4.9)

Therefore, Condition (P,) holds for @& = vgugul;vy and Condition (Pp) holds
for w = vyuuul,v,. In particular, we can find s € V. such that ugul =
S[Z This implies, by (4.8), that s = ugul, occurs in u,u.,.

—99¢,99¢) " [—99¢,99¢)
But then Condition (P) cannot hold for w = vy,u,ul,v,,, contradicting our
assumptions. O

It is convenient to introduce some notation. Let € X, (¢,y) = F(y,o)(z)
and (f,2) = F(z(z). For j € Z, we define w;(x) = Z[¢, _n.;) € RSH(X),
V(%) = Vo, (2)5 U5 (T) = U, (), U (T) = uiﬂj(z) and vj(z) = ”;;j(z)' Then,

Tle;—n,c;) = Wi (x) = vj(@)u; (@)uf(x)vj(2).

Observe that if j € Z then T(f, _jv,uy|,f;+u,v,|) = w for some w € RS, (X),

w

so there exists ¢ € Z such that f; + |u(z)vj(x)| = ¢;. We define ¢,(j) as the
smallest integer such that
Then, by Lemma 37,

0(i) < ¢pz(j) for all z € X and i < j. (4.11)

Lemma 38. Let x € X, (c,y) = Fy,o)(v) and (f,2) = F(z - (x). Ifi € Z and
k € [¢a(i), 0o (i + 1)), then f; + |uj(x)vy, ()] = ck.

Proof. Observe that, since zp, _pn.,) = wr(z), there exists j € Z such that
fj = cx — |uj,(z)vy(x)]. We are going to prove that j = i.
First, we note that, since k € [¢,(¢), ¢, (¢ + 1)) and ¢, = f; + |u).(x)v(z)],
it g, @y @)y, oy (@) = co,0) < fi + [ug(2)vp(2)]
< o, (i+1) = fir1 + |u:j>m(i+1)(x)v:j)x(i+1)(x)|' (4.12)
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This implies, by Lemma (37), that ¢ < j < i+ 1. Now, if j = 7 + 1, then
Equation (4.12) ensures that f;1 + |uj (z)v), ()| is strictly smaller than f; 11 +
|uibw(i+1) (x)v;u (.i+1)(x)|, which contradicts the minimality of ¢, (i +1). We con-
clude that j = 1. O

Lemma 39. The set C has at most d> elements.

Proof. Let x € X, (¢,y) = Fry(z) and (f,2) = Fz(x). We drop the
dependency on z in ¢, and just write ¢. The lemma follows from the following
claim.

(o) For j € Z, let ((j) = (Wg(j+1)—1>Teyyp1y—1) € RSn(X) x A. Then, (i) =
¢(j) implies that z(s, f,.,) = 2(g,.f,11)-
Indeed, being Z minimal (as X is minimal and (Z, 7) is recognizable), (o) implies
that
#7(C) = #{x(y, 1,,1) 1 J €L} S #RSH(X) - #A < d°,
where we used that # RS, (X) < #A - (px(n + 1) — px(n)) by Item (1) in
Proposition 10. This implies, as 7 is injective on letters by Proposition 6, that

#C = #7(C) < d3.

Let us prove the claim. Suppose that i,j € Z satisfy (i) (j) = (w,a).
We start with some observations. First, the condition ((%) (j) = (w,a)
implies that

=<
=¢

(i) w==zx and

(i1) a= Tegen—1 = Tegrn—1-
Also, Equation (4.11) ensures that ¢(i) < ¢(i + 1) and ¢(j) < ¢(j + 1), so

P(i) <@(i+1) =1 <¢(i+1) and ¢(j) <o +1) =1 <o +1).  (4.13)

We now prove the claim (o). The definition of cy(;41)—1 and cg(j41) guar-
antees that the words x;_p 1), k € (c¢(j+1)_1,c¢(j+1)), are not right-special.
Thus, e, 1) _1.eh(4y) 18 determined by e, ) —niegpny—1) 30 Tey -
A similar observation holds for zi., ., ., Combining these two things
with (i) and (ii) yields that

leo+1-1-MCoG+1-1) — Llep+1)—1-nCo(+1)-1)

Co(i+1))"

x[¢¢(j+1)*lvc¢(j+1)) = m[0¢(i+1)717C¢(i+1))' (414)

Then, by (i),

Wo(j+1)(T) = Tleysin—mcoian) = Tleasn —nicoisn) = Woit1)(T)-

Let us write 0 = we(j4+1)(7) = wg41)(w). With this notation, we have, by
(4.10), that
Llfir1.coG41) — Llfirr.coir1) — ulﬁ)vlﬁ) (4.15)

Now, Equation (4.13) allows us to use Lemma 38 with ¢(i+1)—1 and ¢(j+1)—1;
we deduce, as W = Wg(j41)—1 = We(i+1)—1, that

[i + vy | = coirny—1 and fi + |uy, vy | = Coip1)—1-
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In particular,

_ o
x[fjvc¢(j+1)71) - x[fivc¢(i+1)71) = Uy Uy

This and Equation (4.14) then give that

Tlfirco+1) — Tlfircov))”

We conclude using (4.15) that T(f; fi41) = T(fi.fir1)- Lhis completes the proof
of the claim and thereby the proof of the lemma. O
Lemma 40. Let o € X, (¢,y) = F(y.0)(@) and (f,2) = F(z,0)(x). Then:

(1) |lo(yr)| < |7(20)| + 2 - 401e for any k € [¢(0), ¢.(1)).
(2) |T(ZO)‘ < \0(y¢(1),1)| + 2 -401e.

Proof. We write, for simplicity, ¢ = ¢,. Let k € [¢(0), ¢(1)). Then, by Lemma
38, fo + |u},(z)v,(x)| = cx. Hence,

7(20) '%(1)(17)%(1)@) = T(fo,f1) " Tlf1.ce1))

= Tfgen) " Llewseay) = Uk(@)VE(2) - 0 (Yikp(1)))-

In particular,

|17 (20| = lo (Wim.p0)l| = [l (@)vg ) (@)] = lui (2)vg ()] (4.16)
Now, Conditions (P,) and (Ps) in Definition 12 ensure that for any w € RS,,(X)
the inequalities n/2 — 401e < |ul,v!,| < n/2 + 401e hold. Putting this in (4.16)
produces

[17(20)] — | (k.01 < 2+ 401e for all k € [6(0), 6(1)). (4.17)

Item (1) of this lemma follows. Moreover, since yYg(1)—1 = Yp(1)—1,6(1)), Ltem
(2) is also a consequence of (4.17).

4.4.3 Proof of Propositions 13 and 14
We now prove Proposition 13.

Proof of Proposition 13. Ttem (1) follows directly from Lemma 39.

Let us prove Items (2) and (3). We define U’ = {z € X : x[g ) € RS,(X)}
and U = {r € X : Jw € RS,(X), Z[_|uy v, |u,v, ) = w}. First, we recall that
(Z,7) is defined as the coding of X obtained from U as in Proposition 6. Observe
that, since |vyuy| < Jw] = n and |ul,v),| < Jw| = n for all w € RS, (X), U has
radius n. Also, Item (2) in Proposition 10 ensures that U’ is (d 4+ 1)n-syndetic,
and thus that U is (d 4+ 3)n-syndetic. Therefore, Proposition 6 ensures that
|7(a)] < (d+ 3)n for all @ € C and that (Z,7) is (d + 4)n-recognizable. Since
d>#A> 2, Ttems (2) and (3) follow. O

The rest of the section is devoted to prove Proposition 14.
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Lemma 41. Let x € X and (c,z) = F (5 (). We use the notation w = wg_ (o)
and W = wg,_(1y.- Then, the following are equivalent:

(1) |root7(z0)| < € and (e, 99 ¢, +99e) = (rOOt T(20)){ g9z |r(20)[+002)-

2) The decompositions w = vy, u. vl and W = vgugulv- satisfy Condition
w " w w T w
(Pa) in Definition 12 and per(z(c,to7e,c,—o7e)) < €.

Moreover, if any of the previous condition holds, then rootT(zp) € We.

Proof. We assume that Item (1) holds. Let s = root7(z) and note that Item
(1) ensures that

|S| <e¢ and Llco—99e,c14+99¢) = 8[27995,\7(20)|+998)' (418)

This allows us to use Lemma 35 with (., _g9c co+|s|+99s) and find ¢ € W, such
that t[2799€,995) 0CCUrs in e, —99s,co+|s|+99c)- Since |s| < e, we have in par-
ticular that t[27995,995) oCCurs in T|c,—500e,c04+9¢)- Lhis is incompatible with the
decomposition w = vy u,,ul,vl, satisfying Condition (Pp) in Definition 12; there-
fore, w = vy u,ul,v), satisfies Condition (P,). A similar argument shows that
W = Vpumpul; vl also satisfies Condition (P, ). Finally, it follows from (4.18) that
per(w[co+97e,c1—976)) < IS‘ <e.

We assume that Item (2) holds. Then, by Definition 12, there exist s, § € W,
such that

z _ ro_ oL )
51992,995) = Uwlay = Tleg—99e,c9+99e) ANA 5[ g9 goo) = Ually = x[cl_9957cl(+995)'
4.19)
We claim that

Per(Z(co—99e,c1+99¢)) < €- (4.20)
Assume, with the objective of obtaining a contradiction, that (4.20) is not sat-
isfied. Then, Item (2) in Proposition 9 gives i € [cog — 98¢, ¢1 + 98¢) such that
per(2};—c,ite)) > €. We consider three cases. If i € [co — 98¢,co + 98¢), then
T[i—c ey OCCUrs in wuy,u,,. Thus, by (4.19) and since s € W. implies that
|s| < e, per(wfi_c,ite)) < |s| <e. This contradicts our assumptions. In the case
i € [c1 —98e,¢1 + 98¢), a similar argument gives a contradiction. Finally, if
i € [co + 98¢, c1 — 98¢), then x[;_. ;1. occurs in T, 197e ¢, —97-) and thus, by
the hypothesis, per(z;_c,it)) < €. This proves (4.20).

Our next objective is to use the claim for proving that

|S| = |§| = per<x[607996,61+99€))' (421)

We note that |s| < e as s € W.. Hence, Equations (4.19) and (4.20) allows us
to use Item (1) of Proposition 9 and deduce that per(z(c,—gge c,+99¢)) is equal to
per(x[00—998700+996))' Also, (420) ensures that per(m[co—998,co+995)) < |5|a so by
Item (1) in Proposition 9 we have that per(w(.,—g9c,c,+99¢)) is equal to per(s?).
Moreover, by Lemma 32, per(s?) = | root s?| = |s|. Combining all these relations
produces

per(x[60799€,61+996)) = per(x[cof99€,c0+99£)) = per(SQ) = |3|
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Similarly, per(z(.,—99e,c,+99¢)) = |5|. Equation (4.21) follows.
We combine (4.21) with (4.19) to obtain that

ST 906, (20)|£99¢) = Bl |7 (20)|—99¢,99) = Tlcg—99¢,c1+99¢)- (4.22)

Being |s| equal to |3]|, we get that s and § are conjugate. Moreover, since
$,8 € W. and since W. contains at most one element of a given rotational class,
we have that

s=3. (4.23)
We use (4.23) to prove that Item (1) of the lemma holds. Observe that Equation
(4.19) and (4.23) imply that s7 go_ 4., = (S17=0)l5)_ggc 99¢). This and the fact
that |s| < e (as s € W,) allow us to use Item (1) in Proposition 7 and deduce that
s = SIT(z0)Is% Ttem (2) of Proposition 7 then gives that |7(zp)| = 0 (mod |s|).
We conclude that z, ., is a power of s and that root 7(zg) = roots = s. Item
(1) of this lemma is a consequence of the last relation and (4.22). This also
shows that if Item (2) of the lemma holds, then root 7(zg) € W. O

Lemma 42. Letx € X, (f,2) = F(z,)(v) and i,j € Z with j > i+d. Suppose
that |7(zx)| < 401e for all k € [i,5). Then:

(1) root7(z) = root7(z;) for all k € [i,7) and |root7(z;)| < e.
(2) x(f,~99c,f;+99c) = (root T(Zi))[nggg,h(zuyj))Hggg)-

Proof. Let (c,y) = F(y,o)(z). We will use Lemma 12 with y and [¢,(4), ¢.(j))
to prove the following:

per (s, —500¢,f,+500<)) i at most e. (4.24)

Let us check the hypothesis of Lemma 12. Let k € [¢,(i), ¢,(j)) be arbitrary.
There exists ¢ € [i,7) such that k € [¢,(£), ¢, (¢ + 1)). Putting the hypothesis
|7(2x)] < 401e in the inequality of Lemma 40 produces the bound |o(yx)| <
|7(2¢)| + 2 - 401e < 10%e. Hence, by (4.5),

o (yk)| < &/d for all k € [$2(i), ¢ (5))- (4.25)

Since ¢ < n/10*, Equation (4.25) and the inequalities ¢, (j) > (j — i) + ¢, (i) >
d+ ¢,(i) allow us to use Lemma 12 and deduce that per(
e. Now, observe that, for any k € 7Z,

IN

Tlegqy—n/3:c4, u>fd))

Co, (k) — i = Iy, 1)V, ()| € [/2 — 401e,1/2 + 401e)

Hence, as (4.25) ensures that ¢y, (j)—a > c(;) — € and since ¢ < n/10%, we have
that z(f, —s500e, 1, +500c) OCCUS I T(e, (—n/3.c, () 4)- Lherefore, (4.24) holds.

Next, we use (4.24) to prove the following:

Vk € [i, j], the decomposition wg, () = U%(k)u%(k)u;w(k)v;w(k)
satisfies (P,) in Definition 12. (4.26)
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Let k € [i,j]. We note that (4.24) implies that per(z(c, —500s,c, +500¢)) < €. Thus,
by Lemma 35, there exists s € W, such that 3[2—995,995) OCCUTS IN T[¢, —500e,cx+500¢)-
This implies that if (7;) in Definition 12 holds for the decomposition wg,_ (1) =
%m(k)%m(k)“ipz(k)%z(k)7 then 5[27995,995) oceurs in %m(k)“;z(k) = T[c}, —500¢,c1+500€) 5
contradicting (Py). Therefore, wy, (k) = Vo, (k)Us, (k) Uy, (1) Vi, (1) Satisfies (Pa)

and (4.26) is proved.

We now prove the properties in the statement of the lemma. Let k € [i, j).
Then, Equations (4.24) and (4.26) imply that Item (1) in Lemma 41 is satisfied.
Hence, for all k € [i, j),

[root 7(zx)| <& and i, —99e ¢\ s1+99¢) = (rOOtT(Zk))[Z799s,|‘r(zk)\+995)‘ (4.27)

In particular, we have for every k € [i,j — 1) that

(root T(zk))[Zoﬁggs) = T, 4+998) = Llepi1,enp1+99s) = (root T(Zk+1))[Zo,995)~

This and the inequalities | root 7(zx)| < € and | root 7(zx+1)| < € allow us to use
Theorem 31 to deduce that root 7(z;) and root 7(zx1) are powers of a common
word, and thus that root7(z;) = root7(zx+1). And inductive argument then
yields Item (1) of this lemma, and therefore, by (4.27), that Item (2) holds as
well. O

We have all the necessary elements to prove Proposition 14.

Proof of Proposition 14. We prove Item (1) by contradiction, Suppose that 0 ¢
Qp(2), [T(20)| > 401¢ and that per(z(c,+97e,c,—97¢)) is at most . Let us write
w = wy, ) and W = wgy, 1). Then, the condition 0 ¢ Qp(z) ensures that
Item (1) in Lemma 41 does not hold. Hence, Item (2) does not hold either.
This implies, as per(2(c,497e,¢,—97¢)) at most €, that one of the decompositions
W = Uy Uy UL, VL, OF W = VpUpulyvl; satisfies (Pp) in Definition 12. We assume,
without loss of generality, that w = v, u,u,,v,, satisfies (Pp). Then, for any
s € W, 5[2—995,995) does not occur in wy Uy, = T(ey—401c,co+401)- 1N particular,
3[2—995,995) does not occur in T, 97e,¢+304c)- Being this valid for all s € W,
and Since T[.4o7e co+304e) has length at least 2e, we deduce from Lemma 35
that per(z(o,497¢,co+304e)) > €. But ¢y —co = |7(20)| > 401e 80 Ty 497¢,co+304e)
oceurs in T, 497¢,c, —97e) and thus per(zjc yo7,c,—97c)) > €. This contradicts
our assumptions and thereby proves Item (1).

We continue with Item (2). The proof is by contradiction. We assume
that the hypothesis of Item (2) holds and that per(z(c,497e,c,—97)) < €. Let
us further assume, without losing generality, that 1 € Qp(z). We will use
the notation w = wg,_ () and W = we,(1). Then, the condition 1 € Q,(2) is
equivalent to Item (1) of Lemma 41 being satisfied by Sz; hence, Item (2) of
that lemma holds with Sz. In particular, @ = vgugulvy satisfies (P,) in
Definition 12, that is,

[ A
T, —99e,01+99¢) = Ul = S[_gge g9e) fOr some s € We.
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Now, the condition 0 € Q,(z) implies, by Lemma 41, that Item (2) of that lemma
is not satisfied by z. This implies, since W = vguguyvy satisfies (P,) and since
we assumed that per(T(q,497c,c,—97¢)) < €, that w = vy,uuuy,v,, satisfies (Pp).
Therefore,

I/ :
Tley —99e,c1+992) = S[_99¢,99¢) does not occur in (¢, _500e,c0+500¢)- (4.28)

But, since ¢; —co = |7(20)| < 401¢, we have that [¢; — 99¢, ¢; +99¢) is contained
in [co—500¢, ¢1+500¢), and thus that z., _goc ¢, +99¢) OCCUTS iN (e _500e,c, 4+500¢) -
This contradicts (4.28), finishing the proof of Item (2).

Next, we consider Item (3). Assume that £ > d and that |7(z;)| < 401e for
all j € [0,k). Then, we can use Lemma 42 to deduce that

(1) root7(z;) = root7(zg) for all j € [0,k) and |root7(zo)| < ¢;
2) T[fo—99, fr+99s) = (r°°tT(Zo))[Z_gga,h(zlo,k))|+995)-

In particular, (., _ggc ¢, +99c) = (root T(Zj))[z—99s,|r(zj)\+996) and | root 7(z;)| <
e for all j € [0, k). We conclude that [0, k) C Qp(2).

Finally, we prove Item (4). Let 2’ € Z and assume that 0 € Qu(z) N Qp(2)
and that root 7(zp) is conjugate to root 7(z(). The condition 0 € Qu(2) N Qp(Z)
permits to use Lemma 41 to deduce that root7(zp) and root7(z{) belong to
W:. Since root 7(zp) conjugate to root 7(z(), the definition of W, ensures that
root 7(zp) = root 7(z{). O

4.5 The second coding

We continue the proof of the main theorems. The main result of this section
is Proposition 15, which describes a modification of the coding in Proposition
4.4. The principal new element in Proposition 15 is a period dichotomy for the
words 7(a). This property is shared by the codings constructed in Sections 4.6
and 4.7, so we introduce it as a definition.

Definition 13. Let (Z C C%,7: C — A%) be a recognizable coding of the subshift
X C A%, Cop UC, be a partition of C, and ¢ > 1. We say that (Z,7) has
dichotomous periods w.r.t. (Cap,Cp) and € if for x € X and (c, z) = F(z ()
the following holds:

(1) 2o € Cap implies that per(Tic e c,—c)) > €.

(2) z0 € Cp implies that |root7(z0)| < € and that (e _c ¢, 4c) s equal to

(root T(ZO))[Z—s,lr(zo)H"‘:) ’

(3) Ifa € C, and root 7(zp) is conjugate to root 7(a), then root 7(zy) = root7(a).
Proposition 15. Let X be a minimal infinite subshift, n > 0 and let d be
the mazimum of [px(n)/n], px(n + 1) — px(n), #A and 10*. There exist a
recognizable coding (Z C CZ,7:C — A%Y) of X, a partition C = Cap U Cp, and
e € [n/d2+4 n/d) such that:
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(1) #Cap < 2d3UH6 H#C, < 2d%3+9 pow-com(X) and # root 7(C) < 3d34+9.
(2) |(a)|] < 10d?n for a € Cap and |7(a)| > 80 for a € C.

(3) (Z,7) satisfies the recognizability property in Proposition 16.

(4) (Z,7) has dichotomous periods w.r.t. (Cap,Cp) and 8e.

(5) The set C, satisfies the following: if z € Z, then zy and z1 does not
stmultaneously belong to Cy,.

Proposition 16. Consider the coding described in Proposition 15. Letx, T € X
be such that per(zj_c ) > € and T[_742p,742n) = T|—7d2n,7d?n)- Lhen, F?ZJ)(Z)
is equal to F(()Z,T)(:i).

The strategy for proving Proposition 15 is as follows. We consider the coding
(Y, o) given by Proposition 13 and, for a point y € Y, we glue together letters y;
to form words y;, where I is an interval, in such a way that y; corresponds either
to a maximal periodic part of o(y) or to an aperiodic part of o(y) of controlled
length. This will produce a new coding where the letters are in correspondence
with the words y; and that satisfies all the properties in Proposition 15 except
for the lower bound in Item (2) for the letters associated to periodic parts y;.
We solve this by slightly moving the edges of the words o(yr).

We start, in Subsection 4.5.1, by defining stable intervals, which correspond
to the intervals I described in the last paragraph. The definition of the coding
of Proposition 15 is given in Subsection 4.5.2, together with the proof of its
basic properties. In the final subsection, we prove Propositions 15 and 16.

We fix the following notation for the rest of the section. Let X C A% be
a minimal infinite subshift, n > 0 and let d be the maximum of [px(n)/n],
px(n + 1) — px(n), #A and 10*. Then, Proposition 13 applied to X and
n gives a recognizable coding (Y C B%Z o: B — A%) of X and an integer

£ € [n/d?+4 n/d).

4.5.1 Stable intervals
Let y €Y,z =o(y) and (¢,y) = F(y,») (7). We define
Qshort(y) = {Z €Z: |U(yz)| < 4015} and Qlong(y) =7 \ Qlong-

Let Qp(y) be the set of integers i € Z such that

[rooto(y;)| < & and Z(e, —g9e,c,., +99) = (00t (yi) ") [—00e, |7 (y,) | +99¢)-  (4.29)

We set Qap(y) = Z\ Qp(y). Remark that the definition of Qp(y) coincides with
the one in Proposition 14.

Definition 14. A stable interval for y is a finite interval I = [i,j) C Z satis-
fying one of the following conditions.
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(1) 1 C Qp.
(2) I C Qap, #(I N Qiong) <1, and if i € Qsport then i — 1 € Q.

The interval I is of periodic type if it satisfies Item (1) of this definition, and
of aperiodic type if it satisfies Item (2). We say that I is a maximal stable
interval if for all stable interval I' O I we have that I' = 1.

Remark 13. We stress on the fact that the previous definition does not depend
just on y, but also on o and €.

Lemma 43. Let I = [i,j) be a stable interval set for y of periodic type. Then:

(1) rooto(yj,5)) = rooto(yx) for all k € [i,j) and (¢, —gge c,+90) 15 equal to

(rOOt O-(yi))[z—99s,|0(y[7‘,,_7‘))‘+99€) ’

(2) If I is mazimal, I' = [i’,§") is a stable interval and either i’ = j or j' =1,
then I' is of aperiodic type.

(3) If y € Y, 0 € Qp(y) and rooto(y;) is conjugate to rooto(y;), then
root o(y;) = root o (y}).

Proof. We first prove Item (1). Let s = rooto(yx). Being I of periodic type,
we have by Definition 14 that

‘Sk| <eand Lk, —99¢e,cp41+99) = (s%)[7995,|a(yk)|+995) for all k € [Za]) (430)
Then, for any k € [i,j — 1),

A _ _ R/
(sk)[0,995) = Lcy,cp+99) = Llcgprr,chr1+99) — (3k+1)[0,995)o

Combining this with the inequalities |si|, |sg+1] < € and Theorem 31 produces
a word t such that s and sx41 are powers of t. Hence, as s, and si11 are roots
of a word, s = sp41 =t for any k € [i,5 — 1). Item (1) of the lemma follows
from this and (4.30).

For Ttem (2), we note that if I’ is of periodic type then I U I’ is an interval
contained in Q,(y), and so JUI" is a stable interval for y. This would contradict
the maximality of I; therefore, I’ is of aperiodic type.

Let us now assume that the hypothesis of Item (3) holds. Then, since i €
I C Qp(y), 0 € Qp(y) and rooto(y;) is conjugate to roota(y}), the points Sty
and y’ comply with the hypothesis of Item (4) of Proposition 14. We conclude
tat root o (y;) = rooto(yy). O

Lemma 44. Lety € Y and I = [i,7) be a stable interval for y of aperiodic type.
Then,

(1) Per(w[ci+97e,cj—97e)) >E;
(2) I has length at most 2d + 1;
(3) 195¢ < |o(yr)| < 9d*n.
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Proof. We prove Item (1) by considering two cases. Suppose that i € Qiong(¥).
Then, i € Qiong(y) N Qap(y) and we can use Item (1) of Proposition 14 to
obtain that per(zjc,497c,c,,,—97)) > €. Assume now that i € Qshort(y). Then,
Definition 14 ensures that i — 1 € Qu(y). Hence, Item (2) of Proposition 14
applies and so per(T(, +97c,c,.,~97)) > €. In particular, Item (1) holds.

We prove Item (2) by contradiction. Assume that #I > 2d + 1. Then,
it follows from Definition 14 that there exists I’ C I such that #I' > d and
I' C Qshort- These conditions allow us to use Item (3) in Proposition 14 and
deduce that I’ C Q,(y), contradicting the fact that I is of aperiodic type.

Finally, we consider Item (3). Item (2) of this lemma and Item (2) produce
that |o(yr)| < (2d 4 1) - 3dn, from which the upper bound in Item (3) follows.
To prove the lower bound, we consider two cases. If there exists & € TN Qjong(¥),
then |o(yr)| > |o(yk)| > 401e. Assume now that I N Qiong(y) is empty. Then,
i € Qshort(y), and so Definition 14 indicates that i — 1 € Q,(y). This allows us
to use Item (2) of Proposition 14 to obtain that per(x(.,+97¢ ¢, ,—97e)) > €. In
particular, |T(, 497¢,c,,,—o7)| > €; hence,

lo(yr)l > o (i)l = |2, 497¢,00,1—07)| + 2 - 9T > 195¢.

O

Lemma 45. There exists a constant C' depending only on X such that for any
y €Y and stable interval I for Y, we have that #1 < C. In particular, any
stable interval is contained in a mazimal stable interval.

Proof. Let Cy be the length of the longest word w that occurs in some x € X
such that per(w) < e. We remark that Cj is finite as X is assumed to be
minimal and infinite. Let C' = max{Cy,2d + 1}. We claim that for any y € Y/,
any stable interval I for y has length at most C. Indeed, if I is of aperiodic
type, then Item (3) of Lemma 44 implies that #I < 2d +1 < C, and if I is of
periodic type, then Item (1) of Lemma 43 ensures that per(o(y;)) < &, and thus
that #1I < |o(yr)| < Co < C.

Lemma 46. Lety € Y. Then, the set of all mazimal stable intervals fory is a
partition of Z.

Proof. We first prove that any k € Z is contained in a stable interval. This
would imply that any k is contained in a maximal stable interval by Lemma 45.

Let k € Z be arbitrary. We consider two cases. If &k € Qu(y) or k €
Qap(¥) N Qiong (), then {k} is stable interval and we are finished. Suppose
now that £ € Qap(y) N Qshort(y). Let ¢ < k be the biggest integer such that
i & Qap(y) N Qshort(y). Note that [i + 1,k] C Qap(y) N Qshort(y). Hence, if
i € Qap(y) N Qiong(y), then [i, k] is stable interval of aperiodic type, and if
i € Qp, then [t + 1, k] is stable interval of aperiodic type. These are the only
cases as @ € Qap(y) N Qshort(¥), and so we conclude that ¢ belongs to a stable
interval.
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Next, we prove that for any maximal stable intervals I, I’, either I = I’ or
INI' = (. The lemma follows from this and the fact that any % is contained in
a maximal stable interval.

Let I = [i,j) and I’ = [i’,j') be maximal stable intervals with nonempty
intersection. There is no loss of generality in assuming that : < ¢/ < 7 < j'.
Note that if ¢ = 4 or j = j/, then TUI" € {I,I'},so I =1 =TUI by
maximality. Hence, we may assume that ¢ < i < j < 5. Remark that this
implies that j —1 e INT'.

In order to continue, we consider three cases.

(1) If j — 1 € Qp(y), then, as j —1 € I'NI', Definition 14 implies that I and
I’ are of periodic type. It then follows from Definition 14 that I U I’ is
stable interval of periodic type, and so I = I’ = I U I’ by maximality.

(2) If 5 — 1 € Qap(¥) N Qiong. Then, since j —1 € I'NI’, Definition 14 ensures
that [, — 1) U[J+1,7) C Qap(y) N Qshort(y). Hence, [4,7) = TU I is
a stable interval of aperiodic type, which implies that I = I' = TU I’ by
maximality.

3) If 5 — 1 € Qap(y) N Qshort(y). Then, as j —1 € I NI, Definition 14
guarantees that I and I’ are of aperiodic type. In particular, asi' —1 € I,
i' —1 € Qap(y) and therefore, by Definition 14, i’ € Qiong(y). We conclude,

using Definition 14, that [4,7") C Qap(y) N Qshort (¥), 7" € Qap(¥) N Qiong (¥)
and that [i' +1,7") € Qap(y) N Qshort(v). Hence, [i,5) = TU I’ is a stable
interval of aperiodic type and I = I’ = I U I’ by maximality.

O

4.5.2 Construction of the second coding

The coding (Z,7) is obtained by modifying the cut function ¢ in F(y,q)(x) of
the points z € X. We give the construction of the modified cut function as the
proof of the following lemma, and we define (Z, 7) right after.

Lemma 47. Letx € X and set (c,y) = F(y,)(x). There exist unique increasing
sequences of integers satisfying (ky (7)) ez and (r5(j)) ez satisfying the following
conditions.

(1) {[kx(4), k(4 + 1)) :j € Z} is the set of all mazimal stable intervals of y.
(2) For any j € Z,

(1) if [ke(j), ke(j + 1)) is of aperiodic type, then r;(j) = ck, (;)-

(2) if (ko (5), kx(§+1)) is of periodic type, then ry(j) = cx, ;) —|s*|, where
5 = 100t o (Y[, (j) k. (j+1))) and £ = [80e/|s]]

(8) 0 belongs to [r,(0),r:(1)).

Moreover, in this case, r(j + 1) > r.(j) + 80¢ for all j € Z.
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Proof. Lemma 46 ensures that the set of all maximal stable intervals of y can be
described as {[k(j),k(j + 1)) : j € Z} for some increasing sequence of integers
(kj)jez. The sequence (k;);ez is unique up to an index shift.

We define r(j) as follows:

(i) if [k(j), k(j + 1)) is of aperiodic type, then r(j) = cy(j).

(ii) if [k(j),k(j + 1)) is of periodic type, then r(j) = cx(;) — |s*|, where s =
rooto’(y[k(j)’k(j+1))) and ¢ = [806/‘8“‘

It is important to remark that, in case (ii), Lemma 43 ensures that |s| <e.
We claim that

r(j+1) > r(j) + 80¢ for all j € Z. (4.31)
First, we note that the definition of r(j) and r(j + 1) guarantees that
k(j) —8le <r(j) <k(j) and k(j+1)—8le <r(j+1) <k(j+1). (432

We now consider two cases. If [k(j),k(j + 1)) is of aperiodic type, then, by
Lemma 44, |0 (yx(j),k(j+1)))| is at least 195¢. Combining this with (4.32) yields

1203 G0) | 2 | ®lerisysenisen) | — 816 = oY) pi+1)))| — 81e = 80e

Assume now that [k(j), k(5 + 1)) is of periodic type. Then, [k(j 4+ 1),k(j + 2))
is of aperiodic type by Lemma 43. In particular, r(j +1) = cx;41) by (i). Also,
since [k(7), k(j+1)) is of periodic type, (ii) ensures that r(j) < k(j)—80e. These
two things imply that |2y r(j41))] > |x[ck(j)_8057ck(j+1))| > 80¢, completing the
proof of the claim.

Equation (4.31) implies that (r(j)),ez is increasing. Thus, there exists a
unique ¢ € Z such that 0 € [r(£),r(¢ + 1)). We define k;(j) = k(j + £) and
rz(j) =1 +£). Then, (kz(j));jez and (rz(j)) ez satisfy Items (1), (2) and (3)
of the lemma. Moreover, being (7(j));jez increasing, it is clear £ (and then also
(kz(j))jez and (r2(j))jez) is unique. O

We now define (Z, 7). It follows from the recognizability property of (Y, o)
and Lemma 45 that the map z — r,(0) is continuous. In particular, U = {z €
X :7,(0) = 0} is clopen (and nonempty). We define (Z C CZ,7: C — A*") as
the recognizable coding of X obtained from U as in Proposition 6.

4.5.3 Basic properties of the second coding

We fix, for the rest of the section, the following notation. Let x denote an ele-
ment of X, (¢,y) = F(y,o)(z) and (f, 2) = F(z (7). We also define (k.(j)) ez
and (75(7)) ez as the sequences given by Lemma 47.

Lemma 48. We have that r,(j) = f; for all j € Z.
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Proof. Note that {k € Z : Skz € U} is equal to {r,(j) : j € Z}. Then, by
Item (1) in Proposition 6, there exists a bijective map g: Z — Z such that
7i(x) = f4¢;) for all j € Z. Now, since Lemma 47 states that 7,(j) < 7(j + 1)
for all j € Z, the map ¢ is increasing. As it is also bijective, we conclude
that there exists ¢ € Z satisfying g(j) = j + £ for all j € Z. Finally, by
Item (3) in Lemma 47 and the definition of f, we have that 0 € [fo, f1) and
0 € [r2(0),72(1)) = [fy-1(0) fg-2(0)+1)- Hence, g7'(0) = 0, £ = 0 and the
lemma follows. O

The last lemma allows us to drop the notation r,(j) and use only f;. In
particular, Items (2) and (3) of Lemma 47 hold with f;.
We define a partition C, U C,p of C as follows:

Cop ={a e€C:per(r(a)) > e} and C, = {a € C : per(7(a)) < e}.
Lemma 49. Let j € Z. The following are equivalent:
(1.a) z; € Cp.

(1.b) [kz(j), ke (5 + 1)) is of periodic type for y.

(1.c) Let s = root7(z;). Then, |s| < &, @[y, _ge,f;,148¢) = S[Z—SE,|T(z_7)|+85)
§ = 100t 0 (Y{k, (5),ka (7+1) )

and
The following are also equivalent:

(2.a) zj € Cap.

(2.b) [kz(§),kz(j + 1)) is of aperiodic type fory.

(26) per(x[fj+88,fj+1—88)) > €.

Proof. We start with a general observation. Let us write k(j) = k(). Then,
Item (2) in Lemma 47 ensures that

Cr(y) — 8le < fi < Ck(4) and Cr(j+1) — 8le < fir1 < C(j+1)-

Hence,

0 # [erg) crj+1) — 81e) € [f5, fi+1) € leny) — 8le, e(j41) +81e)  (4.33)

We now prove the lemma. Let us assume that (1.a) holds. Then, (4.33)
implies that per(x[ck(jﬁgh)ck(jﬂ),975)) < per(z(s,,5,_,)) < €. Hence, by Lemma
44, [k(j), k(j + 1)) is not of aperiodic type, that is, [k(j),k(j 4+ 1)) is of periodic
type.

Assume next (1.b). Then, Lemma 43 states that s = root o (yp(j).x(j+1)))
satisfies |s| < e, s = rooto(yy) for all k € [k(j),k(j + 1)) and

_ 7
Llew(sy —992,er(i+1)+998) = S[—99¢,ch(j11) —cr(y) +99€)" (4'34)
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Moreover, Item (2) in Lemma 43 guarantees that [k(j+1), k(j+2)) is of aperiodic
type. Hence, by Item (2) in Lemma 47, f; = ¢y — |s‘] and fj11 = ci(j+1)
where ¢ = [80e/|s|]. We can then compute, thanks to (4.34) and (4.33),

_ JL
Lifi—8e.fir1+8¢) = S[—|st|=8e,cr(j41)—Cr(jt1)+8¢)
_ L _ JL
= S[=8e,|st|+er(jr1) —cr(jr1)+8E) — S[—8e,fip1—fi+8¢)"

Note that the last computation also shows that 7(z;) = [y, ,,,) is equal to
S[Z—lse|7ck(j+1)—ck(_,»+1>) = S[Z_‘S(‘)O)U(y[k(j),k(jqu))). Hence, root7(z;) = roots = s
and we have proved (1.c).

Observe that if (1.c) holds, then per(7(z;)) < |s| < € and z; € C, by the
definition of Cp.

We now assume (2.a). Then, Equation (4.33) implies that per(x(s, r,,,)) >
per(x[ck(j)7ck(j+l)_815)) > e. Hence, by Lemma 43, [k(j),k(j + 1)) is not of
periodic type, that is, [k(j), k(j + 1)) is of aperiodic type.

Let us suppose that (2.b) holds. In this case, Lemma 44 and (4.33) allows
us to compute

Per(T(f; 8z, f;1-8¢)) = PEr(T(e, ;) +97e,c(541)—972)) > E-
Finally, if (2.c) is satisfied, then per(7(z;)) > per(z(s,18c f,,,-8c)) > €. O

Lemma 50. Suppose that z_1z0z1 € CapCpCap. Then, there exists a decomposi-
tion T(z_12021) = us™u’ such that:

(1) e < |u] <|7(2-1)| — 2 and e < |u/| < |7(21)] — 2e.
(2) s € rooto(B).
(3) s is not a suffix of u and is not a prefiz of u'.

Proof. Let us denote k(j) = ky(j). We define s = root7(zp). Then, as
zg € Cp, Lemma 49 ensures that [s| < &, @[f_sc f48c) = S[Z_Se,fl_fﬁgs),
s = root o (Y[x(0),k(1))) and that [k(0), k(1)) is of periodic type in y. Thus, by
Lemma 43, s = rooto(y()) € o(B). In particular, s satisfies Item (2) of this
lemma.

Now, we can find an interval I = [i, j) containing [fo — 8¢, f1 + 8¢) such that
Ty = s[Zl._ Fori—1o) and that no other interval strictly containing I satisfies the
same properties. We observe that i > f_;+8¢ as, otherwise, per(z[_, sc, fy—8c)) <
e, contradicting the fact that, since z_; € C,p, Item (2.c) Lemma 49 holds.
Similarly, j < fo — 8e. From these two things and the fact that I contains
[fo — 8¢, f1 + 8¢) we obtain that

f_1+86§i§f0—8€andf1+8€§j§f2—8a (435)

This allows us to write x5, ;) = us™v, where |u| € [i — f_1,4 — f_1 +[s]),
m >0 and [v| € [fa = j, f2 = j + |s]).
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We have from (4.35) that |u| > i—f_1 > 8¢ and |v| > fo—j > 8¢. Moreover,
as|s| <e, |ul < fo— fo1—Te =|7r(a)|—Te and |v| < fo— f1 — Te = |7(a’)| — Te.
This proves that Item (1) of the lemma holds. Item (3) follows from the fact
that |s| < ¢, (4.35) and the maximality of I. O

4.5.4 Proof of Propositions 15 and 16

We are ready to prove the main results of this section.

Proof of Proposition 16. Let x,% € X besuch that per(z(_..)) > € and ¥[_7q2p,7420) =
‘%[—7d2n,7d2n)' We define (c,y) = F(Y,(T) (), (¢, 9) = F(Y,o) (@), (f,2) = F(Z,T) (z)
and (f, %) = F(z.)(%). Let k(j) = k.(j) and k(j) = kz(j) be the sequences from
Lemma 47. With this notation, we have to prove that fy = fo and zg = Zg.

Note that per(z(s,—se,f,+8:)) > per(r(—.)) > . Thus, by Lemma 49,
[£(0), k(1)) is of aperiodic type in y.

We claim that

Ch(0)—1 — 3dn, ck(1y21 + 3dn) is contained in [—7d%n, Td*n 4.36
(0) 1)+

Note that, by Items ((2)) and ((3)) in Lemma 47, ¢y < fo + 8le < 81e and
cr(y > Jf1 > 0. Hence, cpy41 < cp(oy) + (k(1) = k(0) + 1)|o| < 81e + (k(1) —
K(0) + Dlor| and eio) 1 = exer) — (6(1) — k(0) + 1)]a] = —(k(1) — k(0) + 1)|o].
Since, by Lemma 44, [k(0), k(1)) has at most 2d + 1 elements, and since |o| <
3dn by Item (2) in Proposition 13, we obtain that cj(1)41 + 3dn < 7d*n and
Cr(0)—1 — 3dn > —7d*n. This shows (4.36).

Thanks to (4.36), we can use the fact that (Y, o) is 3dn-recognizable (Item
(3) of Proposition 13) to deduce that

ek = ¢ and yi, = g, for all k € [k(0) — 1, k(1) +1). (4.37)
We now observe that (4.36) and the hypothesis guarantees that

Ty —992,cp114992) = (e, —99e,20414+99¢) fOr every k € [k(0) — 1, k(1) +1).
(4.38)
Thus, for any such k, k € Qu(y) if and only if Qu(7). It is then not difficult to
verify, using the definition of stable interval, that if ¢ € {0,1} then

(1) k(i) = k(0);

(I) the type of [k(i), k(i + 1)) in y and the type of [k(i),k(i + 1)) in § are
equal.

Then, (I) and (4.38) imply that

L[k(0)—992,k(1)+99¢) = f[fc(o)—995,15(1)+99a)' (4.39)

We claim that ) 3
Jo=foand f1 = fi. (4.40)
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Let ¢ € {0,1}. We consider two cases. First, we assume that [k(i), k(i + 1)) is
of aperiodic type in 3. Then, then by (II), [k(i), l;(zj— 1)) is of aperiodic type in
g. Hence, by Item (2) in Lemma 47, f; = ci(;) and f; = Cisy- This gives f; = f;
by (I) and (4.37).

Next, we assume that [k(i), k(i+1)) is of periodic type in 3. Then, [k(7), k(i+
1)) is of periodic type in g by (II). Hence, by Lemma 43, s = root o' (Y[ (i),k(i+1)))
and § = root a(g[,;(i)y,;(m))) satisfy |s|, |3] < e, Ty oy enin+2¢) 1S equal to sﬁ)’%)
and i[gﬁm’ék(iﬁgs) is equal to 5[20,25)' In this situation, (I) and (4.38) ensures
that

z _ = _
S10,2¢) = Tlengyseniy+2e) = Tlery Erey+2e) = S[0,2¢)

Since |s],|8| < ¢, this allows us the use of Theorem 31 and deduce that s = 3.

Putting this and the fact that [k(i), k(i + 1)) and [k(4), k(i + 1)) are of periodic
type in Item (2) of Lemma 47 produces f; = ci(;) — |s’| and fi = Ciiy — |s¢],
where ¢ = [80¢/[s|]. Therefore, as cy(;) = ¢,y by (I) and (4.37), f; = fi. This
completes the proof of (4.40).

Finally, we show that zo = Zp. Item (2) in Lemma 47 gives that | f; —ci(;)| <
8le. Hence, by (4.39) and (4.40), @[z, 1) = T(so,1,) = T[f, f)- We conclude
that 7(z9) = 7(Z0), and therefore that zg = Zp as 7 is injective on letters by
Proposition 6. ]

We end this section with the proof of Proposition 15.

Proof of Proposition 15. Let x € X, (¢,y) = F(y,0)(x) and (f,2) = F(z ) (x).
Let k(j) = k() be the sequence from Lemma 47.

We start with Item (ii). Let a € C,p. By minimality, there exists j € Z such
that z; = a. We compute as follows:

7(z)| = | fi+1 = fil < [fivr—cngrnl+ KRG+ =kG)lo+[f5 —crpl- (441)

On one hand, we have by Item (2) in Lemma 47 that |fj11 — cpj4+1)| and
|fj — cr(j)| are at most 8le. On the other hand, since z; € Cp, Lemma 49
ensures that [k(j), k(7 + 1)) is of aperiodic type in y. Hence, by Lemma 44,
#[k(j), k(j + 1)) < 2d + 1. Putting these two things in (4.41) yields |7(z;)| <
2-8le+ (2d + 1)|o| < 10d°n.

Let now a € C and j € Z be such that z; = a. Then, by Lemma 47,
IT(a)] = fi+1 — f; = 80e.

Next, we consider Item (i) and the inequality #Cap < 2d3?F6. Observe that
Lemmas 43 and 44 ensure that

lo (Y1 ().k(j+1)))| = pe for all j € Z. (4.42)

This allows us to define u; as the prefix of o (yx(j),k(j+1))) of length 2¢.
We claim that

if [k(j),k(j + 1)) is of periodic type, then
root o (Yiu(j),k(j+1))) is the prefix of u; of length per(u;). (4.43)
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Let us suppose that [k(j),k(j + 1)) is of periodic type. Then, Lemma 43
states that s = root o (yx(j)k(j+1))) satisfies [s| < e and @, ;) —99e cr(;41)+99e) =
S[Z—998,|a(y[k(j),k(j+1)))\+99€)' Ch(4)Ch(5)T2€) 5%726) -
Being |s| < e, we obtain that s? is a prefix of u; and that per(u;) < |s|. This
permits to use Item (1) in Proposition 9 to obtain that per(s?) = per(u;).
Moreover, |s| = per(s?) by Lemma 32; therefore, |s| = per(s?) = per(u;). Since
320,25) = uj;, this shows that s is the prefix of u; of length per(u;), completing
the proof of the claim.

In particular, since u; = x| Uj.

We now use (4.43) to prove the following:

if z; € Cyp, then 7(z;) is uniquely determined by
o (Yk(j),k(j+1))) and wheter z; 1 belongs to Cyp.  (4.44)

Suppose that z; € Cip. We consider two cases. If zj41 € Csp, then Lemma
49 ensures that [k(j),k(j + 1)) and [k(j + 1),k(j + 2)) are of aperiodic type
in y, and so, by Item (2) in Lemma 47, that 7(z;) = o(Yk@)kG+1))) If
Zj+1 € Cap, then Lemma 49 ensures that [k(j),k(j + 1)) is of aperiodic type
and that [k(j + 1), k(7 + 2)) is of periodic type. Hence, by ((2)) in Lemma 47,
T(2)) = @, 5y .eniany—lst])» Where s = root o (Yp(j+1),k(j+2))) and £ = [80e/|s[].
Now, (4.43) says that s is determined by o(yk(;),k(j+1))), and the definition
of £ depends only on s. Therefore, 7(2;) = (¢, ersn—|s¢) 1S determined
(Yk(5),k(j+1)))- The proof of (4.44) is complete.

Finally, we bound C,,. Condition (4.44) implies that #7(Csp) is at most 2
times the number of words of the form o (yp(;),x(j+1))), Where j € Z is such that
zj € Cap. Note that if z; € C,p then Lemma 49 gives that [k(j),k(j + 1)) is of
aperiodic type, and thus, by Lemma 44, we have that the length of [k(5), k(j+1))
is at most 2d + 1. Hence, there are at most #B%2 words (Yk(j),k(j+1))) such
that z; € Cap. We conclude that #7(Csp) < 2 - #B972) and therefore that
#Cap < 2d%3+6 by Ttem (2) in Proposition 13 and the fact that 7 is injective on
letters

Next, we prove that # root7(C) < 3d3¥*+6. Since # root7(Cap) < #Cap <
2d%4+6 by what we just proved and since # root o(B) < #B < d* by Item (2) in
Proposition 13, it is enough to show that

root 7(Csp) C {rooto(yo) 1y € Y,0 € Qp(y)}- (4.45)

Let a € C, and j € Z be such that z; = a. Thanks to Lemma 49, we have that
root 7(z;) = root o (Yr(j),k(j+1))) and that [k(j), k(j+1)) is of periodic type in y.
Hence, by Lemma 43, root 7(z;) = root o (y(;)). This proves (4.45) and thereby
that # root 7(C) < 3d37+6,

We now prove that #C, < 2d%¢™° pow-com(X) using Lemma 50. Let U =
{2j-12j2j41 1§ € Z,z; € Cp}. We define the map m: U — Ueroot o(8)Powx () as
follows. For aba’ € U, Lemma 50 gives a decomposition 7(aba’) = us™u’. We set
m(aba’) = s™. Observe that Item (3) in Lemma 50 ensures that s™ € Powx (s),
and, by Item (2) of the same lemma, s € root o (B).
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We claim that
if aba’, aba’ € U and 7(aba’) = w(aba’), then b = b. (4.46)

Let 7(aba’) = us™u' and 7(aba’) = @8™@ be the decompositions from the defi-
nition of 7. With this notation, the hypothesis m(aba’) = m(aba’) is equivalent
to s™ = §™. Then, as s = roots and § = root§, s = § and m = M.

We now prove that v = @. First, we assume without loss of generality that
|| < |u|. Then, Lemma 50 ensures that

7(a) is prefix of both us™ and as™ and that |a| < |u| < |7(a)| — 2e. (4.47)
This implies that S%JMW)I*IUD = (S‘ul_lﬁ‘SZ)[OJT(G‘)lf‘ul)' Combining this with
the bound |7(a)| — |u| > 2¢ > 2|s| given by (4.47) allow us to use Item (1) in
Proposition 7 and conclude that s = SI“=1% s Then, by Item (2) of the same
proposition, |u| = |@| (mod |s|). From this and (4.47) we deduce that u = s’
for some ¢ > 0. But since, by Item (3) in Lemma 50, s is not a suffix of u, we
must have that ¢ = 0. Therefore, u = 4.

We can show, in a similar fashion, that ' = @’. This allows us to conclude
that 7(aba’) = 7(aba’) = us™u/, and thus that 7(b) = 7(b). Being 7 injective
on letters by Proposition 6, b = b’ and the claim is proved.

Condition (4.46) implies that #Cp, < #CZ, - #(Useroot o(8)PowWx (s)). Hence,
#Cp < #C2, - #B - pow-com(X). Since #Cap < 2d**T¢ and since #B < d* by
Item (2) in Proposition 13, it follows that C, < 2d*?*° pow-com(X).

Item (3) is a direct consequence of Proposition 16.

Let us prove Item (4). Lemma 49 ensures that (Z,7) satisfies Items ((1))
and ((2)) of Definition 13. Let now =z € X, (¢,2) = F(zy(x) and a € C, be
such that root7(zp) is conjugate to root7(a). We note that, by Lemma 49,
|root7(z0)| = [rootT(a)] < e. Hence, per(2[cy+se.c,—se)) < |root7(z)| < e.
This implies, by Lemma 49, that zp € C,,. We can then use (4.45) to get
that root7(zg) = rooto(yp) and root7(a) = rooto(y,) for certain y,y’ € Y
such that 0 € Qp(y) N Qp(y’). We remark that, since root7(zg) is conjugate
to root7(a), the words rooto(yg) and rooto(yy) are conjugate. Therefore, y
and y’ satisfy the hypothesis of Item (3) of Lemma 43. We conclude that
root 7(29) = root o (yg) = root o(y() root 7(a).

It is left to prove Item (5). Let j € Z. We have, from Lemma 43, that
[k(5), k(i +1)) or [k(j +1),k(j+2)) is of aperiodic type. Hence, by Lemma 49,
zj or zj41 belongs to Cyp. O

4.6 The third coding

We continue refining the codings. The main addition to this version is that
the words 7(a) have controlled lengths. The properties of the new coding are
summarized in Proposition 17.



118 CHAPTER 4. A SOLUTION TO THE S§-ADIC CONJECTURE

Proposition 17. Let X C A% be a minimal infinite subshift, n > 1 and let d
be the mazimum of [px(n)/n], px(n+1) —px(n), #A and 10*. There ezist a
recognizable coding (Z C CZ,7: C — AT) of X, a partition Cap U Csp U Cyp of C
and £ € [n/d?®+* n/d) such that:

(1) #Cap < 2d3UH6, #Cy, < 3d34H6, #Cyp, < 2d34H0 pow-com(X)* and # root 7(C) <
53046

(2) 20 < |7(a)| < 10d*n for all a € C.

(8) (Z,7) satisfies the recognizability property described in Proposition 18.
(4) (Z,7) has dichotomous periods w.r.t. (Cap,Csp U Cyp) and 8e.

(5) The set Csp satisfies the property described in Proposition 19.

Remark 14. Assume the notation of Proposition 17. Then, a € C\ Cap tmplies
that |root 7(a)| = per(r(a)). Indeed, Item (4) ensures that |root7(a)| < &, and
Item (2) that |7(a)| > 2e, therefore, by Lemma 32, |root7(a)| = per(7(a)).

Proposition 18. Consider the coding described in Proposition 17. For any
x, T € X, we have that:

(1) If per(zi_c.o)) > € and T(_7@2na2n) = E[—7d2n,7d2n), then Fiy ) (x) is
equal to F(z ) (Z).

(2) If k > 0, T[_50a2n,k+50d2n) = T[—50d%n,k+50d2n) aNd F(()ZJ)(x) is equal to
F (2. (Z), then F?Z,T)(Skx) is equal to F 5 - (5%Z).

Proposition 19. The coding of Proposition 17 satisfies the following.

(1) If z € Z and i < j are integers such that z, € C\ Cap for allk € [i,j+ 1),
then z = z; € Csp for all k € [i,j) and rootT(z;) = root7(z;) for all
keli,j+1).

(2) If a € Csp, then T(a) = (root7(a))?", where r is the unique integer for
which 27| root T(a)| belongs to [20e,40¢).

We now introduce the notation that will be used in this section. Let X C AZ
be a minimal infinite subshift, n > 1 and let d be the maximum of [px(n)/n],
px(n+1)—px(n), #A and 10*. Then, Proposition 15 applied to X and n gives
a recognizable coding (Y C C}Z,, o:C— AT) of X, a partition Cy = C,UC,p, and
an integer ¢ € [n/d??"+* n/d) satisfying the properties described in Proposition
15.

The strategy to prove the main proposition of this section is the following.
The coding (Z, ) will be obtained from (Y, o) by splitting the words in ¢(C,) into
subwords of carefully chosen lengths. This will maintain most of the properties
of (Y,0) at the same time that we gain control on the lengths of all the words
7(a). A delicate part involves defining the splittings of the words in o(C,) in
such a way that (Z,7) has the recognizability properties in Proposition 18.
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4.6.1 Construction of the third coding

For s € rooto(C,), we define ((s) as the unique power of two such that ((s) - |s|
lies in [20e, 40¢). Note that, by Item (4) of Proposition 15, we have that {(s) > 1.
Then, for a € C,, we can define p, and ¢, as the unique integers satisfying

|o(a)]

Trooto(a)] and 0 < g, < ((rooto(a)). (4.48)

Pa C(rOOtU(a)) +qq =

It is important to remark that Item (2) in Proposition 15 ensures that p, > 2.
For a € Cp, let

wsp(a) = (I’OOt 0-<a))C(roottT(a)) and "/pr(a) _ (root0.<a))C(roota(a))+qa.
Note that
o(a) = sp(a)P* Lihyp(a) for all a € Cp.

We also choose bijections

¢sp3 Csp — ¢sp(cp) and (Z)Wp: pr — 1ﬁwp(cp)a

where Csp, Cyp and Cyp are pairwise disjoint. Then, we define for a € Cy,

_ a ifa€Cyp 449
@) {asspl(wsP(a))pa1¢Ws<wwp<a>> ifa € Cup (449

Let Cz = Cap U Csp U Cyp and, for a € Cz, we set

o(a) if a € Cyp
T(a) = { ¢spla) ifa€Cyp (4.50)
dwp(a) if a € Cyp
It then follows that
o=Tn. (4.51)

Finally, we set Z = |J,.c,, S*n(Y).

Let us comment on the definition of 7. Equation (4.51) says that o(a) =
7(a) if a € Cyp and that o(a) = T(b)P*~'7(c) if a € Cp, b = ¢3,' (Ysp(a)) and
¢ = ¢n (Yup(c)). In other words, 7 is obtained from o by slicing the words o (a).

4.6.2 Proof of Propositions 17, 18 and 19

Proof of Proposition 17. We start with Item (1). Item (1) in Proposition 15
gives the bound #C,, < 2d3¢t6. Also, it follows from the definitions and Item
(1) in Proposition 15 that

#Csp = #105p(Cp) = #ro0t 7(Cp) < 3d>*5 and

#HCwp = #wp(Cp) < #Cp < 23749 . pow-com(X).
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Now, using 4.50 yields root 7(Cz \ Cap) = root o(Cp). Therefore, # root7(Cz) <
#Cap + # root o(C,), which gives # root7(Cz) < 4d3¥*6 if we use the bounds
#Cap < 2d%46 and #root o (Cy) < 3d3¥+6, where the last bound is given by
Item (1) in Proposition 15.

We now consider Item (2). Let a € Cz. If a € C,p, then by Item (2) in
Proposition 15 we have that 20e < |7(a)| = |o(a)| < 10d*n. If a € Cz \ Cap and
s =root7(a), then (4.50) implies that

ey = {CE@ls if 0 € Cy
(C(s) +a0)ls| i ac Cup

Since 20e < ((s)|s| < 40e and 0 < g, < |[¢(s)], we obtain that 20e < |7(a)| <
80e < 10d3n.

Next, we prove Item (3). Let 2 € X, (¢,y) = F(y,o) and (f,2) = F(z ().
We use Lemma 29 to obtain m € [0, |n(yo)|) such that

N(Y0) = Z[—m,—m+In(zo))) and co = fo — |T(2[—m,0))|- (4.52)

We first assume that zg € Cop. Then, Equation (4.52) implies that zp occurs in
n(yo), and thus, since zy € C,p, Equation (4.49) ensures that 7(yo) = yo € Cap.
Hence, m =0, zo = yo, co = fo and ¢; = co + |0 (yo)| = fo + |7(20)] = f1. Using
this and Item (4) of Proposition 15 with  and (¢, y) produces

per(x[f0+85’f1785)) = per(x[coJrSe,clfSe)) > €.

Let us now assume that zy € Cz \ Csp. This condition and Equation (4.49)
imply that yo € C,. Hence, we can use Item (4) in Proposition 15 to obtain
that per(z(cy—se,c,+8¢)) < . We conclude, since (4.49) guarantees that [fo, f1)
is contained in [co, c1), that per(z(s,_sz, f,4+8¢)) < Per(Tic,—se,c,+8¢)) < €.

It rests to prove that (Z,7) satisfies Item (3) of Definition 13. Let a €
Cz \ Csp be such that root7(zp) is conjugate to root7(a). We have from (4.52)
that zp occurs in 7(yo), so, by (4.49), root7(zg) = rooto(yp). Similarly, a
occurs in 7(b) and root7(a) = rootc(b) for some b € Cy. The first condition
and (4.49) imply, as a € Cz \ Cap, that b € Cp. Now, the hypothesis ensures
that rooto(yp) is conjugate to rooto(b). Therefore, as (Y, o) has dichotomous
periods w.r.t. (Cap,Cp), we can use Item (3) of Definition 13 to obtain that
root o(yp) = root o(b). We conclude that root 7(zp) = root T(a), completing the
proof of Item (3).

Finally, for Items (4) and (5), we present the proofs of Propositions 18 and
19 hereafter. 0

Lemma 51. Let Cpjock be the set of words atb, where a € Cop, b€ Cup, £ > 1 and
root7(a) = root7(b). Then, any z € Z can be written as z = ... W_1Wow1 . . .,
where wj € Cplock 0T W; € Cap and wijw;iq & Cglock.
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Proof. Let z € Z and (c,y) = F(y,0)(7(2)). We set w; = n(y;). The definition
of  in (4.49) ensures that w; € Cpiock U Cap. Moreover, Item (5) in Propositions
15 says, in this context, that wjw;j1 & CZ,q for all j € Z. Finally, by Lemma 29
we have that z = S*(y) for some ¢ € Z, and thus that z = ... w_jwow; ... O

We can now present the proof of Proposition 19.

Proof of Proposition 19. Item (2) directly follows from the definition of 7 in
(4.50). Let us prove Item (1). Let z € Z be such that zj j11) € (Cz \ Cap) ™.
We write z = ... w_jwowi ... as in Lemma 51 and let Cpock be the set defined
in Lemma 51. Then, the hypothesis zj; j+1) € (Cz \ Cap)t and the condition
wrWit+1 &€ Chlock iMply that zj; j11) occurs in wy, for certain k € Z such that
Wy € Chiock- Hence, zp = z; € Cyp for all € € [i, j) and root 7(zy) = root 7(z;) for
all k € [i,7 + 1).

Lemma 52. Let z,2 € Z and £ > 1 be such that 7(Z0.0)) is a prefix of T(z0).
Then, zo € Cz \ Cap implies that Z; € Cz \ Cap and root 7(Z;) = root 7(zp) for all
i€10,¢).

Proof. First, we note that, by Item (4) in Proposition 17, per(7(Z;)) < per ( (20)) <
¢ for all i € [0,¢). Thus, by Item (4) in Proposition 17, z; € Cz \ C,p for all
i€10,0).

Let s = root7(zp). In order to continue, we claim that

ifaeCz\Csp and 7(a) is a prefix of s°°, then root7(a) = s.

First, we note 7(a) is a prefix of (root7(a))>. Also, Item (4) in Proposition 17
guarantees that |root7(a)| < ¢ and that |s| < e. Hence, as |7(a)| > 2¢ by Item
(2) in Proposition 17, we can use Theorem 31 to deduce that root7(a) and s
are powers of a common word 7. This implies that s = root(a) = rootr.

We now prove that root 7(Z;) = s for i € [0, £) by induction on ¢. If i = 0, then
we have from the hypothesis that 7(Zy) is a prefix of 7(zp) and that Zy € Cz\Cap.
Thus, root7(Zp) = s by the claim. Let us assume now that 0 < ¢ < ¢ and that
root7(Z;) = s for j € [0,4). Then, 7(Z]o,) is a power of s. Being 7(Z)]) a
prefix of 7(29)*™ = s*°, we deduce that 7(2;) is a prefix of s*. This allows us
to use the claim and obtain that root 7(Z;) = s. This finishes the inductive step
and the proof of the lemma. O

Finally, we prove Proposition 18

Proof of Proposition 18. We fix the following notation for this proof. Let z,z €
. (fi2) = FZT( )s (fv z) = F(Z,T)(JE)’ (c;y) = F(Y,a)(x) and (¢,9) =
F(Y,U)( )
We start by proving Item (1). Assume that per(z[_..)) > ¢ and that

T[7d2n,7d?n) = xE77d2n,7d2n)' We have to show that fo = fo and zp = Zp.
We claim that

(i) co = ¢o and yo = Yo;
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(i) yo € Cap and o € Cap;

(ifi) 2o = o, fo = co, Z0 = fjo and fo = &.
Item (i) follows from the fact that the current hypothesis allows us to use Item
(3) of Proposition 15 to get that F?Y,U) (x) = F?y,a) (Z), which is equivalent
to (i). For Item (ii), we note that if yo € Cy \ Cap = Cp, then Item (4) in
Proposition 15 implies that per(2(c,—se ¢, +8c)) < €. Hence, as [—¢, ¢) is included
in [co — 8¢,¢1 + 8¢), per(z[_..)) < &, contradicting our hypothesis. Therefore,
Yo = 370 € Cap'

To prove Item (iii), we first note that Lemma 29 gives an integer m €

[0, |7(20)]) such that

Yl—m,—m~+|n(z0)]) = 77(20) and —cg = _fO + |77(Z)[0,m)|' (453)

In particular, yo occurs in n(zp). Since Item (ii) ensures that yo € Cap, it follows
from the definition of n in (4.49) that n(yo) = yo = 20. Putting this in (4.53)
gives that m = 0 and cp = fo. A similar argument shows that Zp = g and
fo = ¢o as well. This completes the proof of the claim. R

Items (i) and (iii) of the claim imply that (fo,20) = (fo, 20), proving Item
(1) of the proposition.

Before proving Item (2), we claim that

if 29 € Cap and 2(_1742p0,17d2n) = T[—17d2n,17d2n), then F?Z,T) (x) = F?Z’T) (2).
(4.54)

To prove (4.54), we start by using Item (4) in Proposition 17 to obtain that

per(Z(f,+8c,f,—se)) > €. Thus, by Item (2) in Proposition 9, there exists j €
[fo + 8¢, f1 — 8¢) satisfying

per(zj—c,jte)) > €. (4.55)

Now, since j € [fo+8¢, f1—8¢) and |7| < 10d?n, we have that j € [~10d?n, 10dn).
Therefore, by the hypothesis T[-17d2%n,17d2?n) = i‘[717d2n,17d2n)5 i‘[j77d2n,j+7d2n) =
T[j—7d?n,j+7d?n)- Combining this with (4.55) allows us to use Item (1) of this
proposition and deduce that

Fl; ) (572) = Fly 1 (575). (4.56)

Observe that the condition j € [fo+8e, f1 —8¢) implies that F?ZJ)(ij) = (fo—
J,20). Let i be the integer satisfying f; < j < fis1 and note that F((JZJ)(SJ&)
(fi —J,%). Then, by (4.56), fo = fi and 2o = 2;. In particular, f; = fo
0 < fi = fis1, s0 i = 0. We conclude that F?Zﬂ_)(x) = (fo,20) = (fo,éo)
Fz. ().

We now prove Item (2). Assume that F(()Z’T)(;E) = F?Z,T) (Z). The is equiva-

I IA

lent to zg = Zg and fp = fo, so f1 = f1 as well. Hence,

F{; . (S') = F{, (5°E) for all i € [fo, f1). (4.57)
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We are going to prove that
if Z(_5042n,50d2n) = F[—50d2n,5042n), then By ) (S7x) = Fy (S71F). (4.58)

The lemma then follows from an inductive argument on k that uses Equations
(4.57) and (4.58).

Let us assume that z(_5042,50a2n) = T[—5042n,5042n)- We consider two cases.
First, we assume that z; or Z; belongs to C,p. There is no loss of generality
in assuming that z; is the one belonging to C,,. Observe that the hypothesis
and that |7| < 10d?n ensure that T[f,—7d?n, fr+7d2n) = L[fi—7d?n,f1+7d?n)- Lhis
allows us to use (4.54) and deduce that F{(, ,(S/'z) = F{, (5" %).

We now consider the case in which z; and Z; belong to CZ\Cap. Observe that,
since f; = f1, we have that Fl; . (57z) = (0,21) and F{ ,(S"F) = (0, 7).
Thus, it is enough to show that z; = 2;.

We assume without loss of generality that |7(z1)] > |7(21)]. Let £ be the
integer satisfying f; < fo < foi1. Remark that £ > 2 as fo=fi+]7(5)] <
fl +|7(21)| = fo. Being fi = f1 and f; < fa, the hypothesis Z[—50d2n,50d2n) =

[-50d2n,50d%n) and the bound |7| < 7d?n ensure that 7(2 Z11,0)) is a prefix of 7(z1).
Hence, since we assumed that z; € Cz \ Csp, Lemma 52 yields that

Z; € Cz \ Cap and root7(Z;) = root7(z1) for all i € [1,0). (4.59)

We set s = root7(z1). It then follows from 4.59 and 4.50 that for any ¢ € [1,¢)

= SC(S) lf 21 € Csp 5 = SC(S) " lf %Z (S Csp (460)
SC(S)"FQzl if z1 € CWp S<(5)+QZi if Zi € pr
We can use this to prove that |7(z1)| = |7(%1)| implies that z; = Z;. Indeed, in

the case z1 € Csp, it follows from (4.60) and the fact that ¢, > 0 for all a € Cyp
that 7(3;) = 7(z1) = s, and thus that Z; = 21 = ¢5'(s¢¥)). Similarly,
if 21 € Cwp, then (4.48) and the equation root7(z1) = root7(Z;) ensure that
¢., = qz,, and thus from (4.60) we get that 7(3;) = 7(21) = s¢(®)*+%1. In
particular, Z; = 21 = 1, (s¢(9)F4=1),

It is left to consider the case |7(z1)| > |7(Z1)|, so let us assume that this
condition is satisfied. Then, by (4.60) and the fact that g, > 0 for all a € Cyp,

z1 € Cup and Z; € Csp. (4.61)

In this situation, Item (1) in Proposition 19 ensures that zo € C,p. Now, ob-
serve that f3 < 3|7] < 30d*n and fo > 0; so the hypothesis Z[_5042p,5042n) =
T[_50d2n,50d2n) GlVes that :E[fz Td%n, fa+7d2n) = T[fy—7d2n,f3+7d2n)- Hence, we can
use (4.54) to obtain that F(Z T)(Sf2:17) is equal to F(Z T)(SfQ Z). More precisely,

since fy < fo < f@+1, we can write

(ff - f27 2@) = F?Z,T) (SfQj) = F?Z,T)(Sf2x) = (0’ Z2)'
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Hence, the equation F?Z’T)(szx) = F?Z’T)(szi") is equivalent to
fo=f2 and z = 2. (4.62)

In particular, 7(Z[ ) = 7(21).

Now, since z; € Cup, we have by Item (1) in Proposition 19 that Z, =
zg € Cap. Therefore, Item (1) in Proposition 19 guarantees that Z; € Csp, for
all i € [0, —1) and 2,1 € Cs,. Combining this with (4.60) and the equality
7(211,0)) = 7(21) produces that

(€(s) + az1)lsl = [7(21)] = |7 (Zp0,0))| = (€C(s) + gz, s]-

Since ¢, < ((s) and gz,_, > 0, we conclude that ¢ < 1. But then 7(z) =
7(21,0)) is the empty word, which contradicts the definition of 7. Therefore, the
case |7(z1)| > |7(21)| does not occur and the proof is complete. O

4.7 The fourth coding

In this section, we give the final versions of the codings needed in the proof of
the main theorems. The new element of these codings is that it is possible to
connect them using morphisms.

The section has two parts. In the first one, we construct the new codings,
using Proposition 17 and a modified higher block construction, and present their
basic properties. Then, in the second one, we show how we can connect two of
these codings using the morphism described in Subsection 4.7.2.

4.7.1 Construction of the fourth coding

Let X C AZ be an infinite minimal subshift, n > 0 and let d be the maximum
of [px(n)/n], px(n+1) — px(n), #A and 10*. We use Proposition 17 with X
and n to obtain a recognizable coding (Y C B%,o: B — AT) of X, a partition
B = Bap U Bsp U Byp and an integer e € [n/d>* +* n/d) satisfying Items (1) to
(5) of Proposition 17.

We start with the following observation. Since (Y, o) is a recognizable coding
of a minimal subshift, Y is minimal; thus, for all y € Y there exists k& < 0 such
that y, € Bap. This observation allows us to define the map £(y) = max{k <
0: yi € Bap} that returns the index of the first-to-the-left symbol in B,p.

Let 1o: Y — B* be the map y — ye(,)y—190y1 and ¢(y) = (Yo(S7y))jez-
We treat 1(y) as a sequence over the alphabet B* and define Z = ¢(Y) C (B*)Z.
We set

C={2:2€27}CB. (4.63)

Let O(aa_q1apa1) = ag for aa_1apa; € C and 7 = of. Remark that
OY(y) =y forany y €Y. (4.64)

We abuse a bit of the notation and define £(z) = max{k < 0 : 2z, € Cyp} for
z € Z. Note that £(¢(y)) = £(y) for y € Y.
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Basic properties of the fourth coding

We present here the basic properties of (Z, 7).
Lemma 53. The pair (Z,7) is a recognizable coding of X .

Proof. Tt follows from the definitions that v commutes with the shift and that
it is continuous; hence Z = ¢(Y') is a subshift. Also, by (4.64), we have that
O(y) =yforanyy € Y,s0Y = 0¢(Y) = 6(Z). Therefore, (Z,0) is a coding of
Y. Tt is easy to see from the definition of Z that (Z,0) is recognizable. Hence,
as (Y, o) is recognizable as well, Lemma 1 tells us that (Z,c6) is recognizable.
Being 7 = 06, we conclude that (Z,7) is recognizable. O

Thanks to the last lemma, F (5 y(x) and F(()Z’T)(x) are defined for every
z e X.

Lemma 54. Let x € X, (c,y) = Fy,o)(v) and (f,2) = Fzy(x). Then,
ck = fr and Yo (S*y) = 2, for all k € Z.

Proof. On one hand, (4.64) implies that 7¢(y) = 06¥(y) = o(y), and thus
that S™%7(¢(y)) is equal to S™®o(y) = z. On the other hand, o(yo) is
equal to 7(vo(y)) = 7(¥(y)o); so, as (—co,y) is a o-factorization, [0, |o(yo)|) =
[0, |7(¢(y)o)|) contains —cy. From these two things, we conclude that (—co, ¥ (y))
is a 7-factorization of x. Then, since (Z,7) is recognizable by Lemma 53,
(—co,%(y)) and (—fo,z) are the same 7-factorization, that is, ¢g = fp and
Y(y) = z. We use this to compute, for j > 0,

fi==fo+1m(zp0,5)| = —co + [T (W)0.1)] = —co + [0 (yp,5)] = ¢

where in the last step we used that 7(¢(y)) = o(y). A similar computation
shows that f; = ¢; for j < 0 as well. O

The last lemma has the following important consequence. For any = € X,
the cut functions of its o-factorization in Y and of its 7-factorization in Z are the
same. Therefore, we can simply write (c,y) = F(y,)(2) and (¢, 2) = F(z )(z).
This will be tacitly used in this subsection.

Lemma 55. Letx,2 € X, (¢,2) = F(z)(X) and (¢,2) = F (5 (Z). If 20 = Zo,
then Llce(zy,Ce(z)41) — j[52(2)76£(2)+1) and Tlejeip1) = T[e).86541) for j € [-1,1].

Proof. Let (c,y) = F(y,s)(x) and (&,9) = F(y,s)(Z). Then, by Lemma 54 and
the hypothesis

Ye)Y—1%0y1 = Yo(y) = 20 = Zo0 = Yo(J) = Je ) U-1J071-

Hence,
Llegzyce(zy41) = J(yﬂ(y)) = O’(ﬂg(g)) = j[6£(£)75£<5)+1)'

Similarly, Tr._, ¢,y = 0(y—1y0y1) is equal to Tjz_, z,) = o(J-170%1)- O
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Let
Cap = 0_1(13’3[))7 Cop = 9_1(Bwp) and Csp = 9_1(Bsp). (4.65)
Note that, since B, U Byp U Bsp is a partition of B, the sets Cap, Cup and Csp
form a partition of C = 6~1(B).

Proposition 20. The following conditions hold:
(1) 20e < |7(a)|] < 10d?n for all a € C.
(2) #7(Cap) < 2d3%F5, #(root 7(C)) < 5d34H6 and #C < 7412436 pow-com(X)?.
(3) (Z,7) has dichotomous periods w.r.t. (Cap,Cop U Cywp) and 8e.

Proof. We start with the proof of Items ((2)) and ((1)). We have, from the
equation 7 = 06 and (4.65), that

T(Csp) = 0(Bap) and 7(C) = B.

Thus, by Item (1) in Proposition 17, #7(Cap) = #0(Bap) < 2d3¢6 and #(root 7(C)) =
#(rooto(B)) < 5d%¢*6. Also, from the definition of C we get that #C < #B*.
Putting the bounds from Item (1) of Proposition 17 in this inequality gives that
#C < 7*d'20+36 pow-com(X)%. Ttem (1) follows from the equation 7(C) = B
and Item (2) of Proposition 17.

We now prove Item (3). Let x € X be arbitrary and define (¢, z) = F(z ()
and (c,y) = F(y,s)(x). Equation (4.65) ensures that yo € B, if and only if
20 € Cap. We also note that, by Lemma 54, root 7(z9) = rooto(yo). Therefore,
Item (3) of this proposition follows Item (4) in Proposition 17. O

Remark 15. As was similarly observed in Remark 14, a consequence of Items
((3)) and ((1)) in Proposition 20 is that, for all a € C\ Cap, |root7(a)| =
per(7(a)).

Proposition 21. Let z € Z.

(1) Ifi < j are integers such that zx, € C\Cap for allk € [i,7), then root 7(zx) =
root7(z;) if k € [i,5), 2 € Csp if k € [i,5 — 1), and zx = z;41 for all
ieli+1,j—1).

(2) If 20 € Csp, then T(a) = (root7(a))?", where r is the unique integer for
which 27| root T(a)| belongs to [20e,40¢).

Proof. Suppose that ¢ < j satisfy z, € C\ Cap for all k € [1,j +1). Let us
denote F(y ) (7(2)) by (c,y). Then, by Lemma 54, y, = 0(2x) € B\ By for
all k € [i,7 + 1). In this context, Item (1) of Proposition 19 ensures that
rooto(y,) =rooto(y;) if k € [i,5+ 1) and yr, = y; € Bsp if k € [4, j) We deduce,
as 7(zx) = o(yk), that root 7(zx) = root 7(z;) for all k € [i,5 + 1). Also, for any
k € [i,j), we have that z € 671 (yx) € Bsp. Now, since yy, € C\ Cap if [i,7 + 1),
we have that ye(gk,) = ye(siy) for all k € [i,j + 1). Combining this with the
fact that y, = y; if k € [4,7) yields

Vo(S™Y) = Yo sry) Yb—1YkYk+1 = Ys(si)Yi¥iyi for all k € [i+ 1,5 —1).
We conclude, using Lemma 54, that zp = z;41 for k€ [i + 1,5 — 1). O
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Lemmas 56, 58 and 57 will use the following notation:
E = 50d*n.

Observe that |o] < E, |r] < E and that E is bigger than or equal to the
constants 7d? and 50d%n appearing in Proposition 18.

Lemma 56. Let z,% € X be such that v_sp sp) = T[—3p,3E) and per(v(_.¢)) >
e. Let (¢,z) = Fzn(z) and (& 2) = F(z(T). Then, 7(20) = 7(%) and
F?ZJ)(SClx) = F(()ZVT)(SQ:IC), In particular, co = ¢y and ¢; = é;.

Proof. We use the notation (c,y) = F(y,o)(z) and (¢,7) = F(y,s)(Z). Observe
that the hypothesis z[_3p 3p) = T[—35,3k) allows us to use Item (3) in Proposi-
tion 17 to obtain that

Fly ) (S'z) = Fly ) (5°Z) for all i € [0,2E]. (4.66)

In particular, ¢g = é& and yo = go. Thus, by Lemma 54, 7(20) = o(yo) =
o(go) = 7(%0). Also, for j € {1,2} we have that 0 < ¢; < ¢y < 2F, so (4.66)
can be applied to deduce that F?Y,g)(SCJ x) = F?ng) (S¢ ). Then,

Yj0,3) = Jpo,3) and ¢; = ¢; for all j € [0,3). (4.67)
Before continuing, we prove that

Yo, Yo € Cap. (4.68)

We note that if yo € C \ Cap, then Item (3) in Proposition 20 gives that
per(Z(cy—se,c,+9¢)) < €, which is impossible since we assumed that per(z;_. .)) >
e. Thus, yo € Cap. Similarly, go € Cap a8 T[_. o) = T[_c¢)-

We can now finish the proof. The condition ¢; = ¢& follows from (4.67).
Also, we have from Lemma 54 that z3 = ¥o(Sy) = £(Sy)yoy1y2 and Z; =
o(Sy) = £(S7)Yo71J2- Now, Equation (4.68) guarantees that £(Sy) = yo and
£(Sy) = go. Therefore, by Equation (4.67), 21 = z;. We conclude, using that
c1 = 51, that

F(()Z,T)(qu) = (0721) = (0721) = F(()Z,‘r) (SCI':Z') (469)
O

Lemma 57. Let x,% € X, (c,2) = Fz(x) and (¢,2) = Fz,)(%). Sup-
pose that x|_4pap)y = Zj—apap) and zg € Cap. Then, 7(20) = 7(%0) and
F[()ZJ)(SClJU) = F((]ZJ)(SClaNc). In particular, co = ¢ and ¢; = é.

Proof. The condition zy € C,p implies, by Item (3) in Proposition 20, that
per(Zicy,c;)) > €. Thus, by Item (2) in Lemma 9, there is i € [c,c1) such
that per(z;;_c4c)) > €. Now, since |7| < E, the hypothesis ensures that
(S"2) iz ite) 18 equal to (S°E)ji_c ite). Therefore, we can use Lemma 56 and
conclude that 7(z9) = 7(2p) and F(()ZJ)(SCIQ:) = F?Z)T)(Scli‘). O
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Lemma 58. Let x,2 € X and k > 0 be an integer. Suppose that F(()ZJ)({E) =

F?Z,‘r) (f) (l[ﬂd t]hat x[73E,k+3E) = £[73E,k+3E)' Then, F(()ZJ.)(S%.I‘) = F?Z,‘r) (Szi'
for all i € [0, k].

Proof. We only prove that F?Z’T)(Sx) = F(()Z’T)(Sij) if F?Z’T) (x) = F?Z’T) (2)
and that r[_sp 1435) = Z|_3E,143E), as then an inductive argument on 7 gives
the lemma.

Let us write (¢,y) = F(y,»)(7) and (¢,9) = F(y,,)(v). Then, by Lemma 54,
z=1(y) and Z = () satisfy (c,z) = F(z - (z) and (¢, 2) = F(z)(z). Hence,
the hypothesis F?Z’T)(x) = F?Z’T)(aﬁ) is equivalent to zg = 2y and ¢y = &. This
implies two things:

(i) yew)y—1%0y1 = Yo(y) = 20 = 20 = Yo (J) = o) JoT1T2-
(ii) e1 = co +|o(yo)| = ¢1 + |o(go)| = &1 and, similarly, ¢y = ¢s.
We deduce that, for any i € [0,¢1),
F?Z,T) (SZ‘T) - (CO - 7:7 ZO) - (&0 -, 20) = F(()Z,T) (S’L‘i)

In particular, if ¢; > 0 then F(()Z’T)(Sx) = (co — 1, 20) is equal to F(()Z’T)(Si') =
(¢o — 1,Zp) and the proof is complete.

We now assume that ¢; = 1 (so & = 1 as well by (ii)). In this case,
F?ZJ)(SI’) = (0,7 ) and F?ZJ)(S:%) = (0, 21); thus, it is enough to prove that
zZ1 = 21.

We observe that, since z; = 9o(Sy) and z; = ¥ (S7),

(1) 21 = yoyoyr1y2 if yo € Bap and 21 = ye () Yoy1y2 if yo & Bap, and

From these relations and (i) we deduce that
z1 = z; if and only if yo = .

Now, since F?ng)(x) = (co,Y0) = (€0, %0) = F?Y)g)(:i) and since we assumed that
T[_3E,143E) = T[-3E,1+3E), We can use Item (3) in Proposition 17 to obtain that
F?Y’U)(Six) is equal to F(()Y’O_)(S%) for any ¢ € [0,2E]. In particular, since ¢y
satisfies 0 < ¢g < ¢p + 2|o| < 2F, we have that

(0.y2) = Fy,) (52) = Fy,,) (57) = Fy,,) (57) = (0, 2),
where we used that co = é& by (ii). It follows that yo = g2 and thus that
F?Z’T)(S’x) is equal to F?Z’T)(SLLN"). O

4.7.2 Connecting two levels

In this subsection, we consider two of the codings constructed in Subsection 4.7.1
and prove several lemmas that relate them. We start by fixing the necessary
notation.
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Let X be a minimal infinite subshift, n,n’ > 1 be integers and let d be the
maximum of [px(n)/n], [px(n')/n'], px(n+1) —px(n), px(n’' +1) — px(n'),
#A and 10%. Let E = 50d*n and E’ = 50d?n’. We will assume throughout the
subsection that

n' > d2 . 500d%n. (4.70)

We consider the recognizable codings (Z C C%,7: C — AT)and (2' CC'*,7': C' —
AT) of X obtained from n and n’ as in Subsection 4.7.1, respectively. Let
also &’ € [n'/d2P+4 1/ /d) and € € [n/d?¥+* n/d) be the constants defined in
Subsection 4.7.1, and let us denote by Cap U Csp U Cwp and Cj, U Cf, U Gy, the
partitions of C and C’ defined there. Let £(z) = max{k < 0 : z; € C5p} and
L(Z)={k<0:z,eC,}forze Zand 2 € Z'.

The crucial relation between (Z’,7) and (Z,7) is the following inequality,
which is a consequence of (4.70):

¢ > 10E. (4.71)

Preliminary lemmas
We fix, for the rest of Subsection 4.7.2, a point € X and the notation (c, z) =
Fz.)(z)and (¢, 2') = F(z ().

Lemma 59. Suppose that per(7'(2()) < e. Leti € [cf—Te', | +T") and j be the
integer satisfying ¢ € [cj,cj+1). Then, z; = 2y € Csp, | root T(z;)| = | root 7/(zy)|
and c¢; = ¢y (mod |root7’(2()|).

Proof. The condition per(7'(z;)) < ¢ < &’ implies that 2, € C"\ Cj,. Hence, by
Ttem (3) in Proposition 20,
Tl —ser eq 82y = (1008 T (20))Fser (20 | +827) (4.72)

and

|root 7/(2()| = per(7'(2))) < e. (4.73)
Equation (4.72) implies the following: If k is the integer satisfying ¢, — 7¢’ €
[ck, ck+1) and £ is the integer satisfying ¢, — 7e’ € [cs, co41), then 7(z;) € C\ Cap
for all j € [k, £). Indeed, for any such j, we have that 7(z;) = [, c,,,) occurs
N Z(¢ _7er—3E,c; +7e'43E), and so per(7(z;)) < €, which implies, by Item (3) in
Proposition 20, that z; € C \ Cop. We can then use Item (1) in Proposition 21
to get that

zj = 2p+1 € Cop and ¢ = cp1 (mod |root 7(zk41)|) for all j € [k +1,¢—1).
Since €’ > |7, ck4+1 < ¢o < ¢p—1, s0 we in particular have that
zj =20 € Csp and ¢; = ¢o  (mod |root 7(2)]). (4.74)

We are now going to prove that |root(zp)| is equal to |root7/(z{)|. The
lemma would follow from this and (4.74).



130 CHAPTER 4. A SOLUTION TO THE S-ADIC CONJECTURE

Note that 7/(2() and 7(z) oceur in (¢ _ger ¢ 48er). Also, Item (1) in Propo-
sition 20 ensures that 7/(z)) and 7(zp) have length at least 2¢. Then, as
per((c; ge,¢)+8:)) < € by (4.72) and (4.73), we can use Item (1) of Propo-
sition 9 to deduce that

per(7(20)) = per(z(e)—ser e +s=r)) = Per(7'(z)) < e.

In this situation, Item (3) in Proposition 20 guarantees that zp € C \ C,p, and
| root T(29)| = per(7(z0)) = per(7'(z()). Equation (4.73) then yields | root 7(zo)| =
| root 7/(2()]- O

Lemma 60. Assume that zy € C'\C,, and that per(7'(2))) > €. Let T € X and
suppose that T[_zer 3cr) = T[_3c/ 30r). Then, F(()Z’T)(!E) = F(()ZJ)(JE).

Proof. The hypothesis gives that per(z( c;)) = per(7'(25)) > ¢, and Item (1)
in Proposition 20 that |z )| > 2¢. Hence, we can use Item (2) of Proposition
9 to obtain ig € [c), c}) such that

per(x[io_moﬁ)) > €.

Now, since z; € C'\ C},, Ttem (3) of Proposition 20 applies, so

!/
per(x[c6785’,c’1+85’)) <eg.

This implies, as ¢ < &', that there exists i € [~2¢’, —¢’) such that x;_ i) =

Llig—e,io+e)" ) )
Our plan is to derive the lemma using Lemma 56 with S*x and S*Z. First,
we note that

per((Siz)[_E,E)) = per(z[i_mﬂ.)) = per(x[i0_57i0+5)) > e. (4.75)
Also, since 4E < ¢’ and i € [—2¢',—¢'), we have that [i — 4F,i + 3¢’ + 4F) is

contained in [—-3¢’,3¢’). Thus, by the hypothesis x[_3./ 3.y = F[_3 307,

(S™P2)_ap 300 138) = T(i—3E,i+3/ +4E)
= Fji—spitsevar) = (STPE) upseqsp).  (4.76)
In particular, ‘ ‘

(Slx)[—SEﬁE) = (Sli)[—SE,3E)~ (4.77)

Equations (4.75) and (4.77) allow us to use Lemma 56 and deduce that

F?Z,T) (Si+Ex) = F?Z,T) (SH_Ei.)

Furthermore, the last equation and (4.76) are the hypothesis of Lemma 58;
hence,

F?Z)T)(SiJrE*kw) = F((JZVT)(S”EJFki) for any k € [0, 3¢"). (4.78)

Since i € [—2¢',—¢') and E < &', k := —(i + F) belongs to [0,3¢’), so (4.78)
gives that F?ZJ) (x) = F?Z;)(j)- O
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Lemma 61. Suppose that zy € Cf,. Then,
F{y (ST 2) = Fy (59T x) for anyi € [~5¢',5¢").

Proof. We consider two cases. First, we assume that per(7/(zy)) < e. This
allows us to use Lemma 59 and obtain that, if ¢ € [¢{ — Te, ¢} + 7€) and j is the
integer satisfying i € [c;, ¢j4+1), then

¢;j =co (mod |root7'(z()]), zj = z0 € Csp and
|root 7(z;)| = | root 7/(2)].  (4.79)

Let ¢ € [—5e’,5¢”) be arbitrary and denote by k and ¢ the integers satisfying
¢y +1i € ek, cpt1) and ¢§ + 4 € [cp, coq1). With this notation, F?ZJ)(SCB“:C) =
(e — ¢y —1,2p) and F?Z’T)(Sclﬁix) = (co — ¢} — 1, 24), so we have to prove that
zp=ziand ¢, —ch— i =cg — ¢} —i.

We have, by (4.79), that z, = z,. Thus, it only rests to prove that ¢, —cy—i =
ce— ) —i.

We note that the definition of k and ¢ ensures that

(i) ex <+ i < cpy1 = cg + |7(21)]; and
(i) co <) +1i < cor1 = co+ |7(20)].

If we use the equality ¢, = ¢x + (¢ — k)|7(20)], which is a consequence of (4.79),
and that ¢j = ¢f + |7/(2()]| to replace ¢, and ¢} in (ii), we get that

cx < g+ i+ (I7'(20)] = (€ = B)|7(20)]) < e + |7(20)]-

This and (i) yield
17 (20)] = (£ = B)[7(20)l] < |7(20)I- (4.80)

Now, since 29 € Csp, and | root 7(zx,)| = |root 7/(zp)| by (4.79) and since z; € C,
by the hypothesis, the definition of Cg, and Cg, in Proposition 20 guarantees
that |7(z0)| divides |7/(2()|. Therefore, the inequality in (4.80) is possible only
if |7'(2()] = (€ — k)|7(20)]. We conclude, as (4.79) implies that ¢, = ¢ + (£ —
k)|7(20)|, that

co=ck+ (l—k)|T(20)| = ek + |7'(20)| = ek + ¢} — ¢

Hence, ¢, — ¢{ — i = ¢g — ¢} — i and the proof of the first case is complete.
Next, we assume per(7'(z,)) > . Observe that the condition z; € Cf, implies
that z; € C'\ Cl,. Hence, by Item (3) in Proposition 20, @[ _ge/ .t 48e/) =
(rOOtT/(Zé))[Z—SE’,\T’(z{))\+8a/) and |root 7/ (z})| = per(7'(z))) < e. In particular,
if i € [-5e’,5¢"), then @y i 3cr ) 43y 18 equal t0 (¢ 1 3er ¢ +3.r). Then, the
hypothesis of Lemma 60 is satisfied for S¢otig and Sz, and thus we obtain
that F?ZJ)(SCH%) = F?ZJ)(SCH’:J:) for any i € [—5e’, 5¢’). O
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Lemma 62. Let 2 € X and (¢,2) = F (5. (Z). Suppose that 2, € Cop, k > 1,
and that x[CO’Cl+k+8€/) = i[60,61+k+85’)- Then,

F (2. (S 2) = F (5 (SETE) for alli € [T,k + 7€), (4.81)

Proof. First, Item (3) in Proposition 20 ensures that per(z(c; ;ger o —g8er)) > € >
€. Thus, Item (2) in Proposition 9 ensures that there exists an integer m such
that

m € [cy+8',¢] —8') and per(zp,_cmie)) > €. (4.82)

Using that 4F < ¢’ and m € [¢)+8¢’, ¢} —8¢’) it can be checked that [m—3E, ¢} +
7¢' + 3E) is contained in [cp, ) + 8¢”). Hence, by the hypothesis (¢ o/ 18c/) =

L[eg,)+8¢")s

m+E _
(s x)[74E,c’1+7s’7m+3E) = Tm—3E,c|+7¢'+4E)
= T{m—3E+8,—c) ¢, +7e/+4E+3) —c))
_ m—+éh—ch+F ~
- (S oo x)[—4E,c’1+75’—m+3E)~ (483)

In particular, as ¢j —m > 0 by (4.82),
(S™2)(—3p,3m) = (S™TOTDE) _sp 3m).
This and (4.82) allow us to use Lemma 56 and deduce that
F(()Z,‘r) (Sm+Ex) = F?Z,T)(Sm+607CO+E‘%)'

The last equation and (4.83) imply that the hypothesis of Lemma 58 holds;
therefore, for every j € [0, ¢} +7¢'—m), F(()Z,T)(S"”E*jx) = F?Z’T)(Sm*cfl*éO*E*ng).
Equivalently,

F{; . (57z) = F(()Z,T)(S_cé"’ééﬂ:i) forall j € [m+ E, ¢y + (r—1)¢'). (4.84)

We will derive (4.81) from this.
Let ¢ € [—7¢',7¢') be arbitrary. Then, (4.82) and the inequality F < &
imply that j :=c}| +i € [m+ E, ¢} + 7¢’). Hence, Equation (4.84) gives that

Fy (SO a) = B, (ST ottg), (4.85)

Now, we observe that

i —co = |m(z)l = |7(%)| = & — &,

s0 i+ ¢} — ¢ + & =i+ ¢1. Therefore, the lemma follows from (4.85). O

Proposition 22. Let 2,2 € X and suppose that F(()Z,’T,)(x) = F?Z,’T,)(QE).
Then, , '
F{; . (S') = F(; (S°E) for alli€ [c{ — 4¢’,ch —&'). (4.86)
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Proof. The hypothesis implies that ¢ = ¢, and z, = Z. Combining this with
Lemma 55 yields

Ly oy Ceraryn) = Pl ancorznin)r Flejejn) = Tlefochyy)

and ¢; =& for j € [-1,1]. (4.87)
This and the lower bound in Item (1) of Proposition 20 ensure that
T(e)—8e! ¢} +8¢") = T[c)—8e/ &) +8e")- (4.88)
Next, we show that the following facts hold.
(i) (S*2)[gergery = (S2)[_ger gery for all £(y) < k,1<0.
(i) (S%0)_ser 5er) = (S78) _sers) for all £(7) < k1 0.

(iii) 2

e () Ceryry 4 T8 T Lz +8¢’)

! 5/
(@) e (G +1

We start with Item (i). If £'(y') = —1, then (i) is vacuously true. We assume
that £'(y') < —1. Let k be such that £'(y’) < k < 0. The definition of £’ ensures
that z;, € C'\ C;,. So, by Item (3) in Proposition 20, s := root 7'(z;,) satisfies
Tl —8e! cppq1+8e") = 8[2785,7‘7/(%)|+85,). In particular, as |7/(2()] = 0 (mod |s]|),

§I7 G152y

R/ _ _
Llck —8¢’,cp+8e’) = S[—8¢/,8¢") — ( [—8¢’,8¢") = Llcyq1—8¢’,cpp1+8¢’)"

Being this valid for all k € [£'(2’) + 1,0), an inductive argument gives (i). Fact
(ii) follows analogously. For (iii), we use (4.88), (i) and (ii) to deduce that

+8¢’) = L[co—8e’,co+8e’) = L[¢g—8e’,Gp+8e') = L[¢& ¢

4 .
Cer (1% ()1 880

e anerenn
Fact (iii) follows from this and the first equality in (4.87).

Now, since zgq, . € C,, and since (iii) holds, the hypothesis of Lemma 62
are satisfied. Therefore,

FO, (S enatip) = FO, (§%ehat'z) for alli € [-7¢/, 7€), (4.89)

In order to continue, we need to consider two cases. We first assume that
£'(2') = —1. Then, 2’| € Cap, so (4.87) and Item (3) in Proposition 20 give

per(Z(er  t8er,ay—sery) = Per(Tper  fsercp—sery) > €.
This implies, by Item (3) in Proposition 20, that Z_; € Cap. Hence, £'(2) = —1
and then (4.86) follows from (4.89).
Next, we assume that £'(z’) < —2. In this case, we first prove the following.

(a) F?ZJ)(SCIL‘/W’Hle) = F(()ZJ)(SCLI'H@) for all ¢ € [—5e’, 5e’).

(b) Fyy (5@ ™g) = FO, | (S%1+%) for all i € [~5e/, 5e').
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We only prove (a) as (b) follows from an analogous argument. If £'(2/) = -2,
then (a) is trivially true. Assume then that £'(z") < —3. The definition of £’
ensures that 2} € C"\ Cyp for all £/(2') +1 < j < —1. Thus, by Item (1) in
Proposition 21, 2 € Cs, for all £'(2")+1 < j < —2. This allows us to inductively

apply Lemma 61 and deduce that, for any ¢ € [—5¢’,5¢"),
F(()ZJ)(SCQQ/(MHH;E) = F(()Z’T)(SC;:/(Z/)+2+7;$) - = F(()Z,T)(SCLl"'ix).

This shows (a).
Now, combining Equation (4.89), (a) and (b) produces

F{y. (S z) = Fl, (ST 73) for all i € [-5¢/, 5¢'). (4.90)

We are going to derive (4.86) from this and (4.87).
Let i € [¢f—4¢e’, ¢y —¢’) be arbitrary. We note that (4.90) gives, in particular,
that o | 50/, 45e) = T[e_,—5e/,6_,+5¢/) From this, (4.87) we get that

‘/L.[C_175€’,C2) = ‘%[6_1758/,52)' (491)

In view of Equations (4.90) and (4.91) and of 3E < &', the hypothesis of Lemma
58 holds; hence,

F(()Z,T)(Sclﬁ'jx) = F?ZJ)(SELlHﬂE) for all j € [-4e',cy — ., —¢&').

We set j =i —¢_; and note that j € [—4¢’,c, — ¢’_; —€’). Therefore, the last
equation can be used to obtain that

F(()Z,T) (S’Lx) = F(()Z,T) (SC/_1+j'T’) = F(()Z,T) (Sél_l+j'i:) = F(()Z,T) (Si+&/_176/_1j)'

Being ¢ ; = ¢’ by (4.87), we deduce that (4.86) holds. O

The connecting morphism

In this subsection, we build a morphism + that connects (Z’,7') with (Z, 7). We
start by introducing the auxiliary map r: Z’ — Z and proving some properties
for it. The crucial Proposition 23 will allow us to define the connecting morphism
~. We finish the section with Propositions 24, 25 and 26, which will be crucial
for proving (P;) in Theorems 33 and 34.

For 2’ € Z" and (¢, 2) = F(z,.)(7'(¢')), let

AN 0 if per(T’(z’)) Sé‘
r(Z') = {min{i >0:2 € Cap} if per(T’(zZ)) > g (4.92)

Lemma 63. Let 2’ € Z' and (c,z) = F (5 1 (7'(2')).
(1) If z, € C,

aps then ¢y € [, [T (20)] — 8¢').

(2) If e < |root7'(z})| < &' and i is the integer satisfying |7'(2()| € [ci, Cit1),
then c,.ry € [—€',€") and cipr(s.ry € (|7 (20)] — €', |7 (20)| + €).
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(3) If [root 7'(z)| < e, then ¢,y € [=€',€).

Proof. We start with Item (1). Being r(z’) nonnegative by the definition of r,
we have that c.(.y > co. Hence, ¢,.;y > —|7| > —¢’. To prove the other in-
equality, we note that the condition z; € C., implies, by Item (3) in Proposition
20, that per(7'(2")(ger |/ (z5)|—8er)) > €. Using Item (2) of Lemma 9, we get k €
(8¢, |7 (2)| — 8¢”) satistying per(7'(2")jk—e/ ,k+ery) > €. Let j be the integer sat-
isfying k € [cj,cj11). Then, per(7/(2)c; —se,c; 41 +8¢)) = Per(T'(2')k—c.kte)) > &,
s0 zj € Cap by Item (3) in Proposition 20. Also, since ¢j41 > k > 0, we have
that j > 0. We conclude, by the minimality condition in the definition of r,
that r(2’) < j. Therefore, c,(.r) < ¢; <k < |7'(2)| — 8¢'.

We now consider Item (2). Let s = root7/(z}). Since |s| < €', Item (3)
in Proposition 20 ensures that per(7/(z))) = [s| € (e,&']. Thus, by Item
(2) of Lemma 9, there is k € [0, |7'(zg)|) such that per(7/(2')jp—c/ pter)) > €.
Moreover, the condition |s| < ¢’ implies, by Item (3) in Proposition 20, that
per(7'(2")[—ser |r/(z4)|+8e7)) 18 at most &’. Therefore, we can find ko € [0,¢)
and ki € [|7"(20)], |7 (20)| + €’) satisfying 7/(2")p—chte) = 7' (2 ) ko—c kote) =
7'(2") by —e k1 +¢)- In particular,

per (7’ (2) k—e k+e)) = Per(7 (2) ko —e ko+e)) = PEr(T (2 —c ki 4e)) > €. (4.93)

Let jo,j1 € Z be the integers satisfying ko € [cjy, Cjo+1) and ki € [cj,, ¢y +1)-
Observe that, by (4.93) and Item (3) in Proposition 20, z;, and z;, belong to
Cap. Also, since ¢jo41 > ko > 0 and ¢j, 41 > k1 > |7/(%))| (where i is the
element defined in the statement of the lemma), we have that jo > 0 and j; > 3.
We conclude, from the definition of r, that r(z') < jo and i + r(Sz") < j;.
Therefore, ¢,y < ¢j, < ko < €’ and (52 < ¢, < |7'(20)| +€’. Finally,
(4.92) ensures that r(z') > 0 and i +r(S2') > i, so ¢y > —|7| > —¢’ and
Civr(sz) = |T'(20)| > |7 (25)| — €. This completes the proof of Item (2).

For Ttem (3), we note that the condition |s| < e implies that per(7/(z()).
Hence, 7(2') = 0 and c¢,(.,y € [~|7],0] C [-¢’,¢). O

2')) and (¢,2) = F (7 ) (7'(Z')).
)| € leiscivr) and |7'(%)| €
[€5,Cj41)- If 20 = 2, then cp(zry = Cr(z1), Cigr(S21) = Ciqr(S27) AN Z[p(27),i4r(S2"))
is equal 10 Zjp(31),j4r(S5))-

Proposition 23. Let 2,2 € Z', (¢,z) = F (7, (7'(
We define i and j as the integers satisfying |7'(%],

Proof. We start with some observations that will be used throughout the proof.
Since z, = Z), Lemma 55 gives that

() = 7 (E), T () = 7(5) and () = 7(2)).
In particular,
7' (20) =Ll e = T (B0 Gyl (24D (4.94)
Also, since z{, = %, we have from Proposition 22 that

Fl; . (S*7'(2') = F{z (S*7'(2)) for all k € [—4¢, |7/ (20)| + 4¢’).  (4.95)
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We now prove that
Cr(zry = Cp(zy and 2p(z1) = Zp(z). (4.96)
Note that Lemma (63) ensures that
Cr(2)s Crzny € [—€, 177 (20)] — 8¢'). (4.97)

Hence, from (4.95) we get that F(()ZJ)(SCT(Z')T/(Z/)) = F(()Z,T)(SCNZ”T’(%’)). This
implies the following: If £ is the integer satisfying c,(./) € [¢/,Ceq1), then

Cr(z) = é@ and Zr(z') = ~g. (498)

Note that £ > 0 (as Cer1 = cr(2r)41 = 0). Being 7/(2p) = 7'(%), we get, from
(4.92), that r(z') < £. In particular, ¢,.(z) < ¢ = ¢(»y. A symmetric argument
shows that ¢,y < ¢.(z/), which allows us to conclude that ¢,.(zy = ¢,(,s). Then,
it follows from (4.98) that ¢,(zy = ¢. Therefore, r(2) = ¢, and thus z,..) =
Zp = Zy(z) by (4.98). This proves (4.96).

Observe that (4.96) implies that F ) (S 7'(2")) is equal to F (7 ) (S 7'(Z")).
This, (4.94) and (4.97) permit to use Lemma 58 and obtain that

F{y . (S*7'(2")) = Fz 1 (S*7(2)) for all k € [, (o, |7 (2021)] — €'). (4.99)

Then, since ¢, .y = é,(z), we have, for any k € Z such that cx € [c,zr, |T'(292])|—
'), that

C = 6k,,«(z/)+r(5/) and 2k = 2kfr(z’)+r(2’)~ (4100)

To continue, we consider two cases. Assume that per(7/(z1)) < e. We note that,
since 7/(z]) = 7/(2}), per(7'(21)) < e. Hence, by (4.92), r(Sz’') = r(SZ') = 0.
Now, the definition of ¢ and j and (4.100) imply that ¢; = é; and z; = Z;.
Therefore, ¢;yr(s./) = Cjir(sz) and 24, (521) = Zj4r(sz)- This completes the
proof in this case.

Let us now assume that per(7/(z])) > . We are going to argue as in the
proof of (4.96). Being 7/(21) = 7/(Z]), we have that per(7/(Z])) > €. Hence, by
the definition of r, 2;1,(s./) and Z;,,(sz) belong to Cp. Then, since ¢;q,(s./) €
[I7'(24) — €', |7 (2)21)| — 8¢’) by Lemma 63, it follows from (4.99) that

B, ) (8ot (/) = By (Soris:n 7/(2).

Therefore, if & is the integer satisfying ¢; ,(s./) € [C, Chy1), then ¢y, (52) = C
and 2452y = Zp. As per(7'(21)) > €, we have that Z, = 2;1,(52) € Cap-
Also, since |7'(20)| = [T'(20)], Chr1 = Cigr(sz)4+1 = |T'(25)], so k > j. The last
two things imply, by the definition of r(SZ’), that ¢, ,(sz) < Gk = Ciqr(s21)-
Similarly, ¢;1r(sz1) < €j4r(sz). We conclude that k = j + 7(SZ'), €453y =
Citr(Sz) and that Z; . (sz) = Zipr(52)-
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Definition 15. The last proposition allows us to define v: C' — C* in such
a way that, if 2 € Z', (¢,z) = F(z(7'(2')) and i is the integer satisfying
|7/ (z0)| € [eiscit1), then

V(2) = Zlr(z"),i+r(Sz"))- (4.101)
We call v the connecting morphism from (Z',7') to (Z, ).

Remark 16. Let 2’ € Z' and (c,z) = F(z,.(7'(2")). Then, (4.101) ensures that
r(2") + |v(2})| = i +r(S2’), where i is the integer satisfying |7/ (z()| € [cis cit1)-
This relation will be freely used throughout this subsection.

The rest of this section is devoted to prove the main properties of . We first
introduce some notation. Let p(a’) = 7/(a’) if @’ € C;, and p(a’) = root 7' (a’) if
a’ € C'\ Cp,. We define 9(2') = (p(2"1),7'(2g), p(21)) if 2 € Z'. Let p(a) and
1(z) be defined analogously for a € C and z € Z.

We fix, for the rest of the section, points 2/, 2’ € Z’ and the notation (¢, z) =

Fz(7'(2")) and (¢, 2) = F (7, (7' (2)).

Lemma 64. Let z,& € X, (¢,2) = Fz(x) and (¢,2) = Fz(2). If
T[_or oy = T[—er oy and 2o € Cap, then P(z) = Y(Z).

Proof. The hypothesis implies that (S°xz);_g gy = (S°%)_g,g). Then, as z €
Cap, we can use Lemma 57 to deduce that cg = &y and 7(z) = 7(Z). It is left
to show that p(z_1) = p(2_1) and p(z1) = p(Z1). We will only prove the first
equality as the other follows from a similar argument.

There are three cases. Assume first that z_; € C,p. Then, the hypothesis
ensures that (SCO_lx)[,E’E) = (SCU_li)[,E’E). Since z_1 € Cyp, this permits
using Lemma 57 with S~ 1z and S 1% to deduce that 7(z_;) = 7(Z_1). The
case Z_1 € Cyp is analogous.

Let us now assume that z_1,Z_1 € C\ C5p. We define s = root7(z_1) and
5 = root7(Z_1). We have to prove that s = 5. Observe that, by Item (3) in
Proposition 20, 5[2785,0) = T[cy—8e,co) and 5[278&0) = T[3,—8¢,5,)- DBeing co equal
to o and since T|_os oy = T[_¢/ ¢r), We deduce that 8[2786,’0) = 5[2785’,0)' Then, by
Theorem 31, s and § are power of a common word, which implies that s = 5. [

Lemma 65. Suppose that p(z() = p(Z) and that per(7'(z})) > . Assume that
p(zl 1) = p(Z_1) or that per(7'(zy)) < €'. Then, cpry = Epzy and Y(S7Ez) =
Y(ST(Ez).
Proof. We first prove the lemma in the case per(7/(z())) < &’. Note that the
condition p(z}) = p(z]) and Items ((1)) and ((3)) in Proposition 20 guarantee
that per(7'(%)) = per(7'(z))) < &' and 2,2, € C"\ C,. The first thing and
Lemma 63 give

Cr(z/),ér(g) € [*6/,6/). (4.102)

The second thing and the hypothesis p(z()) = p(Z}) imply that

(&) 8o 8y = 7' (F) (-8 821)- (4.103)



138 CHAPTER 4. A SOLUTION TO THE S-ADIC CONJECTURE

Now, we know from the definition of r and the condition per(7/(z()) = per(7'(2})) >
€ that 2,(./), Z.(zr) € Cap. Hence, by Equations (4.102) and (4.103), we can
use Lemma 57 and deduce the following: If ¢ and j are the integers satisfying
Cr(zry € [GiyEiq1) and Gpz) € [cj,¢j11), then ¢,z = & and ¢.(z) = ¢;. There-
fore, by the definition of r, that ¢,(z/) < ¢ = ¢,(2) and ¢,y < ¢j = C(z). We
conclude that ¢,y = ¢.(z). This and Equations (4.102) and (4.103) allow us
to use Lemma 64, yielding 1/}(ST(Z/)Z) = 1/1(5'”(5')2)‘

We now assume that p(z’ ;) = p(2_,) and that per(7’(z()) > €’. Then,
2y € Chy, 80, since p(zj) = p(Zp), we have that 7'(z;) = 7/(%)). Combining this
with the equation p(z’ ;) = p(2’_;) and Item (3) of Proposition 20 produces

T (2 2er oz 486y = T (F)[=ger o7 ()] +867) - (4.104)
Now, by Lemma 63,
Cr(z2r)s Crzny € [—€, 1T (20)] — 8¢'). (4.105)
Equations (4.104) and (4.105) imply that
(ST (&) (e ery = (ST (Z)) (e o)
and (STCNT () (—er e = (ST (F)(er ). (4.106)

Since 2,21y, Zr(z) € Cap by (4.92), we can use Lemma 57 to deduce the following:
If i and j are the integers satisfying c,(.) € [, Ciy1) and &.(z) € [¢j,¢j41), then
Cr(zry = ¢ and C,z) = ¢j. We can then argue as in the first case to conclude
that ¢,(.) = ¢,y and (87 Z )2) = w(ST(E,)Z). O

Proposition 24. Suppose that 2y, Zy € Cl, and ¥(2') = ¢(2'). Then:
(1) Cr(zry = Cr(zry and Crayhiy(z5)| = Cr(z)+1v(z5)] -
(2) 1/}(Sr(z’)z) = 1/,(Sr(f%’),g) and (S N+lv(zo)l z) = w(sr(i’)ﬂv(%)\g)_

Proof. We have, from the condition ¥(z’) = ¥(Z'), that p( "1) = p(Z.;) and
p(z}) = p(Z}). Also, since z{, € C,,, we have that per(7/(z})) > . Hence, we
can use Lemma 65 to deduce that

ap’

cr(z’) = ér(z”’) and w<Sr(Z,)Z) = ’(/J(Sr(g/)g). (4107)

Now, from Lemma 63 we have that c,.y € [—¢,|[7'(2)| — 8¢). Also, the
hypothesis and Item (1) in Proposition 20 give

7' )ser (e 48er) = T (F) s (g l+82) (4.108)

These two things, together with the fact that z,./) € Cyp, allow us to use Lemma
57 and deduce that

By ) (S (1)) = By (S (1), (4.109)
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In particular, ¢, ;)41 = Cr(z1)+1-

To continue, we have to consider two cases. We first assume that 23 € Cj,.
Then, since ¢(2’) = w(é/’), we can use Lem~r,na 654‘50 obtain that ¢, (1) y|y(z) =
Er(z)+17(z)| and z/J(S’"(Z )+h(zD)\Z) = w(sr(z )+\7(ZO)\5)_

It rests to consider the case 2 € C'\C},. Equations (4.108) and (4.109) enable
us to use Lemma 58 and deduce that F?Z,T) (Sk7'(2")) is equal to F?ZJ) (Sk7'(2'))
for all k € [c. (211, |7/ (20)|+7€’). Since ¢pzry41 < [7'(20)| 7€', we in particular
have that

F{; (S (2)) = F{z 1 (S*7'(#)) for all k € [|7/(20)| — 7€', |7 (24)| + 7).
(4.110)
Now, the condition 1(2’) = ¢(2') implies that 2z, € C"\ C},. Thus, by Lemma
63,
Cn(N) (=) Erzn+ vz € 1T (20)] = €' 17 (20)] + ).

We conclude, using (4.110), that Cr(2)+y()] = Cr(z)+Iv(z)) And Zr(z)tiy(20)] =
Zr(2)+|y(z)- The lemma follows.

Proposition 25. Suppose that p(zf) = p(Z) and € < |root7'(2()| < ¢&’. Then:
(1) crzy = Cry@yivp) — 1T (20)] = Gz = Cannzy — 17 (20)1-
(2) Zr(zr) = Zr(2)+lr ()] = Zr(z) = Zr(2)+Iv(E)I-

Proof. Note that, by Item (3) in Proposition 20, per(7/(z()) = |root7'(2})| €
(e,€']. This and the condition p(z{) = p(Zf) permit to use Lemma 65 to obtain
that ¢,(./) = €y(zy. Then, since z;5 € C’ \ C},, from Lemma 63 we have that

ap’
Cr(z) = Crzy € [—€',€).

Now, the hypothesis allows us to use Lemma 60 and deduce that F((JZ,T) (SrenT!(2) =

F?Z’T)(SCT(ZI)TI(,?)). Since ¢, (1) = Ep(z7), We get that

Zr(z’) = 2,,«(2/) .

We use again Lemma 60 to obtain that F?Z_’T) (Skr'(2) = F?Z’T) (SEHIT (=) 7/ (3)
for all k € [—4¢’,4¢"). This implies, since c,(./) € [—€’,€’), that

Cr(zn)+h(zp)| = Crzr) + 17 (20)]-
Simﬂarly, 6T(2,)+|7(26)| = ér(i’) + |T/(26)‘ 0

Proposition 26. Let k,¢ > 1 and s be such that |s| < e and s = root7’(2}) =
root 7'(Z}) for all i € [0,k) and j € [0,€). Then:

(1) There is t such that |t| = |s| and t = root7(z;) = root7(Z;) for all i €
[r(z7),7(2") + V(2 1)) and j € [r(2'), 7(Z") + |7 (Z[g,4))])-

(2) Crzr) = Co(z1) = Cr(a) (2l )| = Cr(2)+17(Z, ) (O [s]).
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(3) Y(ST)z2) = (STE)2) and, if p(2,) = p(), then z/J(ST(Zth(ZfO’k))‘z) =
w(ST(fl)HV(gfo,e)ﬂg)'

Proof. We note that, since |s| < e, Lemma 63 implies that
Cr(z"), 57.(5/) € [*EI,E/). (4111)
Hence, by Lemma 59, every i € Z such that ¢; € [—4¢’,[7'(z(, ;) )| + 4¢”) satisfies

t == root 7(2,(.)) = root7(z;), |[t| = |s| and ¢; = ¢,y (mod [s])  (4.112)
)

Similarly, for all j € Z such that ¢; € [—4e’, [7'(Z, ,))| + 4¢’
t==root7(Z.(zy) = root7(%;), |t| = |s| and & =¢.zy (mod [s|) (4.113)

We will use these relations to prove the following:
Cr(zy = Crzy  (mod [s]) and t = ¢. (4.114)

Since |s| < e < &', we can use Item (3) in Proposition 20 and (4.111) to get that

S[Zcr<z/>7cr(z'>+8€) - T/(Z/)[Cuz’)vcr(z’ﬁge) = tﬁl&)' As [s| = [t| < ¢, Ttem (1) of

Lemma 7 gives that S s% = t%. Similarly, S¢)s% = t*. We conclude that
Serenth = S8 ik, (4.115)

Since |root 7(z.(.))| = |root7(Z,(z))| = |s|, we deduce that ¢ and ¢ are conju-
gate. Therefore, by Item (3) in Proposition 20, ¢ = #. Putting this in (4.115) and
then using Item (2) of Lemma 7 yields ¢, (/) = ¢,(3) (mod |s|). This completes
the proof of (4.114).

Let o be the integer satisfying |7'(2(y 1))| € [ca,ca+1). We have, by (4.112),
that z; € C\ Cyp for all i € [r(2'), ). Also, by the definition of r, we have
that z; € C\ Cp for all i € [, +7(S*2")). Hence, by ((1)) in Proposition 21,
root7(z;) = root7(z,(,) = t for every i € [r(z),a + r(S*2’)). In particular,
Catr(skz) = Cr(zy (mod [s|). Since a + r(S*2') = r(z') + 17 (2{o,1))|s We get

that c,(zr)4( = Cp(») (mod |s]) and that root7(z;) = t for every i €

(g, 1)
[0.%)
[r(z),7(2") + [7(2[g 4))])- We can prove in a similar way that Cr(z)+11(Zy )| =
Cr(zy (mod |s|) and that root7(Z;) =t for every j € [r(2'),7(Z') + \7(5{0 o))
Being t equal to #, we obtain Item (1). Moreover, since Cr(z) = Cp(zy (mod [s),

we also have Item (2). .

It is left to prove Item (3). We note that, since ¢ = ¢, Equations (4.112) and
(4.113) imply that ¢(S7(*)2) = (S"Z)2) = (t,1,t). Let us now assume that
p(z,) = p(Z;). There are two cases. First, we assume that |root7'(z;)| < e.
Then, by Lemma 63, cy(:)+jy(z, )| € (17" (10 1))l — €17 (2{g 1))| + &) We
get, using (4.112), that ¢(S") TG0l = (¢,¢,1). Now, since p(z,) =
p(%;), we have that |root7’(%})] < e. Hence, a similar argument shows that
z/;(ST(E)‘H”’(’%fOJ))'E) = (t,t,t) = ¢(Sr(z/)+|7(zf07’“))|z). Next, we assume that
|root7’(z},)| > €. Then, as p(z,) = p(Z;) and p(z;,_,) = p(Z,_,) = s, we can use
Lemma 65 with 2}, and Z) to deduce that 1(S" 31 Co.0) ) = (57wl ),
O
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4.8 Main Theorems

We now complete the proofs of Theorems 33 and 34. The part of the proof in
which we have to obtain a complexity restriction from the S-adic structures can
be done without difficulties with Lemma 76. For the other part, we first present
in Theorem 32 sufficient condition under which an S-adic structure as the ones
in Theorems 33 and 34 can be obtained. Then, we check that linear-growth
and nonsuperlinear-growth complexity subshifts satisfy these conditions using
Lemmas 30 and 31.

4.8.1 A set of sufficient conditions

This subsection is devoted to prove the following theorem.

Theorem 32. Let X C A% be an infinite minimal subshift. Let ({,)n>0 be an
increasing sequence of positive integers and d > max{10%, #A}. Suppose that
for everyn >0

px () <d- by, px(bn +1) —px(£,) < d, and g’é—“ > 104q24°+6, (4.116)

n

Then, there exists a recognizable S-adic sequence o = (0,: Apt1 — Afl)nzo
generating X such that for allm > 1:

(P1) #(rooto ) (An)) < 35d'24H2% and #A,, < 74d*2%H35 . pow-com(X)*.
(P2) logo,n)(a)| < 448 +6 . |o70,n) (b)] for every a,b € A,.
(Ps) |om_1(a)| < 404278 . 72— for every a € A,

The proof is presented as a series of lemmas.

We fix an infinite minimal subshift X C A%, an increasing sequence (€n)n>0
of positive integers and d > max{10%, #A} such that (4.116) holds for every
n > 0.

We start by defining o. Let (Z, C C%,7,:C, — A%) be the coding
constructed in Subsection 4.7.1 using £,, and let €, € [(,/d**+* ¢, /d) and
Cr, = Cpap UCh wp UCh sp be the constant and the partition that appear in this
construction. In this context, Proposition 20 states the following:

(1) (F#root7,(Cp)) < 5d33+6, #C,, < 74d*24+36 pow-com(X)* and #7(Cpy ap) <
9d3d+6.

(i) 2e, < |mu(a)| < 10d?¢, for all a € C,.
Also, the definition of C,, in (4.63) guarantees that
(iii) For all a € C,, there is z € Z,, such that zp = a.

Moreover, (4.116) implies that 500d2(,, < £,,41/d?¥*+4, so the results from Sub-
section 4.7.2 can be used with (Z,,41,%n+1) and (Z,, 7). In particular,



142 CHAPTER 4. A SOLUTION TO THE S§-ADIC CONJECTURE

(iv) Propositions 23, 24, 25 and 26 can be used with (Z,,41,4n+1) and (Z,, 7).

We define the map r, as follows. If 2’ € Z, 41 and (c,2) = F(z, +.)(Th11(2")),
then

min{i > 0: z; € Cpap} if per(mn41(2))) > ¢

0 if - M <
Tn(zl) — { 1 per(T +1(ZO)) € (4.117)
Note that this is analogous to the definition of r in (4.92). Therefore, Proposition
23 ensures that the connecting morphism o,,: C,41 — C,I described in Definition
15 is well-defined. The morphism o, satisfies the following: If 2/ € Z,.1,
(¢,2) = F(z, 7,)(Tns1(2")) and i is the integer satisfying |7,41(20)| € [cs, ciy1),
then
0n(20) = 2{r, (21 it (S2))- (4.118)
We set 09 = 79 and o = (0 )n>0-

Next, we describe o9 ,)(25) in terms of 7,(z;) and the auxiliary functions
gjn that we now define. For 2z’ € Z,,, we set gy, (2") = 0 and then inductively
define, for 0 < j < n,

4in(2) = qj41.0(2) + ey () (4.119)

where (c, z) = F(z Sai+1n(z) 7 (2')). An inductive use of (4.119) yields

the formula

j+1ﬂ7+1)(

010,1)(20) = Tn(2) [qo.n (=), 17 (1) 1 +-d0.m (S7)) - (4.120)

In particular,
ol0.m)(2') = §0n (N7 () for all n > 1 and 2 € Z,. (4.121)
We now prove that o satisfies all the conditions in Theorem 32.

Lemma 66. Let 7 = (7,: Apy1 — A )n>0 be an S-adic sequence. Suppose
there are subshifts Z, C A% satisfying A,, C L(Z,). Then, for every z € X,
there are sequences (ng)e>o and xp € UkeZSkT[Ome)(Zn[) such that x is the limit
of (x¢)exo-

Proof. Let « € X,. Then, for all £ > 0 there exist n, > 0 and a; € A, for
which x[_s ¢y occurs in 7yg ,)(ag). The hypothesis permits to find 2, € Z,,, such
that (z¢)o = ar. Being x[_y ¢ a subword of 7y ,)((2¢)0), there is a point of the
form x, = Sk‘fT[om)(Zg) satisfying (w¢)[—s,¢) = 2[—s,¢). Then, x is the limit of
(z¢)e>0. The lemma follows. O

Lemma 67. The S-adic sequence o is recognizable and generates X.

Proof. First, we show that o generates X. Note that (4.121) ensures that

U S* o010, (Zn) € | $*7(Z0) = X.

k€eZ keZ
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Now, thanks to Condition (iii), we can use Lemma 66, so any z € X, is an
adherent point of a sequence x,, € UkeZSka[O’n)(Zn) = X. Therefore, X, C X.
We conclude that X, = X by the minimality of X.

It rests to prove that (Z,, oj0.,)) is recognizable. Let (k, z) and (k, %) be two
ol0,n)-factorizations in Z, of x € X. Then, Equation (4.121) implies that

SEt@n(G)r (2) = 5561 1) (2) = SFa1g ) (5) = SFT0n P 7, ().

In particular, S7,,(2) = 7,(2) where £ = k+qo.n(2) —k—qo.n(Z). Without loss of
generality, we assume that £ > 0. We can find ¢ > 0 such that ((—|7,(2(0,5))], S°2)
is a 7,-factorization of S’7,(2) in Z,. Then, as (0,%) is a 7,-factorization of
S7.(2) in Z,, we deduce from the recognizability property of (Z,,7,) that

C=Fk+qon(2) =k — qon(2) = |Tn(20,))] and S'z =2 (4.122)

Using this and the fact that (k,z) and (k,Z) are o[0,n)-factorizations of z, we
can write

J0,n) (Z) = Skiko—[o,n) (2) = Skika[o,n) (SZ’Z)
— S(IU,n(Z)_QO,n(g)_lTn(z[O,i))H‘lU[O,n)(Z[O,i))la-[()‘n)(Z>.

Being Z,, aperiodic (as X is aperiodic), we get that o, (2) —qo,n (2)+]070,n) (2[0,))]
= k—k

is equal to |7,(2[,4))|- Putting this in (4.122) produces |o[g 5)(2[0,:)) — k.

Since k € [0, |o,)(20)]) and kelo, |o10,n)(Z0)]), we obtain that

|o70.m) (20,0))| < k < o0, (20)]-
We deduce that i = 0, and then, from (4.122), that z = Z and k = k. O

Before continuing, we give some bounds for gq .

Lemma 68. Letn > 1 and 2’ € Z,,. Then,

=2, < qon(2") < |Tu(20)] — Ten. (4.123)
Moreover, if zy € Cp \ Cy,ap, then

—2e, < qon(Z') < 2ep. (4.124)

Proof. Lemma (63) gives the bound —&; < ¢,(z) < |741(20)| — 8¢; for all 0 <

j<mnandz € Zj;q. Thus, from (4.120), —e, < gn—1,n(2") < |Tn(2)| — 8, and
3j+1,n(2") = [Tj41] < jin(2') < @j41n(2") +[7j41].. We obtain that

n—2 n—2

—en— Y |1l S qon(2) < I7a(20)] = 8en + Y i1l (4.125)
i=0 =0
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Now, since |7;| < 10d*¢; and 500d2d3+6~€j < ¢j11, we have the bound d" 277 |7;| <
£, for every j € [0,n — 1). Therefore,

n—2 n—2 1
Z ‘Tj+1| < Z mzn—l <2dl,_1 <ep.
=0 =0

Putting this in (4.125) yields (4.123). Moreover, if z{ € C;, \ Cp,ap, then Lemma
63 gives that gn—1.,(2") € [—€n,en). So, the previous argument shows, in this
case, that go ,(2") € [—2¢ep,2¢ep). O

Lemma 69. For everyn > 1 and 2’ € Z,,

5
ZEriln < |70 (20)] < 20d°C,. (4.126)

In particular, o satisfies Items (P2) and (Ps) of Theorem 32.

Proof. We first show that (4.126) implies that o satisfies Items (P1) and (Ps)
of Theorem 32. Observe that, by Condition (iii), (4.126) gives, for every n > 1
and a,b € C,,, that

|010.m) (@)] < 20d%£,, < 4dT T - oo (B)]. (4.127)

Thus, (P2) is satisfied. For Item (P3), we note that, for any pair of morphisms
& and ¢’ such that £’ is defined, we have that |££'| > (£)[€’|. Therefore,

|0[0,n+1)| > <U[o,n)>|0n|-

Then, by Item 4.127,

|o70,n+1)] 10d? £y, 11 _ 40g2d +8 lny1

<U[0,n)> - 1/4d2d3+6£n En

lon| <

We now prove (4.126). Let n > 0 and 2’ € Z, be arbitrary. On one hand,
from (4.120) we have that

lo10.m) (20)| = |70 (20)] = q0.0(2') + qo.n(S2") for any 2" € Zy..
Hence, by (4.123) and Condition (ii),
|U[0,n)(z(/))| = |Tn(z(l))‘ - QO,n(z/) + QO,n(Sz,) < |7'n(z(/))| + ‘7n(31)| — 5, < 20d2€n-

Similarly,

710, (20)] = [T (20)] = G0, () + G0, (52") = Ben = g o
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We now introduce some notation. Let p(a) = a if a belongs to C, ap for
some n > 1 and let p(a) = root7,(a) if n > 1 and a € C, \ Cpap. We set
¥(z) = (p(z-1), p(20),p(z1)) for n > 1 and z € Z,,. Note that these definitions
are consistent with the ones in Subsection 4.7.2.

The proof of the following lemma will be postponed until the end of the
subsection.

Lemma 70. Let z,Z2 € Z, be such that ¢(z) = ¥(Z). Then, rootoy n)(20) =
root olo,n) (50)

Lemma 71. Item (P1) of Theorem 32 is satisfied by o

Proof. The inequality #C,, < 7*d'24+36 pow-com(X)?* in Item (P;) follows from
Condition (i). To prove the other inequality, we note that Lemma 70 implies
that

#roota(g ) (Crn) < #Y(Zn) - # root 7,,(Cp).

Now, it follows from the definition of ¢ that #1(Z,,) is at most (# root 7,,(C,,) +
#7n(Cr.ap))®. Combining this with the bounds given by Condition (i) yields

# root J70,n) (Cn) < #w(Zn) : # root Tn(cn)
< (5d3d+6 + 2d3d+6)3 5 5d3d+6 < 35d12d+24~

O

It only rests to prove Lemma 70. We start by fixing some notation. Let
2", 2" € Z, be such that ¢(2") = ¥ (2"). We set s = root 7,,(2}) = root 7,,(Z}).
For j € [0,n), we inductively define z/ = o;(2/™!) and 2/ = o;(z7t1). Let
(,y7) = F (7,7, (1j11(z71)) and (&,57) = F (7, 1) (7511 (Z711))

With the notation introduced, we have, for every j € [0,n), that

Srj(zj+1)yj — (4.128)
and that ,

2 = op50)(2"). (4.129)
We can also write, thanks to (4.119),

G (2") = gi+1n(2") + € (i)
and ¢;n(S2") = ¢j+1,.(S2"™) + ¢

Ty oy )l (4130)
for every j € [0,n). Similar relations hold for z".

The next three lemmas are the core of the proof of Lemma 70.

Lemma 72. Suppose that ¥(z™) = ¥(2") and that €, < |s|. Then, for every
J €[0,n], the following holds:

(CL) qj,n(zn) = qj,n(gn) and Qj,n(SZn) = qjm(Sé"),
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() $(=7) = Y(37) and P(SI75m ) 23) = (Sl I 59),
J zJ LI 53 ;
(c) 205 200 Fjo; ()" Flogs oy ()] € Ciap-

Proof. We prove the claim by induction on j. The case j = n is a direct
consequence of the hypothesis. Assume that j € [0,7) and that the claim is
true for j + 1. The inductive hypothesis gives that zé“ and %H belong to
Cjt1.ap- In particular, per(7;;1(z3™")) and per(rj41(Z™")) are greater than
Ej+1- Hence, by the definition of r; and (4.128), 25 = v, ;1) € Cjap and
Z(J) S Cj)ap. 4 '
Next, by Items (b) and (¢) of the induction hypothesis, 27 and 27 satisfy the
hypothesis of Lemma 24. Hence, by (4.128),
(1) <

" (zr+1) And

(z3+1) = 5’1

(2) %(29) = (S Dyd) = (ST ) = (5.

Putting the first equation and Item (a) of the induction hypothesis in the defi-
nition of g; , yields

qj'7n(zn) = Qj-&-l,n(zn) + Cij(zj-%—l) = qJ'-I-l,n(gn) + éij(gj-%—l) = Qjm(zn)-
The rest of the inductive step follows from similar arguments. O

Lemma 73. Suppose that p(z) = p(Z)) and ep—1 < |s| < €,. Then, for every
j €[0,n), the following holds:

(a) ¢jn(2") = ¢jm(Z") = ¢jn(S2") = q¢jn(SZ").
(8) $(=) = $(E) = P(SIBm ) 23) = (I (30,

J zJ I =J
(€) 205 205 2y, (emy A 2 s

)| belong to C;j ap.

Proof. We first assume that j = n — 1. Let us write r = r,_1, ¢; = c?_l,
z=2""1 y=y""1 etc. Since e,-1 < |s| <&, and p(zf) = p(z}), we can use

Lemma 25 with z{ and Zj to deduce the following:
(") Cr(zn) = Er(zn) = Cram)tlon_i(z2)] — |Tn(20)] = Crzn)tion_r (o)) — [T (Z0)]-

(b) Yr(zm) = Gr(zm) = Yrem)+lonoa ()] = Irzn) Howoa ()]

Item (b’) implies, by (4.128), that Item (b) of the claim holds for j = n — 1.
Also, since |s| > e,_1, the definition of r ensures that zo = yr(.n) € Crn_1,ap,
so Item (c) of the claim holds. For Item (a), we note that, since ¢, , = 0,
the definition of g,_1,, ensures that g,_1,,(2") = ¢r(zn), Gn-1,n(Z") = Crn),
Gn-1,n(S2") = Crzm) oy (zp)) — [Tn(20)] a0d Gn 1.0 (5Z") = Crizn) 4o,y (z0) —
|70 (25)|. Therefore, Item (a) of the claim follows from Item (a’).

We now assume that j € [0,n — 1) and that the claim holds for j + 1. Ttem
(¢”) of the induction hypothesis ensures that

AT € G and () = () (1131)
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Then, by the definition of 7; and (4.128), 2} = yij(zﬁl) € Cjap and 7 € Cjap.
Equation (4.131) also allows us to use Lemma 24 with 29t and 277! and deduce
the following;:

(2) ¢

ry(29+1) T

&

ry(E)”
(D7) (8 yl) = (s D).
Equation (4.128) ensures that Item (b’) is equivalent to 1(27) = ¢(27). Now,

putting Item (a’) and Item (a) of the induction hypothesis in the definition of
gj,n yields

2n(2") = Gir1.n(20) + C’Z’j(szrl) = gj+1n(Z) + 677“1‘(2]*1) = 4jn(Z").
Similar arguments, which rely on using Lemma 24 with Sloti+1,m)(20)1 23 +1 and

Slot+1m E)IZi+1 show that Z\Jo[j,n)(z")l’lea[j,m(i")l € Cjaps P(§175m M 27) =

(81765 ENIZ7) and g;.,(S2™) = q;.n(S2").

To complete the proof, it is enough to show that t(27) = (S176m ")l 27)
and ¢;,(2") = ¢jn(S2"). We observe that Item (b) of the inductive hy-
pothesis guarantees that ¢(2/+1) = ¢ (Slou+1.m(#0)120+1) " Since we know that

J+1 J+1 ) ; j+1
zp ' and Zlotsanm (0] belong to C;11,ap, We can use Lemma 24 with z and

Sloti+1.m(26)1 2741 to obtain the following:
(a”) czj(zjﬂ) = Cij(zj+1)+\g[_7.7n)(z61)\ - |Tj+10[j+1,n)(26L)|-
(17) (57 Iy) = (57 it Gy,
Item (b”) implies, by (4.128), that (%) = 1(S17um(36)127). Also, using the
definition of ¢;y1,, and Item (a”) we can write
4.n(92") = qj11.n(S2") = Cij(zj+1)+|g[j,n)(zg)| - |Tj+1‘7[j+1,n)(zg)‘

=) i1y = Gn(2") = @it (2").

This and Item (a) of the induction hypothesis gives that g;,(Sz") = g;j..(2").
O

Lemma 74. Suppose that p(z§) = p(2) and that |s| < e,—1. Let jo € [0,n) be
the least element satisfying |s| < €;,. Then, for every j € [jo,n], the following
holds:

(a) There is s; such that |s;| = |s| and §j = root Tj(zi) = root Tj(ZZ) for all
k€0, lagjny(25)]) and € € [0, |oyjn) (Z5)])-

(b) ¢ (2") = ¢jm(Z") = ¢jn(S2") = ¢;n(SZ") (mod |s]).
(c) ¥(27) = () and p(S176m EI20) = g(Sloum ENI27),
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Proof. The case j = n follows directly from the hypothesis. Assume that j €

[jo,n) and that the claim holds for j + 1. We observe that, by Items (a) and

(c) of the induction hypothesis, Zfoﬁi[. LoD and 2[]04"};[_ G comply with the
) J,n 0 ) J,mn 0

hypothesis of Lemma 26. Therefore, by (4.128), Items (a) and (c¢) hold for j.

Moreover, we have that
e

— — _
ri(itt) T i@+ T Gt oy G T G @) o (35)

(mod |[s]).
(4.132)

Now, Item (b) of the induction hypothesis gives that g;11.,(2") = ¢j+1,,(2") =

gj+1,n(S2"™) = gj+1,n(S2") (mod |s|). Hence, by the definition of ¢; »,

qj,n(z") = QjJrl,n(Zn) + 017 (yi+1) = qurl,n(Zn) + C'ij(gj+1) = qj,n(én) (mod |S|)

We note that, since Item (a) holds for j, we have that |T(Z[]0 o, )(z{)‘)\))‘ =0
(mod |s]). Hence, by the definition of g; .,

0jn(52") = gj41,n(52") = erj(yj+1)+|g[jyn)(zg)| — login (20)]

(mod |s|)

Tj (yj+1)+“7[j,n) (Z(TJL)‘

Thus, by (4.132) and Item (b) of the induction hypothesis, ¢; »(S2") = g;j.»(2").
Similarly, ¢;,,(SZ™) = ¢;n(2"). We conclude that Item (b) holds for j. O

The last ingredient for the proof of Lemma 70 is the following lemma.
Lemma 75. Suppose that (z") = ¢ (Z").

(1) If 2§ € Cpoaps Qon(2") = qo,n(2") and go.n(S2™) = qon(SZ"), then ojg n(25) =
J[0,n) (2(?)

(2) Let s = rootT,(2) and suppose that |s| < e, and qon(z") = qon(Z") =
qo,n(2") = qo,n(2") (mod |s|). Then, root oy ,)(2y) = root oy ,)(£5)-

Proof. Assume that the hypothesis of Item (1) holds. We also assume, without
loss of generality, that |7, (27")| < |7, (2])|. We start by noticing that, since 2§ €
Chap and 9(2™) = ¥(2"), we have that 7,,(2{) is equal to 7,(2}). Furthermore,
by Condition (ii) we have that

Ta(2")=sem (e 2p)) = Tn(Z")[=8en lrn (20)))- (4.133)

Now, from Lemma 68 and the hypothesis we get that

q0,n(Z") = qon(2") € [=2en, |Tn(2g)] — Ten)
and qo.n(S2") = qon(Sz") € [|Tn(28)| — 2en, | T (25 217)| — Ten)-
We conclude, using (4.133), that

010,n) (20) = Tn (2" ) (g0, (27 ), |7 (2) | +d0,n (S27))

= Tn(Z") [gon (51), 170 (25 [+00, (S37)) = Of0,n) (20)-
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Next, we assume that the hypothesis of Item (2) holds. The condition |s| <
€, enables us to use (4.124) from Lemma 68, so

Qon(2") € [—2en,2e,).

Also, since |s| < e, Item (3) in Proposition 20 guarantees that

n Y/
T (2" ) [=8en,|7n (25)|1+820) = S[-8e,,rn (28)|+82n)"

Therefore,
n\ _ 7
910,m) (20) = Slgo (7).l (25 10,0 (7)) (4.134)

Now, by the hypothesis, there is k € Z such that k = gon(2") = qo.n(52")
(mod [s]). We deduce from (4.134) that

root ojo,n) (20) = Sk k+s]) -

Being 1(2") equal to ¥(Z"), we have that s = root7,(Z). Hence, we can
give similar arguments to prove that rootoy ) (Zy) = S{i it s))? where k =
qon(Z") = qo.n(SZ") (mod |s|). We conclude, as the hypothesis ensures that
k =k (mod |s|), that root O0,n)(20) = root ajg ) (25 )- O

We have all the necessary elements to prove Lemma 70.

Proof of Lemma 70. Let 2,2 € Z, be such that ¢¥(z') = (Z') and let s =
root 7(z{) = root7(2}). We split the proof into two cases. Let us first assume
that |s| > e,. Then, we can use Lemma 72 and deduce that go ,(2") = go,n(Z")
and qo,(52") = qon(SZ"). Thus, by Lemma 75, 0jg.n)(25) = o0,n)(Z) ), which
implies that root oy ) (25) = root oy »)(Z)-

Next, we assume that |s| < e,. Let j € [0,n] be the least element satisfying
|s| <ej. We claim that the following is true:

(a) If j < n, then root 7;(27) is equal to root 7;(S!76:m (")1=127) and has length
|51

(b) @jn(2™) = qjn(Z") = ¢jn(S2") = ¢;n(SZ") (mod |s]).
(c) ¥(27) = (&) and (5176w DI 20) = 4(Slowm (FIz7),

If j = n, then the claim is equivalent to the hypothesis ¥ (z') = ¥(2'). We
assume that 7 < n. Then, |s| < €,_1, which permits to use Lemma 74 and
conclude that Items (b) and (c) of the claim hold. Moreover, Lemma 74 also
states that there is ¢ such that [t| = |s| and ¢ = root 7;(2{,) = root 7;(%]) for all
k € [0, |ogn)(20)|) and £ € [0, |o;,»)(2)|). In particular, Item (a) holds. This
completes the proof of the claim.

Next, we now prove that

Qo,n(zn) = QO,n(in) = CIo,n(SZn) = qo,n(Sgn) (mOd |8|) (4135)

If j = 0, then (4.135) follows from the claim. Let us assume that j > 0. Then,
€j—1 < |s| < ¢&;. This and Items (a) and (c) of the claim allow us to use Lemma
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73 twice, first with 27 and 27, and then with S176.m ™)I=127 and §loum E")I=1z7,
We get

90,5(27) = q0,4(Z'). and go ;(S'75m EIZT) = go 5 (S D),

Moreover, since root 7;(27) is equal to root7;(S!76:m=")1=127) and has length
|s| < &j, we can use Lemma 73 with 2/ and S!°6:m"I=127 to obtain that
40, (7) = o ;(S17:m ZI27). Therefore,

G0, (7)) = qo,j(F) = qo i (SI76m 2T = go ;(Slowm EDIz), (4.136)

Now, from the definition of qo,, we have that go,(2") = ¢j.n(2™) + qo,j(27) and
qo,n(Z") = ¢j,n(Z™) + qo,; (7). Putting (4.136) and Item (b) of the claim in this
relation produces go.,(2") = ¢qo,n(2") (mod |s|). The rest of the equalities in
(4.135) follow from (4.136) and Item (b) of the claim in the same way. The
proof of (4.135) is complete.

We recall that we assumed that ¥(2™) = (") and |s| < €,. These two
things and (4.135) permit to use Lemma 75 and conclude that root ojg ) (2¢) =
root oo, (£5)-

4.8.2 Proof of the main theorems

Lemma 76. Let X be a subshift and VW a set of words such that X C |, SEWE.
Then, px (W) < W] - #(root W)2.

Proof. The hypothesis implies that any w of length (W) occurring in some
x € X occurs in a word of the form uv, where u,v € W. In particular, w occurs
in (rootw) ™! (rootv)™I. There are at most |W| - #(root W)? words satisfying
this condition, so px ((W)) < |[W| - #(root W)2. O

Theorem 33. A minimal subshift X has linear-growth complexity i.e.

limsup px (n)/n < +oo,

n—-+o0o

if and only if there exist d > 1 and an S-adic sequence o = (op: Apy1 —
AV >0 such that for every n > 0:

(P1) #(root oo n(An)) < d.
(P2) logony(a)l < d-lojn)(b)| for every a,b € A,.
(P3) lon_1(a)| <d for every a € A,.

If X is infinite and has linear-growth complexity, then o can be chosen to be
recognizable and satisfying #.A,, < d - pow-com(X)* for all n > 0.

Theorem 34. A minimal subshift X has nonsuperlinear-growth complexity i.e.

Wl px () < oo,

if and only if there exists d > 1 and an S-adic sequence o = (op: Apt1 —
AV >0 such that for every n > 0
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(Pl) #(FOOt J[0,n) (An)) < d.
(P2) logony(a)] < d-loggn(b)] for every a,b € A,.

If X is infinite and has nonsuperlinear-growth complexity, then o can be chosen
to be recognizable and satisfying #A,, < d - pow-com(X)?* for all n > 0.

We prove Theorems 33 and 34 simultaneously.

Proof of Theorems 33 and 34. Let d = liminfy_, o px(k)/k and d' = supy~q px (k)/k.
We first assume that px has nonsuperlinear- or linear-growth and show that

there exists an S-adic sequence as the ones in Theorems 33 and 34, respectively.
If px has nonsuperlinear-growth, then d is finite and so, using Lemma 31,

we obtain a sequence (¢,,),>0 such that for all n > 0

En—&-l > dena bPx (gn) < dgn and pPx (gn + 1) - pX(gn) <d. (4137)

If px has linear growth, then d’ is finite and using Lemma 30 we get a sequence
(£n)n>0 that satisfies (4.137) and

b1 < d'E, for every n > 0. (4.138)

We use Theorem 32 with the sequence (¢,,),>0. This produces a recognizable
S-adic sequence o = (0,: Apy1 — A )n>0 generating X such that for every
n>1:

(P1) #(rootoygn)(A,)) < dand #A, < pow-com(X).
(P3) lojo,ny(a)l < d-|ojon(b)| for every a,b € A,.
(P4) |on—1(a)| < dl,/l,—1 for every a € A,.

In particular, the conclusion of Theorem 34 holds. Moreover, if px has linear
growth, then Equation (4.138) holds, so we also have the bound |o,,—1(a)| < dd’
for every n > 1 and a € A,,. Therefore, in this case, o satisfies the conclusion
of Theorem 33.

We now assume that there exists an S-adic sequence o = (0,: Apt1 —
Af) >0 satisfying the conclusion of Theorem 34 or the one of Theorem 33.
Note that since o generates X, we have that

X € | S*o10,n)(A%)
kEZ
for any n > 1. Thus, by Lemma 76, px ((070,,,))) is at most |o7g ,,)|-#(root o7 1) (An))2.
Items (Py) and (P2) of Theorems 34 and 33 then imply that

px ((o0n))) < d*(o0,n)) for all n > 1. (4.139)

This proves that X has nonsuperlinear-growth complexity.
It rests to prove that X has linear-growth complexity when the conclusion
of Theorem 33 holds. We assume that o satisfies Items (Py), (P2) and (P3) of
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Theorem 33. Let £ > 1 be arbitrary and let n > 1 be the biggest integer such
that (o(9,n)) < k. Then, by the maximality of n and Items (P;) and (Ps3) of
Theorem 33, we can compute

k< (010mr1)) < lojom |- lon] < d* (o)) < k.

Combining this with (4.139) yields px (k) < d°k. This proves that X has linear-
growth complexity. U

4.9 Bounded alphabet structures

Theorems 33 and 34 provide S-adic structures for linear-growth complexity sub-
shifts and nonsuperlinear-growth complexity subshifts. These are not the only
representations known for these classes: for instance, in [DDMP21] it is proved
that if X has nonsuperlinear-growth complexity, then X is generated by a recog-
nizable, proper and primitive S-adic sequence o = (0,,: Ap+1 — A} ),>0 such
that #.A4,, is uniformly bounded. The last condition is known as the bounded
alphabet property and it is considered natural in the low complexity setting; see
[Fer96; DLR13; Esp22]. Note that the representations given by Theorems 33
and 34 do not necessarily satisfy this property. In fact, our construction gives
a bonded alphabet S-adic sequence if and only if the subshift has finite power
complexity. Thus, it is natural to ask whether it is possible to modify Theorems
33 and 34 so that they give bounded alphabet S-adic sequences. In this sec-
tion, we show that such a strengthening is not possible for Theorem 33. More
precisely, we prove the following:

Theorem 35. There exists a minimal subshift X such that:
(1) X has linear-growth complexity.

(2) If o = (04 Aps1 — Ab)n>0 is an S-adic sequence generating X and
satisfying Items (1), (2) and (3) of Theorem 33, then sup,,»; #A, = +0o0.

We were not able to obtain an analogous result for Theorem 34, so we leave
this as an open question.

It is interesting to compare Theorem 35 with the main result of [Lerl4],
which describes bounded alphabet S-adic representations of minimal subshifts
whose complexity function satisfies px(n + 1) — px(n) < 2 for all n > 1. We
are led to ask the following.

Question 9. How small can sup,~; px(n + 1) — px(n) be made in Theorem
357 -

We now turn into proving Theorem 35. We start with some technical lem-
mas.

Let n,ng,d,¢ > 1. We define P(n,np,f) as the set of integer sequences
(p1,--.,pe) such that pjng € [87n,2-8/n). Let K(n,d,¥) be the set of integer
sequences (ki,...,k¢) € P(n,no,£) for which there exists E C [d~'n,dn), with
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at most d elements, such that every k; can be written as ) ., ace, where
Qe € Zzo.

Lemma 77. Suppose thatn > n3, n > 08 and £ > 3d > 8. Then, P(n,ng, )\
K(n,d,?) is nonempty.

Proof. We will show that #P(n,ng,£) > K(n,d, ), which implies that P(n,ng, £)\
K(n,d,?) is nonempty. We first estimate #P(n,ng,¥). Note that there are at
least (2-8/n—87n) /ng ways of choosing p; in a sequence (p1, . .., p¢) € P(n,no, ).
Thus,

¢
P(n,ng,t H In/ng > (n/ng)’. (4.140)

Next, we estimate #K(n,d,f). Choosing a set E C [d~'n,dn) with at most d
elements can be done in no more than (dn —d~1n)?¢ < ( )d different ways. For
each set E and j € [1,d], there are at most (2-8/n/d~*n)% numbers 3, a.

in [8/n,2-8/n). Thus, each E generates at most (2d-8%)¢-(2d-8%)%... (2d-85)d
sequences (k1,...,ke) € K(n,d, ). Therefore,

#K(n,d, ) < (dn)?-(2d-8') - (2d-8?)...(2d - 8)
<A@l < pdg6  (4.141)

where we used that ¢ > 3d > 8.
Now, since we assumed that n > n3, we have that (n/ng)¢ > n?*/3. Hence,
as the hypothesis ensures that ¢ > 3d and n > 618[2,

(n/no)* > nnt/? > ntesr .

This and Equations (4.140) and (4.141) imply that P(n,ng,£) \ K(n,d,£) is
nonempty. O

Lemma 78. Let ({,)n>0 be a sequence of positive integers. We consider, for
eachn >0, k, > 1 and a sequence (pY,...,py ) such that p} € [87kp,2 - 8ky,).
Forae€{0,1} and a =1 — a, we define
(@) = aPYaPr a2 @bz ... aPinGPin . (4.142)
and T = (Ty)n>0. Then:
(1) X, is infinite, minimal and with linear-growth complexity.
(2) 7m0 (0)] = |70,y (1)]-

(3) (X+ xim, Tio,n)) 15 |T[o,n)|-recognizable.

(4) 10°1 € £L(X™) for all j € [1,4,].
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Proof. Let A ={0,1}. Fora € A, n >0 and j € [1,£,], we use the notation
Wy, j(a) = Tjony(a)P7 and

Wh.j(a) = wp 1(a)wn,1(a) . .. wn2(a)wn 2(a) . .. wn j(a)w, ;(a). (4.143)

Remark that Wy, ¢, (a) = Tjo n11)(a).
We start by proving the following properties of the morphisms 7,.

(1) |wn,;(0)] = |wp,;(1)| and |W,, ;(0)| = |W,,;(1)| foralln > 0 and j € [1,4,].

(ii) kan\7[077l)\ < Nwn,j(a)] < 2- 8 kp|1p0,n)] and 2 - 8 ky |710.n)| < [Whj(a)| <
8J+1kn‘7’[07n)‘.

(iii) If n > 0, a,b € A and ¢ is a word such that |t| > |7,]/2, ¢ is a prefix of
Tn(a) and t is a suffix of 7,,(b), then 7,(a) = 7,(b) = t.

Item (i) directly follows from (4.142). In Item (ii), the first inequality is a
consequence of the equality |wy, j(a)| = p}|7j0n)| and that, by the hypothesis,
P} € [8kn,2-8k,). We can use this to compute [W, j(a)| > 2w, j(a)| >
2. Sjkn‘T[O’n)‘ and

j i
(Wa (@) = |wn j(@)wn;(@)] <22 8kn|7j0,m)| < 8 knlmi0.m);
i=1 i=1

which shows the second inequality in (ii). Finally, we prove Item (iii). We note
that (4.143) implies that |7j0,41)| = [Wae, (0)] > 2|wpe, (0)]. Hence, as (i)
ensures that |T[07n)(0)| = |T[o7n)(1)|,

170l = [T0,n40) 1/ |Tj0,m)| = 2lwn e, (@)]/70,m)| = 2]aP?n

)

which allows us to bound [t| > |7,]/2 > |aP%|. Being ¢ a suffix of 7,(a), this
implies that aPé- is a suffix of . Moreover, since t is a prefix of Tn(D), aPin oceurs
in 7,(b). But (4.142) guarantees that a?%» occurs in 7,(b) only as a suffix, so
we must have that ¢ = 7,,(b). Therefore, 7,,(a) = 7,(b) = t.

We now prove that 7 satisfies the properties of the lemma. The morphisms
7, are positive, so X is minimal. Tt follows from (4.142) that 0Pi1 and 0P6 0
belong to E(X.S-")) for all n > 0, so 7jp,,,)(0)1 and 7jg,)(0)0 are elements of
L(X). This shows that X has infinitely many right-special words, and thus
that X is infinite. To prove that X has linear-growth complexity, we will show
that px (k) < 1024k for all k > 1. Let k > 1 be arbitrary. We take n > 0
such that |71 ,)| < k < |7[0,n+1)|. We consider three cases. Assume first that
k < |w,1(0)|. Then, from (4.142) we have that any w € £(X) N A* occurs in
a word of the form w, 1(a)wy,1(b) for some a,b € A. This implies, since |w| >
|T[07n) (a)| and wy1(a) = T(0,n) (a)p? for any a € A, that px (k) < #A2 - k = 4k.

Let us now assume that |wy, 1(0)] < k < |Wye,-1(0)|. Let j € [1,4, — 1] be
the least integer satisfying k < |W,, ;(0)|. Then, by (ii),

k < |win(a)| = |7i0,n) (0)P| for alli € [j+1,4,] and a € A.
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Using this, (4.142) and the definition of w,, ;(a) we deduce that any w € £(X)N
AF occurs in a word having either the form ij(a)r[om)(b)f’hl or the form
T[O)n)(a)pyﬂ T[O)n)(b)p;LJrl, where a,b € A. Therefore,

px (k) < #A2 - ([Wy 5 (0)70,0) (0)75 2] + |770,0) (0)P5 41710 ) (0)F5 41 ).
Putting that [W,, ;(0)| < |7j0,n) (0)Pi+1| in the last inequality yields

px (k) < 16p7 1 |70,n)(0)] = 16]wy, j11(0)].

Now, if j = 1, then 16|w,, 2(0)| < 16-16|w,, 1(0)| < 256k by (ii), and so px (k) <
256k. If j > 1, then the minimality of j implies that £ > |W,, ;_1(0)|. Hence,
by (i), 16|wy, j1+1(0)] < 16 - 82|W,, ;(0)| < 1024k, and therefore px (k) < 1024k.

Finally, we assume that k& > [W,, ,, —1(0)|. Since k& < |7jg n41)|, we have that
any w € £(X) N AF occurs in a word of the form 7o ,,+1)(a)T(0n+1)(b), where
a,b € A. Thus, px (k) < 4|70,n41)|- Moreover, being [W,, ¢, —1(0)| at most k, we
have from (ii) that 4|7j ,11)| = 4[Wh.e, (0)] < 82Wh 0, -1(0)| < 8%k; therefore,
px (k) < 64k.

We conclude that px (k) < 1024k for every k > 1 and that X has linear-
growth complexity.

TItems (2) and (4) of the lemma follow from (4.142). Thus, it only left to prove
Item (3). We note that, since |7jo.,)| = 70| -+ |Tn—1], it is enough, by Lemma
1, to prove that (A%, 7,) is |7,|-recognizable for all n > 0. Let z,7 € A, and
(k,y), (l;,gj) be 7,-factorizations of x,# in A%, respectively, and assume that

Ll |7a] al) is equal to T|_|.,), ) We assume with no loss of generality that

k < k. There are two cases. If k — k < |7,,|/2, then T(_ g —ft|r|) D2 length at

least |7,,|/2 and is a suffix of 7,(yo). As [_|r, | |r.|) = x[ Il )> We also have
that @ _, gy, ) is & prefix of 7,(f1). We deduce, using (iii), that 7,(yo) =

Tn(J0) = (g _ft|r,|)> and thus that yo = Jo. Moreover, since k, ke [0,]m]),
k = k. Let us now suppose that k — k > |r,|/2. Then, |2k k)l = |7al/2
and @_j . is both a suffix of 7,,(§-1) and a prefix of Tn(yo) Hence, by (iii),
Tn(J-1) = Ta(Yo) = [_y, _i), which is impossible as k, k € [0, |7,,[). We conclude
that (XS-"),Tn) is |7 |-recognizable. O

We can now prove Theorem 35.

Proof of Theorem 85. Let (€y)n>0 and (dy,)n>0 be nondecreasing diverging se-
quences of integers with ¢, > 3d, > 8. We inductively define M,,, m,,
(pt,...,p},) and 7, as follows. Let mo = 1 and My be such that My > mg

and My > Elge Then, we can use Lemma 77 to find

(p(1)7p(2)7 oo ’pg(]) € P(M07m0’€0) \K(MO’ do,go).

We define 79 using (p?,...,pgo) as in (4.142). Suppose now that M,, my,
(pY;---,py, ) and 7, are defined. We set m,, 11 = |Tjo,n41)| and take M, 1 so
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18¢2
that M,41 > m3 , and My, 41 > £, 7. Then, we can use Lemma (4.142) to

find

(pg+17p711+17 cee ap7:1)§l1 S P(MnJrla mn+17 €n+1) \ K(Mn+17 dn+1a €n+1)
(4.144)
and define 7, using (p7T, ... ,pZ::) as in (4.142).

We set 7 = (7, )n>0. Then, Items (1) to (4) in Lemma 78 hold. In particular,
X, is minimal and has linear-growth complexity. We prove that X, satisfies
the conclusion of the theorem by contradiction. Suppose that there exist d and
o = (op: Anp1 = A )n>o satisfying Items (1), (2) and (3) of Theorem 33 and
#A, <dforalln>1.

We claim that there exists n,n’ > 0 such that

1 1
dn Z 2d6 + d7 2mn S @Mn S <U[0,n’)> and |U[O,n’)| S éMn (4145)
We take n > 0 big enough so that d,, > 12d* +d and m,, > 12d?. Let n’ > 0 be
the integer satisfying |o(o .| < & My < |070,n/41)|- Then, by Items (2) and (3)
in Theorem 33,

1
gMn < |U[0,n/+1)| < d2<0[0,n’)>'

Also, since we chose M,, and n so that M, > m> and m,, > 12d?, we have that

My < 13 My This completes the proof of the claim.

Let wq = 7jo,n)(a) for a € {0,1}. Then, by Item (4) in Lemma 78, 1071 €
L(X7") for every j € [1,p} ]. Being X, generated by o, there exist u; € A"

such that wlng wy oceurs in oy ) (u;). Moreover, we can take u; so that the
following condition holds: If a; is the first letter of u; and b; is the last letter of
uj, then there exists a prefix s; of oy ,y(a;) and a suffix ¢; of oy /) (b;) such

that Sj'lUl'U)g;l’LUltj = 0(0,n/)(uj). Observe that |0, (u;)] > \wg?\ = M,, so
;] = |ojo,n) (ui)l/ |00 = Mn/|of0,0)] = 6. (4.146)

We define aja;-a;’ as the first three letters of u; and b;-’b;-bj as the last three
letters of w;.

We claim that

if 4,5 € [1,£,] and a;aja;'bjbb; = a;ja}a{b;bib;, then s; = s; and t; = t;.

(4.147)
The inequality |wi| = m, < |o70,,/)| and (4.146) ensure that oy ,,)(a;) is a prefix
of sywiwg®. Hence, as s; is a prefix of o7y, (a;), we can write oy ,,)(a;a;) =
siwiwd'r;, where ¢; > 1 and r; is a prefix of wy different from wg. Similarly,
ojo,m)(ajaj) = s;wiwg’r; for some g; > 2 and prefix r; of wy different from wy.
Then, as the hypothesis implies that oo »)(a;aja}) = o[, (aja}al), Ttem (4)
in Lemma 78 can be used to obtain r; = r;. We obtain that

qi. no_ no_ a4, qj
siw1wg' T = 0.y (a:a;) = 0jo.n)(ajal) = sjwiwy’ ry = sjwiwy’ i
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Therefore, if ¢; # ¢; then wo = wy, which contradicts the fact that X is infinite.
We conclude that ¢; = ¢;, and thus that s; = s;. A similar argument shows
that t; = ¢;, and the claim follows.

Thanks to the claim, we have that the set

S = {loo,ny (aray,)| — |skwi], o700y (bbr)| — [wite| - k € [1,£6,]}
U {|a[0)n/)(a)| ac An/}

has no more than 2#A%, + #A4,, elements. Thus, by the choice of d,,,
#S <2d%+d < d,. (4.148)

Also, by (4.145), max S < 2|09 /)| < M,,. Moreover, as [sjwi| < |00,/ (a;)| +
m,, and |wit;| < |og (D) + my, we have that minS > (o(gn)) — mn >

ﬁMn, where in the last step we used (4.145). Therefore, as d,, > 2d® + d,

1

Sclz

M,,d,M,]. (4.149)

Let us write u; = ajajv;bib; for certain v;. Then, the equation ojg,)(u;) =
siwywd'r; implies that

Pimg = wy’ | = (010,00 (aja;) — |sjw1]) + 00,0 (05)] + (00,00 (B5b;) — [wit]).
This shows that

every pjm, can be written as Z vee for certain v, € Z>o. (4.150)
e€eS

We conclude, from Equations (4.148), (4.149) and (4.150) that (p7,...,p7 )
belongs to K(M,,,d,, ;). This contradicts (4.144). O

4.10 Applications

We present in this section new and simpler proofs, based on Theorems 33 and
34, of known results about linear-growth and nonsuperlinear-growth complexity
subshifts.

4.10.1 Cassaigne’s Theorem

A classic result on linear-growth complexity subshift is Cassaigne’s Theorem
[Cas95], which states that, for any transitive subshift X in this complexity
class, px(n+1) —px(n) is uniformly bounded. We show in this subsection how
to use Theorem 33 to give a different proof of this result, in the case in which
X is minimal.

We start with a lemma containing the technical core of our approach.
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Lemma 79. Let 2,y € A%, p1,...,pn € Z be a collection of different integers
and ly,...,0, > 1. Suppose that:

(1) p, p,4;) = Yoty Jor all j € [1,n].

(2) |pj — pil < 50k for alli,j,k € [1,n].
Then, there exists w € A" such that, for alli,j € [1,n], Ty, p;) 18 @ power of w
and Tjp, p;+min(;,e;)) 15 a prefiz of w™.
Proof. Being the p; different, there is no loss of generality in assuming that
p1 < p2 < -+ < pn. We define, for i,j € [1,n] with i < j, w; ; = rootzy, ;)
and ¢; ; = min(¢;,£;). Then, Item (1) in the statement of the lemma ensures
that (p, p.1e, ) = T, p;+0:5), and thus that zp, , 10, ) is a prefix of w5, In
particular, as p; < p; and w; ; = rootxp, ;), we have that for all i,j € [1,n]
with 7 < j,

Ty, pite; ;] and T, oy, ) are prefixes of w;s. (4.151)
Therefore, it is enough to find w such that w = w; ; for all © < j.
First, we show that

w; k= wj for all ¢, 4,k € [1,n] with 4,5 < k. (4.152)

Observe that, in this situation, we have from (4.151) that if m = min(¢; 5, ¢; ),
then zp,, . 4m) is a prefix of wg, and Ty, o 4m) 1S @ prefix of w35, Thus,

(WER)0.m) = (W x)0,m)- (4.153)

Now, by Item (2) in the statement of the lemma and the definition of w; ; and
wj ks Wik and w;y have length at most m/2. This and (4.153) permits to use
Theorem 31 and obtain that w;; and w; are powers of a common word. This
implies, since w; , and w; ; are defined as roots, that w; ; = w; .

We now note that if 4, j € [1,n| and ¢ < j, then (4.152) ensures that w; ; =
w; j. Hence, as pp, ».y = Tip, pi)T(p; p;)s Wii = W1 j = w; j. Being ¢, j arbitrary,
this implies that w2 = w; ; = w; ;. Therefore, the lemma follows from defining
w = Wi,2. O

The proposition below uses Lemma 79 to give a bound for px (n+1) —px (n)
in a very general context.

Proposition 27. Let W C AT and X C |, S"W?E. Then, for any £ < (W),
px(£+1) — px (€) < 2564£A - #(root W)?|W|? /£

Proof. We prove the proposition by contradiction. Suppose that ¢ < (W) and
that px (¢ + 1) — px(¢) > 2564.A - #(root W)2|W|? /2. Then, by Proposition
10, we can find at least 2564 (root W)?|W)|?/¢? right-special words {u; : i € I}
of length ¢ in X. Let u;a;0 and u;a;; be two different right extensions for u;
in X. We are going to prove that a; o = a;; for some i € I, contradicting the
fact that u;a;,0 and w;a,,; are different.

Let X' = {...vvv0v'v' -+ 1 v,0" € root W} C A%. Then, it is not difficult
to check that:
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(a) every w € L(X) of length at most (W) occurs in some z € X'.
(b) #X' < #(root W)2.

] o 3 o . . = .. / DRI / a
In particular, each u;a; ; occurs in some x; ; = R € X', so

wiaij = (i), .8,.,+0 for some 3; ; € [—=[W[,[W]). (4.154)

We use (b) and the Pigeonhole principle to obtain a set I’ C I and xg,z1 € X’
such that #1’ > 256|W|? /(% and x; = z; ; for all i € I’ and j € {0,1}. We use
again the Pigeonhole principle to find I” C I’ satisfying #1” > #1'/(8)W|/£)? >
4 and

|Bij — Bir j| < 2\W|/(8)W)|/0) = £/4 for all 4,7’ € I" and j € {0,1}. (4.155)

Let 8 = max{f;1:4 € I"} and, for i € I, v, = Bio — i1 + 8. We claim
that for all ¢ € I”,

(i) Bin <B<Bix+L/4and Bio <7 < Bio+ /4

(ii) u; has a suffix u of length at least 3¢ such that uja;o = (z0)
and wjai1 = (21)[g,5+]u|];

[vivitlugl]

(ili) if p,q € I"” are different, then v, + |u| # 74 + |ug| and v, # 4.

Item (i) follows from (4.155). For Item (ii), we first note that the definition of
~y; ensures that m; == ¢+, 1 — 8 = £+ B; 0 — Vi, and that (i) gives %E <m; <V/.
Thus, u; has a suffix u, of length m; > %K such that, by (4.154), satisfies Item
(ii). It is left to prove (iii). Assume that p,q € I" and v, + |up| = 74 + [ug].
Then, Bpo = v + |upl — € = 74 + |uy| — € = B40 and hence u, = uy, which
implies that p = ¢. Let us now suppose that v, = 7,. Note that if [u}| = |ug|
then 7, + |up,| = 74 + |uyl, and so p = ¢ by what we just proved. Thus,
there is no loss of generality in assuming that |uy,| < |ug|. Then, (ii) allows
us to write uja,0 = (o) rp+ur ) @0d Uy = (20)[y, 7, +|uy)]- In particular,
Upap,o is a prefix of ug. Similarly, (i) implies that wjap1 = (21)(5,6+uy|) Is @
prefix of wy = (1)(5,6+uy|)- Therefore, upa, o = uyap,1, which contradicts the
definition of a, 0 and a,, ;1. This shows that the case |u,| < |u;| does not occur,
80 |up| = |ug| and p = ¢q. This completes the proof of the claim.

Thanks to the claim, we have that (mo)[%vﬂr\uél) = (551‘1)[04%‘) and |y; —
vir| < 4|uf| for all 4,1’ € I”. Moreover, all the v; are different by (iii). Therefore,
we can use Lemma 79 and deduce that there exists w € AT such that for any
p,gel”,

(70)[y,,7,) 18 @ power of w
and ('TO)[vpﬁp+min(|u;|,\u{1\)) is a prefix of w™. (4.156)
We use Item (iii) of the claim and that #I” > 4 to find p,q € I” such that

lup| < |up] < |ug| for all t € I"\ {p,q}. Furthermore, (iii) allows us to find
r,s € I\ {p, ¢} such that v, + |up| <75 + |ui].
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We observe that, since |uj| < |uy[, the second part of (4.156) ensures that
that uf = (20)[y, y.+|u;|) is & prefix of w>. Then, by the first part of (4.156),
(20) [y, 7o +uz]) 18 @ prefix of w™. Since v, + |u.| < v + |uf], we get that

Uy a0 = (20) [y, ,yo+ur|] 1 @ prefix of w™. (4.157)

Now, the definition of r and p guarantees that |u;| < |u;|, so, by (4.154),
Upar,1 = (21)[5,p+]ur ) IS & prefix of (2o)(y, v, +u ) = (T1)(8,6+|uy|)- Moreover,
as |up| < ug|, the second part of (4.156) gives that (20)(y, ,+uy|) is a prefix of
w>. We conclude that u/.a, 1 is a prefix of w™. But then (4.157) implies that
ular1 = ularp, contradicting our assumptions. O

Theorem 36 ([Cas95]). Let X be a minimal linear-growth complexity subshift.
Then, px (£ + 1) — px (¢) is uniformly bounded.

Proof. Let £ > 1 be arbitrary. The theorem is trivial if X is finite, so we assume
that X is infinite. Then, we can use Theorem 33 to obtain an S-adic sequence
o = (on: Af 1 — Al)n>1 generating X and d > 1 such that the conditions
(1), (2) and (3) of Theorem 33 hold.

Let n > 1 be the least integer such that (o[ ,)) > ¢. Then, X is a subset
of Upez S%070,n) (A%), so Proposition 27 and the conditions in Theorem 33 give
the bounds:

px (L +1) — px (£) < 2564 Ao (root opo ) (An))2|‘7[07n)|2/€2
< 256# Ao - d* - o700 /07

Now, the minimality of n ensures that (o9 ,—1)) < £, so by Items (2) and (3) in
Theorem 33,

loj0,m)| < lom1l - |oj0,n-1)] < d*{o10,n—1)) < d*L.
Therefore, px (£ + 1) — px (£) < 2564 Ao - d° and px (¢ + 1) — px (¢) is uniformly
bounded. O

4.10.2 A theorem of Cassaigne, Frid, Puzynina and Zam-
boni

Let S C A* be a set of words. We use the notation S? = {uv: u,v € S} and
ps(n) = #(S N .A™). The following result was proven in [CFPZ18].

Theorem 37. Let x € AY be an infinite sequence. The following conditions
are equivalent:

(1) x has linear-word complezity.
(2) There exists S C A* such that S* O L(x) and sup,,>, ps(n) < +oo.

In this subsection, we give a different proof of Theorem 37 for the case of
minimal subshifts. We start by proving the following corollary of Theorem 33.
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Proposition 28. Let X be an infinite minimal subshift of linear-growth com-
plexity. There exists d > 1 such that for any d' > 2 we can find T = (75, Apy1 —
Aj{)nzo generating X such that:

(1) #(rootTjg ny(An)) < d.
(2) |To,m)(a)| £ d-[110,0)(b)] for all a,b € A,.

(8) d' <|rp_1(a)| < dS°%2 " for all a € A,.

Proof. Let 7/ = (70 Apy1 — A )n>0 and d be the elements given by Theorem
33 when it is applied with X, and let d’ > 1 be arbitrary. We will construct 7
by carefully contracting 7'.

Let nyp = 0 and inductively define njyy; as the smallest integer such that
N1 > ng and (T, n,,,)) > 2. We observe that, since (7, n,.,—-1)) = 1 by
the minimality of ng,1, we have that (7j0.,,,,-1)) < |[T[0,n,)|- Then, by Items
(2) and (3) in Theorem 33, we can bound

1T10.m0s1) | < 110,001 = 1) [T in -1 < (T ,mesr—1)) - d < 70,0 | < d(T10,m0))-

We note now that for any pair of morphisms o and ¢’ for which oo’ is defined
we have that |oo’| > (o)|o’|. Therefore,

< 1700010 <3 (4.158)

|Tn M1 ‘
1) (Tio,n))

We set £ = [log, d'| and consider the contraction T = (Tjn,, ny.4.)) Jk>0- It fol-
lows from the definition of ny that <T[n£k,n£(k+1))> > 2¢ > d', and, from (4.158),
that [T(,, npg)| < d3¢ < dfl°e24" Thus, 7 satisfies Item (3) of this proposi-
tion. Moreover, since 7’ satisfies Item (1) and (2) in Theorem 33 and since 7 is
a contraction of 7/, Items (1) and (2) of this proposition hold. O

Lemma 80. Let w € AT and £ < |w|. There exists a set of words V such that:
(1) #V N A" < 2%|wl|/l for allm > 1.
(2) V) >0, V] < Jul.
(3) For any u occurring in w of length |u| > 2°¢ we have that u € V2.

Proof. For i >0 and j € [0,7], let w = u; ;(1)u; ;(2)...u;;(2%) be the (unique)
decomposition of w into 2* words u; j(k) € A* such that |u; j(1)...u; (k)| =
| (8% + 7)|w|/2F3] for all k € [1,2!]. We define V; as the set of words that are a
prefix or a suffix of length at least £ of some u; ;(k). Set V = Uy<iciog, (jw|/e) Vi

It follows from the definition of V that (V) > ¢ and that |V| < |w]|, so Item
(2) holds. For Item (1), we note that if n > 1, then each u; ;(k) has at most one
prefix of length n and at most one suffix of length n. Hence, #V;NA" is bounded
by above by 2-8-2° = 2%, Therefore, #VNA" < 37, 100 ju)/e 277 < 2°w|/L.

We now prove Item (3). Let u be a word of length |u| > 26/ that occurs in
w. Let us write w = tus, where t,s € A*, and take i > 0 such that |w|/2!71 <
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lu| < |w|/2%. Remark that i < log,y(|w|/¢) as |u| > 26¢. We also consider the
unique pair (k,7) € [1,2%] x [0, 7] such that

(8 + ) w] /27 < Jt] + Jw|/2 < 8k + j + 1) w] /2"

Then, we can write v = u/u” in such a way that |tu/| = |(8k + j)|w|/2F3]. Tt
is not difficult to check that v’ is a suffix of w; j(k) and that u” is a prefix of
u; ;(k +1). Moreover, |u'|,|u”| > |w|/2" > ¢, so u/,u” € V; and u € V2. O

Theorem 38. Let X C A% be an minimal subshift. The following conditions
are equivalent:

(1) X has linear-word complexity.
(2) There exists S C A* such that S* D L(X) and sup,,>, ps(n) < +oc.

Proof. We first suppose that X satisfies Condition (2) and define d = sup,,~; ps(n).
Then L(X)NA™ C {ss’': 5,8 € S,|s| =n —|s|}. Hence,

px(n) <Y ps(k)ps(n —k) < (n+ 1)d*
k=0

and px has linear growth.

Let us now suppose that X has linear-growth complexity. The case in which
X is finite is trivial; hence, we assume that X is infinite. Using Proposition 28
with d’ = 2, we can find a constant d and an S-adic sequence T = (7,,: Apy1 —
A )n>o0 generating X such that Items (1), (2) and (3) in Proposition 28 hold.

We define S as follows. Let n > 1. For u € root (g ,)(An), we take p, ., > 1
such that [719 n)| < [uPme| < 2|70m[. We define W, = {uPrevPry @ uv €
root 79 ) (An)}. For each w € W, we use Lemma 80 with ¢ = (70.,_1))/2° to
obtain a set V), ,, satisfying the following:

(a) #Vnw N A* < 2wl /(710,,—1)) for all k > 1.
(b) <Vn,w> > <T[0,n71)>/267 |Vn,w| < |wl.
(c) if u occurs in w and |u| > (7[9—1)), then w € V7 .

We set S = Up>1 Uwew, Vnw-
Before continuing, we make some observations about the definitions. It
follows from the definition of W, and Item (1) in Proposition 28 that

#Wn < #(FOOt Tlo,n) (An))2 < d2- (4159)
We also have that

if a,b € A, and v occurs in 7y ) (ab), then v occurs in some w € W,,.
(4.160)
Note that since [w| < 2|1,,)| for all w € W,,, (a) and (b) imply that

|Vn,w| < 2|T[0}n)| and #Vn,w < 212|T[0’n)|/<T[07n,1)> < 212d2, (4.161)
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where in the last step we used Items (2) and (3) of Proposition 28.

We now prove that S satisfies the desired properties. Let us start by showing
that £(X) C S?. Let u € £(X) and let n > 1 be the biggest integer such that
|u| > (7j0,n))- Then, |u| < (7[0,n+1)) and, thus, as T generates X, there exists
a,b € A,y such that u occurs in 7y ,41)(ab). Hence, by (4.160), u occurs in
some w € W, 1, which implies, by (c), that u € V2, ,, C 52

It remains to prove that pg is uniformly bounded. Let S, = Uyew, Vi w-
We claim the following:

(i) #ps, (k) <2'2d* for all n > 0 and k > 0.

ii) for any k > 0, there are at most log,(d) 4 7 integers n such that S, N A"
2
is not empty.

Observe that (i) and (ii) allow us to write

ps(k) < > ps,(k) < (logyd +7) - 2"d",
n:S, NAFZ£D

which would show that pg is uniformly bounded and would complete the proof.

Let us first prove (i). The definition of S,, ensures that pg, (k) < #W,, -
max{#V, ., NAF : w € W, }. Hence, by (4.159) and (4.161), ps, (k) < d?-212d>.

Next, we prove (ii) by contradiction. Assume that there are more than
log, d + 7 integers n such that S, N .A¥ # (). Then, we can find n and m such
that S, NA* £ 0, S,, N A*¥ # () and m > n +log, d + 7. We have, on one hand,
that the definition of S,, ensures that & > min,ew, (Vn,w). Hence, by (b) and
Item (3) in Proposition 28,

k2 (To,m—1))/2° 2 277" (110,m))- (4.162)

On the other hand, the definition of S,, guarantees that k& < max,ew, |Vn,wl-
Combining this with (4.161) and Item (2) in Proposition 28 produces

k< 2|7’[07n)| < 2d<7‘[07n)>. (4.163)

Equations (4.162) and (4.163) are incompatible as m —n — 7 > log, d. This
contradiction proves (ii) and completes the proof of the theorem. O

4.10.3 Topological rank

The topological rank of a minimal subshift X is the least element k € [1, +00]
such that there exists a recognizable S-adic sequence T = (1, Ap11 — AL Yn>0
satisfying, for every n > 1, that #.4,, < k and that 7,, is positive and proper.
The class of finite topological rank subshifts satisfies several rigidity properties,
and many tools have been developed to handle it; a non-exhaustive list includes
[BKMS13; DFM19; Esp22; EM21; DMO08; BSTY19; HPS92].

It was proved in [DDMP21] that a minimal subshift of nonsuperlinear-growth
complexity has finite topological rank, and thus that the aforementioned rigidity
properties hold for this class. We present in this subsection a new proof of this
fact based in Theorem 34.
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Theorem 39 ([DDMP21]|, Theorem 5.5). Let X be a minimal subshift of
nonsuperlinear-growth complexity. Then, X has finite topological rank.

Proof. The case in which X is finite is trivial, and so we may assume that
X is infinite. Then, Theorem 34 gives d and a recognizable S-adic sequence
o = (op: Any1 — Al )n>0 generating X such that Items (1) and (2) of Theorem
34 hold. In particular,

X C U Sk (root ayg ) (Ay))” for all n > 1. (4.164)
kEZ

Now, since |o7g,,,)| goes to 400 as n — 400 and d|ojg )| < (070,,)) by Item (2)
in Theorem 34, we have that (oo ,,)) diverges to 400 as n — +o0. Hence, since
X is aperiodic,

lim (root oy ,)(An)) = +00.

n—-+4oo

This and (4.164) allow us to use [Esp22, Corollary 1.4] or [DDMP21, Theorem
4.3] to conclude that X has finite topological rank. O



Chapter 5

Perspectives and future
work

In this final chapter, we will present some open questions and comments that
have emerged from the thesis work. These ideas correspond to a future research
plan.

5.1 More on symbolic factors

The theorems in Chapter 3 provide a fine description of the symbolic factors
for a general class of subshifts: those having finite topological rank. It is then
natural to search for applications within the finite topological rank class. We
now describe two ideas for doing this.

5.1.1 Symbolic factors of eventually dendric shifts

The class of minimal dendric subshifts was introduced in [Ber+14] (under the
name of tree shifts) and are a generalization of Arnoux-Rauzy subshifts and
(the natural coding of) interval exchanges. This class presents interesting rigid-
ity properties, such as that any set of return words is a basis of the free group of a
fixed cardinality or that the complexity function is an affine function [Ber+14].
Moreover, the closely related class of eventually dendric subshifts was inde-
pendently discovered in [DF22] while generalizing a theorem on the number
of ergodic measures of interval exchanges. Due to this, dendric and eventually
dendric shifts have gained attention, and, in particular, the question about their
symbolic factors has become relevant.

Problem 1. Describe the symbolic factors of (eventually) dendric shifts.

There are examples of dendric subshifts with non-dendric symbolic factors.
However, all known such factors are eventually dendric. This has led to the
following conjecture.
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Conjecture 1. Are all symbolic factors of a given eventually dendric shift even-
tually dendric?

Interestingly, a finite topological rank structure for minimal eventually den-
dric subshift was recently obtained [GL22]. Therefore, the methods developed
in Chapter 3 can be applied to this case and, by doing so, we may be able to
shed some light on the conjecture.

5.1.2 Symbolic factors of interval exchanges

The following is an old question regarding interval exchange transformations:

Question 10. Let F be the set of interval exchange transformations that do
not have non-trivial measure-theoretic factors. Is F generic?

Observe that an affirmative answer to this question has, as a particular case,
the Avila-Forni Theorem, so it is probably a difficult problem. We consider
instead a topological version of it.

Question 11. Let Fiop be the set of interval exchange transformations whose
natural coding does not have non-trivial symbolic factors. Is Fiop generic?

In a work in progress with Vincent Delecroix, we have outlined a strategy,
using the ideas of Chapter 3, for giving an affirmative answer to Question 11.
This would represent progress towards Question 10.

5.2 More on the S-adic conjecture

Our work on the S-adic conjecture opened at least two new directions of re-
search, which we now discuss.

5.2.1 Applications of the structure theorems

The S-adic characterization obtained in Chapter 4 permit the use of the S-
adic machinery to study linear- and nonsuperlinear-growth complexity subshifts.
Some cases in which this idea produces interesting results were presented in
Section 4.10 of Chapter 4. We plan on continuing investigating in this direction.
In particular, it seems that the absence of the strong mixing property and the
partial rigidity (with respect to an ergodic measure) may be better understood
using the methods in [BKMS13]. More generally, any of the currently known
techniques for handling S-adic sequences can now be applied to linear- and
nonsuperlinear-growth complexity subshifts, see [HPS92; BKMS13; DFM19;
Ber+21]. In some cases, non-proper variations of those techniques must be
developed first.
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5.2.2 Finite alphabet rank structures

Let (L) and (NSL) be the classes of linear- and nonsuperlinear-growth com-
plexity subshifts, respectively. We showed in Theorem 35 that the structure
provided we obtained for (L) must have, in some cases, infinite alphabet rank
. Now, most of the techniques for handling S-adic sequences are designed for
finite alphabet rank sequences. Although some of them can be adapted to our
case, the following question seems natural:

Question 12. Let C be (L) or (NSL). Is there a finite alphabet rank S-adic
characterization of C?

This question is sometimes called the strong S-adic conjecture. Observe that
this question is ill-defined in the same sense as the S-adic conjecture is.

In the direction of Question 12, a close inspection of the proof of Theorem 35
shows that, in some cases, the sets Pow x (w) encode certain long-range informa-
tion that seems to be incompatible with finite alphabet rank S-adic sequences.
Therefore, we suspect that Question 12 has a negative answer.

TThe alphabet rank of T = (7 .AIJFI — A;’[)nzo is iminfy, 54 oo #An.
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Contribution to the study of zero entropy sym-
bolic dynamics: automorphisms, factors and
structure

This thesis focuses on the study of minimal subshifts via S-adic sequences. First,
we investigate automorphisms and factors of minimal subshifts generated by S-
adic sequences with alphabets of bounded cardinality. As a result, we prove that
these subshifts have virtually Z automorphism groups, finitely many infinite
symbolic factors (up to conjugacy), and we give a fine description of symbolic
factor maps. In the second part, we consider the S-adic conjecture, an old
problem asking for a structure theorem for linear-growth complexity subshifts.
We completely solve this problem by proving an S-adic characterization of this
class of subshifts. Our methods extend to nonsuperlinear-growth subshifts. We
show how this provides a unified framework and simplified proofs of several
known results, including Cassaigne’s Theorem.

Contribution a I’étude des systemes symboliques
d’entropie nulle : automorphisms, facteurs et
structure

Cette these porte sur ’étude des systémes symboliques minimaux via des
séquences S-adiques. Dans la premiere partie, nous étudions les automorphismes
et les facteurs des systémes minimaux générés par des séquences S-adiques avec
des alphabets de cardinalité bornée. Comme résultat, nous prouvons que les
systemes de cette classe ont des groupes d’automorphismes virtuellement Z, un
nombre fini de facteurs symboliques infinis (jusqu’a la conjugaison), et une de-
scription fine des facteurs symboliques. Dans la seconde partie, nous considérons
la conjecture S-adique, un vieux probléme demandant un théoreme de struc-
ture pour les systemes symboliques de complexité a croissance linéaire. Nous
résolvons completement ce probléme en prouvant une caractérisation S-adique
de cette classe de systemes. Les méthodes s’étendent aux systemes a crois-
sance non superlinéaire. Nous montrons comment cela fournit un cadre unifié
et des preuves simplifiées de plusieurs résultats connus, y compris le théoreme
de Cassaigne de 1996.
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