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SUBSHIFTS EN LOS GRUPOS DE BAUMSLAG-SOLITAR SOLUBLES
NO-ABELIANOS

En este trabajo es de interés el estudio de la dinamica simbdlica sobre los grupos de Baumslag-
Solitar solubles no-abelianos BS(1, N), N > 2, a través de la comprensién de cémo la estruc-
tura de dichos grupos fuerza comportamientos sobre las configuraciones del BS(1, N)-full-
shift, y el aprovechamiento de construcciones utilizando la geometria del grupo. Se definen
sustituciones sobre los grupos de Baumslag-Solitar, logrando dar para una subclase de sub-
shifts sustitutivos una versién del teorema de Mozes [17], que establece condiciones suficientes
bajo las cuales éstos son séficos. Luego se estudia el caso de una familia de subshifts en partic-
ular: los llamados “Graph-coloring subshifts”, cuyo origen proviene del concepto de coloreos
propios en teoria de grafos. Para esta familia se estudia su no-vacuidad, extensibilidad de
patrones, cotas sobre su entropia y tipos de mezcla. Posteriormente se estudia una clase de
BS(1, N)-subshifts definidos a partir de Z-subshifts, obteniendo resultados sobre la relacién
entre las entropias de ambos sistemas, y aproximabilidad de la entropia del BS(1, N)-subshift
a través de las entropias de Z-subshifts. Finalmente se estudia la subdindmica proyectiva
de BS(1, N)-SFTs, basidndose en el trabajo de R. Pavlov y M. Schraudner [18], y dando
condiciones para la realizacion de Z-subshifts soficos como subdindmica proyectiva de un
BS(1, N)-SFT.

SUBSHIFTS ON SOLVABLE NON-ABELIAN BAUMSLAG-SOLITAR GROUPS

The objective of this work is to study symbolic dynamics on the solvable non-abelian Baumslag-
Solitar groups BS(1, N), N > 2, through the comprehension of how the structure of said
groups forces some particular behavior of configuration of the BS(1, N)-full-shift, as well
as how to take advantage of the geometric structure of the groups in order to make con-
structions. We define substitutions on Baumslag-Solitar groups, and give a version of Mozes
theorem [I7], stating sufficient conditions under which a certain subclass of substitutive sub-
shifts are sofic. Then, we study a particular family of subshifts, called the “Graph-coloring
subshifts” which are motivated by the concept of a proper coloring in graph theory. For this
family we study non-emptiness, extensibility of patterns, bounds on their entropy and mixing
properties. Next we study a class of BS(1, V)-subshifts obtained from Z-subshifts, obtaining
results relating the entropies of both systems, and the approximability of the BS(1, N)-
subshift’s entropy through the entropies of a corresponding family of Z-subshifts, called the
m-strip subshifts. Finally, we study the projective subdynamics of BS(1, V)-SFTs, based on
the work of R. Pavlov and M. Schraudner [I8], and giving conditions for the realization of
sofic Z-subshifts as projective subdynamics of a BS(1, N)-SFT.
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“As long as there are slaughter houses there will always be battlefields”
- Leo Tolstoy
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Introduction

Symbolic dynamics over finitely generated groups is a particular topic within the field of
dynamical systems. The main object studied in this discipline are G-subshifts (or just
subshifts if there is no risk of confusion with the group G), that is, closed subsets of the
product space A%, for A a finite discrete alphabet and G a finitely generated group, which
are invariant under the action of the shift:

o : G — Homeo(AY, A%)
g 0y,

where Homeo(A%, A%) are the homeomorphisms from A% to itself, and for every z €
A% g, h € G we have
0g(2)h = Tg-1p.

An important family of subshifts are subshifts of finite type (SFT), which are the ones
that can be described completely by a finite set of forbidden patterns. The class of SFT's
is interesting since sometimes restricting the attention to it can make it possible to answer
a question which in the general case of subshifts is more difficult, or in contrast, a question
which is trivial formulated for subshifts becomes complicated when restricting it to SFTs.
An example of the latter is the question of whether there exist non-empty strongly aperiodic
subshifts (resp. SETs) on a two symbol alphabet, that is, a subshift (resp. SFT) in which
no configuration exhibits a periodic behavior. For general subshifts this question has an
affirmative answer, meanwhile restricting the attention to SFTs is more complicated and the
answer depends on the group G considered.

The classic theory of symbolic dynamics is the case where G = Z, and it stands out for the
large amount of results one can obtain in this context (see [11] and [5]). A remarkable result
about Z-SF'Ts says that all of these systems are conjugated to, and then can be understood
through, their presentation as edge-shifts, which are a special case of Z-SFTs described
completely by a (finite) directed graph. As a graph is characterized by its adjacency matrix,
this implies that we can use the powerful tools of linear algebra in order to understand SFT's
over Z.

Throughout the last decades there has been interest in the case G = Z<¢, d > 2, where a
more complex structure arises in comparison with the one-dimensional case: questions which
have been long answered in the case d = 1 become significantly more difficult for d > 2,
sometimes changing its veracity, or remaining as open problems to this day. An example
of this contrast is the so called Domino problem, which asks whether, given a finite set



of forbidden patterns, the corresponding SFT is empty or not. For d = 1 this problem is
decidable, meanwhile for d > 2 it is undecidable.

In recent years interest has grown in studying symbolic dynamics on other finitely gener-
ated groups, obtaining results in a general context (e.g. in [3]) as well as in more particular
settings, such as free groups or Baumslag-Solitar groups. The latter of these two is precisely
the family of groups with which we work in this thesis, and is described below.

Given m,n € Z\{0}, we define the corresponding Baumslag-Solitar group as given by
its standard presentation

BS(m,n) = {(a,b | ba™b™" = a").

These groups arise naturally as HNN-extensions of Z, and were first introduced in [4] by G.
Baumslag and D. Solitar, to provide an example of a finitely presented non-Hopfian group,
namely, one which is isomorphic to one of its (proper) quotient groups. Since then they have
served as useful examples and counterexamples for a wide variety of properties, both in the
context of group theory as well as in the context of symbolic dynamics. An example of the
latter can be found in [2], where a weakly aperiodic BS(m, n)-subshift is constructed and
using this example it is shown that the Domino problem is in fact undecidable in Baumslag-
Solitar groups, that is, there does not exist an algorithm which receives as input a finite set of
forbidden patterns F C U A and determines whether the corresponding BS(m, n)-

FCBS(m,n)
F finite
SF'T Xz is non-empty.

The subfamily of Baumslag-Solitar groups BS(1, N), N > 2, is of particular interest, since
it exhibits nice properties. This subfamily actually comprises all the cases for which the
Baumslag-Solitar group is solvable, and hence amenable, while still being non-abelian ( the
case N = 1 gives BS(1,1) & Z?). In particular, this allows us to find a Fglner sequence which
permits us to define a notion of topological entropy for BS(1, N)-subshifts. Furthermore, the
Folner rectangles cam be used to defined substitutions and carry out various constructions
in the group. For this reason throughout the rest of this work whenever we talk about
Baumslag-Solitar groups we will be referring to the specific case of BS(1, N), N > 2.

The thesis is structured in the following way:

e In the first chapter we give the basic notions and definitions necessary for understanding
this thesis. We start with the basic facts about presentations of groups and the Cayley
graph, to then introduce Baumslag-Solitar groups and prove some useful results about
them. We finish the chapter with an introduction to symbolic dynamics on finitely
generated groups and a brief introduction to substitutions in Z and Z¢, d > 2.

e The second chapter is centered on introducing how the geometry of Baumslag-Solitar
groups can force certain rigidity over configurations of the BS(1, V)-full-shift. In partic-
ular, we prove that configurations with certain periods in the direction of the generator
a must satisfy that any sufficiently high row must be monochromatic.

e The third chapter introduces the concept of rectangles in Baumslag-Solitar groups,
which serve as a Fglner sequence over which topological entropy can be defined and



which at the same time serve as “building blocks” in order to make constructions in
the group. In this chapter we define substitutions on Baumslag-Solitar groups, prove
generalizations of some classic results about them and obtain a partial version of Mozes
theorem, stating conditions under which a certain subclass of substitutive BS(1, V)-
subshift is sofic.

The fourth chapter concerns the family of so-called Graph-Coloring subshifts (GCS),
which are defined by local rules such that valid configurations in the subshift give
proper colorings of the Cayley graph of BS(1, V). We study non-emptiness of the GCS
depending on the number of colors (symbols) of the alphabet, as well as on the parity
of N, and extensibility of locally admissible patterns. We obtain estimates of the GCS’
topological entropy and study mixing conditions occurring in these subshifts in terms
of the number of colors considered. The chapter finishes showing the (non) existence of
frozen colorings in the GCS according to the number of colors considered, using similar
methods to the ones in [IJ.

In the fifth chapter we define a natural way of extending a Z-subshift to a BS(1, N)-
subshift, by considering the family of forbidden patterns defining the former as being
forbidden in the direction of both generators a and b in the latter. We focus mainly
on the case when the Z-subshift has a mixing symbol, in order to guarantee that the
corresponding BS(1, V)-subshift is non-empty and allow us to exploit constructions of
configurations using independent copies of small rectangles inside big ones, and find
relations between the entropies of both subshifts. Then we define the m-strip subshifts
X/R,, associated to a BS(1, N)-subshift X, which allows us to approximate up to
any precision the topological entropy of X in terms of the topological entropy of the
Z-subshifts X/R,,.

Finally in the sixth chapter we introduce the concept of the (a)-projective subdynam-
ics Py(X) of a BS(1, N)-subshift X, which intuitively consists in the Z-subshift we
see in the a-rows of X. Motivated by the work done in [I8], we prove conditions for
the realization of sofic Z-subshifts to be realized as (a)-projective subdynamics of a
BS(1, N)-SFT, distinguishing cases according to the positivity of the topological en-
tropy of the former.






Chapter 1

Preliminaries

The purpose of this chapter is to introduce the concepts, constructions and theorems related
to the work done in this thesis, as well as to summarize the known results that inspired it. On
what follows we assume that the reader has basic knowledge on group theory and topology,
particularly that of compact metric spaces.

In the first section we start by defining the concepts of free groups and presentations of
groups, which allow us to understand a group in terms of a set of generators and a set of
relations that hold on it. We then define normal forms, which allow us to express elements
of a group in a prescribed way and with it have a standard way to refer to them. Afterwards
we recall the HNN-extension, which is a way of extending a group to a bigger one in which
two isomorphic subgroups are conjugate. Finally we introduce the concept of amenability
on (countable) groups by using Fglner sequences and invariant means, along with their basic
properties.

In the second section we introduce Cayley graphs, which are geometric objects associated
to a given finitely generated group using a specific set of generators that allow us to interpret
the group as the group of symmetries of its Cayley graph.

The third section is devoted to the Baumslag-Solitar groups, which are the most relevant
groups in this thesis. We gather some properties of these finitely presented groups, interpret
them as HNN-extensions of Z, and explain a normal form as well as the geometry of their
Cayley graph.

In the fourth section we state the basic definitions of symbolic dynamics on Z and more
generally on a finitely generated group G, recalling the basic theorems and constructions
associated with symbolic dynamics which motivate as well as serve as tools for the work done
in this thesis.

Finally in the fifth section we present the concept of substitutions on Z and on Z¢, with
d > 2. We look at the connection between substitutions and symbolic dynamics given by the
shift spaces they generate, and recall the most important theorems from this area.



1.1 Presentations of groups and amenability

The idea behind free groups is to form a group generated by a set that has as few relations
between their elements as possible, namely only trivial relations that must hold in any group.
With this we are able to obtain any group starting from a free group and forcing some
additional set of non trivial relations between its elements. For a more detailed introduction
on this topic and for proofs of the mentioned results throughout this section see [12] or [13].

Throughout this chapter we will use the following notation: given a set S we define a new
set S7! = {s71| s € S} in bijection with S but disjoint from it, where the exponent “~!” is
purely notational. We write S* := S U S~

We start by recalling the notion of a generating set for a group.

Definition 1.1 Let G be a group and S C G a subset. We say that G is generated by S,
denoted as G = (S), if for every g € G there exist a finite number of elements sy,. .., s, € S*
such that g = sy - - - s, where we interpret the elements of S~ as the inverses of the elements
of S. 1If there exists a finite subset S C G such that G = (S) we say that G is finitely
generated.

A word w = s;...,s, in S* is a finite sequence of symbols of S* where we allow the
empty word with n = 0, which we will denote by . For a word w, we say that n is the
length of w and use the notation |w| := n. We denote by (S%)" the set of words of length n
in 5% and by (S%)* = J,>,(S*)™ the set of all words on S*. For words wq, ws € (S%)* we
define their concatenation wwy € (S*)* as the sequence of symbols of S* formed by those
of w, followed by those of ws.

We say that two words wq,ws are related by ~, symbolized by w; ~ ws, if w; can be
obtained from w, by adding or deleting from it adjacent pairs of symbols of the form ss~! or
s71s, for s € S. One can check that ~ defines an equivalence relation on (S*)* and that the
quotient set (ST)*/ ~ has a group structure under the concatenation operation. A word of

minimal length within its equivalence class is called a reduced word.

Definition 1.2 Given a set S we define the free group generated by S as the quotient space
F(8) = (S*)*/ ~. We also use the notation F(S) = (S|) to refer to the free group generated
by S for reasons that will become clear later. We call |S| the rank of the free group F(S) and
if |S| = n for some n > 1 we use the notation F,, and call this class of groups the finitely
generated free groups.

Free groups are characterized by the following universal property, stating that a group
homomorphism from a free group to any other group is completely determined by its values on
the elements of the generating set S, and conversely any assignment of values to the generating
set extends to a homomorphism defined on the free group F(S). This last statement is of
course not true for every group: consider the group Z? with generating set S = {(0,1),(1,0)},
and the map ¢ : S — Dg from S into the group of symmetries of the regular 4-gon, defined
by ¢((0,1)) = r and ¢((1,0)) = s, where r is a rotation and s a reflection. This map does
not extend to a group homomorphism, since a reflection and a rotation do not commute,



while the generators of Z? do. We conclude that Z? is not a free group.

Proposition 1.3 Let F(S) be the free group generated by S and G any group. Then for
every map ¢ : S — G there exists a unique group homomorphism ¢ : F(S) — G such that
o(s) = @(u(s)), where v : S — F(S) is the embedding of S in F(S). Moreover, if G is a group
generated by a set S which satisfies the above property, then G = F(S) and we say that G is
freely generated by S.

Example 1.4 1. The free group of rank 1 is Fy = (a|), which consists of all elements
of the form a™, forn € Z. In fact, Fy = 7Z: this can be seen by defining the map
o : {a} — Z given by p(a) = 1 and using the universal property to extend it to a
homomorphism ¢ : Fy — Z, which is in fact an isomorphism.

2. The free group of rank 2 is Fy = {(a,b|). The words w; = ababba and wy = ababaa™'bb~'ba
on ({a,b}*)* represent the same element of Fy since wy can be obtained from wy by
reduction, i.e. by deleting the adjacent pairs aa™' and b=1b.

Using the universal property from Proposition one can prove that for two sets S, Sy
their generated free groups F'(S1) and F'(S;) are isomorphic as groups if and only if [S;| = |Ss|.
Another property (which we will prove due to its importance in what follows) is that any
group can be expressed as a quotient of a free group. Moreover, if the group is finitely
generated then it is a quotient of a finitely generated free group.

Proposition 1.5 Let G = (S) be a group generated by S C G. Then there ezists a normal
subgroup N of F(S) such that G = F(S)/N.

Proor. Define the map ¢ : S — G to be the inclusion of S into G. Then by the univer-
sal property ¢ extends to a unique homomorphism ¢ : F(S) — G. Finally by the first
isomorphism theorem we get G = F(S)/Ker(¢) and we may set N = Ker(9). O

From the previous proof we see that the elements of G may be interpreted as reduced
words on F'(S) where two words are considered equal if they differ by words of Ker(g). For
this reason we will call words in Ker(¢) relators of G. To make more precise this idea let
us make the following definition.

Definition 1.6 Given a group G, a set S and a subset R C F(S) we will say that (S| R) is
a presentation of G and write G = (S| R) if

G = F(5)/((R),

where ((R)) = ﬂ H is the normal closure of R in F(S5).
RCH<IF(S)

If there exist finite sets S and R such that G = (S| R) we say that G is finitely presented
and that (S| R) is a finite presentation for G. Note that finitely generated (and hence
finitely presented) groups have cardinality at most countable.



Sometimes instead of the relators of R we are going to write r = eq forr € R, or ry =1
for riryt € R, to emphasize the meaning of the relation inside the group.

Example 1.7 1. For any set S the group (S| 0) is isomorphic to the free group of rank
|S|, which justifies our notation F(S) = (S]).

2. The group {a,b| aba='b=1) (= {(a,b| ab = ba)) is isomorphic to Z x Z, the direct product
of Z. with itself. Note that in general an element of this group will have many different
expressions using reduced words in {a,b}*. For ezample the words a®b?, abab, baba and
b%a? all evaluate to the same group element.

3. Forn > 3 the dihedral group Ds, of symmetries of the reqular n-gon has the presentation
(s,r] 8%, 1™ srsr). Again note that an element of this group may have different forms
of writing it as a reduced word in terms of its generators. As an example we see that
the words r*~' and srs represent the same group element in D, .

Group presentations are also characterized by a universal property, which basically tells
us that a presentation of a group is characterized by extending mappings defined on the
generating set to homomorphisms on the whole group, demanding that the relators of the
presentation map to the trivial element.

Proposition 1.8 ([12, Chapter 2]) Let S be a set and R C (S*)*. The group (S| R) together
with the canonical map 7 : S — (S| R) has the property that for every group G and for every
map ¢ : S — G such that - denoting by ©* the extension of  to the set of words (S*)* by
concatenation - we have ©*(r) = eq for every r € R, there is a unique group homomorphism
@ : (ST)* — G such that om = @. Moreover, (S| R) together with © are uniquely determined
up to isomorphism by this property.

As we saw in the above examples it is common that for a presentation of a group its
elements have different expressions as reduced words on the generators. This complicates the
process of understanding the relation between different elements of the group in terms of the
generating set. A way of avoiding this confusion is by prescribing a method to express each
group element as a unique reduced word in terms of the generators of the group. This leads
us to the idea of normal forms.

Definition 1.9 Let G = (S| R) be a group, and denote by w : (S*)* — G the mapping that
evaluates words in (S*)* to elements of G (which is certainly surjective since S generates
G). A mormal form for G is a function n : G — (S*)* such that for each g € G we have

m(n(g)) =g.

We call both the map n as well as its image n(G) indistinctly the normal form of G.

Example 1.10 1. The group Fy = (a,b|) has a normal form given by the set of all
reduced words.

2. The group Z x Z. = (a,b| aba™'b~') has a normal form given by {a't’ | i,j € Z}. Note
that we could also define another normal form {b'a’ | i,j € Z}, so we see that in general



there is not a unique way of defining a normal form.

Now we turn our attention on the construction of a new group from an old one in such
a way that it has an additional property: given a group GG and two isomorphic subgroups
H, K < G, it may be useful to have a bigger group that contains G but in which H and
K are conjugate subgroups. The following construction does precisely this and is called the
HNN-extension[l]

Definition 1.11 Consider a group G with a presentation (S| R) and two isomorphic sub-
groups H, K < G, with o : H — K an isomorphism. We define the HNN-extension of G
with respect to a by

Gxq = (SU{t}| RU{ta(h)t ' =h:hec H}).

Example 1.12 Consider the group G = Z = (a|), and forn,m € Z\{0} the isomorphism « :
{(a™) — (a™), which maps a™ to a™ for k € Z. Then the HNN-extension Gx, is isomorphic
to {a,t|ta™t™! = a™). This group is called the Baumslag-Solitar group BS(m,n) and it
will be studied in more detail later due to its relevance for the work done in this thesis.

Note that thanks to the relations added in the construction of Gx,, for every h € H and
k € K we have that ht = ta(h) and tk = a~'(k)t, which allows us to choose in which order
the elements of G appear with respect to t or t~!. This property allows us to construct a
rather simple normal form for the HNN-extension Gx,, as the next proposition shows.

Proposition 1.13 ([I3| Chapter 1]) Let G be a group, H, K < G and o : H — K an
isomorphism. Choose classes of representatives Ty and Tk of the right cosets for H and K
in G, respectively, such that Ty and Tk contain the identity element eq. Then the HNN-
extension G*, has a normal form given by the set of words of the form got® git* ... t*"g, for
n>0,g0€Gandfori=1,...,n: ¢ € {+1,—1} such that

o ¢, = 1 implies g; € Tk,
o ¢, = —1 implies g; € Ty and
e there is no subword of the form teqt™¢, for e € {+1,—1}.

The uniqueness of this normal form for each group element in the HNN-extension gives us
the following useful proposition, which immediately proves that the canonical homomorphism
G — G%, is injective and hence the HNN-extension G*, has a copy of G as a subgroup.

Proposition 1.14 (Britton’s lemma) Consider any group G = (S| R), an HNN-extension
Gxq as above and denote by 7 : ((SU{t}))* — G the evaluation of words in ((S U {t})*)*
to the group elements. Consider a word w of the form w = got®*¢,1t°* ... t°*g, with g; € G
fori=0,...,n ande; € {+1,—1} fori=1,...,n, such that w has no subwords of the form
t=tgit for g; € H, ortgit™' for g; € K. Then m(w) # eq.

!The letters “HNN” stands for Higman, Neumann and Neumann, who introduced this kind of extension
in [9].



The final concept that we introduce in this section is that of amenability. An amenable
group G is one that allows a way to average bounded functions defined on G such that this
average remains invariant under translations by elements of GG. Equivalently, a group G is
amenable if it contains a family of finite sets that are almost-invariant by translations of G,
in a way that we make precise below. We give the definition only for countable groups since
it is the case of interest for this thesis, although it can be extended to arbitrary groups.

Definition 1.15 A countable group G is said to be amenable if it satisfies one of the
following equivalent conditions:

1. There exists a sequence of finite subsets of G such that for every g € G:

. |FugAF,|
dm = =0

A sequence {F, }nen with this property is called a (right) Folner sequence.

2. There exists a G-invariant mean on (*°(G,R), i.e. an R-linear map m : {*(G,R) - R
such that m(1g) = 1, m(f) > 0 for every f € £>°(G,R) such that f > 0 pointwise, and
m(g - f) = m(f) for every f € {°(G,R), where g - f(t) = f(g~'t) is the left action of
G on (~(G,R).

The next proposition lists the basic properties of amenable groups.

Proposition 1.16 ([5]) The following properties hold.
1. Fvery finite group is amenable.
2. Fvery abelian group is amenable.
3. FEvery solvableﬂ group is amenable.
4. The free group Fs is not amenable.
5. If G is amenable, then every subgroup of G and every quotient of G is amenable.
6. For a directed family {G;}ic; of amenable groups their direct union G = UGi 18

el
amenable.

Proor. We will only prove 1. and 4. Refer to [5, Chapter 4] or [12, Chapter 9] for the proofs
of the remaining items.

1. Tt is straightforward to check that the function m : £*°(G,R) — R defined by

1
mm:@Zmn

geG

2A group G is solvable if there are subgroups {eg} = Gy < G; < --- < Gy = G such that G;_1 < G;
and G;/G;_1 is an abelian group, for every j =1,..., k.

10



is a G-invariant mean on (*°(G,R).

4. For G = F;, = (a,b|) suppose we have a G-invariant mean defined on ¢*°(G,R). Let
us consider the set A C F, of reduced words that start with a (non-zero) power of a.
Then we can write F, = AUa '+ A, where a™' - A == {a"'z: 2 € A}. Denoting by
14 € (°°(G,R) the characteristic function of A, i.e. the function that gives 1 on all the
elements of A and 0 on the rest, we have that

1F2 <14+ 1a*1-A7
from where

1=m(g) <m(las+1,-1.4) =m(La) + m(1a-1.4) = 2m(1a),

DO =

and hence m(14) >

Now consider the sets A, b- A and b? - A. These sets are pairwise disjoint and hence

Lavp-aupza =14+ 1pa + Lp2a.

With this:
3
1= m(lFQ) > m(lAub.Asz.A) = m(lA) + m(]_b‘A) + m(le.A) = 3m(1A) > 5,
which is a contradiction.

O

Finally, the following lemma tells us that to prove that a sequence is Fglner on a finitely
generated group it is sufficient to check its almost-invariance with respect to the elements of
the generating set.

Lemma 1.17 Let G be a group generated by a finite set S C G and let { F,, }nen be a sequence
of finite subsets of G. Then {Fy, }nen i Folner if and only if for every s € S U S~ we have

.| Fus\Fyl B
= =0

Proor. The “if” direction follows immediately from the definition of a Fglner sequence, so
let us see the “only if” direction.

First note that for every s € S U S~! we have
|FusAF,| = |Fs\F,| + |F\E,s| = |Fus\Fy| + |Fns '\ Fp,

from where

|FusAF, L |Fus\Ey| . |FusTIN\F
| = lim —m i S 040 =0
B N I T R Vol =0
and so lim,, |Fjj,§|F"‘ =0

11



Now if g € G, as S is a generating set we can write g = s; ... S,, for some sq,...,s,, € ST.
Let us prove by induction on m that lim,, . M = 0. The base case m = 1 was
done already above, so assume now that the statement holds for m — 1 and let us prove it
for m, m > 2. Note that

| gAE,| = |Fusy ... SmAF,|
S |Fus1 - SmAFSy ... S| + | Frsa ... s AF,|
= |Fns1AF,| + |Fnsa ... smAF,|,

then use the base case and the induction hypothesis to see that

. |FagAF,| .| FusiAF, .| Fnsa . S AE,
Fnd= nl - Lt R —0+0=
nhrgo |1n| _nlgnco |}n| nlgnco |ln| 00 b
and the proof is finished. n

1.2 The Cayley graph

We wish to interpret a group as more than a purely algebraic object by viewing it as the
group of symmetries of a particular geometric structure. A first result related to this idea is
the well known Cayley theorem, which states that every group may be faithfully represented
as a subgroup of the symmetric group of some set. By defining Cayley graphs we will be
able to see that a finitely generated group can be represented as the symmetry group of its
associated Cayley graph, and in that way give a more geometric version of Cayley’s theorem.
To obtain a more detailed explanation of the concepts and theorems we mention here, we
refer to [12] and [14], as this section is partially based on both references.

To be able to talk about Cayley graphs we assume basic knowledge on graph theory, but
to clarify the notation used throughout this section we recall the following definition of a
directed graph, along with that of a labeled graph.

Definition 1.18 A directed graph is a j-tuple (V,E, i,§f) where V is called the set of
vertices, I C 'V x V s called the set of edges, and the functionsi: E — V,§f: E =V
associate to each edge its “initial” and “terminal” vertices, respectively.

Given an alphabet A, a labeled (directed) graph is a 5-tuple (V, E,i,§, \), where (V, E,i,f)
is a directed graph and A : E — A is a function which “labels” the edges of the graph.

Now we are able to define the Cayley graph associated to a group given a generating
set. The vertices of the graph are precisely the group elements and the existence of an edge
between two vertices represents that viewing them as words over the generating set these
elements differ from each other by a single generator.

Definition 1.19 Let G be a group generated by a finite set S C G. We define the (right)
Cayley graph as the labeled graph T'(G,S) = (V, E i,f,\), where V = G, E = {(g,9s) €
VxV] geG,se S} i(g.9s) =g, §((g,95) = gs and A((g, gs)) = s.

12



Note that the definition of the Cayley graph depends on the chosen generating set S,
although for any finitely generated group most of the geometric properties encoded in the
graph remain invariant under changes in the generating set (see [12]). In the following
examples we show the Cayley graph of some classic groups.

Example 1.20

1. The free group of rank 1 Fy = Z with generating set S = {1} has as its Cayley graph a
“discrete line”:

N NN SN ENAE NN
I\\J I\\J I\\J IU IU IU IU 4

We could also have considered a different generating set like S = {2,3}. In that case
the Cayley graph would still be “line-like”:

2 2 2 2 2 2 2
S N Y D e Vo N (PN (N
3 3 3 3 3 3 3 3

2. Consider the symmetric group Ss = {m : {1,2,3} — {1,2,3} | 7 is a bijection}, with
its generating set S = {(123), (12)}. The corresponding Cayley graph T'(Ss,S) is drawn
below:

(123)

3. The group Z* with generating set S = {(1,0),(0,1)} has as its Cayley graph the 2-
dimensional lattice:

13



4. As a final example, we show (a part of) the Cayley graph of the rank-2 free group
Fy = (a,b]|) with generating set S = {a,b}, which is an infinite 4-reqular tree. In this
representation of the Cayley graph the names of the vertices are omitted in order to
obtain a clearer drawing. They can be recovered by reading off the edge labels following
the unique path from the identity (the central vertex) to any other verte.

A

a a
—

Ab Ab

a a a a

0 S b X ;
b b
a \Tb a _ a = a _ a \Tb a
Tb A A A Tb

b b

a a a a

—— >4 —— > b —— >4 >e

Ab Ab
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The next theorem states precisely what we said at the beginning about interpreting the
group G as the group of symmetries of its associated Cayley graph I'(G, .S), and is referred to
as “Cayley’s better theorem” in [I4], in comparision to Cayley’s theorem which states that
every group is isomorphic to a subgroup of a symmetric group.

Theorem 1.21 ([14, Chapter 1]) Let G be a group generated by a finite set S C G. Then
the Cayley graph T'(G,S) is a connected and locally ﬁm’teﬁ labeled graph, on which G acts by
bijections that preserve edges along with their orientation and label.

Now that we have found a way to associate a graph to a given group, we can endow
the graph with a metric space structure by standard methods and with it obtain a metric
structure on the group G.

Definition 1.22 Given a group G generated by a finite subset S C G, we define the word
metric ds : G x G — R as ds(g,h) = inf{|lw| | w € (ST)*,7(w) = g 'h}, where 7 :
(SE)* — G is the canonical map which evaluates the word w € (S*)* as an element of the

group G, and |w| denotes the length of the word w. It is common to denote |g|s = ds(g, eq),
for g € G.

In the context of Cayley graphs the above definition may be interpreted as taking as a
generating set ST and constructing I'(G, ST), in which the existence of every directed edge
implies the presence of its oppositely oriented counterpart, resulting in a strongly connected
(symmetric) Cayley graph. With this the definition of the word metric dg(g, h) is equivalent
to taking the minimal edge-distance between the vertices g and h on the graph I'(G, ST).

1.3 The Baumslag-Solitar groups

Now we turn our attention to the Baumslag-Solitar groups, which were briefly defined in
Example [1.12| For any m,n € Z\{0} the group BS(m,n) = (a,b| ba™b~! = a™) arose as an
HNN-extension of Z via the isomorphism « : (a™) — (a™) which mapped a(a™) = a™.

This family of groups was first introduced (though their origin might be older) by G.
Baumslag and D. Solitar in [4], where they used them to provide an example of a group with
two generators and one relator which is non Hopfian. Since then these groups have gained
attention in the fields of combinatorial group theory and geometric group theory as examples
and counterexamples of different properties (see [7] and [15]).

Some basic properties of these groups are listed in the following proposition, showing when
two Baumslag-Solitar groups are isomorphic, highlighting some basic cases, characterizing
for which values of m and n those Baumslag-Solitar groups are residually finite, solvable
and amenable, and finally indicating a non-Hopfian member, which was one of the original
motivations for defining these groups as was just said.

3 A directed graph (V, E) is said to be strongly connected if there exists a directed path between any
two vertices, and connected if there exists an un-directed path between any two vertices. It is said to be
locally finite if the in-degree and the out-degree at every vertex is finite.

15



Proposition 1.23 Baumslag-Solitar groups have the following properties.

1.

2.

For m,n € Z\{0} we have BS(m,n) = BS(—m, —n) = BS(n, m).

BS(1,1) = Z? is the fundamental group of the torus, and BS(1,—1) is the fundamental
group of the Klein-bottle.

BS(m,n) is residually finitd] if and only if |m| = |n| or |n| =1 or |m| = 1.

BS(m,n) is solvable if |m| =1 or |n| = 1, and contains a subgroup isomorphic to the
free group of rank 2 otherwise.

BS(m,n) is amenable if and only if |[m| =1 or |n| = 1.

BS(2,3) is not Hopfian, that is, there ezists an epimorphism -y : BS(2,3) — BS(2,3)
which 1s not injective.

Proor. 1. Simply observe that the function ¢; : BS(m,n) — BS(—m, —n) defined by

o1(a) = a™, p1(b) = b as well as the function ¢y : BS(m,n) — BS(n,m) defined
by ¢2(a) = a, pa(b) = b~! (and extended properly to the rest of the group using
Proposition are isomorphisms.

. We have that BS(1,1) = (a,b| bab~! = a) = (a,b| ba = ab), which is a presentation for

7?2, and this is the fundamental group of the torus. Similarly, BS(1,—1) = (a,b| bab™! =
a™'y = {a,b| ba = a~'b), and this is a presentation for the fundamental group of the
Klein-bottle.

See Theorem 1. of [16].

Using 1., the case |m| =1 or |n| = 1 is equivalent to working with BS(1,n). Consider
the subgroups of BS(1,n) :
K = (b),

and

H = {b7d"V | j,k € Z}).
We note that:
e HK =G, sincebe K C HK anda =b"al’ € H C HK.
e H is a normal subgroup. In effect, note that for j, k € Z we have
b akbt = b~ Uyt € H,
bbb bTb Ukt € [,
and that ab~7a*ba~! € H and a~'b~7a*b/a € H, since a € H and H is a subgroup.

4A group G is said to be residually finite if for every g € G\{eg} there exists a finite group F and a
group morphism ¢ : G — F such that ¢(g) # ep.

16



e H is abelian. Given ji, jo, k1, ko € Z:
b gkipip=izgkepizp=—i g —kipirp =iz g ke piz — it gkipii—iz gkepiz—ii g —kipii—iz g ke iz

= €BS(1,n)-

Hence we see that BS(1,n) = H x K, and being a semidirect product of two abelian
groups we conclude that BS(1,n) is solvable.

Now if |m| # 1 and |n| # 1, we interpret BS(m, n) as the HNN-extension of Z via the
isomorphism « : (a™) — (a") which maps a(a™) = a™. As |n| # 1 and |m| # 1 the
element a is neither in the domain nor image of «, and hence by Britton’s lemma [1.14]
we have that any word on the alphabet {b,aba™'} (and its inverses) maps to a non

trivial element of the group. From there we see that Fy = (b,aba™') is a subgroup of
BS(m,n), and as F} is not solvable we conclude BS(m,n) cannot be either.

5. The “if” direction follows directly by using that solvable groups are amenable, mean-
while the “only if” part follows from the fact that subgroups of amenable groups are
amenable, whereas the free group F5 is not amenable.

6. Define a group morphism v : BS(2,3) — BS(2,3) by v(a) = a® and v(b) = b, ex-
tending it to the rest of the group using Proposition [I.§f This can be done since
Y*(ba*b~ta™?) = ba'b a0 = ba?b 'ba*b a0 = aPaPa® = epg(ag), i.e. ¥ respects
the only non-trivial relation of BS(2,3). Moreover ~ is surjective since (b) = b and
y(bab~ta™t) = ba*bra"? = a3a~? = a, but is not injective as

7((a_1bab_1)2a_1) = (a_QbaQb_1)2a_2
= (a’2a3)2a’2 = €BS(2,3)

meanwhile (a1bab=1)%a~1 # eBs(2,3) using Britton’s lemma as in the proof of item 4.

O

Throughout the rest of this thesis we will focus our attention on the Baumslag-Solitar
groups BS(1, N) for N > 2, which cover precisely all the cases for which - thanks to the
previous proposition - the group is solvable (and amenable) but not abelian. From now on
whenever we talk about “Baumslag-Solitar groups” we will be referring only to
the non-abelian solvable case BS(1,N), unless stated otherwise.

Before proceeding let us take a look at the Cayley graph of BS(1, N) with generating set
S = {a,b}. A section of this graph is shown in Figure [L.1] where we see that its structure
is that of rows (along the edges labeled by the a-generator) being arranged (in a sideways
view) as an N-ary tree. Seen from the front, each row has below it (i.e. in the b~!-direction)
a unique a-row, and above it (i.e. in the b-direction) N new a-rows. More formally, defining
A= {d* | k € Z}, a set of the form gA for g € BS(1, N) will be called an a-row of the

Cayley graph of BS(1, N), meanwhile a set of the form U gb"A U U (g H(aisb)A> for
n=1 n=0 s=1

g € BS(1, N) and a sequence {i;}%°, € {0,..., N — 1} will be called a sheet of the Cayley

graph of BS(1, N). An example of the latter is illustrated in Figure
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Figure 1.1: Part of the Cayley graph of BS(1,2). Blue arrows represent the a- generator
while red arrows represent the b-generator. Here we see that each a-row has a unique a-row
below it and N = 2 a-rows above it.
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Figure 1.2: Example of (part of) a sheet on the Cayley graph of BS(1,2).

The next lemma summarizes some of the consequences induced by the defining relation
used in the standard presentation of BS(1, N). Its elementary proof is by induction and
is omitted. These additional relations will prove useful in establishing a normal form for
BS(1, N) below.

Lemma 1.24 The unique relation bab~! = a” used to define BS(1, N) forces further identi-
fications: for every j > 0 and k € Z we have ba* = a1/,

Proposition 1.25 (Normal form) Every g € BS(1,N) can be decomposed into a normal
form g = b~7a*b’ wherei,j > 0 and k € Z, and k may be divisible by N only if ij = 0. This
decomposition is unique.

Proor. Using that BS(1, N) is an HNN-extension of Z we can express any element of this
group in the normal form for HNN-extensions from Proposition [1.13] In the notation of this
proposition we use H = (a”) and K = (a) = Z. The chosen sets of representatives of the
right cosets are Ty = {eg,...,a’ '} and Tx = {eg}. Hence the normal form is the set of
words of the form
b1 v2a® L. bt

for k € Z, iy,...,i, €{0,..., N —1}, such that ¢; = 1 implies i; = 0 and there is no subword
of the form b°epg(1 )b~ ° for any € € {+1,—1}. In particular these conditions force that if
for some j* : €;« = 1, then for every j > j* we must have ¢; = 0 and ¢; = 1. Using this fact
we distinguish three different types of words:

The first type are words of the form a*¥ for k € Z and j > 0. These words are already
in the form described in the proposition so we are done in this case.

The second type are words of the form a*b=1a’ ... b~ 'a’ for k € Z, n > 1 and iy, ...,4, €
{0,...,N — 1}. Using the previous lemma we can easily deduce that for every k' € Z :
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a’b=! = b~1aN¥ . By repeatedly applying the last equality on the word we get:

a"bta" . b7t = b aVET T g L h T

—b 2aN2k:+Nz1+12b 1 13 .b_lai”

— NS N
which also has the form described in the proposition.

Finally the third type are words of the form a*b~'a® ...b ‘e’ for k € Z, n,j > 1,
it1,...,0n € {0,...,N — 1}, and i,, # 0 (since otherwise a subword of the form b~tegb would
appear, which is forbidden). Using the same reasoning as in the previous case we obtain

n n— 1 n—s
akb 1 zl b laznbj b naN B+ 0 N zg—i-znby

which again is of the form described in the proposition except for the condition between the
values of the powers of both b’s and a. Note that as n > 1 and i, € {1,..., N — 1}, the
exponent of the a generator is not a multiple of N, so this is only possible if at least one of
the powers of the b’s is zero, in which case we are in one of the previous two cases.

The uniqueness of this normal form follows immediately from the uniqueness of the normal
form for HNN-extensions, and so we finish this proof. m

The normal form for BS(1, N) described in the previous proposition may be interpreted
as following a path in the Cayley graph of BS(1, NV) from the identity egg ny to the element
g = b~a*b, by first going down (in the direction of b=!) in order to have a common base row
with the element ¢, to then move along the a axis to find the correct sheet, and to finally go
upwards (in the direction of b) to arrive at the element g.

To finish this section we prove a lemma in which we give an expression for the normal
form of powers of elements of BS(1, V), also expressed in normal form.

Proposition 1.26 Let g = b=7a*b’ € BS(1, N) be an element decomposed into its normal
form. Then for every n > 1 the normal form of g" is given by

L R Vi e
bdg N pri (DI g s g

g"={b7a", if i =3,
Nn(—9) g

prit-DiF NG < .

Similarly, the normal form for g=™ for n > 1 is given by

n(i—j) _
prit i TN S Y i
a . ifi > g,
g "= b g, if i = j,
Nn(i—1) _q

b=l " NGO (i g g
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Proor. We prove the stated formulas by induction on n > 1 and only for ¢”, since the normal
form of g7 is deduced from the former by taking inverses, or by considering the normal form
for g" with g :== g~!. The base case n = 1 is obvious, so consider the statement to be true
for n > 1 and let us prove it for n 4+ 1. Suppose first that ¢ > j. Then:

.G DS S o p
gn+1 — b g NG bmf(nfl)]bfja b

. an(iij)—l . .
— p g NG prli=d) gk

o oNnimd) g o o
— by NG N i) i

) N(n+1)(E—5) _q ) )
—piq" NG pntli-ng

If i = j then:
gn+1 _ b—jankbib—jakbi _ b_ja(”H)kbi.

Finally if 7 < j :

, o pNmUTDoy
gn+1 _ b—n]-‘r(n—l)za ~NG—)_1 blb—Jaka

(G—1) _
o 1\ NPTV 1 o .
—b nj+(n l)za NG=D_1 B jakbz

NMUTD 3 (i) g
NG Uk

k bi

_ bfnj+(nfl)ib’i*ja
N+DG—D) 4

_ p—(nl)j4ni KT G i
= p (DI NG T

finishing the proof. [

1.4 Symbolic dynamics on groups

This section covers the basic definitions and some useful theorems of symbolic dynamics on
a finitely generated group GG. We define the full G-shift and G-subshifts, morphisms between
these spaces, some periodicity conditions, and finally introduce the notion of entropy of a
G-subshift in the case where the group G is amenable. A more comprehensive guide on these
topics can be found in [I1] for the case G = Z, and in [3] and [5] for the more general case
where G is a finitely generated group.

Let G be a finitely generated group and A a finite set, which we call the alphabet and
refer to its elements as the symbols.

Definition 1.27 Consider the product space A®. A point x € A% is called a configuration
or a coloring, and we use the notation x, = x(g) for g € G.

Considering the discrete topology in A, the space A® is endowed with the product topol-
ogy. To be able to describe this topology in more depth we make the following definition.

Definition 1.28 For a finite subset F C G, an element p € AY is called a pattern and the
set F' is called its support. We use the notation supp(p) = F.
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We say that a pattern p is a subpattern of a pattern q, denoted p T q, if there exists
g € G such that g - supp(p) C supp(q) and p = qlgsupp(p).- We also say that the pattern p is
a subpattern of a configuration x € A% or that p appears in x, denoted p C x, if there exists
g € G such that x|g.suppp) = P-

In the particular case G = Z, patterns are commonly restricted to have a support of the
form {0,...,n—1} forn > 1 instead of any finite set as we defined above for a general group.

The topology of A% has a base of clopen sets given by the cylinders of the form

[ply = {z € A% | 2lyp = p}

for some finite subset F' C G, p € A" and g € G. We also introduce the notation [p] := [ple,.
Note that as we assume that G is finitely generated, this base is countable and hence the
product topology is metrizable. A possible metric is given by

d(l’,y) — 2—inf{\g\ : g€G and mgyéyg}’ T,y € .AG.
In particular, we conclude that A% has the structure of a compact metric space.

Definition 1.29 The group G induces a left action by homeomorphismsﬁ] on A%, called the
shaft, given by

o : G — Homeo(AY, A®)
g o,

where Homeo (A%, A%) are the homeomorphisms from A to itself, and for eachx € A%, g,h €
G we have

og(x)n, = Tg-1p.

The topological dynamical system (A%, o) is called the full G-shift.

Now that we have defined the full G-shift we would like to talk about dynamical subsys-
tems of it, which from a topological point of view come to be compact subspaces that are
preserved by the action of G. Dynamical subsystems of the full G-shift are called G-subshifts,
and are defined below by two equivalent descriptions: the first one arising from the notion
of a subsystem of a topological dynamical system and the second one being a combinato-
rial definition, which is possible thanks to the distinctive combinatorial nature of symbolic
dynamics.

Definition 1.30 A subset X C A% is called a G-subshift if it satisfies one of the following
equivalent conditions.

1. X is closed and G-invariant, that is, for every g € G : o4(X) C X.

°The fact that for every g € G the map o, is a homeomorphism follows from noticing that for every pattern
p € AF, F C G finite, we have o4([plg-1) = [p], and that o, is bijective. Then thanks to the compactness of
A, 04 must be a homeomorphism.
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2. There exists a family of (forbidden) patterns F such that
X = X]:a
where Xz = {93 €AY | foreverype F:plL :):}
PROOF (THAT THESE TWO CONDITIONS ARE INDEED EQUIVALENT). Note that the condition of being

a subpattern of a configuration x is invariant under the action o, and so the set Xz is
G-invariant. It is also easy to see that Xz is closed by writing

Xr= ﬂ m X\[p]ga

peEF geG

with which we have proved 2. = 1.

Now let us prove 1. = 2. Using that X¢ is open and that the cylinders form a base of the
topology we can write

xe=J

peF

for some family of patterns F C U AP Moreover, using that X is G-invariant we have

FCG
F finite
X = U U [p]w
peF geG
so for this family F: X = Xz and we have finished the proof. n

Now we proceed to define mappings between subshifts, which respect the dynamical struc-
ture of the subshifts together with the shift action of the group G.

Definition 1.31 Let A, B be finite sets, and X C A%, Y C B be G-subshifts. A continuous
function ¢ : X =Y that is equivariant, that is, for every g € G : poo, = 040 ¢ is called a
morphism between X and Y .

An injective morphism is called an embedding of X in'Y, meanwhile a surjective mor-
phism is called a factor map between X andY , and we say that X is an extension of Y and
Y is a factor of X. Finally, a bijective morphism is called a conjugacy between X and Y
and we say that X andY are conjugate, denoted by X =Y. If two G-subshifts are conjugate
it means that dynamically they have the same structure.

Like G-subshifts, morphisms also have a combinatorial definition equivalent to the topo-
logical one we have just given, which characterizes a morphism as a map whose values are
pointwise determined by looking at a finite set around the coordinate of interest. This char-
acterization was first proven in the case G = Z by Curtis, Lyndon and Hedlund in [§], but
the proof easily generalizes to the case of a finitely generated group G (see [B, Chapter 1]).
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Theorem 1.32 (Curtis-Lyndon-Hedlund) Let X C A%, Y C B be subshifts and p : X —Y
a map. Then ¢ is a morphism if and only if there exists a finite set F' C G and a map
P : AF — B such that for every g € G : p(x), = ®(z|yr). In that case ¢ is called a sliding
block code and P is called its local map.

Having characterized subshifts in a combinatorial way in terms of a family of forbidden
patterns, it is interesting to study which patterns indeed appear in its configurations, which
motivates the following definition.

Definition 1.33 Let X C A% be a subshift. For every finite subset ' C G we define the
set of patterns with support F appearing in X by Lp(X) = {z|r | x € X}. We define the
language of X to be the set of patterns appearing in X, that is,

LX) = ] Lr(X).
FCG
F finite.

.....

The family of forbidden patterns F defining the subshift may be necessarily infinite, as we
will see below in the example of the even shift Seyen. Therefore the particular case for which
it is possible to choose a finite family of forbidden patterns to describe a subshift gives rise
to an important class of subshifts. A subshift X in this class allows to verify whether a given
configuration belongs to X by checking locally (i.e. on finite subsets of G) if all appearing
patterns are allowed.

Definition 1.34 A G-subshift X C A% is said to be a G-subshift of finite type (SFT)
if there exists a finite family of patterns F such that X = Xz.

Examples 1.35 1. On G = Z and A = {0,1}, the set Xz defined by the forbidden set
F = {11} containing a single word (pattern) is a Z-SF'T, called the golden mean shift.

2. Again with G = Z and A = {0,1}, the set Seyen € {0,1}% defined by the forbidden
set of words F = {101 | n is odd} is a Z-subshift, called the even shift. This subshift
1s not an SFT since it is impossible to verify whether an arbitrarily long word of the
form 10™1 appears in a configuration looking only at subwords of a uniformly bounded
support.

A special family of SFTs are nearest-neighbors SFTs (denoted NNSFTs): for G a group
generated by the finite set S C G, a subshift X C A% is said to be a NNSFT if there exists
a (finite) family of patterns F such that X = Xz and the support of each pattern p € F is
of the form {eq, s} for some s € S. Hence NNSFTs is the subclass of SFTs which can be
described using a family of forbidden patterns which have the simplest possible shape.

Proposition 1.36 FEvery SFT is conjugate to a NNSF'T.

The proof of this fact consists in considering a new alphabet given by the patterns on
a sufficiently large (finite) support ocurring on X, and respecting a modified version of the
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forbidden patterns of X. A complete proof of this fact can be found in [3].

Being an SFT is a property that is invariant under conjugation, in the sense that if two
subshifts are conjugate and one of them is an SFT, then the other one must also be an SF'T.
The same, however, is not true if one only has a factor map instead of a conjugacy, which
motivates us to define the smallest class of G-subshifts that is closed by factor maps, and
which contains SFTs.

Definition 1.37 A G-subshift Y is said to be sofic if there exists a G-SFT X and a factor
map ¢ : X =Y.

Example 1.38 Recall the even shift Seven defined in Example[1.35, where we argued that it
was not an SFT. Nonetheless, Seven 15 a sofic shift: define a new alphabet B := {0y, 04, 1},
the SE'T X£ defined by the finite set of forbidden words

F = {0101, 0509, 041, 102} )

and the sliding block code ¢ : Xz — Seyen given by the local map ® : B — {0,1} defined
by ®(0;) = ®(02) = 0 and (1) = 1. It is easy to see that p(Xz) C Seven Since the set
of forbidden patterns F forces words in Xz with 1’s on its both ends to be of the form
101020105 ...01091, hence having an even number of 0’s between both 1’s. Similarly we see
that actually p(Xz) = Seven- Fvery sequence s € Seven has a preimage through ¢ in Xz
constructed by replacing occurrences of 0’s in s by alternating 01’s and 05’s, which can be
done in such a way that no forbidden patterns are produced, since between two 1’s in s there
is an even number of 0’s.

In the case G = Z sofic subshifts can be understood by studying a particular kind of
presentation: let I' = (V, E,i,f,\) be a labeled graph. We say that £ = {e,}nez € FE%
is a biinfinite path in I' if for every n € Z we have f(e,) = i(e,+1), and we denote by
Aoo(€) = {X(en)}nez € A” the label of the biinfinite path. With this we can define the
Z-subshift

Sr = {s € A" | s = Ao (§), for some biinfinite path ¢ € E*},

which turns out to be a sofic subshift, as it can be seen as a factor of the Z-NNSFT
Xr = {f € E7 | ¢ is a biinfinite path in I‘} :

The fact that all sofic Z-subshifts may be understood through this particular presentation is
portrayed in the following proposition.

Proposition 1.39 ([11, Chapter 3]) Let S be a sofic Z-subshift. Then there exists a right-
resolvmgﬁ labeled graph T' = (V, E,i,f, \) such that S = Sr.

On what follows next we describe a useful construction of the labeled graph I' from the
previous proposition.

6A labeled graph T' = (V, E,i,f, \) is called right-resolving if for each vertex v € V all the edges e € E
with i(e) = v carry different labels through the labeling function A.
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Definition 1.40 Let X be a Z-subshift and consider a word w € L(X). We define the
follower set F,,(X) of w in X as the set of words that can follow w in X. That is:

Fo(X)={vel(X)|wvel(X)}.

Definition 1.41 Suppose X is a Z-subshift with a finite number of distinct follower sets.
We define the follower set graph of X as the labeled graph (V, E.i,§, \) whose vertices V =
{Fuw(X) }wer(x) are the (finite) distinct follower sets, and two vertices F,(X), Fi (X) € V are
connected by an edge if there exists a € A such that F,/(X) = Fua(X). In this case we have
((Fu(X), Fur (X)) = Fu(X), F(Ful(X), Fur (X)) = Fur(X) and A((Fu(X), Fur(X))) = a.

The following theorem characterizes sofic Z-subshifts as those with a finite number of
follower sets, providing also a labeled graph-representation of the subshift in terms of these
sets. For more details and the proof of this proposition see .

Theorem 1.42 ([I1, Chapter 3]) If S is a sofic Z-subshift then S has a finite number of
follower sets. Moreover, the follower set graph I of S is right-resolving and we have S = Sr.

It is important to notice that saying “a pattern appears in X” is in general not equivalent
to saying “a pattern respects the forbidden family F”, as it is possible that the latter cannot
be extended consistently (i.e. respecting the forbidden patterns) to the rest of the group to
obtain a configuration in X. In the particular case of Z-SFTs both notions are equivalent,

but if one changes the group the equivalence is no longer true, as for example with SFTs
defined on G = Z2.

Definition 1.43 Given a G-subshift X defined by a family of forbidden patterns F, a pattern
p s said to be:

e locally admissible if p does not contain an element of F as a subpattern.

e globally admissible if there exists x € X such that x|p = p, where F is the support
of p.

Now we proceed to state notions of periodicity, i.e. properties of configurations having
patterns repeated in some sense throughout the group, and of mixing, i.e. concepts of how two
globally admissible patterns of a subshift may appear simultaneously inside a configuration
of this space.

Definition 1.44 For a configuration v € A% we define its orbit Orbg(z) = {o,(z) | g € G}
and its stabilizer Stabg(x) = {g € G | o4(x) = z}, which is a subgroup of G. A known
result on group actions relates both sets by the formula |Orby(x)| = |G : Stabg(z)| for every
z € A°.

Definition 1.45 A configuration v € A® is said to be:
e weakly periodic if Stabg(x) contains an infinite cyclic group.

e strongly periodic if Stabg(x) is of finite index inside G. By what was said earlier
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this is equivalent to |Orbg(z)| < 0.

Definition 1.46 A G-subshift X C A% is said to be:

e topologically transitive if for every pair of globally admissible patterns p,q C L(X)
there exists g € G such that [p],N[q] # 0. This is equivalent to the fact that there exists

x € X such that Orbg(z) = X.

e topologically mixing if for every pair of globally admissible patterns p,q C L(X)
there exists a finite set F' C G (depending on p and q) such that for every g € G\F :
[ply N [a] # 0.

o strongly irreducible if there exists a (non-empty) finite set F' C G such that for every
pair of globally admissible patterns p,q € L(X) such that supp(p) Nsupp(q) - F = 0 :

[p] N [q] # 0.

e minimal if for every x € X : Orbg(x) = X. This is equivalent to the property that
X has no proper non empty closed invariant subset.

We finish this section by defining the topological entropy of a subshift, which measures
the exponential rate at which the cardinality of globally admissible patterns grows in the
language of a subshift. To do this in Z is easy as one can look at the rate of growth of words
of length n as n grows, whereas in a general group there is no standard way to do this and
it is possible that this notion does not even have sense. For this reason we restrict ourselves
to the case of amenable groups where we have a sequence of finite sets, namely a Fglner
sequence, that allows us to sample throughout the group to look at how patterns grow.

Definition 1.47 Suppose that the group G is amenable and let {F,}nen be a (right) Folner
sequence on it. We define the topological entropy of the G-subshift X as

Ptop(X) == lim
In the case G = Z using the Folner sequence F,, .= {0,...,n — 1}, we get

1
heop(X) = lim ~ log |£,,(X)].

n—oo 1M

The proof of the existence of this limit for the case G = Z can be found in [I1]. For the
general case of G being an amenable group we refer to [10], where it is also shown that the
value of hip(X) does not depend on which Fglner sequence one chooses.

1.5 Substitutions

In this section we present the basic notions and properties of substitutions on Z and Z¢
for d > 2, starting from the combinatorial definition of substitutions to then explore the
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dynamical properties of the subshifts they generate. Most of this section is based on [20], [3]
and [6], where a more detailed introduction to substitutions can be found.

Let A be a finite alphabet. Recall that in the previous section we defined for a Z-subshift
L,,(X) to be the set of all words of length n that occurred in X and £(X) the set of all words
occurring in X. In what follows we use the notations A" := L, (A”) and A" ==, A"

Definition 1.48 A substitution on Z is a map 7 : A — A", that is, a function that
assigns to each letter a of the alphabet a (non-empty) word 7(a). This function can be
extended to every word on A% by concatenation: for a word w = a;...a, € AT we define
T(w) =71(ay)...7(a,).

With the above it makes sense to talk about 7% for any € > 1.

Examples 1.49 1. The Fibonacci substitution is defined as e : {0,1} — {0, 1} where
Trin(0) = 01 and mmp(l) = 0. We see that 71%,(0) converges to the infinite word
755, (0) == 0100101001001 .... Note that the lengths of the words i%,(0) for n > 1
satisfy the Fibonacci recurrence relation, whence the name of the substitution.

2. The Thue-Morse substitution is defined as try : {0,1} — {0,1}* where t1\(0) = 01
and 7oy (1) = 10. 73,(0) converges to the infinite word T.33,(0) := 0110100110010110... .,
called the Thue-Morse sequence. Similarly, 733,(1) is the (infinite) word obtained by
exchanging all 0°s by 1’s and vice versa in 7.33,(0).

The first difference one notices between Z and Z¢ for d > 2 when trying to define substitu-
tions in the latter, is that the geometric shape of the patterns of a substitution matter, as they
need to be glued together in a consistent way in order to be able to iterate the substitution.
In this introduction we avoid this trouble by limiting ourselves to substitutions in Z¢ which
have as image patterns with support on the same rectangle []T, i) = [1,nq] x -+ x [1,n4),
for i = (ni,...,nq) € N such that n; > 2 for each i = 1,...,d. Nonetheless, it is possible
to define substitutions with patterns over rectangles of different size, or even more creative
shapes as the “chair substitution”. See [2I, Chapter 1] for an introduction to substitutions
and tilings with more general shapes.

Definition 1.50 A substitution on Z? is defined as a map 7 : A — A[i’ﬁ], which maps
each letter of the alphabet to a pattern on the rectangle [1,1].

Example 1.51 One can easily generalize the Thue-Morse substitution to Z* defining Try :

{0,1} — {0, 13527 py
7rn(0) = %% . (1) = E% .

Figure shows a plot of a few iterates of the Thue-Morse substitution on Z2. The symbol
0 s represented as a white square and the symbol 1 as a black square.

Now we turn our attention to the relation between substitutions and dynamical systems,
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and their associated properties.

Definition 1.52 Given a substitution 7 : A — AT on Z4 with d > 1, we define the subshift
associated to T as

X, = {a: e A | for every pattern p . if p C x then p T 7°(a) for some a € A, > O} )
It is straightforward to check that this set is indeed a Z°-subshift.

The first result we will mention about these subshifts is a relation between a combinatorial
property of the substitution and the dynamical minimality of its associated subshift. We omit
the proof of this fact as we will prove it later in the thesis, in the context of the Baumslag-
Solitar group BS(1, N). The proof is adapted immediately for the cases mentioned here.

Definition 1.53 A substitution T is said to be primaitive if there exists £ > 1 such that for
every a,b € A, the symbol b appears in 7™ (a).

Theorem 1.54 If 7 is a primitive substitution on Z¢, then its associated Z-subshift X, is
mainimal.

To finish this section we state Moozes Theorem, originally proven in [I7], which provides
conditions under which the subshift originating from a Z? substitution is image of a Z*-SFT,
that is, is a sofic subshift. Moreover, these techniques generalize to Z? for d > 2 in order to
prove the corresponding result on higher dimensions. Under the notion of substitution under
which we have worked so far the theorem is stated as follows, though the original statement
is more general.

Theorem 1.55 (Mozes) Let T be a substitution on Z2 for d > 2. Then its associated subshift
X, is a sofic Z*-subshift.
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Figure 1.3: Some iterations of the Thue-Morse substitution 7ry; on Z?2.
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Chapter 2

The structure of periodic
configurations

This chapter is focused on studying how periodic configurations on ABSY) exhibit a sort of
rigidity when their stabilizer and the structure of the Cayley graph of the group synchronize
in some sense. In particular, we will study weak periodicity in the a-direction and obtain
results regarding the structure of a-rows of configurations with this periodicity.

We start by giving the following definition fo the a-rows of BS(1, V), which are the subsets
that look like a copy of Z in the direction of the generator a of the Cayley graph.

Definition 2.1 For g € BS(1, N) we define the a-row containing g as
L, :={ga™ | meZ}.

Using the normal form to write g = b=7a*b?, fori,5 > 0 and k € Z such that k € NZ is only
possible if 1j = 0, we say that I'y is an a-row at level i — j. Note that since the normal
form of an element is unique, the level of the corresponding a-row I'y is well defined.

Remark 2.2 Given an element g = b~7a*b* € BS(1, N) written in its normal form, we have
that for any m € 7Z: _ .
ga™ = bJa"ia™ = bIaFrm N

Then the a-row I'y has an alternative description given by
r,= {b*ja“mNibi Im e Z} ,
which has the advantage of showing in a clearer way which elements (written in their nor-

mal form) are adjacent to each other in the Cayley graph through an edge labeled by the
a-generator.
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2.1 Weak periodicity in the a-direction

Suppose we have a configuration z € APSMN) such that o’ € Stab(x). This periodicity
translates to the fact that the configuration stays the same by translating the Cayley graph
of BS(1, N) N steps in the a-direction. Interpreting x|peBS(LN) as a biinfinite sequence in A%
we have that N € Stab(z|r, )
BS(1,N)
ess,n) € Stab(z|r,,), from which we see that x can only have one symbol of the alphabet
on each of the a-rows I', and I'y,. Figure illustrates this with N = 2, where we see that
the first a-row exhibits period 2 on its symbols, and with it the next a-rows in the sheets
originating from this base are forced to have period 1.

, and moreover we must have that egg,ny € Stab(z|r,) and

Figure 2.1: Example of a configuration = with a”¥ € Stab(x).

Now suppose instead we have a point z € APSLN) such that o« € Stab(z). Simi-
larly to the above case, using the relation of the group BS(1, N) we see that the sequences
2 ,z|r, and m\pbg must have periods N2, N and 1, respectively. This is illustrated in

N
Figure showing part of a sheet of the Cayley graph of BS(1,2), where the base a-row has
period 4 = 22, the one above it has period 2 = 2! and the next one period 1 = 2°.

Figure 2.2: Example of a configuration z with o™ € Stab(z).

The behaviour found in the previous examples may be stated as the fact that a configu-
ration having an N-th power of a in its stabilizer is forced to have a-rows sufficiently high
in the b-direction which are all monochromatic, in the sense that they have the same symbol
repeated over and over again.

Proposition 2.3 Let v € ABSEN) and ¢ > 0 be such that one(x) = x. Then every a-row at
a level greater or equal than ¢ in x is monochromatically colored. That is, for every i,7 >0
and m, k € Z:

Lp—igkpi+itt = Tp—jgkpi+itlgm -

32



Moreover, for everyi > £ and h > 1 all the a-rows at level i+h sharing a common base of level
i in x are equal. Formally this means that for every j >0, k € Z and q € {0,..., N" —1}:

Tp—igkpitith = Tp—igkpi+tigaph

Proor. For the first part it suffices to prove the equality for m = 1, that is, that for every
1,7 >0 and k € Z we have

Lp—ijgkpi+titt = Tp—jgkpi+itlq-

The general case follows directly from the above by induction.

Starting from the group element appearing in right-hand side, we have that
bIgkpititly — pi gkt NI ittt
— p I NN kit
_ aNiNéb—jakbj—&-i—f—Z‘
Now as o _y¢(z) = x we also have that o_yi+(7) = , and so
LoNiNCy—jokpitite — Lb—iakpiti+t,
from which we achieve the claimed equality.
The above proves that each a-row at level greater or equal than ¢ is monochromatically

colored by z since such a-rows are precisely I'; for g = b7 abiti+ for arbitrary i,5 > 0 and
k € Z respecting the conditions of the normal form.

Now let us prove the second statement. Consider ¢ > ¢, h > 1, 7 > 0, k € Z and
q€{0,...,N"—1}, and note that
b Ia* b T = b= gk p it
— by Ik qN  pitith
_ bfjanj+"akbj+i+h
— h I gININ G pitith
_ an"bfjakijm%h

— NN i gk pitith,
Then as o ye(z) = r and ¢ > £, we also have that o _,yi—¢y¢(2) = = and hence

Lp—igkpitigaph = xanFZNeb*jaka*”h = Tp—ijgkpi+ith.

An arbitrary base at level ¢ is represented by the a-row I'y-jxp+¢ Where 4, j, k are as above,
and the a-rows at level i + h arising from it are precisely the N a-rows 'y~ kpi+igap: Where
q € {0,...,N"—1}. The above together with the fact that each a-row is monochromatically
colored by x shows that we have proven the second part of the statement, namely, that all
a-rows at level i 4+ h sharing a common base a-row at level ¢ in z are equal. O]
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Under the further assumption that x is a strongly periodic point we see that the behaviour
seen in the previous proposition is extended to the entire group, allowing each a-row to only
have one symbol on it.

Corollary 2.4 Let x € ABWN) be a strongly periodic configuration such that 3¢ > 0 :
o.ne(x) = x. Then for every g € BS(1,N) the a-row I'y is monochromatically colored by x.
That is, for every my,mq € Z:

Tgam1 = Tggma.

Proor. To prove the result it suffices to show that for every g € BS(1, N) and any m € Z:
.rgam = l'gamfl.

Since x is strongly periodic its orbit under the action of BS(1, V) is finite, and in particular
the set {op-«(x) : ¢ > 1} must also be. Hence there exists an increasing sequence of positive
integers {¢y, }»>1 such that for every n > 1

Op—a1 (Q?) = Op—an (SU),
or equivalently
Opa1—an (fl?) =x.

By taking n sufficiently large, one can find k > ¢ and j € {0,..., N — 1}’C such that b9 % g €
Fff ) and using Proposition we see that for m > 1 :

Zgam = (G0 (7)) g
= Tpan—a1ggm
= Tpan—a1 ggm—1
— (G0 (2)) s

— xga’mfl .

Hence every a-row I'y in « has the same symbol throughout it. O

Corollary 2.5 Let X C APSON) be o BS(1, N)-subshift and x € X such that there exists
¢ >0 such that o ye(x) = . Then there exists a configuration y € X such that each of its
a-rows s monochromatic, and all a-rows of the same level in y are equal. Moreover, if X 1is
an SFT then y can be chosen to be strongly periodic.

Proor. Thanks to Proposition [2.3| we have that all a-rows at a level greater or equal than ¢ in
x are monochromatic. Then we can define for each n > 1 the configuration " := gy (z) € X

and define y € X to be a limit point of the sequence {z"}, ey, which exists by compactness
of X.

As each a-row at a sufficiently high level of x is monochromatic and a-rows of the same
level sharing a common base of a sufficiently high level in x are equal, the construction of
the sequence {z"},cny immediately shows that y satisfies the required properties.

Now suppose that X is an SFT. As periodicity is preserved through a conjugacy map, we
may suppose without loss of generality that X is a NNSF'T. Considering the configuration
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y € X from above, we see that by the pigeonhole principle there must exist an a-row I'y,
g € BS(1,N), and h > 1 such that itself together with all of the N a-rows T'yuq, for
q€{0,...,N" -1}, are equal. Without loss of generality we can assume that

Yl = Yl
Define a configuration z € ABSLN) by
Zh—iakbi = Ypi—i (mod 1y, 1,] > 0,k € Z.
Then z respects the forbidden patterns of X, and hence z € X. It is also clear that o,(z) = z,
since
Za—1p—igkpi — Zb_jak_iji = Ypi—j (mod h) = Zp—jgkpi-

We also see that for every ¢, j',i,7 > 0, k', k € Z:

Op—i' ok i’ (Z)b*jakbi = Zp—i' gk pi’ b=3 gk bi
= i =¥ b3~ akbi
= Ypi'—j+i—i’ (mod h)
= Ypi'—j+i—i’ (mod h)
= Ypimi—w (mod ) Where w = j' — 4’ (mod h)
= Zp—wp—iakpi

= U’w<z)b*1akbi-

Hence we conclude that Orb(z) = {oyw(2)}'_}, and with it z is a strongly periodic configu-

w=0"
ration. OJ

Remark 2.6 Having all a-rows monochromatic is not a sufficient condition for a configura-
tion © € ABSN) 1o be strongly periodic. One can construct an example of such a configura-
tion by considering a non-periodic sequence z € A% and define v € x € ABLN) to consist
of monochromatic a-rows whose symbols are defined according to the sequence z. Figure
shows a sideways view of the Cayley graph of BS(1, N), where each symbol in this figure
represents the symbol of the entire a-row at that level in x.

21 21 21 21
20 20
Z-1

Figure 2.3: Ilustration of a configuration in a sideways view of the Cayley graph of BS(1, V),
having all a-rows monochromatic but not being strongly periodic.
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Similar results to the ones proved above can be obtained if one considers the broader class
of weakly periodic configurations z € APSMN) such that o nt(x) =, for { > 0and p ¢ NZ.
In the remainder of this section we make this generalization, using the same ideas found in
the proofs above.

Proposition 2.7 Let x € APSUN ¢ > 0 and p ¢ NZ be such that o,ye(x) = x. Then
every a-row of level greater or equal than ¢ is p-periodic, that is, for everyi,7 >0, k,m € Z:

Tp—igkpititlgm+p = Tp—igkpit+itlgm .

Moreover, if we further assume that ged(p, N) = 1, then for every i > £ and h > 0 all the
a-rows of level i + h sharing a common base a-row of level i are equal, up to a translation.

More precisely, for every h > 0 there exists r € Z such that for every 5 > 0,1 >{, k,m € Z
and ¢ € {0,...,N" —1}:

Lp—igkpitithgm = Tp—ijgkpitigaphgm—ar-

Proor. Note that for 7,7 > 0 and k, m € Z we have that
bI gkpititlgmte — i gk PN gt gm
— b apN”‘NJ‘ aFpititlgm
_ apN“r’Z pi akbj+i+€ a™
— VPN i gttt gm.
As 0 ,v¢(x) = x we also have that o_yi,y¢(2) = 2 and with it
Lp=iakpititlgmt+r = L NipNLy—j kpititlgm
= Tp—igkpititlgm -
This proves that every a-row of level greater or equal than ¢ is p-periodic, seen as a bi-infinite

sequermnce.

For the second part of the proposition, note that as we assume that ged(p, N) = 1 then for
every h > 1 we have ged(p, N*) = 1 and hence by Bézout’s identity there exist 7, s € Z such
that 1 = sp+rN". With this we get that for j > 0,i > ¢, k,m € Zand ¢ € {0,..., N"—1}:

bbb = b gh it igq N b g™
_ bfjakbj#iaqfquh pham
_ b—jakaq(l—rNh)N“'jbj+ibham
_ b—jaq(l—rNh)NiNjakbj—l—ibham
_ aq(1—rNh)Nib—jakbj+ibham
_ aqspNi—fN’f bl aFpitipha™

it Nt i e aL
= N PN I gk pitiph g™,
Then as o ye(x) = x we also have that o _ yi-¢,ne () = 2 and hence
aP ad 4
Tp—iakbitiqabham—ar = L qsNi—LpNLy—j o kpitiphgm
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= Lp—igkpi+iphgm -

The above proves that all a-rows [y—jgepitiqapn (for ¢ € {0,..., N — 1}) at level i + h,
originating from the a-row I'y-;,x+: have the same sequence in x, namely {zy—jgrpitivham Fmez,
up to a translation of qr. O

Remark 2.8 The second part of the previous propositon still holds if one does not assume
that ged(p, N) = 1, with the slight alteration of requiring i > ¢ + 1 instead of i > ¢. To
prove this it is sufficient to note that o _,ne(x) = x and d = ged(p, N), then we also have
T Nyt (x) = x and hence

O’a%Ne-H (%) =T,

from which we can apply Proposition [2.7.

Corollary 2.9 Let x € ABSUN) be o strongly periodic configuration such that there ewists
€ >0 such that o _ye(x) = x. Then for every g € BS(1,N) the a-row I'y in = has period p.
That is, for every m € Z:

Lggm = Tggmtp.

Proor. Since x is strongly periodic, it has a finite orbit under the action of BS(1, N), so in
particular the set {oy-«(x) : ¢ > 1} is finite. Hence there exists a sequence of increasing
positive integers {g, }n>1 such that for every n > 1

Op—a1 (QZ) = Op—an (l’),

or equivalently

Opar—an (T) = .
By taking n sufficiently large, one can find k > £ and j € {0,..., N — 1}k such that b9 ~% g €
I‘gj ) and using Proposition E we see that form > 1:

Zgar = (- (@) g
= Tpan—ai ggm

= Tpan—a1 ggm+p

= (Opn-an (T)) gam+»

= xgaerp .

Hence every a-row I'y in x is a sequence of period p. O

Corollary 2.10 Let X C ABSUN) pe g BS(1, N)-subshift and x € X such that there ewist
>0 and p ¢ NZ such that o, (x) = x. Then there exists a configuration y € X such
that each of its a-rows is p-periodic, and all a-rows of the same level in y are equal (up to
translation).

Proor. Thanks to Proposition we have that all a-rows at a level greater or equal than /¢
in = are p-periodic. We define for each n > 1 the configuration 2" := o,-«(x) € X and define
y € X to be a limit point of the sequence {x"},cn, which exists by compactness of X.
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As each a-row at a sufficiently high level of x is p-periodic and a-rows of the same level
sharing a common base of a sufficiently high level in z are equal, the construction of the
sequence {z"},cn immediately shows that y satisfies the required properties. O]
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Chapter 3

Substitutions on Baumslag-Solitar
groups

As we said in Chapter [1| when we talked about Z? substitutions, the main problem that
arises when trying to extend the notion of a Z substitution to higher dimension or to other
groups is being able to glue together patterns arising from different letters of the alphabet
in a consistent way, allowing us to iterate the substitution indefinitely.

In this chapter we show that it is possible to define substitutions on the groups BS(1, V)
by making use of the structure of rectangles (defined below) and a property of self-similarity
of these sets. With this we are able to define a BS(1, V)-subshift associated to a substitution
and study its dynamical properties as it has been done in the case of Z and Z¢ for d > 2.
We finish the chapter proving a version of Mozes theorem for substitutions on BS(1, V).

3.1 Rectangles on Baumslag-Solitar groups

Inspired by the sets [1,...,n]¢ we used in Z¢ to define substitutions, we would like to find a

similar structure in BS(1, N) = (a,b| bab~! = a) that allows us to decompose a bigger rect-
angle into smaller ones, and consider these sets as the support of the images of a substitution.
With this in mind we make the following definition.

Definition 3.1 For m > 1 we define the rectangle of height m of BS(1,N) as

Ry ={dtF | 0<j<N™ 0<k<m}.

That is, the rectangle of height m is formed by considering a base of N elements in the
a-direction, together with the elements of all the half-sheets that share that common base
row up to height m (in the b-direction).

Example 3.2 The first four rectangles of the group BS(1,2) are pictured below in Figure
(3.1l
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Figure 3.1: The first four rectangles R,,, for N=2.

A nice property of this definition is that thanks to the width of each rectangle in the
a-direction in comparision with the height of it in the b-direction, the sequence of rectangles
forms a Fglner sequence in the group, which gives us a preferred sequence to utilize in
constructions, in proofs that require gluing together patterns in order to define configurations
in the whole group, and over which to define topological entropy.

Proposition 3.3 The sequence { Ry, }m>1 is a (right) Folner sequence for BS(1, N).

Proor. Thanks to Lemma it suffices to prove that

. |Rma\Rp| . |Rmb\Rp| . |Rna \R,,| . |RabTN\R,|
e e e L e T
mooo | Ryl moeo  |Rm| | moee  |Ry mee Ryl

First note that for m > 1: |R,,,| = mN™. With this

|Rma\Ry,| = |{a’b"al0 < j < N™, 0 <k <m}\Ry|
{aNkJrjbk‘O <j<N™" 0<k< m} \Rm‘ by using Lemma [1.24]

‘%W“%ﬂNm—Nk§j<Am,O§k<mH
-1
k=0

< N™—1
}:NM:N_l.
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R.a\R,, N1
and so_ lim % = lm S

= 0. Similarly
|Rpa "\Ry| = |[{a’b"a™'|0 < j < N™, 0 < k < m} \Ry|
H N+]bk‘0<j<Nm ()<k:<m}\R ‘byusmgLemma

H _N+]bk‘0<j<Nk O<k<m}‘

-SR]
|Rma\Rm| |Rma71\Rm| J\]f\;"
With the above we have that lim ——— lim ——— lim = 0, and
so we have established th first and the thlrd limits.
On the other hand,
|Rpub\Ron| = [{a?0"0 < j < N™, 1 <k <m+1}\Ry|

= [{a?b™0 < j < N}

= N™
and

[Ryb "\Rpy| = [{a?0"10 < j < N™, =1 <k <m —1}\Ry|
= [{a/b7'0 < j < N™}|
=N™.
1 Nm

With this lim M lim M = lim ——— = 0, and so we also have the
second and fourth limits we needed. O

Remark 3.4 From now on whenever we talk about topological entropy on for Baumslag-
Solitar groups BS(1,N) we will be considering Definition with the Folner sequence
{R,.}m>1, that is for any subshift X C ABS(LN);

hiop(X) == lim

1
00 |R | 10g|‘CRm(X)|

Now we proceed to prove the fundamental property about how rectangles of a particular
height can be arranged to form a bigger rectangle, exhibiting a sense of self similarity between
them, which will be key to define substitutions on this group. The decomposition shown in
the following proposition says that the rectangle R,,, decomposes into 2N™ copies of the
rectangle R,,, N of which form the “base” of the rectangle and cover the first m heights in
the b-direction, meanwhile the remaining N™ copies distribute along the sheets starting on
level m covering the remaining m heights.

41



Proposition 3.5 For every m > 1 the rectangle Ra,, is a disjoint union of 2N™ copies of
the rectangle R,,. Moreover, the following decomposition holds:

Nm—1 m
Ry = |} a" R, g ( aisb> Rp, (3.1)
s=1

i=0 (i1y.erim)€{0,..., N—1}m

Proor. For m > 1, consider the decomposition of the rectangle R,,, according to heights less
than m, and greater than or equal to m:

Ry = {db*": 0<j <N 0<k<2m}={db*|0<j<N*" 0<k<m}U

A 3.2
U{adb* | 0<j<N*™ m<k<2m}. (3:2)

The first term of this decomposition gives us

N™—1
{aV* | 0<j<N*™ 0<k<m}= ] {&V|iN"<j<(i+1)N", 0<k<m}

1=0
N™—1

= |J {0 0< i< N 0<k<m}
1=0
N™m—1

= | eV {adF[0<j < N", 0<k<m}
=0
N™—1

— U (liNmRm7

=0

from where we identify the first term of the union in Equation (3.1)). Regarding the second
term of the equation, we will prove that

{dVF [0<j< N m<k<2m}= g ( aisb> Ry
s=1

(i1,evesirn) {0,000, N= 1}

With this the statement of the proposition follows, since we will have identified the second
term of Equation (3.2) with the second union of Equation (3.1)).

Let us see first the case m = 1. we see that

{aV" | 0<j< N 1<k<2}={a’b|0<j<N?}

N-1

= (J{a™ b0 <j< N}
=0
N—-1

= Ja{a"b|0<j< N}
=0
N—-1

= Jd{od [0<j < N}

1=0
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N-1

= U a'bR,

=0

and so it follows. Here we saw that to get the result we had to partition the set {0,..., N*—1}
in N sets of the form {i,i+ N,...,i+ (N —1)N}, fori =0,..., N — 1. The same reasoning
allows us to prove this claim for m > 2: first we make the decomposition

N-1

) ) N2m_'_1
{dV* [0<j<N*™ m<k<2m}= U {ajbk|je{i,i+N,...,i+{TlJ N},
=0

m§k<2m}

N-1
Y {ajbk|je{z’,i+N,...,z’+N(N2m1—1)},

i=0
m§k<2m}

N-1
= [J {a™p o< j < N 0<k<m}.
1=0

Then we get

N-1
{aV | 0<j<N™ m<k<2m}= ] {a™*"[0<j< N 0<k<m}
i=0

il

{a’a™ ™" | 0 < j < N*™ ' 0< k <m}

Il
1

F

{a’ba?b" 'V |0 < j < N*"7' 0 <k <m}

Il
1

F

a'b {ajbm_lbk |0<j< Nl 0 <k < m}

Il
1

=z

=) ab{dV | 0<j<N*™ " m—-1<k<2m-—1}.

1=0

By repeating the above argument m — 1 more times, we arrive at the claimed equality. [J

Example 3.6 In the group BS(1,2) with m = 2 the rectangle Ry, = R4 is formed by
2N™ = 8 copies of the rectangle Rs, as seen in Figure[3.9
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Figure 3.2: In BS(1,2) the rectangle R, is formed by 8 copies of Rs, each copy displayed
with a different color.

3.2 Substitutions

Now that we have understood the hierarchical structure of rectangles given by Proposition
3.5/ we are almost ready to give a notion of substitutions on BS(1, V). Substitutions will map
symbols to patterns on rectangles, and the iteration process will consist in replacing symbols
from those rectangular patterns by their image through the substitution thus forming a
pattern on a bigger rectangle.

Before making the precise definition we need the following simple lemma for it to make
sense.

Lemma 3.7 For anym > 1 and iy, ..., i, € {0,..., N — 1} we have that

(ﬁ aisb> b'eR,,.
s=1

1
Proor. We will prove this by induction on m. If m = 1, then (H ai5b> bl =ad" € Ry
s=1

because i; € {0,..., N —1}.

Now assume the lemma is true for m, m > 1, and let us prove it for m 4+ 1. We have

m+1 m m
(H ais b) b*l — (H ais b) aim+1 — <H ais b) bilbaim_H (33)
s=1 s=1 s=1
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and by the induction hypothesis (H aisb> b~' € R,,, and so for some 0 < j < N™ and

s=1
0 < k < m the following equality holds:

(H aisb> b = albF.

s=1

Replacing the above in Equation (3.3):
m—+1

(H a’sb) bt = @/bFbaimtt = @l pFtgimtt = gitimn N kL using the fact that ba = a™b.
s=1

Noticing that 0 < £+ 1 <m + 1 and that 0 < j + imHN’“rl < N™+ (N —-1)N™ = Nl
we conclude that

m—+1
[[aeb)o ! =a?tma™ 0 € Ry
s=1

finishing the proof. [l

Definition 3.8 Given a (non empty) finite alphabet A, a substitution on BS(1,N) is a
map 7 : A — Afm | for some fized m > 1.

A substitution T : A — AFm can be extended recursively to ¢ : A — AF2t=1m for £ > 1 by
L =71 and { > 1, by setting

T£+1(&)aiN2/z_1mr =7t (TK(OZ)ai)r , forae A1 e {0, L N2 1} and r € Roe-1,,,.

Té—i—l(

s=1 s=

a)(HQZ_lmaisb)r = (Tz(a)<n2“llmaisb)b1)r , fora € Ajiy, . igery, €{0,..., N — 1}
and r € Roe-1,,.

Note that this definition makes sense thanks to Proposition 3.5 and Lemma[3.7 Intuitively

the symbols along the base row of the rectangle Ryc-1,, blow up to generate the lower part

(the first 271m heights) of the rectangle R,c,, meanwhile the rest of this rectangle (i.e. the

remaining 2°~1m heights) is filled with images of the symbols from the uppermost row on
every sheet.

Example 3.9 Inspired by the Thue-Morse substitutions defined for Z and 7 we define the
BS(1,2)-Thue-Morse substitution to be the one with alphabet A = {0,1} and substitution

map 7 : A — ARz given by
02026020 020,00
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Its second iteration 72(0) is supported on the rectangle Ry and shown in Figure . Note
that thanks to how we defined this substitution every word seen on supports of the form
{g9,9a,...,9a"} or {g,gb,...,gb"}, for g € G and n > 0 is a subword of the Thue-Morse
sequence.

Now that we have defined substitutions on BS(1, N), we can proceed to study the dynam-
ical properties that arise from them.

Definition 3.10 Given a substitution T on BS(1, N), the BS(1,N)-subshift induced by
T is defined as

X, = {I e ABSON | for every pattern p:p T o = I >0 and o € A such that p C TZ(OK)} )

Proposition 3.11 For every substitution 7 its associated subshift X, is not empty.

Proor. Consider a substitution 7 : A — Af™ and fix a € A. For each n > 1 define a point
" € ABSIN) guch that x|, = 7"(a) and such that on the rest of the elements of the
group we have x, = . Then by compactness of ABSN) the sequence {2"} nen subconverges
to a point z € ABS(LN),

Now define another sequence {y" },,en such that y" = 0,-n-»(2) and again by compactness
this sequence subconverges to a point y € AP We claim that this point satisfies y € X,
since if we look at any pattern p we can find n sufficiently large such that p C y™ and the
normal form of all elements of p is of the form b=7a*b* with 0 < j < n — 1, so p is really a
subpattern of the portion of a point ™ on the part of the group that was determined by the
substitution, from which we conclude. O

Example 3.12 The subshift associated with the Thue-Morse substitution of Fxample
consists of the closure of the orbit of the limit point constructed in the proof of the previous
proposition. In effect, consider x € X.. Then for every pattern p C x there exists £ > 0
and o € {0,1} such that p C 7%(c). Using the fact that 0 C 7(1) and 1 £ 7(0) we see that
p C 71 (1—aq). Since the pattern p was arbitrary, we have proven that x can be approzimated
by patterns occurring in the configuration constructed in Proposition [3.11]

This behaviour does not always happen: if one considers the substitution given by

O OrN0
7(0) = :’0’:0 T(1) = g%‘:@ .

we see that the subshift associated to it has two points: one where each group element sees
the symbol O and another one where each element sees the symbol 1.

The main dynamical difference we see between both subshifts from the previous example
is that in the first one the orbit of any configuration is dense while in the second one we have
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Figure 3.3: The configuration 72(0) for the Thue-Morse substitution defined in Example .
Rectangles Rs in grey are those arising from 7(0), meanwhile those in white are arising from

7(1).
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two disjoint subsystems. Hence the first system is minimal whereas the second one is not.
Just like in the case of Z% subshifts this behaviour is due to a combinatorial property of the
substitution, namely, the property of being primitive.

Definition 3.13 A substitution T is said to be primitive if there exists M > 1 such that
for every o, € A: BT 7™ (). That is, there exists an iteration of the substitution such
that every symbol of the alphabet appears in the image of every symbol.

Proposition 3.14 For every primitive substitution 7 : A — Af'm its associated subshift X,
15 minimal.

Proor. We will prove that for z € X, (arbitrary) we have X, = Orb,(z). Moreover, by
the definition of X, to prove this it is sufficient to show that for every ¢ > 1 and for every
aeA:7a) Ca.

Let M > 1 be as in the definition of 7 being primitive. Then for all a,5 € A we
have o C 7™ () and further, thanks to the definition of the iterates of 7, that for every
(>1:7%a) C TMH(B). Take £ > 1 and o € A. Then as TR a1, E @, by the
definition of X, there must exist ¢ > 1 and v € A such that $’RQ<Z+M+1>—1M C 7i(y) and of
course with ¢ > ¢ + M + 1 for this to make sense. With this there must exist a § € A such
that 7M(3) C TR 44 rrpny-,, and by what was said earlier this implies 7*(a) C z, which
concludes the proof. O

Example 3.15 As was shown in Example the Thue-Morse substitution is primitive
and hence its associated subshift X, is minimal.

Corollary 3.16 Let X, be the shift associated with a primitive substitution 7. Then either
X, is finite or X, contains no (strongly) periodic points.

Proor. Let us suppose that 7 is a primitive substitution and that X, has a strongly periodic
point x. By the previous proposition X, is minimal and so we have we have

| X| = |Orb,(z)| = |Orb,(z)| < oo,

as x was periodic and hence its orbit is finite. O

A last property of substitutions we mention in this section is that under the hypothesis of
primitivity, the subshift associated to the substitution remains unchanged if one originally
considers an iterate of it.

Proposition 3.17 Let 7 : A — Al be a primitive substitution. Then for every j > 1 :
X, = X,

Proor. Consider a configuration z € X,;. Then for every pattern p C x there must exists
a € Aand ¢ > 1 such that p C (79)%(a). Then p C 77¢(a) and hence we conclude that
r e X,
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Now suppose we have x € X, and any pattern p C z. By the definition of X, there
exists a € A and £ > 1 such that p C 7%(). As 7 is primitive, for every sufficiently large
k, (o) C 7%(a), and in particular for k € jN. With this p C 77(a) = (77)"(a) for r > 1
sufficiently large, and as p was arbitrary we have proven that z € X ;. O

3.3 Mozes theorem

In this section we prove a version of Mozes theorem for substitutions of Baumslag-Solitar
groups, which roughly states that under appropiate hypothesis the subshift defined by a
substitution is sofic. As we said in the first Chapter, the classic version of this theorem refers
to substitutions on Z? and the ideas quickly generalize to Z¢ for d > 2. It was originally
published in [I7] and to be able to prove it in our context we will need analogue results and
ideas to the ones found in this paper.

The next theorem asserts that for every configuration x € X, we can divide the Cayley
graph of BS(1, N) into disjoint copies of R,,, such that in each one of these copies x sees the
image of a symbol through 7. This theorem will be essential to prove the surjectivity of the
factor map which we will construct later when proving Mozes theorem.

Theorem 3.18 Let 7 : A — AP be a BS(1, N)-substitution and x € X, a point in its
associated BS(1, N)-subshift X,. Then there exists a partition of BS(1, N) into copies of Ry,
such that the pattern obtained by restricting x to each one of this copies is the pattern T(«),
where a € A is a symbol (depending on the chosen copy of R, ).

Proor. For each g € BS(1, N) we will assign a letter a to g and to the rest of the elements
g’ of a rectangle R,, containing g. This will allow us to construct a point y satisfying that x
can be recovered by replacing each symbol of y by its image through 7, and finally use the
construction of this point to prove that y € X..

Let us consider an order of the group BS(1, N) given by {g; : ¢ > 1}, and for each M > 1
define Py == x|p(eq,m), Where B(eg, M) := {g € BS(1,N) | |g| < M} and |g| is the length of
g in the word metric associated to the generating set {a, b} of BS(1, N) (see Definition [1.22)).
Note that since x € X, then for every M > 1 there must exist ay; € A and ¢3; € N such
that Py C 7% (ayr), so we can define the set S® := {(aps, lys) € Ax N| M > 1}. In what
follows we inductively construct a decreasing sequence {S*};>¢ of subsets of S°.

Focus on z,,: there are infinitely many M’s such that gy € B(eg, M), and thus infinite
pairs (apr, lay) € S° such that zy, T pyr T 7 (). Moreover, since the alphabet A is
finite, by the pigeonhole principle there must exist @ € A such that for infinitely many M
we have 2, C 7(a) C 7% (apy), for which x,, appears in the same position of the rectangle
every time. Denote the set of these corresponding pairs (ay, £a7) by ST C 89 and assign the
letter v to go and to all the other elements appearing in the same rectangle 7(«) from which
Zg4, is part of.

On the k-th step of this process consider g;, € {g; : ¢ > 1} the first element (in the order
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assigned to BS(1, N) at the beginning of the proof) to which a symbol has not been assigned
yet. By definition of S* there must be infinitely many pairs (ay, £37) € S* defining rectangles
containing as subpattern z,, and therefore by the pigeonhole principle we can find o € A for
which infinitely many (s, £ar) € S* satisfy 24, C7(a) C 7 (apr), on which T4;, appears
on the same position of the rectangle 7(c). Let us define S¥** C S* to be the (infinite) set of
pairs (ay, £pr) that satisfy the above, and assign to g;, as well as to the rest of the elements
appearing on the rectangle 7(a) the letter a.

Doing the above step for every k& > 0 leads to a division of the Cayley graph of BS(1, N)
into rectangles R,,, each of which has a letter o associated to it, and the restriction of x to
this rectangle reads 7(«).

]

The version of Mozes Theorem we state for Baumslag-Solitar groups will be only for
substitutions that are settling, according to the next definition. These substitutions are those
for which every symbol re-appears on the identity position of the rectangle of its image. Hence
iterations of the substitution repeat the previous step around the origin of the rectangle, as
the iterations grow. This behavior is where the name “settling” comes from.

Definition 3.19 A substitution 7 : A — AF™ is said to be settling if for every a € A we
have T(Q)epg ) 5y = Q.

Now we proceeed to give the main construction of the extension that will factor onto the
substitutive subshift and with it prove its soficity. For simplicity we will have in mind the
case BS(1,2) for figures and when making the construction of the extension, but the ideas
generalize to the case BS(1, V).

Consider a settling substitution 7 : A — APRm together with its associated subshift X.
We will construct a new alphabet A and a BS(1, N)-SFT X, C ABS(N) uging as symbols of
the alphabet A tiles with the shape of a cross (to emphasize the dependence on the generators
of the group) with information written on them describing the substitution and forcing local
rules to be followed as described below.

Each tile of A will contain:
e a letter of the alphabet A appearing on the rectangle 7(a) for some o € A.
e A position inside R,,, written in the normal form of BS(1, V).

For example, the information described in these first two items could be as the one seen
in Figure . meaning that this tile represents the position ab! of the rectangle R,, of
7(0), which has the symbol 1 on it. We will refer to this information as the substitution
information, and commonly write it in black in drawings.

e A tile will also contain on its four edges information about the tiles that are allowed to
be surrounding it on a bigger pattern, consistent with the letter information described
above appearing on itself and on its neighbors. This information can be of two types:
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1
position (0,1) of 7(0)

Figure 3.4: Example of the substitution information in a tile.

1. Inner Joints: They connect tiles that form part of the same rectangle that is
image of a substitution with adjacent positions, for the symbols written on them.
This information has the structure

7

“connect position
(i,) of 7()
with position

(k1) of 7()

where o € A, k€ {i+ 1,i—1}andl = j,ork =iand [ € {j — 1,5 + 1},
i,ke€{0,...,m—1} and 5,1 € {0,..., N™ — 1}. We will write the inner joints in
purple in drawings.

The local rules we impose for the SFT X, force that the inner joints information
must be consistent with the substitution information written in each tile. Below
in Figure|3.5| we see how two tiles with inner joint information can connect validly.

15} v

position (i,7) of T(«) position (i +1,7) of 7()
connect position connect position
(i1 j) of 7(a) (i +1,5) of 7(a)
with position with position

(i+1,9) of T(@) | (i,5) of T(a)

Figure 3.5: Example of the inner joint information in two adjacent tiles.
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2. Outer Joints: They are similar to inner joints, with the difference that they
connect tiles that form part of different rectangles arising from substitutions. We
will write the outer joints in red in drawings. The local rules we impose in X, force
that the outer joint information from two adjacent tiles must be consistent with
the substitution information in them. Tiles which have outer joints information
are precisely those whose position is in the boundary of rectangle R,,. In Figure
we show an example of the outer joints information of two adjacent tiles.

¥ o

position (m — 1,0) of () position (0,0) of 7(5)
connect position | connect position
(m —1,0) of 7(a) | (0,0) of 7(B)
with position with position

(0,0) of 7(B) (m—1,0) of 7(cx)

Figure 3.6: Example of the outer joints information in two adjacent tiles.

With this we can refer to a set of tiles forming a copy of R,, as “originating” from the
substitution written on it.

e Each tile has an extra information on it called the Blow up number (BUN), which
is a number in Z/N™Z. This information must be the same on the tiles of a rectangle
originating from the same substitution. If the BUN on a rectangle is ¢+ then the BUN
on the rectangle at its right is ¢ + 1 (mod N™), and if a rectangle has BUN= 0 then
the rectangle below it appearing under the (0,0) tile must also have BUN= 0. This
number is used to mark the rectangles from which a new rectangle blows up: rectangles
that have BUN=0 must have above them a rectangle originating from the tiles from its
upper edge, according to the definition of the iteration of a substitution.

Figure shows an example of a tile with all the information described above, and in Figure
3.8 we see a rectangle arranged to form the first iteration of a substitution.

With this, we see that the BS(1, N)-subshift X\T whose patterns respect the rules described
above is a BS(1, N)-SFT, since it can be described with forbidden patterns with a support
in Ry, checking locally that neighboring tiles respect the joints information, and that the
BUN is consistent with adjacent copies of R,,.
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connect position
(0,0) of (0)
with position

(0,1) of (0)
0
position (0,0) of ©(0) BUN =0
connect position connect position
(0,0) of 7(0) (0,0) of 7(0)
with position jﬂ!f’fh position
(3,0)of (1) (1,0) of ©(0)

connect position
(0,0) of T(0)
with position

(2,1) of 7(0)

Figure 3.7: Example of a tile for the subshift X,. The substitution information is written in
black, the inner joints information is in purple and the outer joints information in red.

Now we are ready to state and prove the version of Mozes Theorem for settling substitu-
tions of BS(1, V), which is the main result of this chapter.

Theorem 3.20 (Mozes) Let 7: A — A% be a settling substitution on BS(1, N). Then its
associated subshift X, is sofic.

Proor. Consider X, the BS(1, N)-SFT constructed above. Denote by ¢ : X, — ABSILN) he
map that sends a point Z € X to the point x formed by keeping only the letter information of
each tile, that is, forgetting the position written on the tile as well as the junction information
and the BUN. In what follows we will prove that ¢ is a factor map from X, onto X, hence
proving that X is sofic.

It is rapidly seen that ¢ is equivariant, since a shift on the starting point z will lead to
a shift of the letters to be kept on the image by ¢, and hence a shift from the image point
x. We also see that ¢ is continuous by noting that two points close to each other must be
equal in some finite subset of BS(1, N) around the origin and hence have the same local
information written on their tiles, in particular the letters that appear on the image point
through ¢. With this we already have that ¢ is a sliding block code and to finish the proof

.

all that is left to see is that p(X,) = X,.

Let us show first that X, C 90(5(:) Given a point x € X, we can use Theorem m to
find partition of BS(1, V) into copies of R,,, each one being the support of a pattern showing
the image of a symbol through 7. Using this we can construct a valid point § € X, by
filling the tiles with the information of the substitution of each copy of Ry, together with the

information of neighboring copies. This new point will satisfy x = ¢(y) € ¢(X,) and with it
we finish this inclusion.

Now let us see that cp(j(:) C X,. For7e X, and y = ©(Z), consider any finite pattern
appearing on y. Then we can extend the corresponding pattern in Z to make it connected,
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connect position
(0,1) of (0)
with position

(0,0) of (1)

connect position
(2,1) of 7(0)
with position

(0,0) of 7(0)

1
position (0,1) of 7(0) BUN=()

connect position
(0,1) of 7(0)
with position

(3,0) of (1)

0

connect position
(0,1) of 7(0)
with position

(2,1) of 7(0)

connect positi
(2,1) of 7(0)
with position
(0,1) of 7(0)

position (2,1) of 7(0)

connect position
(2,1) of 7(0)
with position

(0,1) of 7(0)

connect position
(0,1) of 7(0)
with position

(0,0) of 7(0)

connect position
(0,0) of 7(0)
with position

(0,1) of 7(0)

connect position
(1,0) of 7(0)
with position

(1,1) of 7(0)

0
position (0,0) of 7(0) BUN=(

connect position
(2,1) of 7(0)
with position

(2,0) of 7(0)

(2,0) of 7(0)
with position

(2,1) of 7(0)

1
position (1,0) of 7(0) BUN=0

connect position
(3,0) of 7(0)
with position

(3,1) of 7(0)

o4

1
position (2,0) of 7(0) BUN=0

0
position (3,0) of 7(0) BUN=0

connect position
(0,0) of 7(0)
th position

(3,0) of (1)

connect position
(0,0) of 7(0)
with position

(2,1) of 7(0)

connect position
(0,0) of 7(0)
with position

(1,0) of 7(0)

connect position

(1,0) of 7(0)

(0,0) of 7(0)

Figure 3.8: Example of an arrangement of the tiles for a point in Y;, for the substitution 7 defined in Example E

connect position
(1,0) of 7(0)
vith position

(2,1) of 7(1)

connect positio
(1,0) of 7(0)
with position

(2,0) of 7(0)

connect position
(2,0) of 7(0)
with position

(1,0) of 7(0)

connect position
(2,0) of 7(0)
with position

(2,1) of 7(1)

connect position
(2,0) of 7(0)
with position

(3,0) of 7(0)

connect position
(3,0) of 7(0)
with position

(2,0) of 7(0)

connect position
(3,0) of 7(0)
with position
(2,1) of 7(0)

connect position
(3,0) of 7(0)
with position

(0,0) of 7(1)




and if necessary also extend it downwards and leftwards until we reach a tile with BUN=0,
forming part (together with its neighbouring tiles) of the image of a substitution 7(«), being
a the symbol appearing in position (0,0) of the normal form of the rectangle. Using the
hypothesis that the substitution is settling we see that the image by ¢ of the (extended)
pattern is seen on an iterate of 7(«), and so we conclude that the original subpattern of y
also appears on an iterate of the substitution, finishing the proof. O

We can rapidly extend the previous theorem to a broader class of substitutions by con-
sidering a slightly weaker sense of being settling, in exchange for requiring primitivity.

Definition 3.21 We say that a substitution 7 : A — Afm is eventually settling if there
exists a j > 1 such that 77 is settling.

Corollary 3.22 Let 7 be an eventually settling primitive substitution. Then X, is a sofic
subshift.

Proor. Consider j > 1 such that 77 is settling. Using Theorem we see that X, is sofic,
and with Propostion we have that X, = X_;. Hence X, is sofic, as was claimed. O

3.4 An alternative way to iterate substitutions

In this section we provide an alternative definition for the iteration of substitutions on
BS(1,N), in contrast to the one given in Definition [3.8] This second definition is moti-
vated by the idea of blowing up each symbol of the substitution in each iteration, and gluing
the resulting patterns together in order to form a bigger shape. To state the definition, we
first need to generalize Proposition to be able to decompose the rectangle Ry,,, for £ > 2,
into copies of R,, glued together.

Proposition 3.23 For m > 1 and ¢ > 2, the rectangle Ry, is a disjoint union of {N™¢=1
copies of R,,. Moreover, we have the decomposition:

£
Rm= |J «""R,U U U

NE=1)m_1 ~-1 Nm_—1 NUE-1-k)m_q < k
=0 k=1q1,...,qx.=0 1=0

Proor. We have that
Ry = {aV* |0 < j < N, 0 <k < {m}
:{ajbk|0§j<N€m,0§k‘<m}u{ajbk|O§j<N€m,m§k<€m}.
For the first set on the right-hand side,

NE=1)m_q
{@V]0<j<N™0<k<m}= [J {a[iN"<j<(i+1)N™0<k<m}
=0
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Now for the second set,

{dV" | 0<j <N m<k<tm}={ab"""[0<j<N"™0<k<({—1)m}
Nm—1

: N —q+1
— U {ajbmbk |je {q,q—i—]\]m,_,.7q—|— {THJ Nm}’
q=0
0<k<({— l)m}
N™—1
= U { ab™b" | j € {g,q+ N™,...,q+ (NI —1)N™}
q=0
0<k<(l— 1)m}
N™m_1
= |J {a™V0m o< j < N0 <k < (€ 1)m}
q=0
N1
= |J a™{a/b" |0<j < NI 0 <k < (€ 1)m}
q=0
N1
= U aquR(g_l)m.
q=0
With this we conclude that
NE=1)m__1 N™m_1
Rim= |J @™ Rau |J ab"Ry_iym. (3.4)
=0 q=0

We prove the proposition by induction. If ¢ = 2, then Equation (3.4]) is precisely what we
wanted. Now if £ > 2, using Equation (3.4) and the induction hypothesis:

NE=Dm_q N™—1
Rim= |J a""RyuU |J a"Ri-iym
=0 q=0
NE=Dm_q N™—1 N(¢=2)m_q
= U a™" R, U U ald™ U " R,,U
=0 q=0 p=0

¢—2 Nm—_1 NE—2-k)m_j ( k

UU U Haqsbm> R,

k=1q1,..--,q,=0 =0 s=1
NE=1)m_1 Nm_1 NE=2)m_q
. ™m m
= U a™"R,, U U U a?b"a®™" R,,U
=0 q=0 p=0

—2 Nm—1 NU¢-2-F)m_7 <k+1

U U U Ha%’”) R,

k=1q1,-.,qk+1=0 1=0 s=1
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NW¢-1)m_q Nm_1 N¢=2)m_q

= U NR,, U U U a?b"a®™" R,,U

i=0
—1 N™-—1 N“ 1- k)m—l ( k

U U U Haqum> "R,

k=2q1,...,q=0 =0 s=1
N(l71>m—1 _ N™_1 N(Zflfk)m_l k
'N’VVL
Um0l U U (Haqsbm) R
=0 k=1q1,...,qx=0 =0 s=1
finishing the proof. [

The new definition for the iterates of a substitution should satisfy that for every ¢ > 1
and a € A, each element of 7%(«a) at level j, 0 < j < m®, blows up into a rectangle covering
levels jm up until (j + 1)m — 1, in some sheet of R,,e+1. This process should also guarantee
that all of the sheets are covered in this process. These conditions translate in an important
difference between the iteration of substitutions defined in Definition 3.8 and the definition
we will give later: in the latter the support of the patterns seen as the images of the iterations
will not be entire rectangles, but rather a subset of them. Below we define S(m,¢) C R,,,
which will be the support of the ¢-th iteration of a substitution 7 : A4 — Afm.

Definition 3.24 Let m > 2. For any ¢ > 1 define the set

le

S(m,0) =R | {a'V0<i< N¥™ km < j < (k+1)m} C Ry
k={

Now we are ready to give the alternative definition of the iterates of a substitution. This
definition is given recursively, separated in four cases according to the proportion between
elements to be blown up in S(m, ¢), and the amount of sheets occurring at a particular height
in S(m, ¢+ 1). We first give an intuitive description in each chase, and then state the formal
definition below.

e The first case is for elements of height 0. In this case there are more elements to be
blown up than sheets at this height (there is only one sheet at height 0), so the elements
blow up into rectangles glued together sideways in the base of S(m, ¢+ 1).

e The second case is for elements of level j € {1,...,¢ — 1}: in this case there are still
more elements to blow up than sheets at each height, so we use the first j coefficients
of the power of a of the element in base N™ to choose a sheet at height jm, and the
remaining elements blow up in copies of R,, glued sideways to the copies described
before.

e The third and fourth case are elements of S(m,¢) for which at each height j €
{¢,...,m* — 1} there are less elements to be blown up than sheets to be covered,
so it becomes necessary to repeat the blowing up of some elements throughout some
sheets in order to cover all of them.
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Definition 3.25 Given a (finite) alphabet A and some fized m > 2, consider a substitution
7: A — AR Given £ > 1, we define (recursively) the (¢ + 1)-iterate of the substitution
T A — ASED C For each a € A:

e Foric{0,...,N™ —1},

7'”1( GiNTR, = T(TZ<Oé)ai).

a)

e Fordy,...,dy—1 €40,... ,N™"—1} and j € {1,...,0 — 1},

Tz+l(a)| = T <T€(a)ad0+d1Nm+"'+d€—lN(e_l)mbj) .

i— S NIMo... (L—1)m
(L apm s 975t N

o Fordy,...,dy—1€40,... N™ =1} and j € {{,...,ml — 1},

’7—£+1(05)‘(H38;f aqsbm)( ﬁ;(l) adsbm>Rm =T (Tg(a)ad(frdlNm+'”+dZ—IN(é71)mbj> 5

for every q1,...qj—, € {0,...,N™ —1}.
o Forke{l,.... m=t—1}, € {km,...,(k+1)m—1} anddy,...,dp € {0,...,N™—1},
7-£+1(Oé)|(1—[g;11671 aqsbm)(nﬁzo adsbm)Rm =T (T£<Oé)ad0+d1Nm+"'+dekmbj) 5

for every q1,...qj—k—1 € {0,...,N™ —1}.
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Chapter 4

Graph-coloring subshifts

Given a group G generated by a finite subset S C G it is interesting to study the properties
of proper colorings (in the sense used commonly in graph theory) of its Cayley graph. In this
spirit we define for n > 2 the graph-coloring subshift (GCS)

C, = {xE{O,...,n—l}G|(VgEG)(VSES) Ty # Tys}

that is, for each configuration x € C,, we have that = describes a proper coloring of the Cayley
graph I'(G, S) of G with respect to the generator S. The subshift C, is always an SFT, since
it can be described by the finite set of forbidden patterns

F={{ze, =i,0s=1}]1€{0,...,n—1},s € S}.

The easiest case to study is G = Z: since the Cayley graph of Z with respect to the generator
S = {1} is bipartite (see Example [1.20), then C, # 0 for every n > 2 and the number of
words of length m of C, is |£,,(C,)| = n(n — 1)™~!. From this last equality we see that the
topological entropy of C, is

hiop(Cp) = lim 1 log(n(n —1)™ ") =log(n — 1).
m—oo M,

Note that in the case n = 2 the subshift C; only has two configurations. Nonetheless, starting
from 3 colors the dynamics of this subshift becomes more interesting: for n > 3 the subshift
C, is topologically mixing. In fact, we can prove that given any two words wy,wy € L(C,)
and M > 1, we can find a pattern u € L£(C,) with |u| = M + |wi| + |wa|, u|p jw) = wr
and u‘[M+|w1|+1,M+|w1I+\w2H = wy: let ¢ and j be the last symbols appearing in w; and ws,
respectively. If i = j, choose k,l € {0,...,n — 11\{i}, k # [, and define u = w; (k)= w, if
M is even, and u = wl(kl)L%J kwy if M is odd. In the other case, that is if i # j, choose
ke{, . ...n—1\{ij} and define u = w, (ki) wy if M is even and u = wl(k‘z)L%J kws if
M is odd. It is straightforward to check that said u satisfies the claimed property in each
case.

Another case of interest is G = Z?, or more generally G = Z? for d > 2. Proper colorings
of these groups have been studied recently, for example in [I] and [19]. The latter of these two
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papers concerns mixing properties for colorings of Z?, where the authors define the notion of
a frozen g-coloring of Z? as a coloring with ¢ colors such that it cannot be modified on any
finite subset to create a different coloring, and prove that Z? admits frozen g-colorings if and
only if 2 < ¢ < d+ 1. They also prove that for ¢ > d + 2 any ¢-coloring of the boundary of
the rectangle {1,...,n}? for n > d+ 2 can be extended to a g-coloring of the entire box, and
that if ¢ > 2d + 1 this can be done for every n > 1, therefore classifying all ¢-colorings of Z¢
in terms of the properties with respect to the extensibility of patterns they exhibit.

The purpose of this chapter is to study the case G = BS(1, N). We start by addressing
the (non-)emptiness of the GCS C,, depending on the values of N and n. Then we study the
extensibility of locally admissible patterns, and later use it to give bounds for the topological
entropy of C,,. Finally we ask and answer partially the question of which mixing properties

these BS(1, NV)-subshifts possess.

4.1 Non-emptiness of the GCS

The first question one should ask after making the definition of a GCS is whether this
subshift is empty or not, that is, for which n > 2 the Cayley graph of BS(1, N) admits a
proper n-coloring. As we see in the next proposition, the answer to this question in the case
of two colors depends on the parity of N, meanwhile for a number of colors n > 3 we have
non-emptiness for every N > 2.

Proposition 4.1 If N is odd Co # (), and if N is even then Co = O meanwhile C3 # (). With
this for every N > 2 and n > 3 we have C, # ().

Proor. Let us see first that if N is even then Co = (). To see this suppose we have x € Cy and
without loss of generality let us suppose that z., = 0. Then by the coloring rules we must
have z,~ = 0, and x;, = x,~, = 1, but this cannot be since x,v, = xp,, so the neighboring
vertices b and ba have the same color and this contradicts the GCS’s definition.

Now let us show that if N is odd then Cy # ). Moreover, we will show that in fact |Cs| = 2.
To create a point x € Cy let us impose that Tepsany = 0, and define for every g € BS(1, N)
expressed in its normal form g = b~7a*b" with i,j > 0 and k € Z: z, =i+ j + k mod 2.
We check that this provides a consistent coloring of the Cayley graph: for g as above and a
generator s € {a, b}, the normal form of gs is given by

ga = b—jak+Nibi’
if s =a and -

gb=b"7a"p,
if s=0. Thenz, =i+j+k+ N mod2and 2y =i+ 14 j+k mod 2, and as N is
odd we see that z,, # x, and zy, # x,. With this, neighboring elements in the graph have

different colors and hence x forms a valid configuration in C,. Also note that this point is
completely determined by our choice of @eyy, , = 0. If we had chosen instead g, , =1,
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we would have obtained the same configuration as above, but with 0’s and 1’s interchanged,
thus we conclude that |Co| = 2.

Let us see now that for N even we have C3 # (). For this notice first that if we have an
a-row Iy .= {ga* : k € Z}, g € G colored consistently with the coloring rules using two colors,
i.e. the two colors strictly alternate along I'y, then we can color any row directly above it
respecting the coloring rules: as I'y is colored with two colors and N is even, then any row
directly above it only sees one color through its edges connecting it to I'y, so if we choose
the two remaining colors we can color this new row consistently. On the other hand note
that if Iy is colored consistently, we can also color the row exactly below it: as I, is colored
with two colors we can color the vertices below it with the remaining color in {0, 1,2}, and
as N is even we can choose any other color and fill the gaps consistently between the already
colored vertices on this new row, alternating those two colors. With the two previous facts
it is easy to see that one can construct inductively a point in C3. Hence C3 # (). The final
statement of the proposition follows from the fact that if n > 3, then C,, contains a copy of
C,—1 by simply considering colorings with a smaller palette of colors. O]

Remark 4.2 Thanks to the previous proposition we see that the interesting cases of GCS’s
start at n = 3, since |Co| € {0,2}.

4.2 Extension of patterns and topological entropy

As the last remark says, in the case of 2-colorings of BS(1, N) the subshift C, is finite so
the configurations appearing in it are somewhat rigid and admit very few different ways of
coloring the Cayley graph. This leads us to ask how many ways to color are there in the case
of n > 3, and with it be able to estimate the degree of disorder that can be present in C,,. A
way of doing this is estimating the topological entropy htop(Cy), which as we commented in
the first chapter measures the rate at which patterns in the language of the subshift grow as
the support of the patterns becomes bigger.

To be able to give estimates of the topological entropy we will encounter the challenge of
extending colorings of a finite subset of the Cayley graph to bigger patterns containing it. In
the language of symbolic dynamics this question is the same as asking if locally admissible
patterns are globally admissible, or under which extra conditions a locally admissible pattern
is globally admissible. A first result in this direction answers the question affirmatively,
subject to having a minimum of available colors.

Proposition 4.3 Forn > 5, every locally admissible pattern p of C,, is globally admaissible.

Proor. This follows from the fact that for a finite graph, its chromatic number is less than its
maximum degree. Since every finite subgraph of the Cayley graph of BS(1, N) has maximum
degree at most 4, then the considered pattern can be extended to any finite graph containing
it by choosing for each vertex a color that none of its neighbors has, and thus preserving the
coloring rules. This process can then be iterated indefinitely to finally obtain a configuration
& € C, such that z|sppp) = p-
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More formally, given a locally admissible pattern p with support S we define a point
2% € {0,...,n—1}B5N) guch that 2°|g = p. We define S; to be S together with all vertices
that are adjacent to it, and define ' € {0,...,n — 1}B50N) such that 2'|¢ = 2°|¢ and the
rest of the vertices of S; are colored respecting the coloring rules as said above, that is, using
the fact that each vertex S;\S has at most 4 neighbors already colored, so there is always
an available color. Inductively, for j > 1, to define 2/*! we define S;41 to be S; together
with all vertices that are adjacent to it, and define 27+* € {0,...,n — 1}B80N) guch that
a/t|g, = 27|g, and the rest of the vertices of Sj;; are colored as said above. By compactness
we find a limit point T of {27},>0, and by how we constructed this sequence we see that each
vertex is properly colored and so T € C,. O

Remark 4.4 The previous proposition does not hold for n € {3,4}. For example the locally

admissible pattern p : {a™',a,b71, b} — {0,1,2,3} given by po—1 = 0,p, = 1,pp-1 = 2, pp = 3
cannot be realized within a point x € C4 since no color can be assigned to x.. respecting the

coloring rules.

Moreover, one can consider a connected (as subgraph of the Cayley graph) pattern that
has the same behaviour:

The previous example showed a locally admissible pattern that could not be extended
to form a valid configuration of the group, and the main property of this example is that
although the support of the chosen pattern can be taken to be a connected subgraph of the
Cayley graph, it has a “gap” which allows us to surround a position in such a way that the
pattern could not be extended. A way of avoiding this type of pathological patterns is to
require the supports of the patterns to only be rectangles, and in this case we see that the
coloring can indeed be extended as the following lemma and proposition show.

Lemma 4.5 For everyn > 3 any n-coloring of the rectangle R, can be extended to a proper
n-coloring of the rectangle R, 1.
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Proor. For every k € {0,...,m} we define
Hy = (R \Ry) N {a’d* | i > 0},

which represents the elements of R, 1 of height k, outside of the rectangle R,,. Note that
by definition we have

Ryp1 = Ry U Hy.
k=0

Then we can extend the pattern p on R,, by successive colorings (respecting the condition
of being a proper coloring) coloring first Hy, then H;, and so until we color H,,. In each
step of this process each vertex has at most 2 neighbors already colored, so having at least 3
available colors is enough for this process to be carried out. O]

By using the same ideas present in the proof of the previous lemma we get the following
proposition. Indeed, one can inductively color the rows of the Cayley graph one by one, so
that each vertex has at most two colored neighbors at the moment it must choose its color.

Proposition 4.6 Forn > 3 every locally admissible pattern for C, with support a rectangle
18 globally admassible.

Now we can proceed to give estimates for the entropy of the GCS.

Proposition 4.7 Forn > 3 we have the following estimate for the topological entropy of the
GCS Cy:
log(n —2) < hiop(Cr) < log(n —1).

Proor. Let us see that hiop(Cr) < log(n—1): a coloring of the rectangle R,, may be extended
to a coloring of the rectangle R,,.1 by coloring the remaining vertices having on each one at
most n — 1 options. With this

LR (Co)| < LR, (Co)|(n — 1)‘Rm+l\Rm"

A simple calculation shows that |R,,11\Rmn| = N (mN + N —m). In effect, it suffices to
notice that

Ry \Rp = {a'V’ [0<i< N™ 0<k<m+1}\{a'¥ |0<i<N™ 0<k<m}
={a'V | N" <i<N™ 0<k<m}u{ab"|0<i< N},
and that this union is disjoint. With this:

1 1
7108 LR, (Co)| = m log |LR,,., (Cn)|

|Rm+1|
1 N™(mN + N —m)

<1 1 -1

— (m+1)Nm+1 Og|£Rm(CTL)| + (m+1)Nm+1 Og(n )
1 m 1 mN + N —m 1

- 1 T log(n—1
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I m 1 m(N—-1)+N 1
= —_—— log | L n —1 —1).

m -+ 1 N

Taking the limit m — oo we get

htOP(CTL) = mh—l;%o |Rm+1| log |£Rm+1 (CW»)|

1 m 1 m(N—-1)+N 1

< lim ————1 li —1 —1
S N 1IR 08| L, (Co)l + lim ————7——log(n — 1)
1 N —1
= Nhtop(cn) + log(n — 1),
from where N1 N1
N hiop(Cr) < log(n — 1),

and one arrives at hiop(C,) < log(n —1).

Now let us see that htop(Cr,) > log(n — 2): the rectangle R, can be colored starting from
the upper levels to the lower levels, ensuring at least n — 2 color options at each element,
since in this way each vertex of the Cayley graph has at most two neighbors already colored.
Then this coloring can be extended to the whole graph by using Proposition 4.6| and hence
forming a globally admissible configuration for C,,. From this we get that

L, (Ca)l = (n— 2/,
and so hiop(Cr) > log(n — 2). O

In particular, the lower bound from the previous proposition shows us that hep(C,) > 0
for every n > 4, but gives us no new information for the case of three colors Cs, since by
definition Ao, (Cs) > 0. In the case of odd N we can exploit the fact that the Cayley graph
of BS(1, N) is bipartite (we know this since we have already constructed a 2-coloring of it
in Proposition or equivalently observing that it has no odd cycles) to prove that the
topological entropy of Cs is positive.

Proposition 4.8 If N is odd, then the GCS Cs C {0,1,2}B50N) has positive topological
entropy. Moreover,

1
htop(c3) 2 §10g(2>

Proor. As N is odd, the Cayley graph of BS(1, N) is bipartite and hence so is every rectangle
R,,, for m > 1. Consider a partition of R,, into two sets A and B, meaning that all edges of
the graph are composed of a vertex in A and a vertex in B. Then one of them, which we take
to be A without loss of generality, must have cardinality at least %]Rm| Then we can create
proper colorings of R,, by coloring the vertices of B with one color and have the freedom to
choose between two colors for every vertex of A, and then extend this pattern on R, to the
rest of the group as was said earlier.

With the above we can estimate a lower bound for the number of proper colorings of R,,:

|Lg, (C3)| > ol4| > 931 Rm|
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Then taking logarithm and dividing by |R,,| we get

1
| B

1
log | L, (Cs)| = 5 log(2),
to finally take limit as m — oo and obtain
1
hiop(Cs) > Elog(Q) >0,
which is what we wanted. O]

Remark 4.9 The question of whether hy,(C3) is positive remains open when N is even,
since in this case the Cayley graph of BS(1, N) is not bipartite and hence the method used
above to color sets of vertices independently cannot be applied.

4.3 Mixing properties

Thanks to Proposition we know that for n > 5 we can extend any admissible pattern to a
proper coloring of the Cayley graph of BS(1, V), from which we obtain the following mixing
property for C,.

Theorem 4.10 Let n > 5. Then for every finite subsets Fy, Fy C BS(1,N) such that

2 <d(F\,F) = inf |fify!| (where || denotes the word metric described in Definition
J1EFL, f2€Fy

and for every choice of (locally) admissible patterns p; € {0,...,n— 1} i = 1,2, there
exists x € C, such that x|, = p1 and x|g, = ps. With this we have that for n > 5 the GCS
C, is strongly irreducible.

Proor. Let Fi, F, C BS(1, N) be finite subsets with d(Fy, F3) > 2 and consider two locally
admissible patterns p; € {0,...,n — 1}f%,i = 1,2. Then we can define a new pattern p €
{0,...,n— 1} guch that p(f) = ps(f) for f € F;,i = 1,2 consistently, since Fy N Fy = ().
This pattern is also locally admissible thanks to the distance existing between F} and Fj,
as between every vertex of F; and every vertex of F, there is at least one uncolored vertex.
Then, according to Proposition [4.3], this pattern is globally admissible and hence there exists
x € C, such that x|pup, = p. This z satisfies z|p = p; and x|, = ps and so we have found
the desired point. O

The previous proposition tells us that for n > 5 the subshift C, has a strong mixing
property. On the other side, we can see that Cy has no type of mixing behavior: this BS(1, N)-
subshift is either empty if NV is even, or if N is odd then there is no way to assign the same
color to two elements of the group g, h € BS(1, N) such that g~ 'h € {a®*™' | m € Z}, which
forbids the gluing of patterns at arbitrarily large distances. This contrast between Cy and C,
for n > 5 raises the question of what kind of mixing behaviors does C,, have for n € {3,4}.
To study this we will use a similar approach as that of [I], by introducing the concept of a
frozen coloring.

65



Definition 4.11 Let n > 3. A configuration x € C, is called a frozen coloring if for every
y € C,, such that there ezists a non-empty finite subset F' C BS(1, N) with x|pe = y|pe, then
x = y. That is, no coloring of BS(1, N) other than x can coincide with it outside of any
finite set.

Frozen colorings are configurations in which the neighboring vertices of every finite subset
of the Cayley graph determine unequivocally how this subset must be colored, in order to
obtain a proper coloring. This behavior is the reason frozen colorings are closely related to
the (lack of) mixing properties of the GCS, as the next proposition shows.

Proposition 4.12 IfC, has a frozen coloring, then it is not strongly irreducible.

Proor. Looking for a contradiction, suppose that C, is strongly irreducible and x € C,, is a
frozen coloring.

Consider any other configuration y € C, such that y., # ... AsC, is strongly irreducible,
there exists F' C @ finite such that for any two patterns p, g € £(C,) with supp(p) Nsupp(q) -
F = () we have [p] N [q] # (. Considering the patterns y|.. and x|sp,,, where 0By == {g €
BS(1,N) : |g| = M}, for M sufficiently large we have By, N F = (). Then there must exist
a coloring z € C,, such that z., = ye, # Tey, and z|op,, = ¢|ap,,. Moreover, we can assume
that z|pe = x|pe, where By 1 = {g € BS(1,N) : [g| < M — 1}, since z and x coincide
on 0By, and hence re-coloring z as x outside of this ball gives us a proper coloring.

With this we have found a configuration z € C,, which coincides with x outside of a finite
set but is different from z inside it, so we have a contradiction with the fact that x is a frozen
coloring. Hence we conclude that any strongly irreducible subshift C,, cannot have a frozen
coloring. O]

We already know by Theorem that the GCS C,, for n > 5 is strongly irreducible, and
hence by the above proposition it cannot have a frozen coloring. On the other hand, as the
case n = 3 is the first non-finite subshift of the GCS’s C, for any N > 2, it is reasonable to
conjecture that its properties must still be somewhat rigid. The next proposition confirms
this by showing that C3 possesses a frozen coloring, and with it exhibits the lack of a strong
mixing behavior of the GCS with three colors.

Theorem 4.13 For every N > 2 the GCS Cy C {0, 1,2}P50N) admits a frozen coloring, and
hence 1s not strongly irreducible.

Proor. The proof will be divided in three cases, depending on the value of N (mod 3). For
each one of these cases we will construct explicitly the claimed frozen coloring.

Let us suppose first that N = 1 (mod 3), and with it for every i > 0 we have N’ =
1 (mod 3). Let us define the configuration = € {0,1,2}P5(M) such that for g = b~7a*b’ €
BS(1, N) written in its normal form:

ry =2(1 — j)+ k (mod 3).
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Note that gb = b~7a*b"! and ga = b~a*bia = b7a*N'bi. With this, remembering that
N =1 (mod 3) we have

Zgp = 2, + 2 (mod 3), and
Tgo = T4+ N' (mod 3) =z, + 1 (mod 3).

Therefore zy, # x4 and x4, # 74, and so z € C3 defines a proper coloring. Let us see that z
defines a frozen coloring: looking for a contradiction let us suppose y € Cs is such that there
exists a finite subset /' C BS(1, N) with y|pc = z|pe and for every f € F': x; # y;. By
using the fact that F' is finite, and shifting both configurations if necessary, we may assume
that

F C{g€BS(1,N) | g=d"t, for some k € Z,i > 0}.

Geometrically, this means that ¢ is in the “upper” section of the Cayley graph of BS(1, N),
that is, in a sheet having as a base the subgroup (a). Now consider g in F' which maximizes
the value of ¢ + k in its normal form. In other words,

g=argmax{i+k|g=ad"V €F, kcZi>0}

Then yg = xg = x4 + 2 (mod 3), and yy, = 74 = z, + 1 (mod 3), and so as y defines
a proper coloring we must have y, = x4, but this gives a contradiction since as g € F' we
should have y, # z,.

Now let us see the case N = 2 (mod 3). Note that now we have that for ¢ > 0:

N — 1 (mod 3) if 7 is even,
]2 (mod 3) if i is odd.

Define a configuration = € {0, 1, 2}B31N) such that for g = b=7a*b’ € BS(1, N) written in its
normal form:
gy =1—j+k (mod 3).
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Then as before we have

Tg, = T4+ 1 (mod 3), and
Tga = 74+ N' (mod 3),

and so x4 # x, and x, # x, (since N* can be either 1 or 2). With this we have that
x € C3 defines a proper coloring, so it only remains to prove that x defines a frozen coloring.
Looking for a contradiction, suppose there exists y € C3 and a finite set I C BS(1, V) such
that z|pe = y|pe and for every f € F : xy # yy. Again, by shifting both configurations if
necessary, we may assume that ' C {g € BS(1, N) | g = a*¥’, for some k € Z,i > 0}. Define
Imaz = max{i > 0| a®b' € F, for some k € Z} and B,z = {g = a*b' € F | i = tpas }-

If 4pqq is even, let us take g = a*b’ € B4, which minimizes the value of k. Then as 4,40
is even we have Nmer = 1 and with it yg = 24 = , + 1 (mod 3), and yye-1 = Tgq-1 =
x, — N'mer =z, + 2 (mod 3). But then we must have y, = x, and this gives a contradiction
since g € F' and therefore x4 # y,.

Now if 4ma is 0dd, let us consider the element ¢ = a*b’ € B,,,,, which maximizes the value
of k. Then as 4,4, is odd we have Nimez = 2 and with it Ygb = Tgp = Ty + 1 (mod 3), and
Yga = Tga = Ty + N'mer =z, + 2 (mod 3). But then we must have y, = z, and this gives a
contradiction since g € F' and therefore x, # y,, proving that x defines a frozen coloring.

Finally suppose that N = 0 (mod 3). The method used on the previous two cases to
find a frozen coloring on C3 was to construct a configuration using a function f(7, k, ) of the
coefficients of the normal form of every element of the group, which mod 3 had period
3 on the variable k. This cannot be done in the case N € 3Z since here the configuration
constructed would satisfy x = o4(x) and hence x = o,~v(z) (since N € 3Z). But then
by Proposition the coloring z would have to have monochromatic rows appearing on it,
which contradicts the fact that x € C3 defines a proper coloring. Nonetheless, using a similar
but different kind of function we can define a configuration = € {0, 1, 2}BS(M guch that for
g =b=9a*b' € BS(1, N) written in its normal form:

zg = (k (mod 2)) 4+ 2(i — j) (mod 3).
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We see that since N* is odd for every i > 0 we have:
Tg, = x4 + 2 (mod 3), and
Tgo = (k+ N (mod 2)) +2(i — j) (mod 3) =z, + 1 (mod 3),

from which = € C3 defines a proper coloring, and we can proceed as we did previously in
the case N° = 1 (mod 3). That is, to prove that z defines a frozen coloring we suppose
y € Cs is such that there exists a finite subset I C BS(1,N) with y|pe = z|pc and for
every f € F': x5 # ys. By shifting both configurations if necessary, we may assume that
F C{g € BS(1,N) | g = a*b, for some k € Z,i > 0}. Now let us consider g in F which
maximizes the value of ¢ + k in its normal form. Then y, = x4 = x, + 2 (mod 3), and
Yga = Tgq = T4+ 1 (mod 3), and so as y defines a proper coloring we must have y, = z,,
but this gives a contradiction since as g € I’ we should have y, # x,. Hence we see that x a
frozen coloring.

To finish the proof we simply use the previous proposition to see that C3 cannot be strongly
irreducible, as we have constructed a frozen coloring in it. O]

This last theorem together with the previous comments settle the existence of frozen
colorings for n = 3 and n > 5. To tackle the case of four colors, and in the process give an
alternative proof of the lack of frozen colorings for n > 5, we will use a proposition from [I]
used in that paper to prove that Z¢ does not admit frozen g-colorings for ¢ > d + 2, whose
proof we include here for the sake of completeness.

Proposition 4.14 ([1]) For a graph I let us define its edge-isoperimetric constant by

.. |E(FT\F)
ZG(F) o Fg%njgmte |F| ’

where E(F,I'\F) are the edges of I' connecting vertices from F to I'\F. Denote by A the
maximum degree of I'. Then for every q > %A—i—%ie(f‘)—i-l there do not exist frozen q-colorings
of I'.

Proor. We denote I' = (V, E), and for FF C V we use the notation E(F,F) for the edges
of E that connect vertices from F with each other, and E(F,'\F) for the edges of E that

connect vertices from F with vertices from the rest of the graph.
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Given a subset of vertices F' C V' we say that a ¢-coloring x of I is frozen on F' if for every
subset [’ C F and every g-coloring y of I" such that x|pe = y|pre, then x = y. Hence z is a
frozen g-coloring if and only if x is a frozen g-coloring of F', for every finite subset F' C V.

We are going to prove the following claim: for every F' C V finite, if

then no g-coloring of T is frozen on F. In particular, as 2|E(F, F)| 4+ |E(F,T'\F)| equals the
sum of the degrees of vertices in F, we conclude that if (¢ — 1 — £)|F| > $|E(F,'\F)| then

(4= DIF| > S|+ | B(ED\F)| > |B(E, F)] +|B(F.T\F)|

and hence no g-coloring of I' is frozen of F'. With this the proposition follows immediately,
since if ¢ > $A + 3i.(T") + 1 then there must exist some finite subset F' C V such that

1 L|E(F,T\F)|

> A+ - —"— 2 +1

LR T S VI

from which (¢ — 1 — £)|F| > |E(F,T'\F)| and so no g-coloring of I' is frozen on F, and in
particular no g-coloring of I' can be a frozen coloring.

We now proceed to prove the claim. Suppose there exists a g-coloring x which is frozen
on F. Consider the subgraph IV = (F U N(F),E(F) U E(F,I'\F)) where N(F) is the
neighborhood of F' on I'. For distinct colors i, j denote by I} ; the subgraph of I' consisting
of edges between vertices which x colors with ¢ and j, and call the connected components
of these subgraphs the bi-color components. Note that the family of bi-color components
A partition the edges of I, so we have Y ,_,|E(A)| = |E(F)| + |E(F,T\F)|. Note also
that each A € A must contain a vertex of N(F) since otherwise we could interchange both
colors appearing on the vertices of A and obtain a valid coloring, contradicting the fact
that x is frozen on F. With this |[A N F| < |E(A)|. Note also that each vertex of F' has
q — 1 colors as neighbours, again since otherwise we could change the color of the vertex
to obtain a new g¢-coloring and contradict that = is frozen on F. With this we see that
Y oacalANF| = (¢ —1)|F|, and so getting all this together:

(q—DIF| =) JANF| <) |E(A) ()| + [E(F,T\F),
AcA AcA
which contradicts the hypothesis of the claim. O

Using the above proposition we can prove that for n > 4 the GCS C,, does not admit a
frozen coloring.

Theorem 4.15 Forn > 4 the GCS C,, does not admit a frozen coloring.

Proor. Denoting by I' the Cayley graph of BS(1, N) its maximum degree is A = 4, and if
we prove that i.(I') = 0 we will have that, using proposition , for ¢ > % -4+ % 0+1=3
this graph does not admit frozen ¢-colorings, proving the statement.
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Let us see that i.(I') = 0. Consider for every k > 1: v, = E(Rg,['\Ry). We see that
v1 = 2N + 2, and that for every k& > 2:

Ve =N¥+2+ N(y1 — N* 1) =24 Ny,

by using the fact that the N sheets arising from the base of the rectangle Ry are copies of
the rectangle Rj_;. With this we have that

Vo1 — Ve = N(v — Y-1), 72 — 71 = 2N?,

and so v, — Y—1 = 2N, for every k > 2. Now summing this equality from k = 2 to k = m
we see that

Y — (2N +2) =9 —m ZZ’Yk—’Yk—l :22]\[’“
=2 =2

]\]_m+1 _ N2
—ot T
N-1 "~
and hence v, = 2% 7]7\7_11’ L From this calculation we can estimate the edge-isoperimetric
constant:
) . E(R,, T\R,, o Ym o 2 Nmtl _ 1
ie(T) Slﬂlgfl ( |Rm|\ ) :1%1£fm:1ﬂ1£f N 1 =0,
and so i.(I") = 0 as we had claimed at the beginning of the proof. O

71



72



Chapter 5

Relationship between 1-dimensional
and Baumslag-Solitar subshifts

In this chapter we study how a Z-subshift can be extended into a BS(1, N)-subshift in such
a way that they share properties, or that certain behavior of one of them forces similar
behavior in the other. We start by seeing examples in which the induced BS(1, V)-subshift is
empty and find a sufficient condition which guarantees non-emptiness, for the case of vertex
Z-subshifts. We then study the Fibonacci BS(1, N)-subshift and define the notion of having
a mixing symbol, which permits us to exploit the relations between the original Z-subshift
and the induced BS(1, V)-subshift. We finish the chapter by defining the m-strip subshifts
for a BS(1, N)-subshift, which gives us a way of approximating its entropy at any degree
using the entropies of 1-dimensional subshifts.

5.1 Baumslag-Solitar subshifts arising from 1-dimensional
subshifts

We start by defining a way to extend a Z-subshift into a BS(1, N)-subshift, by considering
the forbidden patterns of the former as forbidden in the latter along both generators of the
group BS(1, N). This in particular will imply that for any configuration x in the extension
and any g € BS(1, N) the restrictions x|y, and x|y may be identified with a configuration
in the original Z-subshift.

Definition 5.1 For a finite alphabet A, let Xz C A% be the Z-subshift defined by a list of
forbidden patterns F C A*. We define its corresponding BS(1, N)-subshift as the one with
forbidden patterns F along both generators a and b. More formally, the corresponding subshift
is Xz C ABSLN) defined by the forbidden patterns

F={pa|peFU{py|peF},

where for s € {a,b} the pattern p, is defined by ps : {s' | t € supp(p)} — A given by ps = p;
for every t € supp(p).
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We say that the Z-subshift Xr induces the BS(1, N)-subshift Xz, and that the latter arises
or originates from the former.

Remark 5.2 If one chooses two sets of forbidden patterns Fi, Fo such that Xz, = Xz, then
their induced BS(1, N)-subshifts are equal, i.e. Xz = Xz . In particular we see that Xz is
an SE'T if and only if so is Xz.

It is important to note that it may happen that the induced BS(1, N)-subshift X is empty
even though the Z-subshift Xz is not. In fact, we have already seen an example of this in
Chapter , when we saw that the GCS Cy is empty for even N (see Proposition. Moreover,
it is possible to construct positive entropy Z-subshifts inducing empty BS(1, N)-subshifts, as
the following example shows.

Example 5.3 Consider the Z-SFT on {0,1,2} defined by the list of forbidden patterns F =
{00,11,12,21,22}, which can be interpreted as the edge-shift from the graph in Figure .
The Perron eigenvalue of this graph is A\p = /2, and 50 hiop(XF) = %log(2) > 0. We claim
that if N is even then Xz = 0.

1

=

Figure 5.1: Example of a graph whose associated vertex-shift has positive entropy, while it
induces an empty BS(1, N)-subshift for even N.

To see this suppose there exists ¥ € X 7, and without loss of generality we may assume that
Tepsany = 0 (if not, then the forbidden patterns force that x, = 0 and we instead consider
o.-1(x)). Then, as N is even and the forbidden patterns only allow a 0 to be continued by a
1 or2, and any of those only by a 0, we must have x,y = 0. But then, again by the forbidden
patterns, we must have x, = T € {1,2} and so in order to respect the forbidden patterns
xny = 0. But then the word “00” appears in the direction of the b generator, which is not

allowed.
© (0)

~————
N

We conclude that the BS(1, N)-subshift Xz is empty, for even N. For odd N, similar
examples can be created.

The examples given above force emptiness of the induced BS(1, N)-subshift by considering
Z-SFTs represented by a labeled graph over which one can find cycles of lengths not found
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in the cycles of the Cayley graph of BS(1, N). With this idea in mind, in the next section we
give a sufficient condition which guarantees non-emptiness of the BS(1, V)-subshift induced
by a vertex shift.

5.2 Non-emptiness of Baumslag-Solitar subshifts aris-
ing from vertex-shifts

As we said above, we are going to restrict ourselves to 1-step subshifts of finite type on Z,
and see them as vertex-shifts defined by a matrix A with entries in {0, 1}.

In this context we have the following characterization of non-emptiness of the associated
BS(1, N)-subshift, which roughly says that this subshifts is non-empty if and only if there
exists a family of configurations in the Z-subshift whose elements can be stacked on top
of each other to cover the upper half of the Cayley graph of BS(1, V) while respecting the
forbidden patterns in the direction of the generator b.

Lemma 5.4 Let X be a 1-step Z-SF'T, whose list of forbidden patterns F consists of patterns
of length 2. Denote by Xz the BS(1, N)-subshift induced by Xz. Then Xz # 0 if and
only if there exists x € Xz such that for every n > 1 and for every n-tuple (iy,...,i,) €
{0,..., N —1}" there exists (") € Xz such that

1. for every iy € {0,...,N — 1} and for every k € 7 : xi1+Nka:§f1) ¢ F, and

2. for everyn > 1, every (iy,...,in,ins1) €40,..., N =1}"" and k € Z :

(i15eesin) _(i15eeyinying1)
int1+NEVE ¢ f

Proor. Suppose Xz # (). We are going to construct inductively the family

w U | J{alo | (i, dy) €40, N = 13"

n>1

that satisfies Conditions 1. and 2.

Consider an arbitrary configuration y € Xz. Define z € Xz as = y|(q, and for i; €
{0,..., N—1} define :z:,izl) = Yyirper fOr k € Z, that is ) = o1 ,-1, (¥)|{ak:kezy- By definition
of the BS(1, N)-subshift we have that 2(") € X and Condition 1. holds.

Using the same idea as above, for n > 2 and (iy,...,4,) € {0,...,N — 1}" we define

x,gil""’i") = YT, a'ib)ab that is a(1-in) = 0( )71(y)‘{ak:kez}. With this we have that

[T/ a'ib
Condition 2. holds, since for every k € Z
(i1y0emsin) (i1 yeemsinsing1)

xin+1+Nk k - y(H?:1 aijb)ai"+1+Nky(Hyill a'i b)ak
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= Y(I1, a'ib)ain+1aVEY(TT7_, a'ib)aint1bak
n

Y
y(szl ai b)ainJrl bakb—ly(nyzl a'i b)ai"+1bak ’

which is a pattern not in F by the definition of X £, using that y belongs to X 2.

Now suppose we have the configurations z, z(»#) € Xz for every n > 1 and (i1, ... ,1,) €
{0,..., N — 1}" satisfying Conditions 1. and 2. We will construct a configuration y € X 4.

Start by defining y° € ABSWN by 40 =z, for every k € Z, and for n > 1 and (44, ..., i,) €
{0,....,N = 1}" by yOI(H?:1a¢jb)ak = x,(fl’”"i”), for k£ € Z. With this we have defined the
configuration y° for every g € BS(1, N) whose normal form is of the type g = a*b’, with
k € Z and i > 0. For the rest of the elements ¢g (those whose normal form begins with a

negative power of the generator b) assign yg = « any letter of the alphabet A. With this we
have defined 3° € ABSHN),

Now define the sequence y" = oy (y?), for n > 1, and consider any accumulation point z
of it (which exists by compactness of ABS1:V)). Using the fact that Xz is a 1-step Z-SFT and
the construction done above, we see that no forbidden patterns can occur in z, and hence we
have that z € X . O

By using the previous lemma we are able to give a sufficient condition for the matrix
that defines a vertex-shift such that the BS(1, N)-subshift it induces is not empty. This
theorem roughly says that a sufficient condition for non-emptiness is that the graph defining
the vertex-shift contains an essential subgraph on which the existence of a path of length N
between two vertices implies that they are connected by an edge.

Theorem 5.5 Let Xp C VZ be the vertex shift associated to an essential (directed) graph
['= (V,E) and denote by X the BS(1, N)-SFT it induces. Suppose I' contains an essential
subgraph T' = (V, E) whose associated matriz A satisfies:

VZ,jEVAVZ>O — AVZ]>O

Then X # ().

Proor. We will prove that X # () by using Lemma |5.4}

As G is essential its associated vertex-shift X g 1s not empty and hence contains a point
x € Xgz. The condition satisfied by the matrix A means that if there is a path of length N

between two vertices of G. , then those vertices are already connected by an edge of G. Let us
define the family of configurations from Lemma 5.4} First for iy € {0,..., N — 1} set

(i1) .
Ly~ = Tig4Nk+1-

With this we have that
(1) _
T+ Nk, = = Ti+NEkLiy+Nk+1
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which is an allowed pattern, and that for every k € Z we have

(41),.(41)
Ty "Tpy1 = Tig+Nk+1Li +N(k+1)+1 = Lig+Nk+1Li1+Nk+1+N -

Since any two symbols separated by a path of length N must be adjacent, this is also an
allowed pattern and hence ). With this we have Condition 1. of the previous lemma.

Having already defined (i) ¢ Xz for every (ir,...,i,) € {0,...,N — 1}", let us
consider (iy,...,%n,in41) € {0,..., N — 1} and for k € Z define

(i1,~~~,in,in+1) - (7’1971774)
Ty, =X+ Nk+1
Then by the same argument as above we have z(1-in+1) ¢ Xz and for every k € Z the

pattern
(i1ensin) (i1 yemsinying1)
L1 +NETE

is allowed.

We have thus confirmed the hypothesis for Lemma [5.4] and hence we conclude that the
BS(1, N)-subshift induced by X is non empty. H

5.3 The Fibonacci subshift and subshifts with mixing
symbols

In this section we study another way of assuring non-emptiness of the induced BS(1, N)-
subshift, by requiring a strong mixing behavior of the Z-subshift, namely having a mixing
symbol. Before making the corresponding definitions, let us study first a particular example:
the Fibonacci subshift, which generalizes the definitions made for Z and Z? (where it is
sometimes called the hard-core or hard-square subshift). In what follows we prove that this
BS(1, N)-subshift is non-empty and moreover give a construction for a non-trivial strongly
periodic point, that is, one for which its stabilizer has finite index yet it is not the whole

group.

Define the Fibonacci BS(1, N)-subshift as Xy, = X5 € AP the BS(1, N)-subshift
induced by the golden-mean Z-subshift Xz C {0,1}%, where F = {11}. Of course this
subshift is not empty since it contains the trivially strongly periodic point (2, = 0)4epsa,n) €
Xrip. Does it contain any strongly periodic points that are more interesting than this one?
The answer to this question is affirmative and next proposition gives an explicit construction
for such a configuration.

Proposition 5.6 The Fibonacci BS(1, N)-subshift has a non-trivial strongly periodic point.

Proor. Let us define a configuration x € APS(LN) by setting for each g = b~7a*b’ € BS(1, N),
1,7 >0, k € Z written in its normal form:

L i+ i+ ke (N +1)Z,
Tomatet 0, otherwise.
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Note that by definition we have that if x,—jry = 1, then i + j + k € (N + 1)Z, and so

Ty-ighpip = 0, since i +j+k+1¢ (N +1)Z,
Tp-sakpia = Ty jgeiniy = 0, since i+ j+k + N* ¢ (N + 1)Z.

With this we have proved that in x there are no two adjacent 1’s and so x € Xpjp.

Now let us see that z is a strongly periodic configuration. Note that for any g = b~7a*b’ €
BS(1, N) written in its normal form:

Lo=(N+1)p—dgkpt = Lp—jh—(N+1)NI pi — Lp—igkbi,

and that

Lp—(N+1) p—dgkpi — LTp—(N+1)—jgkpi — Lp—igkpi-
Hence aV ! € Stab(z) and bV ! € Stab(z), and with it H == (a™ ™' 0N + 1) < Stab(z). It
suffices to prove that H has finite index in BS(1, N) to finish the proof.

We will prove that for each ¢ € BS(1, N), there exists € Ry2 such that gH = rH, thus
proving that [BS(1,N) : H] < |Rn42| < co. Given any g = b~7a*b’ € BS(1, N) written in
its normal form, consider integers i*, w*, j*,k* € (N + 1)Z (whose existence we will justify
later) such that:

i — i <0,

ImeZ: EN' ' 4 w* =mNIH
0<¢=j4"—(j+i" —i) <N, and
0<m+k*'N" < NV*2,

Then defining h = a * b7~ b" € H we have that

gh ™t =b79a" - b @ b ak
=b " @B "
_ b—(]—i—z —z)akN vy ak‘
_ b—(]—i—z —z)akN “rrw* Y ak

(Aa*_ s j+i*7i 3 *
=) (j+i z)amN Y ak

— qmp =) it R

amb] 7(]+Z 77’) . ak

_ ambﬁ* . ak*

_ am+k*Nf* = R o,
and so we have found r € Ry.o such that gH = rH, as was claimed. Now let us prove
that we can choose such integers as above: i* can be any multiple of N 4 1 bigger than <.
The existence of w* follows from the fact that N + 1 and N7 are coprime. The existence
of j* is just noting that we want to translate j + ¢* — ¢ into an interval of length N + 1,

and the existence of k* follows from this same idea but with an interval of length at most
NN+ L NV, O
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Figure 5.2: A part of the strongly periodic configuration of Xgy, constructed in the proof of

Proposition

In the next section we will study this type of subshifts in a more general case. A specific
property present in the Fibonacci subshift is having a symbol in the alphabet which can
be used to surround two admissible patterns and glue them together to form a globally
admissible pattern (in the case of the Fibonacci subshift this symbol is 0). By centering our
attention into subshifts with such a particular symbol will allow us to understand more in
depth how patterns in a configuration behave and in particular we will be able to compare
the topological entropy of a Z-subshift with the one of the BS(1, V)-subshift it induces.
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Definition 5.7 A subshift X C AY is said to have a mizing symbol if there exists a symbol
in the alphabet oy € A such that for any pair of globally admissible patterns pi, py in X such
that d(supp(p:1),supp(p2)) > 2, there exists * € X such that T|supp(p) = P15 Zlsupp(ps) = P2 and
xp, = ayy for every h € G with d(h,supp(p1)) = 1. In the case of Z-subshifts this means that
the mizing symbol is allowed to precede or follow any symbol while respecting the forbidden
patterns describing the subshift.

Let X C ABPS(N) be a BS(1, N)-subshift with a mixing symbol. This property allows us to
construct a pattern over a big rectangle by first defining patterns over “independent” copies
of smaller rectangles and then filling the gaps with the mixing symbol. Using constructions
of this nature we obtain the following two properties, the first of which relates the topological
entropy of the subshift X with the allowed patterns on a rectangle R,,, and the second one
showing the density of weakly periodic points of X.

Proposition 5.8 Consider a subshift X C APSUN) with a mizing symbol. Then for every
m € N we have

N m 1
N+1m+1mNm™

log | LR, (X)] < hiop(X) < log |Lg,, (X)].

mN™

Proor. The inequality hiop(X) < —=log|Lp,, (X)| comes from the fact that

htop(X> = lnf

m>1 mN™

log |Lg,, (X)].

The proof of this fact follows the spirit of the subadditive lemma: define

L = inf

m>1 mN™

and for arbitrary € > 0 take m > 1 such that ——log|Lg,, (X)| < L + . Note that for any
k > 1 we have that .
‘£R2k| < ’ERICPN )

as by Proposition the rectangle Ry is composed of 2N* disjoint copies of the rectangle
Ry.. Taking logarithm we obtain

log |Lr,,| < 2N*log|Lg,|.
Now for n > 1 we use the above to estimate log |Lg,., |:

log |[Lryn,, | =1og|LR,, , |
< 2NZ" ' ]og |Lr
— 9N TIm log |LR,,, ., |

< 2N oNT T M o | Lk

on—1,, ’

on—2,, |

and iterating this process we arrive at

log|Lr,n, | < [[2N*""™)log|Lh,|
=1
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= "N IS 2 log | L |
= 2"N™2"Vlog |Lp, |.

With this

1
L<———1log|Lr,n,,

2" N Dlog |Lp, | =

1
o log|Lr, | < Lte,

< - -
= 2nm N2

and taking n — oo yields L < hyop(X) < L 4 ¢. Finally as € was arbitrary the claimed
equality follows.

Now we proceed to prove that

N m 1
N+1m+1mNm™

10g | L, (X)] < hiop(X).

To see this, note that given fixed m > 1 and some k£ > 1, we can subdivide the rectangle R,,
with disjoint copies of R, leaving some separation between them. Using the mixing symbol
ay € A to fill those gaps we can globally admissible patterns of shape Ry independently,
producing a globally admissible pattern on R, .

More specifically, note that two copies of R,, positioned at the same height of the rectangle
R, and separated by at least N™ ! elements can be filled by two arbitrary with the mixing
symbol «a;; between their bases for them to be independent. On the other hand, copies of
the rectangle R, at different heights need to be separated by at least one row filled with the
mixing symbol a,; for them to be independent. In this way we see that each copy of the
rectangle R, uses a base of length N™ + N™~! and a height of m + 1. A representation of
the structure of independent copies of R,, is shown in Figure [5.3]

Now we can calculate how many independent copies of R,, fit inside R, as

LmLHJ Nm+k7i(m+1)
#{independent copies of R,, inside R, x} = ; {—Nm -1

J Ni(m+1)
where the index of this sum symbolizes the heights at which we put the copies of R,,, and
the factor N*™+t1) comes from the amount of sheets we have at that height.

To simplify calculations, we will assume k = ¢(m + 1), for some ¢ > 1. Then we obtain:

7]

m~+k—i(m+1 m~+(£—i)(m+1
{N ( )J Ni(m+1) {N (e )J Ni(m+D)

i{\g
I
Me\

— Nm+Nm—1 — Nm+Nm—1
¢ mA+(0—i) (m—+1)
— Nm+ N
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Rm+k

mixing symbols @ \on
/ N o

) € @

=/
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>

Figure 5.3: Copies of the rectangle R, separated from each other using the mixing symbol
Q.

Z m m
-y NmHED - im)
— Nm + Nmfl
£ £(m~+1)+1
_ NU : _ ilm+1)
- N+1

Né(m-&-l)-i-l N(m+1)(€+1) -1
= vy YT TR

Using this to estimate the amount of patterns on the rectangle R, m+1), and along with it
give a lower bound for the entropy:

Nﬁ(nz+1)+l N(m+1)(£+1)_1

1L (X)| > |Lg, (X)| ~or DT

m~+L(m—+1)

from where

1 1

| Rontt(me1)| tog |£Rm”(m“)(X)| - (m + £(m + 1)) Nm+em+1) log |[’Rm+z<m+1)(X>|
£(m+1)+1 (mA41)(e+1) _
<N T (0+ 1) — Mt
log |Lr,, (X))

(m + £(m + 1)) Nm+m+1)
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N N+ HFmA1 ]
_ v+l B s W log | £n. (X)|
(m—+6(m+1)N™  (m+ {(m+ 1)) Nmttmt1) fom A1

Taking ¢ — oo the second term inside the parenthesis vanishes and we obtain

N m 1
log |Lg,, (X)],

hiop(X) >
tp( )_N+1m+1mNm

as was claimed.

]

The property of having a mixing symbol also implies the density of the set of weakly
periodic points of the subshift. The proof consists of using the mixing symbol to glue the
same pattern to itself repeatedly in order to construct a weakly periodic point which contains
a particular pattern within it.

Proposition 5.9 Let X C APSWN) pe g BS(1, N)-SFT with a miving symbol. Then the set
of weakly periodic points of X s dense in X.

Proor. We will prove that for every m > 1 and for every globally admissible pattern P € Afm
whose support is the rectangle R,, we can find a weakly periodic point x € X such that
x|g,, = P. With this we will have proven approximate every point by a sequence of weakly
periodic points, and thus proving the density of the set of weakly periodic points of X.

First we construct a point 2% € X by concatenating copies of P surrounded by the mixing
symbol along the generator a direction, and repeating this pattern through the generator
b direction. Let us denote aj; € A the mixing symbol and define xg = ay for every
g € BS(1,N) whose normal form is ¢ = b=7a*b’ with j > 1. Thus, we are forcing this
configuration to be equal to the mixing symbol everywhere outside the “main half-sheet”
H = {ad"' | k € Z,i > 0}.

Define 2°|g,,,, by setting 1°|g,, = P and for every g € Rp,11\ R, set x) = ayy. By copying
the pattern seen on rectangle R, to the left and to the right (in the direction of the a-
generator) we define configuration x° on the set R,,,1(a). This configuration is illustrated in

Figure 5.4

We can now copy this pattern upwards, to define the symbol xg for every ¢ € H, and
hence finish defining z, for every g € BS(1, N). Let us do this by imposing that for every
r>1andic€{0,..., N — 1} define

.%‘0 aibr(m+1) (q) = .’L‘O|Rm+1<a>.
Note that by construction we have that z° satisfies o—rm+1) (2°)|g = 2% for all r > 1,
where H is the “main half-sheet” described above.This construction is shown in Figure [5.5

Finally we define for every n > 1 the point 2" := 0}—mm+1) (z°) € X. By the construction
made above we see that this sequence converges to a point € X which satisfies o, (m+1) (z) =
r and that |, = P, so x is a weakly periodic point (since the subgroup generated by b= ("+1
is contained in its stabilizer) which sees the pattern P in the rectangle R,,. [
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Figure 5.4: Periodic configuration on R, 11"y, from the proof of Proposition .
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Figure 5.5: Extending the periodic configuration upwards, from the proof of Proposition
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5.4 Topological entropy and the m-strip subshift

The relation between the forbidden patterns of a Z-subshift and the BS(1, N)-subshift it
induces forces that looking at supports of the form {gs* : k € Z}, for ¢ € BS(1, N) and
s € {a, b}, for any configuration in the BS(1, N)-subshift we will see a configuration from the
Z-subshift. This relation allows us to compare the allowed patterns of both subshifts and
with them their entropies, as the next proposition shows.

Proposition 5.10 Let X C ABSIN) pe g BS(1, N)-subshift induced by a Z-subshift X C A~
according to Definition[5.1. Then

ht0p (5(\) < ht0p (X)

Proor. The amount of globally admissible patterns appearing on the rectangle R,, on X are
at most the number of possible words of X appearing on the rows of the rectangle. There
is 1 row of length N™, N rows of length N™~1 and in general N* rows of length N™~ for
1=20,...,m— 1. With this we have

LR, (X H | L pmi(
=0

Taking logarithm and dividing by |R,,| = mN™ we get

m—1

1 i
— ; N'log |Lym-i(X)]

1 e
e 2 N log | Ly (X))
k=1

—log |, (X)) <

IN

1
- mN™

= —Z 10g|£Nk X)l,

then taking m — oo and using the fact that if a sequence converges to a number then its
Cesaro means also converge to it, we get the desired inequality. O]

- _ 1
ZN’” ’“N’“m log | £y (X))

Nonetheless, the inequality from Proposition may be strict. Moreover, it may be
possible that a positive entropy Z-SFT gives rise to an empty BS(1, N)-subshift, as was
shown in Example

X7 having a mixing symbol implies that the BS(1, /V)-subshift it induces Xz also has a
mixing symbol, and this in particular allows us to prove that this subshift is not empty and
to give a lower bound on its topological entropy, by constructing patterns with independent
words from X with a separation of mixing symbols between them. In particular, we see that
a Z-SF'T of positive entropy with a mixing symbol gives rise to a BS(1, N)-SFT of positive
entropy.
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Proposition 5.11 Let X C ABSLN pe g nearest-neighbors BS(1, N)-SFT induced by a
Z-subshift X C A%, with a mizing symbol. Then X # 0 and

> 1
ht0p(X> 2 thOp (X)

Proor. We will define patterns with support on the set Rs,,, which can then be extended
to the rest of the group using the mixing symbol. To give a lower bound of the amount of
patterns we can get with this support, note that we can fill the even rows of Ry, using words
from £(X), while assigning to the odd rows the mixing symbol to obtain globally admissible
patterns. With this, and remembering that in R,,, there are N?' rows of length N?™~2¢ for
0<:<m—1, we get

Lo (X H Loz (X) N
i=0
Taking logarithm and dividing by |Ra,,| = 2mN?™ we obtain
1 m—1
2m,N?2m IOg |£R2m (X)| > omN2m Z sz log |£N2m—2i(X)|
- 1
=5 N2m Z N2m=h) N2 ~ar 108 [ L (X))
11 1
~9m Z N2k log | L2k (X))

Taking m — oo we get

v

1 = 1. 11 1
hiop(X) = lim log |Lg,,, (X) im — % ——log|Ly2(X)| = Zhwop(X),
m N2k

m—soo 2m N 2m

as was claimed. O

In particular, the previous proposition allows us to estimate the topological entropy of the
Fibonacci BS(1, N)-subshift, defined in the previous section.

Corollary 5.12 For the Fibonacci BS(1, N)-subshift Xg, we have

1
3 log(¢) < hiop(Xrib) < log(p),

where ¢ = H—‘[ 15 the golden ratio.

Inspired by the ideas of the proof of Proposition [5.11]we can find a new way to approximate
the entropy of a BS(1, V)-subshift (with a mixing symbol) using a sequence of Z-subshifts.
Intuitively the definition below consists of, for a fixed m > 1, creating a Z-subshift using as
alphabet the patterns with support R,, appearing in X, and neighboring rules according to
the allowed patterns of X.
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Definition 5.13 Let X C ABSON) be g subshift and m > 1. We define the alphabet

and interpret a configuration y € A%n as an infinite pattern in A%w | where R» = R,T,
and Ty, = {a* | k € Z}, through the concatenation of its symbols. We define the m-strip
subshift by

X/R,, = {y € A% | using the above interpretation, y contains no forbidden patterns of X}.

Remark 5.14 From the definition it is immediate that if X is an SET then so is X/R,
and that if X has a mizing symbol then so does X/R,,.

The relation between the allowed patterns of X and X/R,, gives us the following propo-
sition, which provides lower and upper bounds for the topological entropy of X using the
topological entropy of the m-strip subshift X/R,,.

Proposition 5.15 Let X C ABSIN) e g BS(1, N)-subshift with a mizing symbol, and for
m > 1 consider X/R,, C A,Zn the Z-subshift defined above. Then

1 1
(m T 1)thtop<X/Rm) S htop(X) S WhtOP(X/Rm)-

Proor. Let us prove first that
1
htop(X) < Whtop(X/Rm)-

For this note that if for any n > 1 we look at the rectangle R,,, and separate it in heights of
length m, in each one of these blocks we will be looking at a word of X/R,,. More specifically,
looking at height jm up to (5 + 1)m — 1 we will see a total of N7™ copies of words of X/R,,
of length N™™=m=im for j = 0,...,n — 1. This allows us to give an upper bound for the
amount of different patterns appearing on R,,,:

n—1

£ R (X < TT 1L 5mem10 (X Ro) V™

J=0

Taking logarithm and dividing by mnN™" we get

n—1 Jm
- X)) < 1 i (X R,
mnN™n 0g | LR, ( )’_jzomnNm” 0g | L yme (X/Ry)|
n—1 : .
NJmNm(n—]—l) 1
: .2; mnNmn  Nm(n—1-j) log | £ ymen-1-5 (X/ Rom)|
]:
n—1 1 1
= ; N N1 08 [Lmen-1-n (X R )|
1 1o 1
~ mN™n JZO Nty 108 [Lnmin-1-9 (X/ B )|
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n—1
1 1 1
= — — log |Lnim (X/R,,)|,
v 2 o I (/B

from where taking limit as n — oo we obtain hop(X) < —hiop(X/Rp).

Now let us show that
1
hiop(X) > —
top(X) 2 (m + 1)N™
by using an argument similar to the one above. If we look at the rectangle R, ;1) we can
form allowed patterns by inserting words of X/R,, at heights separated by m + 1 elements,

where the extra row is filled with the mixing symbol to gain independence between different
copies of words of X/R,,. With this we have that for every n > 1

Piop (X/ Bom),

n—1 n—1

(m+1) (m+1)

LRy O = T L nemtm-mesonsn (X) R )|V = T 1£nemmmi-m (X/ R | -
=0 j=0

and taking logarithm and dividing both sides by (m + 1)nN(m+bn

1 n—1 Ni(m+1)
(m + l)nN(m“)” 1Og |£R(m+1)n (X)| Z Z | (m + 1)TLN(m+1)n 1Og |£N(m+1)("—j)_m (X/Rm>|
j=0

B =l i(mA1) g (me1) (n—j)—m log | £ yem+1)ytn—y-m (X/ Rpn) |

= (m + 1)nN(m+1)n N (m+1)(n—j)—m
B 1 1 HZ_E log | L nmi1yin—i)—m (X/Rpm)|
 (mA1)Nmp & Nm+1)(n—5)-m
1 1 n—1
> o D 2 MoK/ Fon)
=0
1
= mhtop(X/Rm%
where we used that fop(X/R,,) = infy>q 7 10g [Lx(X/Ry,)|. Taking limit as n — oo yields
1
hiop(X) 2 mhtop(X/Rm)a

which is what we wanted. Note that we also could have taken limit directly on the penultimate

inequality instead of using the lower bound given by hiop(X/R,,), which would still have
converged to the final result. O

Remark 5.16 In the case that X is a BS(1, N)-subshift arising from a Z-subshift Y with
a mizing symbol, the rectangle Ry is just one row of N symbols so the Z-subshift X/Ry
is conjugate to the higher-power shift YN. As we have the relation hyop(Y™) = Nhop(Y)
between the topological entropies of Y and its higher power YV, the bounds given by the
previous proposition become

1 1
SianlY) = g heon(X/ ) < hion(X) < Fihean( X/ 1) = (1Y),

(1+1)
which are the estimates we had deduced in Propositions[5.10 and [5.11]
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Remark 5.17 By using Proposition we see that the sequence {mﬁhtop(X/Rm)}mzl
converges to hiop(X) and furthermore we can estimate the rate of convergence:

1 1 1

hiop(X) — Whtop(X/Rm) S N hiop(X/ Rin) — mhtop(X/Rm)
1
. h(X
m(m + 1)N™ Fivop (X/ Fim)
- log\A|.
“m+1
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Chapter 6

Projective subdynamics

This chapter is motivated by the work done in [I8] with respect to projective subdynamics of
multidimensional subshifts, where the realization of Z-subshifts as projective subdynamics of
a Z%-subshift is studied. The main result of this paper characterizes under which conditions
it is possible to realize a sofic Z-subshift as the (stable or unstable) projective subdynamics
of a Z4-SFT.

In what follows we start by giving the corresponding definition of (a)-projective subdy-
namics in BS(1, N) and study the dichotomy between it being stable and unstable. The
rest of the chapter focuses in studying the realization of sofic Z-subshifts as (a)-projective
subdynamics of a BS(1, N)-SFT, separating the case in which the Z-subshift has positive
topological entropy from the case in which it has zero entropy.

6.1 Definition and first consequences

We start by defining the concept of projective subdynamics on BS(1, V), analogously to how
it is defined for Z%. Intuitively the (a)-projective subdynamics of a BS(1, N)-subshift consists
of the Z-subshift we see appearing in the rows (along the a-direction) of the group in the
BS(1, N)-subshift considered.

Definition 6.1 Let X C APSUN) be g BS(1, N)-subshift. We define its (a)-projective
subdynamics as
P<a>(X) = {l‘|<a> ‘ T e X}

The fact that Py (X) can be interpreted as a Z-subshift is straightforward: for every
r € Py (X) we can define a corresponding configuration Z; = x,:, for i € Z. The idea
behind this definition is that the extra space of the group BS(1, V) can be used to create
restrictions about the sequences appearing on the row (a), and with it force some particular
kind of Z-subshift to occur as (a)-projective subdynamics. In the next definition we divide
projective subdynamics in two types, depending on whether a finite or infinite number of
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rows are needed to obtain the (a)-projective subdynamics of the BS(1, N)-subshift.

Definition 6.2 Let X = Xz C ABSUN) be g BS(1, N)-subshift defined by a family of forbid-
den patterns F. We associate to it a decreasing sequence of Z-subshifts (X iy m)m>o defined
by

Xy = {2|@ | € A and for every F C ()M finite: x|p & F},

where (a)M = {b™Ma't) | i € 7,0 < j < 2M} C BS(1,N) is an infinite strip of BS(1, N)
starting at height —M and covering every sheet originating from it up to height M. Intuitively,
the sequences from X v are those which can be extended to the strip (a) M1 without forcing
the appearance of a forbidden pattern of the family F.

For every M > 0 we have the inclusion Xy p41 © Xay,m: any sequence defined on (a)
that can be extended to the strip {(a)™M*Y without creating forbidden patterns can be extended
to the strip {(a)M with the same restrictions. We also see that the {a)-projective subdynamics
18 precisely the decreasing intersection of these sets, that is,

Py (X) = () Xtau-

M>0

The equality between P,y (X) and the intersection from the right hand side allows us to
distinguish the case where this intersection stabilizes after a finite number of sets Xa)
from the case where it is really a proper infinite intersection. The (a)-projective subdynamics
Py (X) is said to be stable if there exists M’ > 0 such that for every M > M': Xy =
Xay,mr, that is, the intersection stabilizes at some moment. On the other hand, P (X) is
said to be unstable if for every M' > 0 there exists an M > M’ such that X gy nr g Xay, M-

In the next proposition we state some basic facts about how (un)stability of the (a)-
projective subdynamics relates the properties of being an SF'T and being sofic between the
subshift X and its (a)-projective subdynamics P ) (X).

Proposition 6.3 Let X be a BS(1, N)-subshift and P, (X) its (a)-projective subdynamics.
1. If X is an SFT and the (a)-projective subdynamics is stable, then P (X) is sofic.

2. If Pioy(X) is an SFT then the (a)-projective subdynamics is stable.

Proor. 1. Let S = P (X) be the stable (a)-projective subdynamics of the BS(1, N)-SFT
X determined by the finite set of forbidden patterns F, and choose M > 1 sufficiently
large such that F C AftvM-1 and S = X(ay,m- The idea to prove that S is sofic is to view
it as a factor of a Z-SFT defined by a construction similar to that of a higher-block
shift, on the strip (a)M].

Note that we can view the strip (a)™! as the union of translates of the rectangle
R={b"Maly | 0 <i< N*M*1 0 < j<2M} of height 2M + 1, with its base in b=,
We define a new alphabet

B:={pe Al | p does not contain patterns of F},
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where the symbols are patterns on R, and we define the Z-subshift
Hy ={z € B | Vi € Z: (zi)larnr = (Tiz1)|Rna—1R}-

Moreover, this subshift is a Z-SFT, since we are only requiring local rules to be satisfied:
that in each point two adjacent symbols of the alphabet, which in this case are patterns
over R, coincide restricted to a subset.

We can now define the map 7 : Hy; — S which given a point © € H);, interprets it as
a configuration on the strip (a)™! (keeping in mind the overlapping between adjacent
symbols occurring in x), and returns its restriction to (a), that is, for each i € Z we

have 7(x)a, = (Ti)epg, y,- This map commutes with the shift since for each i € Z

m(0(2)ai = (0(2)i)ensn) = (Tit1)epsny = T(@)arrt = a1 (7(2))ai,

and it is continuous: if (2"),eny € Hyy is a sequence such that 2 —— x € Hy, then
n—o0

for every L > 1 we can find n* sufficiently large such that for all n > n* we have

"—r,y = z|{-r,..0y and so 7(2")|jg-1 41) = T(T)|[a-L41), and as L was arbitrary we

see that w(2™) —— m(x). With this we have proven that 7 is a sliding block code.
n—oo

Finally we show that 7 is surjective. By the definition of X, s we have that for each

s € S = X(q,m there exists y € A@™ such that Y|(ay = 5. Then we define x € Hy; by
setting

i = YlaiR,
which satisfies
T(T)at = (Ti)epsiny = Yai = Sais & € Z,

from where 7(x) = s.

With this we have seen that 7 is a factor code from the SFT H,; to S, and hence the
latter is a sofic (a)-subshift.

. As Pyy(X) is an (a)-SFT we can find L > 0 sufficiently large such that for every
z € A” the following property holds: if for every i € Z x i+t ai+1] € LL(Pay(X)), then
T e P(a> (X)

Remember that Py (X) = ()50 X(ay,m and that for each M > 0 we have the inclusion
Xaym+1 C Xiayar, s0 in order to prove that the (a)-projective subdynamics is stable
it is enough to see that for some M > 0 X p C Pioy(X). By using that X a is
a subshift and what was said above it suffices to prove that for every x € Xy :

T|(g,ar] € LL(Pay(X)).

Looking for a contradiction let us suppose that for each M > 0 there exists 2™ € X (a),M
such that x|, .1 ¢ L(P)(X)). By using compactness we can extract a subsequence
of the sequence {z™} /50, convergent to a configuration = € A'@ such that (g0t &
L(P (X)), and hence x ¢ P, (X). However, we had that for every M > M’ > 0 :
M € Xm0 € X(ay.u, and by the closedness of these subshifts VM > 0: x € X -
But this means that = € (;;50 X(a),m = P(ey(X), which is a contradiction as we had
already seen that x ¢ P, (X).
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If we interpret the stability (resp. unstability) of the (a)-projective subdynamics as the
necessity of finite (resp. infinite) rows of extra space needed to check that the sequence
appearing in the row (a) belongs to P (X), the previous proposition is somewhat intuitive:
the stable (a)-projective subdynamics of an SE'T is sofic since it suffices to use a finite number
of rows to check if a sequence belongs to Py (X). Similarly, if P (X) is an SFT then it
means that to force a biinfinite sequence to belong to it we need to check local validity only,
and this is done using only finite rows.

In the next proposition we see a class of BS(1, N)-subshifts whose (a)-projective subdy-
namics is always stable, thanks to the existence of a mixing symbol (see Definition which
allows to extend locally admissible patterns to global configurations.

Proposition 6.4 If X is a BS(1, N)-subshift with a mizing symbol, then its (a)-projective
subdynamics is stable. In particular if X is an SFT then P,y (X) is sofic.

pProor. We will prove that P (X) = X. In effect, denoting by ay € A the mixing
symbol, if x € X(4),0 we can define a point ' € ABSLN) by 2'|(@@y = x and 1z}, = ag for all
g ¢ (a). By the definition of a mixing symbol and that z € X, we see that 2’ contains
no forbidden patterns of the subshift X, and hence 2’ € X. As this configuration satisfies
#'|(qy = x, we have finished the proof.

Now if X is an SFT it suffices to use the previous proposition together with what we just
proved to see that P, (X) must be sofic. O

The main question we address in what follows asks which (sofic) Z-subshifts may be
realized as (a)-projective subdynamics of BS(1, N)-SFTs. In particular it is immediate that
any Z-SFT can be obtained as (a)-projective subdynamics of the BS(1, N)-SF'T constructed
by considering the forbidden patterns of the original Z-SFT as forbidden patterns in ABS(N)
along the a-direction and putting no restrictions along the b-direction.

Proposition 6.5 For every Z-SFT'Y there exists a BS(1, N)-SFT X such that Y = P 4 (X)
and the {(a)-projective subdynamics is stable.

A more interesting case to study is that of proper sofic Z-subshifts. In the following exam-
ple we see a non-trivial construction of a BS(1, N)-SFT whose (a)-projective subdynamics is
a proper sofic Z-subshift, namely the sunny-side up shift.

Example 6.6 We will prove that the Z-subshift
Sa={ee{0,1}*|{neZ: z, =1} <1}

of sequences with at most one 1 can be realized as the unstable {a)-projective subdynamics of
a BS(1, N)-SFT, for any N > 2.

Define a BS(1, N)-SFT Xz using the forbidden patterns F = {p,}N"2 U {g.}) =, where
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pn € {0, 1H@1=0nt1} g defined by
pn = 10"1,

qn|{ai\z‘:o,...,N_1} =0V 11
¢n(a™b) =0

These forbidden patterns force that there cannot be two 1’s at distance less than N — 1 in
the direction of the gemerator a, and that above a pattern in the direction of the generator
a showing a word ON=11, there must be 1’s. We will prove that these local constraints are
sufficient to guarantee that S<1 = P (Xr).

To see that S<1 C Py (Xz), consider s € S<y1. We will construct a configuration x € Xr
such that x|y = s. If s = 0, it suffices to consider x = (x4 = 0)4ens,n) € Xr. Now
suppose s has one 1, and without loss of generality we may assume that sy = 1, s, = 0 for
n # 1. Define a configuration x € {0, 1}B5(LN) py

zy =1, fOTQGU{al_Zi;égTNTbj|5T€{0,...,N—1}, forrz(),...,j—l}, and
j=0

x4 = 0, in the rest of the group.

This definition forces the configurationx to respect the forbidden patterns in F. In effect,

there are no 1’s in the direction of generator a at a distance closer than N — 1, since if
=1 N . .

rg=1 then g = a'= 2= N"bi for some j > 0 and e, € {0,...,N =1}, forr=0,...,j—1,

and so forie {—(N —2),...,—1}:

1-37 2 er NT+iN7 X

o
ga =a )

whence x4, = 0. We also see that forie {—(N —1),...,—-1,0}
gaib = ql=Xioer N +i-N7 any
and 50 Ty, = 1. Hence x € XF and m|<a> = s, from which we conclude that s € Py (Xr).

Now let us see that Py (Xz) € S<i. We will prove by induction that for every n >
0: 10"1 ¢ L(Poy(X#)). The forbidden patterns p, from the family F already show this for
n < N—2, so now let’s prove it forn > N—1. By contradiction, suppose 10"1 € L(P 4 (Xr)),
and choose x € Xz such that x\{ai‘izownﬂ} = 10"1. Then by the induction hypothesis we see
that @|(giji——(n-1),..nt1y = V11071, and thanks to the family F we also see that xeni1y, = 1,
and Tgnr-ivy = 1, where k = || Since a" b and " MNb = a"ba™* are two elements

N
at distance k through the generator a, with k < n, this contradicts the induction hypothesis.

From the construction we also see that the (a)-projective subdynamics is unstable, since
arbitrarily large heights are needed to forbid two 1°s separated by a long block of 0°s from
appearing on the row {(a).
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Remark 6.7 The previous example shows a surprising property of BS(1, N) in contrast
with Z?: as shown in [I8] the sofic Z-subshift S<i; cannot be realized as the Z-projective
subdynamics of a Z2-SFT. Nonetheless, we ve just shown that it can be realized as the unstable
(a)-projective subdynamics of a BS(1, N)-SFT, for every N > 2. This shows a remarkable
difference between Z* and BS(1, N) with respect to the nature of the Z-subshifts which can
arise as their projective subdynamics.

6.2 Realization of positive entropy sofic subshifts

One of the first results proven in [I8] assures that any sofic Z-subshift with positive topological
entropy may be realized as (a)-projective subdynamics of a Z2-SFT, and the same ideas used
in this proof can be modified to prove the corresponding result on BS(1, N). To do this we
first need to state the same lemma used to prove the result on Z?2:

Lemma 6.8 ([I8]) Let S be a sofic Z-subshift with positive topological entropy hiop(S) > 0.
Then for any K > 1 there exists an M > 1 and a set of words W = {wy, ..., wik} C Ly (S)
such that if we denote by Y the subshift consisting of all biinfinite concatenations of words
from W, then'Y C S, and for any word v € Lapy—1(Y) there exists a unique 1 < m < M so
that V| pmm+v—1], U pmMmr2ni—1) € W In particular, this implies that Y is a Z-SFT of step
3M — 1.

Now we are ready to state and prove the main result regarding the realization of positive
entropy sofic Z-subshifts as (a)-projective subdynamics of a BS(1, N)-SFT.

Theorem 6.9 For every sofic Z-subshift of positive entropy there exists a BS(1, N)-SFT X
such that S = P (X).

Proor. We are going to prove the result for BS(1,2) since in this case it is simpler to define
the local rules of the SF'T X. The ideas for the proof in the general case N > 2 naturally
extrapolate from the case N = 2.

Let us choose a labeled graph (V, E,i,f, A) such that S is the subshift whose points are
given as labels of biinfinite paths along the edges E, and let us assume V' = {0,1,..., K —1}.
Choose M > 1 and pick a set of words W = {wy, ..., wax_1} C L/(5) satisfying the previous
lemma. Denote by Y the Z-SFT formed by biinfinite concatenations of words from W.

Define a BS(1,2)-SFT X by the following local rules:

1. For any pattern a ¢ L(Y) with support {eg,a,...a'"™ =1} there exists a subpattern
o ¢ L(Y) of length 8M such that the first row on both sheets immediately above it
contain the same pattern 5 € L(Y') (of length 4M) which is the concatenation of 4
words of W.
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2. Suppose we have a pattern in X of the shape

r1 T2 131 () uy sy
O O O O O O O O O O O O
G PS 2| GH PN la| upf U2
O ./ J ./ J ./ ' ./ J N\ ' O
O—CO0—0O0—0O0-0-"0O0-C0—-(C0 00000 7000-O00000O0000=C0
« J5} Y

with a, 8,7 of length 4M, ry, 79, t1, ta, uy, ug, u}, v} of length M, and ¢;,t, € W. Then
we must have uy = u), us = uj, and 71,79, uy,us € W. Aditionally, as r1,t;,u; € W
we can find 7,7,k € {0,...,2K — 1} such that r; = w;, t; = w; and u; = wy. For
the pattern to be valid we require that there must be a (directed) path in G between i
(mod K) and j (mod K) with label @ and a (directed) path between j (mod K) and
k (mod K') with label g.

3. Suppose we have a pattern in X of the shape

7"/1 Té (A1 tg Uy Uz
O O O O O O O O O O O O
/i ~ "2 ) t ~ ta ) @ ) Y
@, ) ) @), ) @), ) @), ) ) ) O
O—(O—0O0—~0O0-0O0"0O0"_O0 00000 z:000O00O0O00O0OO0O=0-C0=0
« I5} Y

with «a, 8,7 of length 4M, ry,ro, 7,75, t1,to, uy, us of length M, and t;,t, € W. Then
we must have r; = 1], ro = 75, and ri, 7, u, us € W. Aditionally, as r,t;,u; € W
we can find 4,7,k € {0,...,2K — 1} such that r; = w;, t; = w; and u; = wy,. For the
pattern to be valid we require that there must be a path in G between i (mod K') and
J (mod K) with label a and a path between j (mod K) and k (mod K) with label f.

Let us prove that S = P (X):

First we will show that S C P (X). For arbitrary s € S, we can find a biinfinite sequence
of edges of G such that its label reads s, i.e. {e,}nez € EZ such that s = {\(e,)}nez. For
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every n € 7 let us define v, := i(e,) the initial vertex of e,, and define a biinfinite sequence
y by choosing for each j € Z the word yjarjarear—1) € {Woynys Woy, 45} S W, such that
YiMjM+M—1] 7 YiG+1)M,G+1)M+M—1] for every j € Z. Now define z € EBS(L2) 1y Tl = s,
Tlpay = Y, Tlan@@y = v and fill the rest of the rows of the group such that the two rows
originating from a same base are copies of y shifted by M between them (this is precisely to
force that no pattern of the shape of rules 2 and 3 may occur outside the base row (a)). That
is, for every g € BS(1,2)\(a) such that gb(a) # (a) and gab{a) # (a): Tgpia) = Y = Tgabla)
(equal up to a translation) and if z, = Yk, then Ty = yraam. In the particular case
in which gb{a) = (a) (resp. gab(a) = (a)) we only require that z|gep) (resp. |gy) is a
translate of y, because as we said in the beginning we are forcing that x|y = s.

The first rule of the subshift X is satisfied by x, since any pattern not in £(Y) must have
support on (a) and we constructed both rows originating from this base to follow the first
rule, as the two rows originating from this base have the sequence y on them. We also see
that by construction a pattern of the shape as indicated in the second and third rule can
appear in x only with its base on the set (a), since on all other a-rows of the group the
pattern seen on the two rows of both sheets originating from it have a copy of y shifted by
M. Therefore for a pattern with the shape and structure of the second or third rule with a
base on the set (a) the construction of y tells us that both upper rows originating from this
base have the same patterns and the condition of paths in G is fulfilled precisely because we
chose ypjnr,(j+1)a+nm—1) such that if w; =y, +1ym+a—1) € W then ¢ = vg;p (mod K'). With
this we see that x satisfies the three local rules, so # € X and this point satisfies |,y = s,
from which we conclude the first inclusion.

Now we will prove that P (X) C S. Suppose there exists € X such that x|, ¢ S. As
Y C S this in particular implies that x|,y ¢ Y, so we can find on this sequence a pattern
of size 3M not in L(Y). We can extend this pattern to one of length 10M by considering
T|(q-sm+1_ qg7my, and using the first rule we can find a subpattern o/ ¢ L£(Y') such that the
rows originating from it have the same pattern § € Y. Now we see that the base o/ together
with both rows [ originating from it can be extended to a pattern of the shape appearing
in Rules 2 and 3. Using that x must satisfy rules 2 and 3 we can extend this pattern and
recursively apply both rules infinitely to the left and right, finding in this way a biinfinite
sequence of edges {en}nez Which read x|y, that is x| = {A(en)}nez € S. But now this
contradicts the fact that this point was precisely one that satisfied that this sequence was
not in ., so we finally conclude that P (X) C S. O

6.3 Restrictions of the zero entropy case

The construction made in the proof of the previous theorem relied completely on S having
positive entropy, since it is the fundamental hypothesis for the lemma used throughout the
proof. This indicates that the zero entropy case may be more restrictive, and in what follows
we see that indeed zero entropy sofic subshifts occurring as (a)-projective subdynamics of a
BS(1, N)-SFT need to satisfy a particular condition related to their periodic points.

Definition 6.10 A zero entropy sofic Z-subshift S is said to have a BS(1, N)-good set
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of periods if it admits a right-resolving presentation by a labeled graph I' with S = Sr, such
that for every cycle ¢ in ' with no proper subcycles there exists a finite set Q C Per(S) of
periodic points and non-negative integers {izlq € Q} such that the least common multiple
Lem.{N%|Orb(q)| |¢ € Q} is a multiple of |c|, the length of the cycle c.

Remark 6.11 This definition is tailor-made for zero entropy sofic subshifts, since it is pre-
cisely in this case that the required condition is not trivially fulfilled. Note that SFTs can be
represented by right-resolving labeled graphs whose label function is injective, so the cycle ¢
itself gives rise to a periodic point whose least period is the length of the cycle. Similarly,
consider a sofic subshift of positive entropy represented by a right-resolving labeled graph T.
Positive entropy implies that there must be a vertex which forms part of two distinct cycles
c1, Co labeling two different periodic points u™ and v™°, respectively. Then for every r > 1 we
see that the periodic point (u™v")* has as least period a multiple of v (since in the middle of
u"v" we see a uv which by how we chose u and v does not appear anywhere else in this word).
In particular, the above is satisfied for any length of a cycle ¢ in I' with no proper subcycles.

In the following example we see a zero entropy proper sofic subshift that does not have a
BS(1,2)-good set of periods.

Example 6.12 The zero entropy sofic Z—subshift given by the labeled graph from Figure
does not have a BS(1,2)-good set of periods, since its only periodic configurations are the
fixed points 0°° and 1°°, meanwhile the cycle of length 3 in the middle must appear having
odd length in any right-resolving presentation of the subshift. This comes from the fact that
in any such presentation we must be able to find paths which read the words 10™2 for each
n € 3N.

Figure 6.1: Example of a zero entropy sofic Z-subshift that does not have a BS(1, 2)-good
set of periods.

Moreover, this example can be generalized to provide, for each N > 2, a right-resolving
labeled graph whose associated Z-sofic shift does not have a BS(1, N)-good set of periods. This
can be done by the same argument given above, considering the graph from Figure and
changing the cycle in the middle for one with length coprime to N.

Nonetheless, note that given a right-resolving labeled graph I', one can always find N
sufficiently large such that Sy has a BS(1, N)-good set of periods. In effect, it suffices to
consider N to be the product of the lengths of all cycles in T'.

Now we prove that having a BS(1, V)-good set of periods is a necessary condition for a zero
entropy proper Z-sofic subshift to be the stable (a)-projective subdynamics of a BS(1, N)-
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SET.

Theorem 6.13 Let S be a zero entropy proper sofic Z-subshift realized as the stable (a)-
projective subdynamics of a BS(1, N)-SFT. Then S has a BS(1, N)-good set of periods.

Proor. Suppose that X is a BS(1, N)-SFT defined by a (finite) family of forbidden patterns
F C AB=_for some m > 1, let S be its stable (a)-projective subdynamics, which we already
know forces S to be sofic, and suppose S has zero entropy. Let us prove that S must have a
BS(1, N)-good set of periods.

Since S is the stable (a)-projective subdynamics, we can find M > 0 such that S = X4 ur,
and furthermore we can assume M > m. By using the fact that .S is sofic, we introduce its
follower set presentation I' = (V, E,i,f,\) (defined in Proposition [1.42)). Consider any cycle
with no proper subcycles ¢ € ', with label u := \(¢) € £(S) and with length |c|. If |¢| = 1,
then choosing any periodic point ¢ € Per(S) (which exists since all non-empty Z-sofic shifts
contain periodic configurations) we get that N°|Orb(g)| is a multiple of 1 = |¢|. Now for the
rest of the proof let us suppose that |c| > 1, and write |c| = H;le péﬂ where J > 1, p; is a
prime number and i; > 1 for each j € {1,...,J}.

We will prove that for each j € {1,...,J} there exists a finite set of periodic points of
Q; C Per(S) and non-negative integers {l,/¢ € @;} such that the least common multiple

Lem.{N%|Orb(q)| |¢ € Q;} is a multiple of p;j. Having done this for each j, we will have
that the finite set of periodic points Q) := U}]:1 Q); C Per(S) together with the non-negative
integers szl{lq|q € Q;} satisfies that the least common multiple l.c.m.{N'|Orb(q)| |¢ € Q}
is a multiple of ||, hence proving that S has a BS(1, N)-good set of periods.

Fix j € {1,...,J}. Define the vertices vg, v ..., v)—1 € V to be the vertices of the cycle c,
ordered such that (v;, v;41) € E for each i € {0,. .., |c|—2}, and (v|-1,v0) € E. In particular
we will consider the initial vertex vy := i(c) € V of the cycle ¢, and for ¢; = ]Lij‘ € N the
vertex vy, € V' at distance £; of vy through the cycle. Finally define u,) = ulj1,¢,) € L(S).

As T is the follower-set presentation of S we can find a word w € L(S) such that vy = F(w),
and moreover as c¢ is a cycle and \(c) = u we have that vy = F(wu”) for every k > 0.
Furthermore by the definition of u(,) we have that vy, = F(wu,)) and again as c is a cycle,
that vy, = F(wu®u,)) for every k > 0.

Since c is a cycle in I" with no proper subcycles, the vertices vy and vy, are different, and
hence F(wu*) # F(wuu,)), for all k > 0. This gives rise to two cases specifying the relation
between these two follower-sets:

Case 1: There exists ¢ € £(S) such that Vk > 0: ¢ € F(wu"*) and t ¢ F(wu*u,)).

i
Let us consider £k > N™ (].AlN MNAAMAL) | 1), and fix a locally admissible configuration

C € {a)PM with

N2]\/Ikt

C’{(f\wl aN?Mklel+[t -1y = WU

-----
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Figure 6.2: Schematic description of the patterns used in the proof. The red patterns are
equal, and the green pattern P covers all the first red pattern up until just before reaching
the second red pattern.

M

where the subword u™""'* occupies coordinates {a®,...a™N"""¥<=1} of the pattern. By our

choice of k we have that k|c|] > N™|c| (|A|NmN4M(4M+1) + 1), and so by the pigeonhole

principle we can find two different coordinates ni,ny € N™|c|N?** Ny with 0 < ny < ny <
N™|c||AN"N MAMHL) guch that we can extract from C' two equal, non-overlapping patterns

C* = C|a”1b—2MT = C|a"2b—2MT7

where T = {a't! | 0 < i < N™N*™ — 1 0 < [ < 4M}. Finally, denote by P =
Clar1p-2M {aibt|0<i<(ng—n1)N2M —1, 0<i<anr}- A schematic description of these patterns is shown
in Figure[6.2] Although the drawing is planar, it symbolizes every sheet originating from the
height b=*M up until the a-row at height height 5. The red patterns are those that were
found using the pigeonhole principle, and the green pattern is P, covering the strip starting
from the first pattern and stopping just before reaching the second one.

Now we can write C' as the concatenation of the pattern P together with the infinite
patterns appearing on C' to the left and to the right of P, which we will denote as C' =
C~PC*. Thanks to how we defined P we see that the configuration C~P™C™ is locally
admissible in (@)™ for each m > 1, and so is the pattern P> formed by concatenating
copies of P infinitely to both sides. This is because the forbidden patterns of the subshift X
have support R,, and we chose ny,n, and P in such a way that this pattern can be glued to
itself respecting these rules.

Now let us define C = C|(a>[M], C— = C_|<a)[M], C+ = C+|<a>[M] and P = P|(a>[M]. Note

M]

that as above, the configurations C~ P™C* for m > 1 are locally admissible on (a)!, and
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so is P*. In particular as each row of P> can be seen in P> as the central row of a strip
(a)M] we conclude that every row of the pattern P> is in X (), = S. These rows will form
the periodic points from the set @); C Per(S) we talked about at the beginning of the proof.

Choose n* > 1 minimum such that the pattern
R = P|a"1b*M{aibl|0§i<NMn*, 0<l<2M+1}

satisfies R = P>, and so for any k sufficiently large the configuration C~R*C™ is admissible
in (a)Ml. This n* must then respect the periods of each of the periodic points found on the
rows of the pattern P>, taking into account that due to the geometry of the group the
periodic points from rows with positive b height see their least periods in the direction of
the generator a multiplied by N raised to the height in the direction of the b generator. In
particular as n* is minimal, it must be the least common multiple of these numbers, and so
we only need to prove that n* is a multiple of p;-j by the argument given at the start of the
proof.

Suppose n* is not a multiple of p;j . Then there are infinite positive integers k' such that
Kn* = Lijl = {; (mod |c|), since the prime decomposition of n* can only contain powers
of p; with exponent less or equal to i; — 1. But then as the row ?"O|<a> has period n*
and is composed of concatenated copies of u thanks to the choice of P, we must have that
u = (u(,;))? and that for k' large enough C~R¥ C* is a locally admissible configuration on
the strip (a)!™l, which restricted to (a) has as subword wu* ¢, t € L(S) as the pattern

restricted to this row is a point from S. This implies that t € F(wu* u(,)) and contradicts
the hypothesis that began this case.

Case 2: There exists ¢ € £(S) such that Vk > 1: ¢ ¢ F(wu*) and t € F(wu*u,)).

J

This case is very similar to the previous one, so we will omit some of the details while
making the necessary adjustments for it to work.

Again let us consider any & > N™ <|A]N MNATAMAL) 1), and fix a locally admissible
configuration C € (a)M] with

N2Mp,

C‘{af\w|"..7aN2A4k\c|+Z]-+\t\—l} = wu U(fj)ta

where the subword uN*"'* occupies coordinates {a® ...aV 2Mk|c|*1} of the pattern. We have

that thanks to the choice of k : k|c| > N™|¢| <|A|NmN4M(4MH) + 1), and so by the pigeonhole
principle we can find two different coordinates ny,ny € N™|c|[N* Ny with 0 < n; < ny <
N™[c|| ANV MAMHL) guch that we can extract from C' two equal, non-overlapping patterns

C’anlb—QMT — C‘a"Qb_2MT7

where T := {a'b! | 0 < i < N™N*M — 1 0 < j < 4M}. Following the same definitions for
P, C~ and C7 as on the previous case, we again see that C~P™C™ is a locally admissible
configuration in (a)?M! for every m > 1, and that so is the configuration P>®. Now we
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define C = Cl gy, - = C™ gy Ct = C*|(@yn and P = P| . The configurations
é—fm5+ for m > 1 are locally admissible on (a)™ and so is P> In particular as each row
of P> can be seen in P> as the central row of a strip (a>[M}, we conclude that every row of
the pattern P> is a periodic point from the subshift X s = S. In the same way as on the
previous case, these rows will form the periodic points from the set @); C Per(S) we talked
about at the beginning of the proof.

Let us choose n* > 1 minimum such that the pattern
R = P|a"lb*]‘4{aibl|0§i<N1”n*, 0§l<2M+1}

satisfies R = 1500, and so for any k sufficiently large the configuration C~RFCH is admissible
in (a) [M] By the same reason given in the previous case it suffices to show that n* is a multiple

of p;j to finish the proof. If this were not the case, then as showed before there are infinite
positive integers &’ such that &k'n* = % = {; (mod |c|). But then as the row 15°°|(a> has period
n* and is composed of concatenated copies of u thanks to the choice of P, we must have that
u = (u;))? and that for k' large enough C~R¥ C is a locally admissible configuration on

the strip (a)™), which restricted to (a) has as subword wu*"t € £(S). But this implies that
t € F(wu*") and contradicts the hypothesis of this case. O

Remark 6.14 With the above theorem we showed that the condition of having a BS(1, N)-
good set of periods is necessary for a Z-subshift Y to occur as the stable {a)-projective sub-
dynamics of a BS(1, N)-SFT, which reproduces the analogue result for Z* shown in [1§].
However, in the context of Z2-subshifts a complete characterization is given: a Z-sofic shift
can be realized as stable Z-projective subdynamics of a Z*-SFT if and only if it has a good
set of periods and does not have a universal period, that is, there cannot exist p € N
and M > 1 such that for every y € Y there exists a finite set of coordinates F,, C Z with
|Fy| < M and a point z € Y periodic with period p such that y|z\r, = z|z\r,. Moreover, this
last condition also applies for unstable Z-projective subdynamics.

As we commented after Example|6.0, it is here that we see a fundamental difference be-
tween the nature of projective subdynamics of Z* with that of BS(1, N): we showed that the
sunny-side up shift, which has a universal period, can be realized as unstable {a)-projective
subdynamics of the latter, while it cannot be realized as Z-projective subdynamics of the for-
mer. This illustrates that the family of sofic Z-subshifts which can be realized as Z-projective
subdynamics of a Z*-SFT is different from those who can be realized as {(a)-projective subdy-
namics of a BS(1, N)-SFT. Nonetheless, we have found some similarities between both cases:
both families contain positive entropy sofic Z-subshifts, and we found an analogous of the 72
condition of “having a good set of periods” as a sufficient condition for realizability of zero
entropy sofic Z-subshifts. However, unlike the Z*? case, we are far from giving a complete
characterization of said family yet.

103



104



Conclusion

In this thesis we tackled the (rather general) question of how well we can understand subshifts
defined on solvable (non-abelian) Baumslag-Solitar groups, inspired by results and ideas
present in the study of Z2-subshifts. In particular, we searched for similitudes and differences
between these cases in order to understand which complications appearing are characteristic
of Baumslag-Solitar groups, and understand them through a geometric perspective by looking
at the Cayley graph of BS(1, N). We studied substitutions in BS(1, V) and proved a partial
version of Mozes theorem, investigated some basic dynamical properties of graph-coloring
subshifts, how Z-subshifts can be extended to BS(1, N)-subshifts together with properties of
these extensions, and finally studied partial results regarding realization of sofic Z-subshifts
as (a)-projective subdynamics of a BS(1, N)-SFT.

This investigation had as one powerful tool the sheets structure of BS(1, V), which allowed
us to resemble the Cayley graph of the group to the lattice Z? and adapt constructions made
in the latter in order to prove analogue results. Nonetheless, the “independence” between
sheets gained when moving in the direction of the generator b in the Cayley graph causes
completely different behavior than that of the lattice for some properties and this of course
also poses obstructions when trying to adapt techniques from Z2?. Another important tool
were the rectangles of BS(1, N) (see Definition [3.1)): this family of subsets arose as a natural
generalization of rectangles in Z?2, forming a Fglner sequence for BS(1, N) and hence giving
us a preferred family over which to compute the topological entropy of a BS(1, N)-subshift.
They were also essential when trying to extend constructions done in Z? to BS(1, N), taking
advantage of the similitude between rectangles of both groups, and the fact that the whole
group may be decomposed as a disjoint union of translates of rectangles.

Nonetheless, the results obtained throughout this thesis leave some unanswered questions
and space for future research in this topic, which we list below separated by each chapter.

e Chapter The structure of periodic configurations.
Are there any other (families of) directions of periodicity which force some kind of rigid-
ity in the structure of a periodic configuration? We studied the case of periods in the
family {aka | k€ N, p & NZ}, but it remains open what can be said about periodic-
ity along the b direction. An interesting starting point may be studying configurations

which are periodic through every sheet up to some height, that is, a configuration
r € APSUN) with

{a’b™ | 0 < j < N™} C Stab(z), for some m > 1.
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e Chapter Substitutions on Baumslag-Solitar groups.
The most important question arising from this chapter is whether we can find a version
of Mozes’ theorem without the hypothesis of an (eventually) settling substitution. The
intuition says that this should be the case, but when trying to prove the theorem
technical details become complex and cumbersome really quickly.

e Chapter Graph-coloring subshifts.
While this was answered affirmatively for the case of odd N, it remains an open question
whether or not hop,(C3) > 0 for even N. Answering it may require more delicate
understanding about how patterns can repeat with a determined frequency throughout
the Cayley graph of BS(1, N), in contrast to the rather simple proof for odd N, which
exploits the bipartitity of the graph in this case.

Another interesting topic to look into is what kind of mixing conditions we can find in
C, for n € {3,4}. We know that Cs is finite, whereas for n > 5 the subshift C,, exhibits
a really strong mixing condition, so one would hope to find an intermediate mixing
property satisfied in the two remaining cases.

e Chapter [5; Relationship between 1-dimensional and Baumslag-Solitar sub-
shifts.
One of the key results of this chapter was to show that if X is a BS(1, N)-subshift
induced by a 1-step Z-SFT X having a mixing symbol, then

o~

1
ihtOp(X) < htOp(X> < htOp(X>-

A full-shift is a trivial example of a subshift attaining the upper bound, but we did not
provide examples where this inequality is strict. Finding such examples is an interesting
task. On the contrary, one could try to improve the lower bound in order to understand
how small an entropy gap between htop(jf\ ) and hiop(X) can be achieved. A possible
approach should take advantage of having a mixing symbol in order “not lose” too
many patterns when passing from Z to BS(1, N).

e Chapter [6f Projective subdynamics.

In the final chapter of this thesis we defined projective subdynamics for BS(1, N)-
subshifts and gave partial results of realizability of sofic Z-subshifts as (a)-projective
subdynamics of a BS(1, N)-SFT. In particular for sofic Z-subshifts of zero entropy
we were only able to give a necessary condition for it to be realized in a stable way.
The complete characterization obtained for Z? suggests that we might be able to find
similar (sufficient) conditions for the realizability of these Z-subshifts. Especially one
would hope to find an analogous property to having a universal period which limits a
Z-subshift from being realized as (a)-projective subdynamics inside a BS(1, N)-SFT.

A final yet completely unexplored direction is what can be said in the case of subshifts
defined on an arbitrary Baumslag-Solitar group BS(m,n), for m,n € Z\{0,1}. Things
seem to become more complicated and considerably different: we no longer have such a
clean normal form as that of Proposition [I.25] we will have trouble finding a family of sets
similar to the rectangles over which to make constructions, and as these groups are no longer
amenable (see Proposition the concept of ordinary topological entropy does not apply.
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Nonetheless, the work done in this thesis studying the solvable case is a first approach to the
general question and may give ideas on how to proceed.
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