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RESUMO

Este trabalho tem como objetivo apresentar os conceitos e resultados necessarios
para a compreensdo de um resultado sobre sistemas dinamicos relacionados a
intercambios de intervalos. Mais precisamente, se T € um intercambio de intervalos

autossimilar com (E)1 autovalor de Perron-Frobenius da matriz associada ao loop da
indugdo de Rauzy sobre T e existe um autovalor real 0, conjugado a CH tal que
G)Z > 1, entdo existe um intercambio de intervalos afim f, semi-conjugado a T, que

possui intervalos errantes. Este resultado foi obtido por X. Bressaud, P. Hubert e A.
Maass. Para construir o conhecimento necessario, sdo estudadas duas areas
principais: a dinamica de intercambios de intervalos e a dinamica simbdlica,

destacando as conexdes entre essas teorias.

Palavras-chave: intercambios de intervalos; dindmica simbdlica; substituicoes;

fractal de Rauzy; intervalos errantes.



ABSTRACT

This work aims to present the concepts and results necessary for understanding a
result concerning dynamical systems related to interval exchange transformations.

More precisely, if T is a self-similar interval exchange transformation with @1 the

Perron—Frobenius eigenvalue of the matrix associated with the Rauzy induction loop

of T, and if there exists a real eigenvalue N conjugate to CH such that 0,>1, then

there exists an affine interval exchange transformation f, semi-conjugate to T, that
possesses wandering intervals. This result was obtained by X. Bressaud, P. Hubert,
and A. Maass. In order to develop the necessary background, two main areas are
studied: interval exchange dynamics and symbolic dynamics, emphasizing the

connections between these theories.

Keywords: interval exchange transformation; symbolic dynamics; substitutions;

Rauzy fractal; wandering intervals.
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1 INTRODUCTION

The study of discrete dynamical systems is primarily based on the analysis of the
iterates of a function, called dynamics, defined on a nonempty set. Because this definition
is quite general, the field connects with many other areas of mathematics, enabling a wide
range of diverse and interesting investigations. In this work, we focus mainly on two types
of dynamical systems: Interval Exchange Dynamics and Symbolic Dynamics.

It follows from immediate observations that interval exchange transformations do not
have wandering intervals. However, in the 1980s, Levitt posed the following question in
[3]: do there exist uniquely ergodic affine interval exchange transformations with wan-
dering intervals? Levitt himself found examples in which the transformations were not
uniquely ergodic. In [4], Camelier and Gutierrez constructed uniquely ergodic examples
with wandering intervals that were also semi-conjugate to interval exchange transforma-
tions. Their work subsequently achieved some improvements by Cobo, as reported in [5].
The article we study in detail is [2] by Bressaud, Hubert, and Maass, in which they es-
tablish conditions on an interval exchange transformation that guarantee the existence of
an affine interval exchange transformation, semi-conjugate to it, with wandering intervals.
The result is the following:

Theorem 1.1. (Bressaud-Hubert-Maass) Let T(\, ) be a self-similar interval
exchange transformation and R the associated matrix obtained by Rauzy induction. Let
01 be the Perron-Frobenius eigenvalue of R. Assume that R has an eigenvalue 0y such
that:

1) 0y is a conjugate of 0y;
2) 0y is a real number;
3) 1< 92(< ‘91)

Then there exists an affine interval exchange transformation f with wandering intervals
that is semi-conjugated to T'(\, 7).

To fully understand the result mentioned above, it is necessary to study not only the
theory of interval exchange transformations but also symbolic dynamics and substitutions,
since these play an important role in the proof of the result.

The so-called interval exchange transformations have attracted significant interest due
to their connections with a wide variety of mathematical topics, such as geodesic flows
on translation surfaces, multidimensional continued fraction algorithms, Teichmiiller flow,
polygonal billiards, substitutions, and Rauzy fractals. In Chapter [3| we study the basic
definitions and fundamental results related to interval exchange transformations, with

13



14 INTRODUCTION

particular emphasis on understanding the Rauzy induction, which plays a central role in
many results in this area, including the main article [2]. The main reference used is [6]

The theory of substitutive dynamical systems originated with the work of A. Hedlund
and M. Morse and has since developed significantly, becoming connected to various topics
across different areas of mathematics, such as ergodic theory, fractals, tiling theory, one-
and multidimensional continued fractions, and, naturally, interval exchange dynamics. In
Chapter [d, we introduce several concepts related to symbolic and substitutive dynamics
that are essential to this line of research. A large portion of these results will be used in
the proof of the main article [2]. The primary reference used in this chapter is [7].

In Chapter [5 we finally bring together the knowledge developed earlier in order to
understand in detail the proof of [2], which is not trivial; however, it is based on a very
interesting construction that uses several tools from symbolic dynamics.



2 PRELIMINARIES

In this chapter, we present preliminary concepts that will be extremely important
throughout this work. A discrete dynamical system is a pair (X, f), where X is a
nonempty set, and f: X — X is a map which is called the dynamics. We often call it
just dynamical system. One of the main interests in the study of discrete dynamical
systems is the asymptotic behavior of the orbits of points z € X, that is, the behavior of
the sets

O(x) = {f"(x) | n € N},
where f" = fo---o f (n times). The generality of the definition of a discrete dynamical

system allows this area of study to be applied to a wide variety of objects, including those
investigated in this work.

Definition 2.1. Let (X, f) be a dynamical system. We say that (X, f) is minimal if
the orbit of every point x € X is dense in X, that is,

O(z) =X, VrelX.

Given a dynamical system, it is possible to endow it with various types of structure
that allow for very interesting studies. In what follows, we present one of the most
important theorems in Ergodic Theory, known as the Poincaré Recurrence Theorem, which
is obtained when we equip our set with the structure of a measure space.

Definition 2.2. Let (X, B, 1) be a positive measure space, where B is a o-algebra and
p: B — [0, +00] is a measure, and let T: X — X be a measurable transformation of
(X,B). We say that

(i) T is a measure-preserving transformation of (X, B, ), or that p is invariant
under T, if

p(A) = p(T71(4)), vAEB;

(ii) w is ergodic if
p(A)=0 or u(X\A)=0,
for every T-invariant set A € B, that is, A such that T"1(A) = A;

(1ii) T is uniquely ergodic if there exists a unique invariant probability measure under
T.

Let (X, B) be a measurable space and let T: X — X be a measurable transformation.
Let A € B and, for y € A, define

I'y={neN:T"(y) € A}.

15



16 PRELIMINARIES

If T'y # 0, we say that y is a recurrent point of A under 7.
We denote by
QA:{yEA:Fy:(D}

the set of non-recurrent points of A under 7.
Theorem 2.3. (Poincaré Recurrence Theorem) Let (X, B, 1) be a finite positive

measure space, let T: X — X be a measurable measure-preserving transformation, and
let A € B. Then almost every point of A is recurrent in A under T.



3 INTERVAL EXCHANGE
TRANSFORMATIONS

In this chapter, we will present the basic definitions concerning interval exchange
transformations, as well as some examples for better geometric visualization. We will then
define the important Rauzy induction, followed by important results that, in particular,
relate the theory developed to the property of minimality, which is of great interest in the
study of discrete dynamical systems. The main reference used is [6].

3.1 INTERVAL EXCHANGE TRANSFORMATIONS

Let X C R be an interval and A = {1,2,...,r}, in which r € N ={0,1,...}, r > 2.
Consider {X,j € A} to be a partition of X, where each X is a subinterval of the form
Xj = lag, byl.

Definition 3.1. An interval exchange transformation (IET) is a bijective map
T : X — X that translates each subinterval X;.

Example 3.2. An IET is often represented visually in the following ways:

1. Graph

Xi

{

X3

X; X, X

Figura 3.1: Graph of an IET.
Source: Author’s own work

17



18 INTERVAL EXCHANGE TRANSFORMATIONS

2. Diagram

X1 XQ X3

Figura 3.2: Diagram of an IET.
Source: Author’s own work

Note that such function can be determined by a vector that describes the lengths of
these subintervals and a combination in the order of the subintervals of the partition.
Indeed, let A,, r € N, r > 2 be the positive cone in R”, that is, A, = {A = (A1,..., \,) €
R"|A; > 0,Vi = 1,...,7}. Let us consider then a vector A = ()\j);ea € A,, where )\,
represents the length of the subinterval Xj.

Let m = (m, ™) be a pair of bijections 7. : A — A in which 7y describes the order
of the subintervals X; before an iterated of the map 7" and m; describes the order of the
subintervals after it. Thus, we can represent 7 in the following way:

( al oy ...l )
= 1 1 1]
) Qg ... Q

in which af = 7'(j) for e € {0,1} and j € A,

Sometimes, to simplify the notation, we use 7 € G,.,7 = 7, o 7, |, where G, is the set
of permutations of A ={1,2,...,7}.

Given this construction, we use the pair (A, 7) to represent an interval exchange trans-
formation 7. We often denote it by T'(\, 7).

Example 3.3. The following interval exchange transformation

Xy X X4 X3

| | | 1 |

| |

X3 Xy X, X

Figura 3.3: IET of four intervals.
Source: Author’s own work

is given by T (A, ), in which

21 4 3
A=(3,2,5,1) and 7r:<3 5 4 1).

Observe that T = m omy " = (2,4,3,1).
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Definition 3.4. We call the monodromy invariant of the pair m = (m,m) the

point
p=(momyt(1),momy(2),...,m 0wy (r)).

Note that given an interval exchange transformation (A, 7) we can normalize the order
choosing (X, 7') with 7, = id.

This notation is very useful, although it hides the symmetric roles of my and 7y, in
addition to not being invariant to the induction algorithm that will be presented soon.
Nevertheless, whenever possible, it will be used to simplify notation.

J
For each A € A, consider By = 0, §8; = Z)\i, X; = [Bj-1, 08, 7 = 1,...,r and
i=1

x = x, = 0,41

j=1
For each A € A, and 7 € G,, consider N = (A}, A5, ..., A,) € Ay, in which A; = A1),
Consequently, we define 8} and X}. Consider the map T : X — X defined by
T(l’):l'_ﬁ]fl‘kﬂ;u)il, .I'GXJ, ]:1,,7°

Thus, T' permutes the subintervals X; following the permutation 7, that is, T'(X;) =
X7 (j)- In other words, T" is the explicit form of (A, ).

Definition 3.5. Let 7 € G, be the permutation associated to a pair m = (mg, 7 ), that
is, T =mom,'. Wesay T (or ) is reducible if there exists k € {1,2,...,r — 1} such
that

7({1,2,...,k}) ={1,2,... k}.

Otherwise, we say that T is irreducible.

In Example [3.3], 7 is irreducible. Let us see an example of a reducible permutation.

Example 3.6. Let 7 = (2,1) € G5, A € A3 and suppose that

m(l) =1, m(2)=2 and m(3)=3.
By definition,
A=711)=1, ad=m"(2)=2 and aof=m"(3)=3;
and by the permutation T, we have
m(1)=m (') =7(1) =2, m@2)=m(m'@2)=72) =1

and  m(3) =m (5" (3)) = 7(3) = 3.
In this case, there exists k =2 < 3 =r such that

7({1,2,...,k}) =7({1,2}) = {r(1),7(2)} = {2,1} = {1,2} = {1,2,...,k}.
Therefore, T is reducible.

Thus, if 7 is reducible, for any A € A,., the subinterval
J= U X;= U X;
mo(f)<k m1(j)<k

and its complementary are invariant by 7. This means that 7" can be decomposed into
two transformations. Therefore, given a pair 7, we can decompose it into irreducible pairs,
which means that we can restrict our studies to the set of irreducible pairs.

Obviously, an interval exchange map (A, 7) cannot be minimal if 7 is reducible.
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3.2 TRANSLATION VECTORS

Given 7 = (mg, m ), we define Q, : RA — RA by:

2,(\) =w with w, = Z Ag — Z Ag, Va=1,...r (3.1)
B, mi(B)<mi(a) B, mo(B)<mo(c)

Then, the corresponding interval exchange transformation 7T is given by:
T(x) =+ w,, for z € X,.

Example 3.7. Consider the interval exchange given by the following figure

Xi Xo X3

L | 1 |

Xg Xl X2

Figura 3.4: TET of three intervals.
Source: Author’s own work

We have

Hence, we have

Q,(\) =w = (w1, ws,ws),

in which,
w1 = Z Ag — Z Ag = As,
m1(B)<mi(1)=2 mo(B)<mo(1)=1
Wy = Z )\5— Z )\5:)\1—}-)\3—)\1:)\3 and
m(B)<m1(2)=3 mo(B)<mo(2)=2
W3 = Z )\5— Z )\5:—>\1—)\2.
m (B)<m1(3)=1 mo(B)<mo(3)=3

We call w translation vector of 7. Note that the matrix (£245)a e of {2 is given
by

—1, if m(a) <m(B) and mo(a) > mo(S) (3.2)

0, for all other cases.

{ +1, if m(a) > m(B) and mo(a) < mo(B)
Qo =

Lemma 3.8. The inner product A - w = 0.
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Proof:: Indeed,

)\-w:Z)\awa:Z)\a( Z g — Z())‘6>:

acA acA m1(B)<m1(c) o (B)<mo (o

=Y Y A=Y D> A (3.3)

acAm (B)<mi(a) acA o (B)<mo(a)

Let € € {0,1} and 7, : A — A bijections. Consider A{ = {(a, ) € A X A: 7 () >
7e(B)} and A5 = {(7,0) € A x A: 7. (y) < 7(0)}.
Thus, A NAS =0, AUA; =AXx A\ {(o,a) : o € A} and

2 Aad= D s (3.4)

a€A e (B)<me(ar) (a,B)€A]
On the other hand,

> Aaks = S A= D Aadst DD M=

B (a,B)€AS | As (v, B)€A] (7,0)€As

= Y M+ Y =2 3 s (3:5)

(o, B)EAS (0,7)€AS (a,B)EAS

Therefore, from (3.3), (8.4) and (3.5) it follows that
Z Aok — Z Aads = 0.

2 .76 2 76

3.3 RAUZY INDUCTION

Introduced by Gérard Rauzy in 1979, Rauzy induction emerged on the basis of works
from the early 1970s as a powerful renormalization procedure. This algorithm generalizes
the classical continued fraction algorithm from rotations (which are exchanges of two in-
tervals) to arbitrary IETs with more intervals. The historical significance of Rauzy’s work
lies not only in producing an effective analytical tool for IETs, but also in linking different
areas of mathematics, including Teichmiiller theory, flat surfaces, measured foliations and
symbolic dynamics.

In this section, we will consider a pair (A, 7) with m = (mg, 7). For each ¢ € {0, 1},
we denote by «(e) the last symbol in the vector 7, that is,

ale) =n1(r) = at.

The Rauzy induction can only be defined if the intervals X,y and X,1) have different
lengths, so we will assume this condition by now. We say that

1) (A, 7) has type 0if Ayo) > A

2) (A, ) has type 1if A\y) < Ay
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In this way, let Y be the subinterval of X obtained by removing the smallest of those
two intervals, that is,

Y — X\T(Xa), if (A7) has type 0,
X\ Xy, if (A, 7) has type 1.

The Rauzy induction of T is the first return map R(T) for the subinterval Y. We then
have a new interval exchange transformation. Let us define this induction.

If (A, 7) has type 0, we define Y; = X for i # «(0) and Y,0) = Xa) \ T(Xa1)). Such
intervals form a partition of ¥ and T(Y;) C Y, for all i # a(1). In this way, R(T) = T
restricted to these Y/s, with i # a(1). On the other hand, T'(Y,a)) = T(Xaa)) C Xa(o)
— T*(Yom) C T(Xuq) C Y. Thus, we have R(T) = T? restricted to Ya).

See the following figure.

| | Few | | Xew |
I ! T(Xa0) i IT(XQU)) |
| | Yo | [ Yoo |
T?
I |Ya(o)| Yo |
i

Figura 3.5: Rauzy Induction for type 0
Source: Author’s own work

An example of this case is given below.

If ()\, 7T) has type 1, we define Ya(O) = T_I(Xa(o)), Ya(l) = Xa(l) \Ya(O) and Y; = X;,
for all other values of i. In this way, T'(Y;) C Y for all i # «/(0) and, therefore, R(T) =T
restricted to these Vs, with ¢ # «(0). On the other hand, T?(Yy ) = T(Xa@) C Y.

Hence, we have R(T) = T? restricted to Ya(0)-

See the figure below.

An example of this case is given by:

Now, we will express the map T +— R(T) in terms of coordinates (, 7) in the space of
interval exchange transformations. This analysis will be extremely useful in later chapters.

1) If (A, 7) has type 0, then the transformation R(T) is described by (X, 7’), such that:
N = (X)) jea, where

A; =2, for j#a0), and X,g) = Aa@) — Aaq). (3.6)
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and

that is,

Figura 3.6: Example of Rauzy Induction for type 0

Source: Author’s own work

!/

Figura 3.7: Rauzy Induction for type 1

Source: Author’s own work

0
J J

in which k& € {1,...,r — 1} is defined by «a}, = «(0).

(3.7)
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X, X5 | X3 |
L T(Xy) 'T(X) (X)) '
Yl l }/:3 I ............. Y2

. v, on

;

Figura 3.8: Example of Rauzy Induction for type 1
Source: Author’s own work

2) Analogously, if (X, 7) has type 1, then the transformation R(T) is described by
(N, 7"), such that:
N = (X)) jea, where

A; =2y, for j#£a(l), and Xy = Aaq) — Aa). (38)
and
/ un 04(1) 0‘2 poa(l) «0) Qi1 0‘9—1
™ = / = 1 1 1 1 ’
™ Qy Qp 1 Q@ Qg a(l)
that is,
oz?, if j < k;
CY?, =<{ «0), if j=k+1; and ajl-, = aj, (3.9)

(
Qi j>k+

in which k € {1,...,r — 1} is defined by o = «a(1).

1 2 3

3 2 1)
Depending on the type of (A, ), that is, if it has type 0 or type 1, there are two possibilities
for o':

, (123
1) If (\, ) hastypeO,ﬂ—<3 19 )

Example 3.9. Let T'(\, 7) be an interval exchange transformation, with m =

, (132
2) If (A, ) hastype],ﬁ—<3 5 1)

Following this logic, we understand the concept called “Rauzy diagram”.

Given pairs 7 and 7, we say that 7 is a successor of 7 if there exist A and A" such
that }A%(W, A) = (7'('/, X). Of course, any pair 7 has exactly two successors corresponding to
types 0 and 1. Similarly, each 7" is the successor of exactly two pairs 7. Notice that 7 is
irreducible if and only if 7" is irreducible. Thus, this relation defines a partial order in the
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set of irreducible pairs, which we may represent as a direct graph G. If an IET T'(\, )
belongs to the graph G, we say that GG is the Rauzy diagram of 7T

The class R of irreducible permutations belonging to the same diagram is called a
Rauzy class.

Example 3.10. For three intervals, there are only three irreducible IETs - the ones
presented in Example - and all of them are connected by the graph mentioned.

123)o,(123) (132
— —
10(312)%‘(321)?(321>OO

3.4 KEANE CONDITION

Observe that the induction map f{(T) is not defined when the intervals X,y and Xq)
have the same length, that is, when A,y = Aq(1). In order to view R as a dynamical
system in the space of interval exchange transformations, we must therefore restrict R to
an invariant subset of (A, 7) for which the iterates R"(\,7) are well defined; that is, such
that Ay #+ Aoqy: forall n > 1. A possible choice for this subset is the set of irrational
vectors, which we now define.

Definition 3.11. We say the vector A = (A1, Aa, ..., \.) € A, is irrational, or that

ANi,j€e A={1,...,r} are rationally independent, if an)\j # 0, for every nonzero
j=1
integer vector (nj)jea € Z".

As mentioned above, this definition gives us the following result.

Proposition 3.12. If (A7) is such that ) is irrational, then R*(\, ) is well defined
for every n > 1, that is, Ay =+ Aaqy, for everyn > 1.

Proof: First, let us show that if X is irrational, then }A%()\, 7) is well defined.
Suppose, by contradiction, that Ayo) = Aa(1). Then

1- /\a(O) + (—1) . )‘a(l) =0.

Taking

we obtain
,
> 1A =0,
j=1

which is a contradiction.
Therefore, if X is irrational, then R(A,m) is well defined.
It remains to prove that if A is irrational, then )" is also irrational.
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Assume that (A, ) has type 0; the case of type 1 is analogous. Let n = (n;);ea € Z"
be a nonzero vector. Then

Z ’n,])\; = Z nj/\j + Ma(0) ()\04(0) - )‘04(1)>

JjEA J#a(0)
= > A F a@Aa) + a0) (Aa©) — Aa))
j#a(0)a(1)
= > A+ na@a@ + Aa) (Pa) = Ma@)-
j#a(0).0(1)

(i) If Na(0) = Na(1) = 0, then

D= D> midy =) A #£0,

JEA J#a(0),a(1) jeA
since > ;eanA; # 0 (by the irrationality of A) and the last two terms Na(0)Aa(0) and
Na(1)Aa(1) Vanish.
(11) If Na(0) = 0 and Na(1) 7'é O, then

2Ny = D miAFnamam = 2 A #0,
jeA j#a(0),a(1) jed

again because ;e 4njA; # 0 and the term nq)Aa(o) vanishes.

(iii) If nq ) # 0, then the vector

(77,1, e ,na(o), e ,na(l) — na(o), .. )

is nonzero, since nq (o) # 0. Therefore,

Z 7”LJ>\; # O,

jeA
because A is irrational.

Hence, if X is irrational, then )\ is also irrational, and consequently R is well defined
for all n > 1.

Keane observed, however, that non-irrationality is not always an obstruction to further
iterations of R™(\, ).

Thus, we shall introduce a condition known as the Keane condition and prove that
irrationality is stronger than this condition.

Let 0X, denote the left endpoint of each subinterval X,, v € A. Recalling that the
left endpoint of X coincides with the origin, we have

neA
mo(n)<mo (V)
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Note that if mo(3) = 1, then
T(0X,) =0Xz for a=m'(1).

Definition 3.13. We say a pair (A, 7) satisfies the Keane condition if the orbits of
these endpoints are as disjoint as they can possibly be, that is,

T"(0X,) # 0Xs, for all m>1 and a,p € A, with m(8) # 1. (3.10)

Proposition 3.14. The following properties are true:

1) If the pair (\, ) satisfies the Keane condition, then R(\, ) = (N, 7') is well defined

and 7 s irreducible.

2) The Keane condition is not affected if we restrict it to the case of m () > 1 instead

of mo(B) # 1.

Proof: (1) Suppose that R is not well defined. Then we would have Aa(0) = Aa(1),
which would imply that
T(aXa(l)) = a)(oz(())u

contradicting the fact that (A, ) satisfies the Keane condition.
Now suppose that 7 is reducible. Then there exists k € {1,2,...,7 — 1} such that

momy ({1,2,...,k}) = {1,2,...,k}.
Thus, there exists a € {k+ 1,k +2,...,r} such that
T(0Xo) = 0Xpy1,

which again contradicts the fact that the pair (A, 7) satisfies the Keane condition.
(2) Indeed, assume as a hypothesis that

T"(0X,) # 0Xs, forallm >1and o, € A with m(a) > 1.

Arguing as in the previous item, we conclude that 7 is irreducible.
Let o, 8 € A be such that mo(3) # 1.

(i) If m(«) > 1, then condition (3.10)) holds by hypothesis.
(ii) If m («) = 1, suppose by contradiction that
T(0X,) = 0Xs for some m > 1.

Then T(0X,) # 0Xg, since T(0X,) = 0 and 0Xz > 0. Hence m > 1, and therefore
m—1>0.
Now let 7 € A be such that

T(0X,) =0 = 0X,.

Then
71 (8X7) = 0X3.

Moreover, we have () > 1, since m(y) = 1 and 7 is irreducible.
Therefore, there exist v, 5 € A such that

T 10X,) = 90Xz with m(y) > 1,

which contradicts the hypothesis.
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Observe that property (3.10)) is invariant under iterates of R, since the orbits of R(T)
are contained in the orbits of T'. Therefore, the Keane condition is sufficient to guarantee
the existence of all iterates

(A", 7") = R*(\, 1), n>0.

The next result shows that, assuming the irreducibility of 7w, the Keane condition is
indeed more general than rational independence.

Proposition 3.15. If X is irrational and 7 is irreducible, then (A, ) satisfies the
Keane condition.

Proof: Suppose, by contradiction, that the pair (A, 7) does not satisfy the Keane
condition. Then there exist m > 1 and «a, § € A, with m(5) > 1, such that

T™(9X,) = 0X5.
Let f3;, 0 < j < m, be such that 77(0X,) € Xp,. Thus fy = o and f3,, = 5. Note that

T(0X,) = 0Xo + wa,
T2(0X,) = T(T(0X.)) = T(0Xa) + ws, = 0Xa + Wa + Wp,

aXﬁ = Tm(é)Xa) = 8Xa + Wy —f-Wﬂl + - —|—W5m717

where w = (w,),e4 is the translation vector defined in (3.1)). Hence,

m—1
8X3 - 8Xa = Z ng.
=0
That is,
m—1
Z /\7 - )‘7 = )‘7 - Z /\w
70 () <m0 (Bm) mo(v)<mo(Bo) =0 \m(v)<m1(8y) 7o () <mo(By)
m—1 m—1
S SHID SN S S
J=0 m1(y)<m1(By) 3=0 mo () <mo(B;)
Thus, we obtain
m—1 m—1
Z Ay — Ay = Ay — Ay — Z Ay
70 (v)<mo(Bm) mo(7)<mo(Bo) J=0 m1(v)<m1(B;) J=1 mo(v)<mo(B;) 7o () <mo(Bo)

and hence
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Z - A, =0.

1 (y)<m1(By) J=1 7o (v)<mo(By5)

This last equality can be written as

> A, =0,

yeA

where

=#{0<j<m:m(B;) >m(y)} —#{0 <j <m:m(B;) > mo(y)}-

However, by hypothesis, A is irrational. Therefore, it follows that n, = 0 for all v € A.
Let

B = max {m(5;)}, C = max {m(5;)}, D = max{B,C}.

0<j<m 0<j<m
In this way, we have
D>B> 7T0<ﬁm> = Wo(ﬁ) > 1.

Since 7 is irreducible, there must exist v such that

mo(y) < D < mi(7).

Now, for all 0 < j < m, we have

m(B;) <C <D <m(y),

and thus
{0<j<m:m(B;)>m()}=0.

Since n, = 0, we obtain
{0<j <m:m(By) >m(v)} =0,

and hence
mo(B5) < mo(y) < D forall 0 <j<m.

In an analogous way, one proves that
m(Bj) <D, forall0 <j<m.

Thus, we have shown that m(f;) < D for all 0 < 7 < m and that m(3;) < D for all
0 < j < m, which is a contradiction, since it violates the definition of D.
Therefore, (A, 7) satisfies the Keane condition.
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The next result is of fundamental importance, as it relates the Keane condition to the
strong notion of minimality in dynamical systems.

Proposition 3.16. If (A, 7) satisfies the Keane condition, then T is minimal.
In order to prove this proposition, we first establish the following results.

Lemma 3.17. Given any subinterval J = [a,b[C X, for some a € A, there exists a
finite partition {J; : 1 < j <k} and integers ny,...,n, > 1 such that:

1. T(J)NJ =0 forall0<i<n; and1 < j<k;
2. each restriction T™ |;, is a translation of J; onto some subinterval of J;

3. the intervals T™ (J;), 1 < j < k, are pairwise disjoint.

Proof: Let A be the union of the set of endpoints {a, b} of J with the set of endpoints
of the intervals X,. Let B C J be the set of points z € J for which there exists some
m > 1 such that T%(z) ¢ J for all 0 < i < m and T™(z) € A.

The map B 2 z — T™(z) € A is injective. Indeed, let z1, 2o € J and my,ms > 1 be
such that T (z;) = T"2(z2) € A. If my = ma, then, since T is bijective, it follows that
z1 = z3. Without loss of generality, assume that m; < ms. Then

T M (zg) =2z € J with 1 <my—my <my,

which contradicts the choice of my. Hence m; = ms, and the map is injective.
Consequently, since A is finite, it follows that B is also finite. Therefore, consider the
partition of J determined by the points of B.
By the Poincaré Recurrence Theorem (2.3), for each element .J; = [a;,b;[ of this
partition, there exists n; > 0 such that 77 (J;) intersects J. We take n; to be the
smallest such integer. Observe that, since J; C J C X, T |;; is a translation.

Claim. 7" (J;) C J.
Indeed, suppose that 7™ (J;) ¢ J. Since the intervals intersect, we must have a €

T"(J;) or b € T (J;). Without loss of generality, assume that a € 7™ (.J;). Then there
exists x € J;, with a; < x < b;, such that

T (z) =a € A,

and, by the choice of n;, we have T%(z) ¢ J for all i < n;. Thus € B, which is a
contradiction, since z lies in the interior of the interval [a;,b;[, which is partitioned by
the points of B.

Therefore, T (J;) C J.

Finally, the intervals 77 (J;), 1 < j < k, are pairwise disjoint. Indeed, if there existed
J; and J; such that y € T"(J;)NT" ( ) then there would exist x; € J; and z; € J; such
that
T (i) =T (2;) = y.
Now n; # n;, since otherwise the bijectivity of 7" would imply z; = x;, which is impossible
because J; N J; = () by construction. Without loss of generality, assume that n; > n;.
Then
T " (2) = a5 € J,

which contradicts the definition of n;. Hence, the desired result follows.
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Observe that this result shows that the first return map of 7' to an interval J C X, is
again an interval exchange transformation.

Corollary 3.18. Under the hypotheses of Lemma (3.17)), the set J, defined as the
union of all future iterates of J, is a finite union of intervals and is also an invariant set,

A

that is, T(J) = J.
Proof: The first statement follows directly from the first part of Lemma (3.17)):

™) =U U 7).

k nj—l
j=

SN
Il
3
LC ¢

1 =0

From the bijectivity of T', observe that

k k
DT (T =D 1] = 1J],
= =1

where |-| denotes the length of an interval.
Moreover, using items 2. and 3. of the previous lemma, it follows that

k
J = U " (J;)
j=1
Thus,
k ny
T(j)= U UT'())

I
C=
S
AN
~
<
C
-
~
u:
<
=

I
-

3
<

(-
-
&~

Therefore, .J is an invariant set.
|
Lemma 3.19. If (A, 7) satisfies the Keane condition, then T has no periodic points.

Proof: Suppose, by contradiction, that there exist m > 1 and x € X such that
T (x) = x.

Define 3; € A, for 0 < j < m, such that T7(z) € Xp,.

Let J be the set of all points y € X such that T7(y) € Xz, for all 0 < j < m, that is,
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J={yeX:T'(y) € Xg,, 0<j <m}.

Then J is an interval contained in Xg,. Since T™(z) = =z, it follows that 7™ | ;= id.
In particular,

T™(0J) = 0J.
By the construction of J, there exist 1 < k < m and § € A such that
T5(0J) = 0X,.

Therefore,
T™(0Xg) = T™(T*(0J)) = THT™(0J)) = T*(0J) = 0Xs,

that iS, Tm(ﬁXﬂ) = 8X5

Now we consider two cases:
(i) If mo(B) > 1, this contradicts the Keane condition, which is absurd.
(ii) If mo(B) = 1, then there exists a € A such that

T(0X,) =0=0Xg.
Observe that a # 3, and hence 90X, > 0, since 7 is irreducible. Consequently,
T(T™(0X0)) = T (T(0X,)) = T™(0X5) = 0X5.
By the injectivity of T', it follows that
T"(0X,) = 0X,,

which again contradicts the Keane condition.

Therefore, T has no periodic points.
[ |

Proof of Proposition (3.16). Suppose that there exists x € X such that the set
{T™(x) : n > 0} is not dense in X, that is,

{Tn(x):n >0} # X.
Let J = [a,b[C X,, for some a € A, such that
JNA{T"(x):n >0} =10,
and let J denote the union of all future iterates of J. By Corollary , J is a finite
union of intervals and is invariant under 7.
Claim. .J cannot be of the form [0, 5.

Indeed, suppose that this is the case. Let B={a € A: X, C j}
(i) If B # 0, then
WO(B) = {1a27- . 7k:}

for some k € A with k < r, since .J does not intersect the orbit of z. Since J is invariant,
we also have

m(B) ={1,2,...,k},
and thus
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T ({1,2,..., k}) =B=m"({1,2,...,k}).
This contradicts the irreducibility of 7, since irreducibility is a consequence of the Keane
condition.

(ii) If B = 0, then J C X,, where m(e) = 1. By invariance, we also have J C T(X,),
and therefore 7 () = 1. This again contradicts the irreducibility of 7.

Thus, the claim is proved.

As a consequence, and using Corollary (3.18]), the set J is a finite disjoint union of
subintervals of X, and there exists at least one subinterval of the form [a, b] with a > 0.

If T"(a) # 0Xp for all n > 0 and all 8 € A, then by continuity of 7" and invariance
of J , the point 7" (a) must be an endpoint of one of the disjoint subintervals of J for all
n > 0. Since J has finitely many connected components, it follows that 7" must have a
periodic point, which is impossible by Lemma .

Analogously, it cannot happen that

T"(a) # T(0X,) forallmn <0andac A.
Therefore, there exist integers n; < 0 < ns and «, 8 € A such that

T"(a) = T(0X,) and  T™(a) = 0X. (3.11)

If 0Xs > 0, then the Keane condition is violated, since
Tre-mH(9X,) =T (T (0X,)) = T"(a) = 0Xg.

If 0X3 = 0, then ny > 0, since @ > 0. Moreover, 0Xg = T(0X,) for some v € A
with 7m1(7) = 1. In this case, equation (3.11) remains valid if we replace § by v and ng
by ne — 1. By irreducibility, we have v # 3, and hence 90X, > 0. Once again, the Keane
condition is violated, since

T (0Xa) = T H(TH(0Xa)) = T 71 a) = 0X,,  mo(y) # 1.

Therefore, there does not exist any = € X such that

{T™(z) :n >0} #X.
Hence, T' is minimal.

3.5 AFFINE INTERVAL EXCHANGE TRANSFORMATIONS

We now present a generalization of the concept of interval exchange transformation,
called an affine interval exchange transformation. The motivation for introducing this
definition arises from the main results that will be studied.
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Definition 3.20. A bijective map T': [a,b) — [a,b) is said to be an affine interval
exchange transformation (AIET) if there exists a finite sequence

a=Yo <Y1 <Y<+ <Y1 <Yn=>

such that, for every i € {0,1,...,m — 1}, the restriction Ty, ,..,) s continuously diffe-
rentiable and its derivative is identically equal to a constant, say 3; > 0.

When T is discontinuous exactly at the points y1,va, ..., Ym—1, we associate to T the
pair of vectors

(yaf?) = ((y17y27 cee 7ym)7 (717727' e 77m))7
where v; = log f;.

Example 3.21. As in the case of IETs, AIETs can also be represented by graphs and
diagrams.

1. Graph
0 =wo Y1 Y2 ys=1
Figura 3.9: Graph of an AIET
Source: Author’s own work
2. Diagram
X1 X2 XS
X3 X2 Xl

Figura 3.10: Diagram of an AIET
Source: Author’s own work
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Remark 3.22. Observe that an AIET permutes the intervals and may allow changes
in their lengths. An IET, on the other hand, is a particular case in which the intervals do
not change their lengths. In other words, an IET E is an AIET such that 5; = 1 for all
1 <@ <m. Then, of course, ¥ is the zero vector. In this case, only one vector is needed
to describe an IET, which we have denoted by A until now, but which we shall denote by

T = (20, T1,...,Tm)
from now on.

Let N be a finite subinterval of either R or the circle St. Let f: N — N be a piecewise
continuous map and let J C N be an interval. We say that J is a wandering interval
for the map f if:

(i) the intervals J, f(J), f2(J),... are pairwise disjoint;
(ii) the w-limit set of J is infinite.

It is easy to verify that an IET cannot have wandering intervals, since the lengths of the
iterates of any interval always remain the same. It might therefore seem that the same
would hold for ATETs. However, Levitt [L] constructed an example of a non—uniquely
ergodic AIET with wandering intervals, and later Camelier and Gutierrez [4] exhibited
a uniquely ergodic AIET with wandering intervals semi-conjugated to an IET. Inspired
by these works, Bressaud, Hubert, and Maass [2] established conditions under which this
last example occur. The last two results will be presented in this work, with the final one
discussed in detail.

In order to properly understand these results, the study of symbolic dynamics and
substitutions is essential. For this reason, the next chapter introduces the necessary
notions.






4 SYMBOLIC DYNAMICAL
SYSTEMS AND SUBSTITUTIONS

In this chapter, we introduce the basic notions of words and languages in order to
construct the so-called symbolic dynamical systems and relate them to the concept of
minimality. We then define substitutions and their associated matrices, which play a
fundamental role not only in this theory but also in extending the study to other topics.

Finally, we present some important results, the main one being a theorem that esta-
blishes a strong connection between this theory and the concepts of minimality and unique
ergodicity, both of which are central and powerful notions in ergodic theory. These con-
cepts will be essential for proving the results developed in the subsequent chapters. The
main reference for this chapter is [7].

4.1 WORDS, LANGUAGES, AND CYLINDERS

The objective of this section is to introduce several basic and important definitions in
the context of symbolic dynamics.

Definition 4.1. Let n € N and let A = {wo,...,w,} be a finite set.
(i) We call A an alphabet, and each w; a letter of the alphabet A;

(ii) A finite word (respectively, an infinite word) over A is a finite (respectively,
infinite) sequence of letters from A. The set of all finite words over A is denoted by
A*, and the set of all infinite words by AY;

(iii) The length of a word w is the number of letters in w, and it is denoted by |w|;

(iv) Given a word w = wowiwy - - - in AN, we say that a finite word u is a factor of w
if there exists k € N such that

U = WpWr1 ** Wi |u|—15

(v) The language of a word w € AY is the set of all factors of w, denoted by L(w).
For n € N*, we denote by L, (w) the set of all factors of w of length n;

(vi) Let ag,aq,...,a, € A. We say that the set
C = lag, a1, ...,an) = {(x:)is0 € AV : 2y = a; for all 0 < i <n}

is a cylinder in AN,

37
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Example 4.2. Let A= {1,2}, u=121 € A*, and w = 121212--- € AY. Then u is a
factor of w, that is, u € L(w). Moreover, w € [u].

Remark 4.3. We identify the set of infinite words AN with the set of sequences whose
entries belong to A.

4.2 METRIC ON AN

We can define a metric on AY, thus gaining the advantage of studying this space from
a topological point of view, by the following.
Consider the map

d . AN X AN —> R+
e~ min{ ’L’EI\!:'ui;éw}7 if u 7& v,
(u,v)  —
0, if u=w.
Proposition 4.4. d is a metric.
Proof: Let z,y,z ¢ AN
(i) d(z,y) > 0 and d(z,y) = 0 if and only if z = y, by the very definition of d;

(ii) d(z,y) = e~ mintieNmzy} — o—min{ieNyAn} — q(y 1)

(iii) We now prove the triangle inequality.

Assume x # y and consider ng = min{i, z; # y;}. Then
Tng F Zng OF  Yng F Zng-
Assume without loss of generality that x,,, # z,,, thus
d(z,y) < d(y, 2) = d(z,y) < d(z,2) +d(z,y).
The other cases are analogous or follow immediately.
[

From now on, we shall consider A" as a metric space endowed with the metric d. The
following results characterize this space, in particular showing that cylinders generate the
topology induced by d.

Proposition 4.5. Cylinders are both open and closed sets.
Proof: Consider the cylinder
C= [a(])"'aan] = {<xi)i€N y Li = a4 for all 0 <1< n}u

with aq,...,a, € A.
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(i)

C is open.

Indeed, let z € C and set € = e™™. We claim that B(x,e) C C. Let y € B(x,¢).

Then
e—min{ieN:xi;éyi} <e

Hence,
min{i € N: z; # y;} > n.

Therefore x; = y; for all 0 < i < n, which implies
Yo = Qo, Y1 = A1, -+, Yp = Ap,
and thus y € C. This shows that C is open.

C is closed.

Consider the complement
C¢= AN\ C = {(x)ien € AV ; 2; # a; for some i € {0,...,n}}.
Let x € C¢ and define

ko = min{i € {0,...,n} : x; # a;}.

Set ¢ = e7*. We claim that B(z,¢) C C°. Indeed, if y € B(z,¢), then d(z,y) <

which implies
min{i € N: z; # y;} > ko.

&,

Thus x; = y; for all 0 < ¢ < ko, and in particular xy, = y,. Since xg, # ag,, we

obtain yy, # ax,, hence y € C°.

Therefore C¢ is open, and consequently C is closed.

Proposition 4.6. Cylinders generate the topology 74 induced by d.

Proof: Let G be a nonempty open set in AY. We show that for every x € G there
exists a cylinder C = [ayo, . .., a,], with n € N, such that

relC Cd.

Let z € G. Since G is open, there exists r > 0 such that B(x,r) C G. Choose p € N
such that e™” < r. Then

B(z,e7?) C B(z,r) C G.

Consider the cylinder C = [y, ..., z,] and let y # = be such that y € C. Then

min{i € N:x; #y;} > p+ 1.

Hence,

which implies y € B(z,r) C G.
Therefore, C C G and z € C, proving the claim.
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Proposition 4.7. Every open set can be written as a countable union of cylinders.

Proof: Let G be a nonempty open subset of AN. By the previous proposition, for
every € (G there exists a cylinder C, such that z € C, C G. Therefore,

G=U{ztcUC @,
zeG zeG

and hence

G=JC.

zeG

On the other hand, the collection of all cylinders in AN can be written as

C = UIn, where I, = {[ao,...,a,]; a; € A}.

neN

Since [, is finite for every n € N, it follows that C is countable. Consequently, G is a
countable union of cylinders.

Corollary 4.8. The o-algebra generated by the open sets (the Borel o-algebra) coin-
cides with the o-algebra generated by the cylinders.

Proposition 4.9. The topology 74 induced by the metric d coincides with the product
topology of the discrete topologies on A.

Proof: Denote by 7 the product topology of the discrete topologies on A.

(i) 74 € 7. Consider a cylinder C = [uy, ..., u,], which is a basic open set of 7,. We
can write

C={up} x- x{u,} x AxAx---.
Since each singleton {u;} is open in the discrete topology on A, it follows that C € 7.

(ii) 7 C 74. Let n € N and consider a basic open set of 7 of the form

On:HAza
ieN
where
A if i > n,
A C A f0<i<n.

Let x = xgx129- - - € O,,. Then
x€C=xg,...,x),

and clearly C C O,,. Since C is open in 74, it follows that O, € 74. Therefore, the two
topologies coincide.

[ |
By Tychonoft’s theorem, we deduce that

Proposition 4.10. AY is a compact space.
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4.3 SHIFT MAP

We now define the map responsible for the dynamics that we will study on the space
of infinite words.

Definition 4.11. We call the shift (or shift map) the mapping S : AN — AN
defined by

S(aoal...):alaz..._

A word w € AV is said to be periodic under the shift (or S-periodic) if there
exists a positive integer k such that S*(w) = w.
Let w € AY. The orbit of w under S is the set defined by

O(w) = {S™(w) : n € N}.
Proposition 4.12. The shift map S : AN — AN is continuous.
Proof: Let v = zgz;--- and y = yoy1 - - - be elements of AN, If 2 = y, then clearly
d(a,y) = d(S(x), S(y)) = 0.
Assume now that x # y and that
d(z,y)=e " n>1,
since we want x close to y. By definition of the metric, this means that
Lo Tp =Yo Yo and  Tpy1 F Yni1

Since
S(x) =z122--- and S(y) =iy,

we have
and therefore
Consequently,

Thus, S is continuous.
[

Remark 4.13. S is surjective. Moreover if w is S-periodic, then the closure of the
orbit of w under the shift is finite; that is, O(w) is finite.

4.4 SYMBOLIC DYNAMICAL SYSTEMS

Let 2, = O(w) denote the closure of the orbit of a word w € AYN under the shift map
S. Then:

Proposition 4.14. S(€,) C €.
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Proof: Let 2 € Q,. Then there exists a sequence (z)g>o of elements of O(w) such
that

r = lim z.
k—o0

Since z € O(w) for each k > 0, we may write z;, = S™ (w) for some n; € N. Hence,

— i Nk
T = ]}LIEOS (w).

By continuity of the shift map S, we obtain

S(x) = S(lim S”’“(w)) = lim S™ ™ (w).

k—o0 k—o0

Therefore, S(x) € Q,, which implies that S(Q,) C Q..
|

The symbolic dynamical system generated by a word w € AY is the pair (£, S).
Since Q, = {S"(w) ; n € N}, Q, is a closed subset of AY. As A" is compact, it follows
that €2, is compact.

4.4.1 Minimal Words

Before defining the important notion of minimal words, we present some results and
concepts that will be of great help.

Proposition 4.15. Let u € AY be a word. Then
Qu={we AV : L(w) C L(u)}.
Proof: Let w € Q,. Then there exists a sequence (ny)g>o such that

— |1 Nk
w = kll_>rr0105 (u).

Hence, for every n € N, there exists k,, € N such that
Wo « -« Wy = Uk, * " Uk, +n,

and the sequence (k;,),>0 can be chosen to be increasing.
Let v = wy - - - Wyt € L(w), with p,m € N. Taking n > p + m, we see that v is a
factor of wqy---w,. Since w = klim S™(u), it follows that wy, - - wyip, is a factor of w.
—00

Hence, v € L(u), and therefore £(w) C L(u). Thus,
Qu C {we AV : L(w) C L(u)}.

Conversely, let w € AY be such that £(w) C L(u). Since wy - --w, € L(w) for every
n € N, there exists p, € N such that

W * * Wy, :U’pn ...upn+n'
Therefore, for each n € N, the word SP»(u) coincides with w on wyq - - - w,. In particular,

d(Sp" (u), w) < e~ (D),
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which implies that

w = lim SP(u).

Since (SP*(u)),>0 is a sequence of elements of the orbit O(u), we conclude that

Thus,
{fwe AV : L(w) C L(u)} C Q.

Definition 4.16. Let (w™),>¢ be a sequence of elements of A*, and let x € A and
w e AN, We say that w™ converges to w, and we write lim w™ = w, if the sequence

n—oo

(w(")xxx x ) - of elements of AN converges to w with respect to the metric d.
n>

Example 4.17. The sequence w™ = uyuy, = 12124412 converges to w =
1212---.

Remark 4.18. We define A% as the set of bi-infinite words over A, that is,

(xi)iez =T 2X_1.ZoL X2 " " -
In an analogous way, we define a metric

d: AZ x A2 — R,

e~ Inin{ ’VLENZU[,.,L’”] 751}[,.,“”] }7 Zf u % v,
d(u,v) = .
0, ifu=w,

where uj_, ) denotes the cylinder
[ty U1 - - Uy).
Considering the cylinders
l[a_p---a_q.a0---ap], n,p€N,

one can prove the same properties as in the one-sided case AN. The main advantage of
working in A% is that the shift map S((xi>ieZ) = (T411)iez is a homeomorphism on A”.
Moreover, in this setting the converse of Proposition [{.15 holds.

The following definition is extremely important, as it influences several key features
of symbolic dynamical systems and is closely related to the notions of minimality and
unique ergodicity introduced earlier.

Definition 4.19. An infinite word u is said to be uniformly recurrent if every
finite word occurring in u occurs infinitely many times with bounded gaps. That is, for
every factor w of u, there exists s € N such that for all n € N, the word w appears as a
factor of uptpiq - Upis_1.

Lemma 4.20. If u is uniformly recurrent and w € €, then u € €Q,,,.
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Proof: Since u is uniformly recurrent, for every p € N the word ug---u, occurs
infinitely many times in v with bounded gaps. Let w € €),. By Proposition 4.15 we have
L(w) C L(u).

Hence, for every n € N there exists k, € N such that

wo..-wn :ukn '..ukn+n'
Taking n sufficiently large, we see that wug - - - u, is a factor of

Uk, "+ U, in = Wo -+~ Wy € L(w),

n

for every p € N. Therefore, £(u) C £(w), which implies that u € €,
|

Proposition 4.21. The dynamical system (€, S) is minimal if and only if the word
u s uniformly recurrent.

Proof: Assume that v is uniformly recurrent. Let us show that €2, = €Q,,.
By the previous lemma, u € Q,. Since S(2,) C Q, and u € Q,, it follows that
S(u) € Q, and hence S™(u) € Q,, for all n € N. Therefore,

Q= 1{5"(u) ; n >0} CQy = Q.
On the other hand, since w € €2, we have
S(w) € S(Qy,) = Qy,

and hence O(w) C €,. Taking closures, we obtain

Q= O(w) C Q = Q.

which proves the desired result.
Conversely, assume that the system (€2,,.5) is minimal. Then, for every w € €, we
have Q,, = Q,. In particular, u € Q,,, which implies

L,(u) C Ly(w) foralln>1.

Claim 1. Let W be a finite factor of u. Then W appears in every w € €2,,.
Proof of Claim 1. Since W appears in u, we may write

W= Uiy € Ln(u)

for some i € N. As £,,(u) C L,(w), it follows that W € L,,(w), that is, W is a factor of
w for every w € §Q,,. 0

Claim 2. -

Proof of Claim 2. Since S : ,, — €, we clearly have

f_jos—n([vv]) ca,
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Conversely, let w € €2,. By Claim 1, the word W appears in w, so there exist n,p € N
such that
W = wy - Wnyp.

Thus,
S™M(w) = wpwygq -+ € [W],

which implies w € S™"([W]). Hence,

. c U s (w)).

n=0
O
Since €1, is compact and G S™"([W1]) is an open cover of €,, there exist ng,...,n,

such that h ,

Q, = L_JO ST(W])
Therefore, for every k > 0, we have
P
S¥(u) € L_JO ST (W),

and hence there exists n;, such that
Stk (y) € [W].

This shows that W appears infinitely many times in u. Moreover, the gaps are bounded,
since

(ni, + k) — (ni,_, +k—1)=n;, —n;,_, +1< nax n; + 1.

Thus, u is uniformly recurrent, that is, minimal.

4.5 SUBSTITUTIONS

A substitution is a map ¢ : A — A* that assigns to each letter a € A a nonempty
finite word o(a) € A*. A substitution o can be extended to the set of finite (respectively,
infinite) words by concatenation, that is,

o(wowy - - - wy) = o(wy)o(wy) -+ - o(wy,)

(respectively,
U(w0w1 .. ) = O'(U)O)O'(U)l) s )

In this section, we consider only substitutions satisfying the property that

lim |o"(a)| = 400 for every a € A,

where |0"(a)| denotes the length of the n-th iterate of a under o.
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Examples 4.22. Consider the alphabet A = {1,2}. The Fibonacci substitution o
is defined by
o(1)=12 and o(2) =1,

and the Morse substitution T is defined by
7(1) =12 and 7(2) =21.

Let w € AY be a word. We say that w is a periodic point of the substitution o
if there exists k € N* such that o*(w) = w, and we say that w is a fixed point of the
substitution o if o(w) = w.

Example 4.23. Let o be the Fibonacci substitution, defined by
o(1)=12 and o(2)=1.
For every n € N, we have
0" (1) = 0"(0(1)) = 0" (1) 0" (2).

In particular, the word o™ (1) is a prefir of c™(1) for all n € N. Hence, the sequence
(0™(1))n>0 converges to an infinite word w € AY.

This limit satisfies o(w) = w, so w is a fixed point of the substitution o. This point is
given by w = 12112 - -.

Example 4.24. Let o be the substitution defined by
o(l)=21 and o(2)=12.
We have
w=1221--- = lim ¢*(1) and v=2112---= lim 0*"(2),
and both u and v are periodic points of the substitution. Indeed,
o*(u) =u and o*(v)=v.
Proposition 4.25. Every substitution o : AN — AN is a continuous map.

Proof: Let x = (2;);eny and y = (y;)ien be elements of AN, and let o be a substitution.
Suppose that x # y and that d(z,y) = e ", n € N*. Then

ToZ1:Tp—1 = YolY1 - Yn-1-

Write

It follows that
o(@o)o(w1) - o(¥n1) = a(Yo)o(yr) - - o (Yn-1)-
Since |o(a)| > 1 for all a € A, we have

(o) -+ o(@n1)| > .
Therefore, the first position at which o(x) and o(y) may differ satisfies
min{:eN:z, £y, } >n+1.
Consequently,
d(o(x),o(y)) = e~ minlEiZu} < o= — o=l — o=1g(g y).

Thus, o continuous.
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The following result characterizes periodic points.

Proposition 4.26. Let u € AY. The word u is periodic for the substitution o if and

only if

T nk
u=lim o™ (a),

where a € A, k € N, and o*(a) begins with the letter a.

Proof: Let u = uguy - - - be a periodic point of the substitution ¢. Then there exists
k € N* such that o*(u) = u. In particular, there exists a finite word v € A* such that
o*(up) = upv.
We claim that v = lim o"*(ug).
n—oo
Indeed, for every n € N* we have

o™ (u) = oV (oF(u)) = o VE) = - = oF(u) = u.
Thus,
u=0c""(u) =" (up) o™ (uy) - - - .
Since, by assumption,

lim o™ (a)| = 0o forall a € A,

it follows in particular that
lim 0" (uo)| = cc.

Therefore, the sequence (0% (ug)),>1 converges to u, that is,

I T nk
u= lim o™ (ug).

Conversely, suppose that

I T nk
u=lim o™ (a)

where a € A and ¢%(a) begins with the letter a. Then, by continuity of o,

kN k(i onk — Tim (DR
o(u) =0 <n11_>r£100 (a)> = lim o (a) = u.

Hence, 0% (u) = u, and therefore u is a periodic point of o.

Example 4.27. The example shows two points of period 2.
Proposition 4.28. Fvery substitution has at least one periodic point.

Proof: Suppose, by contradiction, that o has no periodic point. By proposition [4.26]
this implies that for every a € A and every k € N*, the word ¢*(a) does not start with a.
Fix a letter a € A and an integer k € N*. For each n € N, write

a"k(a) = TpUn,

where x,, € A is the first letter of 0™*(a) and v, € A*. By assumption, we have z, # a
for all n € N.
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Since the alphabet A is finite, there exist integers n < m such that =, = x,,. On the
other hand,
Umk:(a) — U(m—n)k(o_nk(a)) _ U(m_n)k($nvn)-
Therefore, the first letter of 0™ (a) is the first letter of o™~™%(z,). Since x,, = z,,, this
implies that ¢(™~™*(x,,) begins with x,,, which contradicts the assumption that no iterate

of o maps a letter to a word beginning with itself.
This contradiction shows that ¢ must admit a periodic point.

4.6 DYNAMICAL SYSTEMS ASSOCIATED WITH SUBSTI-
TUTIONS

In this section, we study the dynamical system associated with a primitive substitution.
In particular, we show that this system is minimal and does not depend on the choice of
the periodic point.

4.6.1 Results on Primitivity

Definition 4.29. A substitution o defined on an alphabet A is said to be primitive
if there exists an integer k > 0 such that, for every a,b € A, the letter a occurs in o*(b).

Example 4.30. In the Fibonacci substitution, we have that 1 and 2 appear in o*(1) and
in 0(2). Therefore, this substitution is primitive, satisfying the definition of primitivity

for k =2.
Let us now consider some results involving primitivity.

Proposition 4.31. If 0 is a primitive substitution, then there exists N € N such that
for all k > N and for all a,b € A, a appears in a*(b).

Proof: Since o is primitive, there exists N € N such that for all a,b € A, a appears in
o (b). Let k > N; then there exists p > 0 such that k = N+p. Hence, o*(b) = o™ (a?(b)).

Let ¢ € A be such that ¢ appears in o?(b). Then o™ (c) appears in o (c?(b)). By the
initial hypothesis, we have that a appears in o¥(c). Therefore, a appears in o (c?(b)) =
ak(b).

Proposition 4.32. If o is primitive, then any of its periodic points is minimal.

Proof: Let u = ugujus - -+ be a periodic point of . Then there exists £ € N* such
that u = o*(u). Since o is primitive, by the previous proposition there exists N € N such
that for all £ > N and for all a,b € A, a appears in o*(b). Hence, for every i € N we
have that ug appears in oV (u;).

We know that

u=o"(u) = "™ (uo)o™ (uy) - - -,

and thus ug appears infinitely many times in u. Let

M = max{|c""(a)| : a € A}.
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Then ug appears infinitely many times with gaps bounded by 2M.
Let V' be a finite word that appears in u. Since

I T nk
u=lim, o™ (wo),

there exists n sufficiently large such that V appears in 0™ (ug). Then we have
u = U(n—i—N)k(u) _ U(n—i—N)k(uO)o_(n—i-N)k(ul) - O_nk(o_Nk(uo))o_nk(o_Nk(ul)) cee

Since uy appears in every oV*(u;), it follows that 0™*(ug) appears infinitely many times
in u, and therefore so does V', with gaps bounded by 2M’, where

M' = max{|c"(a)| : a € A}.
Therefore, u is minimal.

Proposition 4.33. If o is a primitive substitution and u and v are periodic points of

o, then L(u) = L(v).

Proof: Since u and v are periodic points of the substitution o, there exist k, k' € N*
such that

Let m = kk'. Then
o™(u) = o™ (u) = ¥ VR () = . = oF (u) = w.

In the same way, 0 (v) = v. Let us denote 7 = ¢™; then 7(u) = v and 7(v) = v. We also
know that

— 13 n
u=tim (@)

where a is a letter such that 7(a) begins with a, and

v = lim, 7(0)

where b is a letter such that 7(b) begins with b.
We show that L£(u) C L(v). Let W € L(u). Since u = lim 7"(a), there exists N

n—oo

sufficiently large such that W appears in
7"(a) = ™" (a)

for all n > N. Since ¢ is primitive, there exists p € N* such that a appears in o?(b). By
Proposition [4.31} a appears in ¢?™(b). Hence, ™" (a) appears in

o™ (B) = g™ (b)),

Therefore, W appears in
T ) = 77 (D),

that is, W € L(v).
Analogously, one shows that £(v) C L(u). Hence,



50 SYMBOLIC DYNAMICAL SYSTEMS AND SUBSTITUTIONS

The following theorem is one of the most important results of this chapter.

Theorem 4.34. If o is primitive and u is a periodic point of o, then the system
(Q, S) is minimal and does not depend on the periodic point w, that is, if v is also a
periodic point, then €, = €,.

Proof: Minimality follows from Propositions and [4.32, and the fact that (£2,, 5)
does not depend on u follows from Propositions and [4.33]

|
Remark 4.35. From now on, if o is primitive, we will denote €2, by ).

Proposition 4.36. If o is primitive, then Q = {u € AN, each factor of u occurs in
o™(a) for somen € N, a € A}.

4.6.2 Substitution Matrix

The concepts defined in this section are of extreme importance and lie at the core of
the tools that will be used in the proof of the main result of this work. By associating
matrices with substitutions, we incorporate into our theory several well-known results
from Linear Algebra, such as the Perron—Frobenius Theorem.

Let o be a substitution defined on the alphabet A ={0,1,...,d—1}. If B and C are
two words in A*, we denote by L¢(B) the number of occurrences of C' in B. In particular,
if i € A, L;(B) denotes the number of occurrences of i in B. We call the o-matrix, and
denote it by M = M,, the matrix whose entries are

li; = Li(0(j)), i,j € A

The matrix M is an d X d positive matrix (with nonnegative entries, not all zero), whose
entries are integers greater than or equal to 0.

Example 4.37. If o is the Fibonacci substitution, then

11
(1),
One of the advantages of working with substitution matrices is due to the following
propositions:

Proposition 4.38. For alla € A and n € N,
L(c"(a)) = M"L(a),

where for every B € A* we define

L(B) = (Lo(B)...., Lia(B))
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Proof: The proof will be by induction on n.
For the case n = 1, we must show that L(o(a)) = M(L(a)), where

boo -+ Lo@-1
M:MO': ) KZJZLZ(O-(])% O§Z7]§d_1
La-10 + La-1)@-1)

The vector L(a) is the s-dimensional vector with all coordinates equal to zero, except at
position (a + 1), where it is equal to 1. Therefore, M(L(a)) is the column vector

<L0a7 e ,L(dq)a)t,

which is exactly the vector L(o(a)).
Now suppose that L(c™"(a)) = M™"'(L(a)). Then

L(0"(a) = L(0" " (0(a))) = M" "} (L(o(a))) = M} (M(L(a))) = M"(L(a)).
[ |

Proposition 4.39. o is primitive if and only if M, is primitive, that is, there exists
k > 0 such that all entries of the matriz M* are strictly positive.

Proof: o is primitive if and only if there exists k > 0 such that for all a,b € A, a
appears in o*(b), which is equivalent to saying that the s-dimensional vector

L(o*(a)) = (Lo(0™(a)), . ., Le-1(0"(a)))

has all coordinates positive for every a € A. But the s vectors L(c*(a)) are exactly the s
columns of the matrix M¥ since by the previous proposition,

L(c™(a)) = M"(L(a)) for all n € N.

Therefore, this is equivalent to saying that there exists k > 0 such that the matrix MP*
has all entries strictly positive, that is, M, is primitive.

One of the most important results applied in Ergodic Theory and Dynamical Systems
is the well-known Perron—Frobenius Theorem. Proved by Oskar Perron and Ferdinand
Georg Frobenius, this result also proves useful in the areas of probability, economics,
and even demography. In this work, it is heavily used in the mentioned articles and, in
particular, in the main article in Chapter

Theorem 4.40. (Perron—Frobenius Theorem) Let M be a d x d nonnegative and
primitive matriz. Then:

(i) There exists an eigenvalue 0 > 0 such that 6 > |\| for every eigenvalue X of M ;
(ii) The eigenvalue 6 has algebraic multiplicity 1;
(iii) There exist left and right eigenvectors | and r such that
Mr=06r and M =0l.

Moreover, | and r are unique up to multiplication by a constant and their coordinates
are positive.



52 SYMBOLIC DYNAMICAL SYSTEMS AND SUBSTITUTIONS

47 RAUZY FRACTAL

The Rauzy fractal was discovered by G. Rauzy in 1981 and has since been studied by
many mathematicians across different research centers around the world. In addition to
providing a geometric representation of dynamical systems, the Rauzy fractal induces a
periodic tiling of the space R and has a boundary that is a fractal set. In this section,
we shall define it and understand a few of its relations with substitutions, based on the
work presented in [J].

4.7.1 Tribonacci Substitution
We previously defined the Fibonacci substitution
7(1)=12 and 7(2)=1,

on the alphabet A = {1, 2}, and we verified that its associated matrix is

11
(1)

It is possible to observe that the eigenvalues of this matrix are

1++/5 1 1—-5
= and —— = ,
2 o 2

¢

which is one of the reasons why this substitution has this name.
G. Rauzy generalized in [9] the dynamical properties of the Fibonacci substitution to
a tree-letter alphabet substitution, called Tribonacci substitution or Rauzy substitution.

Let A = {1,2,3}, we define
o(l)=12, o0(2)=13, o(3)=1
The associated matrix is

11
M,=11 0
01

O O =

Its characteristic polynomial is 2% — 22 — 2 — 1, and its roots consist of a real number

B > 1 and two complex conjugates o and @. In reference to the Fibonacci equation
22— 2 —1=0, ais called a Tribonacci number.

In particular, the matrix M, admits as eigenspaces in R?® an expanding one-dimensional
direction and a contracting plane.

4.7.2 Geometric construction of the Rauzy Fractal

Let u denote a bi-infinite word which is a periodic point of o, for example,

— 1; 3n n
w= lim ¢*"(1).0"(1).

This infinite word is embedded as a broken line in R? by replacing each letter in the word
by the corresponding vector of the canonical basis (e1, e, €3) of R3.
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Figura 4.1: Broken line
Source: Author’s own work

Figura 4.2: Rauzy Fractal
Source: Author’s own work

An interesting property of this broken line is that it remains at a bounded distance
from the expanding direction of M,, turning around this line. When one projects the
vertices of the broken line onto the contracting plane, parallel to the expanding direction,
one obtains a bounded set in a two-dimensional vector space. The closure of this set is a
compact set denoted by R and called the Rauzy fractal.

To be more precise, denote by 7 the linear projection in R3, parallel to the expanding
direction, on the contracting plane, identified with the complex plane C. If u = (u;);ez is
the periodic point of the substitution, then the Rauzy Fractal is

R:{W@)nez}

The figure above presents the broken line and the Rauzy Fractal, respectively.







5 PERSISTENCE OF
WANDERING INTERVALS IN
AFFINE INTERVAL EXCHANGE
TRANSFORMATIONS

In this chapter, we will develop a thorough understanding of the article [2], which
generalizes the work studied in the previous chapter.

The proof of the main theorem is given by a construction based on several results and
requires careful, highly constructive work. We divide the proof into sections that facilitate
and organize the understanding of each of its details.

5.1 SUBSTITUTIONS ASSOCIATED WITH RAUZY INDUC-
TION

In Section [3.3| we studied the mechanism of Rauzy induction defined for interval ex-
change transformations. It is possible to associate to each step of Rauzy induction a
substitution defined on an alphabet whose cardinality equals the number of subintervals
of the space.

Let T(A\,m) be an IET on an interval X, and let (X, 7’) be the IET obtained from
E(T) on the interval X’. The substitution obtained by coding, under 7T, the itinerary of
the intervals of 7{ until they return to X’ is called the substitution associated with
R(T).

We now present an example for a type 0 IET (the same idea applies to type 1).

(1 2 3
T™\3 2 1)

with A3 > 1. Applying the Rauzy induction, we obtain

., (1 2 ¥
™ = 3/ 1/ 2/ .

Now observe that, with respect to (A, m):

Example 5.1. Consider

(a) 1" starts in 1, moves to 3, and then reaches X'. Hence, its itinerary is 1 — 3.

(b) 2" starts in 2 and goes directly to X'. Thus, its itinerary is simply 2.

95
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(c) 3’ starts in 3 and also goes directly to X'. Hence, its itinerary is 3.

Therefore, we define the substitution o associated with E(T) by
o(1) =13, 0(2) =2, o(3) = 3.
Remark 5.2. Observe that we then have the following cases:
(a) If (A, 7) is of type 0, then
ola)=a forallac A, a# a(l), and  o(a(l)) = a(l)a(0).
(b) If (\,7) is of type 1, then

ola)=a forallac A, a# a(0), and  o(a(0)) = a(1)a(0).
In the same section, we also defined the Rauzy diagrams. By following a path in the
diagram, we can compose the substitutions obtained at each step, thereby obtaining a

new substitution corresponding to the entire path. Let us use the example given in [3.10
to illustrate this concept.

Example 5.3. As mentioned before, the diagram below contains all irreducible interval
exchange transformations on three intervals.

123 0, (123, (132
p— p—
10(312)?(321)?(321>©O'

Consider the loop 10100 that starts at the center of the graph above. By composing the
substitutions along this loop, we obtain a substitution o given by

o(l) = 1213, o(2) = 12213, o(3) =13,
and its associated matrix

2
M,=11
1

NN

1
0
1
With these concepts understood, the next definition is of fundamental importance for

the main theorem of the article.

Definition 5.4. We say that an IET T'(\, ) is self-similar if there exists a finite
loop in the Rauzy diagram of T such that X is an eigenvector of the Perron-Frobenius
matriz associated to the corresponding substitution.

(1 2 3
™13 21

and the loop from Example[5.3, the vector

Example 5.5. Considering

A= (V3,1,1)

is an eigenvector of M,. Thus, the IET T'(\, ) is self-similar.
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Remark 5.6. Observe that the definition of self-similarity is equivalent to saying that
an interval exchange transformation returns to the original transformation after finitely
many steps of Rauzy induction, with the same proportions among the subintervals.

Now we have all the information necessary to understand the main result of [2].

Theorem 5.7. (Bressaud-Hubert-Maass) Let T'(\,7) be a self-similar interval
exchange transformation and R the associated matriz obtained by Rauzy induction. Let
0, be the Perron-Frobenius eigenvalue of R. Assume that R has an eigenvalue 0y such
that:

1) 6y is a conjugate of 01;
2) 05 is a real number;
3) 1< 02(< 01)

Then there exists an affine interval exchange transformation f with wandering intervals
that is semi-conjugated to T'(\, 7).

5.2 PRELIMINARIES

5.2.1 Words and Sequences

We will consider all the notions introduced in Chapter [, with the addition and mo-
dification of some definitions.

Definition 5.8. Let A be an alphabet.
(a) We denote by £ the empty word, that is, a word with no symbols (|e| = 0).

(b) From now on, we let A* denote the set of finite words over the alphabet A, and we
define AT = A*\ {e}.

(c) We also consider finite words indexed by integers, that is,
w:wim...wil -wo---wg,

where {,m € N and the dot separates negative and non-negative coordinates. We
often call such words dotted words.

(d) A point x € AV is said to be ultimately periodic if it can be written as
T = UV - - -

with u,v € A*. The word v is called a generating word of x, its length |v| is
called a period of x, and |u| is called the preperiod. If u is the empty word, then
x 1s said to be periodic.

(e) Given a word x € AY, AN, or A%, we denote by x[i, j] the subword of x appearing
between indices i and j. Similarly, we define x(—o0,i] and x[i, 00).

(f) A subshift is any shift invariant and closed (for the product topology) subset of A~
or AN. A subshift is minimal if all of its orbits by the shift are dense.

In what follows, we use the shift map in several contexts, in particular, restricted to a
subshift. To simplify notation, we denote it by S throughout.
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5.2.2  Substitutions and Minimal Points

The definitions previously studied in connection with substitutions remain valid, with
the addition of a few details.

We conventionally set o(e) = ¢ for every substitution o.

Since there is no standard convention for the definition of the matrix associated with
a substitution, it is common to find references that adopt the transpose of the matrix
previously defined. This will be the case in this chapter. Namely, given a substitution
o, we define the matrix M, = (M,(a,b))apea, where M,(a,b) is the number of times the
letter b appears in o(a).

Let X, C A% be the subshift defined by o. That is, a point x € X, if and only if
every subword of z is a subword of o¥(a) for some N € N and some a € A.

Under primitivity, one can assume without loss of generality that M = M, > 0.

Let 6; be the Perron—Frobenius eigenvalue of M. Let

A= (Na):a€ A

be a strictly positive right eigenvector of M associated with #,. We also assume the
following algebraic property, which we call (AH): the matrix M has an eigenvalue 6
that is a conjugate of 0;. Note that this property coincides with Hypothesis (1) of the
main theorem.

The following lemmas are important consequences of the algebraic property (AH).

Lemma 5.9. Let n: Q[01] — Q2] be the field homomorphism that sends 6y to 0.
The vector

v=n\) = ((Ma)) : a € A)f

s an eigenvector of M associated with the eigenvalue 6.

Proof: The field homomorphism 7 naturally extends (up to normalization) to Q[6;]%.
Since A € Q[6:]! and 7(6,) = 6, we have

MA =0 = n(MA) =n(01A) = Mn(A) =n(b1)n(A) = My =0yy.
Since 0, is an eigenvalue of M, it follows that v is an eigenvector associated with 6s.

Lemma 5.10. Let v be the eigenvector of M associated with 6, as in Lemma [5.9.
Then, for any |A|-tuple of non-negative integers (n, : a € A), the equality

> nay(a) =0

acA

implies that n, = 0 for all a € A.

Proof: Assume that »_ n,7(a) = 0.
acA
Since v = n(\), applying n~! yields

> naA(a) = 0.

acA

Because the coordinates of A are strictly positive, this implies that n, = 0 for every a € A.
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The following concepts are crucial in what follows. Let v = n(\) be as in Lemma .
Then the following definitions apply.

(1) For a word w = wq - --w;_1 € A", define
Y(w) = y(wo) + -+ + Y(wi-1).

(2) For z € X,, define

n—1
Yo(z) =0, Yolx) = Z v(z;) forn >0,
i=0
and B
Yo(x) = =D ~(x;) forn <O0.
Set

(3) Given a dotted word
W= We_yy " W_1 Wo"*+W_1,

define B
Y(w) =0,  yu(w) =3 y(w;) for0<n<l,
i=0
and »
Yu(w) ==Y y(w;) for —m <n<0.
Set

D(w) = {3u(w) | —m < n < 1.

Definition 5.11. The best occurrence of a letter a € A in a (dotted) word

W=W_ppy W1 - W+ W1
is the symbol w; such that w; = a and
Vi1 (w) = miﬂ{7j+1(w) | —m <j <l wj= a}-

By Lemma under hypothesis (AH), this symbol is well defined and unique.

Definition 5.12. A point x € X, is said to be minimal for v if

Yu(x) >0  foralln € Z.

The set of points that are minimal for v is denoted by M, (7).
It is important to note that if x is minimal for v and the substitution satisfies hypothesis

(AH), then, by Lemma[5.10, we have

Yu(x) >0 for all n # 0.
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5.2.3 Interval Exchange Transformations

Let T'=T(\, m) be an interval exchange transformation on [0, 1), with intervals inde-
xed by the alphabet A = {1,...,r}. There is a natural symbolic coding of the orbit of
any point ¢ € [0,1) under 7.

Consider the partition

o= {[O,al), RN [ai_l, ai)7 ceey [ar—h 1)}7

which corresponds to the subintervals of T', and define the map
o(t) = (ti)iez € A7

by setting t; = j if and only if T%(t) € [a;_1,a;). The set ¢([0,1)) is invariant under the
shift map, but it is not necessarily closed. We therefore consider its closure X = ¢([0, 1)).
This construction yields a semi-conjugacy (factor map)

e: (X,S)— ([0,1),T).

If t does not belong to the orbit of the endpoints 0, ay, ..., 1, then it has a unique preimage
under . Otherwise, it has at most two preimages, corresponding to the codings of

(lim T7(s))._ .
s—t— 1EL

For a self-similar IET T, there is a direct relationship between the subshift X and
the matrix R associated with 7. Indeed, there exists a substitution o: A — A" with
associated matrix M = R* such that X, = X (see []). If the IET 7T is minimal, then the
subshift X, is also minimal.

In what follows, we use the fact that the substitution ¢ is primitive, which implies
that X, is minimal. Nevertheless, no further specific properties of substitutions arising

from T will be required for our purposes.

5.3 CONSTRUCTION OF MINIMAL POINTS

Let 0 : A — AT be the primitive substitution with associated matrix M > 0. Let
01,05, A and v be as in subsection In addition, assume that 6, verifies the hypothe-
ses of the main Theorem. By Perron-Frobenius theorem, v has negative and positive
coordinates. The main objective of the section is to give a combinatorial construction of
minimal points in this case.

5.3.1 Existence of Minimal Points
The following two lemmas follow from the equality M~y = 7.
Lemma 5.13. Let m € N and w € A". Then (o™ (w)) = 65'~(w).
Proof: We first prove that
v(o(a)) = 62y(a) and consequently ~(c™(a)) = 05'v(a),

for every a € A.
Indeed, write o(a) = by - - - by. Then

v(o(a)) = y(br) + - -+ +y(be) = nay(1) + -+ + 1,9(r),
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where (ny,...,n,) = M'e,, since n; counts the number of occurrences of the letter i in
o(a) and M is the matrix associated with o.
Therefore,

my(1) + -+ ney(r) = (Meq, )
= (€a, M)
= (€q, 027)
= 02(a).
This proves that y(o(a)) = 627(a). Repeating the argument, by induction we obtain
v(e™(a)) = 05v(a) for all m > 1.

Now, let w = wq - - - w; be a finite word. Then

V(o™ (w)) = (o™ (wo)o™ (wy) -+ ™ (w))
= (0™ (wp)) + -+ - + (0™ (wr))
= 0y"y(wo) + - -+ + 05"y (wy)
= 07 (y(wo) + - -+ + v(w))
= 05'y(w).

Lemma 5.14. Let w = wy---w;—; € AT and let m € N. Write
o™(w) =™ (wp) - - - ™ (wy—1).

Then the minimum of I'(c™(w)) is attained at a coordinate belonging to o™ (w;), where
w; 1S the best occurrence of its symbol in w.

This follows directly from the previous lemma.

Lemma 5.15. Let a € A such that y(a) > 0 and m € N. Write 0™ (a) = pmSm where
the minimum of T'(c™(a)) is attained at v;(c™(a)) and i = |pm|. Then v(s,) > 05v(a).
In particular, |s,,| grows exponentially fast with m.

Proof: From Lemma [5.13] we have that
v(0™(a)) = 63"y(a). (5.1)
Now note that, if we write p,, = ¢;---¢; and s, = ¢;41 -+ - ¢, then
Y(0™(a)) = Y(Pmsm) = v(c1---¢))
=7(c1) + - +v(e) +y(cipr) + - +(cy) (5.2)
= Y(Pm) +7(5m).
From (5.1) and (5.2)), we conclude that
Y(Pm) +7(sm) = 05'7(a). (5.3)
Observe that
Y(pm) = y(er- ) = (e +7(ci) = yi(0™(a)),

)+

which corresponds to the minimum of T'(0™(a)).
However by definition we have vy(c™(a)) =
fact and (5.3)), we conclude that v(s,,) > 05'7(a).

0, and therefore v(p,,) < 0. From this
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Proposition 5.16. The set of minimal points is nonempty, that is, My(y) # 0.

Proof: Claim 1. There exist b, ¢ € A such that bc is a subword of a point in X, and
v(b) < 0 and ~(c) > 0.

Proof of Claim 1. Since 7 is an eigenvector distinct from the Perron—Frobenius eigen-
vector, it cannot have constant sign. Hence, there exist a~,a™ € A such that

y(@”) <0 and ~(at) > 0.

Because ¢ is primitive, there exists n € N* such that for every a,b € A, the letter b
appears in 0" (a). In particular, there exist ng,n; € N* and a € A such that a~ appears
in 0™ (a) and a* appears in 6" (a). Therefore, both ¢~ and a™ occur in words of X,.

Since (X, S) is minimal, it is topologically transitive. Hence, there exists n € N such
that

S"([a") N [a™] #0.
Equivalently, there exists a finite word w such that a~wa™ occurs in some word of X, .

Consequently, since y(a™) < 0 and y(a™) > 0, there exist letters b and ¢ such that bc
is a subword of a~wa™, with

v(b) <0 and ~(c) > 0.

This concludes the proof of Claim 1.
Fix n > 0 and define the dotted word w,, = 0™ (b).c
I'(u,) attains its minimum, where N,, € {—|a" ()|, .
Define the dotted word

"(c). Let N, be the index at which
,—1,0,1,...,[0™(c)|}.

Vp = Up[—[0" ()|, Ny — 1] . un [Ny, [0"(c)] — 1] = v, v;F.

n

Claim 2. The set ['(v,) attains its minimum at coordinate zero, and this minimum
is equal to zero.

Proof of Claim 2. First observe that N,, # —|o™(b)| and N,, # |¢"(c)|. Indeed,

V-jon ()| (un) = =7(" (b)) = —057(b) > 0,
and
Von(e) (Un) = v(0"(c)) = 57(c) > 0.

Since yo(uy,) = 0, the minimum of I'(u,) cannot be attained at the endpoints.
We distinguish two cases.

(i) N, <0.
By definition of Ny, —v(un_,) — -+ — 7(Uny, ) < 0.
On the other hand, —y(un_,) = = Y(Un_ ,nyy ) = V=lon @) (Vn) > 0.
Therefore,
_V(UnNn—l) - 7(un_\gn(b)\) > 0.
Moreover, for every j < Nn, —y(tn_,) — -+ — Y(un;) > 0, otherwise the minimum

of I'(u,) would be attained at j. This implies that 7;(v,) > 0 for all 7 < 0.
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Now, for N,, < j < 0, we have

'Yj(un) = —Y(Un_,) = — V(Unj) > —Y(Up_,) = — V(URN,L)’

which implies
_f)/(unFI) . ’Y(unNn) <0,
and hence
”Y(umvn) + fY(unNyri»l) +oeee V(Unjq) > 0.

For 0 < i < —N,, taking j = N,, + ¢, we obtain

%’(Un) = 7(unNn) +eeet 7(“713'71) > 0.

For i = —N,, since vy, (u,) < 0, we also have ~;(v,) > 0.

Finally, if ¢ > —N,, and 7;(v,) < 0, then, since y_n, (v,) > 0 and 7jgn(e)|(ts) > 0, it
would follow that ;. n, (u) < Yn, (un), contradicting the minimality of N,,. Thus
~i(vy,) > 0 for all i > —N,,.

(ii) N, > 0.

This case is completely analogous to the previous one and can be proved by sym-
metric arguments.

Therefore, 7;(v,,) > 0 for all —|v; | <i < |v;}|, and the minimum of I'(v,) is attained
at coordinate zero, with value zero. This concludes the proof of Claim 2.

Claim 3. There exists a subsequence (n;);ey such that

zlggo [on,| = zlggo ‘U’m -

Proof of Claim 3. Suppose that for infinitely many indices n;, the set I'(u,,) attains
its minimum at a positive index. In this case, this minimum is also the minimum of
(0™ (c)). Therefore, Lemma applies and implies that [v; | grows as n; — oo.

Notice that Lemma can also be applied to ¢™(b) by interchanging the roles of
Pn; and s,,. In other words, the growing part is now the beginning of the word, which
implies that |v | also grows.

If T'(u,,) attains its minimum at a positive index only for finitely many values of n,
then it must attain its minimum at negative indices for infinitely many n. Taking such a
subsequence (n;) and applying the same argument as above, we conclude that both |v,, |
and |v;} | diverge to infinity.

This concludes the proof of Claim 3.

Considering this subsequence (n;), we obtain a sequence of points (z,,) C X, such that
each z,,, contains the dotted word v, .v;; , where both |v;, | and [v; | diverge as n; — oo.

Since X, is compact, there exists a further subsequence (n;, ) such that Tn, — T € X,
By construction, we have v, (z) > 0 for every n € Z. Therefore, = is minimal for ~.

5.3.2 The Best Strategy Algorithm

In what follows we develop a procedure to construct minimal points for + that will
become useful later.
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The Basic Procedure

The following procedure will allow us to construct what we call the prefix-suffix de-
composition of a minimal point x for v, that is, a sequence

(pivc’hsi)iEN € (./4* X A X A*)N
such that, for each i € N, o(¢;41) = pic;s; and

03(173)02(102)0(191)170 : 00800(31)02(32)03(53) T
is the central part of x, where the dot separates negative and non-negative coordinates.

Step 0: For each a € A write

a,0 a,0 a,0
o(a) =py cy sy

where I'(0(a)) attains its minimum at 'y‘pg,o|(0(a)).

Step 1: Let a € A. By Lemma [5.14] the minimum of I'(62(a)) comes from o(b) for
some b € A in its best occurrence in o(a). Write

ola) = p'ef st
where ¢! = b is the best occurrence of b in o(a). Put

wi(a) = o (pi)pe" 55 o (7).

where the dot separates negative and non-negative coordinates. Let

a,l a,0 a,l b0 d a,l b0
Do =DPo» G =¢ and Sy =Sy .

The sequence (pZ , fl, sf’l)}zo is called the best strategy for symbol a at step

1. By construction I'(w; (a)) € R™ and the minimum is equal to zero at coordinate zero.

Step n+1: Assume that in the previous step we have constructed for each symbol
a € A the best strategy (p;", i, s;")",. This sequence verifies the following results.

) ’L ’ <1

(i) For 0 < i < n, o(¢yy) = pi"ci"si™ (here ¢y = a). Moreover, each ¢ is the

best occurrence of this symbol in a(cl ).
(i) We have I'(w,(a)) C Rt and its minimum is zero at zero coordinate, where
wn(a) = o™ (") -+ oy )pg" " so" o (s17) - - - 0" (")
Observe that as a non-dotted word wy,(a) is equal to o"**(a).

Now we proceed as in step 1. Consider ¢ € A. By Lemma the minimum of
['(0™"%(a)) comes from ¢! (b) for some b € A in its best occurrence in o(a). Write

a,n+1 _an+1_an+l1
U( ) pn+1 Cn+1 8n+1 )
1 : .
where ¢27'{" = b is the best occurrence of b in o(a).
i an+1 an+1 a,n+1yn+1
The finite sequence (p;" ", ¢, 57" )y, where

(p?m—H? ;'WH_I’ ;'MH_I) :( ?,n’ ;),n’ i‘)m)v
for 0 <1i < n is a best strategy for a at step n+1 and verifies conditions (i) and (ii)
by construction.
The following scheme helps us to understand steps 0 and 1, and consequently the
following ones.
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a0 a0 a0 _ al al al
a—ola) =py ey sy =p ‘5
min (o (a))

b, such that min T'(0*(a)) comes from o (b), b

in its best occurrence in o(a).

b

: 1\ 5,0 b0 b0 1
= Uz(a) =o(py" )py o sy o(s7)

_ a1y b0 b0 b0 a,l

wl(a) —C’(Pl )Pn €y Sp 0(51 )
a,l . b0 al b0 al . b0
=Py =Py, C =C, S =8

al al al\l
= (P68 )ico-

Finitely many Minimal Points for ~

For each a € A and n € N consider the cylinder set C*" = [wy(a)], where w,(a) is
the dotted word defined in the previous subsection. It is clear from the basic procedure
that for any a € A and n € N there exists a unique b € A such that C*"+! C C®" since
wy, (b) is inside w,,y1(a). Thus, by compactness, there exist at most |.A| infinite decreasing
sequences of the form (C*"),cn. Let C1,...,C, I < |A] be the collection of intersections
of such sequences. Note that such sets are finite.

Given = € X, a minimal point for v with prefix-suffix decomposition (p;, ¢;, s;)ien and
n € N, there is a,, € A such that (p;,¢;, ;) = (p;™", ci™", si™") for 0 < i < n. Therefore,
reC;= ﬂ C" for some 1 < j <l.s

The forllleci\lwing proposition is immediate.

Proposition 5.17. There are finitely many minimal points for .

We will see later that minimal points for « have ultimately periodic prefix-suffix de-
composition. This fact yields an alternative proof of the previous proposition.

5.3.3 Series Associated with a Minimal Point

Define
S ={(pi, ci, si)ien| Vi >0, 0(¢;) = pim1ci18i-1}
and
S = {(pi, ci, si)ien| Vi > 0, 0(c;) = piy1ciyiSiv1})-
Observe that finite sequences taken from sequences in S and S coincide once reversed.
Let a € A and n > 1. Then ¢"(a) can be decomposed as

Un(a) = On_l(pl) T U(pnfl)pncnsna(snfl) e Un_l(sl)

where for all 1 <i <n, o(¢;_1) = pic;s; (we have considered ¢q = a). This decomposition
is not unique. To a and the finite sequence (p;, ¢;, s;)I; one associates the finite sum:

U(a; (pu Ci, Si)?:l) = Z 9271’7(])1)
=1
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Clearly, given & = (p?, 7, s7)ien € S with ¢ = a, the series

U(CL;ZB): lim U( (pz7cz’ S z 1 202 ’sz

n—00
i>1

exists, since 0y > 1.

Let v(a) = min{v(a;x) | € € S with ¢ = a}. A sequence ¢ € § with ¢§ = a such
that v(a; ) = v(a) is said to be minimal for a.

The best strategy for symbol a at step n > 1 given by the algorithm produces a finite
sequence (pi™", ¢ s, Set

) Z 7’ <

Z@ s 1 P z+1)

It follows that vn(a) = U( (pn i+1s C?z nl+17 S?L nz+1)? 0

Lemma 5.18. For every a € A and n > 1, we have that v,(a) is minimal among the
(@ (pis i, )17) and v(a) = lim va(a).

an a,n

Proof: The first fact is analogous to saying that (p;”", ¢i”", si"" ), is the best strategy.

Moreover, |v,(a)—v(a)| < K6;" for some constant K > 0. This implies the desired result.

Lemma 5.19. Leta € A andl € N. Assume that there is a finite sequence (D, @,Ej)gzl
such that for infinitely many n € N, (pp";, 1, cp” JH,S?L"JH)l = (P},Cj»5)j=1 (when
[ = 0 this hypothesis is void) Then, there exists y = (pl,cz, z)ZGN € S such that

(y;)1 = (9;,¢5,55)5 21, € = a and v(a) = v(cf;y), that is, y is minimal for a.

Proof: For any n € N where the property of the lemma holds consider the sequence

(n) — (n) (n) an an an) (an a,n an)7

y yo yn+1:(p’a78)<pn ’CTZ ’87’1 po aCO ’SO

where o(b) = pas for some b € A.

Let y = (p?, ¢?, s¥)ien be the limit of a subsequence (y™));cy. It follows by construc-
tion that (y;) 1 = (0;,¢5,5;) =1, ¢ = a and o(c?) = pl, c¥y s?,, for any i > 0. Also,
¢? , is the best occurence of this symbol in o(c?).

Let 4, L € N such that (p¥,c?,s¥) = (Pn,—j+1, Cny—ji1s Snj—j1) for 1 < j < L. Since
v(pr") and v(p¥) are bounded independently of n, k and y, there is C' > 0 such that

)| < lo(a) — v, ()] + CO;™.

ZQQkV

k>1

Let € > 0. By Lemma [5.18, considering ¢ and L large enough onde deduces that

< [o(a) = v, (a)] + CO* < c.

— > 0" (p})

k>1

Since € is arbitrary we conclude that v(c§) = Z 05 5~ (pY).
k>1
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We say that a point y = (p?, ¢!, s¥)ien € S verifies the continuation property if
v(c?) =wv(c?; S'(y)) for all i > 0, where S is the shift map. It is clear that S*(y) also has
the continuation property, for any ¢ € N. In fact, as proven in the next lemma, if y is

minimal for ¢, then it satisfies the continuation property.

Lemma 5.20. If y = (p, !, s¥)ien € S is minimal for cf (that is, v(c§) = v(c;y)),

then y verifies the continuation property.

Proof: Let a = ¢§, b = ¥, and let z = (p?,cf,s7)ien € S be such that ¢ = b and
v(b; z) = v(b), as given by Lemma (taking [ = 0). Then the sequence w = yoy15(2)
belongs to § and satisfies

v(a;w) = 03"y (pY) + 05 v(b).
Thus, if v(b; S(y)) > v(b), it follows from

v(a) = v(a;y) = 05 7 (pY) + 05 v (b; S(y))

that v(a;w) < v(a), which is a contradiction.
|

In particular, this lemma proves that sequences y constructed in Lemma [5.19 verify
the continuation property.

5.3.4 Minimal Points for v have Ultimately Periodic Prefix-Suffix Decom-
position

In this section, we prove that any minimal point for v,z € X, has ultimately periodic
prefix-suffix decomposition. That is, if T = (p;, ¢;, i )ien is the prefix-suffix decomposition
of x, then SPT9(x) = S9(T) for some p > 0,q > 0. If ¢ = 0 we say that z is a periodic
minimal point for .

In order to prove this, we need the following lemmas.

Lemma 5.21. For every a € A there exists an ultimately periodic point x(a) =
(P 7§y e S with I = a and v(a; (a)) = v(a) (so, T(a) has the continua-

tion property).

Proof: Let a € Aand y = (p?,¢?, s?)ien € S with ¢ = a and v(a;y) = v(a) given by
Lemma [5.19] (considering [ = 0). We are going to construct another point with ultimately
periodic decomposition.

Let 0 < ¢ < p be such that y, = y, and ¢_; = ¢J_; = b. The ultimately periodic
sequence x(a) = Yo - Yg-1Yq - Yp-1- - € S since o(cy_;) = p¥c¥s¥ by hypothesis. We
are going to prove that v(a;x(a)) = v(a).

Observe that, by Lemmas and [5.20]
292 Uy (pY) and o ZHQ P (V).

1>q i>p
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Thus,
P liien i—g+1 Ly 1
D) =320 l) + 30T ) = 0 ) + 0 (h).
1=q i>p i=q

p-l .
If we denote B =) 0, "y (pY), then v(b) = B > 0; P Consequently,

i=q i>0

q-1 ,
a) =0y (pY) + 6, VB> 6,

i=1 i>0

On the other hand, a direct computation yields the following

292 v(p?) (q—l) (Z Qg(p—q)iB) 7
i>0
which implies v(a; x(a)) = v(a).
To each ultimately periodic sequence x(a) constructed in the previous lemma we can
associate a point x in the symbolic space X, with periodic prefix-suffix decomposition
with generating word

(w(a) z(a) w(a)) ’(pqw(a) z(a) Sw(a))'

(p(bCOaSD)a"W(pp*Q?Cp*mSp*q) pp 1,C p— 1>Sp 1 » &g ’ 9q

Even if, by construction, this point is associated with the minimal value v(b), there is no
reason for it to be a minimal point for ~.

Without loss of generality, we perform the following simplification. By iterating o suf-
ficiently many times, we may assume that every ultimately periodic sequence constructed
in Lemma [5.21] has period 1 and preperiod 1. That is, for each letter a € A, we have

2 = g and w; (a) = (p(“) ,5@) for all i > 1. A letter a € A is said to be periodic if
a_ = a, and we denote by A the subset of periodic letters. Since the construction in Lemma
implies that v(c™®) = v(¢™; §i(x(a))) for 0 < i < p — 1, under this simplification
we obtain v(a) = v(a; S(x(a))).

Lemma 5.22. Let y € § be a sequence that verifies the continuation property. Then,
for any i > 1 the point y¥) = yo---y;S(x(cV)) also has the continuation property.

Proof: Let ¢ > 1 and 1 < 5 <. From the continuation property we deduce that
& k —(i—J)
v(cd) = 0 v (ply) + 02 u(el).
k=1

However,

v(c) =v(cs®(cl) and (&) = (e S(=(c]))),
then y@ = yo---y;_1.5(x(c?)) also has the continuation property.
|

Lemma 5.23. Let x,y € S such that (x;)i>11 = (Yi)isie1 and ¢ = ¢ = a. If
v(a;x) = v(a;y), then (2i)i>1 = (Yi)iz1-
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Proof: Let @ = (pF,c¥,s%)ien and y = (p?, ¢}, sY)ien. From the hypothesis, we
deduce that

l l
D0y (0F) =D 0 v(pY)
i=1 =1

and consequently,
Yo W) o) =A@t ).
However, words o!~1(p?)---p¥ and o'~ *(p¥)---p! are both prefixes of o'(a). Then
1

without loss of generality we can suppose that o!=1(p?) - - - p¥ is a prefix of o!~1(p¥) - -
This implies that

Yo ®Y) - pf) — (0 (o)) X;tnw

with n, > 0 for any a € A. Therefore, by the algebraic condition (Lemma [5.10)),

Yo pY) o pt) = (" BT )
This implies that (p?, ¥, s¥) = (p?,c?,s?), for 1 <i <.

We now have the necessary results to prove the following theorem.

Theorem 5.24. The prefix-suffix decomposition of any minimal point for v is ultima-
tely periodic.

Proof: Let x € X, be a minimal point with prefix-suffix decomposition (p;, ¢;, $;)ien-
There exists a finite sequence (p;,¢;,5;)}_ such that (py,c,50) = (P, @, 5i) and for infi-
nltely many 1€ N, (pi—ja Ci—j, Si—j)é‘:(ﬁl = (pj76j7§j)§‘:0'

Let a = ¢y = ¢. By Lemma there is a point y € S verifying the continuation
property such that (y;)j_o = (9;,¢,5;)j—0, v(a;y) = v(a) and wv(a;S'(y)) = v(a).
Since v(a) = v(a;x(a)), by Lemma the sequence z = yo---yS(x(a)) has the
continuation property, and v(a) = v(a; z) holds. Therefore, by Lemma we conclude
that (x(a);)i>1 = (2)i>1-

We have proved that a € A, that is, a = @, and that the word (p@, a, s@)(p(@, a, s)
appears infinitely many times in the prefix-suffix decomposition of x. Now we shall
prove, by contradiction, that (p;,c;, s;)ien is ultimately periodic with generating word
(p@, a, 5@).

Assume that this result does not hold. Then there is b # a in A such that

(Pz;Cm )(Pz 1, Ci—1, Si— 1)(]91'72701'72,51'72) = (p(a)aa,s(a))(f’(a),%S(G))(p, b, 5)

for infinitely many ¢ € N.

By Lemma there is a point w € S verifying the continuation property and such
that

wowywy = (p'?, a, s (p'Y, a, s (p, b, s).

Since v(b) = v(b; S*(w) and v(b) = v(b; (b)), by Lemmal[5.22] the points u = wyw;w.S(z(b))
and v = x(a)x(b) have the continuation property. Since w and v are ultimately equal,
then, by Lemma [5.23] we conclude that a = b, which is a contradiction. Therefore, the
theorem is proved.
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5.3.5  Convergence of Series Associated with Minimal Points for ~

In order to prove the main results, we need the following general property of prefix-
suffix decomposition.

Lemma 5.25. Let x € X,; be a point with prefiz-suffiz decomposition (p;, ¢;, Si)ien and
consider n > 0 an integer. Let N > 1 be the smallest integer such that xi---T,41 1S @
prefiz of soo(s1) oV (sn_1). Let (p; () Z(n), SE”))ieN be the prefiz-suffiz decomposition
of S"*(x). Then, (p (m) el S(n)>Z_N = (pi, Ciy Si)i>n and

’L Y 7, 7 KA

N—l( (n) ) (n)‘

UN_I(PN—l)"'PoCoxl"'xnZU PN_

Proof: By hypothesis, o(cy) = py_1¢y_1Sn-1 = pg\,) lcg\?) 185\711 where py_icny_1 is a

prefix of pg\?)_ 1- This implies that

(pz( )7 En)asgn))iZN = (pi7ci75i)izN~

Also, from the same equality we deduce that

UN_I(pN—1> ++PoCoSo * - O'N_I(SN—I) = UN_I(pg\?L) p(()n)cén)sé g ’UN_I(S%L),l).

However, by construction, x,,; corresponds to cén) and thus x;---x, is a suffix of

“1(p\™ ) -+ pi™. Therefore, we conclude that
N-1 e — (n) (n)
g (pN—l) PoCoZ1 Tpn = o (pn 1) * Do
as desired.

Lemma 5.26. Let y € S such that ¢4 = a € A and v(a;y) = v(a). Then y, =
<p(a), a, S(a)),

Proof: First we prove the following.
Claim: v(c¥) = v(c¥; S(y)).
Indeed, let z = yoy1.S(x(c¥)) € S. If the assertion does not hold, then

v(a) = 03 (v(p¥) + v(cf; S(y))) > b2 (v(pY) + v(c})) = v(a; 2) > v(a)

which is a contradiction. Thus, v(c}) = v(c¢¥; S(y)) and furthermore v(a) = v(a; z).

Then, the point w = (p9, a, s)(p¥, a, s()S(z) verifies v(a) = v(a;w). However,
w and x(a) are ultimately equal, then by Lemma [5.23} y; = (p¥, a, 5(9)).

Lemma 5.27. Let x € X, be a minimal point for ~y. Then,

lim inf V(o Tn) >0 and liminf —Y (@ T)

N—00 nlog(ﬁ’z)/log(91) n—00 nlog(92)/10g(91) > 0.
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Proof: We will only prove the firs inequality, the other one can be shown analogously.
Assume, by contradiction, that the result does not hold. Then, for a subsequence (7;);en,
(o)

@-E%W:O

Let (pi, ¢, si)ien be the prefix-suffix decomposition of z and let a € A such that
(p\», a,s)) is its generating word (recall that it is ultimately periodic).

(1) First we assume that s(*) is not the empty word. For i large enough, let N; > 1
be the minimal integer such that x; - - -, is the prefix of sq---o™i71(5(®) (recall that
s, = 5@ for n large enough).

Consider the prefix-suffix decomposition (pg-m), cg-ni), sgm))jeN of S"i™1(z). By Lemma
b-23 Ahfl( (n4) ). ((nﬂ (ni) _ _Ni—1

PN, ~1 o\P1 )p =0

7

o (pNi—l) T U(Ih)po% X

Then,
0

Z 9 ”1) Z 927 p] ( xm)

j=N;—1 j=N,;—1

Dividing by 65 we obtain

Ni
> 079 (0N) 292 Y(pni—j) + 05 Ny (o - - ). (5.4)
j=1

7=1

Observe that n; behaves like 627, so lim Q;Ni (o - xy;) = 0. Also, since (p;, ¢, Si)ien

is ultimately periodic with generating word ( ,a, s(“)) then

Jim 3 0373(0) = S 0371(5) = vlas 2(a)) = (o).

Jj=1

Thus, taking the limit when ¢ — oo in [5.4] we obtain

lim 3~ 0,77(p;) = v(a). (5.5)

Now, for ¢ large enough, consider the finite sequences:

Y™ = (0 a5 L e s o 08 e 5.

By construction, pa is a stric prefix of p%illc%ll unless n; + 1 = 0 which is not the

case. As in the proof of Lemma [5.19 bu taking a subsequence one constructs from the
finite sequence y™) a limit point y = (p?, ¢, s¥)ien € S.
Let L > 1. Then, for i large enough,

=3079(pY) =307 (pY) + Y 0379 (pY)

j>1 j=1 J>L
—29 J pN —j +Z(92 ’Vp])
]>L
Ni

= 9_ lej Z 93 lej +29] p])

j=1 j=L+1 j>L
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Let € > 0 and consider L such that Y_ 657 < ¢/C where C' = max{|y(p)| : p is a prefix
j>L
of o(b) for some b € A}. Now, for i big enough, we obtain that

N; A A
o(a;y) —v(a)] < |3 07905 ) — v(a)| + 2e.
j=1

Finally, from [5.5] we conclude that
[v(a;y) —v(a)| < 2e
and, thus. v(a;y) = v(a). This implies that (p, a, s*) = ( %Ql,cg\z’zl,sg\zil) for some
large ¢, which is a contradiction.
(2) Now suppose that s(* is the empty word. Then, considering a power of o if
necessary we can assume that

(@anzy = lim o™ (b)

for some N € N and b € A. If we write o(b) = bs we obtain
TNTNgy - = bso(s)o?(s) -

Let = (,b, 8)ien € S. We have that v(b;x) = 0.
Claim: v(b) = 0.
Suppose, by contradiction, that this is not true. Then v(b) < 0 and for k € N large

enough we have
k

S0k iy (pf ) < K6k

i=1

with K < 0. That is, v applied to the prefix
b\ _k— b b
ot (p7 )" (5 ") -

of o"1(b) can be negative as we want if k increases. This implies that +,(z) < 0 for some
n € N, which is impossible since z is a minimal point for 7, by hypothesis. Then v(b) = 0
as we claimed. .
On the other hand, v(b) = 3~ 6, 77(p®) which implies y(p®) = 0. However, v(p®) =
Jj=1
Z n.y(c), where n, is the number of times the symbol ¢ appears in p). Then, by Lemma
ceA

p® =¢ and x(b) = .

Finally, we shall prove that v(xy - - - xn4;) > 0foralli > 1. Suppose that y(zy -+ Ty4i) <
0 for some 7 > 1. Let [ > 1 such that 2y -+ 2ny; = bo(s) -0 71(s)s™ with s~ a prefix
of o'(s). By Lemma [5.13]

v(o (b)) = O27(b) = (b) +7(s)
= 7(s) = (02 — 1)y(b).

We deduce that

V- osi) =70) + 3 81(5) +7(57) = (D) +1(57).
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Let k£ > 0 be an integer and write o'(s) = s~s*. Then,
o (s) = o*(s7sT) = o¥(s7)o"(sT)
and bo(s)---o!tk1(s)o*(s7) is a prefix of bo(s) - - - o!T*(s). We have

I+k—1

Y(bo(s) -+ o™ (s)o"(s7)) = y(b) + ; 03y (s) + 037(s™)

= 05(057(b) +7(s7)).

However 0% (05~(b)+v(s7)) can be as negative as we want, so for some M € N, y(zg - - - 2p) <
0, which contradicts the fact that  is a minimal point for v. Therefore, y(zy -+ - zn1;) > 0
for all 7 > 1.

To conclude, we use the proof of part (1) with b instead of a to deduce that

lim inf V(TN TN4n)

m it G o) O
and then
(@) e Y(wo- - xn_1) F V(TN TNgn)
B it sy Togon — nlog(62)/ 1og(01) > 0.

The following proposition is plain.

Proposition 5.28. Let x € X, be a minimal point for ~v. Then,

> exp(—y(xo - xpo1)) <o and Y exp(Y(z_p---x_1)) < 00.

n>1 n>1

5.4 PROOF OF THE MAIN THEOREM

We conclude this chapter with the proof of the main theorem. The arguments used
follow the strategy developed in the works of [4] and [10].

Let T'(A\,7) be a self-similar IET and R its associated matrix. Assume R verifies the
hypotheses of Theorem To simplify notations, we shall use 7' = T'(\, 7) throughout.

Let X, be the substitutive system associated to 7" and let M = R! be the associated
matrix. Consider a minimal poinit € X,. By Proposition [5.28]

K=Y exp(y(@_n-2_1))+ 14+ D> exp(—(zp - Tn1)) < 00.
n>1 n>1
Let t = ¢(z). That is, z is the coding of ¢ or x is the coding of (lim 7%(s));cz in the
st~
case t is in the orbit of one of the a;. To simplify notation we assume that the first case

holds, the other is analogous.
Define the probability measure u; on [0,1) by

1
e = I (Z exp(Y(T—pn - 2-1))0pn@ + 0 + Z exp(—(zo - 'xn—l))5T"(t)) :

n>1 n>1
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Lemma 5.29. For everey Borel set I C [0, 1)

r

pe(T(1) =D e (I N a1, ai).

=1

Proof: It is enough to consider I = [a;_1, a;) for i € A. Thus, we have

m(T(1)) = Il( Z exp(Y(@—p - 1)) 0-n() + O + Z exp(—(zo - 'xn—l))(ST”(t)) (T'(1))

n>1 n>1

1
=% Z exp(Y(T—p - T—1))0p-—n-10) + dp-1() + Z exp(—y(@o - -+ Tp_1))0rn-1(;

n>1 n>1

= [ 2 exp(— (@) exp(Y (- 21))Frney + €,

n>1

+ > exp(—y(x,)) exp(—y(zo - - xn—l))5Tn<t>> (Z)

n>1
=e Tiu(l).
The last equality uses the fact that 7"(¢) € I if and only if v(z,) = 7.
|

Define ¢ : [0,1) — [0,1) by g(s) = ([0, s]). This function is non-decreasing, right
continuous and has left limits. Let i € A, denote a; = T'(a;) and define b; = lim g(a)
a—a;
and b, = li(m) g(a'). Then at interval [b;_1,b;) define linearly the AIET f with image
a'—(al)~

[b;_,,b.). The slope vector of fis w = (e ,... e 7). Indeed,
by —biy _ pullai_y, ai))
bi —bi-r ([ai-1, a))

— e*%‘

)

where the last equality follows from Lemma [5.29]
Let h: [0,1) — [0,1) be the map defined by:

{h(v) =u, if g(u)=uv;

h(v) if  lim g(w) <v <g(u).

w—u—

Clearly h is surjective, continuous and non-decreasing. Since pu; has atoms, then h is
not injective.
The following lemma alows us to conlude Theorem

Lemma 5.30. The map h defines a semi-conjugacy between the AIET f and T'. Mo-
reover, f has wandering intervals.

Proof: The semi-conjugacy follows from construction. The interval

1= (1im g(s), (1)

s—t—

is a wandering interval for f.

)(I)



6 RELATED RESULTS

In this chapter, we study some results and concepts related to the theory developed
so far, which may be useful and of interest to the reader.

In the first section, we examine the results of [4], previously mentioned as motivation
for the work carried out in the preceding chapter. In the second section, we discuss the
Rauzy—Veech induction, and in the final section, we present the result of [I1].

6.1 CAMELIER-GUTIERREZ

In this section, we study the main results of [4] and the ideas behind its construc-
tion. It should be noted that this article served as the basis for the main article [2], so
understanding the former is a nice way to follow the reasoning developed in the latter.

The idea, as mentioned previously, is to prove the existence of a uniquely ergodic
affine interval exchange transformation with wandering intervals that is semi-conjugate
to an interval exchange transformation. The results of this article will be presented briefly,
solely for the purpose of providing context for the type of construction that will be studied
in detail in the next chapter.

6.1.1 Existence of the Affine Interval Exchange Transformation

Before stating the first results, let us introduce some important preliminary concepts.

Let I = [a,b) C R be a finite left-closed, right-open interval, and let T: I — I
be an interval exchange transformation (IET) such that (a = xq,...,x,, = b) are the
endpoints of the subintervals in the associated partition. For notational convenience, we
write T' = (29, ..., Tm)-

(i) Let I = [e,d) be a proper subinterval of I. We say that the IET T is renorma-
lizable (on I) if there exists an orientation-preserving affine map L: R — R such
that L(1;) = I and

LoTioL =T,

where Ty : I — I; denotes the IET induced by T on I;.
(ii) Let M be an m X m nonnegative matrix whose entries are given by
Mj; = #{ 0<Ek<N; : Tk([ziflazim C [zj_1,75) }7

where N; is the smallest nonnegative integer such that, for some z € [z;_1, 2;) (and
hence for all z € [2;,_1, 2;)), one has

ENH(2) e I.

75
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We shall refer to M as the matrix associated with the pair (7', ).

Let T: I — I be a renormalizable IET on I; C I, and let A,, denote the cone of
positive vectors in R™. It can be shown that the matrix M associated with (T, I;) is
aperiodic. Then, by the Perron—Frobenius theorem, M admits a unique probability right
eigenvector a € A,,. Moreover, the corresponding eigenvalue p is simple, real, and greater
than 1, and all other eigenvalues of M have absolute value less than pu.

Veech and Masur proved that, under these conditions, 7' is uniquely ergodic. In
addition, one can conclude that

a= (1 — X0, Ta — X1, o, Ty — Tyn1)-

As previously seen, we say that an AIET f: [0,1) — [0, 1) is semi-conjugate (respec-
tively, conjugate) to an IET T if there exists a non-decreasing surjective (respectively,
bijective) continuous map h: [0,1) — [0, 1) such that

Toh=hof.
The first result is the following.

Theorem 6.1. (Camelier-Gutierrez) Let T : [0,1) — [0,1) be a renormalizable
IET with exactly m — 1 discontinuities and associated m x m matrix M. Let M* be the
adjoint operator of M. Let G° be the M*-invariant stable subspace of R™ and let G* be
the (m — 1)-dimensional M*-invariant subspace of R™ such that the spectral radius of
M*|g« is less than the spectral radius of M*.

a) Let ¥ = (v1,%2y---,Ym) € R™. There exists an AIET f : [0,1) — [0,1) semi-
conjugate to T and with associated pair of vectors (y,7) if and only if ¥ € G*.

b) Let ¥ = (1,72, -,Ym) € G°. Let f:1]0,1) — [0,1) be an AIET semi-conjugate to
E and with associated pair of vectors (y,7). Then f is conjugate to T

The proof of (a) is based on the following lemmas:

Lemma 6.2. Let f be a uniquely ergodic AIET such that all of its orbits are infinite
sets. Let u be the f-invariant measure, and let (y,7) be the pair of vectors associated with
f; where Yy = (y()a Yiy - - 7ym> and '~Y = (’717’727 s 7’7m) Then the vector (Ml?/“b% s 7:U’m> is
orthogonal to 7, where

pi = pi[yi-1, yil)-

Here, R™ is endowed with the usual inner product.

For the next lemma, let p be the spectral radius of M. Denote by F (respectively, F*)
the Perron—Frobenius eigenspace associated with the eigenvalue p of M (respectively, of
M*). Let

R"=F&¢G and R"=F &G

be the Jordan direct sum decompositions invariant under M and M*, respectively. In
this way, the spectral radius p of both M|g and M*|g- is the same and satisfies

0<p<p.
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Lemma 6.3. Under the above conditions, the orthogonal complement F+ of F with
respect to the usual inner product (, ) on R™ is G*.

Lemma 6.4. Let o = {1,2,...,m} and let v: ¢ — R be a map such that

¥ =(1),72),...,7(m)) € G".

Then there exists an AIET f:[0,1) — [0,1) that is semi-conjugate to T and whose
associated pair of vectors is (y,7).

The idea behind the proof of this lemma (and, consequently, of the first part of the
theorem) is to construct the required AIET starting from a probability measure v. This
construction is carried out as follows:

Idea of the proof. It is possible to show that, under the above conditions, if
u: [0,1) — ¢ is defined by

u(r) =1 <= x € [r,_1, ),
then there exists z € [0, 1) such that
k ‘ k :
lim sup Z’V(U(Tj(l'))) >0> limkinf Z’V(U(Tj(%))) ,
k j=0 j=0

where (21, 2z, ..., x,) is the vector associated with T'.
Now, let us denote ¥y = d, and, for all integers k > 1,

i = exp(Y(u(x)) + y(u(T(@)) + - + (T () Irea),
where ¢, is the Dirac probability measure concentrated at x. Let
Vy = Cn(ﬁo + '191 + -+ ﬁan+1>7

where ¢, is the positive constant that makes v,, a probability measure. It is not difficult
to prove that there exists a probability measure v which is a weak limit of the sequence

{vn}.
We now define the map ¢: [0,1) — [0,1) by

¢(z) = v([0,z)),  ¢(0) =v({0}).

It is clear that ¢ is non-decreasing, and hence it has at most countably many discon-
tinuities and is right-continuous. Therefore, the set

G= [07 1) \ (b([ov 1))

is the union of at most countably many intervals of the form [a, b), which we call gaps.
Define the map h: [0,1) — [0,1) as follows:

(i) h=¢"ton[0,1)\G;

(ii) h(z) = ¢~(b) for a <z < b, for each gap [a,b) C G.
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Since ¢! is also right-continuous and non-decreasing, it follows that h is continuous,
non-decreasing, and satisfies h([0,1)) = [0, 1).

We now define the affine map f: [0,1) — [0, 1). First, define the vector (yo, ¥1,. -, Ym)
by

90:07
yi = o(x;), 1=1,2,...,m—1,

On each subinterval [y;_1,y;) we define f as follows:
(i) On [yi—1,¥:) \ G, the map h is one-to-one, so we define
f(x)=h"toToh(x).
(ii) On G, if J is a gap, then
J' = h=H(T(h(])))

is also a gap and satisfies
|J'| = exp(v(4)) [J].

In this case, define f|;: J — J' to be linear and orientation preserving.
The map f:[0,1) — [0, 1) defined above is an AIET semi-conjugate to 7.
[ |

The next theorem concerns the existence of wandering intervals. Its proof, although
studied, will be omitted, as it is highly technical.
To state the result, we restrict ourselves to a particular IET. Let

a = (o1, 09, a3,a4) € Ay

be the probability Perron—Frobenius right eigenvector of the matrix

—_ O = =
— O N -
NN
N = =

that is, each «; > 0 and
‘Oél =1+ ay+ag+ag =1.

We consider Rauzy’s IET R: [0,1) — [0,1), which is determined by the following
conditions. The map R has associated vector
xr = (QZO, xT1,T2, T3, x4)7
where
ZE0:07 T = (g, IQZOél—l-Oég, I3:Oé1+042+043, 1'4:]_,

and satisfies
R(ZL‘()) > R(l’g) > R(ZL‘g) > R(I’l) = 0.

The map R is renormalizable on the interval [0, ), and A is precisely the matrix
associated with the induced transformation (R, [0,aq)). It is numerically observed that
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a1 < ay, and hence R is also induced on the interval R([0,;)), with A again being the
matrix associated with (R, R([0, a1))).
The characteristic polynomial of A is the reciprocal polynomial

ot —7a + 132 — To + 1,

which has four real roots
P AT N p

satisfying
O<pl<Al<l<A<p

Let A* denote the adjoint operator of A, and let G* (respectively, G*) be the A*-
invariant vector subspace of dimension 3 (respectively, 2) generated by the eigenvectors
corresponding to the eigenvalues p=!, A=}, X (respectively, p=1, A71).

Theorem 6.5. (Camelier-Gutierrez) One of the connected components, say C of
G*\ G* is such that, for all ¥ = (y1,72,73, V1) € C, there exists a uniquely ergodic AIET
f:10,1) — [0,1) with associated pair of vectors (y,7) of the form y = (Yo, Y1, Y2, Y3, Ya)
and 5 = (0,71,Y2, V3, Va) satisfying the following:

a) [yo,y1) = [0,y1) is a wandering interval of f and, for all n € Z, f"([0,y1)) is an
interval;

b) If 0 = | f"([0,v1)), there exists a continuous bijective map
nez

h:[0,1)\ 60— [0,1)

such that, for ally € [0,1)\ 8, Roh(y) =ho f(y).

6.2 RAUZY-VEECH INDUCTION

There exists a generalization of the Rauzy induction known as the Rauzy—Veech in-
duction. This extension establishes a deep connection between interval exchange transfor-
mations and translation surfaces, the latter serving as a bridge that allows one to transfer
results and techniques from one theory to the other.

Moreover, unlike the classical Rauzy induction, for which a given permutation admits
two distinct preimages, the Rauzy-Veech induction defines a bijection on the space of
irreducible IETs with permutations belonging to some Rauzy class.

In this section, we outline the main ideas underlying this theory in order to present a
result from [I1] that is closely related to the works studied in the previous chapters. The
main reference used is [12].

6.2.1 Suspension Data over an Interval Exchange Transformation

We now describe the construction of a suspension over an interval exchange transfor-
mation T, that is, a flat surface for which 7" arises as the first return map of the vertical
flow to a suitably chosen segment.

Let T'(A,m) be an interval exchange transformation. A suspension data for 7" is a
collection of vectors (v4)aeca such that:
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(i) Re(va) = Ao, Ya € A;

(ii) Im( > va)>0, Vi<k<d-1;

(a)<k

(iii) Im( > va) <0,V1<k<d-1
m1(a)<k

Given a suspension datum v, consider the broken lines L., ¢ € {0,1}, in C ~ R?,
obtained by concatenating the vectors U1y i this order for j = 1,...,d, starting at the
origin.

If the broken lines Ly and L; intersect only at their common endpoints, then one can
construct a translation surface S as follows: for each o € A, identify the side correspon-
ding to v, in Lo with the corresponding side in L; by translation. Let X C S be the
horizontal segment defined by

X = <0, > )\a> x {0}.

acA

Then the associated interval exchange transformation 7" coincides with the first return
map of the vertical flow on S to the transversal segment X.

Figura 6.1: IET and suspension data
Source: Author’s own work

Remark 6.6. A necessary condition for an interval exchange transformation T (with
permutation ) to admit suspension data is that the permutation 7 be irreducible.

Using the Euler characteristic, it is possible to associate a surface S with the given
interval exchange transformation.

Example 6.7. In the figure above, the associated surface S is a bi-torus. Indeed, we
have

XS)=V—-FE+F=1—-4+4+1=-2,
and therefore
2—2g=-2,
which implies that g = 2.
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6.2.2 Rauzy-Veech Induction on Suspensions

Let T'((A, m) be an interval exchange transformation and let v be suspension data over
T. We define R(v, ) = (v, 7’) as follows.

First, we set

~

(Re(v'), 7") = R(Re(v), ),

where the right-hand side denotes the classical Rauzy induction.
Let ¢ € {0,1} be such that X, -1, is the winner for T'(Re(v), 7). Then we define

! = — —
Vrcla) = Yna @) — Un i@y

vl =v,, forall a#n71(d).

The following figures illustrate how the induction works for the previous example.

Figura 6.2: Rauzy-Veech Induction
Source: Author’s own work

Remark 6.8. Observe that the last point lies below the interval because the permuta-
tion arises from a Rauzy induction of type 0. If it were above the interval, it would corres-
pond to an induction of type 1. This distinction explains the bijectivity of the Rauzy-Veech
induction on Rauzy classes.

6.3 MARMI-MOUSSA-YOCCOZ

With the material developed so far in this chapter, we are now in a position to un-
derstand the result established in [MMY].

Theorem 6.9. (Marmi-Moussa-Yoccoz) For almost every interval exchange trans-
formation Ty whose associated surface has genus g > 2, there exists an affine interval ex-
change transformation T that is semi-conjugate to Ty and possesses a wandering interval.
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