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Resumen

En esta tesis se abordara el estudio de una version de la funcién herradura de Smale
y la funcion de baker, asi como sus propiedades dinamicas, desde una perspectiva
topologica. Con este fin, se presentaran algunas nociones necesarias sobre geometria
hiperboélica, sistemas dinamicos y superficies de Riemann.

Posteriormente, definiremos las funciones herradura y Baker partiendo de la composicion
de dos transformaciones geométricas definidas sobre el cuadrado unitario, denotado por Q).
Estas transformaciones induciran una serie de identificaciones en la frontera de () y usare-
mos las nociones introducidas sobre superficies de Riemann para estudiar las propiedades
geométricas y topoldgicas del espacio cociente generado por dichas identificaciones.

Por tultimo, introducimos algunos conceptos de la teoria ergddica para estudiar la
dindmica del sistema de la funciéon herradura.

Palabras clave: sistema dinamico, mapa herradura, superficies generadas dinamica-
mente, automorfismos de superficies, caos.
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Abstract

In this thesis we will address the study of a version of the Smale’s horseshoe function
and the baker’s function, along with their dynamical properties, from a topological per-
spective. To this end, fundamental notions regarding hyperbolic geometry, dynamical
systems, and Riemann surfaces will be introduced.

Subsequently, we will define the horseshoe and Baker functions by composing two geomet-
ric transformations defined on the unit square, denoted as (). These transformations will
induce a series of identifications on the boundary of (). To study the geometric and topo-
logical properties of the resulting quotient space, we will employ the notions introduced
about Riemann surfaces.

Finally, we introduce some concepts from ergodic theory to study the dynamics of the
horseshoe function system.

Keywords: dynamical system, horseshoe map, dynamically generated surfaces, surfaces
automorphisms, chaos.
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Introduction

One of the earliest appearances of chaos in mathematics is evident in the works of the
French mathematician Henri Poincaré on celestial mechanics, specifically in the well-
known three-body problem, which states the following: “Let A, B, and C be three bodies
moving in space solely under the influence of their mutual gravitational attraction. Given
the initial positions and velocities of each body, determine their future motion at any given
time t.”

In November 1890, Poincaré believed he had found the solution to the problem. However,
shortly afterward, he realized not only that his solution was incorrect but also that his
“mistake” revealed the impossibility of solving the equations that modeled the motion
of the three bodies. What Poincaré discovered was the existence of a point in phase
space whose orbit connects an equilibrium point with itself, meaning a point whose orbit
tends toward a certain equilibrium as time increases and also tends toward that same
equilibrium as time moves backward towards the past, as shown in Figure [Il Poincaré
named these states homoclinic points.

Homoclinic point

Equilibrium

Figure 1

In an arbitrary dynamical system, the existence of homoclinic points implies chaotic
behavior.

Thus, the horseshoe function was conceived by the American mathematician Steve
Smale, as he himself mentions in [13], while strolling along the beaches of Rio de Janeiro,
Brazil. It emerged as an attempt to provide a simple explanation for the intricate dy-
namics exhibited by dynamical systems that possess homoclinic points.

Smale presents the horseshoe function as follows:

Initially, we consider the unit square ABC D, which is compressed along the vertical axis
by a factor of A\, where 0 < A < 1/2, while simultaneously expanding along the horizontal
axis by a factor of 1/, resulting in a rectangle A*B*C*D*. To introduce nonlinearity to

15
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the system, the rectangle A*B*C* D* is folded onto itself over the square ABC'D, yielding
a horseshoe-shaped geometric figure as depicted in Figure

A A B

Thus, the dynamics of the function are described by taking an arbitrary point on the
square ABC'D and moving it to its image on the horseshoe. For instance, corner A is
moved to point A* in one unit of time. Continuing in this manner, the movement of an
arbitrary point z in the square is described as an infinite sequence of points {xg, 21, x9, ...}
called an orbit, where x(y = z, x; is the state after one unit of time, x5 is the state after two
units of time, and so on. Smale proves that any dynamical system possessing a homoclinic
point also contains a horseshoe, as shown in Figure Thus, the horseshoe function is
established as the simplest and fundamental tool for defining chaos in mathematics.
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Figure 3

The main goal of this work is to apply the known theory on discrete dynamical sys-
tems, hyperbolic geometry, Riemann surfaces, pseudo-Anosov automorphisms
and ergodic theory to the two maps presented in [4].

We will study a slightly different version of the horseshoe function presented by André
de Carvalho, as stated in [4], which allows us to generalize the concept to the theory of
surface automorphisms. That is, the successive iteration of the horseshoe function,
denoted by h, on the square ABCD, induces a series of identifications on its boundary
such that the resulting quotient space is homeomorphic to a Riemann surface denoted as
X, and the function h defines an automorphism, H, on the surface X. The construction
of this automorphism, along with the surface it defines and its topological properties, is
presented in detail in Chapter 2. Additionally, the connections with another similar type
of function known as the Baker function are also studied.

Chapter 1 of this work introduces the necessary basic concepts on discrete dynamical
systems, including the definition provided in [6] for chaos. Subsequently, an introduction
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to symbolic dynamics is given, which is employed in Chapter 3 to understand the behavior
of the orbits of each point on the surface X under the iteration of the automorphism
H. Here, the concepts of sequence space and shift function, along with their main
dynamic properties, are introduced. These classic results have been largely taken from
the books: “An introduction to chaotic dynamical systems” [6] and “ Dynamical systems:
stability, symbolic dynamics and chaos” [12].

Chapter 1 also contains a brief summary to hyperbolic geometry, where the hyperbolic
metric defined on the upper half-plane, H, is introduced, as well as the concept of a Fuch-
sian group as a discrete subgroup of the orientation-preserving isometries of H, denoted
as PSL(2,R). The results of this section were taken from the book “Fuchsian groups”
[9]. This directly connects with the theory of Riemann surfaces and the uniformization
theorem for Riemann surfaces, which will allow us to study the structure of the sur-
face X in Chapter 2. Thus, the classic results from the theory of Riemann surfaces and
extremal length were taken from the book “ Quasiconformal Teichmiiller theory” [1].






Chapter 1

Preliminaries

In this chapter, we introduce the notion of a discrete dynamical system as the iteration
of a function f that sends a set to itself, and we present some concepts and results from
symbolic dynamics, an essential tool for understanding the evolution of a discrete
dynamical system. Symbolic dynamics allows us to encode the “trajectory” of a point and
study how it evolves under each iteration of f.

The central concept of symbolic dynamics is the space of sequences, denoted by . Each
element of ¥ is an infinite sequence of 0’s and 1’s in both directions, and it is mainly used
to simplify the study of the complex behavior that certain types of dynamical systems,
called chaotic, can exhibit. In Chapter 3, we will use the tools presented in this section
in the context of differential topology and the theory of surface automorphisms to
exhibit the chaotic behavior of a certain automorphism that we will call the horseshoe
map.

On the other hand, in this chapter, we also give a brief overview of the theory of Riemann
surfaces and one of its central theorems, the uniformization theorem for Riemann
surfaces, which allows us to classify all Riemann surfaces into three types: flat, elliptic,
and hyperbolic. This concept will then be essential for the second chapter.

1.1 Discrete Dynamical Systems

In this section, we introduce the basic concepts of discrete dynamics. The definitions and
results are mostly taken from the book [0] and included in this section for the sake of
completeness.

Let (X,d) be a metric space and f : X — X an automorphism of X. A discrete
dynamical system is a sequence of elements ...,x; o, x; 1,%;, Ti11,Tira,... of X such
that x;.1 = f(z;) for all i € Z. In this way, for any x € X the orbit of x is the set:

O(x) == {f"(x) / n € Z}.

Given any element z € X and a number n € N, we say that x is a periodic point of
period n or n - periodic point, if it satisfies the statements:

1. fi(z) #xforall j=1,2,..,n—1.

2. fm™(x) = f™(x) for all my, my € Z such that m; = my mod(n).

19



Chapter 1. Preliminaries 20

We denote the set of all periodic points of period n as Per(f,n).

If x € X is a periodic point of period 1 we say that x is a fixed point. We denote the
set of all fixed points of f as Fiz(f).

Chaos is one of the most interesting property that a dynamical system can have and
because of the complexity that this property shows, there exists different ways to try
to catch its essence in a definition. In order to describe the chaos, we will give some
preliminary notions about the topology of metric spaces.

Consider a subset D of a metric space (X,d) and a function f : D — D. If for any
pair z,y € D and any € > 0, there exists z € D and n € N such that d(z,x) < € and
d(f™(z),y) < € then f is called topologically transitive.

The following proposition allows characterizing a topologically transitive function based
on its periodic points.

Proposition 1.1.1 Let D be a subset of a metric space X and let f : D — D be a map.
If the periodic points of f are dense in D and there exists a point x € D whose orbit is
dense in D, then f is topologically transitive on D.

Proof. Suppose that the periodic points of f are dense in D and let xg € D be a
point such that for every open set V' C X intersecting D, there exists k € Z such that
f¥(x9) € V. Such zy € D exists, since the existence of points whose orbit is dense in D
is guaranteed by hypothesis.

Consider the following observations:

1. Suppose that D is a finite set, as the orbit of z( is dense in D we have that O(zy) =
D, and therefore, f is topologically transitive.

2. If D is an infinite set, then no finite subset of D can be dense in D, so no periodic
point of D can have a dense orbit in D.

Let x,y € D be two arbitrary points and let ¢ > 0 be given. We will show that there
exists a point z € D and a number n € N such that d(z,z) < € and d(f"(z),y) < €.

Suppose that D is infinite. Since the orbit O(z) is dense in D, there exists k € Z such
that d(f*(xo),r) < e. To prove the result, it suffices to show the existence of a number
m € Z greater than k such that d(f™(z¢),y) < e. Thus, taking z = f*(zo) and n = m—k,
we have d(z,z) < € and f"(2) = f™*(f*(z0)) = f™(x0), so that d(f"(2),y) < € and the
result follows.

To prove the existence of such m € Z it suffices to prove the existence of an infinite number
of iterates of xq, f'(zo) with i =0,1,2,... that satisfy d(f*(z¢),y) < €, in this way, some
¢t will be greater than k£ and the assertion will be proven. Reasoning by contradiction,
suppose that there exists a finite number of iterates of x( that satisfy the inequality.

d(f'(x0),y) < e (1.1)

Let p be a periodic point of f such that d(p,y) < €, such p exists since periodic points
of f are dense in D. By observation 2., we have that p does not belong to the orbit of
0, thus d(f*(zo),p) > 0 for any iterate fi(zo) satisfying (L.1). As the number of iterates
satisfying inequality is finite, we can define § = mind(f*(zo),p) / d(f'(z0),y) < €.
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Then, the intersection of open balls B(y, €) N B(p,d) is non-empty and is an open set in
X contained in D, therefore B(y,e) N B(p,d) N D # 0.

Now, since the orbit of xg is dense in D, there must be a number j € N such that

f1(xo) € B(p,6) N B(y,e).

Therefore, d(f7(zo),y) < e. However, it must be the case that d(f’(zo),p) > §, which
implies that f7(z¢) € B(y,e) N B(p,d). This is a contradiction, and so the ball B(y, ¢)
contains infinitely many iterates of x.

O

Some physical phenomena that evolve over time, such as the motion of a double pendulum
or the weather, are characterized by their sensitivity to initial conditions. This means that
small changes in the initial parameters will result in large changes in their state over a long
period, thus complicating our ability to make predictions about such phenomena. This
sensitivity to initial conditions is the main characteristic of a chaotic dynamical system.

Now, let us consider a subset D of a metric space (X, d) and let f : D — D be a function.
If there is 0 > 0 such that for every x € D and any € > 0 thereisy € D and n € N
such that d(z,y) < € and d(f™(x), f*(y)) > J, then we say that f depends sensitively
on initial conditions.

Furthermore, a function f : D — D is chaotic if it satisfies the following three condi-
tions:

1. The periodic points of f are dense in D.
2. f is topologically transitive.

3. f depends sensitively on initial conditions.

1.2 The Sequence Space X

A two-sided infinite sequence of 0’s and 1’s is a function s : Z — {0, 1}. In a more visual
way, s looks like an infinite tuple of 0’s and 1’s, for example:

s=(---1,0,0,0,1|1,1,1,0,1,--).

We use the symbol | to separate the —1-nth position from the O-nth position of the
sequence s.

We define the sequence space ¥, as the set of all two-sided infinite sequence of 0’s and
1’s, i.e.,

So={(-,5.2,5 1|5, 81,52, -+) / 8; € {0,1} for all i € Z}.

Ifs=(-,5 9,5 1|50,81,82, -+ )and t = (- ,t_o,t_1|tg,t1,1to,- - ) are elements of ¥, it
is possible to define a distance between s and t given by:

dis,t] = ‘Siz_il til (1.2)

1E€EL



Chapter 1. Preliminaries 22

The function d : ¥ x ¥ — R satisfies the metric definition hypothesis, i.e., for any
X,t,u € ¥ we have:

1. d[s,t] > 0.
2. d[s,t] = d[t,s].
3. d[s,t] < d[s,u] + d[u,t].

Note that 0 < |s; — t;] < 1 for every i € Z. Hence, the metric d satisfies:
0<dls, t] < L 3 f tin >
<dJs, ]_%ﬁ_ or any s,t in X.
1€

The above means that the greatest separation between any two elements of ¥ is 3 and it
is achieved when s; # t;, for all 7.

It is possible to visualize the sequence space considering a square of side length 1 divided
into two parts as depicted in Figure (1.1

Figure 1.1: Sequence Space

The set Iy contains the sequences s = (-, S 2,5 1|80, $1,- - ) such that sg = 0 and I
contains those sequences such that s; = 1. Following in this way, the Figure shows
the sets:
R={seX/s1=0;8=0 [={seX /s 1=1;s =0}
N={se¥ /s 1=0;8=1} I={seX /s 1=1;s =1}

Which divides Iy and [;. Furthermore, Figure [1.2b| shows the sets:
IOO—{SEZ/SO:O ; 31:()} 101—{562/80:0 s = .
o1 s.1=0 ; so=1 01 s.1=0 3 so=1
IOO—{SEZ/SO:O ; 31:()} 101—{562/80:0 s =1
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3 I || I 0
0
I 0 1 1 I 1
||
1 1 1 1
I I Iy I

(a) (b)
Figure 1.2: Sequence Space

In a more general sense, we define the following set:

5_1,5-2,5_3,..,8_m __ tn=5_n, R lo=8.o, t.1=51, to= So,
[80,81782,’---784 ’ =qteX t; = to = — .
1= S1, 2 = S92, T, n = Sn

Now, let n € NU {0} and let x,y € I3 15,25 3% he two sequences in ¥. Then, we

have x; = y; = s; for all i € Z such that |i| < n, and therefore, |z; —y;| = 0 for all |i| < n.
Calculating the distance between x and y we obtain:

=1 1

o0
dlx.y] = lez Yi Z |$—zf Y-l n Z Ixi;yzl <9 =

iE€EL i=n+1 i=n+1 i=n+1

On the other hand, if there exists j € Z such that |j| < n for which x; # y;, then:

\xl yl 1 1

€L

1
So, if d[x,y] < on then z; = y; for all j € Z such that |j| < n. This proves the following

theorem:

Theorem 1.2.1 Letn e NU{0} and z,y € ¥. If x,y € IS 152 , then:

50,515
1

S ont

dlz, y] <

50,515+ Sn

1
On the other hand, if d|z, y] < o then @,y € [5-13=25-n

1.2.1 The Shift Map

We will now define the shift map and study some of its most interesting properties. Let
X = (.., T_o,T_1|T0, 71, %2, ...) be an element of the sequence space 3. The shift map
o : Y% — X takes each entry of the sequence x and shifts it to the left, that is:

(s @ 9, 1|x0, 21,20, ...) = (cory T_1, To|T1, T2, X3, ...).

Let € > 0 be given and let n be a natural number such that < €. For any pair

2n—1

1
X,y € ¥ take § = ey If d[x,y] < 0 then by the theorem [1.2.1| we have that:
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X,y € J5-1:5-2,8-n—1
, .

805815--+ySn+1

Therefore o(x),0(y) € 1%, 1*". Again, the theorem implies that:
dlo(x),0(y)] < <e

The above means that the shift map o : ¥ — ¥ is continuous.

2n—1

Theorem 1.2.2 The shift map o is chaotic on 3.

Proof. We must prove that o satisfies the following three conditions:
1. The periodic points of ¢ are dense in X.
2. o is topologically transitive.
3. 0 depends sensitively on initial conditions.

(1): A k-periodic point of ¢ is a sequence of 0’s and 1’s in which the digits zq, z1, ..., Tx_1
repeat indefinitely in both directions:

X = (cery Ly T 1y TOy eovy T 1 |TOy ooy Tho1y TOy vy Tho1y o)

Let € > 0 be given and let n € N such that
sequence

<€ take y € I3t %-n C 3. Then the

2n—1

X = (s Sy ey Sty Sy ooy Sriy Sy wevy S—1/S05 +vy Sny S—py wevy Smy evs Sy cvey Spy v )

in which the digits s_,, ..., s_1, So, ..., S, are repeated periodically, is a periodic point of X
contained in [3-1->%-. Hence, by the theorem we have:

dx,y] < 5

This proves that the periodic points of ¢ are dense in X.

< €.

To prove (2) it is enough to show that there exists x € ¥ whose orbit is dense in X.
The above together with the statement (1) and the proposition proves that o is
topologically transitive.

Let y € I3 1" be an arbitrary sequence in X and let x € ¥ be a sequence which
consists of all possible blocks of 0’s and 1’s of length 1, followed by all such blocks of
length 2, then length 3 and so forth in both directions, for example:

x = (...010 100 000 11 01 10 00 1 0/0 1 00 01 10 11 000 001 010...).

Therefore, far to the right of the expression for x, there is a block of length 2n 4 1 that
consists of the digits s_,,...,s_1, So, ..., S, and therefore there exists m € N such that
o™(x) € I3 1% This proves that the orbit of x is dense in ¥ and therefore o is
topologically transitive.

(3): Let y = (..., y—2,y-1|Y%0, Y1, Y2, -..) € X be a sequence and let ¢ > 0 be given. Take
N € N such that o <eand x = (...,x_9,x_1|x0.71, X2, ...) € X that satisfies the following

properties:
I z; =y; for all i € Z such that |i| < N + 1.
I z; #y; for all ¢ € Z such that |i| > N + 1.
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1
Then by the theorem [1.2.1| we have that d[x,y] < o < €.

Furthermore, if n > N + 1, by the property [[I} the j-nth entry of ¢"(x) differs from j-nth
entry of 0" (y) for j € {0,1,2,3,...}, i.e., j1n, # Yj+n. Hence, for all j € {0,1,2,3,...} we
have that |zj1, — y;j+n| = 1, therefore:

[e.9]

n n |Zjin = Yjinl - | Tjn — Yjtn] 1
dlo (X)aa(w]:sz]ZZ%: i
=0

29
JEZ j=0

Then, x satisfies that d[x,y| < € and d[o"(x),0"(y)] > 2 for all n > N + 1. This proves
that o depends sensitively on initial conditions, and therefore, o is chaotic on .

O

1.3 Fuchsian Groups

The main goal of this section is to study the geometry of the hyperbolic model or
Lobachevsky plane, which is formed by the upper half-plane endowed with the metric:

/A2 2
ds = M (1.3)

Y

We will introduce particular subgroups of the isometries of the upper half-plane, known
as Fuchsian groups.

First, let us see some basic notions of hyperbolic geometry.

1.3.1 A Brief Look at Hyperbolic Geometry
Let C be the complex plane. The Lobachevsky plane is formed by the upper half-plane:
H={z€C /Im(z) > 0},

equipped with the metric [I.3} known as the hyperbolic metric. Let us consider two
points z,w € H. To measure the distance between z and w given by the hyperbolic
metric, we consider a differentiable curve defined by:

v: [0,1] — H
t o — () ==z(t) +iy(t)
so that v(0) = z and (1) = w. Then, the hyperbolic length of v is given by:

14/ da )2 + dy 2 1 |dz
0 y(t) o Y
Thus, the hyperbolic distance p(z,w) between z and w is defined as the minimum
length of all possible paths v that connect z and w, that is:

plz, w) = inf{h(y)}. (1.4)
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Recall that a Mdbius transformation is a function from C to C given by:
T: C — C
az + b where a,b,c,d € C and ad — be # 0.

: cz+d

If we consider a differentiable curve v : [0,1] — H given by z(t) = z(t) + iy(t) and a
Mobius transformation 7', then T'(y) is given by:

_az(t)+b
w(t) = cz(t)+d

Then, by calculating the length of T'(vy), we have:

|dw |dw||
/ ot = / | —dz dt gy

and v(t) = Im(w(t)) = 5; , thus:

u(t) + iv(t).

dw
dz

| ad—bc
| (cz +d)?

Now,

az+b az+b
o(t) = cz+d Z+d _ (ac — a@c)|z|?> + (ad — be)z — (@d — be)z + bd — bd
N 2i 2i|cz + d|? '

So, if a,b,c,d € R and ad — bc = 1, we have that:

z2—Z Im(2)
v(t) 2ilcz +d]? ez + d|? ane Hheretore

Then, the length of T'(7) is given by:
1 v|dz 1 @’
WTo) = [ Ede= [ T i)
0

0 v Yy

Thus, if T'(2) = @z 12

half-plane H if and only if a,b,c,d € R and ad — bc = 1.

is a Mobius transformation, then 7' is an isometry of the upper

az+0b
HT(z) = cz+d

T can be identified with a matrix of the special linear group SL(2,R).

SL(2,R) = {[i Z} /a,b,c,dERand ad—bc:l}.

N TR
responding to the same Mobius transformation. Hence, by identifying M; with M,, we
obtain that the group of Md&bius transformations that preserve the hyperbolic distance
under the operation of function composition is isomorphic to the projective special

linear group, denoted by:

is a Mobius transformation that preserves the hyperbolic length, then

Note that M; = are two matrices in SL(2,R), both cor-

PSL(2,R) = SL(ZR) /{+iq}.

Geodesics: The geodesic curves in # are the shortest trajectories between two points
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in H with respect to the hyperbolic metric. Any pair of points in H can be joined by
a unique geodesic, and the distance between those points is precisely the length of the
geodesic that connects them.

Let z; = ia and zp = ib be two points in H with b > a. If v : [0,1] — H is any
differentiable path that connects z; and 2o, with v(t) = z(t) + iy(t), then its length is

given by:
1 |dz 1 dy bd b
h@)_/ idtz/ L_/ _9_10g<_>,
o y(t) o y(t) a Y a

b
As log <—) is the hyperbolic length of the line segment on the imaginary axis joining z;
a

and 2o, then this segment is the geodesic that connects z; and z,.

Now, for arbitrary zi, 2z, € H, if z; and 25 have different real parts and S is the unique
Euclidean semicircle orthogonal to the real axis with center at a € R and radius r that

passes through z; and zs, then the transformation:
T(z) = ——2—" ¢ PSL(2,R)
z—a+r

maps S onto the imaginary axis. Since the elements of PSL(2,R) are isometries, then T’
preserves the hyperbolic distance between z; and z5. Therefore, assuming without loss of
generality that Im(7(22)) > Im(7'(z)), we have that:

o) = 720,10 = o (L)

The section of the semicircle S that joins z; and 2y is precisely the geodesic that joins
both points.

Analogously, if z; and z; have the same real part, let L be the line orthogonal to the real
axis that joins z; and 2, and assume that L intersects the real axis at « € R. Then the
transformation:

S(z) =z—a € PSL(2,R)

maps L onto the imaginary axis. By the same reasoning as before, we conclude that the
geodesic joining z; and 2z, is precisely the segment of L joining them. In other words:

The geodesics in ‘H are semicircles and straight lines, both orthogonal to the real azis.

R3 Ry

Figure 1.3: Hyperbolic Triangles
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The figure shows hyperbolic triangles whose sides are geodesics in H.

If z and w are two distinct points in H, then we denote by [z, w] the geodesic segment
that connects these points, and we have that:

plz,0) = plz,8) + p(B,w) if and only if B € [z, w].

Therefore, if 5 € [z, w] and T is a transformation in PSL(2,R), since T preserves hyper-
bolic distance, it follows that T'(3) € [T(z), T (w)], that is, T maps [z, w] to [T'(z), T(w)],
so every element of PSL(2,R) sends geodesics to geodesics.

Hyperbolic Area: Let A be a subset of H. We define the hyperbolic area of the

set A, by
dx dy
() = [ 5
A Y

in the case where this integral exists.

Just as with hyperbolic distance, it is possible to prove that the elements of PSL(2,R)
preserve hyperbolic area, in other words:

If ACH, u(A) exists, and T € PSL(2,R), then u(T'(A)) = u(A).

A hyperbolic polygon with n sides is a closed set in H UR U {oco} bounded by n
hyperbolic geodesic segments. In the case of hyperbolic triangles, the Gauss-Bonnet
formula shows that the hyperbolic area depends only on its angles.

Theorem 1.3.1 (Gauss-Bonnet) Let A be a hyperbolic triangle with internal angles c,
B, ~v. Then:

pA)=m—a—pB—1.
See the proof in [9], theorem 1.4.2.

1.3.2 Discrete Subgroups of PSL(2,R)

It is possible to endow the group PSL(2,R) with a topology as follows. Let X C R* be
a set defined as follows:

X ={(a,b,¢,d) €R* / ad — bc = 1}.

The set X inherits the usual topology of R?, and each transformation 7' € SL(2,R) can
be identified with an element of X through the map:

v: X — SL2R)
(a,b,c,d) +—— [CCL Z} '

As a topological space, SL(2,R) can be identified with the set X, and therefore, the projec-
tive special linear group PSL(2, R) can be identified with the quotient space X / {—id,id},
where id is the identity map in X. Therefore, the topology of PSL(2,R) is the quotient
topology.
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We can define a norm on PSL(2,R) as follows:

|T|| = Va2 + b2 + 2+ d2.

Note that ||7'|| is a well-defined function and therefore, PSL(2,R) is a topological group
with respect to the metric |77 — S||.

A subgroup I' of PSL(2,R) is called a Fuchsian group if the induced topology on T is
a discrete topology, i.e., a Fuchsian group is precisely a discrete subgroup of PSL(2,R).

The following lemma will be useful to prove the main property of Fuchsian groups.
Lemma 1.3.1 Let zy € H and let K be a compact subset of H. Then the set:

E={T € PSL(2,R) /T(z) € K}.
18 compact.
Proof. Since we can identify SL(2,R) with the set X = {(a,b,c,d) € R* / ad — bc = 1}
and PSL(2,R) with the quotient space X / {—1id,id}, we have a continuous map.

@ X —  PSL(2,R)

az +b.
b,c,d) T(z) =
(a,b, ¢, — (2) = cz+d

azo—i—b

C2o —|— d
E = p(E)) is compact. To see this, let us show that £ is a closed and bounded set as a
subset of R*.

Let 8 : X — H be the function defined by

G X — H
A= (a,bcd) — @(A)|

If we show that F; = {(a b,c,d) € X / is compact, then it follows that

20

Since ¢ is continuous and every Mobius transformation is continuous, then [ is also
continuous. Since K is compact, it is closed and bounded, therefore F; = f71(K) is
closed and there exists M > 0 such that:

azo+b

p— < M for all (a,b,c,d) € Ej. (1.5)

azog+b
Also, due to the compactness of K, there exists L > 0 such that Im Oj__ d> > L,
C2p

I
otherwise K would not be bounded in H. Now, since Im azo b = m(2o) , we
czo+d lczo + d|?
have that:

Im(zp) Im(zp)

— > L = d| < ) 1.6

lczo + dJ? ez +d] L (1.6)
Im(zp)

Combining and we obtain that |azg + 0] < M . This shows that a, b, c,

and d are bounded, and therefore F; is bounded and F = ¢(E,) is compact.



Chapter 1. Preliminaries 30

O

Let I" be a Fuchsian subgroup of PSL(2,R). Then, I' is a discrete subset of PSL(2,R),
and by Lemma [I.3.1] we know that {T" € PSL(2,R) / T(z) € K} is a compact set for
any z € H and any compact subset K C H. Therefore, the set O ={T"'e€I' / T'(z) € K}
is the intersection of a compact set and a discrete set, and this implies that O is a finite
set. That is, the intersection of the orbits of a Fuchsian group with a compact subset of
H is a finite set.

If the action of a group I' € PSL(2,R) satisfies the property described above, then we
say that the group acts properly discontinuously on .

Let us assume that I" is a subgroup of PSL(2,R) that acts properly discontinuously on H.
If p € H is a fixed point of some transformation 7" € I" other than the identity, then there
must exist a neighborhood V' of p such that no other point of V' is fixed by an element of
I' other than the identity.

To see this, let us reason by contradiction. If there were fixed points of elements of I" in
every neighborhood of p, then there should exist a sequence {p,} of points in H and a
sequence {7} of transformations in I" such that p, — p and T,,(p,) = p, for all n € N.
Now consider the hyperbolic disk:

Be(p) ={z € H / p(z.p) < ¢}.

Since the topology induced by the hyperbolic metric is the same as the usual topology,
we have that B.(p) is compact and I" acts properly discontinuously on H, then the set

{T'el’ /T(p) € Belp)}
is a finite set. Therefore, there exists N € N such that if n > N, then T,,(p) € B.(p) while

Pn € Bej2(p). By the triangle inequality, we have:

p(Ta(p),p) < p(Tu(p), Tn(pn)) + p(T0(Pn), p)-

Furthermore, since T},(p,) = p, and the hyperbolic length is invariant under any trans-
formation 7" in I', then:

p(Tn(p), Tn(pn)) = p(p; pn) and p(T5,(pn), p) = p(Pn; P)-

Therefore,

p(Tu(p), p) < p(p, pn) + p(Pn, ) < €/2+€/2 = .

However, this is a contradiction and therefore there must exist a neighborhood V' of p

such that (V) NV = {p} for every T' € I' \ {id}.

The above implies the existence of points s € H that are not fixed by any element other
than the identity in I". Thus, if I" were a non-discrete subgroup of PSL(2,R) that also
acts properly discontinuously on #, then there should exist a sequence {T,} of elements
in I" such that 7),(s) — id(s) = s, where s € H is not fixed by any element 7" € T"\ {id}.

That is, {T,(s)} is a sequence of points distinct from s that converges to s, therefore
the intersection of every closed hyperbolic disk centered at s with the orbit of I' on s is
infinite, which contradicts that I'" acts properly discontinuously on H, and thus I' must
be discrete.
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In summary, I' € PSL(2,R) is a Fuchsian group if and only if I acts properly and
discontinuously on H.

1.3.3 Fundamental Regions

In a general context where X is a metric space and G is a group acting properly discon-
tinuously on X, a closed region F' C X is called a fundamental region of G if it satisfies
the following conditions:

L |J1(F) =X
e
2. it(F)NT(int(F)) =0 for all T € G \ {id}.
The family {T'(F) / T € G} is called a tessellation of the metric space X.

It is important to mention that for a group G, there may exist different regions that are
fundamental regions of the group. However, the following theorem establishes that the
area of a fundamental region, in the case where it is finite, is a numerical invariant of the
group G.

Theorem 1.3.2 Let Fy and Fs be two fundamental regions for a Fuchsian group I' such
that the hyperbolic area of Fy is finite, that is, p(Fy) < oo, and suppose that the boundaries
of F\ and Fy have zero area. Then, u(Fy) = p(Fy).

Proof. Since the hyperbolic area of the boundaries of F; and F5 is zero, we have that
p(int(Fy)) = p(Fy) and p(int(Fy)) = p(Fz). Moreover:

(R N T(int(F,))) = Fi (U T(z’nt(Fg))> CF.

Tel Tel

Since F} is a fundamental region, the sets Fy NT(int(F,)) are disjoint, and thus we have
that:

u(Fy) > Zu FyNT(int(Fy)) Zu YF) Nint(Fy)) Z,u (Fy) Nint(Fy)).

Tel Tel Ter

Now, since Fj is also a fundamental region, we have U T(Fy) = H and therefore we have:
Ter

@ (#) nint(F)) = int(F).

Ter

Then:
Zu (Fy) Nint(Fy)) > p (U T(Fy) ﬂznt(F2)> = p(int(Fy)) = p(Fy).

And hence, u(Fy) > p(F). Using the same argument, by interchanging F and F, we
obtain the inequality p(Fz) > pu(F), and therefore, u(Fy) = u(Fy).

O

The goal now is to prove that every Fuchsian group has a connected and convex funda-
mental region called the Dirichlet region. This region is defined as follows: Let I" be a
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Fuchsian group and let p € H be a point in the upper half-plane such that T'(p) # p for
every T € I"\ {id}. We define the Dirichlet region for I" centered at p as the set:

D,I'):={z€H / p(z,p) < p(z,T(p)) for all T € T'}. (1.7)

As the hyperbolic metric p is invariant under transformations of PSL(2,R), we can also
define the Dirichlet region as:

D,(T)={z€H / p(z,p) < p(T(z),p) for all T € I'}.

For each fixed 71 € I', H,(T1) = {z € H / p(z,p) < p(z,T1(p))} is the set of points z in
the upper half-plane that are closer to p than to 77 (p) according to the hyperbolic metric.

Clearly, p € D,(I") and since the I'-orbit of p is a discrete set, D,(I") completely contains
some neighborhood of p. To graphically represent the set H,(17), we join the points p
and 77 (p) with a geodesic segment and construct the line L,(77) given by the equation

p(z,p) = p(z,Ti(p)), as shown in Figure |1.4]

Figure 1.4: Set H,(T})

Then the sets H,(T') are convex sets and moreover D,(I") = ﬂ H,(T) and hence
Ter\{id}
D,(T") is a convex region.

Theorem 1.3.3 If p is not a fived point of any element in I' \ {id}, then D,(T) is a
connected fundamental region for T'.

Proof. Let z € H and I'z be the I'-orbit of 2. Since I'z is a discrete set, there exists a
point zo € 'z such that p(zo,p) is minimal, so p(zp,p) < p(T(z0),p) for all T € T', and
therefore 2y € D,(I"). Thus, D,(I') contains at least one point from each I'-orbit.

Now, let 21,2, € int(D,(I')). We claim that z; and 2, cannot lie in the same I'-orbit.
Indeed, if p(z,p) = p(T(z),p) for some T € T\ {id}, then p(z,p) = p(z, T~ (p)), so
z € L,(T™"), which implies that z & D,(T) or 2 € dD,(T'). Therefore, if 2z € int(D,(T)),
then p(z,p) < p(T(z),p) for all T € T'\ {id}.

Thus, if z; and 29 belong to the same I'-orbit, then p(z1,p) < p(z2,p) and p(zq,p) <
p(z1,p), which is a contradiction. Therefore, int(D,(I')) contains at most one point
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from each I'-orbit. Since D,(I") is the intersection of closed and convex sets, it is path-
connected, which implies that it is connected.

O

1.4 Riemann Surfaces

In this section, we define the concept of Riemann surface, provide some classic examples
of manifolds with Riemann surface structure, and state the uniformization theorem. The
results and definitions are taken from sections 2.1 and 2.2 from the book [7].

A Riemann surface S is a connected Hausdorff topological space together with an open
covering {U, }aer such that for each U, there exists a homeomorphism z, from U, to C
such that the transition functions fz, = 2, © zgl : 25(Uy NUR) — 24(Uy N Ug) are
holomorphic. For a Riemann surface S, each pair (U,, z,) is called a chart, and the
system of charts {(Us, 2a) }acr is called an atlas.

Two atlases {(U,, z,)} and {(V3,wp)} are said to be compatible if the transition func-
tions fgo = wg o 2" 20Uy N V) — ws(U, N V) are holomorphic. Note that the
compatibility of atlases defines an equivalence relation, and the class formed by compati-
ble atlases is called the conformal structure of the surface S.

On the other hand, the map 2, : U, — C defines an orientation on U, by taking the
preimage of the standard orientation of C. Moreover, over U, N Uz the Jacobian of the
transition function is | f,|*> > 0, which defines an orientation for the surface S. In other
words, a Riemann surface is an oriented two-dimensional manifold equipped with a
conformal structure.

Let S; and S; be two Riemann surfaces with atlases {(U,, z4) } and {(V3, wg)} respectively.
A homeomorphism f : & — S is conformal, if for every p € &; and every local charts
2o 0D € Uy — 2,(Uy) C C and wp : f(p) € Vg — wp(Vz) C C we have that the
function wg o f o z; ' is conformal.

We say that two Riemann surfaces S; and S, are conformally equivalent if there exists
a conformal homeomorphism from &; to Ss.

1.4.1 The Uniformization Theorem

Before stating the uniformization theorem for Riemann surfaces, let’s take a look
at some classic examples of Riemann surfaces.

e Example 1: Let § = C with the single chart atlas (C,id), where id is the identity
on C. It is clear that C is a Riemann surface, since the compatibility of charts is
trivial.

e Example 2: For each n € Z, let g, : C — C be the translation such that
z+— z+n. Then G = {g, / n € Z} is a group that acts on C in such a way that the
space of orbits (C/G is topologically equivalent to the set {z € C / 0 < Re(z) < 1},

where the point ¢y is identified with the point 1+ 14y. Therefore, C / G is a cylinder.

Let V,, € C be an open subset of C contained strictly in the strip {z € C /0 <
Re(z) < 1}. If 7 : C — C/G is the canonical projection, then the functions
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Doy - (C/G — C such that ¢, (7(V,)) = V, are the homeomorphisms that form an
atlas for C/ G. Therefore, C/ G is a Riemann surface. Moreover, the map z — €%
is an isomorphism from C/G to C\ {0}.

e Example 3: For each pair n,m € Z, consider the functions h,,,, : C — C defined
by z — z+in+m, and the group G = {h,,,, / n,m € Z}. Similar to the previous

example, the torus S = (C/ (G is a Riemann surface.

e Example 4: Let us consider the one-point compactification of C, denoted by C =
C U {00}, along with the charts (Uy, z1) and (Us, 22), where U; = {z € C / |z| <
2}, Uy = {z € C/ |z] > 1} U {oc}, and the homeomorphisms are z; = z and
29 = 1/z if z # oo, and 2, = 0 at co. Then the transition function fy;(2) =
(22) 0 (21)"(2) = 1/ is holomorphic on U; N U,. Therefore, C is a Riemann surface
called the Riemann sphere.

e Example 5: Consider a Fuchsian group I' acting on the upper half-plane H, and
let S = H/F. Then for every p € H, there exists a neighborhood R such that
v(R) N R = () for every v € I'\ {id}. Therefore, S is a Hausdorff topological space
and the projection 7 : H — & is a local homeomorphism. Thus, S is a Riemann
surface.

The uniformization theorem for Riemann surfaces arises historically as a generalization of
the Riemann mapping theorem, which states that if {2 is a simply connected region
completely contained in the complex plane C and a € (), then there exists a unique
function f(z) on €2 such that f(a) =0, f'(a) > 0, and f(z) maps Q) injectively onto the
open unit disk D ={z € C / |z| < 1}.

For example, if Q@ = H and a = 4, then the function f(z) = Z;_Z maps the upper
Z+1

half-plane H conformally onto the unit disk D.

On the other hand, the Koebe’s planarity theorem states that if S is a Riemann
surface such that every simple closed curve on S divides the surface into two components,
then S is conformally equivalent either to the Riemann sphere, the complex plane C,
or a domain contained in C.

So, from the theory of covering spaces, every surface S has a simply connected uni-
versal covering S with covering map 7 : S — S. 7 is a local homeomorphism and there
exists a group G of Deck transformations acting freely on S such that S /G is homeo-
morphic to S and for every p € S there exists a neighborhood R such that Yy(R)NR=10
for every v € G\ {id}.

The conformal structure of S induces a conformal structure on S, making S into a simply
connected Riemann surface such that every simple closed curve divides S into two com-
ponents. Then, the Koebe’s planarity theorem and the Riemann mapping theorem imply
that S is conformally equivalent to:

1. The Riemann sphere C.
2. The complex plane C.

3. The open disk D, or equivalently, to the upper half-plane H.
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In case 1, we have that S is of the type in Example 4. In case 2, we have that S is of
the type in Examples 1, 2, and 3, and case 3 leads to S being of the type in Example
5. We can then state the uniformization theorem for Riemann surfaces as follows:

Theorem 1.4.1 (The Uniformization Theorem for Riemann Surfaces)

Fvery Riemann surface S is conformally equivalent to exactly one of the above exam-
ples.

1.4.2 Extremal Length

In this section, we define the extremal length of a family of curves, F', on a Riemann
surface. This can be thought of as the average minimum length of the curves in F', and
its primary application lies in the fact that it is invariant under conformal mappings.

Let S be a Riemann surface with atlas {(Ua, 2a) }acr, and let F' be a family of curves on
S. A metric p(z)|dz| is an admissible metric on S if it satisfies the following conditions:

o p1(z1)|dz1] = pa(z2)|dz2| where p; and p, are representations of p in terms of the
coordinates z; and z,.

e pis locally L, and positive definite on all of S.
e Alp) = / p*drdy € R, i.e, A(p) is different from 0 and oo.
S

Let M be the set of all admissible metrics on §. For p € M, the length of a curve v € F
is defined as:

Ly(p) = / oldz],

if p is measurable along ~y, otherwise L. (p) = +00. We denote the infimum over all curves
vin F as L(p) = L(p, F) = inlf7 L,(p). The extremal length of the family of curves F'
=

is defined as:

) {20, s

Then A(F) is the “average” minimum length of curves in F.

1
© 2m|z|
be an admissible metric on R. Let F' be a family of arcs in R that connect the inner
and outer circles of the annulus. For r € (ry,r), and for 6, € [0,27) fixed, let vo(r) =
r(cos(fp) + isen(fy)) be a straight line segment connecting the outer and inner circles of
R. For all v € F'| we then have:

dz dz
Lvo(PO)Z/ dz] < dz] = L (po)-
Y

o 2mlz] = ) 2wz

Example: Let R = {z € C /r; < |z] < ro} be an annulus, and let py(z)

Therefore, as 0, is fixed and r varies, we have that:

"2 dr 1
L) = [ 5= < L) = 5-log(ra/r0) < Li(po)
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And therefore:
1
L(po) 2 5 -log(rz/1).

On the other hand, the area of R with respect to the metric py is:

Alpo) = [ 5555 = 5 Tos(ra/n)

47202 O

L(po)? 1
Then, A(EOO)) > o log(r/r1), which implies that the extremal length of F' satisfies the
Po m
1
inequality A(F) > By log(re/71).
T

Now, for a given admissible metric p, we have that L(p) < / p(z)dr and therefore:

1

o1 L(p) = /0 " L(p)do < /0 " / p(2)drdf = /R %p(z)ﬁdrd@.

Raising both sides of the inequality to the power of 2 and using the Cauchy-Schwarz
inequality:

4 L(p)? < ( /R %p(z)\/?drdﬁ)Q < ( /R %drd&) ( /R p2(z)-rdrd9>.

Calculating each integral, we get:

L(p)? 1 1
A0) < %log(rg/rl) — A(F) < %log(rg/rl).

1
And therefore, A(F') = gy log(r2/71). We will call this quantity the modulus, m(R), of
m

the annulus R.

Note that if r; — 0, then R becomes a disk without a point and the modulus m(R) tends
to infinity.

Proposition 1 in the book Quasiconformal Teichmiiller Theory [7| implies that the
extremal length, and thus the modulus of an annulus R, is an invariant quantity un-
der conformal mappings and therefore under homeomorphisms of Riemann surfaces that
preserve the complex structure.

If 2 is a domain in the complex plane that is the union of two subdomains 2; and €2,
then a problem of extremal length for a family of curves F' in {2 becomes a problem of
extremal length for two families of curves Fj in ; and F3 in €25. To illustrate this fact in
the context of interest, suppose that R; and R, are two topological annuli such that the
inner boundary of R; coincides with the outer boundary of Ry. Let R = Ry, U Ry be the
topological annulus whose outer boundary is the outer boundary of R; and whose inner
boundary is the inner boundary of Ry, and let F; be a family of curves in R; that, as
in the previous example, connect the inner and outer boundaries of R;. Thus, if F'is a
family of curves in R that connect the outer and inner boundaries of R, then:

A(F) > A(Fy) + A(F,) and therefore m(R) > m(Ry) + m(Ry).
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This fact is a direct consequence of the approximation property of the supremum applied
to the definition [I.8 of extremal length.
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Chapter 2

Topological Properties of the Horseshoe
Maps

In this chapter, we define two geometric transformations on the unit square ) whose
successive application induces a series of identifications defined on the boundary of Q).
These transformations were presented by Chamanara, Gardiner and Lakic in [4], Where,
in turn, they mention that this construction was shown to them by André de Carvalho
as a topological version of the well-known Smale horseshoe map. The main goal is to
apply the theory seen in the Chapter 1 to these particular examples.

The identifications induced by both applications define two quotient spaces, X and Y,
shown in detail in sections [2.1] and 2.2l The main objective of section is to study
the topological properties of X and Y using the theory seen in Chapter 1 on Riemann
surfaces, Fuchsian groups, and extremal length.

On the other hand, section introduces some concepts from the theory of surface
automorphisms, such as foliation of a surface, transversal measure, and pseudo-
Anosov automorphism, applied in the context of the horseshoe map and the surface
induced by the identifications defined on the boundary of Q.

2.1 The Horseshoe Map

In this section, we will provide a detailed definition of the horseshoe map presented in the
article [4] and the surface on which it operates.

In order to define the Horseshoe map, we consider the unit square in the complex plane:
Q={2€C/0<Re(z) <land 0 <Im(z)<1}.

Let S be the following set of points on the boundary of () that accumulate at the origin.

111
S P
S { 47277 +Z77/7

N | .

- ,i,%,--.}u{oy (2.1)

We shall consider the set Q := Q \ S partitioned into two non-disjoint subsets:

39
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le{zec}/oglm(z)<l}.

QQZ{ZEQ/%SIm(Z)Sl}.

Let H be a transformation defined on @ given by the composition of the following geo-
metric maps:
~ i
e Let ()5 be rotated 180 degrees about the point p = 1 + 5 in the counterclockwise
direction by the transformation r(z) = —z+2-1, while the set Q1 remains invariant.

(See Figure [2.1al)

- ~ 1
e Let ()1 Ur(Q2) be compressed by a factor of 3 along the real axis and expanded by

a factor of 2 along the imaginary axis by the transformation s(x + iy) = d +1i(2y).

2
(See Figure [2.1D))

1
Similarly, the inverse transformations consist of a compression by a factor of — along the

imaginary axis, an expansion by a factor of 2 along the real axis, and a rotation of the set

1
{z €C/1<Re(z)<2and 0 <Im(z) < 5}, 180° clockwise around the point p = 1—1—%.

) r . ~ s ] 5(r (@)
o = Q rQ) | = =1

Figure 2.1

We will use these transformations to define an ordered pair (X, H) where X is a topological
space, which we will construct by defining an equivalence relation ~¢ on () that identifies

certain points on the boundary of Q. And H is an automorphism of the space X, which
is called the Horseshoe Map.

Note that if w = x + % € @, then w has two images after applying the transformation H:
~ ~ x
o If we take w as an element of @)1, then H(w) = B + 1.

e Whereas, if we consider w as an element of Q,, then H(w) = (1 - g) + 1.

Therefore, to ensure the well-definition and continuity of H, we identify, through a rotation

N . 1 . 1 . 1
around the point 5—1—2, the points 1 = 5 —t )+ with zy = 5 +t)4+ifor0<t< 3
(see Figure [2.2a)).
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1 1 1
Moreover, note that for 0 < t < 5 the points wy = 1+14 (5 + t) and wy =141 (5 - t)

have the same image under the transformation H:

~ ~ 1 1

Therefore, in order for H to be an injective transformation, we must identify both points

through a rotation around 1 + %, (see Figure [2.2b)).

(a) (b)
Figure 2.2: Identifications on the upper and right sides of Q.

On iterating the transformation H, we observe that the line segment connecting the points

1
i and 1+ 4, denoted by [i; 1 4 ], is mapped to the line segment {5, 1} , which, in turn, is

11 ~
mapped to the line segment {Z, 5] . By iterating H indefinitely, we obtain the following

sequence of images:

, , 1 11 1 1

This implies that in order to ensure the well-definition of H, we must make the following
identifications through rotations:

3 3 1
° In[l,weidentifyxlzZ—l—twithx2:z+tfor0<t<Z.

w

1
3 — t is identified with x5 :g+t for0<t< g

e In IQ, T, =
In general.

3 1
e In [, we identify z; = —twithazy=——+tfor0<t < ——

9k+1 2k+1 ok+1"
Similarly, for every £ € N, by iterating H, we obtain that the vertical line segment
Jp = [?, o1 maps successively onto Jp_1 = o1 g2 until J; = {5, z] , which, in

turn, maps onto J = [1;1 4 ¢]. Thus, we obtain the following sequence of images of H:
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=[] e = [ g oo = [ o i

3 3 1
So in each segment .J, the points i <2k+1 — t) and 17 (2k+1 +t) for 0 <t < ST are
identified by a rotation.

These identifications define a relation ~g on Q as follows:

o If z € int(Q) then z ~g #; that is, if 2 is in the interior of Q, then z is only related
to itself.

1 1 1 ~
(§—t> +i~a (5—1—75) +if0r()<t<Eontheuppersideon.

1 1 1 ~
1+i<——t) ~ 1+<§+t) for0<t<§ontheright side of Q.

2

3

On the lower side of Q, for each k € N, —— — ¢

ot NQW+thrO<t<

2k+1'

Finally, on the left side of Q, for each k € N:

. 3 , 3 1
1 W_t NQZ W_’_t para0<t<ﬁ.

The relation ~4 is an equivalence relation defined on Q (see Figure [2.3)). The points
marked with x represent the endpoints of each line segment and are precisely the points
that form the set §. On the other hand, the red points represent the midpoints of each
segment and are called “hinge points”. The transformation shown in Figure defines

an automorphism H of the topological space X := Q / ~¢- This automorphism H is
called the Horseshoe Map on X.

Figure 2.3: Identifications on the boundary of @)

1 1 1 ' '
Let ¢, = oni1 be half the length of the segments I,, = [Q—n, 2n_1] and J, = [;—n, #] )
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We have that the sum Z 2¢e; converges to 1, and for any k£ € N:

j=1
=1 1 <1 1 2
Ze“‘%zw:;zn%:@;z_nzﬁzﬁzm

And therefore:

D en =2 (2.2)
n=k

The property of the sequence {¢;} is called geometric decay and will be used later on.

2.2 The Baker’s Map

In this section, just as in section [2.1] we will construct in detail the baker’s map and the
surface on which it operates.

As in the case of the horseshoe map, we start with the unit square in the complex plane:
={2€C /0<Re(z) <land 0 <Im(z) <1}

Now, we consider the set S’ = AU B of points on the boundary of ), where A is a set of
points on the left and bottom sides of () that accumulate at the origin, and B is a set of
points on the right and top sides of ) that accumulate at the point 1 + i given by:

a ok -

T .3 .1 7 31 71
B.— {”.’§+Z’Z+Z,§+Z717l+§’1+Z71+§7‘“}.

1

Y Y Y

N | .
o | .
o | .

1
72’

OOI'—l
W1 =

Let us consider the set P := @ \ &’ divided into two non-disjoint subsets:

Plz{zep/oglm(z)g%}.

1
sz{ZGP/églm(z)Sl}.
Instead of a counterclockwise rotation of 180 degrees, as in the case of the horseshoe map,
we will consider a translation of the set P, given by L(z) = z+ 1 — % L(z) shifts the set
1
P; one unit to the right and 3 units down.

Then, we apply again the transformation s(z + iy) = g +i(2y) to the set P U L(P,) as
shown in Figure
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P —‘
s(P) | s(L(F)

Pl — Pl L ( PQ} = ——

Figure 2.4

Let us consider the transformation B defined on P as the composition of the two afore-
mentioned geometric maps. Once again, our aim is to construct a topological space Y
through identifications on the boundary of @ such that the transformation B defines an
automorphism B, which we will call the baker’s map.

i
Similar to the example of the horseshoe map, if w = x + 3 € P, then w is mapped to two

different points:

e If we consider w as an element of P, then B(w) = z + 1. That is, the line segment
' 1
x + % with 0 < & < 1 is mapped to the line segment I, = {z’; 3 + z] )

~ 1
e Alternatively, if we take w as an element of P, then B(w) = x;— . That is, in

)
this case, the line segment = + 3 with 0 < & < 1 is mapped onto the line segment

~ 1
In order to ensure the well-definition and continuity of B, we must identify the line
segments [; and /; by a translation.

Furthermore, let J; = B, z} and J, = [1; 1+ %] . It is clear from Figurethat B maps

both segments onto the line segment 5 + 1y with 0 < y < 1. Therefore, to ensure the

injectivity of B, the intervals .J; and J; are also identified through a translation.

Thus, by considering successive compositions of B with itself, as in the example of the
horseshoe map, we obtain the following identifications on the boundary of Q:

1 1 ~ 1 1
For each £ € NU O, let [} = [(1_ﬁ> + 1; (1—W+i)1 and [, = {Wﬂ_’“} be
line segments on the top and bottom sides of @), respectively.

. . ) 1 1
On the other hand, let J, = [#, 21_1“1 and J, = [1 +1 (1 — ?) 144 (1 - 2k+1)1
be line segments on the left and right sides of @), respectively.

The identifications on the boundary of P given by the successive iteration of the trans-
formation B, shown in Figure are:

I, ~p I for k=0,1,2,3, ...
Je ~p Jp for k=0,1,2,3, ...
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If, in addition, for z € int(P) it holds that z ~p z, that is, z is only identified with itself,
then ~p is an equivalence relation given by translations as shown in Figure 2.5.

I L I . n L, L . I L I
J J J.
I Sa _ Js
Js J Js
Jy . Jo o F Jo
jl jl j1
Jg JS J3
fg fg fl iS f2 i] ig iz jl
(a) (b) (c)
I I I; .. I I I; .. I I I3
Ji j J:
J1 8 Ji & s Jp 8
Jp e J ' Jo
J2 ) Jz J2
jl jl jl
Js Js J3
L i L i AN T
(d) (e) ()
Figure 2.5

The points marked with X are precisely the points that belong to the set S’ and are
excluded from the boundary of the square Q).

The transformation B then defines an automorphism B on the topological space con-
structed with the translations identifications shown in Figure 2.5, ¥ = r / ~p. This
automorphism is called the baker’s map.

2.3 Dynamically Generated Surfaces

In this section, we will apply the concepts seen in Chapter 1 on Riemann surfaces,
uniformization theorem, Fuchsian groups, and extremal length to study the structure of

the topological spaces X = Q/N 5 and Y = /NB defined in Sections [2.1] and

2.3.1 Surface Generated by the Horseshoe Map

Let us consider the topological space X = @ / ~¢ formed by the identifications on the
boundary of @ shown in Figure 2.3 In addition to the set S of points removed from the
boundary of (), we will also consider the set of all midpoints of the intervals I, J, I}, and
Jy. as shown in Figure 2.3 denoted as follows:
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lC:: { 7a/k7... 7a17a7b7b17... 7bk7”'}-

Let us note that the rotations defining the relation ~ are performed precisely with respect
to the points in I, which means that these points are identified only with themselves. In
other words, the equivalence classes of points in I consist of a single element.

Let us denote by X* the topological space X \ K. It is easy to define and visualize
holomorphic charts on X* that are compatible with the chart (int(Q); id(z) = z) on the
interior of the unit square. Let U; and U, be two open semidiscs in () whose centers are

1 3
located at 1 + 1 and 1 + 4, respectively, and let U = U; U U,. Then the following chart:

is holomorphic and is compatible with (int(Q); id(z) = z) since the function ¢y is poly-
nomial. Similarly, the union, V', of the open semidiscs in ), V; and V5, centered at the

. 3 . SN\ 2
points 1 + % and 1+ ZZ respectively, together with the function py(z) = (z —1- %)

form a holomorphic chart compatible with the chart (int(Q); id(z) = z).

In general, for each k € N, let U, be a sequence of subsets of () that are unions of open

3 1 o 3 1
semidiscs in @ centered at the points u¥ = i (W + 2k+2> and u§ =i (2k+1 — 2k+2)

respectively. And let {V}} be a sequence of subsets of () that are unions of open semidiscs

3
9k+1 + ok-+2 ok+1  Qk+2
These sets Uy and V}, together with the functions:

3i \° 3\’
o, (2) = z—2k+1 and ¢y, (2) = Z—W .

Form a system of holomorphic charts compatible with (int(Q); id(z) = 2).

in ) centered at the points vf = and v§ = (see Figure [2.6a)).

Therefore, X* has the structure of a Riemann surface.

On the other hand, the topological space X can be seen as X* U K. Therefore, for each
k € N, the functions (z —a)?, (z —b)?, (2 — ax)?, and (2 — b;)? provide holomorphic charts
at the points a, b, ax, by (see Figure and allow us to extend the Riemann surface
structure of X* to X.
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U, i R SR el ...

. nt(Q) . b
b, 4 , e o \

Figure 2.6

Let us recall that the equivalence relation ~5 was defined on the set Q=0Q \' S, where S
is a set of points on the boundary of @) that accumulate at the origin given in Section [2.1]
We can then extend the relation ~4 so that all points in § form a new equivalence class

[S], and by adding [S] to the space X, we define X := X U {[S]}. The quotient space X
is then a topological sphere, and its open subsets X and X* are Riemann surfaces of
the planar type, that is, any simple closed curve embedded in X and X* divides both
surfaces into two components. Therefore, the Koebe’s Planarity Theorem guarantees
that X and X* can be conformally embedded in the Riemann sphere C.

Let us now see that every conformal embedding of X into the Riemann sphere C extends
to a homeomorphism of X onto C. The proof of the following result is an adaptation of
Proposition 8.1 from [I1] using the identifications on the boundary of @) generated by the
Horseshoe map.

Theorem 2.3.1 FEwvery holomorphic embedding of the Riemann surface X into the Rie-
mann sphere C extends to a homeomorphism ofX onto C. Moreover, under this home-
omorphism, the images of the points in IC form a sequence of points converging to the
image of the equivalence class [S].

Proof. To prove the theorem, we must construct a coordinate chart around point [S]. To
do this, we will build a sequence of topological annuli Az, homeomorphic to an annulus

= {z € C /r <|z| <r} C C, contained in X, that surround the point [S] € X and
Whose intersection with X is isomorphic to a punctured disc in C.

The nested rings A on the surface X are shown in Figure . The blue points correspond
to the points that form the equivalence class [S], and it can be observed how each ring
Ay, surrounds the point [S] by following the identifications defined on the boundary of Q.

For each k£ € N, let 9, = %k be the width of the annuli A;, where ¢, is the Euclidean

T 1 1 1
Zh T ? and [, = {F’ ?} on the boundary of @

shown in Figure [2.3] Thus, by equation [2.2], we have:

length of the line segments J, =
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Zéj - Z%ﬂ — . (2.3)

j=k Jj=k

This ensures that the rings A, can be embedded into each segment [, and J, without
overlapping, as shown in figure [2.7]

Figure 2.7

For each Aj, divide X into two components, the component of the complement A§ that
contains the point [S] is called the inner component. As seen in subsection 1.4.2 of
chapter 1, the extremal length of a family of curves, and therefore the modulus of a ring,
is an invariant quantity under conformal mappings. This implies that if the sum of the
moduli of the rings Aj diverges, then the interiors of the inner components of the rings
Ay, provide the required neighborhood of the point [S].

To calculate the extremal length of each ring Ay, we divide it into three parts as follows:
e A central component, denoted by (Ay)¢, that surrounds the lower-left corner of Q.

e Three corner components, denoted by (A)¢, that surround the upper-left, upper-
right, and lower-right corners of the unit square Q.

e 2(k—1) side components, denoted by (A)*, located on the left and bottom sides
of  and which surround the first 2(k — 1) points belonging to the set S.

We will use the Euclidean metric to obtain a lower bound for the extremal length of a

family of arcs, F', in A, that connect its boundary components, we will denote the area

For each k € N, the minimum length that an arc in F' can have is precisely the width of
the ring Ay, thus we obtain an upper bound for the Euclidean area of the ring A, by
approximating the area of each component of the ring and summing these quantities.
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1((Ar)°) < 0y <2§:5y‘>-
1((Ag)®) < 0 <4§:5j>-

The Euclidean area of the ring Ay is therefore less than or equal to:

O (82@ +6) 0+ 8(k — 1)2@).
j=k j=k Jj=k

Using equation 2.2, we have that Z d; = % = ¢, = 20;. Therefore, the Euclidean
j=k j=k

area of Ay, satisfies the inequality pu(Ag) < 02(12 + 16k).

On the other hand, the minimum length of an arc in F' is ;. This implies that the
extremal length of the family of arcs F', and in turn the modulus m(Ay) of each ring Ay,
satisfies the following inequality:

m(Ay) = A(F) > L

_ , 2.4
= 2(12+ 16k) 12+ 16k (24)

[e.e] 1 oo
Now, as the series Z 21 16k diverges, we have that Z m(Ag) also diverges. Therefore,
k=1 k=1

it follows that the interior of the component of A, containing [S], which we call the inner

component, provides the required neighborhood of [S] homeomorphic to an open disk
in C.

The above demonstrates that every holomorphic embedding of the Riemann surface X
in the Riemann sphere C extends to a homeomorphism of X onto C. Under this homeo-
morphism, the images of the points a; and b, form sequences of points converging to the
image of [S].

O

By Theorem 1.4.1 of uniformization of Riemann surfaces stated in section 1.4, we
have that the surfaces X, X, and X* are conformally equivalent to one of the following
three examples of Riemann surfaces:

e The Riemann Sphere C.

e A quotient of the form C / G, where (G is a discrete group of conformal isometries of
the complex plane C.

e A quotient of the form H / I', where T is a discrete group of conformal isometries of
the hyperbolic plane H, which we define as a Fuchsian group.

Theorem implies that X is homeomorphic to the Riemann sphere C. On the other
hand, since X and X* are of planar type, and X can be seen as the sphere X with one
point removed, which corresponds to the image of [S], then X is conformally equivalent
to the complex plane C.
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Finally, since X* = X \ K, where K is a set with more than one element, then X* cannot
be conformally equivalent to either the Riemann sphere or the complex plane. Therefore,
the uniformization theorem implies that X* is conformally equivalent to the hyperbolic
plane #H factored by a Fuchsian group I' € PSL(2,R). The group I' is a discrete group of
isometries of the hyperbolic plane that acts on H without fixed points, and whose elements
identify the sides of a certain fundamental region of the upper half-plane homeomorphic
to the set Q* = Q \ (SUK).

Figure displays a region R C H homeomorphic to Q*, where the points belonging to
S are represented in Q* with blue x and the points belonging to K are represented with
red x. Moreover, note that the points of S and K are mapped onto the subset of the real

1 1 1 111
axis {...,—— -, —, =11 .}, hence fall outside of H.

87 47 27_ ) 75717%7"
I J

I

N Ji

I "

\ Q

I jl

AN A A j2 JQ

Figure 2.8: Fundamental region for I'.

The Fuchsian group I' is then constructed by considering the identifications of line seg-
ments on the boundary of Q* presented in section [2.1] Thus, as in @Q*, the segments I and
J are identified, there must be a transformation 7" € PSL(2,R) that maps the segment
©(I) C OR onto ¢(J) C OR and vice versa. On the other hand, for each k£ € N, the
segment I, C Q is identified with the segment I, C dQ by a rotation and therefore, for
each k € N, there must exist a transformation ay, € PSL(2,R) that maps the segment
©(I},) onto (I;,). Finally, the segment J, C 9Q is identified with the segment J, C Q
and therefore there must be a transformation g, € PSL(2,R) that identifies the segment
©(J,) C OR with the segment ¢(.J,) C OR.

The transformations T, oy, y By are given by:

3 . 10 3 s 10
1 __2 92k+1/2 __2 © 92k+1/2
(o) =1 i )= R
z —2 Z+3V2 22k+1/2; 4 34/2

The group I' is an infinitely generated group, and its generators are precisely the trans-
formations T, o, and (.

I':=(T(2), ap(z), Br(z)) C PSL(2,R). (2.5)

The region R is a fundamental region of I', and therefore, the following statements
hold:

1. For all v € T'\ {id}, we have that v(R) N R = 0.
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2. U 7(R) =H.

yel’

Then, the set {7(R) / v € I'} is a tessellation of the upper half-plane .

Since the upper half-plane H is equipped with the hyperbolic metric, whose curvature is
constant and negative, and the elements of I' are isometries under the hyperbolic metric,

we have that / I" inherits the canonical hyperbolic structure of H, therefore X* also has
a hyperbolic structure.

Figure 2.9 depicts the tessellation of H generated by the region R and all its images under
the isometries contained in I'. Figure [2.9a] shows the images of R under the elements
Qn, B € T and their inverses, while Figure displays the image of R under the
transformation 7'

(a) (b)
Figure 2.9: Tessellation of the upper half-plane.

2.3.2 Surface Generated by the Baker’s Map

Let us now consider the Baker map and the topological space Y = P / ~p defined in
section [2.2 by identifications on the boundary of the set P = @ \ (AU B), where A is a
set of points on 0@ that accumulate at the origin, and B is a set of points on 9@ that
accumulate at the point 1 + i.

Figure shows a hyperbolic polygon 7 in the plane H that is homeomorphic to the
set P, such that the points contained in A and B are mapped onto the real axis and thus
do not belong to H.

Let us construct a group I of isometries of H considering the identifications made on the
boundary of P, so that if I, is identified with I, by a translation, then U(1Iy) is identified
with \I/(fk) by an isometry of I, and analogously for each segment J;, that is identified
with the segment J;, by a translation.

For each k € N, the transformation of I' that identifies the segments W(I;,) and W(I}) is
given by:
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z If k=1
3
E I P 20
332" o
| T3 2R+ (252 1 3)

On the other hand, the transformations in I" that identify the segments W(.J;) and ¥(.J)
are given by:

5!
(2]€+2 o 3)2 + 2k’+3 =

~ . 9ok
W(?) =~ g (2.7)

I Iy
(1)
J i
Jo Y
P —
A )
J3 J1
= ; v § 3
LI Iy W) (i) by v

Figure 2.10

The group I := <Bk, o?k> C PSL(2,R) is a Fuchsian group with a fundamental region

T whose images under the transformations of I' tile the entire hyperbolic plane. The
topological space H / I has the structure of a Riemann surface.

The following two results provide a more detailed proof of theorem 2 from [4].
Theorem 2.3.2 Y is a Riemann surface of infinite genus.

Proof. In order to establish this, we will construct two families of closed and simple
curves, {w; }ien and {7; };en, on the surface Y, such that for any pair of curves, they are
not homotopic. Furthermore, for j, k € N, w; intersects the curve 7, at a single point only
if 7 = k. Lastly, if j # k, then the curves w; and wy, do not intersect the curves 7; and 7y,
respectively.

Let a; and a; denote the midpoints of the segments I; and I, respectively, and let b; and
I~)Z- denote the midpoints of J; and Ji. Since the segments [; and J; are identified with the
segments I, and J;, respectively, via translations, we denote by A; the equivalence class
{a;,a;} in Y, and by B; the class {b;, l;z} Thus, wy is the curve connecting the points
a; and aq, while 71 connects the points by, aq, a1, and l~71. Consequently, both curves are
closed in Y and intersect only at the point A; € Y.

The curve wy must connect the points ap and ay without intersecting w; and 7. Thus,

31 ~ i
it starts from ay towards the point 1 + T € Ji, then translates to the point 3 e Ji,
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1 5 -
connects with 3 + ¢ € I, further translates to 3 € I, and finally closes at the point

Qs € 1:2. Qn the other hand, the curve 7 starts from by towards a», translates to as, and
closes at by. In this way, wy and 75 only intersect at A € Y without intersecting w; or 7.

Similarly, ws must connect the points az and as without intersecting wy, we, 7, and 7.

112 ~ 71
Thus, it starts from a3 towards 1 + 16 € Jy, then translates to 16 € Jy, connects with
97 )

. 15 -
6 € Ji, further translates to 1 + % € Ji, connects with 6 € I, then translates to

9 5 ~
6 + 4 € I;, connects with 6 + 1 € Iy, further translates to 16 € I, and finally closes

at as. The curve 13 simply starts from bs towards ag, translates to as, and closes at Z~)3,
intersecting ws at the point A3 € Y.

The curves wy,ws, w3, 71, T2, and 73 are depicted in the following Figure 2.11. The dashed
lines represent the curves w; and 7;, while the solid lines represent the translations:

w1 m BIERS T2 S S

\ \\
by N b by
\ \

W G s A a ag ay ay a a an ay
Figure 2.11

Following this pattern indefinitely, we construct a family of curves with the required
properties. Therefore, Y is a Riemann surface of infinite genus.

O

1
Theorem 2.3.3 Let ¢ : C — C be the rotation of 180 degrees around the point 5(1 +1)
given by c(z) = —z 4+ 1+ 4. Then c induces an automorphism c* on the surface Y such
that the quotient space Y/c* is homeomorphic to X, and the Baker function defines an

automorphism B* on Y/c* that commutes with the following diagram.
Y /c* B* Y /C*

| |

X X

Proof. In order to see that ¢ induces an automorphism on the surface Y, let’s observe
that it preserves the identifications defined by the relation ~p.
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Let p € I and § € I, such that p ~5 p. This implies that Im(p) = 1 and Im(p) = 0.
Furthermore, since the translation that identifies I; with fl consists of a downward shift
of one unit parallel to the imaginary axis and a rightward shift of % unit parallel to the
real axis, we have Re(p) = 3 + Re(p).

Now, as ¢(x +iy) = (1 — x) +i(1 — y), we have:
e Im(c(p)) =0 and Re(c(p)) = 1 — Re(p).
e Im(c(p)) =1 and Re(c(p)) = 1 — Re(p).

In this way:

Re(c(p)) =1 - (Rep) ~ 5 ) = 1= (1= Relc(p) - 5 ) = Re(ep) +

Therefore ¢(p) ~p c(p).

If k£ > 2, then the segments I, and I, are identified through a translation of the form
th(z) =z+1i+ 20 and by a similar reasoning as before, it can be proven that if p € I,
and p € I, are identified by ~ B, then c(p) and c(p) are also identified. Similarly, this
holds for the segments .J; and .J; located on the vertical sides of the square.

On the other hand, if ¢, is a translation that identifies the segment I}, with ], k., then coty, is
one of the rotations that generate the relation ~g described in Section . For example,

1
if k=1, then t1(z) = z — 3 + 4, and therefore:

1 3
(cotl)(z):—z—|—§—i+1+i:—z—|—§,

3
which is a rotation of 180° around the point 1
r .
For k > 2, we have t;(z) = z + o + i, thus:

1 1
(cotk)(z):—z—?—i—kl—l—z’:—z—i—l—%,

3
which is a rotation of 180° around the point pysug

Similarly, if £} is a translation that identifies the segment .J, with Jj, of P, then cot} is a

(in the case k > 2).

rotation of 180° around 1 + £ (in the case k = 1), and around s

1 1 ) 1 ’
Finally, note that for 0 < r < > we have ¢ ((5 + 7") + %) = (5 F 7") + %, so these

points are identified through a rotation of 180° around the point m = 5(1 + 7). The
following image shows the identifications induced by c.
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C I
— 4
A0
P '
I L Iy
Figure 2.12

Y

In this way, the quotient space * /c¢* is naturally homeomorphic to the surface X.

Now let us see that B : Y — Y preserves the identifications defined by ¢, i.e., if p1, ps € [;

and Py, s € I; are in the same equivalence class of Y/ c*, then their images after applying
the transformations on P that define B as introduced in section also belong to the

same equivalence class of Y/ c*.

To show this, let us note that if p1,ps € I; and p1, o € I; are in the same equivalence
class of Y/ c*, then we have p; ~p ps and p; ~p ps. Furthermore, the points p; and p, are
symmetric with respect to the midpoint of I;, while the points p; and ps are symmetric
with respect to the midpoint of the segment I,

Since B is the composition of a translation, a compression along the real axis, and an
expansion along the imaginary axis, as shown in Section , such that B(I;) = i
and B(I;) = I;;4, it follows that B(p;) and B(py) are symmetric with respect to the
midpoint of I;,1, while B(p;) and B(p,) are symmetric with respect to the midpoint of
Ii+1. Furthermore, we have B(p;) ~p B(p1) and B(ps) ~p B(ps). Therefore, B(py),
B (p2), B(py), and B (p2) belong to the same equivalence class of Y/c*. A similar process
can be done for the segments J; and J;, with the difference being that in this case we have
B(Jiy1) = J; and B(Ji + 1) = J;. Thus, the Baker function B preserves the identifications

defined by ¢* and lifts to an automorphism B* of Y / c*. Figure [2.12|illustrates the process
for two points in I;.

If we denote by I and J; the equivalence classes in Y / c* that result from the identifica-
tions made by ~p and ¢* on the segments I;, I;, J;, and J; of P, then it is clear that B*
acts on Y/c* in the same way that H acts on X.

O
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2.4 Pseudo — Anosov Automorphisms

Thurston’s Theorem classify the automorphisms of a closed surface in three classes:
periodic, reducible and pseudo-Anosov, in this section, we apply the definitions
presented in section 6 from [3] to prove that the Horseshoe map is a pseudo-Anosov
automorphism of the surface X. The calculations in this section are original work.

A singular foliation F on a surface S is a decomposition of S into a disjoint union of
leaves. For any point x € S outside of a finite set A, there exists a chart ¢ : U — C
that maps the components of U N leaf to horizontal intervals.

For x € A, there exists a chart ¢ : U — C such that F NU is mapped to W}, where Wy,
is the standard “k-prong singularity”. The set A is the singular set of F.

Two foliations F+ and F~ are transverse if they have the same singular set, and at all
other points the leaves are transverse.

For the Horseshoe surface X. Consider the following line segments:
Lt:={z€ X /Re(z) =1/2} and L™ :={z € X /Im(z) = 1/2}.
The iterates of H and H~! defines two transverse foliations on X, F* and F~, given by:
Fr= |J H'(CHandF = |J H(L).
neNU{o} neNU{0}

For each m € Z, H™(L") is a leaf of the foliation F* and H™ (L") is a leaf of the
foliation F~. Let B(F') and B(F~) be the sets of leaves of the foliations F© and F~
respectively. (See Figure 2.11)

(a) Foliation F+

Figure 2.13

Definition 2.4.1 A transverse measure p for a singular foliation F defines on each
arc « transverse to F a non-negative Borel measure p(«) with the following properties:

1. If B is a subarc of o, then p(f) is the restriction of u(w).
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1] x[0,1] — X

2. If ag and oy are arcs transverse to F related by a homotopy F : [0, 1]
[0,1]) is contained

such that F(]0,1] x {0}) = oo, F([0,1] x {1}) = o and F({a} x
in a leaf of F for all a € [0,1], then p(ag) = p(aq).

An automorphism h of a closed orientable surface is pseudo-anosov if there exist trans-
verse singular foliations F* and F~ such that h expands the foliation F* by a factor of
A and contracts F~ by a factor of A~!. This means that there exist transverse measures
p* and p® with the following properties:

WFT, p") = (F Aut).
WF~, 1) = (F7, A7),
For some A > 1.
A rectangle R is a map p : [(E, 1

3 ]
1]

interior int(X). For all a,b €
such that:

x [0,1] — X such that p is an embedding on the
, there exist two leaves ¢ € B(FT) and ¢’ € B(F")

p({a} x [0,1]) C £ and p([0,1] x {b}) C ¢
For a rectangle R, denote p({0,1} x [0,1]) by TR and p([0,1] x {0,1}) by 0~ R.
Consider the extremal leaves of F and F~ defined as:

AT = lim H"(L1) € B(Ft) and A\~ := lim H™(L") € B(F").

n—oo n—oo

There exists a decomposition of the surface X into a finite union of rectangles Ry, Ro, Rs
and R, with the following properties:

1. 8+Rz C LU,
2. a_Rz CL UN.

4 4
3. H (U 6+Ri> c|Jo*R..

i=1 =1

4 4
4. H <U a—RZ) clJo R
i=1 i=1
Such a decomposition is called Markov partition for H and it is shown in Figure 2.12a.

Let us construct the transverse measures p* and p® for the foliations 7~ and F* such
that H(p*) = Ap® and H(p®) = A'u® for some A > 1. The measure p* will assign to
each rectangle R; a “height”, y;, which will be the measure of any “vertical” cross-section
of R; and similarly, pu® will assign to R; a “width”, x;, which will be the measure of any
“horizontal” cross-section of R;.

In order to establish the necessary conditions for z; and y;, for i,j € {1,2,3,4}, consider
the set N;; = H(R;) N R;. N, ; is empty, or it consists of a finite union of subrectangles
S1y -4y Si(i,5) of Rj with aiSk C aiRj.

If N;; # 0 then [(i, j) denotes how many times H(R;) intersects R; as shown in Figure
2.14Dl
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Ry Ry

X2

H(Ry) H(Ry) H(Ry) H(Ry)

~|&
>

R3

Z3

Figure 2.14

Set a;; = 0 if N; ; = 0, otherwise set a; ;
a11 = 0; a2 = L;
a21 = 0; ag2 = L;
as1 = I; as2 = 0;

a41 = 1; Q42 = 0;

= (i, ), therefore we have that:

aiz=1;a14 = 0.
Gg,g = 1, Cl274 =0.
CL3,3 = 0, a374 =1.

Q43 = 0; Q44 = 1.

Since R; is the union of the sets H(R;) N R; with 1 <7 <4, we have that:

T, = CLLl)\_l.CCl + CLQJ)\_ISCQ -+ a3,1)\_1x3 -+ CL471)\_ISC4 = )\_1.%'3 —+ )\_11’4.

To = al,g)\_lﬂﬁl + a2?2)\_11’2 -+ a3,2)\_1x3 -+ CL4’2)\_1SC4 = )\_1371 + )\_11’2.

T3 = al,g)\_lﬂll + CL2?3)\_1ZL’2 + a3,3)\_1x3 + CL4’3)\_1SC4 = )\_1333 -+ )\_11‘4.

Ty = ap ANy + ag N ey + ag AT ey + ag N ey = Ay + A .

Let M be the transition matrix

M = la;;] =

M has eigenvalues A = 0 with multiplicity 3

£y
Z2
Z3
Ty

Similarly, the same procedure is used to det

=)
S O ==
S O = =
_ -0 O

and A = 2 whose eigenvector is:

1
1
1
] 1

ermine the values of y; by considering the set

H~'(R;) N R;. The transition matrix remains the same, and therefore y = x.

Let o be a closed arc transverse to the foliation F*. For each m € N, « is the union of
the sets « N H™(R;); Thus, if u;,, is the number of components of « N H™(R;), then the

transversal measure p° is defined as:
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4 4
) . . 1
w(a) == 7711_1}120 E_l AT, = lim — El Ui - (2.8)

m—o0 2M .

Analogously, if « is a closed arc transverse to F~, for each m € N, o would be the union
of sets a N H™"(R;); if v; , is the number of components of « N H~™(R;), we define the
measure p* as:

4 4
u : _m o1
pt(e) = Jim 3 ATt =l 5 D v 29

Note that if a is an arc transverse to F* and 27™ is the “width” of the rectangles H™(R;)
containing «, then upon applying the map H, the width of these rectangles is divided by
2. Therefore, we have:

pe(H(a)) =27 ().

Similarly, if « is a closed arc transversal to /~ and 27™ is the “height” of the rectangles
H~™(R;) containing «, then applying H multiplies the “height” by 2, and thus:

p(H () = 2p(a).

That is, H is a pseudo-Anosov automorphism of the surface X.
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Chapter 3

Dynamical Properties of the Horseshoe
Map

Chaos is one of the most interesting properties that a dynamical system can have. It first
appeared in the works of the French mathematician Henri Poincaré on the stability
of the solar system, where he realized that small variations in the initial conditions of
the system produce large changes in the positions and velocities of the planets in the
long term. Within the mathematical theory of chaos, the concept of the entropy of a
function arises, introduced by the Russian mathematician Andrei Kolmogorov as a
way to measure how the orbits of a dynamical system diverge. If the entropy of a system
is greater than zero, then that system exhibits chaotic dynamics.

In Section 3.1, we will begin by applying some known concepts from ergodic theory
[14]. Using the definition of transverse measure of a foliation to assign a measure to each
rectangle defined on the surface X, in order to calculate the entropy generated by the
dynamical system (X, H).

Subsequently, in Section 3.2, we will use the concepts seen in Chapter 1 regarding sym-
bolic dynamics, sequence space, and shift function to explicitly understand the
dynamics of the function H on the surface X.

3.1 Entropy of Horseshoe map

In this section, we will use the transversal measures defined in Section 2.4 to establish a
measure on the surface X and apply some classic concepts from ergodic theory to compute
the entropy of the horseshoe map. The definitions and the Kolmorov-Sinai theorem, stated
later, were taken from the book [14], the entropy calculations are original work.

Recall that a rectangle R of X is an embedding p : [0,1] x [0,1] — X such that the
sets 0TR = p({0,1} x [0,1]) and 0~ R = p([0, 1] x {0,1}) are contained in leaves of the
transversal foliations F* and F~ respectively.

Both connected components of 7 R satisfy property 2 of the definition 2.4.1 of transverse
measure and therefore have the same measure under p*, which we denote by p*(0%R).
Similarly, both components of 9~ R have the same measure under p°, denoted by p*(0~ R).

61
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Let §:= {R C X / Ris arectangle of X}. Then we can assign a measure, u(R), to
each R € (3, as follows:

p(R) = p* (0" R) - p*(0™ R).

It is easy to see that the horseshoe map preserves the measure p, since if R € [ is a
rectangle, then H(R) € [ and its measure under p satisfies:

1 _
p(H(R)) = p" (0T H(R)) - p*(0~H(R)) = 21" (0" R) (§u5(3 R)) = u(R).
For example, let Ry € 8 be the rectangle of X that satisfies:
1. 0T Ry C lim H™(L™).

2. 0-Ry C lim H-"(L").

n—oo

3. If R e fthen R C Ry.

This is the “largest” rectangle that can be embedded in X. Let us again consider the
Markov partition Rj, R, R3, and R4 as defined in Section 2.4 (see Figure 2.12a.), then
Ro = R1U---URy. Let us calculate the measures p*(0~ Ry) and p*(0" Rg) using equations
(2.8) and (2.9) given in Section 2.4:

1 (0~ Ry) = lim —Zuzm

m—oo 2M

Here, u;,, is the number of components of 0~ Ry N H™(R;) for i = 1,...,4. Therefore, we
have:

wig=1;u2=2;u3=4;u4=8; - ; U, =2"" (See Figure 3.1)
HY(R)
, IH*(R)
H(R)
H (R;)
90 Ry 9 Ry 0 Ry 0 Ry
(a) ’LLZ'71 =1 (b) Uz"Q =2 (C) ui73 =4 (d) Ui74 =8
Figure 3.1
. 2m—1

So, we have p*(0~Ry) = lim = 2, and similarly we have (07 Ry) = 2. There-
m—0o0

fore, u(Ry) = 4.

We can then redefine the measure of a rectangle R as m(R) such that for all R € S,
0 <m(R) <1, by setting:
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_ W(R)
(k) = p(Ro)

Before defining the entropy of the horseshoe map, let us introduce some necessary concepts
in the context we are interested in.

A partition of Ry is a finite collection of rectangles in X such that their union is R,.
Moreover, if £ = {A;, ..., A,} and n = {C}, ..., Ci } are two partitions of Ry, then we define
their union as:

Evn={A,NC; /1<i<nand1<j<Ek}

If £ = {Ay,...,A,} is a partition of Ry, then for the horseshoe map H and each n € N,
we define the partition H (&) = {H "(Ay),..., H "(A,)}.

The entropy of the partition £ is then defined as follows:

B(§) ==} _m(4;) -log(m(4,)). (3.1)

Following this way, the entropy of the horseshoe map H with respect to a partition & of
Ry is defined as:

n—oo 1

e(H,€) = lim (TL\_/ Hi(g)) , (3.2)

n—1
where \/ H™'(€) is the partition £ V H=Y(¢) v --- v H-(=D(¢),
i=0
Finally, the entropy of the horseshoe map H is defined as e(H) := supe(H, &), where
3

the supremum is taken over all possible partitions of Rj.

A method for explicitly computing the entropy of the horseshoe map is provided by the
Kolmogorov-Sinai theorem (see theorem 4.17 from [14]), which states that if 7" is an
invertible transformation that preserves measure on a probability space X with o-algebra

7 and measure m, and if A is a finite subalgebra of 7 such that \/ T"(A) = 7, then

n=—oo

e(T)=e(T, A).

In the context of the horseshoe map, if 7 is the o-algebra of Ry generated by the set
of all rectangles in X, and A is the finite subalgebra generated by the Markov partition
¢ = {Ry, Ry, R3, Ry} defined in Section 2.4, then by the Kolmogorov-Sinai theorem we
have:

n—oo M,

e(H) =e(H, &) = lim 1p (\_/ T—i(g)).

n—1

1 )
Let us calculate the value of —F (\/ T7(¢ )) for some values of n:
n
i=0
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0
e For the case n = 1, we have that \/ H™'(€) = ¢ is the Markov partition shown in
i=0
Figure [3.2] Furthermore, note that for each i = 1,2, 3,4, the transversal measure
(0~ R;) and p* (0" R;) satisfy:

p*(0”Ry) — p*(0FRo)

S(0R;) = (0" R;) = - —1.
1
Therefore, pu(R;) = 1 for ¢ = 1,2, 3,4, and consequently, m(R;) = 1
Ry Ry
R4 R3 O'R;

0 Ry
O R;

Figure 3.2: Partition &.

We thus have:

M”“

m(R,) - log( (R)):—}1~10g(1/4)~4:2-log(2).

1

o If n=2 then H (&) = {H Y(Ry), H '(Ry), H '(R3), H '(R,)}, and thus

is the partition shown in Figure [3.3}

Ry N HY(Ry) Ryn H '(Ry)
RN H\(Ry) RyN H™'(Ry)
Ryn H\(Ry) Ryn H™Y(Ry)
RN H™\(Ry) Ry H\(Ry) lf’”“"‘ )

Figure 3.3: Partition £ V H1(€).

Now, since H is a pseudo-Anosov automorphism that contracts the foliation
(F~,p*) and expands the foliation (F*,u") by a factor of 2, then H~' contracts
F* and expands F~. Thus, we have:
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p (@ H (R)) = (0 (B O (Ry) = KO L

On the other hand, the components of 9~ (R; N H '(R;)) are homotopic to the
components of 9~ R; along the foliation 7 and satisfy property 2 of definition 2.4.1
of transversal measure. Therefore, we have:

P (0~ (R, MH™Y(Ry))) = w2 (07 Ri) = 1.

1 1
Therefore, u(R; N HY(R;)) = 5 and m(R; N HY(R;)) = 3 Thus, we have:

SEEVHT (@)= -Y (Zm@ NH(R))) - log(m(R; N Hl(Rj>>>>

i=1 \j=1

N =

(_é -log(1/8) - 8) = g log(2).

2
If n = 3, then \/ H™'(&) = &V H (&) v H?(€) is the partition shown in Figure
=0
3.4

‘ Rin H(Ry) Ry H%(Ry)
[ RinH(R) Ryn H2(Ry)
[ R0 H(Ry) Ry H(Ry)
[ Rin H*(Ry) Ry H2(Ry)
[ Ren HA(Ry) RyNH(Ry)
[ Ry H2(Ry) Rs0 H(Rs)
\ Ryn H2(Ry) Ry H *(Ry)
S(RNH ’(HIJ)Q \ Ryn H2(Ry) Ry H2(Ry)

O (RNH(R)) =0 R;

Figure 3.4: Partition & vV H~1(&).

Again, since H~! contracts the foliation F* and expands the foliation F~, we have:

u — u _ qu OTR; 1
PO (R P H ) = (0 H2 () = PO = 0
Now, similarly to the case n = 2, the components of 9~ (R; N H ?(R;)) are homo-
topic to the components of 0~ R; along the foliation F*, thus they have the same

transversal measure:

P (0~ (R N H*(Ry))) = p*(0” Ry) = 1.

1 1
Thus, u(R;,NH 2(R;)) = 7 and therefore, m(R;,NH 2(R;)) = 6 Hence, we have:

SEEVH OVH) == (Z m(R; 0 H™(R,)) - log(m(R; N H?(Ra)))

j=1 \i=1

= % (—% -log(1/16) - 16) = % -log(2).
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n—1

In general, for n € N we have that F (\/ Hi(f)) = (n+1) -log(2) and therefore, the
i=0

entropy of the horseshoe map is:

e(H) = e(H, &) = Tim "1

n—00 n

-log(2) = log(2).

As the entropy of a system measures how orbits diverge, this result implies that the
dynamical system given by successive iterations of the horseshoe map on the surface X
exhibits some sensitivity to initial conditions. In the next section, we will study this
behavior in detail.

3.2 Chaos

In the previous section, it was shown that the entropy of the horseshoe map is log(2).
This result is sufficient to guarantee that the horseshoe map, as an automorphism of the
surface X, exhibits chaotic dynamics.

In this section, we will demonstrate this result from a different perspective.

3.2.1 Cantor Sets on the Square

Let Q={2€ C /0<Re(z) <1and 0 <Im(z) <1} be the unit square. On each side
of @), we consider a Cantor ternary set denoted by C? for the bottom side, C* for the
top side, C! for the left side, and C" for the right side.

Since C* is the translation of C¢ by one unit upwards, each point z € C¢ is connected to
the point x +1i € C" by a line segment. Now, since the set C* is symmetric with respect to

1
the point 3 +1, it is possible to connect each point z +1i € C* to the point (1 —x)+i € C*

by a semicircle contained in the exterior of Q).
1
Now, we divide the set C? into two parts: C§ contained in the segment [0; 5] and C¢

1 5
contained in the segment {5, 1] . The set C{ is symmetric with respect to 5’ so each pair
of symmetric points in C¢ is joined by a semicircle contained in the exterior of Q. Similarly,

1
C¢ is divided into two parts, a left part contained in the segment {O; 6] and a right part

11
contained in the segment {8’ 5} . Again, the right part is symmetric with respect to the

point 8 so as in the previous step, each pair of symmetric points is connected by a

semicircle contained in the exterior of ). Continuing this process on C¢ and joining the
respective segments and semicircles, we obtain a curve that we denote by .

Similarly, each point iy € C' is connected to the point 1 + 4y € C" by a straight line

i
segment, and since C" is symmetric with respect to 1 + 5 each pair of symmetric points

is connected by a semicircle contained in the exterior of Q).

On the other hand, C' is divided into two parts, an upper part contained in the segment
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i 1
[5; z} and a lower part contained in [0; 5} . The upper part is symmetric with respect to

0
the point 5 so each pair of symmetric points can be connected by a semicircle exterior

to Q. Following the same procedure as with C? and connecting the respective semicircles
with the segments, we obtain the set K~. Figure shows both sets It and K.

Figure 3.5: Sets KT y K.

Recall that a continuum is a compact and connected metric space. Moreover, we say that

a continuum C' is indecomposable if for any pair of not necessarily disjoint subcontinua
A and B of C such that C' = AU B, it holds that A= C or B = C.

In [2], it is proven that the sets KT and K~ are indecomposable continua known as
Knaster continua.

1
The horseshoe map H acts on K = KT UK~ as a rotation around the point 1+ = followed

by a horizontal contraction and a vertical stretching as shown in the figure [3.6|

1 1
Let Iy := {ZGQ/O§R6(2)§§} and I := {zEQ/EgRe(z)gl be two non-

disjoint sub-rectangles of () such that () = IoUI;. Based on this, we consider the following
sets:

1 1 1 1 1 1 1 1
IO,O = |:07 2:| X |:O> 2:|7 IO,l = |:O> 2:| X |:27 1:|7 11,0 = |:27 1:| X |:07 2:|> Il,l = |:23 1:| X |:27 1:| :
1
Then, the points of A = K~NKT contained in Iy o are mapped to the set |0, 61 x[0,1] C Iy,

11 15
those in I; ¢ are mapped to [6, 5} x[0,1] C Iy, those in I ; are mapped to [5, 8} x[0,1] C

)
I, and those in Ij; are mapped to [6, 1} x [0,1] C I4.
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1

Figure 3.6: Horseshoe map on K.

3.2.2 The Horseshoe map H is chaotic on the surface X

In this section, we will emulate the method presented in section 4.2 from [5] on the
symbolic dynamics of the horseshoe. We will encode the trajectory followed by each point
of the set K~ N KT when we apply the horseshoe map, H, with the goal of demonstrating
that H inherits the dynamical properties of the shift map, which, by Theorem 1.2.2, is
chaotic.

In order to study chaos as one of the main dynamic properties of the automorphism H
defined in section 2.1, we first consider its action on the set A, defined as follows:

A=K NnK*.

To encode the orbit followed by a point z € A under iteration by H, we again consider
the sets Iy and I;, and define the function ¥ : A — ¥ such that if z € A, then:

U(z) = (...,5 2,5 1|50, 51, 52, ...) where s; = 0 if H'(z) € Iy and s; = 1 if H'(z) € I;.
Let’s prove that W is a homeomorphism between A and :

Before starting the proof, let’s take the set of midpoints of the intervals removed in the
construction of each Cantor set (C? and C') on the left and bottom sides of @, that is:

1 1 115 17 53
Mea :=2% ooy —, —, =, =, =, —, —, ... 1}.
cd { ’54’1876,2’6718,54’ }U{()? }
i 1 1t 1 5 171 53i
Mo =9 ..., —, —, =, =, —, —, —, ... 12
ct { 7547187672767187547 }U{()?Z}
Definition 3.2.1 Let ri,79 € Mea and ti,ts € Mpn. We denote by R the set of all
rectangles of the form:

[r1,m0] X [t1,te] ={2€Q /r1 < Re(z) <1y yt; < Im(z) <ty}.

So, starting from I, = Iy or I, = I;, we define I, 5, as the smallest rectangle in R that
contains the set {z € I, NA / H(z) € I}, ie., for 5o € {0,1} and s; € {0,1} we have
Isy.s0 C 1sp.

Inductively, given the rectangle Iy, 5, . ., we define Iy 5, . s ., as the smallest rectangle
in R that contains the set {z € I, 5, . N"A / H"(2) € I,,,, }.

Similarly, we define the set I3 as the smallest rectangle in R that contains the set:

{zel,NnAN)H ' (2) eI}
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And inductively, given the rectangle I5, "7 7* """V we define I5-18=2%-n as the small-

est rectangle in R that contains the set {z € Iy, " """V A ) H(2) € I,_,}. (See
Figure 3.7)

-

Toi0 Io100 TLi00

N\
|

To1,10 (11,110

Too10(l1010

Ti0

@

Top00 Ligoo

Figure 3.7

In this way, given the sequence {so, s1, 2, ...} of 0’s and 1’s, we obtain a sequence of nested
closed rectangles:

ISO ) 150751 2 150,51,52 DR

In the same way, if for the sequence {---,s_2,5 1,50} we obtain the sequence of nested
closed rectangles:

Iy DI DI 2D

The intersection between I, . s, and I3 1% is denoted as L2,

These rectangles will be useful in proving the following theorem, with which we can assign
a sequence of 0’s and 1’s from the sequence space Y to each point in the set A. This
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sequence will then serve to encode the orbit followed by each point of A when iterating
the horseshoe function.

Theorem 3.2.1 The function ¥ : A — ¥ is a homeomorphism.
Proof.

1. ¥ is bijective: Given a sequences = (--+,5_9,5_1|S0, 1, S2, ...) € 2, let us consider
the sequences of nested rectangles

[So ) 180751 2 180781,82 D
Iy DI DI 2D

As each rectangle in the sequences is a non-empty closed set, by the Cantor’s
nested intervals theorem, we obtain that the intersections I, s, s,,.. and I3 1553
are non-empty. Moreover, since for a fixed sg, Is)s,.5,,.. N T fiu # (), we have
that there exists x € [3-1°-25-8- N A such that ¥(z) = s.

50,51,52;..-

On the other hand, the rectangles I3-1:*-25-n helong to R for all n € N, that is,

50,81,525--y5n
there exist sequences of numbers 7, ], € Mca and t,,t,, € M such that |r, — 77|

converges to 0 and |t, —t)| — 0 as n — oo, and such that:

[y 7] X [tn, ] = L5040

Therefore:
LGy =)
Therefore, W is a bijective function.
2. U is continuous: Let x € A such that ¥(z) = (..., 5_9,5-1]S0, 51, S2, ...) and let

1
€ > 0 be given. Let N € N such that o < €, then by theorem 1.2.1, we have:

x € I sao ™ = [r1,m2] X [t1, 1] € R.

' — o, [ty — ¢
So taking & = =l 7°22H1 |}

at x, B(x,0), is contained in I5, 8 sy, If we take y € B(z,d) and ¥(y) =
(cyu_g, u_q|ug, uy, ug,...) then s; = w; for all i € Z such that |i] < N. Again by

1
theorem 1.2.1 we have that d[¥(x),V(y)] < — and therefore ¥ is a continuous
oN

we have that the open ball of radius  centered

function.
O

On the other hand, Theorem 1.2.2 guarantees that the shift function o : ¥ — X satisfies
the 3 items of the definition of chaos. To prove that the horseshoe map is also chaotic,
let’s see that the following diagram commutes:

A i A
¥ ¥

To see this, let z € A such that:
\IJ(Z) = ("'78—278—1|807317527 ) and \I](H(Z)) = ("'7t—27t—1|t0at17t27 )
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Therefore, H'!(z) € I, , and since H'™!(z) = H/(H(z)), then H'*'(z) € I, , so:
Sj+1 = tj for allj e 7.

And therefore 0(V(z)) = W(H(z)), i.e., c o ¥ = Wo H. Then the diagram commutes and
therefore H exhibits chaotic dynamics over A.

3.2.3 Collapsing the Cantor Sets

Let us consider again the unit square @, the Cantor sets C¢, C", C*, and C' defined on the
boundary of @, the sets K and K~ defined in subsection 3.2.2. using these Cantor sets,
and the set A = Kt N K. It is clear that if p +iq € A, then p € C? and ¢ € C', so that
A can be viewed as the Cartesian product of Cantor sets, C¢ x C'.

In the previous section, it was shown that A is homeomorphic to the sequence space X.
Now, as it is well known that the Cantor set is equipotent to the interval [0, 1], let us
see now that it is possible to “collapse” the spaces between points of the Cantor set C,
resulting in a space homeomorphic to the interval [0, 1].

To do this, we will first define a continuous function that maps the Cantor set onto the
interval [0, 1]:

Definition 3.2.2 The Cantor function is defined as the limit of a sequence of contin-
uous functions {f, : [0,1] — [0, 1]}nen as follows:

o Let fi(x) =x.

e For each n > 1, the function f,.1 : [0,1] — [0,1] is defined in terms of f, as
follows:

( 1

— - fn(32) If nggg

1 1 2
n = — If = < = 3.3
fot1() 5 i 3<$_3 (3.3)

1 1 2
4. - z <
573 fu(Bx—2) If 3<x_1

The graphs of the functions fi, fa, f3, and f4 are shown in Figure . Thus, forxz € [0,1],
we define the Cantor function as f(z) = lim f,(x).
n—oo

1
Note that m[ax}|fn+1(x) — fulx)] < 5 m[ax}|fn(x) — fa_1(x)|, n > 2. Therefore, for n > 1
z€[0,1 z€[0,1

we have that:

max | £(2) — fu(@)] < —— max |fo(z) — fi(2)]

z€[0,1] 21 zefo,1]

This implies that {f, }nen converges uniformly to f(z).
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1/9 2‘/9 17'3 273 7/9 879

Figure 3.8: Graphs of f1, fo, f3 and f;.

As f,(z) is continuous for all n € N and , then the Cantor function is continuous on [0, 1].
Moreover, if C denotes the Cantor ternary set, then the Cantor function f restricted to
C is continuous on C and surjective, i.e., for every y € [0, 1], there exists € C such that

flz)=y.

We will now construct the Cantor ternary set, denoted by C step by step, as follows:
Consider the unit interval U = [0, 1].

12
e In step n = 1, we extract from U the central interval G{ = (5’ 5) of length 1/3,
resulting in the set:

: 2 12 2
e In step n = 2, we remove from C; the central intervals G; = 99 and G5 =
78 of length ! each, resulting in the set
-z — ing i :
99 g 32 ) g
Cy =C1\ (GTUG)).
. 3 1 2
e In step n = 3, we extract from the set C5 the central intervals G; = 7797 )
7 8 19 20 25 26 1 o
Ggs = (ﬁ’ ﬁ)’ Gs = <f’ 2—7>, and G} = (ﬁ’ f) of length 35 resulting in the
set:
4
Cy=Cy \ (Ugf).
i=1
e In the n = k step, we extract from the set Cj_; the complementary intervals

1
gk, .., Q;“k,l of length m resulting in the set:
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2k71

Cr =Cr1 \ U Gr
=1

The Cantor ternary set is defined as C := ﬂ C;. Let ?f be the closure of the interval
i=1

Gi*. Then, the endpoints of all the closed intervals ?f belong to C, and we call these

points the Cantor numbers of generation k. For example, % and % belong to the first

generation, %, %, g and % belong to the second generation, and so on.

Note that all Cantor numbers belonging to some generation are rational numbers. How-

ever, there are numbers in C that do not belong to any generation, in particular 0, 1, and
all irrational numbers that are in C. Let us now define a relation ~¢ on the Cantor set C.

Definition 3.2.3 Let x,y € C, then x ~¢ y if and only if x and y belong to the same
generation and are the endpoints of some interval Gf On the other hand, if x does not
belong to any generation, then x is related only to itself, that is, x ~¢ x. For example, O
and 1 are related only to themselves, as well as every irrational number in C.

Ol
aQ
el )
D
—+
o

Under this relation, we have that % ~c %, % ~c

Proposition 3.2.1 The relation ~¢ is an equivalence relation defined on the Cantor set

C.
Proof.

1. Reflexivity: Let x € C. If x does not belong to any generation, then by definition
€T ~c .

On the other hand, if z € C is a rational number and belongs to some generation,
o . . —k
then it is an endpoint of some closed interval G,. Hence z ~¢ x.

2. Symmetry: Let x,y € C such that x ~¢ y. If x does not belong to any generation,
then y = x and the symmetry is evident. On the other hand, if x and y are rational
numbers such that they belong to the same generation and are the endpoints of

) —k
some closed interval G,, hence y ~¢ x.

3. Transitivity: Let z,y,z € C such that x ~¢ y and y ~¢ z, and suppose they
are rational such that they belong to the same generation (if not, the statement is

trivial). Then, x and y are the endpoints of some interval ?f, and y and z are the

. . —k
endpoints of the same interval G,. Therefore, x ~¢ 2.

We then have that the relation ~¢ is an equivalence relation.
O

Let us now consider the quotient space ¢ / ~c. We know that the Cantor set has a topology
inherited from the interval [0, 1], and therefore C/ ~c has a topology inherited from the
Cantor set C. We define a function g : C/ ~¢ — [0, 1] using the Cantor function from
definition B.2.2

Let7:C —C / ~¢ be the projection that sends x € C to its respective equivalence class

[z]. The equivalence classes of C / ~c are divided into two types:
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e Type 1: Equivalence classes with a single element that corresponds to 0, 1 and the
irrational numbers in C.

e Type 2: Equivalence classes with two elements corresponding to the endpoints of
some interval Ef

Note that the Cantor function given in definition is constant on each complementary
interval Cf, so if ?f = [x1, 22, then f(z1) = f(z2).

We now define the function g : C/ ~c — [0, 1] as follows:

o If [2] € C/ ~c is an equivalence class of Type 1, then [z] = {z} and thus g([z]) =
f(z).

o If [z] € C/ ~¢ is an equivalence class of Type 2, then [z] = {x, z2} where z; and 25

are the endpoints of some complementary interval Ef and therefore f(x1) = f(22).
Thus, it makes sense to define g([z]) = f(x1) = f(x2).

The function g : C / ~c — [0, 1] is well-defined and inherits the properties of continuity
and surjectivity of the Cantor function. Moreover, g is injective, since the points where
f is not injective are identified by the relation ~¢.

On the other hand, Theorem 26.6 in the book [I0] states that if ¢ : X — Y is a
continuous and bijective function between topological spaces where X is compact and Y
is Hausdorff, then ¢! is continuous. Thus, since C is compact and ~¢ is an equivalence
relation, then C/ ~c is compact, and furthermore, [0, 1] is Hausdorff, so the function

g: C/ ~¢ —> [0,1] is a homeomorphism.

Intuitively, the equivalence relation ~¢ “collapses” the space between points in the Cantor
set C, yielding again the interval [0, 1].

Now, let us consider the set A = K™ N K~. We know that if p + iqg € A, then p € C? and
q € C', both Cantor sets defined on the lower and left sides of the square (). Therefore,
we can consider A as the Cartesian product C' x C.

By “collapsing” each Cantor set defined on each side of the square () using the respective
relations ~gi, ~ca, ~cr, and ~cu, we obtain that these relations define an equivalence

(&)

relation ~, on A that “collapses” the spaces between points of A. Since Cd/ ~ed =
l/wcz = [0, 1], then we have that A/NA = Cd/ch X C/ch = 10,1] x [0, 1].

Figure shows the set A represented by points on the square and the continua ~, £*
under the action of the relation ~,.
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Figure 3.9: Collapsing A set.

It is clear then that we can obtain the surface X generated by the horseshoe map in
section 2.3 starting from the set A, collapsing it and identifying points on the boundary
that are connected by a path of semicircles. We will denote the space obtained after these

identifications as / ~a. That is, A / ~ is homeomorphic to the surface X generated
by the horseshoe function.

The function Hy : A — A then defines a function Hj : A* / ~py — A* / ~ such that
if H(u) = v then Hx([u]) = [v]. This function Hj} is then equivalent to the horseshoe
automorphism of the surface X defined in section 2.1. making the following diagram
commute:

A*/ ~ H} A*/ ~

l l

X X

H

Now, since the function ¥ : A — ¥ defined in subsection 3.2.1 is a homeomorphism, we
have that the relation ~, defined on A defines in turn a relation ~y defined on ¥ such
that:

s~y t in ¥ if and only if U1 (t) ~, U1(t) in A.

So, we conclude that A/ ~ is homeomorphic to the space 2 / ~sy. Similarly, the points in
A/ ~p that are identified by paths of semicircles define identifications in the space % / ~y
such that if [z] and [y] are connected in A/ ~ by a path of semicircles, then ¥, ([x]) is
identified with W, ([y]), where W,
Let 2 / ~sy be the space obtained from 2 / ~sy after these identifications. Then we have
that A" / ~ is homeomorphic to 2 / ~y, and therefore X is homeomorphic to Dy / ~s.

is the homeomorphism between A/ ~ and b / ~y.

As with Hy, the shift map o : ¥ — X also defines a function o* : 2*/ ~y —> 2*/ ~y on
2 / ~y such that if o(s) = t then o*([s]) = [t]. The function ¢* inherits the dynamical

properties of the shift map ¢ and is also a chaotic function on Dy / ~s.

As a consequence of all the above, we have that the following diagram commutes:



[

A*/NA H} A*/NA

| |

By ¥ s

g

And therefore, the horseshoe map automorphism H of the surface X defined in section
2.1 has chaotic dynamics on X.
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