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Introduction

One of the basic aims of ergodic theory is the study of asymptotic behavior of the or-
bits of a dynamical system. Even deterministic systems may exhibit a chaotic behavior,
so a statistical point of view is the most plausible approach. For this, we may use the
measure and probability theory, and invariant measures arise as the natural objects to
address this problem. The existence of invariant measures on a system provides non-
trivial results about the recurrence of almost every point, and if the measure satisfy the
ergodic hypothesis, we even have a quantitative result, namely, the Birkhoft’s ergodic
theorem. Under very general conditions, the systems have plenty of invariant mea-
sures, so the problem becomes what invariant measure is the most natural to observe
the system with. Ya. Sinai and D. Ruelle gave an answer to this question, and real-
ized that many ideas of the thermodynamic of equilibrium states theory and statistical
mechanics can be translated into an abstract setting and obtained analogue results to
the ones obtained by Gibbs, among other physicists. The notions of entropy and pres-
sure of a system, as well as variational principles were formulated for abstract systems
and successfully applied in other mathematical theories, most notably in the theory of
Anosov diffeomorphisms. One of the most surprising aspects of thermodynamic for-
malism is its connection with dimension theory, masterfully exemplified by Bowen’s
formula [Bow?79]. This formula allowed the computation of Hausdorff dimensions (de-
noted by dimz) of a huge amount of sets and study its regularity and stability under
perturbations of the sets. In this work, we studied the relation between thermody-
namic formalism and dimension theory with emphasis in the transfer operator tech-
nique. This relation is then applied in a number theoretic problem in order to obtain

measures of the complexity of certain sets of relevance for this theory.

The Borel-Bernstein Theorem (see chapter 4) implies that the sets

E(B) ={z:€[0,1] : ay(z) > B" for infinitely many n € N}
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where a,,(x) is the n—th digit of the continuous fraction expansion, have zero Lebesgue
measure for every B > 1. In 1941 Good [Goo41] proved that the set

S(B) ={z €10,1] : ap(x) > B" for every n € N}

has constant Hausdorff dimension equal to 1/2. Recently, Wang and Wu [WWO08]
proved the the Hausdorff dimension of E(B) depends continuously on the parameter
B € (1,00). The strategy used by the authors shows that the number dimy E(B) can
be computed as the solution of the limit of a uniformly convergent sequence of contin-
uous functions, so the regularity of the function B — dimy E(B) cannot be improved

by this method. Noting that dp = dimy E(B) satisfies a Bowen like equation
P(G,—dglog|BG'|) =0

where P(G, -) is the topological pressure with the respect to the Gauss map G, it is pos-
sible to use the methods of thermodynamic formalism to conclude that E(B) actually

depends real analytically in B. In fact, we prove

Theorem. The function B € (1,00) — dimg E(B) € Ry is real analytic, strictly decreasing

and satisfies limp_,1 dp = 1 and limp_,o dp = 1/2.

This monograph is organized in four chapters. The only prerequisite to read this work
is basic knowledge on measure theory and functional analysis. The first chapter covers
the basic ergodic theory, setting most of the measure theory language that will be used
through this work. Some essential examples are presented, as well as some crucial the-
orems of the classic theory. Also, the basics of dimension theory are presented in this
chapter, including the fundamental example of the geomertic construction via Moran
covers. Chapter two is devoted to introduce basic notions of thermodynamic formal-
ism, including entropy (metric and topological) and pressure. Some important results
are stated without proof, such as variational principles. We include a reduced case
proof of the Bowen’s formula to stress the resemblance with the geometric construc-
tion done in the first chapter. The third chapter is the fundamental technical core of this
work, in which we make an extensive use of the transfer and Ruelle’s Operators to de-
duce dynamical properties of a system from the spectral properties of such operators.
We also dedicate a couple of pages to study an explicit form for the transfer operator
when the system is regular enough. Ruelle’s Theorem is the most important result of
this chapter, sinces it characterizes the spectrum of Ruelle’s operator and relates it with
the topological pressure of the geometric potential associated to the system. We prove
many dynamical consequences of this fact. Most of the work is done in the finite state

setting, and the infinite state system (Gauss map) results will be cited from Mayer’s
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works [May76], [May90]. Finally, in the fourth chapter we study the work of Wang
and Wu [WWO08] and prove the Bowen equation for E(B), allowing us to establish the
regularity of the function coding the dimension of the Borel-Bernstein sets. Again, we
include part of the proof done by Wang and Wu to highlight certain similarities with

the geometric constructions done before.



Chapter 1
Background Theory

This chapter is based on [Wal82], [VO15], [DK02], [EW13] (first two sections), [Fal97],
[Bar08] and [Pes08] (third section).

1.1 Invariant Measures

Dynamical systems are our main objects of study, and we will use measure theory as the
main tool to analyze them. The basic object of (finite) measure theory is the probability

space, and the structure-preserving morphisms are the measure-preserving functions:

Definition 1.1. Let (X, B;, 1;) be probability spaces, for i = 1, 2. A measurable function
T : Xi1 — Xo is measure-preserving if uy(T~1(B)) = pa(B) for every B € By, If T is
invertible and T~! is a measure-preserving function, we say that 7" is an isomorphism of

measure spaces, and the underlying spaces are said isomorphic.

Remark. Sometimes we will require that two measure spaces are isomorphic modulo
zero, that is, there exists two subsets E; C X; having zero measure and such that X, \ E;
is isomorphic to Xz \ Eb.

Remark. Under the notation of the previous definition, we say that 7" is p-invariant or

that 1 is T'—invariant. In both cases, we will simply say invariant if the measure or the

function are obvious.

We are mainly interested in the case (X7, Bi, p1) = (X2, B2, p2).

Remark. The identity of a measure space is a measure-preserving function, and the
composition of two measure-preserving functions is again a measure-preserving func-
tion. Hence, measure spaces and measure-preserving functions form a category. Two

isomorphic measure spaces share the same measure theoretic properties.

4
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Definition 1.2. A (discrete) measurable dynamical system is a measure space (X, B, ),
called the underlying space together with a measurable function 7" : X — X called the
dynamic of the system. We will always assume the underlying space is of finite measure
(and without lost of generality, a probability space). We say that two dynamical systems
(X1, B1, 11, T1), (X2, Ba, 2, Tz) are equivalent if, up to zero measure sets, there exists a

measurable isomorphism £ : X; — X5 such that the following diagram commutes:

X1L>X2

| ls

XQ&XQ

and h is measure preserving.

It is a natural problem to study the equivalence of measurable dynamical systems un-

der measure preserving isomorphisms.

Remark. Given a measure-preserving function 7" : (X1, By, 1) — (Xa, Ba, o), it nat-

urally extends to a measure-preserving function on the completions of both spaces,

T : (X1, B1,7iy) — (X2, Ba, o).

As usual in measure theory, properties holding for the generating semi-algebras, extend

to the whole sigma-algebra.

Theorem 1.3. Suppose T : (X1, Bi, p1) — (Xa, Ba, u2) is a measurable function, and S; are
semi-algebras such that B; = o(S;). If p(T71(S)) = pa(S) for every S € Ss, then T is

measure-preserving.

Proof. Define C = {B € By : u1(T~Y(B)) = p2(B)} and use prove that it is a sigma-
algebra containing S. [ |
Now we have an integral version of the invariance property:

Theorem 1.4. A measurable transformation T : X — X is u— invariant if and only if

/chdu:/xcﬁOfdu

for every ¢ € L' (u).

Proof. The property for indicator functions is the the definition of invariance and it
extends by linearity of the integral for simple functions. Then it follows for arbitrary

functions by dominated convergence theorem. u
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The set of probability measures on a compact metric space, together with the weak-*
topology is a compact space. Using the Schauder-Tychonoff, it is possible to prove the

existence of invariant measures. In fact, we have

Theorem 1.5. Let T' : X — X be a continuous transformation on a compact metric space.

Then, there exists a T —invariant probability measure on X.

Proof. See [VO15]. |

Example (Circle rotations). Let S = {z € C: |z| = 1} and a € S'. Define R,, : S' — S!
by Ra(2) = z - €*™2. Then the restriction of the 2-dimensional Lebesgue measure to S*
is R, invariant. There is an alternative representation for this dynamical system: given
a € (0,1) define R, : R/Z — R/Z by T(x) = = + o mod 1. Again, the measure
induced in R/Z is invariant for R,. We will see later that the arithmetic properties of a

are reflected in the dynamical properties of the system.

Example (m-adic expansions, full shifts). For a given natural number m > 1, every real

number z € [0, 1) admits an expansion in base m in the form

ai as as ag
r=-—+—+—F+..+—+..
ml  m?  m3 mk
with a;, € {0,...m —1}. We denote x = [a1, az, as, ...]. Note that the expansion is unique

for every irrational number, and for rational numbers it is unique unless a; = m — 1
for every k > N for some natural number N > 1. In that case, [a1, ..., an, an+1, ...] =
[ai,....,any + 1,0,0,...]. We will follow the convention of writing the number in the

second form.

Now we define a related dynamical system. For a fixed base m, define 7" : [0,1) — [0, 1)
by T'(x) = mz mod 1. If z is represented as [a1, a, ...| then o(z) = [ag, as, ...], thatis, T’

acts as a shift in the m-base expansion of real numbers.

Since T is piecewise affine with m branches with slope m, it is possible to see that the
Lebesgue measure is invariant by 7. This dynamical system can be represented in an
abstract setting by considering an m symbol set M = {0,...,m — 1} and constructing
the set of sequences with entries on M, this is, ¥ = M N and o the left-shift as in the
m-base expansion. We endow L with a topology taking the collection of cylinders
Cio..imy = {(zn) € T : 1y = 40, ..., Ty = i} as a basis. Note that this is equivalent to
give the discrete topology to M and then the product topology to X*. This topology

can also be seen as the one induced by the metric dy given by

d@((ﬂi‘n), (yn)) = Hmin{n:xn;ﬁyn}
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FIGURE 1.1: Plot of T for m = 2.

with 0 € (0,1).

We construct a family of o—invariant Borel measures as follow: given a probability

vector p = (p1, ..., pm), take p,, the Bernoulli measure generated by p.

The same construction can be done if we take the two-sided sequences in MZ just by

mutatis mutandis.

Example (Markov Shifts). We now proceed to define a more general class of dynamical
systems. Given a m xm matrix A = (a;;) with entries in {0, 1}, consider the subset ¥ 4 =
{(z;) € ¥ : Ay, =1} If we restrict the shift o to ¥4, we obtain a dynamical system

called a Subshift of Finite Type of ¥. Note that we can also define the cylinders C;, ;. as

in the full shift, but the may be empty. The set ¥ 4 can be equipped with a topological
structure by taking the subspace topology, which coincides with the topology induced

by the restriction of the metric dy.

Example (Continued Fractions and Gauss Map). This example is fundamental through
the course of this work, so we will treat it with more details. Motivated by rational
approximation of irrational numbers, we introduce the Continued Fraction Expansion
of a real number. Given a rational number z € (0, 1), by the Euclid’s Algorithm, there

exist natural numbers a, ..., a;, such that

B 1
T 1
ai + 1

a2t

as+ -+ —

Gnp,
which we abbreviate as [a;(z), az(x), ...,an(x)] = [a1,...,a,] and call it the Continued
Fraction Expansion of x. Note that [a1, ag,...,an—1,a,] = [a1,a2,...,an—1,a, — 1,1], s0O

every rational number has two different continued fraction expansion. Obviously an
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irrational number x € (0, 1) cannot admit such expansion. Consider the function

G :10,1] —[0,1]
1 1
- - [} for z € (0,1]
x> T z
0 forxz =0

which clearly defines a dynamic in [0,1]. Now we investigate the action of G on the

continued fraction expansion of a rational number = = [ay, ..., a,] € [0, 1]:

_ 1 1_ 1
x_a—l— ! ’ E_al—{—a—l— !
1 1 2 )
a2+—1 az+ -+ —
ag+ .+ — "
n
1 1
[x]:al , G(z)= T
az + 1
as + 1
ag+ o4+ —
an,

FIGURE 1.2: Plot of the Gauss Map G.

so the Gauss map acts as a shift in the continued fraction expansion of rational numbers.
This is the base point to define the continued fraction expansion for irrational numbers.

In fact, let z € (0,1) \ Q, and define for every n € N

an () = [Gix] .




Background Theory 9

Then, we have that

Theorem 1.6. The sequence (a1, az, ..., an, ...) defines a sequence of rational numbers p,, /g, =

[a1, ..., ay] which converges to the irrational number x.
Proof. See [EW13]. |

Thus, we can adopt the notation = = [ay, ag, ..., ap, ...] for lim,_,[a1, ..., ap]. Itis pos-
sible to prove that this limit exists and that every irrational number has a unique con-
tinued fraction expansion constructed in this way. With this notation, we can construct
rational approximations of irrational numbers by truncating the continued fraction ex-
pansion, this is, we approximate an irrational number = = [ay, ..., an, ...| by the sequence
of rational numbers 22 := [ay, ..., ay]. It is possible to prove that this sequence of ratio-

nal numbers is the best way to approximate x with a given complexity.
We list some properties of the continued fraction expansion that will be used later.

Theorem 1.7. For every finite sequence (b1, ..., b,) € N", the set
I(by,....;bn) ={z€0,1] : a;(x) =b; fori=1,...,n}

is an interval with endpoints

& and Pn +pn—1.
Gn dn + dn—1

For every s € N, we have that the set 1(by, ..., by, s) is an interval with endpoints

(3 + 1>pn +pn—1 and SPn + Pn—1
(8 + 1)q'n + gn—1 Sqn + Qn—1

Proof. See [EW13]. |

Observe now that G' does not preserve Lebesgue measure m. In fact, we have that

()0

n=1
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and hence

(03]

i(l 1 )
o 1
n=1 n n+§

:2—log4#;:m<<0,;>>.

In [Gau03] Gauss introduced an invariant measure for the map G. It is not known how

did he find that measure. Given a Borel set A C [0, 1], we define its Gauss Measure ;1 by

1 dx
A) = .
wA) logZ/Al—i-a:

Since G has countable branches given by 1 — n with n € N, for (a,b) C [0,1] we have
that

@ =U ()

n=1

so its Gauss measure is

o0

(G (a,b)) = ;“ <nl+b n —1k a)

1 a1
— 1 n+a
logQZ:: 0g<1+1>

By Theorem 1.3, we conclude that G is p—invariant. Note that the Gauss measure is
absolutely continuous with respect to the Lebesgue Measure. Even more, there exist
constants ¢, ca > 0 such that c;m(A) < G(A) < cam(A) for every measurable set A, so
every property holding for almost every = € (0, 1) with respect to the Gauss measure,
also holds for almost every z € (0, 1) with respect to the Lebesgue measure and vice

versa.

Suppose we are given a probability space (X, B, 1) with a topology, compatible with
the measure structure, and a measurable function 7' : X — X. One of the main subjects
of study of ergodic theory, is the recurrence. We can distinguish recurrence at different

levels.

Definition 1.8. A point z € X is said to be fixed by T if T'(x) = x. It is said to be periodic
with respect to T’ if there exists an integer n > 1 such that 7" (z) = z. Foreach A € B, a

point x € A is said to be A-recurrent if there are infinitely many n such that 7" (z) € A.
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Remark. Note that A-recurrence is weaker than periodicity, and periodicity is weaker

than being fixed.

In many situations, we are interested in studying the dynamic of a pair (X,7T") where
Xisasetand T': X — X a function preserving some structure on X. Poincare’s recur-
rence theorem guarantees that the existence of a single invariant probability measure 4,
implies that almost every point is A—recurrent for every non-trivial A, thatis (A) > 0.
Note that the choice of a measure involves an implicit choice of a sigma-algebra struc-
ture B on X, so if ;11 and po are two different invariant measures on X, they provide
us of different information of the dynamic on the system. The choice of the right in-
variant measures is one of the main problems on ergodic theory, and thermodynamic

formalism arises as a tool to ease that choice.

Theorem 1.9 (Poincare’s Recurrence Theorem). Let T' : X — X be a measurable function
on a measurable space, and p is an invariant probability measure for T. Suppose that A is a

measurable set with (1(A) > 0. Then p-almost every point x € A is A-recurrent.
Proof. See [VO15]. [ |

Note that Poincare’s theorem does not provide information on the return frequency of

every point x to the set A. The right hypothesis are given on the next section.

Example. Let A C X be a subset of positive measure and 7' : X — X a measurable
p—invariant transformation. Then, by Poincare’s Recurrence Theorem, the function
p: A— Ngivenby p(a) = min{n : T"(a) € A} is finite for almost every a € A. We may
define, up to a zero measure set, a dynamic 77 : A — A in Aby T’(a) = T (a). The

dynamic 7" is called the induced system , and the function p is called the Return time .

1.2 Ergodicity

Consider the dynamic 7" : [0, 1] — [0, 1] of the Figure 1.3.

Note that if we set A; := [0,1/2] and Ay := [1/2,1] then the restriction of T" to every
subset A; gives us a new dynamic system. Hence, the original system is divided into
two pieces which are independent dynamical systems by themselves. We will study
then, dynamical systems which are irreducible in this sense: they do not have a proper

subsystem. This leads to the notion of ergodicity.

Definition 1.10. Let (X, B, 1) a probability space. A measure-preserving function 7" :
X — X is said to be ergodic with respect to y if for E € B we have that T"1(F) = E
implies u(E) = 0 or u(E) = 1.
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0 1 1
2

FIGURE 1.3: The system can be decomposed in two different subsystems.

Remark. Sometimes we will change the point of view, fixing the function 7" and saying

that the measure p is ergodic with respect to 7'.

Now we have the following characterization of ergodicity in terms of functions, ana-

logue to the given in Theorem 1.4:
Theorem 1.11. Let (X, B, 11) a probability space and T a measure-preserving function on X.
The following are equivalent
1. T is ergodic.
2. Whenever f is measurable and f oT(x) = f(x) for every x implies that f is constant a.e.
3. Whenever f is measurable and f o T'(z) = f(x) a.e. implies that f is constant a.e.
4. Whenever f € L? and f o T(z) = f(x) for every x implies that f is constant a.e.

5. Whenever f € L? and f o T(z) = f(x) a.e. implies that f is constant a.e.

Proof. See [Wal82]. |

Remark. The above theorem remains true if we change L? by L? for arbitrary p > 1,

including the case p = oo.

The previous theorem is remarkable since it allows us to understand ergodicity as the
simplicity of the eigenvalue 1 of the composition operator (Koopman operator) Uy :
f + f oT acting on several function spaces, for example, in the Hilbert space L?. This
will be crucial in the next chapters, when we introduce the transfer operator as the dual

operator of the Koopman operator. We will return to this topic in Chapter 3.
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Example (Irrational Circle Rotations). The Lebesgue measure in S! is ergodic with re-
spect to the transformation R, : S' — S! given by R,([z]) = [z + o] for irrational
choices of a. In fact, suppose that ¢ € L? is invariant under composition with R,. Con-
sider the Fourier expansion of ¢: there exist a sequence (ay)iez of complex numbers
such that

Qb(fl‘) — ZakBZﬂ—ikI'

kEZ

Composing with R,, we obtain

O(Ra() = 3 ae? ),

kEZ

Using the uniqueness of the Fourier expansion and comparing coefficients of ¢ and

mika — qy. By the irrationality of «, 2™ £ 1 for every

¢ o R,, we obtain that aze
k # 0, so aj, = 0 for every k # 0, and hence, ¢(z) = ag. By theorem 1.11 we conclude

that the Lebesgue measure is ergodic.

Example (Full Shift). Now we prove that the Lebesgue measure m on [0, 1) is ergodic
with respect to the transformation 7" : [0,1) — [0,1) given by T'(x) = 2z mod 1. Our
two main tools will be the Lebesgue Density Theorem and a bounded distortion property
of the map. Suppose A C [0,1] is an invariant set. The Lebesgue Density Theorem

states that almost every a € A is a density point, that is,

INA
lim inf miIn4) : I interval such thata € I C B(a,¢) p = 1.
e—0 m(I)

Note that T is an affine bijection to (0, 1) when restricted to the intervals

m—1 m
I(k:,m): (2k72k) N m:1,...,2k.

The set of points on the boundary of the intervals is countable and therefore, has zero
Lebesgue measure. Given a density pointa € A\ {m/2* : k € N, 0 < m < 2¥} and
k € N, there exists a unique 0 < my, < 2F such that a € I(k,my;). By the density

theorem, we have that

m(I(k,my) N A)

—1 whenk — oo.
m(I(k,my))
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Now, since T* is an affine bijection of I(k, my) to (0, 1), we have the following bounded

distortion property

for every pair of measurable sets £y, By C I(k,my). Taking By = I(k,my) N A and

Ey = I(k,my) we obtain

m(T*(I(k,mp) N A))  m(I(k,m) N A)

m(0,1) — m(I(k,my))

Now, since A is invariant, we have that 7% (I(k,m;) N A) C A, and hence

—1

m(I(k,miNA))
m(A) >
= o1t m)
so we conclude that m(A) = 1 as we wanted. The same argument proves the ergodicity

for the full shift map in m symbols.

Example (Gauss Map). The ergodicity of the Gauss measure p with respect to the Gauss
map G is proved with essentially the same technique used to prove the ergodicity of
the Lebesgue measure with respect to the full shift. The only subtle difference in the
argument is that the pair (G, ;1) satisfies a weaker version of the bounded distortion
property satisfied by the full shift system. In fact, as in the previous example, for every
k € N there exists a collection of intervals I(k, m) indexed by m € N such that G* is
a bijection from I(k,m) to (0,1). There exists a constant K > 1 such that for every

k,m € Nand FE;, Es C I(k, m) measurable sets,

1(G*(Er))

W(GF(By) =

This bounded distortion property follows from the metric properties of the Gauss map.
As we did in the previous exercise, we take an invariant set A C (0,1) and a density
point a € Anot contained in the boundary of the intervals I(k, m). Then forevery k € N
there exists a unique my, € Nsuch thata € I(k,my). Using £y = I(k,m;)NAand Ey =
I(k, my,) on the above inequality and the Lebesgue Density Theorem, we conclude that
m(A) = 1. We prove now the bounded distortion property. By computing derivatives,

it is possible to see that for every = € (0, 1] we have

G'(@)] =1, |(G*) (@) = 2, |G"(2)/G(2)*] < 2.
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Let g a local inverse of GG, defined in some interval where G is bijective and such that
G(g(z)) = z. Then

G"(9(2)g'(z)| _ | G"(9(2)
G'(9(2)) G'(9(2))

This implies that the function log |G’ o g(z)| admits 2 as a Lipschitz constant for every

(log |6 0 9()1)| = )|<2

choice of g. Now, by the chain rule, we have for every z,y € I(k, m) that

1o LCV N 511663 — tog |GG )
(G|~ 2

k
= 3 1o |G 0 g;(G ()] — log |G 0 g; (7 ()],
j=1

where g; is a local inverse for G, defined on the interval [G7(x), G/ (y)] Using that 2 is

Lipschitz constant for log |G’ o g(z)|, we obtain

(G*)' ()]

k
)] = > log |G 0 g;(GY ()] — log |G’ 0 g;(G? ()]

J=1

k
<2 |G (x) - G (y)l
=1

log

\Gk ‘() = G*(y)l.

I
M»

Il
)

i

By the Mean Value Theorem and the estimates for |G’| and |(G?)’|, we have that
G¥(2) = G (y)| = 22 GF () — G*(y)]

for every i € {0, ..., k}. This leads to

k—

k/l, .
o8 i Gr ) < Z 270G @) — GH(y) < 8|GH (@) — GH(y) < 8.

Integrating with respect to the Lebesgue Measure m, we obtain

(@) g [(G]dm ()

m(GH(Ea))  [p, [(GF)|dm =~ m(Ey)’

Finally, since Gauss and Lebesgue measures are comparable, we have that

m(G*(Ey))
m(G*(Es))

m(G*(E1))
m(G*(Ey))

m(E)
m(Es)

p(Er)
1(Ea)

<c <d <K
Corollary 1.12. For every finite sequence (ay, ...,a,) € N" and x € I(a1,...,ay), we have

that diam I (ay, ..., an) < [(G™)'(z)].
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In 1931 George David Birkhoff proved one of the most important theorems on ergodic
theorey, the so called Ergodic Theorem. Earlier that year, John Von Neumann proved

independently a weaker version of the theorem, which we also present.

Theorem 1.13 (Von Neumann Ergodic Theorem). Let T' : X — X be a pu—invariant
transformation. Then, for every f € L? there exists f € L? invariant under composition with
T (thatis, foT = f) such that

1 n—1
=Y foT"
n

k=0

where the convergence is in the L? norm. Moreover, if ju is ergodic, then f = [ f dp.

Proof. Proceeding as in Theorem 1.4, it is possible to see that if 7" is y—invariant, then
[foTllz=|fll2-Let fe M={g—goT:gec L}, then

1 1 9
— TElo = =|lgoT" — g|la < = -0
Hngofo l2=—llg gllz < ~lgll2

so we conclude that the theorem is true for functions in M. Now suppose that f € M,
that is, for every ¢ > 0 there exists f. € M such that ||f — f.|2 < e. Take Ny large
enough such that

1 n—1
|- feoTz <
k=0

for every n > Ny. Then, for every n > Ny we have that

1 nol 1 n-l 1 n—1
I=> " FoT e <1 Y (= f) o TH 2+ I Y S0 T
k=0 k=0 E—0
1 n—1
Sﬁ I(f = f) o T¥|l2 + ¢
k=0
< 2¢

so we conclude that 1 ™70 f o 7% — 0 in L?. Now we can can decompose L? as
L2 = M @ M. We claim that M = {feL?: f=foT}. Infact, take f € M, then

If = foTl3=(f—foT,f—foT)
= |IfI5 = 2(f, foT) + [If o T3
=2\ fI3—2(f. f = (f— foT))
=2[|fl3 -2l f15=0
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since (f,(f — foT)) =0,s0 f = f oT a.e. Finally, we conclude that the theorem holds
in L2. u

The previous theorem can be formulated in purely operator theoretic terms (see [VO15]).

Corollary 1.14. Let T be a p—invariant transformation. Then, for every f € L' there exists

f € L' invariant under composition with T such that
1 n—1
- Y foTF— f
k=0
in the L' norm.

Proof. For f € L C L?, by Von Neumman'’s Ergodic there exists f € L? invariant
under composition with T such that f,,/n = (f + foT + ...+ f o T" 1) /n converges to
f in the L? norm. Note that || f,, /70 < ||f]lc, hence

[(fn/n:18) |2 < || flloops(B)

for every measurable set B. Since f,,/n — f in L?, we obtain

(F.18)12 < [|fllson(B)

and thus || f|jec < ||f|lsc- Then, f € L*°, and since || - |1 < || - ||, we conclude that
fn/n — f in the L' norm. With this, we established the convergence for the dense set

L*>. A standard approximation argument completes the proof for arbitrary functions
in L. |

Theorem 1.15 (Birkhoff Ergodic Theorem). Let T' : X — X be a u—invariant transfor-
mation. Then, for every f € L' there exists f € L' invariant under composition (that is,
foT = f)such that

1n—1 A
=Y foTF = f,
n

k=0

where the convergence is a.e., and

/Xf*duz/xfdu-

Moreover, if 1 is ergodic, then f= [ f du

Proof. In order to prove the theorem, we need several lemmas:
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Lemma 1.16 (Maximal Inequality). Forn > 1,set fo = f+ foT + ...+ foT" L, f=0

and Fy = 01<13La<xN fn. Then

/ fdp >0
{z:Fn(x)>0}

forall N > 1.

Proof. For each N > 1, Fy € L. Since the composition with T preserves the real

number ordering, we have that
FyoT > f,oT
for every 0 < n < N, hence
FyoT+f>fnoT + f=fan
and then
FyoT+ f> énnangfn'

Forz € P={x: Fy(z) > 0} we have

and therefore

FyoT(xz)+ f(x) > Fn(z)
f(z) = Fn(z) — Fy o T(x)

for every x € P. Integrating this inequality, we obtain

/fduz/FNdu—/FNonu
P P P
:/ FNd,u—/FNonu
X P

Z/FNd,u—/FNon,u
X X

= ||En|li = [Eno Tl >0

since the Koopman’s Operator has norm less or equal to 1. |
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Lemma 1.17 (Maximal Ergodic Theorem). For g € L' and a € R, let

n—1

1
Ea:{xEX sup — Zng‘ >a}

n
n>1 i—0

Then

ap(Ea) < / gdn < llglh.

@

Moreover, aj(Eq N A) < [ 4 9 dp whenever T-1A4 = A.

Proof. Let f = (g9 — a), so E, becomes
oo
Eo= |J{z: Fx(z) > 0}.
N=0

It follows that [, fdu > 0 and then [, gdu > au(E,). For the second part of the
lemma, apply the same argument to f = (g — «) to the restriction of the system to
A. u

Now we proceed to prove Birkhoff’s Ergodic Theorem. For « € X, define

f*(x) = limsup — Zle

n—0o0

fe(x) = hmlnffo (T'x)

n—oo n

Note that

By taking the limit along a subsequence for which the left-hand side converges to the
limsup, we obtain that f* < f* o T'. Analogously, we obtain that f* > f* o T', and then
f* = f*oT. The same argument shows that f. = f, o T, this is, f* and f, are invariant
by T.

Now, for o, 5 € Q with o > 3, define

Ef ={z e X : f(x) < Band f*(z) > a}.
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Since f, and f* are T'—invariant, we have that Eg are also T'—invariant. By the Maximal

Ergodic Theorem, we have that
/ fdu > ap(EY).
E&
Replacing f by — f, we obtain
[ < ou(Ed
Eq

and hence M(Eg ) = 0. Therefore

p{z s fulz) < fH(2)}) = p U Ei]=o0
a<B,a,peQ

and consequently f. = f* almost everywhere and hence

n—1
1 A .
gul) = = 37 J(T) = *(2)
i=0
for almost every z € X. By Corollary 1.14 we have that g, — f’ € L! in the L' norm,
and the convergence is almost everywhere for some subsequence gy, . This implies that

f* = f" € L and that g,, — f* in the L' norm. Finally

/deu—/xgndu—/xf*du-

Remark. If we take an indicator function on Birkhoff’s theorem, we obtain that the fre-
quency of return to a given set is essentially equal to the measure of that set. This is,
larger sets are visited more frequently than smaller sets. Note that this is a quantitative
version of Poincare’s recurrence theorem:

lim card{n € {0,...,n— 1} : T"(z) € A} _

n—00 n

p(A)
for almost every z € X.

Using the ergodic theorem, we can formulate an alternative characterization of ergod-

icity
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Corollary 1.18. Let (X, B, 1) a probability space and T' a measure preserving transformation
on X. Then T is ergodic if and only if

n—1

Tim ST (T AN B) = u(A)u(B)

forevery A, B € B.

Proof. Assume T is ergodic. By Birkhoff Ergodic Theorem with f = 14 we get
n—1

Tim =S 14T (@) = p(A)

for almost every x € X. Multiplying by 15 and using the dominated convergence

theorem, we get that
—k
nh—r>loloﬁ E w(T AN B) = pu(A)u(B).

Conversely, suppose there exists E € B such that T"!E = E. Then

1

1(E) = u(E)?
0

n

wE) = %

e
i

sou(E)=0oru(E)=1. [

The above characterization is remarkable since relates the notion of ergodicity with the
independence of the sets A and T%(B) when i becomes large. Hence ergodicity can
be seen as independence of means. In the next section we formulate a stronger notion,

sometimes easier to prove than ergodicity.

There are several generalizations of the Ergodic Theorems. We begin by observing that

if we set pn(z) = 310, 1 o(T7(X)) then we have the following identity

Pm+n = Pm + Yp o ™

for every m,n > 1. A sequence of functions ¢,, : X — R for which the previous equality
holds, is called additive. More generally, it is called sub-additive if the following identity
holds

Omin < Om + @no ™

for every m,n > 1.
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Theorem 1.19 (Kingman Sub-additive Ergodic Theorem). Let (X, BB, 1) a probability space,
T : X — X a p—invariant transformation and o, : X — R a sub-additive sequence of mea-
surable functions such that o] = max{¢1,0} € L' (). Then the sequence (py,/n),, converges

p—a.e. to a T—invariant function ¢ : X — [—o0, 00). Moreover, p™ € L'(u1) and

1 1
/godu: lim /gond,u:inf/gond,ue [—00,00).
n—oo n n n

Remark. If A : X — GL(d) is a measurable function, define ¢"(z) = II}_} A(T*(x)) for
every n > 1 and z € X. Then the sequence ¢, () = log||¢™(z)|| is sub-additive.

Remark. The proof presented in [AB09] does not use the Birkhoff’s Ergodic Theorem,
so it is possible to deduce it as a consequence of the Kingman’s Ergodic Theorem.
We present now some number theoretical applications of the Ergodic Theorems.

Definition 1.20. We say that a real number « is normal in base k, if for every m € N and
(a1,...;am) € {0,...,k — 1}, we have that

1 1
i 2 Yol (0) =
=

Note that the expression of the left side quantifies the frequency of appearance of the
string a;...a,, in the base-k expansion of the number z, and the normality implies that

every string appears with the same frequency.

Theorem 1.21 (Borel Normal Numbers Theorem). Let k > 2 be a positive integer. Then,

m-a.e. x € [0, 1] is normal in base k.

Proof. We present the proof of the simple normality of almost every = € [0, 1]. The proof

of the normality is just an extension of the argument.

Fix an integer £ > 2 and a digit 0 < i < k — 1. Consider the transformation 7": [0,1) —
[0,1) givenby T'(z) = kz mod 1. Every number z € [0, 1] has a expansion in base k, say
x = (z9, 21, ...) This transformation is ergodic with respect to the Lebesgue measure, so
we can use the Ergodic Theorem for the function x;, the indicator function of the

interval (£, “t1), and conclude that

1 1
lim — card{k :€ {0,....,n — 1} :xp =i} = / Xig dm = —.
(0,1) k

n—oo n

No explicit number is know to be normal in every base. There are several examples of
normal numbers in a fixed base, see [Cha33], [CE46] and [DE52].
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Remark. The notion of normality can be extended to continued fraction expansion using

the measure of cylinders given by the Gauss measure.

The Ergodic Theorem allowed us to formulate an alternative characterization of ergod-
icity in terms of correlations, so now we formulate two stronger notions of decay of

correlations.

Definition 1.22. Let (X, B, 1) a probability space, and 7" a measure-preserving trans-

formation on X. The transformation 7" is weak-mixing if

n—00 4

n—1

lim > |u(T"ANB) — p(A)u(B)| =0
1=0

for all A, B € B, and it is strong-mixing (or mixing) if

lim u(T"ANB) = u(A)u(B)

n—oo

forall A,B € B.

The definition of mixing can be understood in terms of covariance of random variables.

Proposition 1.23. A measure p is mixing if and only if

di | [ (o) gdn= [ fau [ gdu| =0

for every f,g € L.

Remark. Trivially strong-mixing implies mixing and mixing implies ergodicity.

1.3 Dimension Theory

As observed in the previous sections, Birkhoff’s Ergodic Theorem implies that almost
every real number is normal in every base. In particular, each digit has a frequency of
1/m on the m-ary expansion of almost every real number. Thus, the sets of numbers
having a non-generic behavior in terms of these frequencies are invisible to Lebesgue
measure. The dimension theory arises as a powerful tool to measure the complexity
of the sets having non-generic behaviors. We begin by introducing three notions of

dimension on metric spaces.
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Definition 1.24. Consider a set X C R". We define the lower and upper box dimension of

X as the following limits

log N (X - log N(X
e=»0  —loge e—0 —loge

where N (X, ¢) is the least number of balls of radius ¢ needed to cover X.

By definition, we have the inequality
dimp X < dimpX.

When both limits coincide, we call the common value the box dimension of X and denote
it by dimp(X).
Remark. Note that the previous definition depends only on the metric structure of X,

so the box dimension definitions can be carried out to an arbitrary metric space.

We use the box dimension of sets to define the box dimension of a measure.

Definition 1.25. Let i be a finite measure in X. The lower and upper box dimension of

are defined respectively by

dimpp = lim inf{dimp(Z) : p(2) 2 u(X) - 6},

dimpp = lim inf{dimp(Z) : u(Z2) > u(X) — 6}.
0—0 Z
Again, we have the following inequality

dimgp < dimpp.

Recall the diameter of a set U C R" is given by
diam U = sup{d(z,y) : z,y € U}.
For a cover U of a set X C R", its diameter is given by
diamU = sup{diam U : U € U}.

Definition 1.26. Given X C R" and a € R, the a—dimensional Hausdorff measure of X is
given by

m(X,a) = %i_r}(l) iILl’fUzEZ;(diam U)<,
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where the infimum is taken over finite or countable covers I/ of X with diamU < §.

It is possible to prove that there exists a number s € [0, o] such that m (X, o) = oo for

t <sand m(X,a) =0fort > s, since m(X, a) is decreasing in « for a fixed set X.

Definition 1.27. The unique number
s = inf{a € [0,00] : m(X, ) =0}

is called the Hausdorff dimension of X.

Example. The Cantor Set K, defined as the set of numbers in [0, 1] having just 0 and

log 2 .
Tog 3" Later we will

2 on their ternary expansion, has Hausdorff Dimension equal to

deduce this as a consequence of a more general construction.

As before, we extend the notion of Hausdorff dimension to arbitrary measures on X.

Definition 1.28. Let 1 be a finite measure on X. The Hausdorff dimension of p is defined
by

dimg p = inf{dimy(Z) : (X \ Z) = 0}.

Proposition 1.29. For every set X C R™ and measure i in X we have the following inequali-

ties
dimy X < dimpgX, (1.1)
dimpy p < dimpp. (1.2)
Proof. See [Bar08]. |

Now we define the pointwise dimension which takes into account how concentrated is

the measure on each point.

Definition 1.30. The lower and upper pointwise dimensions of the measure . at a point

x € X is given by

. logpu(B(z,7)) : log u(B(x,r))

When both limits coincide, we call the common value the pointwise dimension of p at =
and denote it by d, ().

The following proposition is useful to obtain bounds for the Hausdorff dimension.
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Proposition 1.31. Let X C R" and « € (0, o], then

1. Ifd,(v) > o for p—almost every x € X, then dimpg p > «;

2. Ifdu(x) < aforevery x € X, then dimpy X < «
Proof. See [Bar08]. |
In order to estimate the Hausdorff measure of a set, we use measures supported on that
set.

Theorem 1.32 (Mass distribution Principle). Let 1 be a probability measure on a compact

metric space X and suppose there exist numbers d, K,r > 0 such that
1(B) < K (diam B)? (1.3)

for every measurable set B C X with diam B < r. Then if /(A) > 0 we have m(A,d) > 0
and hence dimg A > d.

Proof. Without lost of generality, we prove it for A = X. Let U/ a cover of X with
diam U < r, then

w(U)

o < (diam U)?

for every U € U. Summing over the cover, we obtain

M) < 52 1Y) < S dinm ),

veu Ueu
hence
nX) _ . , d
e glng(dlamU) .
veu
Then 0 < pu(X) < Km(X,d), sodimy X > d [

Remark. The Hausdorff and pointwise dimensions (among other quantities) can be un-
derstood as particular cases of a more general notion called u—dimension, developed

by Pesin.

We calculate now the dimensions of a geometric construction. Consider a set of disjoint
closed intervals Ay, ..., A, of the real line, with lengths Ay, ..., A,. For each k, we choose

p disjoint closed intervals Ay, ..., Ay, C Ay with length A\pAq, ..., ApA,. Iterating this
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process, for each n € N we get p" disjoint closed intervals A;, . ;, with length A;, ...\, .
The limit set is defined by

o
F=1 U Qi
n=111,....in

Proposition 1.33. Let s be the unique solution of the equation

p
Sap-t (14)
k=1

Then
dimHF:@BF:mBF: s.

Moreover, 0 < m(F,s) < oc.

Proof. It is possible to check the existence of a unique solution of the equation defining
s, by noticing that the function f(z) = Y 7_, A} behaves asymptotically as an exponen-
tial function. Now we proceed to compute the Hausdorff dimension of F'. Obtaining
an upper bound is straightforward, since F' is equipped with a natural cover: for each

n, the sets A;, _;, form a cover and we have that
p n
i1..in i1.0in k=1
thus m(F,s) < 1since diam A;,  ;, — 0. Consequently, dimpy F' < s.
To obtain a lower bound we need to work more. Define a probability measure y in F
by setting

(A in) = (Nig - Aiy)®

Now we construct a Moran cover of F: given w = (i1, ig,...) € {1,...,p}" and r € (0,1),

there exists a unique integer n(w, r) such that

)\“)\ <r S)\zl)\

in(w,’r) 7:n(wm)—l'

For fixed r, the set {A(w,r) = Ay, (wﬂ} forms a cover by pairwise disjoint sets. We

have the following estimation for the diameter of A(w, r)

rkmlin {A\} < diam A(w,7) <.
=1..p
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Setting ¢ = (min{\1, ..., A\, }) "' we get that for any interval I with diam I = r, there is at
most ¢ of the sets A(w, r) that intersect I. Then

pu(l) < Z WA (w,r)) < Z re < ecrf.

A(w,r)NIA£D A(w,r)NI#D

Take a countable cover I/ of F' and a set U € U. Then U is contained in an interval Iy

with diam Iy = diam U, so by the previous inequality we obtain
p(U) < u(ly) < c(diamU)°.
Summing over the cover

L=u(F) = pU)<ec) (damU),

veu veu
which implies that m(F, s) > 1 and consequently, dimy F' = s.

By Proposition 1.29, it is enough to find an upper bound for the upper box dimension.
For this purpose, we consider the Moran Cover constructed above for a fixed € (0, 1).
By the compactness of F, there exists a finite subcover, namely A, ..., A N(r)- By con-

struction, diam A; < r for j = 1,..., N(r) and

(diam Ail...im)s = Z (diam Ail...in)87

i7rL+1~~-in
hence
N(r) X
Z (diam Aj) = 1.
j=1

This, together with the inequality £ < diam A; imply that N(r) < (c/r)* (the sets A;

are pairwise disjoint). Then
N(F,r) < N(r) < (c/r)’

and

—_— 1
dimpF < limsup M =5
r—0 - IOgT

which completes the proof. n

Remark. Note that this calculation immediately implies that the Hausdorff dimension

log 2

of the Cantor set is equal to j523.




Chapter 2
Thermodynamic Formalism

This chapter is based on [Wal82], [VO15] and [Fal97].

2.1 Entropy

There are several motivations to define the entropy of a dynamical system. It was
originally introduced by Kolmogorov as an invariant of dynamical systems able to dis-

tinguish between the two-symbol and three-symbol shifts.

The entropy arose for the first time measure of the complexity of a thermodynamic
system. In fact, Boltzmann proposed it as a logarithmic measure of the total possible
microscopic states of a particle system. The second law of thermodynamics is classi-
cally formulated as The entropy function of an isolated systems tends to its maximum. For
a many particle system, the second law implies that the thermodynamic equilibrium
is reached when the systems achieves its maximum complexity. This statement is not

only true for classical systems, yet for quantum systems.

Inspired in the thermodynamic works of Boltzmann, the American mathematician Claude
Shannon published in 1949 a celebrated article, A Mathematical Theory of Communication,
in which he started the information theory. In this article, Shannon introduced the no-
tion of information entropy, as a measure of the uncertainty of a message sent between

two information sources.

Interested in problems on information theory and dimension of functional spaces, An-
drey Kolmogorov developed the notion of metric entropy for Bernoulli systems and then
for quasi-regular dynamical systems, which allowed him to distinguish the 2-shift and

the 3-shift as non metrically isomorphic. Later, this notion was expanded for the whole

29
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class of dynamical systems by Yakov Sinai. The entropy became a robust invariant of

dynamical systems, and in some cases, even a classifying object.

Definition 2.1. Let (X, B, ;1) a probability space. A measurable partition of X ,is a count-
able or finite subset P of B such that u(P N P’) = 0 for every P # P’ € P and
u(Up P) = 1. For a countable family of partitions {P,},, we define its joint as the
partition \/,, P,, := {(,, Pn : P € Pn}. The entropy of the partition P is defined as

Hy(P) =Y —u(P)logu(P)

PeP
with the convention 0log 0 = 0.

Remark. In what follows, we restrict to partitions with finite entropy. Every finite par-

tition has finite entropy.

Remark. Note that H,(P) < log(card P) and the equality holds if and only if pu(P) =
1/ card P for every P € P.

The following definition is based in the probabilistic notion of independence and con-
ditional information.

Definition 2.2. The conditional entropy of a partition P with respect to the partition Q is

the number

o HENQ)
H,(P/Q) = PEE;DQXE:Q Pﬂngiﬂ(Q).

We have defined the notion of entropy associated to a fixed partition of the space. Now
we apply the dynamic to the partition to obtain dynamical partitions and compute their

entropy.

Let T : X — X be a measurable function preserving the probability measure p. For a

tixed partition P, we denote for n > 1

\/ T_z —{PzgﬁT (Pi1)ﬂ...ﬂT_n+1(Pin71) :Pij GP}

Now consider the sequence of entropies {H,(P")}. We have the following lemma,

fundamental to ensure the existence of dynamically defined quantities:

Lemma 2.3 (Fekete lemma). Let {a,} a subadditive sequence, that is, aptm < apn + G,
Then the limit

lim —
n—oo M
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exists (it can be —oo) and it is equal to

. 0n
inf —.
n n

Proof. Let L = inf, a,/n € [—00,00) and B any real number with B > L. There exists
k > 1 such that % < B. For n > k, write n = kp + ¢ with p, ¢ integer numbers

such thatp > 1and 1 < ¢ < k. Then, a, < agy, + ag < pap + aq < pay, + o where

a =maxa; : 1 <1 < k. Dividing by n in the last inequality, we obtain

For n large enough, we get L < I < B. By letting B — L, we conclude that
n

. (079 . o Qn
lim — =L =inf —.
n—oo n n n

With the previous lemma, we call the entropy of T" with respect to the measure ; and

the partition P to the limit

1
huy(T,P) = lim —H,(P")

n—oo n

and finally, the (metric) entropy of T'is defined by
hu(T) = s%p h, (T, P)

where the supremum is taken over all partitions with finite entropy.

We have the following criteria for partitions reaching the supremum in the definition

of the entropy of a mapping.

Theorem 2.4 (Kolmogorov-Sinai). Let P be a partition with finite entropy such that | J,, P"

generates the o —algebra. Then
hu(T) = hu(T,P).

Proof. See [VO15]. |

Example (Circle rotations). We will just use the fact that the rotation R, is an homeo-
morphism of S! and that the Lebesgue measure m on S'. Consider a partition P of S*

defined by points z1, ..., 7, then for every k > 1 the partition R_*(P) is defined by the
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points R *(z;). Hence, we have that card P" < mn, and by the remark of the definition
of entropy, we have that

1 1 1
hm(Ra, P) = lim —H,(P") < lim —log(card P") = lim —logmn = 0.

n—oo N n—oo n n—oo N

By the Kolmogorov-Sinai Theorem, we conclude that R, has zero entropy with respect

to the Lebesgue measure.

Example (Full Shift). Recall the transformation 7" : [0,1) — [0,1) given by T'(z) = mx

mod 1. Consider the (measurable) partition of [0,1) given by P = {(&, &) : k =
0,...,m — 1}. Then, | J,, P" generates the c—algebra of measurable sets of [0, 1). By the
Kolmogorov-Sinai theorem, we get that h,,, (1) = log m, where the entropy is calculated

with respect to the Lebesgue measure m.

Example (Gauss Map). This calculation is more subtle. It is possible to prove that

u(G) = [ log]C] i,

where (1 is the Gauss measure. The integral of the right hand side reduces to

L' 2logz dz 2
log |G| dp = = )
/ og |G| du /0 (I4+2)log2 6log2

To show the first equality, consider the partition (0,1) given by P = {1/(1 +m),1/m}
for m > 1 and the dynamical iterates P". By the Kolmogorov-Sinai Theorem, we may
use P to compute to entropy h,(G). Recall that G" is a diffeomorphic bijection from
every element of P" to (0, 1). Note that the entropy function associated to the partition

P can be written as

Hy(P") = 3 ~u(P)logn(P) = [ ~logu(P"(@)) du)
P,epPn
The Gauss measure and Lebesgue measure are comparable: there exist constants cq, co >
0 such that

em(P" (@) < p(P"(x)) < com(P"(x))

for every z € (0,1). Since G" is a diffeomorphic bijection from P"(x) to (0,1), for
every z there exists y € P"(z) such that log(P"(z)) = —log|(G")'(y)|. By the bounded
distortion property, there exists C' > 0 such that

[(G")' (v)]

A <O

[(G")' ()]
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for every x,y € P, € P". follows that
—log(Cer) > —log j(P"()) — log |(G") ()| > — log(C/c2).

Integrating with respect to i, we obtain

~log(Cer) > H,(P™) - / log [(G™Y'(z)| dpa(z) > — log(C/c2).

Finally, since i is G—invariant, we have that

n—1
1 . 1
log |G/|dpu = = log |G'| o G7 d :/1 G™Y|d
/og |dp n;/og\ [0 G7dp=— [log|(G")|dp
and hence

h(G) = hu(G.P) = lim %H#(P") _ / log |G| dy.
Inspired in the metric entropy of Kolmogorov and Sinai, Adler, Konheim and McAn-
drew defined a topological notion of entropy for continuous transformations on com-
pact spaces. Later, Dinaburg and Bowen gave a definition for continuous transforma-
tions on metric spaces, and then extended it to non-compact spaces. It turns out that
both definition agree for compact metric spaces, but Bowen’s definition is more intu-

itive.

Definition 2.5. Let X be a compact topological space, and « an open cover of X. By
compactness, there exists a finite subcover of a. Let N(«) the least number such that «
admits a subcover with N («) elements. We define the entropy of the cover a to be the

number
H(a) =log N(a).
As we did a dynamical version of partition of a measure space, we now do a dynamical

version of covers of a topological space. Let T': X — X be a continuous transformation,

for n > 1 we denote
" :=aVvT Ha) V.. VT " (a).
It is possible to prove that the sequence { H (a")} is subadditive, and hence we have

1 1
WT,a) = lim —H(a") = inf ~H(a™).
n n

n—oo N
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Finally, the topological entropy of T' is defined as
h(T) =suph(T, ),

where the supremum is taking over all open covers of X.
It is possible to see that the entropy is a topological invariant. In fact, we have

Theorem 2.6. If S : Y — Y is a topological factor of T : X — X (there exists a surjective
continuous mapping U : X — Y such that U o T = S o U) then h(S) < h(T'). In particular,
if T and S are topologically conjugated, then h(T') = h(S).

Proof. See [VO15]. |

We turn now to the definition of the Bowen-Dinaburg topological entropy. As before,
we consider a continuous transformation 7" : X — X on a metric space, this time, not
necessarily compact. Fix a compact set K C X, given e > 0 and n € N we say that a set

E C M is (n,e)—generator of K if

K C U B(a,n,¢),
aclE
where B(a,e,e) = {x € M : d(T%(z),T(a)) < efori € {0,...,n — 1}} is the dy-
namic ball of center a, length n and radius €. By the compactness of K, there ex-
ists a finite (n,c)—generator set. Call g, (7, ¢, K) the least number of elements of an

(n,e)—generator set of K, and define

1
g(T) = sup lim lim sup — log 9n (T7 €, K)

K e—0 n—soo N

With the same setting as above, we say that a set F' C K is (n, ¢)—separated if for every
x € F, B(x,n,e)NF = {z}. Denote by s,,(T, ¢, K) the largest number of elements of an

(n,e)—separating set , and define

1
s(T") = sup lim limsup — log s,,(T', €, K).
n

K 20 nooo

Theorem 2.7. We have g(T') = s(T). If X is compact, then h(T') = s(T') = g(T)

Proof. See [Wal82]. |

Definition 2.8. For a continuous function on a metric space, we define its topological
entropy as the number s(7') = ¢(T"). Note that this definition is compatible with the

open cover definition for compact spaces.
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Analogously to the metric entropy, it is possible to compute the topological entropy

using certain open covers of the space.

Theorem 2.9. If X is a compact metric space and o an open cover of X such that diam a™ — 0
ifn — oo, then h(T) = h(T, a).

Proof. See [VO15]. |
For a certain kind of transformations, it is possible to understand the entropy as a mea-
sure of growth of the complexity of the system.

We say that a continuous transformation 7' : X — X is expansive if there exist o > 1
and p > 0 such that for every p € X, T'(B(p, p)) contains a neighborhood of B(T'(p), p)

and
d(T(x), T(y)) > od(z,y)

for every x,y € B(p, p).

Theorem 2.10. For every expansive transformation T' : X — X, we have

1
h(T) = limsup — log # Fix(T").

n—oo TN

Proof. See [VO15]. |

The above expression allows us to understand the entropy as the exponential growth
of the periodic points of the map, that is, other way to measure the complexity of the

map.

Example (Circle rotations). Applying theorem 2.9 and a cover analogue to the parti-
tion used in the calculation of the metric entropy for circle rotations we conclude that
h(R,) = 0.

Example (Full shift). The transformation 7" : [0,1) — [0, 1) given by Tz = mz mod 1
is clearly expansive. Note that the equation 7”2 = ma has m" solutions. Applying
theorem 2.10 we get

1 1
h(T) = limsup —# Fix(T") = lim — logm™ = logm.

n—oo 1 n—oon
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Example (Gauss map). Note that we may restrict the map to invariant subsets with

arbitrarily large entropy, namely

e ()

Then Gk, : K, — K, behaves like a full shift in m symbols and has entropy equal to
logm, so G : [0, 1] — [0, 1] has infinite entropy.

The notions of metric entropy and topological entropy do not seem to be related at first

glance, but they are indeed.

Theorem 2.11 (Variational Principle, first version). If T' : X — X is a continuous trans-

formation in a compact metric space, then
W) = sup hy(T),

where the supremum is taken over all T —invariant probability measures p on m.
Proof. See [Wal82]. [ |

This variational principle is a consequence of a more general result due to Ruelle and
Walters.

2.2 Topological Pressure

We begin this section introducing some notation: let 7' : X — X a continuous function
on a compact metric space, and a continuous function ¢ : X — R which we will call a
potential of the system. For every n € N, set ¢, (z) = Y.7_ ¢ o T¥(z). For a non-empty
set C' C M, we denote

On(C) = sup{on(z) : x € C}.

Now we proceed to construct the topological pressure: given an open cover « of X, we

define

Pu(T, ¢, ) = inf{ ) exp dn(U)},

Uey

where the infimum is taken over all finite subcovers v of a™. Observe that if we take

¢ =0, Py(T, ¢, ) is actually the number of elements of the cover . The sequence



Thermodynamic Formalism 37

P, (T, ¢, a) is sub-multiplicative, and hence, log P, (T, ¢, ) is sub-additive. By Lemma
2.3, the limit

1
P(Tv ¢a Oé) = lim — IOg PTL(Ta ¢’ Oé)
n—00 7

exists.

Lemma 2.12. For every sequence () of open covers of X such that diam ay, — 0, the limit
P(Tv ¢) = lim P(T7 ¢7ak)
k—o00

exists and it is independent of the choice of the sequence of covers.
Definition 2.13. The quantity P(T’, ¢) of the previous lemma is the pressure of T relative

to the potential ¢.

From the definition, we observe that the pressure is a generalization of the entropy. In

fact, if we use the potential ¢ = 0 we recover the topological entropy of f.

Remark. 1t is possible to define the pressure using ¢_(U) = inf{¢,(z) : € U} instead
of ¢,,(U) and both definitions agree.

We have an analogue for Theorem 2.9 which allows us to calculate the pressure using

certain open covers of the space:

Theorem 2.14. Let T : X — X be a continuous map in a compact metric space, ¢ : X — R

a continuous potential and [ an open cover of X such that diam 8% — 0. Then P(T,$) =
P(T,¢,B).

Proof. See [VO15]. |
From the topological nature of the definition, we see that P(T’, ¢) is invariant under
topological conjugation. Now we list some other properties of the pressure.
Theorem 2.15. Regard P(T,-) as a function defined on C°(X,R) with the supremum norm,
then

(a) P(T,-) is Lipschitz continuous, with Lipschitz constant equal to 1;

(b) P(T,p+c)=P(T,p)+ cforevery c € R;

(0) if <o then P(T, ¢) < P(T,);

(d) P(T,-) is convex;
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(e) P(T,-)is constant in every cohomology class, that is, P(T, ¢) = P(T, ¢+ uo f —u) for
every u € C°(X,R);

As we stated before, the variational principle for the topological entropy admits a gen-
eralization.

Theorem 2.16 (Variational Principle). Let T : X — X be a continuous transformation on a

compact metric space. Then, for every continuous function ¢ : X — R, we have that

P(T, ¢) = sup{h,(T) + /X 6 du},

where the supremum is taken over all T — invariant probability measures ynon X.

Proof. See [VO15]. |
Definition 2.17. A measure attaining i the supremum of the previous theorem is said
to be an equilibrium state for the potential ¢.

It is possible to prove the existence of equilibrium states in a very general setting.

Theorem 2.18. Suppose T' : X — X is a continuous expansive transformation in a compact
metric space X. Then for every continuous potential ¢ : X — R there exists an equilibrium

state.
Proof. See [VO15]. |

As in the case of entropy, it is also possible to characterize pressure in terms of periodic
points. Thus, pressure is a way to measure the exponential growth of periodic points

with an assigned weight for each point.

Definition 2.19. A function T : X — X is said to be topologically exact if for every open
set U C X, there exists N € N such that TV (U) = X.

Theorem 2.20. Let T : X — X a topologically exact expansive transformation and ¢ : X —
R a Holder potential. Then,

P(T,¢) = lim ~log > exp(¢n(a)).

n—oo M
z€Fix(T™)

Proof. See [VO15]. |
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Now we observe that for the case of Subshifts of Finite Type, the pressure can be written
in a more gentle form. Suppose ¥ C 7 is a compact set invariant under the action of

the shift, and ¢ : ¥ — R, the the topological pressure of ¢ is given by

Ps(¢) = nIL%oElog Z exp sup (ngoa >,

7'1 . ﬂn 7,1 .....

where Cil,---,in = {(ﬂ?l,mg, ) S Ejg : ({El, ...,l‘n) = (il, ,Zn)}
Remark. When there is no possibility of confusion, we write P(T’, ¢) = P(¢).
Definition 2.21. Suppose u is a o-invariant probability measure in ¥* and ¢ : ¥ — R*

a continuous function. Then p is called a Gibbs Measure if there exist constants D1, Dy >
0 such that

D, < M(Cil""’i,’jzl P < Dy
exp(—nP(p) + > 12y p(0*w))

foreveryn € Nand w € Cj,

77777

We finish this section with an example that suggests a relation between dimension the-
ory and thermodynamic formalism. This connection will be formalized in the next

section.

Example. Let 7 be the full shift in p symbols, and take numbers A, ..., A, € (0,1).
Consider the function ¢ : ¥} — R given by

(p((il,ig, )) = log /\il'

Then we have

P(sp) = nh_{go ﬁ log Z exp (leog Aik)
k=1

11...0n

1 L)

k=1

So the equation 1.4 deduced in chapter 1 to calculate the Hausdorff dimension of the

geometric construction, is equivalent to the equation
P(sp) = 0.

This result is part of a much more general phenomena, called the Bowen Equation.



Thermodynamic Formalism 40

2.3 Bowen Equation

We finish this chapter with the celebrated Bowen Equation, giving a first strong link
between Thermodynamic Formalism and Dimension Theory. We state the theorem in
a general multidimensional setting, but a sketch of proof in a one-dimensional two-

branched case. A very elegant proof of the full general case can be found in [VO15].

Theorem 2.22 (Bowen’s equation). Let D, Dy, ..., Dy C R™ compact convex sets such that
D; C Dand D; N\ Dj fori # j. Set D, = Dy U ... U Dy and suppose that

vol(D \ D,) > 0.

Suppose there exists a C1 function T : D, — D such that the restriction to every D; is an

homeomorphism. Set

A= (T ¥D.).
k=0
We make the following hypothesis for T

1. T is expansive in D,
2. log |DT| is Holder in D,

3. T is conformal, this is, || DT (z)|||| DT (z)~L|| = 1 for every x € D,

The, the Hausdorff Dimension of A is sn, where s is the unique solution of the equation

P(—slog|det DT|) = 0.

Reduced case proof. Suppose D1, D2 C R are two subintervals of the closed interval D =
[0,1] C R, T is Holder with continuous derivative 7" such that |7”(z)| > 1 in D,. For
(i1, .y in) € {0,1}", set D(iy,...,i,) = {x € D, : T¥(z) € D, }. First, we prove that

there exists a unique solution to the equation
P(—tlog|T'|) = 0.

In fact, it is possible to see that the system is conjugated to a full shift on 2 symbols, so

it has topological entropy equal to log2 > 0, and this is precisely the value of the left
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hand side of the equation at ¢ = 0. On the other side, by the Variational Principle,
P(—tlog |T'|) = sup{h,(f) + /(tlog |T'|) dp}
<log?2 — tsup{log |T'(x)| : © € A},

so letting ¢t — oo, we get that P(—tlog |T'|) — —oo. By the Intermediate Value Theorem,
we conclude that there exists a root of the equation P(—tlog|T”|) = 0. The uniqueness
follows from the fact that P is monotonous, so P(—tlog|T"|) is decreasing in ¢t. We call

this unique root by .

Note that the restriction of 7" to each set D(iy, ..., i5) is a bijection to [0, 1], and denote
by T, .4, its inverse. From the definition, we have that 7;, . ; = T;, o.... o T; . Since
Ty and T are defined in compact sets, there exist constants C, Cy > 0 such that C; <

T} ()|, |T5(y)| < Cs for every x € D1,y € Ds. By the Mean Value Theorem, we obtain
Cile —y| < [Ti(z) = Ti(y)| < Colw —y|
for every x,y € A and i € {1,2}. Applying this several times we obtain
diam D (i1, ...ip) = diam T}, ; (D) < C.

Recall that we assumed that log [T”"| is Holder, and so is ¢(x) = —log|T”|: there exist

constants a, a > 0 such that
[6(z) — o(y)| < alz —y[™.
Then, for x,y € D(i1,...i,) we have that

(T x) — p(T7y)| < a|T x — TIy|* < a(diam D(ij41, ..., i5))* < a(j’g(”_j)_

Therefore,
n—1 ' n—1 ' n—1 ) oo
9n(2) = 6n(y)] = | 3 0(T'2) = D o(T'y)| < 3~ aC5 "™ <ap—2 =,
i=0 =0 =0 2

Note that this argument is valid for every ¢ Holder continuous, and can be written

equivalently as

exp(—b) < exp(¢n($))

S (G PO
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for every (ii,...,i,) € {0,1}" and =,y € D(i1,...i,). For the particular case of ¢ =

—log|T"| the previous inequality takes the form

exp(—b) <

for every (i1, ...,in) € {0,1}" and =,y € D(i1,...iy). This is a bounded distortion prop-
erty. By the Mean Value Theorem, there exists z € D(iy, ..., i) such that

diam|0, 1] = diam(D(i1, ..., i5)) - [(T™)'(2)].
Combining this conclusion with the bounded distortion property, we obtain
exp(—b) < (diam D (i1, ...i5)) - [(T™) (z)] < exp(b)

for every x € D(iy, ...,1,). Using this estimate, we can write the pressure function for T’

as following
P(— TN = i l E _ T
(—tlog|T"]) nhm nlog e n)eXP(Sn( tlog |T"(x)|))

1 . , Wt
_nlingoﬁlog Z (diam D (i1, ..., in))".

ilv---vin
This equality can be rewritten as
> (diam D(iy, ..., in))" < exp(nP(—tlog|T"])).
ilr"vin

Now, for ¢, there exists a Gibbs measure 1, associated to the potential —¢log|7”| so
there exists C' > 0 such that

l ,Uto(D(ih Zn)) B ,UtO(D(ila Zn))
C = exp(—nP(—tolog [T']) + Su(~tlog[T) _ [(T"V (@0 ~

for every n € Nand x € D(iy, ..., iy). Using the estimation previously proved, we get

L D)
A~ (diam D(iq, ..., ip))0 —

for every (i1, ...,in) € {0,1}" and for some A > 0. As in chapter 1, we construct a
Moran Cover of the set A: for every r € (0,1) and w = (i1, i2,...) € {0, 1} there exists

a unique integer n(w, ) such that

diam D(il, ...,in(wﬂq)) <r< diamD(il, ey in(w,r)—l)-
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For fixed r, the set {D(w,r) = D;, .4, | forms a cover by pairwise disjoint sets. As
in the geometric construction, we have the following estimation for the diameter of
D(w,r)

r < diam D(w,r) < r
c

where ¢ = (min{diam Dy, diam D>})~!, so we get that for any interval I with diam I =

r, there is at most c of the sets D(w, r) that intersect I. Then

o (I) < Z iy (D(w,r) < Z A(diam D(w, 7)) < Aer'® = Ac(diam I)™.
D(w,r)NI#£D D(w,r)NI#£D

Now, given an arbitrary cover U of A with diaml < r, every set U € U is contained in

an interval Iy with diam U = diam Iy;, so applying the previous calculations, we get

0 < pug(8) = 3 pip(0) £ 3 py(Iy) < 3 Ac(iamn U)o
veu veu veu
so m(A,tg) > 0 and then dimpy A > t;. The upper bound follows essentially the same
technique used in the geometric construction of the chapter 1, and we omit its calcula-

tion. [ |

In the general case we have to deal with the contraction of the sets D; in more than
one direction, contrary to the one-dimensional case. Here is when the conformality

hypothesis takes relevance.

Remark. Note that this construction actually recovers the calculation done in chapter 1.

2.4 Pressure function

We finish this chapter by introducing the Pressure function. In the last section, we no-

ticed that the equation
P(—tlog|T')) =0

establishes a connection between thermodynamic formalism and dimension theory.
Then the question about the regularity of the function P(t) = P(—tlog|T’|) arises
naturally. From the properties of the topological pressure, we deduced that P(t) is
continuous, convex and that lim;_, P(t) = —oo. In the next chapter, we make use
of Functional Analysis machinery to prove that in certain cases, the function P(t) is

actually analytic.



Chapter 3
Transfer Operator

This chapter is based on [VO15], [Bal00], [Sar99] and [PP90].

3.1 Transfer Operator

In chapter 1 we saw that some dynamical properties of a system are reflected into spec-
tral properties of the associated operators. For instance, by Theorem 1.11 the ergodicity
of a measure p turns out to be equivalent to the simplicity of the eigenvalue 1 for the
Koopman operator Uy : L?(u) — L*(p) given by Ur(¢) = ¢ o T. In this chapter, we
explore more in depth the connection between the dynamical properties of a system,
and the spectral properties of some operators. Eventually, we will be able to deduce the

analiticity of the Pressure Function by applying perturbation theory to Ruelle Operator.
We begin this section introducing the basic object of study of this chapter.

Definition 3.1. Suppose (X, B, ;1) is a probability space and 7' : X — X a measurable
transformation. We say that T is non-singular if un(T-*A) = 0 if and only if u(A4) = 0,
for A € B.

Suppose T : X — X is a non-singular measurable transformation, and f € L'(u)

the density with respect to 1 of a probability measureyy, that is, 1 is the probability

measure defined by

pr(A) = /A fdu.

44
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We want to describe distribution of the probability measure 1 after the one iteration

of the dynamic 7. We have then for every measurable set F

uf(T_lE)—/X(lEoT)fdu

— [ tpd(uor)
X

dpproT1
s
E du

where 1 is the indicator function of E. The existence of the Radon-Nikodym deriva-
tive is guaranteed by the non-singularity of 7. Hence, Radon-Nikodym theorem im-

plies that the map

T: L' (p) = L'(p)
dppoT !
oy SO

f o

is well defined.
Definition 3.2. The map T is the transfer operator for the system (X, B, u, T).
Note that we do not require 1 to be T'—invariant. Indeed, a measure ;i is T—invariant

if and only the density f is a fixed point of the transfer operator 7, and consequently, 11

is T'—invariant if and only if the function constant equal to 1 is a fixed point of T.

The next proposition characterizes the transfer operator as a formal adjoint of the Koop-

man operator Uz acting on the space of essentially bounded functions.

Proposition 3.3. For every f € L'(pn) and ¢ € L>(u), we have that
| e @nan= [ @on)san
X X
Moreover, T f is the unique element of L' (1) satisfying the previous equation for every o € L.

Proof. We first check that the identity holds for every ¢ € L*:

d(pgoTH)

/Xso-(Tf)duz/Xso-dM dp
pd(upoT 1)

(poT)dus

I
———

(poT)fdp.
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Suppose now that there exist h1, hy € L' such that

/whiduz/(on)hidu
X X

for every ¢ € L™, then, taking ¢ = sgn(h; — hs), then

[t = hal = [ ot = o) an
X X
Z/ ‘Phldﬂ_/@thN
X X

_/goon,u,—/cpon,u—O
X X

so we conclude that h; = hy in L' as desired. [ ]
From the previous proposition, it is easy to show that 7" f = (T)"f. Now we prove
some useful properties of 7"

Proposition 3.4. T is a positive linear bounded operator with norm equal to 1 acting on L' (u).

For every g € L*°, we have that T[(g oT)f] = gT'f almost everywhere.

Proof. This is a consequence of the adjunction property from the previous proposition.

In fact, it is equivalent to prove that
/ 90-(9Tf)du=/ (poD)(goT) fldu
b'e X
which is a restatement of the adjunction relation for 7'f:

/(@-9)(Tf)du=/((tp-g)oT)fdM.
X X
]

Example (Full shift). A direct computation on the adjunction relation for 7' yields the

following formula for T when T : [0,1) — [0,1) is given by Tz = 22 mod 1:

=3[ ) o (57)]

Example (Gauss map). For the Gauss map 7' : (0,1] — (0,1], Tz = % mod 1, the

transfer operator takes the following form:

1103 (50) (o)

n=1
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It is possible to generalize the previous examples to a very ample class of functions.

Definition 3.5. Let 7" : X — X a measurable transfomation. We say that 7 is locally
invertible there exists a countable measurable sets cover {Uy : k € N} such that T re-

stricted to each Uy, is a bijection. We call the sets U}, an injectivity domain for T.

Now we extend the notion of Jacobian by analogy with the change of variables formula.

Definition 3.6. Let ;1 be a probability measure in X. We say that a function £ : X —
[0, 00) is a Jacobian of T with respect to . if the restriction of £ to any injectivity domain

U} is integrable and satisfies

u() = [ €dn

Example (Diffeomorphisms). Note that for local diffeomorphisms, | det DT'(z)]| is Jaco-
bian for 7.

Example (Full shift). Consider the shift space in m symbols (£, o) equipped with a
Bernoulli probability p with probability vector p = (p1, ..., pm ). Note that the restriction
of o toeach c%/linder defines a bijection to its image. Also, noting that (o (I(ay, ...,a,))) =

Pag--Pa, = —p(I(ai, ..., an)) we conclude that the function § : ¥ — R given by
b

al

is a Jacobian for o with respect to s.

Remark. Note that the definition implies that if 7" has a Jacobian, then it is a non-singular

transformation. The converse is also true, as stated by the following theorem.

Theorem 3.7. Let T' : X — X be a locally invertible transformation, p a Borel probability
measure on X, non-singular with respect to T. Then there exists a Jacobian for T with respect

to p, and it is unique a.e.

Proof. The idea is that 7" behaves well in each injectivity domain U}, so we can produce
a Jacobian for each element of the cover and then paste them to get a Jacobian for the
whole space. If {U}, : k € N} is a cover by injectivity domains, define P = {P;, : k € N}
with P, = Uy and P, = Uy \ (U1 U...UUg_1) for k > 2. Then P is a measurable partition
by injectivity domains. For each P, € P define a measure py by ux(A) = u(T(A)),
which is absolutely continuous with respect to the restriction of 1 to P;,. By Radon-
Nykodim theorem, there exists &, € L' such that

H(T(A)) = () = /A & dp
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for every measurable set A C P;. Define £ : X — [0,00) by &, when restricted to Py,
and the property holds. Now suppose 7 is a Jacobian for T, different to £ in a positive
measure set B. Without lost of generality, we may suppose { < nin B and B C Uj, for

some k. Then

u((B) = [ cdp< [ nau=p(r(m)

a contradiction. [ |

Remark. Now that we know that the Jacobian exists and it is unique a.e., we may speak
of the Jacobian of 7', and note it by J,T".

The following theorem is essential to obtain a general formula for the transfer operator

associated to locally invertible non-singular transformations.

Theorem 3.8. Let T : X — X a locally invertible transformation, non-singular with respect

to the probability measure p. Then, for every ) € L°° we have that
[ran=[ ¥ @
X X z€T—1(z) K

Proof. We need several lemmas to get the result.

Lemma 3.9. For every injectivity domain A C X and measurable ¢ : T(A) — R such the

integrals of the following equation are defined, we have that
dpdp = / (poT)J, T dp.
T(A) A

Proof. First suppose ¢ = 1p for some measurable set E C T'(A), so there exists B C A.
such that T'(B) = E. Then

W(IT(B) = u(r(An B) = [

JNTdu:/ 1B-JMTd,u:/(1EoT)JNTdM.
ANB A A

On the other side,

u(r(s) = [

lanpdp = / lrpydp = / lgdu
X T(A) T(A)

so the equality holds for indicator functions. By an approximation argument, the equal-

ity follows for arbitrary functions in L°°. u
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Lemma 3.10. Under the same hypothesis as the previous lemma, we have that

/wdu / (tjq’Z)T)O(TlA)ldu'

Proof. Taking ¢ = <J¢T> o (T|4)~! in the previous lemma, we obtain
o
Y 14, — _
w5 Jo(Tla) " du= [ (¢oT)J,Tdu= [ ¢dp.
7(a) \Ju T A A

Lemma 3.11. For every injectivity domain P and bounded measurable ¢ function we have

[X o= ow

z€T~1(y)

Proof. Note that T'|p, : Py — T(F) is a bijection and hence we have

/po zeTZl( )JM 2)dy = P;D/ S— < ) o (T|p)~" dpuly)-

By the previous lemma, the later quantity is equal to

Z /PmTlpo o= /Tlpo o dp-

pep

Now we are ready to prove the theorem: summing over P € P on the last lemma, we

obtain
[, X o fon
> T dy =)
PoeP /10 Ler- T poep /TR
ﬁ _ /
/ Z reaw= [ o
were we conclude the theorem. [ |

Corollary 3.12. Let T' : X — X locally invertible and ;v a non-singular probability measure.
Then  is T—invariant if and only if
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for almost every x € X.

With the previous theorem we are able to prove a general formula for the transfer op-

erator.

Theorem 3.13 (Transfer operator formula). Let T': X — X be a locally invertible transfor-
mation, non-singular with respect to the probability measure yi. Then the transfer operator T

satisfies

for every ¢ € L.

Proof. By Theorem 3.8, we have that
/ Ydu = / > ().
z€T—1(x) ,u

Changing ¢ — ¢ - (14 o T'), we get

/<1AoT W dp= / Z v A°T<))du(x>

zeT—

By linearity and approximation by simple functions, we obtain

Jeeryvan= [0 3

2€T1x
By Proposition 3.3, we conclude that
; ¥ (2)
T —

Many dynamical properties can be translated into the asymptotic behavior of the trans-

fer operator.

Proposition 3.14. Suppose that T : X — X is a non-singular transformation, then

(a) IfT"f — h [ f dp weakly in L (1) for some non-negative 0 # f € L' (p), then T has

an absolutely continuous invariant probability with density h.
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() FT"f — [ fdpin L'(p) forall f € L' (), then T is a mixing probability mixing map.

(©) IfT™f — [ fduin the L' (1) norm, then
(Cor(fopot) = | [ 1epordu [ sau [ o <y~ [ raulaliel
X X X

Proof. (a) We may assume without lost of generality that [ fdu = 1. Then, the hy-

pothesis becomes 7" f — h weakly. Hence, we have for every o € L™

/ phdyp = lim O™ Fdu
X X

n—oo

= lim [ (po T)Tnf dp

n—oo X

= [ tpoDhan

= / goTh dp
X

so by the adjuntion property of 7' we conclude that Th = h. If we define now the

measure pp, = hp the previous calculation implies that 1, is invariant:

pn(T'E) :/

hdp= [ (o Dhdn= [ 1p(Th) du= [ hdu=pum(E)
T-1E X X E

for every measurable set E.

(b) By the previous part, v is T'—invariant. Now, for every measurable sets E, F' we
have that

WENT"F) = /

[protan= [ (1eedns [ ( /. 1Edu) Lpdi = p(E)u(F)

SO 4 is mixing.

(c) Recall that 7™ satisfies
/ go-Tnfd,u:/ fooT"dpu.
X X
Thus, we have
(Cor(fopot) = | [ o-Tfdu— [ fau [oan
X X

| [ e-@ms= [ rama
< plloell ™ £ - /X £ dulls.
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Note that the decay of correlations depends on the speed of convergence of 7" f. We

will study this phenomena in more detail. The spectra of the transfer operator is closely

related with the dynamics of the mapping 7', in fact we have:

Proposition 3.15. Suppose that T' : X — X is a non-singular transformation, then

(a) All the eigenvalues of the transfer operator have modulus less or equal to 1. The non-

(b)

(c)

(d)

Proof.

(b)

negative functions h € L' () such that Th = hand [ hdp = 1are precisely the densities

of the absolutely continuous invariant probabilities with respect to fu.

If 1 is a simple eigenvalue of T, then the corresponding associated eigenfunction is the

density of an ergodic probability measure.

If 1 is a simple eigenvalue of T' and all the rest of the spectrum is contained in a disk of
modulus strictly smaller than 1, then the corresponding associated eigenfunction is the

density of a mixing measure.

If T is a mixing probability measure preserving, then T has exactly one eigenvalue on the

unit circle, equal to 1, and this eigenvalue is simple.

(a) The first assertion follows from the fact that ||| = 1. If h € L! is such
that Th = h and [ h du = 1, define the measure ju;,(A) = J4hdpin X. The sec-
ond hypothesis ensures that ., is a probability measure, and the first hypothesis,
together with the adjunction relation imply that for every ¢ € L> ()

J@orm au= [ o au
J o) din= [ o a.

By Theorem 1.4 from Chapter 1, we conclude that y, is an invariant measure for

T. The previous equations imply the converse.

By (a) un, = hp defines a T'—invariant probability measure. Since Th = hwe have
that

/gohd,u:/cpf’hdu:/ o Thdu
X X X

for every ¢ € L*°. By density, we conclude the same result for arbitrary functions

¢ € L'. Now for ¢ € L>, we have that

/XsoT(fh)du:/X(on)fhduz/X(on)(foT)hduZ/wahdu-
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Since ¢ was arbitrary, we conclude that T( fh) = fh. By the uniqueness property
of the transfer operator we conclude that 7fh = fh. By the simplicity of the
eigenvalue 1, we conclude that there exists A € R such that fA = Ah. Note that
pn({z : h(z) =0}) =0so f = A pup—a.e., and hence 11 is ergodic.

(c) Again, suppose Th = h and define 1, as above. Now, define the operators P :
L' — L' by

Pf=u(f)h,

which is a projection on the subspace Ch and

Note that the eigenvalues of N are strictly less than 1, and that NP = PN = 0

hence N™ = T™ — P". For functions f, g € L', their correlation is given by

‘/Xf.goTnduh—/deuh/nguh‘: /Xf.goTn.hd'u_/thdH/Xghdlu’
= /XT”(fh)gdu—/XP”(fh)gdu)

= /X N"(fh)g dul
gl /X (R d

IN

By Gelfand’s Formula, for ¢ = (1 — p(N))/2 > 0 there exists ny € N such that
IN™[| < (p(N) +2)"

for every n > ng. Then, we obtain that

[ regodm— [ s [ gdm] < gl [ NI
< lglloe 711571
< lglloe£ (= + ()"

Since € + p(N) < 1, we conclude that y, is mixing by Proposition 1.23.

(d) Suppose there exists A # 1 and ¢, with |A| = 1 and T@A = Apy. For simplicity,
we suppose that h > 0. Note that L'(11) can be decomposed as a direct sum by
L' =V @®ChwithV = {f € L' : [, fdu = 0}. For this, note that every f € L'
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Thus, we may suppose [y ¢adp = 0. Then, for every ) € L™ we have that

/X(on") (%) thZ/X(@DOT")(iL/\hdu
=/(¢0T”)wdu
X
=/ (T o) dp
X
=3 [ verdn

and this integral is non-vanishing for well chosen . If y, is mixing, then

/X(on”) (%) duh—>/xwduh/x<(p}j) dpn

— [ wnd [ prdn=o
X X

but this is impossible since the first integral has constant non-zero absolute value.
Then, |A| < 1 as desired.

The rate of the decay of correlations strongly depends on the regularity of the functions,
and some properties can be deduced by studying the spectra of the transfer operator.
In general, the transfer operator is not compact, so the key is to find a good space in

which it acts nicely. We start by considering the special case of the doubling map.

Let Lip C L([0, 1]) the vector space of Lipschitz functions in [0, 1] and

‘f‘L = sup |f($) — f(y)| )
P TH#y ‘x - y‘

We see that | - |1p is @ seminorm in Lip, but it fails to be a norm (it vanishes for all

constant functions). This problem can be fixed by adding the supremum norm

[ fllip = [[flloo + | Lip

is in fact a norm on Lip. It is possible to prove that (Lip, || - ||ip) is @ Banach space. The

next lemma gives a fundamental relation between the transfer operator and Lip

Lemma 3.16. For every f € Lip, we have |T f|r;p < 1fLip-
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Proof. In fact, using the explicit formula for the transfer operator we have that

T f(z) —Tf(y)|

1 fluip = sup =
Ty X y|
TH#Y 2 ’Z‘ _ y’
< Lo VR =SB, VCE) = S05)
1
S §‘f‘Lip-

Note that the space Lip can be decomposed as Lip = 1CHH with H = {f € Lip| [ fdz =
0} just by writing f =1 [ fdx + (f — 1 [ fdx) where 11is the function constant equal to
1. This decomposition is invariant under the action of the transfer operator, moreover,
T1 = 1reflecting the fact that Lebesgue measure is already an invariant measure for the

doubling map. For h € H we have the estimate on the supremum norm: || f||oc < |f]|Lip-

Now, using the decomposition of Lip we address the problem of decay of correlations:
for f=1[fdx+ (f—1[ fdx) € 1C® H, p € L' we have that

Cor(f, ¢ o T") = /Xf(gpoT")da:—/dex/Xgodz‘

_ /X(T"f)godx—/xfda:/xapdx‘

- A(?Afdx)@diﬁ%—/){f"(f—l/dex)godx—/Xgodx/dex‘

_ /XT”(f—l/de:r)cpdx’.

Since h := (f —1 [ fdz) € H, we have that 177 |00 < ]T”hmp < 27"|h|Lip, hence,

Cor(f,p 0 T") < 27"|h|Lip[ll]1-

In other words, for sufficiently regular functions, we have an exponential decay of cor-
relations. Note that | - i becomes a norm when restricted to H and in fact, it is equiv-

alent to || - ||Lip, since |A|rip < ||hllLip = ||Plloc + |Rloo < 2|A|Lip. The fundamental

ingredients of the previous proof are

e 1isan eigenvalue of T,
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o the rest of the spectra of T is controlled by the inequality |T|Lip < |h|rip which is

essentially a bound of the spectral radius of T restricted to H:

~ 1 ~ Tf|L 1
I )% < [ Fllp = sup Tl 1

0 T|y) = lim
() n—00 fer\{oy |fILip 2

The previous conditions can be summarized by a geometric description of the spectra
of T: 11is an isolated eigenvalue and the rest of the spectra lies in the circle {z : || < 3.
It is also possible to prove that 1 is a simple eigenvalue. This set of conditions on
an operator is known as spectral gap, and it will be the fundamental property of the
operators we are going to use from now on. Although we did this analysis just for
the doubling map, on the next section we will consider a more general version of this

problem.

3.2 Ruelle Operator

In the previous section, we studied the action of the transfer operator on certain func-

tion spaces. For most purposes, it takes the form

Tow) = 3 2 — S exp(- log IT'(9) ().

T (y)]

Ty=x Ty=x

We introduce a generalized version of the transfer operator.

Definition 3.17. Let T : X — X be a measurable transformation such that 7-!(z) is at
most countable for every z € X, and f : X — C a function such that } ;. _, exp(f(y))
is convergent of every x € X. The Ruelle transfer operator Ly is defined on functions
g: X — Cby

(Lrg)(x) = > exp(f(y)g(y)-

Ty=x

Remark. The domain and codomain of the Ruelle operator are not specified, since it is
possible to define it several function spaces. Given the case, we will specify the domain

and codomain.

Remark. There is no convention on the form of the Ruelle transfer operator. Some au-
thors (as Baladi in [Bal00]) write it as

(Lyg)(x) = > f(y)ey)-

Ty=x
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The results are essentially the same for both versions of the operator. We stick to the

convention used by Bowen in [Bow75] and by Parry and Pollicott in [PP90].

The iterates of the transfer operator can be written as

(LFg)(x) = > exp(Suf(¥))g(y),

Trhy=x
with S, f(z) = Y 1_, f(T"z).
Analogously to Proposition 3.4, we have the following property for Ruelle operator:

Proposition 3.18. For very g, h € C(X) we have that

((Lyg) - h)(x) = Ly (g - (hoo))(z).

We study now the case when 7 is a subshift of finite type. In particular, the sum of
the Ruelle operator always converges, and it is possible to define it for ¢ € C(X) as
a bounded linear operator on C(X). For the case of Gauss Map, it is still possible to

define Ruelle operator in a more reduced class of functions.

As with the transfer operator, we need to find a suitable function space where the spec-

trum of Ruelle operator behaves nicely.

For a function f € C(X4), we define its k—th variation by

varg f = sup{|f(z) — f(y)| : @i =y V |i]| < k}.

Analogously, we may define var; for functions f € C(X}). For a given transition
matrix A and 6 € (0,1), define Fy = Fp(X4) = {f : £4 — R continuous st var,, f <
Co" for some C,n € N}. Analogously, we may define F,” = Fy(X7). For f € Fy, define
|flo = sup,{var, f/6"} and || f|lg = || floc + | f|o- With this norm, Fy and F}," are Banach

spaces.

We present now the Ruelle-Perron-Frobenius Theorem, the fundamental result of this

section. It will allow us to conclude the regularity properties of the pressure functions.
Theorem 3.19 (Ruelle-Perron-Frobenius Theorem). Suppose that A is an aperiodic matrix

and f € F,". Then

(a) There is a simple maximal positive eigenvalue X of Ly acting on F,” with corresponding

strictly positive eigenfunction h € F,;
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(b) The reminder of the spectrum of Ly : F,” — F, is contained in a disc of radius strictly

smaller than \;
(c) There is a unique probability measure v such that Ly = Av and J hdv =1;
(d) %L?v — h [vdv uniformly for allv € C(X™T).

Remark. Recall that every Borel probability measure p defines a functional p : C'(X) —
Rby u(h) = [y hdp. By the Riesz Representation theorem, we may identify C(X)* with
the set of Borel probability measures in X and adopt the notation 1 € C(X)*.

With this identification, the dual operator L} can be defined acting on the set of Borel

probability measures by

[ oatim = [ (o) an

for every g € C(X ™) and 7 probability measure in X. Then, it turns out that the prop-

)\/ ng:/ Lygdv
X X

for every continuous function g. If we introduce the notation

erty Ljv = Av is equivalent to

n(f) =/den

for a probability measure 1 and an integrable function f, the above properties can be

written as

(Lim(g) =n(Lyg)
v(Lrg) = Av(g)

for every continuous function g. Iterating, we get that
v(g) = A""v(L}g)
for every n € N.

Note that the measure v satisfies L}v = Av if and only if

/gduz/ )flLfng
X X
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for every continuous function g. Define the measure v5T by

voT(A) =Y V[T(ANC,)],

a€sS

where S is the set of symbols of the Subshift of Finite Type.

Remark. In general, voT is not equal to the usual composition v o T, since the sets

T(ANC,) are not pairwise disjoint.

Then, it is possible to prove that v is absolutely continuous with respect to vo7" and the

following integration formula

/Alzexp y) dv(z)

= Z/T Lexp(f(az))g(az) dv(z)

This equations leads us to the following definition
Definition 3.20. A measure v in X satisfying

dv
dvoT

= A"lexp(f)

is called f—conformal (see [Sar99] ).

We will breafly sketch the proof of the existence of the eigenmeasure v. Denote by
P(X) the set of probability measures on X. By the Banach-Alaoglu Theorem, P(X) is
compact in the weak-* topology. If X is the eigenvalue associated to the eigenmeasure
v, then neccesarily A = L}1 > 0. Consider the operator V' : P(X) — P(X) given by

Ly

YE= Ty

It is possible to prove that V maps P(X) in P(X) and that it is continuous in the weak-*
topology. By the Schauder-Tychonoff Theorem, there exists a fixed point v € P(X) for
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the map V, that is

L}Zl/
S A
o))
L}V = \v

which is the desired eigenmeasure.
Now we derive some consequences of Ruelle-Perron-Frobenius theorem
Proposition 3.21. Define a measure . = hv with h,v as in Theorem 3.19. Then p is an

invariant probability measure.

Proof. Note that [ hdv = 1 ensures that p is a probability measure. Now, for a given

continuous function g we have that

p(g) = v(hg)
=v(A\"'Lsh - g)
= A" w(Ly(h- (g0 0))
— A L) (k- (go o))
—v(h-(go o))
= pu(goo)
where we used Proposition 3.1. u

Now we prove that the measure just constructed satisfies a modified version of the

Gibbs property (which will turn out to be equivalent to the Gibbs property):

Proposition 3.22. There exist constants Cy, Cy > 0 such that

M(C(ZO, ...,Z.mfl))
= oxp(—mlog A+ S f (@)

< Oy

foreverym > 0and x € Cy,,._ 4. ..

Proof. First we make some estimations on the Birkhoff sums for elements belonging to

a fixed cylinder G, ;. ,. lf z,y € Cj, i, then [oF(z) — o*(y)| < 6™ for every

-----

k = 0,...m. On the other side, from the definition of | f|y, we get that

m—1
S @)~ S f )] < 3 Iflop < 1
k=0
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Now note that for every z,z € Cj;,. ..,

N(Ciop--,im&) = :U'(lCiO ..... im,l) =v(h- loio ,,,,, im,l)

00 im 1)
< A"v(exp(Sm f(2))h(2))

< exp(—mlog A + Sf (2)) exp (1'f_’99> 1l

=Cy

To obtain a lower bound for the measure of the cylinder, we use that A is aperiodic,
so there exists M > 0 such that for a given y € Ej there exists z € Cj,.. ;,._, with
o™ M (2) = y. Then

:U’(Cio,...,im—1) = Ai(erM)V(L;‘rH_M(h : 101‘0

> A" M) exp(Syyar f(2)) inf b
> A0 M) 6xp (S, f(2) — M| f||s0) inf A

> exp(-mlog A + 5,/ (2)) A~ exp( T8 — M

-y

which completes the proof. |

Note that the above proposition suggests a relation between the maximal eigenvalue of

L and the pressure function of f.

Proposition 3.23. Let \ be the maximal eigenvalue of Ly given by Theorem 3.19. Then
P(f) =logA\.
Proof. Let Cj,.. .., be a fixed cylinder, then by the previous proposition we have that

..... imo1) <Oy sup  exp(Smf(y))

yeci() ..... im—1 Z/ECzO ..... G —1
Cq Z sup  exp(Smf(y)) < exp(mlog)
i i YE€Cig, . im_1
055tm—1
<Gy Y sup  exp(Sinf(y))
1050y im—1 yECiO ,,,,, 1
log C' 1
Bl 1oy Y sup  exp(Smf(y)) < log A
m m i ; yECiO ,,,,, —
05--ytm—1 m
log C: 1
< By g Y s exp(Snf (1))
3 .... ye
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so we obtain that

P(f) <log X < P(f).

Corollary 3.24. The measure i constructed above is a Gibbs measure,

p(C (g, ooy im—1))

Sp(—mP(f) + S (@) = 2

1>

hence, an equilibrium state for f,

P(f) = hu(o) + | fdp.

+
EA

In conclusion, the Ruelle-Perron-Frobenius Theorem implies that the operator L, has
a positive maximal isolated eigenvalue A, with associated positive eigenfunction h and
an eigenmeasure v for the dual operator L}. The logarithm of the eigenvalue A is equal
to the pressure of the potential f. The measure ;1 = hv is a Gibbs state with respect to

f. The fact that A is isolated from the rest of the spectrum is the key for the next section.

3.3 Perturbation Theory

In this section, we just borrow a result of Kato’s Perturbation Theory of Operators (see
[Kat12]) and use it to conclude the analiticity of the pressure function for subshifts of

finite type. Recall the notion of differentiability of functions in Banach spaces:

Definition 3.25. Let E, F' be Banach spaces, U C E an open subset, and f : U — F a
function. We say that f is analytic if it is continuous and for every affine line L C E
and every continuous linear functional o : ' — C, the mapping L N U — C given by

a o flynr is analytic.

Theorem 3.26 (Perturbation Theorem). Let B(V') denote the Banach algebra of bounded
linear operators on a Banach space V.. If Ly € B(V') has a simple isolated eigenvalue o with
corresponding eigenvector vy then for any € > 0 there exists 6 > 0 such that if L € B(V') with
|IL — Lo|| < o then L has a simple isolated eigenvalue o(L) and corresponding eigenvector
v(L) with a(Lo) = ap, v(Lo) = v and

(a) L — a(L), L — v(L) are analytic for ||L — Lo|| < 6;

(b) for || L — Lol|| < 0 we have |a(L) — | < €, and spec(L) —{a(L)} C {z: |z —ap| > €}.
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Note that by the results of the previous section show that the transfer operator L as-
sociated to a potential f € F," satisfies the hypothesis of Theorem 3.26 with maximal
eigenvalue A\ = exp P(f). With this, we may complete the full description of the pres-
sure function t — P(—tlog |DT)|) for Subshifts of Finite Type.

Corollary 3.27. The function f € F;” — P(f) € R is analytic. In particular, the pressure
functiont € R — P(—tlog |DT)|) is real analytic at all points of its domain.

Proof. It is enough to prove that the function f € F, — L; € B(F,") is analytic. To see
this, consider the map F,” — F,” — B(F,") — B(F,") given by f ~ exp(f) — M
L; o M where M is the operator ¢ — ¢ exp(f) and L; the operator given by

w(iz), if A;., =1,
Lyw(z) = (iw) o
0, otherwise.

All these compositions can be seen analytic, so we conclude. [ |

The typical plot of the function ¢t — P(—tlog|DT]|) is then as shown in the picture

below:

FIGURE 3.1: A generic plot of the pressure function t — P(—tlog|DT]).

We finish this section by proving a differentiation formula for the pressure function.

Proposition 3.28 (Deriviative of pressure). Suppose A is aperiodic and f,g € F,". Then

= d
o /yg 115,

A

(P +59))

where puy is the equilibrium measure of f.
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Proof. For each s, we have the eigenvalue equation

Lersgw(S) = exp(P(f + Sg))w(s)
for some analytic function w (by Theorem 3.19). Differentiating both sides with respect
to s at s = 0 we obtain

dw
ds s=0.

L)) + Ly (4

) = PO (P +59)| _, +explP(1)

s=0

Note that taking s = 0 gives Ljw(0) = exp(P(f))w(0) so w(0) is the density of the

measure ;y = w(0)vy constructed in the corollaries of Theorem 3.19, hence it satisfies

/ w(0)dvy = 1.
=4

Integrating with respect to the measure vy and recalling the property v¢(Lh) = Av(h)
where A = exp(P(f)), we have that
d
s=0 Vf)

d 5:0) dvy = exp(P(f)) </EX w(0)g dvy +/ZX C(%

[, mtwogany+ [ n (G

and hence we have

d dw
0)gd dvy = —P 0)d —
L wary [ G s = op sl L [ wo s [ G a
d
P +s9)| —/ w(0)gdvy = /Z+ gdyiy.

3.4 Transfer Operator for the Gauss Map

In the last sections, we studied the techniques that allowed us to deduce the regularity
properties of the pressure function ¢t — P(—tlog|T"|) for a Subshift of Finite Type. The
symbolic model associated to this dynamic is no longer a Subshift of Finite Type, since
the set of states is countable. This fact has serious implications in the proofs of the
theorems from the previous sections. The finiteness of the set of states for the Subshifts
of Finite Type is reflected in the compactness of the spaces of sequences of states. For
the Gauss Map, this space is non-compact, so the techniques used before will not work.
The map has infinite topological entropy and pressure may take infinity as value for a

wide class of potentials.
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In this section we state (without proof) some results of Mayer (see [May76], [May90])

which characterize the behavior of the pressure function for the Gauss Map.

For ¢ € C([0,1],R), the Ruelle transfer operator Ly : C ([0, 1]) — C([0, 1]) is defined by

(Low)(z) = Y exp(d(y))w(y). (3.1)

Gy=z

Taking the potential ¢ = —tlog |G’|, the Ruelle operator takes the form

(Liw)(z) = Ti (gcj—n)%f (xin) .

=1

Theorem 3.29 (D. Mayer). Let D = {z € C: |z — 1| < 3} and A (D) be the Banach space
of holomorphic functions in D. Then, for t > 1/2, the operator L; : Aso(D) — Aso(D)

(L)) = 3 (minff (1)

n=1

has an isolated maximal simple eigenvalue \i(t), and it satisfies P(—tlog|G'|) = log A1(t).
For every t > 1/2 there exists an equilibrium measure i, satisfying the Gibbs property and

giving positive measure to every open set of [0, 1].

It is possible to prove that for ¢t < 1/2, the pressure function P(—tlog|G’|) is not finite.
Using the Perturbation Theorem 3.26, we may conclude the following

Theorem 3.30. The function

P:[0,00) = R
t — P(—tlog|G’|)

has the following properties

(a) Is infinite for t € [0,1/2] and finite for t € (1/2, c0).

(b) Is real analytic in (1/2, c0).

(c) Is strictly decreasing and convex in (1/2, 00).

(d) For every t € (1/2,00), there exists an equilibrium measure p; satisfying the Gibbs

property.

With this information, we have a full description of the pressure function for the Gauss
Map:
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FIGURE 3.2: The plot of the function ¢ — P(—tlog |G’|).

The analiticity of the pressure function is the key to prove the analiticity of the function
encoding the Hausdorff dimension of certain sets, which will be the topic of the next

chapter.



Chapter 4

The Hausdorff Dimension Function

For Borel-Bernstein Sets

4.1 The setting

Recall that every irrational number z € (0, 1) can be written uniquely as a continued

fraction of the form

x = T = [a1(z)az(x)as(z)...] = [ar1a2a3...],
@+ ———

as +
2 as + ...

where a; € N. For a general account on continued fractions see [HW?79], [Khi63]. The

n — th approximant p,,(x) /g, (z) of the number x € [0, 1] is the rational number defined

by

pn(T)
qn(T)

= [a1(z)az(x)...an(z)].

The metric theory of continued fractions study the set of numbers for which the se-
quence (a,(x))y satisfies certain properties. One of the first results in this direction is

the Borel-Bernstein theorem [Bor12], [Ber11] proved in 1912.

Theorem 4.1 (Borel-Bernstein Theorem). Let ¢ be a positive function ¢ : N — R and

E(p) ={x € (0,1) : an(x) > p(n) infinitely often}. 4.1)

Then m(E(yp)) is zero or one depending as the series > ° | ﬁn) converges or not, where m

denotes the Lebesgue measure.

67
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Proof. First suppose ) ﬁ =ooandletz >1,n,m € Nand 1 < j < n. Recall that the

length any fundamental intervals is given by

1

I(ay,...,ap)| = ———.
| ( ! n)| Qn(Qn‘i'anl)

where gy, is the denominator of the reduced fraction associated to the number [ay, ..., ay].

If we add a new symbol, the length of the interval is

) = |Pnt Pt (s+Dpntppa)_ 1 1 1

I(ay,...,an,s - _ ‘
" ' Santant (5Dt ol 8% g+ BB 4 (1 (g0)

Hence we obtain the following estimate for the ratio of the lengths

1 [I(ai,...,an,s)|

3s2 [I(ay, ..., an)| 52’
Then,

D (a1, s Oy Qg 1, oo O ) = D T(a1, oy gy 8)| = > (@1, ooy Gy, 9)]

s<x s>1 s>x
1 1
1—§Z? (a1, s Gmy Qg 1s ooy Gmtj )|

s>x

< <1 . 3(11@) 1(a1, s amt)

for every choice of a;, and where the last inequality is obtained by comparing with the

IN

integral of 1/2%. Let

Fm,j = U I(al, ...,aerj)‘

aiEN,
Gm+1 <¢(m+1) a=1,..,7

Now, taking successively z = ¢(m + n), o(m +n — 1),...,(m + 1) in the inequality

above, we obtain

m(Fmn) = Z Z Z [T(a1, ey Qmy Gt 1y -y Q)|

ai €N ami1<p(m+1)  amin<p(m+n)
i<m

<3 (= srrem) - (- gy o)

a; €N

< 11 (1_3(1+902m+j))>'

j=m+1

From the divergence of ) ﬁ, we conclude that for every m the later product goes

to 0 as n goes to infinity. Hence, for every m, m(F}, ) tends to 0 as n tends to infinity.
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Finally, observe that the set B,,, = {2 : a;m+i < ¢(m + i) Vi > 1} is contained in every
Finn,s0m(Bp,) =0and m(E(¢)) = m([0,1]\ U,, Bm) = 1.

For the second part of the theorem, for n € N denote V,, = {z € [0,1] : an, > ¢(n)}.
Then for any choice of ay, ..., a,, € N, by the estimate |I(ay, ..., an, s)| < s%|](a1, o an)l,

we obtain

2 4
S M eans)l < Y Sl an)| < T(a1, )],

s>p(n+1) s>p(n+1) p(n+1)

where the last inequality is again obtained by comparing with the integral of 1/s>.
Noting that

V,, = U I(ay,...,an-1,$),
s>p(n)

we obtain that m(V,,) < ﬁ. Finally, since E(¢) = (N, U>, Ve and 32, m(Vy,) <

Yon ﬁ < 00, by Borel-Cantelli Lemma we conclude that m(E(y)) = 0. [

Remark. The intervals (a1, ..., a,) have zero Lebesgue measure intersection for differ-

ent choices of a;.

We call the sets E(p) defined as in the equation 4.1 Borel-Bernstein sets. This result
can be understood as a Borel-Cantelli Lemma. A natural question is to determine the
Hausorff dimension of the set £(¢) when it has Lebesgue measure zero. Several results

have been obtained in this direction, for instance, in 1941 Good [Goo41] proved that

Proposition 4.2 (Good).

dimg({z € (0,1) : ap(xz) - coasn — co}) = %

Actually, the following subset satisfies the same property, for any B > 1

dimy ({z € (0,1) : an(z) > B") = %

The Hausdorff dimension of the set
E(B) ={z € (0,1) : an(xz) > B" infinitely often}

was recently computed by Wang and Wu [WWO08] and depending on the value of B it
ranges between (1/2,1). Let us stress that the main difference between the sets studied
by Good and E(B) is that in the later we only require a condition to be satisfied infinitely

often and not for all values of n € N. Let us note that once the Hausdorff dimension of
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the sets E(B) is established, it is possible to compute the Hausdorff dimension of E(y)
for arbitrary ¢ (see [WWO08], Theorem 4.2). Wang and Wu [WWO08] also proved the

following result:

Theorem 4.3 (Wang, Wu). The function B — dimpy (E(B)) defined on the interval (1, c0) is

continuous.

In this section we make use of the theory of dynamical systems to study this function.
First note that the Gauss map G : [0, 1] — [0, 1], defined by

Gy =2 - H

X

is closely related to the continued fraction expansion. Indeed, for 0 < =z < 1 with
r = [a1a2a3...] we have that a; = [1/2], a2 = [1/Gx],...,a, = [1/G" 1]. In particular,

the Gauss map acts as the shift map on the continued fraction expansion,

G" () = [an+1(x)any2(z)...].

It is possible to define a symbolic model for the Gauss Map. In fact, consider ¥ =
N equipped with the shift ¢ : ¥ — X and the semi-conjugacy map x : ¥ — (0,1]
sending each sequence to the real number having the given sequence as continued

fraction expansion digits. Thus, we have the following commutative diagram

Yy —7— %

X X

[0, 1] [0,1].

Note that the sets ¥, = {1, ..., m} can be identified as compact o —invariant subsets of
x.

It is clear from the above that studying the dynamics of the Gauss map it is possible
to obtain results on the distribution of digits on the continued fraction expansion. We

prove the following result:

Theorem 4.4. The function B — dimpy(FE(B)) defined on the interval (1, 00) satisfies the

following properties:

1. It is real analytic;
2. 1t is strictly decreasing;
3. limp_,; dimy(FE(B)) = 1,

4. limp_se0 dimp (E(B)) = &;
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Our main technical tool is the thermodynamic formalism of the Gauss map studied in
the previous chapters. We review some of the ideas that will be used in the course of

this chapter.

For the Gauss Map, topological pressure can be understood as the exponential growth

of periodic points with an assigned weight for each point:
1 n—1
— 1 k
P(¢) = nhﬁl{.lo - log Z expz o(G"x).
reFix G™ k=0

Denote by M the set of G—invariant probability measures. The topological pressure

satisfies the Variational Principle

Theorem 4.5 (Variational Principle for the Gauss Map).

P(y) = sup{h(p) + /wdu : —/wdu < ooand p € M}, 4.2)

where h(p) denotes the entropy of fu.
A measure (. is called an equilibrium measure if it achieves the supremum of the pre-
vious theorem.

Recall from Theorem 3.30 that the function ¢t — P(—tlog|G’|) is infinite in [0,1/2] and
finite, real analytic, strictly decreasing and convex in (1/2,00). Even more, for every

t € (1/2,00), there exists an equilibrium measure y; which also has the Gibbs property.
We also have the following approximation property for the topological pressure

Theorem 4.6 (Approximation property). If ¢ has summable variation then

P(¢) = sup{Pk(¢) : K C (0,1) : K compact and invariant}.

Theorem 4.4 is a consequence of the previously listed properties of pressure function

(theorem 3.30), together with the following result

Theorem 4.7 (Main Theorem). Let dp € R be the unique real number such that
P(~dplog | BG'(x)]) = 0, (4.3)

then dimpy (E(B)) = dp.

The above Theorem should be understood as a Bowen type formula. The proof of this

result relies in the main theorem of [WWO08] which can be stated as
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Theorem 4.8 (Wang, Wu). The Hausdorff dimension sp = dimpy E(B) of E(B) is charac-
terized by the following construction: for a € N, let s, p(a) = inf{p > 0 : fra(p) < 1}
where fy, o : Ry — R is given by

1
Jna(p) = Z By

ai,...,an€{1,...,a}

Then sp = lim lim s, ().

a—00 N—r00
So if we prove that sp = dp, the proof of 4.7 is completed. We will also give a direct
sketch of proof for 4.7 emulating the strategy of Wang and Wu, and making use of the

limsup structure of the Borel-Bernstein sets.

4.2 Proof of Theorem 4.7

The proof of theorem 4.7 is divided in three parts. First, we show that sp = dp. As
noted above, this proves Theorem 4.4. Then we show that dimy E(B) < dp, and finally
sketch the construction done in [WWO08] to prove that dp < dimy E(B). We give just a

sketch and prove some reduced facts to illustrate the procedure.

First part Recall the equation satisfied by s,, g():

1 =1
Z ’Bq%’sn,B(a) o

al?’“?a’ne{lv“'?a}

Then

1 1
lim — log S —
reen a1,--.,anz€%1,...,a} ‘BQ%PB(Q)

and

. .1 1
Ji Jm Slog 3L (5 =0
ai,...,an€{l,...,a} n

1

Now, from the approximation ¢2(z) = |(G™)'(z)|~! we obtain that

. .1 1
Jm s ) pEy@s =
alv---vane{ly---va}
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where z is the periodic sequence given by (ay, ..., an, a1, ...). Note that this expression

is equivalent to

lim P|Ea(_sB log |BG/|) =0

a—r00

Finally, by the approximation property of Pressure, we obtain that the equation satisfied

by sp is equivalent to
P(—splog|BG'|) = li_)m P|k,(—splog|BG'|) =0

but the only solution to this equation is by definition dp, hence dp = sp.

The upper bound. The proof of the upper bound relies on the limsup structure of
E(B). Indeed, as noticed in [WW08]

EB)= () J{ze(0,1): anpi(x) > B"}

N=1n>N

= ﬂ U U {z€(0,1):a;(z) = a;,1 <i<n,ane1(x) > B Y}

N=1n>N ai,...,.an

Let

I(ay,...;an) ={z € (0,1) : a;(x) = a;, 1 <i < n}, (4.4)

J(ay,...,an) = {z € (0,1) : a;(z) = a;, 1 <i <n, apyi(x) > BT} (4.5)

Therefore

EB) = U 7. an).

N=1n>N ai,...,an

For the above sets, we have the following estimates on their Lebesgue measures (see
[Khi63] and [WWO08])

1 1 !
<|I(ay,...,an)| = (%) (qn () + gn_1(z)) = qn(z)?’
1

)| € =
an)l < BrHlg(z)?
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for x € I(ay, ..., a,). Now we proceed to prove the upper bound. Let € > 0, then

H*BT(E(B)) < liminf Z Z (ai,...,a,)|B7¢ <

N—oo -
n>N ai,...,an

sp+e
lininf D Z (B"+1 )Sl}&i&fz Z <B”+1\G”)()\> '

n>N ai,.. n>N ai,.

Let y. the equilibrium measure associated to the potential —(sp + €) log | BG'|. Then, by
the Gibbs property, there exists C' > 0 such that

1 <
B Gy (yate = el

I(ay,...,an)) exp(nCP(—(sp + €) log | BG'|))

for every x € I(ay, ..., ay), thus

sp+e
HPE(E(B)) < liminf > < ) pe(I(ay, ..., a,)) exp(nCP(—(sp + €) log | BG'|))

N—oo
n>N ai,...,an

o 2) sp+e
< liminf <B> Z exp(nCP(—(sp + €)log |BG']))

N—o00
n>N
2 sp+te
< lim 2
< 1}\172151; <B> Z exp(nP),

n>N

where P < 0. Therefore

spte < Tim _
H (E(B)) < l}vm_glof Z exp(nP) = 0.

n>N

That is

dimy(E(B)) < sp.

The lower bound. We first introduce some notation. Recall the definition of dp as the
unique solution of the equation
P(—tlog |BG'|) =

For every o > 1, let dg(a) the solution of the equation

1 1 ,
nlggoﬁlog Z Ba) = Pls,(~tlog |BG'|, G|y (s.)) =0
ai,...,an€{1,...,a}



Hausdorff Dimension of Borel-Bernstein Sets 75

Denote by d,, g(a) the solution of the equation

and by dp(«®) = limy, o dy,B(a). Then dp(ar) = dp as @ — oo by the approximation

property of pressure.

To prove the lower bound for the Hausdorff dimension of E(B), we construct a se-
quence of subsets E,(B) C E(B) such that dimy E(B) > dimy E.(B) > dp(a) for «
large enough. This implies that dimy F(B) > dp which completes the proof.

Start the construction by picking a sequence n;, € N such that ny =1 and
1
ny + ... +ng < mﬂk.’.l
fork > 1. Let
Eo(B) ={z: [B"™] +1 < ap,(z) <2[B"™|forallk > 1, and 1 < a;(z) < «, forall j # ny}.
Similarly, define

D, ={(o1,...,00) e N*: [B"] +1 < 0, <2[B"*]forallk > 1, and

1<o0j<a,foralll <j#n,<n}.
Then we have

Ea(B) = m J(Ul,...,an),
n>1

(0'17--~7Un)6Dn

where J (o1, ...,0,) is the set defined by 4.5. We analyze now the structure of E,(B).

For each n € N, the union U(Ul JeNn J(o1, ...,0p) is a disjoint union of intervals. For

RN %

a fixed interval J(oy, ..., 0,), call G (01,...,0p) the minimum distance to other interval
J(o},...,00). Then it satisfies [IWWO08, see (19), (20)])

9y Up

~ 1
G(O-h"')O-n) > %’J(O’lv'wanﬂ lfn#nki]-a

~ 1
G(o1,...,0n) > §|J(01,..,an)] ifn=mn; — 1.

This estimate is fundamental, since allows us to determine how many intervals J are
contained in a given ball, information needed to estimate the measure of such ball.

Now we define a measure supported on E,(B) which satisfies the hypothesis of the
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mass distribution principle. Let m; = 0 and mj, = n, — ng—; — 1 for £ > 2. We define a

measure p on every set of the form J(o) with o € J D,,.

For o1 € Dy, let
' [B]

For (0'1, ceey O'n2_1) S Dn2_1, let

1 dmy,B(Q)

and for (o1, ...,0p,) € Dy, let

1
[B2]

u(J (01, ey Ony)) = p(J (01, ey Ony—1))-

For1l <n <ng—1and (o1,..,0,) € Dy, let

/L(J(O'l,..,O’n)) = Z /J’(J(Ulv"7Un70n+17"'70n2—1)-

Un,...,an2,1€{1,...,a}

Thus, we have defined the measure y for intervals J(o1,...,0,,) whenn € {ni,...,na}.
Inductively, we may define x in J(o1,...,0,) for n > ng using the same procedure:

define it for J (o1, ..., op, ., 1) in terms of u(J (o1, ..., 0n,)) by

1 dmyy1.5(@)
J(o1,...,0 —1)) =u(J(o1,...,0 .
M( ( ! Tt 1)) H( ( ! nk)) (Bmk+1qznk+1(0'nk+la...,O'nk+11))

This allows us to define for example p in the intervals of the form J (o1, ..., 05,—1) from

the definition of p(J(c1, ..., 0n,)). Now we define it for J (o1, ..., 0p, ) by

1
B

p(J (o1 ey Ony ) = p(J (o1 ey Ony 1))

Finally, we define p for any n;, < n < ny41 — 1 by

(I (01, s 00)) = 3 H(T(O1s ooy Oy Ot 1 s g1 1))

Un+1»"'7Unk+1—l€{1>"'7a}

This completes the inductive definition of 1 on every interval of the form J(o) with o €
\U,, Dn. By the Kolmogorov extension theorem, ;. extends to a probability measure sup-

ported on E,(B). Note that with this definition, it is possible to write p(J (o1, ...,05))
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in terms of u(J (o1, ...,0p,)) with ny_; < n < ny, which has a simple form given by

k 1 1 dmj,B(a)
M(J(Ulu ---aUnk)) = H [an] ( 2 ij> .
o G

Let0 <t < dp(a)and e = %. Then, according to the calculations of [WWO08, see
(33), (34), (35)], there exists a constant ¢y € R, such that

w(J(o1y.yon)) < colJ (o1, .., Un)‘t_26

for every n large enough.

Now we estimate u(B(z,7)) for small » > 0. Recall the bounds for the intervals

J(o1,...00) given by

1
G(017"'70n) > %’J(Ula'wo—n” lfn#nk_la

~ 1
G(o1,...,op) > §|J(01, op)| ifn=mn;—1.

For k¢ large enough, take r, = minlgjgnko MiN(,, . 0.)eD; G(o1,...,05). Fixx € E,(B)
and 0 < 7 < rg. The construction is similar to geometric construction done in chapter
one, were we constructed Moran Covers: there exists a unique sequence (01, 09, ) €

NY such that = € J(01,09, ..., 0%) for every k > 1 and such that

G(01, .y On—1,0p) < T < é(al, ey Op—1)

for some n large enough. This says that B(z, ) can intersect just one interval J (o) with

o € Dy, in this case, J(o71, ..., 0p).

In order to obtain a sharp bound for p (B(x,r)), it is necessary to analyze the cases
whenn =n; —1,n = ni—2and n # ni — 1, n;, — 2. This is due to the lack of uniformity

of the definition of ; on the intervals J(¢) for different lengths of o.
We study now the case n = n;, — 1 for some k large enough. There are two subcases:

If » < |I(o1,...,0p,)|: in this case, B(z,r) can intersect at most four intervals .J(o)
with ¢ € D,, . These intervals are I(oy,...,0p

I(o1,...,0n, +2). Then, we have that

. — 1), I(o1,...,0n,), (01, ...,0n,+1) and

w(B(z,r)) <4p(J(o1,...,0n,-1)) -
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Using the estimates for u(J (o)) and G(o), we get

w(B(x,r)) <4d-co-|J(01,.ey ank_l)\tﬁs

S 8. co- Q- ‘6(0'17 ceay O_nk—l)’t_25

§8-co-a-rt_2‘€.

In the other cases, it is also possible to prove that
w(B(z,r)) < b2
which implies that

i inf 108 w(B(z,r))

>t — 2e.
r—0 logr

By Proposition 1.31, we conclude that dimpy E,(B) > t — 2e = 2t — dg(«). Since t <
dp(a) is arbitrary, letting t — dp(a) we get that dimy E(B) > dimpy Eo(B) > dp(a).

Finally, letting o« — oo, we conclude dimy E(B) > dp.

4.3 Proof of theorem 4.4

As a corollary of Theorem 4.7 and 3.30, we finally obtain:

Corollary 4.9. The function B — dimp (E(B)) defined in the interval (1/2, 1) is real analytic.

Proof. The function (¢, B) — P(—tlog|BG'|) is real analytic on each variable on the
range t > 1/2 and B > 1. The result follows from the implicit function theorem, once
the non-degeneracy condition is verified. But note that applying the formula for the

derivative of the pressure function we obtain

0
ap(itlog|BG,|)|(to,Bo) = /to 10g|B0G/|dﬂt0,BO 7é 0,

where 1, g, is the equilibrium measure of the potential —¢¢ log |ByG’|. u

Corollary 4.10. The function B — dimpg (E(B)) is strictly decreasing.

Proof. Just note that dimy (E(B)) = sp is defined as the solution of the equation

P(—tlog|G'|) = tlog B.
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The result follows from the fact that the function ¢t — P(—tlog|G’|), when finite, is
strictly decreasing. [ |

Corollary 4.11. We have that

1
li = —and i =1.
pon P T M g

Proof. The result follows from the fact that lim,_,; , P(—tlog|G’|) = oo and that P(—log |G']) =
0 |

This completes the description of the function B — dimpy F(B).

4.4 What to do next?

We finish this work presenting possible future directions to improve this work and

establishing additional connections with other problems.

The first objective is to find a proof of the bound dimy E(B) > dp in terms of the limit
measures obtained from the equilibrium states of the approximated pressure. The idea
should be to produce a measure supported in E(B) by taking equilibrium measures in
the procedure done in the first part of the proof of Theorem 4.4 and then taking a limit

under certain conditions. We believe that this should produce a cleaner proof.

In a recent article, Seuret and Wang [SW15] considered the sets!

A(f) = {2 1€ Gy 00 6un ([0, 1]) 1 |2 — (Buno..000, )" (@) < eI @ 10}

where & = {¢; : i € A} is a conformal countable iterated function system and f :
[0,1] — R a function satisfying a bounded distortion property, and they showed that

the Hausdorff dimension satisfy a Bowen type equation
d = dimy A(f) = inf{t > 0: P(—t(log|®~'| + f)) < 0}.

In our setting, we get the sets

1

A(B) ={z €0.1]: | = C"(@)| < gregayy

i.o.},

IThe paper actually treats the multidimensional case, but for our purpose it is enough to consider the
one dimensional case.
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having dimension
d=dimyg A'(B) = inf{t > 0: P(—tlog|BG’|) <0} = dp.

As noted in [SW15], the points in A(f) are infinitely recurrent with weight f, and the
result can be understood as a quantitative version of the Poincare’s Recurrence Theo-
rem. It is worth noting that the set A’(B) have the same dimension as the set E(B), so
the natural question arises: is there any natural relation between these two sets? We

intend to work on this question.
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