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Abstract

Given a discrete dynamical system T, one can ask what the time average of the system will
be, that is, what is the average position of T"(x) for large n? Birkhoff’s ergodic theorem,
one of the most important results in ergodic theory, says that for an ergodic system on a
finite measure space, the time average will in the limit as n — oo be equal to the space
average for almost all initial values z. In this thesis we study time averages of a dynamical
system T : [0,1] — [0,1] that depends on a parameter «. We show that there are values of
a for which the points z, T(z), T%(z),. .. are equally often in the right half of [0,1] as on
the left half. We also show that for other values of «, the time average never converges,
but instead oscillates between being concentrated on the left and right halves of the unit
interval. In the process, we also prove the existence of an absolutely continuous invariant
ergodic measure for T'.
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Introduction

The study of dynamical systems arose as a way of describing systems in the real world that
evolve in time. Perhaps the first example is Newton’s classical mechanics, which uses differ-
ential equations to describe the movements of the planets. In this case time is continuous,
but if time is seen as discrete, a physical system can be modeled by a difference equation

Tn = T(xn71)7

where x,, is the state at time n and T is a function describing how the system evolves from
one time point to the next.

In the field of ergodic theory, one is interested in the typical long-term behaviour of dy-
namical systems, not the exact behaviour of every single point. A good example is the
ergodic hypothesis: the time spent by a system in a given region of the state space is pro-
portional to the volume of this space. For example, the hypothesis says that a gas molecule
in a room will be in the left half of the room one half of the time. The hypothesis was
proposed by Boltzmann in 1898 in the context of statistical physics. It turned out not to
be true for all physical systems, although it is often assumed to be true in statistical me-
chanics. A classical theorem in ergodic theory, Birkhoff’s ergodic theorem, gives conditions
under which the ergodic hypothesis is true. Ergodic theory studies statistical properties of
dynamical systems by using measure theory, which generalizes the concepts of size, length
and volume, and which is also the foundation of probability theory.

In this thesis we will study a specific dynamical system, and decide whether or not the
ergodic hypothesis holds. Our system is inspired by another, similar system that has al-
ready been well studied. It is often called the LSV map, because it was introduced by
Liverani, Saussol and Vaienti in [I]. It is a map f : [0,1] — [0, 1] depending on a parameter
« > 0 and defined by

z(1 4 2%z%) ifo<ax<1/2

flz) = : :

2r — 1 if1/2<zx<1

The LSV map is a special type of the so-called Pomeau-Manneville maps, introduced in [2].

These maps have two continuous branches, a fixed point at z = 0 and a derivative which
is greater than 1 except for f/(0) = 1. The initial reason for studying them in [2] was that
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they model the behaviour of fluids in the transition to turbulence.

The LSV map has a nonlinear left branch and an expanding linear right branch. A similar
system, but with two nonlinear branches, is the following:
T(z) = (14 2%2%) ifo<axz<1/2
11 —2)A+2%01-x)*)  if1/2<z<1’

The left branch of T is the same as the left branch of the LSV map. But instead of a linear
right branch, the right branch of T" is a mirrored version of the left branch. We will call
T the symmetric LSV map. The main question this thesis will answer is: as T is iterated
many times, will the points x, T'(z), T?(z), ... be evenly spread out on the unit interval, or
will they be more concentrated on the left or right part of it? We will prove that for some
values of «, they are distributed evenly, but for other a’s, the distribution changes with

time, oscillating between being concentrated on the left part and being concentrated on the
right.

The thesis assumes no knowledge of ergodic theory, or of measure theory. In the next
chapter the basics of measure theory are presented, including the Lebesgue integral. The
next chapter presents the basics of ergodic theory. The fourth chapter is about the existence
and properties of a measure that is preserved by the symmetric LSV map. In the fifth chap-
ter we use the properties of this measure to determine how the points z, T'(x), T?(z), . . . are
distributed.
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Measure theory

The purpose of measure theory is to formalize notions of size, length and volume. Besides
being used in ergodic theory to study dynamical systems, it is the basis of Lebesgue integra-
tion, a generalization of Riemann integration, and of probability theory. A more thorough
reference, as well as proofs of the theorems presented here, can be found in [3] or [4]. We
start with the most natural way to measure the size of a set in R"™, the Lebesgue measure.

2.1 Lebesgue measure

Since we will only study transformations on the real line in this thesis, we will only consider
the Lebesgue measure on R, although it can easily be extended to higher dimensions. We
already know what the natural measure of an interval I is: its length |I|. The Lebesgue
measure of an interval is indeed its length, but it also assigns a measure to more complicated
sets. It does this by approximating a set A with a countable union of intervals. If a sequence
Iy, 15, ... of intervals covers a set A, and if it barely covers anything else, then the measure
of A should approximately be the sum of the lengths of the intervals.

Definition 2.1. The Lebesgue outer measure of a subset A of R is the number

A*(A) = inf {Z [Ix| - A C U I, and all I;, are bounded intervals} .
k=1 k=1

Lebesgue outer measure is not exactly the same as Lebesgue measure. The outer measure
is defined for all subsets of R, but we do not actually want to be able to measure every
subset. A property that a measure should satisfy is the following: if we partition a set A
into countably many disjoint subsets, then the measure of A should equal the sum of the
measures of the subsets. This is not true for the Lebesgue outer measure A*. The solution
to this problem is to define which sets can and cannot be measured. A set A in R is called
Lebesgue measurable, or just measurable, if for every € > 0, there is an open set G,
such that

ACGeand M'(G\ A) <e.

In other words, the measurable sets are those which can be well approximated by open sets.
Most or all sets in R that we would call “normal” are measurable, including the following
kinds of sets.
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Theorem 2.1. The following kinds of sets are Lebesgue measurable:
e R and the empty set

e Open sets

A countable union of measurable sets

A countable intersection of measurable sets
o The complement of a measurable set
Now we can define the Lebesgue measure on R.

Definition 2.2. For a Lebesgue measurable set A in R, the Lebesgue measure A(A) is
defined by A(A) = A*(A).

The main reason for working with the Lebesgue measure, rather than the Lebesgue outer
measure, is that the measure of a disjoint countable union is the sum of the measures of the
sets in the union. This is true for the outer measure only for finite unions.

Theorem 2.2 (Countable additivity). If (4,,)22, is a sequence of disjoint measurable sets

in R, then
A (U An> =3 AM4y).
n=1 n=1

2.2 General measure spaces

We will in this thesis work with other measures than the Lebesgue measure. When defining
a measure on a general set X, there are two things to consider: which sets do we want to
measure, and how should they be measured?

The collection of measurable sets should satisfy the following: if we can measure a set,
then we can measure its complement, and if we can measure a countable number of sets,
then we can measure their union and their intersection. With these requirements, the mea-
surable sets form a so-called o-algebra.

Definition 2.3. Let X be a nonempty set. A collection S of subsets of X is called a
o-algebra if

(1) S is nonempty,
(2) S is closed under complements: if A € S, then A° € S,

(3) S is closed under countable unions: if {A4,}52, is a collection of sets in S, then

U, A, €8S.

Since S is nonempty, it contains at least one set A. Hence it must also contain A°¢ and
AUA° = X, and X¢ = @. Moreover, properties 2 and 3 imply that S is closed under
countable intersections, because if {A4,}22  is a collection of sets in S, then

ﬁ A, = (G A;) €Ss.
n=1 n=1
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Two trivial o-algebras that exist for any X are S = {&, X} and § = P(X), the power set
of X. According to theorem the Lebesgue measurable sets form a o-algebra in R.

If we have a o-algebra & on X, and want a o-algebra Sy on a subset Y of X, then we
can easily get it by
Sy ={ANnY:AeS}

In this way, we can define the Lebesgue measurable sets on a proper subset of the real line,
for example an interval.

Given a o-algebra S, we can define a measure on S. The main property that it should
have is countable additivity, which is what theorem guarantees for the Lebesgue mea-
sure.

Definition 2.4. Let S be a o-algebra on a set X. A function u: & — [0,00] is called a
measure on S if

(1) pu(2) =0,

(2) p is countably additive: if {4,}22, is a collection of disjoint sets in S, then

12 (U An) = ZN(ATL)-
n=1 n=1

The triple (X, S, ) is called a measure space, and the sets in S are said to be mea-
surable. An example of a measure, besides Lebesgue measure, is the Dirac measure d,, on

P(X), defined by
1if A
51(14) _ 1L xre .
0 otherwise

This works for any o-algebra on any set. Another example is the counting measure ¢ on
P(X), which counts the elements in a set, meaning ¢(A) is the number of elements in A if
it is finite, and ¢(A4) = oo if it is infinite.

We say that a measure p is finite if u(X) < oo. If u(X) = 1, then we call u a prob-
ability measure. Of course, any finite measure can be made into a probability measure by
rescaling it. If X is a countable union of measurable sets of finite measure, then y is called o-
finite. For example, the Lebesgue measure is o-finite, but the counting measure on R is not.

A set of measure zero is called a null set. In measure theory and ergodic theory, many
results only hold once one discards a null set from the measure space. A property is said
to hold p-almost everywhere, or just almost everywhere, if all points that do not have the
property are contained in a null set. If y is a probability measure the property is said to
hold almost surely. When one describes ergodic theory as the study of typical long-term
behaviour, one means behaviour that almost every element in the set follows, in this sense.

Suppose (X, S, u) is a probability space, and Aj, As, ... is a sequence of of events in the
space. The event that infinitely many of these events happen can be written

hmsupA m U A,.

n=1k=n
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An element belongs to this set if and only if it belongs to infinitely many A,’s. The Borel-
Cantelli lemma is a well known result about whether or not infinitely many events in a
sequence happen.

Theorem 2.3 (Borel-Cantelli lemma). Let (A,)52, be a sequence of events in a probability
space (X, S, ).

1. If

N’(An) < 00,
n=1

then p (limsup 4,,) = 0.
2. If

and the events are independent, then p (limsup A,) = 1.

Since the Borel-Cantelli lemma was proved, mathematicians have tried to come up
with less restrictive conditions than independence for the second part of the lemma. It is
well-known that the sets do not need to be independent, only pairwise independent. In the
context of dynamical systems T, the sets A,, are often of a specific kind: a sequence (B,,)52,
is given, and one wants to know if the events A, = {T"(x) € B, } happen infinitely often.
Independence of the sets A,, is usually too much to hope for in this case, but it might be
enough that they get closer and closer to independence, that is, u(A, N Ay) — p(An)u(Am)
tends to 0 fast enough as |n — m| gets large. Both the classical Borel-Cantelli lemma and
one of its generalizations will be used in chapter 5.

2.3 The Lebesgue integral

The first way one learns how to integrate a real-valued function is by the Riemann integral.
It is done by approximating the area under a curve with Riemann sums with respect to a
partition of the function’s domain. By contrast, the Lebesgue integral instead partitions
the function’s range. It is defined with respect to a measure, and when that measure is the
Lebesgue measure, the integral is an extension of the ordinary Riemann integral to many
functions that are not Riemann integrable. We will not go into the details of the properties
of the Lebesgue integral in this thesis. We will simply define it, and later use some well-
known properties of it when we need them.

Take a function f : A — B as an example, where A and B are intervals on the real line.
Partition B into disjoint intervals By, Ba, ..., By, and set A, = f~1(By) for k =1,2,... n.
On each interval By, let aj, be the smallest number in By. For any set .S, define the indicator

function
1 ifzeS
Ig(x) =
s(@) {0 ifrds
Then the function

s(x) = Z arlla,
k=1
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approximates f from below, and it is a finite sum of functions that are constant on a subset
of A and zero outside of it. When the sets Aj are measurable, such a function is called a
simple function. We will use approximations by simple functions to define the Lebesgue
integral.

The Lebesgue integral is not defined for all real-valued functions, but only for the so-called
measurable functions. A function f is said to be measurable if the set

{z: fz) <a}

is measurable for every real number a. One good reason for only considering such functions
can be found in example above, where we approximated the function f by a simple function.
The sets A needed to be measurable, and this requires f to be measurable.

For a measurable set A, the integral of an indicator function I4 with respect to a mea-
sure p is defined as

/MM:MM~
For a simple function, we define the integral as
/ (Z akHAk) dp = Z (ak/]IA,cdu> = Zak,u(Ak).
k=1 k=1 k=1

Simple functions do not have a unique representation as a sum of indicator functions, but
it turns out that the integral does not depend on the representation.

The integral of a non-negative measurable function f is defined by

/fd,u:sup{/sdu:sis simple andsgf}.

But we would of course like to be able to integrate functions that take on negative values
as well. For an arbitrary measurable function f, split it into f = f* — f~, where fT(z) =
max (0, f(x)) and f~(z) = max(—f(z),0). Then f* and f~ are non-negative and we can

define
[ tin= [ rrau= [ an

provided both integrals on the right hand side are finite. If so, we say that f is integrable,
otherwise we say that it is non-integrable. The integral of f over a subset A of the measure

space is defined by
[ fdu= [1a-sa
A
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Ergodic theory

Ergodic theory uses the tools of measure theory to study statistical properties of dynamical
systems. We start with some background on the theory of dynamical systems not involving
measure theory; for more background on this, see [5]. Then we introduce the ergodic theory
of dynamical systems. More on this can be found in [3].

3.1 Discrete dynamical systems

A discrete dynamical system is a set X together with a transformation 7" on X, that is, a
mapping T : X — X. We should think of T' as describing how the points in X move in
discrete time steps. If, for example, a particle in a room is in position x at time 0, then
after one time step it will be at T'(z), and after two time steps, it will be at T?(z), and so
on. The set {z,T(z),T?(x),...} is called the forward orbit of z.

If a point p satisfies T(p) = p, then we call p a fixed point. This is because, once the
orbit reaches p, it will stay there forever. A natural question to ask is: if we start the
system close to a fixed point, will the orbit converge to the fixed point, or will it go away
from it? We will restrict X to being a subset of R, so that we can talk about distances and
use the derivative.

Definition 3.1. A fixed point p is called Lyapunov stable if for all » > 0, thereisa § > 0
such that if | — p| < J, then

|T*(z) —p| <r forall k > 0.

A fixed point p is called attracting if p is Lyapunov stable and there is a §; > 0 such that
if |z — p| < 41, then

i [77(x) | = 0.
A fixed point p is called repelling if there is an 71 > 0 such that if  # p and |z — p| < rq,

then there is a k > 0 such that
| T*(z) —p| > 7y

Theorem 3.1. Let I be an interval in R and let T be a continuously differentiable function
from and to I. Let p be a fixed point of T'.



3. ERGODIC THEORY 10

(1) If |T'(p)| < 1, then p is attracting.
(2) If IT' (p)| > 1, then p is repelling.

Note that the theorem says nothing when |f'(p)| = 1. In this case p is called a neutral fized
point.

Proof. (1) We will use the mean value theorem to show that, if the initial point is close
enough to p, then it will get closer and closer as we iterate. Pick a § > 0 such that
|T'(z)] < A < 1if |z —p| <9, for some . Also pick an initial point = € (p — §,p + 9).
According to the mean value theorem,

T(x) = pl = T"(§)] - |« — pl
for some ¢ strictly between x and p (here we used that T'(p) = p). Since |T"(£)| < A,
T(x) = pl < Alz —pl.
And since A < 1, T(x) also lies in the interval (p — d,p + 6). Now we can repeat the
argument, substituting T'(z) for x, which gives
T%(x) = pl < A|IT(2) = p| < \|z —p|.

Continuing in this way, we get

[T"(2) —pl < A"|z = pl

for all n > 0. Lyapunov stability follows because A" < 1, and attraction follows
because A" — 0 as n — oo.

(2) Since |T'(p)| > 1, there is a § > 0 and a A such that [T7(z)] > A > 1 for all © €
(p—6,p+6). We can use the same argument as for part 1 to show that, as long as
T™(z) stays in (p — d,p + 0),

|T"(x) — p| > A"|z — p|.
But this cannot continue forever. At some point A™ |z —p| must lie outside (p—4, p+9),

and thus p must be repelling.
O

3.2 Measure-preserving transformations

Let (X, S, 1) be a measure space and let T be a transformation on X. In the field of ergodic
theory, one works with measurable transformations, transformations 7' such that T—1(A)
is a measurable set whenever A is a measurable set.

Definition 3.2. If T is measurable and pu(A) = u(T~1(A)) for every measurable set A,
then T is called measure-preserving and p is called T-invariant.

For a measure-preserving transformation, the measure
p(T(A)) = p({z : T"(x) € A})

does not change with time, so the intuition is that, as T acts on all the points in X, the
measure of the points lying in A at a given time is always the same. The following theorem
gives another characterization of measure-preserving systems, which we will find useful in
this thesis.
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Theorem 3.2. A transformation T on a measure space (X, S, p) is measure-preserving if

and only if
[ootau= [ an

for every u-integrable function ¢ : X — R.

Proof. For the ’if-part, take a measurable set A and let ¢ = I 4. Note that [4oT = Ip-1(4).
If the integrals of T4 o T and I 4 are equal, then

p(A) = [Ladu= [ Lo Tdp = [ 1rscadn = (e~ (4),

For the ’only if’-part, we start by proving it for characteristic functions. If T' preserves u,
then for any measurable set A,

/HAdu = p(A) = wW(T~1(4)) = /HTfl(A)du = /HA o T'dp.

By linearity of the integral, the result also holds for all simple functions. For a non-negative
function ¢, we use the fact that there exists an increasing sequence (¢, )22 ; of simple function
converging pointwise to ¢. For each of these, we have

/ bndp = / bn o Tdy.

Taking limits on both sides, and switching the order of the limit and the integral using the
Monotone Convergence Theorem, we get

/¢du:/¢onu.

For a general u-integrable function ¢, the result holds for the positive and negative parts of
¢ separately, and so it holds for ¢ as well. O

3.3 Ergodic transformations

One of the most important concepts in ergodic theory is ergodicity. It captures the notion
of a transformation T : X — X that moves X around enough so that you cannot divide
X into two parts and study the system separately on those parts. If there was a proper
subset A of X such that T-1(A) = A, then T restricted to A would be a transformation, as
would T restricted to the complement A°. Therefore, all there was to know about 1" should
be possible to learn by studying those two restrictions. Ergodicity means that this cannot
happen, except possibly if A or A€ is a null set.

Definition 3.3. A measure-preserving transformation T is called ergodic if for all mea-
surable sets A, T~ 1(A) = A implies u(A) = 0 or u(A°) = 0.

Then next theorem gives some different characterizations of ergodicity. It also involves
the concept of recurrence, which we will just briefly explain. A transformation 7" on a
measure space (X, S, u) is called recurrent if for every set A of positive measure and almost
every © € A, there is an n > 0 such that 7"(x) € A. There is a famous theorem, called the
Poincaré recurrence theorem, which says that any measure-preserving transformation on a
finite measure space is recurrent. Thus in the finite case, the result below need not mention
recurrence. However, it also covers the o-finite case, when recurrence is not automatic.
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Theorem 3.3. Let (X,S, 1) be a o-finite measure space and let T : X — X be a measure-
preserving transformation. Then the following are equivalent:

1. T is recurrent and ergodic.
2. For every set A of positive measure, p(X \ U,—, T~"(A)) = 0.

3. For every set A of positive measure and for almost every x € X there is an integer
n > 0 such that T"(x) € A.

4. If A and B are sets of positive measure, then there is an integer n > 0 such that
T-"(A)NB # @.

5. If A and B are sets of positive measure, then there is an integer n > 0 such that
w(T~"(A)NB) > 0.

One of the most important results in ergodic theory is the Ergodic theorem. It comes in
some different forms, but we will use the one proven by Birkhoff. If (X, S, ) is a probability
space, T is a transformation on X and f is an integrable function, then we can define the

time average
n—1

LY AT )

k=0

/fd,u.

For general transformations, these need not be related, but according to Birkhoff’s ergodic
theorem, if T is ergodic, then the time average actually approaches the space average as
n — oo. In other words, ergodic transformations on a probability space satisfy the ergodic
hypothesis.

and the space average

Theorem 3.4 (Birkhoft’s Ergodic Theorem). Let (X, S, u) be a probability space and let T
be a measure-preserving transformation on (X, S, u). If f : X — R is an integrable function,
then the limit

n—oo N

tim L3 (7 @)
k=0

exists for almost every x € X. Denote this limit by f(x) Moreover,

/X fp = /X F.

If T is ergodic, then for almost every x € X,

There is an obvious reason for why non-ergodic transformations cannot satisty the ergodic
hypothesis. If there is a set A such that u(A4) > 0, u(A¢) > 0 and T-1(A) = A, then the
orbit of an & € A never reaches A, so the time average for f = 4 is zero, and cannot get
close to the space average u(A°).



4

The symmetric LSV map

The main topic of this thesis is the symmetric LSV map T : [0,1] — [0, 1], depending on a
parameter « > 0 and defined by

Tle) — (1 +2%z%) ifo<z<1/2
(@) = 1—(1—2)(1+2%(1—2)*) if1/2<z<1’

Its graph is shown in figure for « = 1. (In the future when figures are shown, it will
always be with a = 1, if nothing else is mentioned. It does not really matter, because the
figures will look qualitatively the same if we change «.) It has two fixed points, 0 and 1.
The map is symmetric in the sense that T(1 —z) =1 — T'(z). The derivative of T is this:

Py [ 2@ e fo<e<1/2
14+2%a+1)(1—x) ifl1/2<zx<1

The fixed points are neutral, i.e. 77(0) = 7"(1) = 1, so theorem cannot tell us anything
about their stability. However, the derivative outside the fixed points is greater than 1, so
they are actually repelling. This means that the system will not behave in an uninteresting
way, that is, it will not simply converge to one of the fixed points. In the next chapter we will
study how the points x, T'(x), T?(x), ... are distributed along the unit interval. But first, we
will investigate the existence of a certain kind of invariant measures for T, called absolutely
continuous measures. Proving that such a measure exists, and determining what properties
it has, is interesting in its own right, but it will also help us when studying time averages of T'.

A measure v is said to be absolutely continuous with respect to another measure u,
defined on the same measurable space, if u(A) = 0 implies v(A) = 0. According to the
Radon—Nikodym theorem [4], if v is absolutely continuous with respect to p and the space
is o-finite, then there is a measurable function h, called the density of v, such that

V(A) = /Ahd,u

for all measurable sets A. We will use a result of Rychlik [6] about the existence of absolutely
continuous invariant measures for certain dynamical systems. Rychlik’s result requires the
transformation to have two important properties, that we define here.

13
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17(2)

0.5+

Figure 4.1: Plot of the function T for @ = 1.

Definition 4.1. A transformation 7" : [a,b] — [a, b] is called piecewise expanding if [a, b]
can be partitioned into a finite or countable set of intervals {I;} such that T is differentiable
on the interior of each I;, and there is a constant A > 1 such that |7”| > X on the interior
of each I;.

Definition 4.2. Let f : [a,b] — R. The variation V(f) of f is defined as

V(f)sup{Zf(:ckH)f(:ck)|:a§x1<z2<...<xn§b}.

k=1

A function is said to have bounded variation if V(f) < oo, and the set of functions
f i [a,b] = R of bounded variation is denoted BV ([a, b]).

The variation of a function f measures how much a point moves in the vertical direc-
tion as it is moved along the graph of f. If f oscillates a lot, then it will have a large variation.

Now we can state Rychlik’s result.

Theorem 4.1 ([6]). If T is a piecewise expanding transformation with 1/T" of bounded
variation, then there exists a T-invariant probability density.

This theorem cannot be directly applied to the symmetric LSV map T, since 7" = 1 at
the endpoints. What we will instead do is apply it to what is called the induced map on a
subinterval of [0, 1].

4.1 The induced map

The domain of the induced map is the subinterval Y = [a, b] centered around 1/2 that is
shown in figure We choose the endpoints such that T'(a) = b and T'(b) = a. We first
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0.5+ 7

Figure 4.2: The points ¢ and b that are the endpoints of the interval of the induced map.
They are defined by T'(a) = b and T'(b) = a.

define the hitting time function R by
R(z) = min{n € Z* : T"(z) € Y}.

In words, this is the first positive time 7 at which 7™ (z) belongs to Y. This makes sense for
all z € (0,1) \ {1/2}, but when = € Y we call it the return time, hence the letter R. Then
we define the induced map F : Y — Y by

F(z) = TE®) (z).

Technically, F(1/2) is not well-defined, so if we want to be precise, then we should take
out 1/2 from Y. The graph of F' is shown in figure To understand why F' looks like
this, we need to look at the graph of T in figure irst, F(a) = b and F(b) = a, and
R(a) = R(b) = 1. Now let 1 = b. If x € Y is very close to x1, then R(z) = 2 and F(x)
is very close to b. As z decreases, R(x) will keep being equal to 2, and F(z) will decrease
continuously until  reaches a value xo for which F(z2) = a. For z close to but less than
x2, R(z) = 3 and F(x) is close to b. Decreasing x again, R(z) will keep equaling 3, and
F(z) will decrease until x reaches a value xz3 where F(x3) = a. As z approaches 1/2 from
b, there will be infinitely many of these discontinuities z;, and R(z) =i + 1 on the interval
[%iy1, ;). Write
Ai = [Tig1, 74).

To see that there are infinitely many A;, we can observe that

lim R(x) = oo.
z—r1/2+

If there were only finitely many A;, this limit would be finite. To the left of 1/2 the same
thing happens, giving a corresponding sequence of intervals. So Y has a countable partition
P, such that F is differentiable inside each interval of P.
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Figure 4.3: The graph of the induced map F'.

We will now introduce a partition of X \ Y as well, related to P. It will turn out to
be important for two things: to prove that F' has an invariant measure which is absolutely
continuous with respect to the Lebesgue measure, and to determine the finiteness of such
a measure for T. Consider just the interval [0,a], as the partition will be mirrored on the
right side of Y. Let

L ={x€[0,a): T(z) €Y} and (4.1)
Ity ={z€0,a): T(z) € I,} forn>1. (4.2)

Then {I,}22, is a sequence of intervals that form a partition of (0,a). By definition,
T(I,+41) = I,. Moreover, the hitting time of an « € I,, is R(xz) = n. The right endpoints a,
of I,, form a sequence defined by

a1 = a,
ani1 =T (a,)N[0,a] forn > 1.

-1/«

This sequence decreases at the rate n , as the following lemma shows.

Lemma 4.2. Let 0 < z; < 1/2, let T be the map T restricted to [0,1/2), and let x, 1 =
T~Y(zy,) for n > 0. Then there are positive constants c¢; and cy such that

-1/« 1/

cn <xp < con

for all m > 0.

Proof. We begin with the inequality z, < con~!/®. The proof of this is mostly the same as
the proof of lemma 3.2 in [I]. Let us use induction. By picking a ¢y > 1, the inequality
becomes true for n = 1. Now assume z, < con~ Y. TIf the inequality does not hold for
n+ 1, then x, 1 > co(n + 1)~1/*, implying that

T = T (14222, 1) > co(n+ 1)V (1+ 2% (n+1)71).
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The aim is now to arrive at a contradiction. Combining z,, < con~ Y with the line above,
we get
2%cY
ne > (n41)"Ve <1 + 2) :
n+1

or equivalently,

1 1/a 2
<1+> 14+ -2
n n+1

Subtracting 1 and multiplying by n + 1 gives

1/«
1
((1+n) —1) (n+1) > 2%%,

(TL + 1)1/a _ nl/a
nl/a
The numerator on the left hand side of (4.3) is of the order nt/@=1  This means there is a

constant K such that (n + 1)/ —nl/® < Kn'/*=! for all n > 1. Inserting this into (4.3))
gives

or

(n+1) > 2%%. (4.3)

Kn—i—l

> 2%c§.
But this is a contradiction if we let ¢y > 21/@-1 K1/

For the inequality ¢;n~'/® < z,, we can proceed in the same way as we just did up to
(4.3)), except that we substitute ¢; for ¢ and reverse all inequalities. We then pick a K such
that (n 4 1)/® —n/® > Kn'/*=! for all n > 1. Then

n+1

K < 2%f,

which is a contradiction if ¢; < K/ /2. O

It will be convenient to have a short piece of notation for when two sequences grow at
the same rate. If a(n) and b(n) are sequences, and there are positive constants ¢; and cg
such that

a(n)

1 < 7 < e,

= b(n)
we write a(n) ~ b(n). If only the upper bound holds, we write a(n) < b(n), and if only
the lower bound holds, a(n) 2 b(n). Lemma says that a, ~ n~/%. The lengths of the
intervals I,, can then be estimated as

.| = an — an+1 = T(ant1) — ape1 = QO‘azﬁ ~(n41)"1 Ve it (4.4)

Now on to showing that F satisfies the conditions of theorem We can use the chain
rule to show that F' is piecewise expanding. If z € A; (an element of P to the right of 1/2),
then F(z) = T""(x). Using the chain rule several times gives

Fl(z) =T (T"(2)) - T"(T" () - ... - T'(T(z)) - T'(z).
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Each of these derivatives is at least 1. Moreover, T'(x) > T"(b), so F'(x) > T'(b) > 1. The
same argument applies to z < 1/2 as well, so F' is piecewise expanding. It remains to show
that 1/F’ has bounded variation. To do this, we will investigate some distortion estimates
of F'. A distortion estimate is a bound on how much the derivative of a map can vary within
a certain region, and such estimates are widely used in the study of dynamical systems.

4.2 Bounded distortion and Adler’s condition

The first distortion estimate we present is just a special case of a later one, but we need to
prove the special case first.

Lemma 4.3. The map F satisfies the following bounded distortion estimate: there is a
constant K such that for each I € P and for all z,y € I,

1 <F’(x)

KESTF =~

Proof. On I, F =T™" for some n. By the chain rule,
Fl'(zx) =T'(x) - T'(T(x))-...- T (T" ().

The arguments are the same on the right and to the left of 1/2, so let us assume I lies to
the right of 1/2. For 1 < i < n —1, T%z) € I,—;, where I,_; the interval consisting of
the points in [0, a] whose hitting time to [a,b] is n — i, and which was defined in (£.1)-(4.2).
Write I, = [ag+1, ax), and note that T'(agt1) = ax. Then since T” increases on [0, a],

Fl(z) T'(x) - T'(T(x))-...-T(T""(z))

Fily)  T'(y)-T'(T(y)) .- T(T"(y))

(37) T/( 1) (an,g) . ...~T'(a1)

T'(y) - T(an) - T (an-1) - ... - T"(az2)
)
)

IN

LT T@) iy
B T'(y) - ) <se[0p1]T( ) (2+ ) .

Setting K = (2 + a)?, we have proved the lemma. O

The next distortion estimate, Adler’s condition, was introduced by Roy Adler to show
the existence of invariant measures for various maps, see for example [7].

Definition 4.3. Let f : [0,1] — [0,1] be a piecewise C? function, i.e. there is a finite or
countable partition P of intervals of [0,1] such that f is twice differentiable on each I € P.
Then f satisfies Adler’s condition if there is a number L < oo such that

[ (x)
f(y)?

If f were piecewise linear, then the quantity above would be zero, and the condition
would be easily satisfied. And if f is not too far from being piecewise linear, the condition
should still be satisfied, so Adler’s condition is a measure of how close a function is to being
piecewise linear.

sup sup <L

IeP x,yel
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Lemma 4.4. The map F satisfies Adler’s condition.

Proof. Take an I € P and two points x,y € P. On I, F = T" for some n, so we need to
calculate the second derivative of T™. The chain rule and the product rule give

Tn // <HT/Tz> x niT/Tz HT/Tz
i=0 E=0
- ZT” (T(x HT’ (T9(z HT’(Tl(:r)) - ZTI,/(;” HT’ (T9(z
j=0 E=0 i=0 j=0
Using this and lemma [£:3]
F'() _ iy T(T(@))/T'(T(x)) - F'(x) - TI;—o T' (T (x))
Fr(y)? Fr(y)?
K. Yty T'(TH (@) /T (T () - TIi= T'(T7 ()
- F'(y)
iy T'(T"(x) — 1
<K — T'(T%(x) H "(Tk(x
S Cn—l 1

(Tm=)(T" ()

for some constant C, since T”/T" is bounded. Let us now assume z > 1/2; the situation
would be symmetrical if + < 1/2. The point T*(x) lies in the interval I,,_;. We have
T "(I,—;) = [a,b), so by the mean value theorem, there is a point &; € I,,_; such that

b—a=(T"")(&) - Hn—l.

O

The argument in the proof of lemma can just as well be applied to 7% on Ij, meaning
that if =,y € I, then
k\/
10w
K = (T%)(y)
Hence (T4 (T%(x)) > (T"~")'(&)/K, and so

F"(z) — 1 I,_;| CKa
<CK ———— =CK
e < O & T Z<w*bw
where the last inequality is due to the Ij’s being disjoint intervals in [0, a]. O

Adler’s condition can be used to prove a stronger version of the bounded distortion in
lemma Let

n—1
{ﬂF IkGPfork_O,l,...,n—l}.

Then P,, consists of the continuity intervals of F™. The distortion estimate in lemma [£.3]
can be improved to hold for F™ on the sets of P,,, independently of n.
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Lemma 4.5. The map F has uniformly bounded distortion: there is a constant M such
that for alln >0, all I € P, and all x,y € 1,

1Y)
M= Fy S

Proof. The first step is to show that (F™)”(x)/(F™) (x) is bounded on I € P,,. Following
essentially the steps in the proof of lemma [.4] we get

(F )/ l‘ - F// Ft —
( l I’ Z F/ F’L =H

=0

We have shown that F is piecewise expanding, so F'(F¥(z)) > X for some A > 1. This and
Adler’s condition gives

(F™)"(x) = 1 =1 L\
A Y < LY — =

Using this bound, we have, if x,y € I € P,

1og(F”>'(“")\ [ log | (F")' ()] — log | (F") (4)]] =

[,

(F™) (y) (Fm)' (1)
<sup]m - / (F")’(t)dt‘ < P2 pe) - )
LA

< —.

a1
This means that (_ I\ ) < (F"Y (2) < (LA)

PN Fy P 0=
proving the lemma. O

Using Adler’s condition and bounded distortion, it is easy to prove that 1/F” has bounded
distortion, as shown in [8]. Assume I € P and z,y € I. Then because of Adler’s condition
and bounded distortion,

L PP e ] PR
‘F’(m) Ff<y>H () F'(y) S/m F@F @) / F(s2  [F (@) F )"
< LK?|z —vy).

Ifx €I € Pand y € J € P, then because of bounded distortion and the mean value
theorem,

1 1 1
F@) F'<y>‘ : ’F%x)

Recall how variation was defined:

‘ 1 ‘ K1, K|J
+

F'(y)]  b—a Ry

N

V(1/F") :sup{z

n=1

1 J—
F'(an41) F'(an)

:a§a1<a2<...<aN§b}.
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Inside of a given interval I € P, the variation can be at most LK?|I|, because of the first of
the two observations above. The second observation means that each interval I € P may also
contribute at most 2K |I|/(b—a) to the total variation through terms |1/F’(ax)—1/F’(a+1)|
where one of a; and a1 lies inside I and the other lies outside. Adding the contributions
for each I € P, we get

V(1/F) <> LK+ 2K _ LK?*(b—a) +2K.
Iep b—a

Here we did not actually need uniformly bounded distortion, but it will be needed later on.

With bounded variation proved, the conditions of Rychlik’s theorem are satisfied, and
so F' has an invariant probability measure v, with a density h.

4.3 The density and the Perron—Frobenius operator

Rychlik proved theorem by methods of functional analysis, and one of the main tools he
used was the Perron—Frobenius operator, an operator that is commonly used to prove the
existence of invariant measures.

Definition 4.4. Let T be a piecewise expanding transformation. The Perron—Frobenius
operator Pr : L1(\) — L1()) is defined by

_ fy)
it = 2 il

The Perron—Frobenius operator is sometimes called the transfer operator. The usefulness
of the operator is that Prh = h if and only if A is a T-invariant density. This is well-known,
but let us prove it ourselves. Assume h is a density for the T-invariant measure . Then

for all measurable sets F,
/ h(z)dx = / h(z)dz.
E T-1(E)

Since T is piecewise expanding, the interval [0,1] can be partitioned into countably many
intervals Ay, Asg, ... (possibly a finite list) with disjoint interiors inside of which T is injective
(if T were not injective on some Ay, then 7" would have to be zero somewhere in Ay). The
map T' can therefore be divided into the maps T}, = T'|4,, which are injective. Integration
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by the substitution y = Tj(x) now gives

/Eh(a:)d:c = /Tl(E) h(zx)dx
:zk:/Tkl(E)hxdx
. M)
- ;/T,;(E) TG

T ()
B Z /EmTk(Ak) |T/(Tk 1(9)”

1)
- Z/ I TG

This last row is not technically correct, since T}, ' (y) does not exist unless y € Tj(Ax). But
we can easily get around this by extending T} ! to being identically zero where it would
otherwise be undefined. The next step is to interchange the sum and the integral. If the
discontinuities of T are finite in number then this is no problem, and if there are infinitely
many, then we can for example use the Monotone Convergence Theorem (see [4]). The

interchange gives )
) _
/. ( ~ 2 I e <y>>> =0

And since the set E can be any measurable set, the integrand has to be identically zero
outside of a null set. Thus

(T, (x) _ WTN@) hy)
= 2T T 2 ) A, T
T;l(z) exists

dy

Now we have shown that, if h is a T-invariant density, then Prh = h. For the converse, we
reverse the argument.

The Perron—Frobenius operator will be useful for us, for instance in the proof of the following
lemma, which says that the F-invariant density h is bounded away from 0 and oco.

Lemma 4.6. There are positive constants c¢1 and co such that ¢y < h < ca.

Proof. Rychlik showed in [6] that & has bounded variation, which obviously implies an
upper bound c;. The lower bound is what requires some work from us. The measure v is a
probability measure, which means that

/ab h(z)dz = 1.

Since h has bounded variation, the set of discontinuities of & is countable (see for example
[9] for a proof of this), hence a Lebesgue null set, and according to Lebesgue’s criterion for
Riemann integrability [3], i is thus Riemann integrable. The integral above can therefore
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be seen as an ordinary Riemann integral. That the integral of h is positive implies there
is a step function S < h that is greater than € > 0 on some entire interval I, which in
turn means that h(z) > € on I. So h is bounded from below on I, and the next step is to
somehow extend this to all of Y. We will use the Perron—Frobenius operator for this.

The partition elements of P, get arbitrarily small, so there is an n and a J € P, such
that J C I. Since F™(J) =Y, also F"(I) =Y. The measure v is invariant with respect to
F™ . according to the following calculations, where we use the F-invariance of v:

v((F")7HE) = v(F)(E)) = v((F")(E) = ... = v(F~H(E)) = v(E).

Hence £ is a fixed point of Pgn, meaning that

_ _My)
M= 2 TG

Since F™(I) =Y, at least one of these y’s lie in I. We therefore have the lower bound
c1 = ¢/ sup,e; [(F™)(y)|. Should sup, ¢ [(F™)(y)| = oo, then this would not work, but we
can make sure that the supremum is finite. According to the chain rule,

n—1
(F"Y () =[] F'(F' ().
1=0

If the closure of some F*(I), 0 < k < n— 1, contains the midpoint 1/2 we have the problem
of unbounded (F™)’, but then we could actually cut off a piece of F¥(I) so that there is
a positive distance between it and 1/2, and so that F™(I) still equals Y (this is possible
because F*(I) would have to contain infinitely many intervals of F’’s partition 7). This can
in turn be achieved by cutting off a piece of I. Thus (F™)" becomes bounded on I, and the
lower bound ¢; becomes positive. O

That h is bounded away from zero can be used to show that F' is ergodic with respect
to v. Assume there is a set A such that v(A4) > 0 and T-1(4) = A. Then the measure
v1 with density hy = h - 14 is also invariant. To see this, take a measurable set E and set
B=EnNAand C =Y\ A. Then

n(FHE)) = i (FH(B) + m(F(C)) = v(F~(B)) + 0 = v(B) = n(B) = n(E).

But lemma applies to any F-invariant density, meaning that h; must be bounded away
from zero. If v(A°) > 0 it is obviously not, so ¥(A¢) = 0, and F is ergodic.

Rychlik’s theorem does not say that the F-invariant density h must be unique, but it is
unique in our case — up to a Lebesgue null set of course. This follows from Birkhoff’s
ergodic theorem. Assume h; and ho are both F-invariant densities. Then since F' is ergodic
with respect to hy and ho, the time average must converge to

/Y i ()6 () = /Y ho ()6 () dar

for every function ¢ that is integrable with respect to both. Now assume there is a set
A with Lebesgue measure A\(A) > 0 such that hy(z) # he(x) for all x € A. Then either
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AnN{hs > ha} or AN{h1 < ho} has positive Lebesgue measure; assume the former. With
B = AN {hy > hs}, this means that

/th(a?)]IB(x)dx>/Yh2(x)HB(:r)dz,

but this contradicts the line above if we set ¢ = 1.

Let us summarize the facts about v.

Theorem 4.7. The measure v is the unique absolutely continuous F-invariant ergodic mea-
sure, and its density h is bounded away from 0 and oco.

4.4 Constructing the T-invariant measure

The process of inducing a system on a subset of the domain by using the return time R is
common in ergodic theory, as it is sometimes easier to find an invariant measure v for the
induced system. There is a standard way of using v to construct an invariant measure u of
the original system, which we will follow. It is described by Zweimiiller in [I0], where p is
defined in the following way (where we extend v to X by v(X \Y) = 0):

oo

wE)=> v({R>n}nT"(E)). (4.5)

n=0

If F is a Lebesgue measurable set in X, then

wTHE) =) v({R>n}nT " (E))

n=0

S v{R>n}nT™E)+ Y v{R=n}NT"(E))

=1

3

(B) = v(ENY)+ > v({R=n}nT "(E))

=uwE) —v(ENY)+v(F1(ENY))
= u(E),

proving that p is T-invariant.

|
=

We want to know for which « that p is finite. First, it follows from the definition of p
that u(Y) = v(Y) = 1. Next, let us calculate p(Iy), where {I}7°, is the partition of (0,a)
that was defined in (4.1)-(£.2). Recall that Ay is the interval in P to the right of 1/2 that
has return time k+ 1. Since T(Ag) C (0,a), and since R(I) = k, we must have T'(Ay) = Ii.
Moreover T (Iy11) = I, 80 T"(Apsk—1) = T" *(Lpyp—1) =T ?(Iysk_2) = ... = I}. This
implies, for n > 0, that

{R > n} N Tﬁn(Ik) ny = (G Al> N Tﬁn(lk) = Antk-1-
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Then
p(I) => v({{R>n}NT (1) = > v(Anik1) = Y v(An).
n=0 n=1 n=k

The lower and upper bounds on the density h mean that v(A,) ~ |A4,|, and the fact that
T’ is bounded between 1 and 2 4+ a means that |A,| ~ |T(A,)| = |I.| ~ n~ '~/ Thus
v(A,) ~n~'=1e and so

w(Ip) =Y v(Ay) ~ > nm e~ e
n=~k n=k

We have - -
X)) = p(Y)+2 ple) ~ 1+23 kY,
k=1 k=1

and we can see that pu(X) < oo if and only if a < 1.

The measure p is equivalent to the Lebesgue measure A, by which we mean that u(A) =0
if and only if A(A) = 0. To see this, first assume p(A) = 0. It makes no difference if 0 or 1
is in A, since they have zero measure, so assume 0,1 ¢ A. Set B=A\Y and C = ANY.
Because ply = v and v has a density bounded away from 0, we must have A\(C) = 0. For
B, set E = T7Y(B)NY. Then we have u(E) = 0, and A(E) = 0, again because of the
density h. The set E gets mapped to B by T', and T" maps Lebesgue null sets to Lebesgue
null sets, meaning that A\(B) = 0. (A function need not map null sets to null sets, but T
does, because it is Lipschitz continuous on the two halves of the unit interval.) Thus every
p-null set is a Lebesgue null set.

Now assume A(A) = 0, and set B = A\Y and C = ANY. Then p(C) = 0, again
because of the density h. Set E =T~!1(B)NY. Then T(E) = B (possibly excluding 0 and
1, which are both g and A null sets), and since T” is strictly positive and A(B) = 0, A(E) = 0.
Therefore u(E) = 0, and the T-invariance of u gives u(B) = 0, so u(A) = u(B) + u(C) = 0.
Hence p and A are equivalent.

The measure p is ergodic and recurrent. We can show this using theorem [3.3] which says
that ergodicity and recurrence is equivalent to the statement that if u(A) > 0, then for
almost every x € X there is an n > 0 such that T"(z) € A. Take an arbitrary set A of
positive measure. Fix a natural number k, and take an arbitrary point z with R(z) = k.
Then T%(x) € Y. Now assume (A NY) > 0. We know that F is ergodic with respect to
v = ply, which means that for p-almost every y € Y, F™(y) € A for some m > 0. And
since p is T-invariant, it is also true that for u-almost every x with hitting time k, there
is an m > 0 such that F™(T*(x)) € ANY, and hence an n > 0 such that T"(z) € A. If
u(ANY) =0, then replacing A with T-1(A)NY in the last two sentences again shows that
for p-almost every x € X with R(x) = k there is an n > 0 such that 7"(x) € A. Because
X\{0,1,1/2} is the countable union of the sets { R = k}, the same holds for p-almost every
reX.

Let us summarize the facts about pu.

Theorem 4.8. The measure p defined in (4.5)) is T-invariant, ergodic, recurrent and equiv-
alent to the Lebesgue measure. If o < 1 it is finite, otherwise it is infinite.
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Time averages of the symmetric
LSV map

In this chapter we are going to investigate how the points z, T'(x), T?(z), . . . are distributed
on the unit interval. To make this more concrete, we first introduce the function

1 ifa<1)2
¢(x)_{1 ifr>1/2

which indicates if  is in the left or right part of [0, 1]. Then we define the so-called Birkhoff
sums

n—1
Sp(x) =Y ¢(T"(x)) (5.1)
k=0

and the time averages

E(z) = 22 (5.2)

The time average F,, is a measure of how much time the orbit of = spends in the left and
right parts of the unit interval. The following theorem is the main result of this chapter,
and of this thesis.

Theorem 5.1.
1. If 0 < a < 1, then E$(x) — 0 as n — oo for Lebesgue-almost every x.

2. If a > 1, then
liminf E®(z) = —=1 and limsup E¢(z) =1
n—roo n—roo

for Lebesgue-almost every x.
The second item in the theorem says that, if @ > 1, then the time average oscillates, but
it says even more. It says that one can find time points N such that the orbit has spent

almost all of its time up to N in the left half of the unit interval, as well as time points
where it has spent almost all of its time in the right half.

26
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Theorem has an interesting corollary, involving what are called physical measures. If
a transformation on a probability space is ergodic, then the time average converges to the
space average for almost every initial point. However, there are systems f where, although
the time average does not converge to the space average for almost every x, it does so for
a quite large set of initial points. An f-invariant measure pu is called a physical measure
if there is a set U with positive Lebesgue measure such that for each x € U and each

continuous ¢ : X = R,
1 n—1

LS (@) - / fdu.

k=0

3

Every invariant ergodic probability measure which is absolutely continuous with respect to
the Lebesgue measure is physical, since U can be taken to be X minus a null set. An example
of a physical measure which is not absolutely continuous is the Dirac measure J,, where p
is an attracting fixed point. Here we can take U to be a small enough interval around p
that every z € U converges to p, making the time average converge to ¢(p) = [ ¢dd,. It is
not known exactly which systems have a physical measure, but theorem implies that T
has no physical measure if « > 1. For the time average never converges according to the
theorem, which means it certainly cannot converge to any space average. A small detail
here is that ¢ in the definition of a physical measure is continuous, while in theorem it
is not. But this can be easily fixed by modifying the discontinuous ¢ so that it increases
continuously from —1 to 1 in a small interval around 1/2.

5.1 Simulations

Before trying to prove theorem [5.1] it is a good idea to look at some simulations, and see if
they agree with the theorem. I decided to iterate T a hundred million times and plot the
time average as it evolved, and I did this for nine different values of a: 0.4, 0.6, 0.8, 1, 1.2,
1.4, 1.6, 1.8 and 2. The results are shown in figure [5.1] The z-axis is logarithmic, since the
ups and downs of the time average seem to occur at intervals that get exponentially longer
with time. For all & < 1 the time average does appear to converge, while for a > 1 it does
not, at least not before 10® iterations. Thus the graphs agree with theorem Contrast
this with the time average of the LSV map, shown for the same o’s in figure [5.2] Here the
time average always converges, though not to zero.

Let us give a heuristic explanation for why the time average oscillates for the symmet-
ric LSV map T, and why it does not oscillate for the ordinary LSV map. It has to do with
the neutral fixed points 0 and 1. If x lies very close to one of these, then because T"(x) =~ 1,
T(z) = x, and the orbit of z will stay close to the fixed point for a long time, which gives
many contributions of the same sign to the time average, enough to substantially change
it. Because of the symmetry of T, the orbit should get close to 0 about as often as it gets
close to 1, causing the time average to go back and forth. As time increases, the orbit
needs to pass closer and closer to the fixed points to cause a noticeable change in the time
average. Apparently, if a < 1, the orbit does not tend to pass close enough to the fixed
points. Regarding the LSV map, 1 is not a neutral fixed point, so it does not counteract
the influence of the neutral fixed point 0.
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Figure 5.1: The time average of T as a function of time for nine different values of «. Note
the logarithmic z-axes.
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Figure 5.2: The time average of the LSV map as a function of time for nine different values
of a. Note the logarithmic z-axes.
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5.2 Converging time average

The first part of theorem [5.1] that the time average converges to 0 when « < 1, is quite easy
to prove using the results of the previous chapter. The measure p is T-invariant, ergodic,
and if o < 1 it is finite, and after rescaling, a probability measure. Obviously ¢ is also
integrable in this case, so Birkhoffs ergodic theorem applies. The only thing left to
prove is that the integral of ¢ is 0. It seems obvious, since T is symmetric around 1/2, but
we should prove it. It is because u is symmetric in the sense that u(A) = u(1 — A), which
in turn is because h(z) = h(1 —x). We can use the Perron-Frobenius operator to show this.
Since h is a fixed point of the Perron-Frobenius operator Pr, and since F(x) = 1— F(1—x),

_x)= hy) _ h=y) h(1—y)
h(1 ) F(lz;)_y |F'(y)] F(1%:_1y |[F'(1 —y)] 1F;I)_y |F'(y)]
_ hl-y) _ .
=2 ) e

Thus A(1 — ) is an F-invariant density, and since there is only one, h(z) = h(1 — z) for
Lebesgue-almost every & € Y. The symmetry of u now follows from how it was constructed.
According to Birkhoff’s ergodic theorem,

1

> ot w) — [odu=0
k=0

for p-almost all z € X. And because p is equivalent to the Lebesgue measure, E¢ — 0 for
Lebesgue-almost every x € X as well.

5.3 Oscillating time average

With the case o < 1 taken care of, we will now turn to the case a > 1, and prove the
second part of theorem [5.1] oscillating behaviour of the time average. It is, however, easier
to do this by proving oscillating behaviour for a time average of F. Instead of the function
¢ which was used for £, we use the function ¢ : Y — R defined by

) R(x) -2 ife<1/2
vie) = {—R(:c) Y2 ifr>1/2

The point of using this function is that it has the same sign as ¢, but it weights the argument
according to its return time to Y, so that

R(z)—1

Y(x)= Y ¢(T"()). (5-3)

k=0
Now we define the Birkhoff sums

n—1

Se(@) = S w(EH (),

k=0
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and the time averages EY(x) = S¥(zx)/n. The notation is perhaps a bit unclear, since it
does not mention F', but it should not cause any confusion. Because of (5.3), the Birkhoff
sums S¢ and SY¥ are related in the following way:

n—1 [R(F*(z))-1

Sw@) = Y HTHFM@) | = Sh(a),

k=0 =0

where m > n. Therefore, if EY(z) oscillates, then so does E¢(z). This is of course only
valid for € Y, but since almost every orbit of X eventually reaches Y, it is no problem to
restrict z to Y.

The strategy to show oscillating behaviour will be to prove that the individual terms of
SY get big enough often enough to single-handedly change the sign of E¥. More specif-
ically, we will prove that [¢)(F"(z))| — S¥(x) > 0 infinitely often, both for F™(z) > 1/2
and F™(z) < 1/2, and that this difference becomes very large. We will then show why this
implies that liminf £ = —1 and limsup E¢ = 1.

It will turn out to be easier to analyze a modified version of the Birkhoff sums S¥, where 1)
is replaced by non-negative functions with finite expectation. Firstly, consider replacing 1
by the return time R, which is equal to || + 2. If R(F"(z)) > SE(x) infinitely often, then
also |[¢(F™(z))| > SY(x) infinitely often. However, the expectation of the terms of SZ is by
F-invariance equal to the expectation of R, and

o0

E(R):LR(m)h(m)deLR(x)dx:2Z A R(z)dx
k=1"4%

o0
~ > (kDT ANy TR
k=1 k=1
so if @ > 1, then E(R) = oo (recall that the Ay’s are the intervals of the right part of the
partition P). But if we set R to zero if it gets too large, then it will have finite expectation.
More precisely, we define the “cut-off” return times

R = R -T{p<a)y

for some numbers ay, so that E(Ry) < co. The numbers ay can be chosen so that Ro F*¥ =
Ry, o F* almost surely for all but a finite number of k’s. At this point, it is necessary to
divide the calculations according to whether &« = 1 or a > 1. First assume the latter; the
former case will be dealt with below. For a > 1 and k > 1, set

ar = k“(log k)?

for some ¢ > a. (For k = 0,1, we can set a = 1 for example, or something else finite. Some
of the statements below will only hold for k£ > 1, but the first two terms will not matter).
Then

oo

v({Ro F* > ap}) =v({R>ar}) ~ > v(Ay) (5.4)
n=[ax|
N i pVet Lgte L (5.5)

k(log &)/«

n=[ax]
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([a] denotes the smallest integer that is at least as big as a), and so

kzzoy({Ro F* > ap}) ~ ,;2 k(loglk)q/a (5.6)

This series is known to converge when g/« > 1, for the following reason: the primitive func-
tion of 1/(z(logx)?/*) is (logz)'~9/® /(1 — g/a) which goes to 0 as  — oo, and therefore
the integral test implies that the series is convergent.

Now the Borel-Cantelli lemma tells us that with probability 1, R o F¥ > a; for only a
finite number of k’s. Thus Ro F* = Ry, 0 F* for all large enough k& almost surely. Therefore,
instead of working with the Birkhoff sums S%, let us work with the sums

n—1

Sa(w) =Y Ri(F*(x)),
k=0

where we avoid the superscript for simplicity. For almost every x € Y there is an ng such
that Ro F¥ = Ry, o F¥ if k > ng, which means that S, (z) = SF(z) — C for some constant
C (depending on x, but not on n) . Hence it suffices to show that R, o F"(z) — S, (x) > 0
infinitely often and that this difference becomes arbitrarily large, since then the constant
C will not matter. For simpler notation, write Xy = Ry o F k. We will first show that the
events
B, = {Sn < ulE(Sn) < UQE(Sn) < Xn}

with positive probability happen infinitely often, where u; < wg. This is the reason for
working with sums of finite expectation.

If the events B, were independent and their measures summed up to infinity, then the
result would follow from the classical Borel-Cantelli lemma. However, the B,’s are not
independent, so it is necessary to use a generalization of the Borel-Cantelli lemma. We will
use one proven by Petrov.

Theorem 5.2 ([I1]). Let u be a probability measure and let Ay, A, ... be a sequence of
events satisfying > e i(Ax) = 0o. Assume H > 1. If

n

> u(A; N A) — Hu(A)pu(Aj)

lim inf L=l 5
( » u(A»)

<0,

then p(limsup 4,,) > 1/H.

This is a more general version of a much earlier result from a paper in 1959 by Erdd&s
and Rényi, in which they proved the special case of H = 1 [12]. For the case H = 1, it
is clear to see that the numerator estimates how close the events A; and A; are to being
independent; if all events are pairwise independent, then the numerator will be zero.

Let us first show that ) B, = co. The expectation of X, is

"an.l ""m] an
E(Xy) ~ Z k-v(Ag) ~ Z N /1 eV dx ~ a VO — 1~ n® L (logn) 1),
= k=1

(5.7)
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The expectation of S,, then becomes

n—1 n—1 n—1

E(Sn) =Y E(Xg) ~ > k> '(logk) ) <3 "0 (logn)a 1) (5.8)
k=0 k=1 k=1

= n“(log n)qu_l/a). (5.9)

The events B,, consist of two separate events,
E, = {u:E(S,) < X,.}

and
F, ={S, <wE(S,)}.

Moreover, E,, can be written as E,, = F~"(K,), where
K, ={z €Y :uE(S,) < R(z) < an}

The events E,, and F,, are unfortunately not independent, but they are close enough, in the
sense of the following lemma.

Lemma 5.3. v(B,) ~v(E,) v(F,).

Proof. First, note that S, is constant och each I € P,. This means that F, is a union of
elements in P,. Next, let I € P,,. Because of uniformly bounded distortion, i.e.
1Y
M= (F™)'(y) —
(lemma , the length of I N E,, can be bounded between two extremes. The one extreme
is that F™|; is a straight line with some slope t; on I \ E,, and a straight line with slope
Mty on I N E,, in which case |I N E,| = |K,|/(Mt1). The other extreme is that F™|; is a
straight line with some slope t2 on I N E,,, and a straight line with slope Mtz on I\ E,,,
meaning |I N E,,| = | K,|/t2. The slopes t; and ¢t must satisfy |Y|/(M|I|) < t1,t2 < |[Y]/|I].
Therefore,
M - |Kn| - |1]
Yy

Since these bounds hold for every n and every I € P,, and since F, is a union of intervals
in P,
|Bp| ~ |Fp| - [Knl.

Finally, the F-invariance of v and the fact that v(A) ~ |A]| for all measurable sets A imply
that v(B,,) ~ v(Ey,) - v(Fy). O

The next step in order to show that > v(B,) = oo is then to estimate v(E,) and v(F},).
Let us start with the latter. We will use Markov’s inequality, which states that if X is a
non-negative random variable and ¢ > 0, then v({X > t}) < E(X)/t []. It implies that

_ E(S,) 1
v(F,) =1—v({S, >wE(S,)}) >1— NI -
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If we pick an uy > 1, then v(F,) is bounded away from zero.

The probability v(FE,,) can be estimated as follows:

[an] [an]
V(Bn) =v({uB(Sh) < Xn})~ > (g~ Y ke (5.10)

k=[u2E(Sy)] k=[u2E(Sy)]
N/ Vg~ (upE(S,)) Y — e e (5.11)
HQ]E(STL)
> n"Y(logn)~ @9/ _p=l(logn)TV/* (5.12)
~n"(logn)~@-a/@)/x, (5.13)
Using lemma 5.3

n n 1 n n
B,) ~ E)v(F) > (1-— Ep) 2 k7 l(logk)~la—v/®)/e (514
>~ Yo (B () = (1) Sov () 2 30k g (5.14)

If we pick the ¢ such that (¢ — ¢/a)/a = 1, then this series diverges as n — oo. There is
enough margin to pick such a g, since the only previous requirement was that ¢ > a.

If a = 1, we modify the calculations by first setting

a, =n>.

The aim is still to show that > B, = oo, and we do it in basically the same way. It is
the labeled calculations (5.4)-(5.14)) that need to be changed, and the rest of the arguments
stay the same. We get

1
V({ROFk>ak})Nafk:ﬁa

and so
n n 1

> v{RoF* > ap}) ~ > =
k=1

k=1

which converges. This again shows that RoF* = Ry o0 FF for all large enough k almost surely.
The expected value of X,, for a = 1 is calculated as

[an] 1 an 1

E(X,) ~ Z P /1 ;dx =loga, = 2logn.

k=1

Thus the expected value of S, becomes
E(S,) =Y E(Xi) ~ > loghk < nlogn.
k=1 k=1

Then, reusing the calculations in ([5.10)-(5.11)),
1 1 > 1 1 1

V(Eyp) ~ (5.15)

uwsB(S,)  an ~ nlogn  n? - nlogn’
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Then

n n n

V(B ~ S v(ER) v(Fy) > (1 — 1> S vE) 2D !
k=1

b)
u nlogn
h—1 k=1 = g

which diverges. Now all the differences between the cases & = 1 and « > 1 have been taken
care of.

Let us estimate v(B; N Bj) — Hv(B;)v(B;) for some H. For this, it does not matter if & =1
or a > 1. According to lemmal[5.3] there is a constant ¢ such that v(B,) > cv(E,)v(F,) for
all n. Hence

V(Bi N B]> — HV(BZ‘)V(BJ‘) < V(El N EJ) - HV(BZ‘)V(BJ‘)
§ Z/(EZ N EJ) - CQHI/(EZ‘)I/(EJ')Z/(FZ')V(F]‘).

Since 1
F)>1— —,
WF) 21—
we can pick an H big enough that c?Hv(F;)v(F;) > 1. Then we get
V(B,' N B]) - HI/(BZ)I/(BJ) S V(Ez N E]) - Z/(Ei)l/(Ej).

The right hand side can be written as

V(EZ N E]) - I/(EZ)V(EJ) = /(]IKJ o T]) . (]IKl @) Tl)dV — /]IKde//]IKidI/,

which, if j > 4, is the same as

/ (Ig, o T77") - I, dv — / I, dv / Ik, dv.

Kim [13] used a result of Rychlik [6] to show that if T is piecewise expanding and 1/7” has
bounded variation, then there are constants C' > 0 and 0 < r < 1 such that for all n > 0,
all f € L'(v) and all ¢ with bounded variation,

Jrormy-oav— [ gav [oav<crifl- ol (5.16)

Here the BV-norm is defined by ||¢||gv = ||¢]l1 + V(¢), and it can be proven that it really
is a norm. We have ||Ig, |1 = v(K,) = v(E,) — 0 and V(Ig, ) = 4 (K, consists of two
intervals), so the BV-norm becomes:

Ik, v = Ik, [[1 + V(Ik,) ~ 1.

So by (5.16|) there exists a C' > 0 and an r, 0 < r < 1, such that, if j > i,

/(HKj 0TI A, dv — /I[Kde//HKidl/ < C’rjfiy(Ej).
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Then we get
Z‘n_:l v(B; N B;) — Hv(B;)v(B;) < Zn_:l v(E; N Ej) — v(E)v(Ej)
=9 i: ‘_27; v(E; N E;) — v(E)v(E;) + i: v(E;) — v(E;)?
<2 il ‘il Cri~'w(E;) + i: v(E;) <2 i: Cq i v(Ei) + il v(E;)
~ DS uE),

=1

where D =1+ 2Cr/(1 —r).

For the numerator in theorem [5.2]

n 2 n 2 n 1 2 c 2 n 2
(o) = () = (Sertien) = () (Soea)

Hence

= ’ _DO-—w)* 1
<iW&02 Y T

This proves that the B,’s satisfy the conditions of theorem|[5.2} and therefore v(lim sup B,,) >
1/H > 0.

— 0 asn — oo.

Although lim sup B,, does not necessarily have probability 1, we can use ergodicity to show
that something similar to B,, almost surely happens infinitely often. Because F' is ergodic,
theorem says that for almost every x € Y there is a k > 0 such that F*(x) € limsup B,.
This means that

Sp(x) = Sk(z) < whE(Sh—k) < wE(Sp—k) < Xp(x) (5.17)

infinitely often for n > k. Since Si(z) does not depend on n, this is similar enough to B,,.

Important for theorem is that happens infinitely often both for F™(z) > 1/2 and
F™(x) < 1/2. This can be shown by replacing the events B,, by B, = B,N{F"(z) € (1/2,b)}
or by B! = B,N{F"(z) € (a,1/2)}, which by the symmetry of F' are both half the measure
of B,. This changes nothing essential, so by the same arguments as for B,,, B" and B’
both happen infinitely often with positive probability. Thus v-almost surely happens
infinitely often for both F™(z) < 1/2 and F™(z) > 1/2.

Now let us see what this says about E¢. Take an n where (5.17) happens, and set m =
S R(F'(x)) = SE(x); this is the m for which S¥(z) = S¢,(x). Let N = m + R(F"(x)),
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which for large n is equal to m + X,,(z), and consider Ef,(x) Assume (F™(z)) > 0,
ie. F"(z) < 1/2. Then R(F"(x)) = ¢(F™(x)) 4+ 2, and by using this and the fact that
SY(x) > —SE(z) + 2n, we get

() = k(@) _ SE@) £ (P @) | =Si@) + 20+ X, (@) =2
N N Xn(zx) +SE(x) — Xn(z) + SE(z)
o Xn(@) = Sii@) __ 280@) . 2(S.(2)+C)
= Xo(z)+ SE(z) X, (x) + SB(x) Xn(x) + Sp(z) +C
— 2(Sy(x) +C)
- Xp(z) + Sp(z)’

where C' is the number such that SZ(z) = S,,(z) + C for all large enough n. Combining

this with (5.17)), we get

2Su(0)+C) L, 2ASu@)+C)

. 2AS(@)+C)
BN 2= 5 )+ 50@) = wB(Su ) + 5ua)’

Once usE(S,, k) becomes larger than C, the right hand side will be decreasing as a function

of Sy (z). By (.17), Sn(z) < Sk(x) + w1 E(S,—), so
2(uE(Sp—k) + Si(z) + C) 51 2uy 2(Sk(x) + C)

o B _
Ex(n) =1 (wr + up)B(Sn—k) + Sk(x) — wituz (w1 +u2)E(Sp—r)

In conclusion: if holds with F™(z) < 1/2 and a large enough n, then Eﬁ,(m) >
1 —wuy1/(uy + ug) — ¢n, where ¢, — 0. By increasing us and n, we can make E% (z) as close
to 1 as we want. By doing a similar argument for F(z) > 1/2, we can in that case also
make E;’f,(ac) as close to —1 as we want. Since happens infinitely often with both
F"(z) < 1/2 and F"(x) > 1/2, this proves that liminf E?(z) = —1 and limsup E¢(z) = 1
for p-almost every x. And since p is equivalent to the Lebesgue measure, this proves theo-

rem [5.11

We mention a connection with a result from Galatolo, Holland, Persson and Zhang [14].
They investigate growth speeds of Birkhoff sums, and of the maximum process

M(w) = | max o(T*(@))

for maps T' preserving a probability measure y and non-integrable functions ¢: [ ¢du = oc.
They study a certain kind of piecewise expanding dynamical systems called Gibbs—Markov
systems — see their paper for the definition. For o > 1, proposition 2.8 in their paper about
Gibbs—Markov systems applies to F', and says that for each € > 0 and almost all x € Y,
there is an ng such that for all n > ng,

n®(logn)~ ¢ < M (z) < SB(x) < n*(logn)>*e.

In particular, since M (x) grows to infinity, R(F*(z)) is greater than all previous terms
infinitely often. We have proven something even stronger for F, namely that R(F¥(x))
infinitely often is greater than the sum of all previous terms.
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5.4 Frequency of oscillations

We have shown that the events C,, = {X,, > S, } happen infinitely often almost surely, but
not how frequently they occur. They may occur quite often, or extremely seldom. The sum
> r_; Ie, (%) counts how many times Cy, happens up to time n. A natural hypothesis is that
the number of C}’s that occur before time n is approximately equal to the expected value
of this sum, or in other words, that we almost surely have

ZZ:I Ie, (x) _ ZZ:I I, (Z‘)
E (X ko11cn) > k1 V(C)
This, unfortunately, seems to be hard to prove. We will therefore content ourselves with

proving it for the events E,, = {X,, > usE(S,)} instead of C,. This is not as interesting a
result, since it does not show how often oscillations occur, but it is at least an indication

that (5.18)) might be correct.

—1 asn— oo. (5.18)

The classical Borel-Cantelli lemma gives a condition for the events in a sequence (A,)52; to
occur infinitely often. When studying dynamical systems, one is often interested in whether
the event F"(x) € A,, occurs infinitely often. Assume > v(A,) = oco. If F"(z) € A, in-
finitely often almost surely, then (A,,)52 is called a Borel-Cantelli sequence, BC for short.
If

ZZ:l L4, © Fk(x)

> i1 V(Ar)

for almost every z, then (A4,)%2, is called a Strong Borel-Cantelli (SBC) sequence. An
SBC sequence is a BC sequence where we know how often F"(x) € A,. The terms BC
and SBC sequence were introduced by Chernov and Kleinbock in [I5]. We have shown
that K, is a BC sequence (recall that F~"(K,) = E,), but it is also an SBC sequence.
This follows immediately from the following theorem proved by Kim [13]. Just as above,

Ifllzv = [l +V(f)

Theorem 5.4 ([13]). Let T be a piecewise expanding map with 1/|T'| of bounded variation.
Assume T has a unique absolutely continuous invariant measure p with density bounded
away from 0. If (A,)52 is a sequence of sets with Y p(A,) = oo and ||Ia, ||py < M for
all n for some M, then (A,)S2, is an SBC sequence.

—1

The map F satisfies the conditions of the theorem, as do the sets K,,, since K, is just
two intervals. Hence K, is an SBC sequence, and therefore we almost surely have

ZZ:l ]IEk(I) _ ZZ:I HKk OFk('T) 1 asn — oo,

> h=1 V(Ek) > 1 V(Kk)

How fast does the denominator grow? For o > 1 and a = 1 equations (5.13]) and (5.15))
respectively give the lower bound v(E,) 2> n~!(logn)~!, and it is not too hard to show that
= can be replaced by ~. Thus

E ~ ~ d - 1 1 .
kzzl v(Ek) kZZI klogk /1 xlogx © = log(logn)

Hence >";_;Ig, (x) grows at the very slow rate of log(logn). In other words, E, occurs
extremely rarely. A further research topic might be to show this result for C, instead of
E,.
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