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Abstract

Consider a hyperbolic flow ¢; : M — M on a smooth manifold M, and a sequence
of open balls (A,),en With A, C M and measure m(A,) > 0 but also satisfying
lim,,_,cm(A,) = 0. The expected time it takes for the flow to hit the set A, known
as the hitting time, or the return time if the flow started in A,, and each subse-
quent hit thereafter, is proportional to the measure m(A,,) of that set, provided the
measure is ergodic.

In this thesis I study how the distribution of hitting times (and return times),
rescaled by an appropriate sequence of constants, converges in the limit. I show
conditions under which a Poisson limit law holds by considering the hitting time

distributions of an associated discrete dynamical system.
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Chapter 1

Introduction

One of the classic problems in dynamical systems and ergodic theory is the ques-
tion of how long it takes to reach or return to a particular state, or equivalently
how long does it take for a particle to reach a particular region of interest? Classic
results on this due to Poincare and Kac and can be found in most ergodic theory
textbooks (eg [15]). In theorem 1.1 and theorem 1.2 below, they suggest conditions
under which orbits will take a finite time to reach a given region and Kac gives the
expected amount of time to hit a region. The natural next step is to understand how
long before the second, third, and subsequent times the particle reaches our region
of interest. In this thesis I will consider this problem, in particular focussing on
how the distribution of these times is affected when the target region is reduced to

a set of measure zero.
Consider a dynamical system (7,Q,u, %), with transformation 7 : Q — Q
and u a T-invariant probability measure.

Theorem 1.1 (Poincare’s Recurrence Theorem). If i is T-invariant and A € $
with u(A) > 0 then for p-a.e. x € A the orbit {T"x},cn intersects A infinitely
often.

Using this theorem, given a set A € & then for x € A we can define the return
time to A by
Na(x) :=inf{k > 0: Trx € A}

If (A) > 0 then 14 (x) will almost surely be finite by Poincare’s Recurrence The-
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orem.

Theorem 1.2 (Kac’s Theorem). If 1 is ergodic then for A € 2 with u(A) > 0 and

xX€eA
1

1
E[na] = —/m(x)du = :
1(A) Ja u(A)
In view of this theorem, given an ergodic system it is reasonable to consider
return times to sets of positive measure. The expected time needed to return to a
set of positive measure is proportional to the inverse of the measure of that set.

Definition 1.1. Given x € Q and A C Q such that (A) > 0, a hitting time for x to
the set A is a measurable function X : Q — R satisfying

X(x)=inf{ic N: T'x c A}.

It is worth noting that the difference between a hitting time and a return time
is the location of the initial point x; for a hitting time x € Q but for a return time
x € A. Although these two ideas are related, properties of one do not always imply
properties of the other, see for example irrational rotations of the circle as discussed
in the paper [6]. By assuming ergodicity however, Poincare’s recurrence theorem
extends to the full space. That is to say that the hitting times to a set of positive

measure will be finite almost surely for an ergodic tranformation.

Throughout this thesis we are interested in what happens in the limiting case
where sequence of target sets have measures tending to zero. Kac’s theorem clearly
indicates that it is not reasonable to expect that such a time might be finite, so we
will consider the limiting case for a sequence of sets with positive measure, where
the measure converges to zero. We now introduce some notation to describe this

setting.
Consider a sequence of sets A, € # such that u(A,) > 0 and
,}gQON(An) =0.
for x € Q denote the first hitting time to A,, by

PV (x) == inf{i € N: T'x € A4,},
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and subsequent hitting times are defined inductively as
r,(lk)(x) = inf{i > PV Tixe An}.

It is expected that these hitting times will be finite for p-almost every x € Q by
Theorems 1.1 and 1.2, but when one considers the hitting times in the limit as n
tends to infinity Kac’s Theorem implies that the hitting times and subsequent return
times will become infinitely large. In order to tackle this problem and understand

the limit law, the process must be rescaled.

This motivates the introduction of the point process of rescaled hitting times

%)= X 8,
keN

where § denotes the Dirac point mass and (c,),en i8S a sequence of positive real

numbers.

In this form X,, simply records the times at which a process hits the set A, by
assigning a point mass at each hitting time. By representing the process in this way
it is possible to understand how the times are distributed. For the general hitting
time problem the aim now is to find a suitable scale, ¢,, such that X;, converges in

distribution, and to then find the process to which it converges.

The main results in this thesis will be for a continuous dynamical system
(¢, Q,m, A) with a continuous flow (¢; : # € R) and an invariant probability mea-
sure m. Consider a sequence of open sets (U, ) ey C & with measure 0 < m(U,) <
m(Q) but again
lim m(U,) = 0.

n—oo

For @ € Q define the first hitting time to U,, by
2 () =inf{r>0: ¢,(w) € U,},
and inductively define the subsequent hitting times

‘L',gk)(a)) :inf{t > ikl ¢;(®) € Uy and 3s € (T,gk_”,t) such that ¢5(w) ¢ U, }



The hitting time process will be denoted

In this thesis I will give conditions on the flow ¢, and on €, along with suit-
able rescaling, and show that under such conditions the hitting time process (and
the return time process) converges in distribution to a Poisson point process. I will
do this by making use of known results in discrete systems introduced by Cha-
zottes, Coelho and Collet [4, 5], Hirata [11], and Pitskel [14], and relating these to

continuous systems, particularly making use of results by Bowen and Ruelle [1, 2].

Lemmas 3.2, 3.4, 3.14, 3.15, 3.16, and 3.17 along with Theorems 2.6, 3.10,
3.11, 3.13, 3.18, 3.19, and 3.21 are original results in this thesis.

First I will introduce notations and results from probability and ergodic theory.

1.1 Ergodic Theory

Here we will recall some theory and notation from ergodic theory which will be

useful throughout this thesis.

Definition 1.2. Consider a dynamical system (7,Q, 1, %), with measurable trans-
formation 7 : Q — Q, and probability measure L.

1. T is measure preserving if u(T ' (A)) = u(A) for any A € 4.

2. T is ergodic if whenever T~'(A) = A then u(A) =0 or 1.

Noting for example that Kac’s theorem only applies to ergodic measures, these

properties are therefore key to understanding recurrence times.

The following ergodic theorems are some of the main results in ergodic theory,
and proofs of which can be found in [15]. Before stating these theorems some
definitions are required.

Definition 1.3. Let (f,),cn be a sequence of measurable functions on the measure
space (Q, 4%, ). Then



1. f, converges (u-)almost surely to f if
u{reQ: lim f,(1) = f(x) } = p().

2. afunction f: Q — Rissaidtobe LP or f € LP(Q, A, u) for 1 < p < oo if

the integral
|17 dut)

3. fuconvergesin LP, for 1 < p < oo, to f if

exists and is finite.

lim [ 1)~ £ 1” dux) =0.

Theorem 1.3 (The Birkhoff Ergodic Theorem). Let T : Q — Q be an ergodic mea-
sure preserving transformation for the probability measure | and let f : Q — R be
measurable and integrable. That is to say that the integral, [ |f|du, exists and is
finite. Then for W-almost every x € Q the ergodic averages converge in the limit,
that is

lim — Zfo /f Ydu(x

n—oo !

Theorem 1.4 (The Von Neumann Ergodic Theorem). Let T : Q — Q be an er-
godic measure preserving transformation for the probability measure | and let

feL?(Q,%,u). Then

lim — Zf (T'x) /Qf(x)d,u(x)

n—oon !

where the convergence is in L.

A proof for both of these ergodic theorems can be found in [15]. It is worth
noting that later in this thesis we will need similar versions of these theorems,
where n is replaced by an increasing sequence (r,,) which diverges to infinty in the
limit. In which case it follows that both theorems still hold and

rm—1
hlefo /f Ydp(x

n=e Ty 120

p-almost surely or when the convergence is L2, by noting that this is a subsequence

of a convergent sequence.



Equilibrium Measures and Pressure

Definition 1.4 (Conditional Measures). Let (Q, u, %) be a measure space. Then
for measurable sets A and B, with i (B) > 0, the measure of A conditioned on B is

written as
H(ANB)

W(A|B) = ()

It is also possible to define conditional measures with respect to sub-o-
algebras. Let .o/ be a sub-o-algebra of Z then the conditional measure of B € %
given 7 is the function

u(Ble) = E(xsl| ),

which is to say that it is a .o/-measurable random variable satisfying

[ nBi)an = ua)
foreach A € &

Definition 1.5 (Entropy). 1. Given a countable measurable partition, o =
{A1,A2,...,}, of Q, thatis A; € # and |J;A; = Q but A;NA;=0uptoa
set of u-measure zero, then the conditional entropy of a given 7 is defined
as

H(alo/) == Y u(Alo/)logu(Al</).

Aca

2. If T : Q — Q is measure preserving transformation then the entropy of the
partition o relative to the transformation is defined as

n—1
h(T, @) := lim H(a| \V T 'a)
i=1

where \/:.:11 T~ 'a is a common refinement of the partitions
aT la, ..., T a.

3. The measure theoretic entropy of T : Q — Q is defined as
h(u) = hy(T) :=sup{h(T,a) : H(c) is finite}.

Definition 1.6 (Equilibrium States). Given a potential f : Q — R, an equilibrium
measure (or equilibrium state), where it exists, is a measure [ = Uy which realises
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the supremum
P(f) :=sup {h(m) + / fdm : mis a T-invariant probability measure}

—h(w)+ [ £,

where P is the pressure function and A (m) is the measure-theoretic entropy of the
system (7',m).

The pressure of a dynamical system and equilibrium measures are useful tools
when attempting to understand how the system can behave when restricting the
system to a smaller subsystem (see [4]). They are also useful for their relationship
with the transfer operator, introduced in Chapter 2, and the spectral properties that

emerge.

1.2 A Motivating Example: A Self-Similar Model

In 1999, Floriani and Lima [8] constructed a suspension flow which they described
as a self-similar system. The model was developed in order to demonstrate prop-
erties of turbulence seen in fluid dynamics. In particular the structure gives rise
to interesting flow patterns where a particle will remain in small pockets for long
periods before potentially moving quickly between different areas until it reaches
another small pocket. We will construct the model used and discuss some of the

results, and why this example is of interest.

Starting with the interval / = [0, 1) and the doubling map 7 : [ — I : x — 2x
mod 1, with a T-invariant measure u define a sequence of sets by the following
fractal construction: Ag = [}‘, %] is the centre half of /. A is then the union of
the centre halves of each disjoint interval of I\ Ao, thatis A} = [, ] U [£,12] -
Aj is then the union of the centre halves of each of the four remaining intervals in
I\ (AgUA]) and A, is the union of the centre halves of each of the 2" remaining
intervals in 7\ UZ;& A,. Continuing as such, it should be clear that I = [ J;_An.
See Fig 1.1.
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Figure 1.1: Showing the fractal construction of the sets Ag,A1,A> in the unit inter-
val.

Now create a suspended space above the interval by using a height func-
tion y: I — I given by y(x) := A" if x € A, for some A > 1 and call the blocks
A, x [0,A"] = A,. The value of A should be chosen appropriately so that
J vdu < oo (in particular if u is lebesgue then 1 < A < 2). The suspended space is
defined by

[

Q={o=(xy):xe,0<y<yx)}= UA’”
n=0

(see Fig 1.2) and define a new measure on €

u x Leb
Vi= .
Jrdu

The suspension flow is then given by

i=0

n()-1 .
Si(@) = S;(x,y) = (T"“)x,wt— Y y(T’x))

where 1)(¢) is the unique natural number which satisfies

—1
0<y+t— n% Y(Tx) < p(T" ).
i=0
This construction gives the model a self-similar ‘island within island’ struc-
ture which closely mimics the effects of turbulence. Since the particle moves at a
constant unit speed, once a particle reaches a set A, for a large » it will remain in
A, for a disproportionate time while it travels the full height of A,,. However for a
large n the width of A,, will be small so the probability of reaching such a pocket
will be small. Kac’s Theorem implies that the time taken for the base map 7 to

reach A,, C I will be proportional to

(A
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Figure 1.2: Showing the construction of the suspended space.

Floriani and Lima [8] considered the distribution of the first return times for

the flow, given by

V4 (x,y) €Ay V>

and the first return times for the discrete system on the base, given by

,LL{xEAn : ‘L',gl) >t}
1 (An)

By considering rescaling factors ¢, o« A" and ¢, o A"~!, Floriani and Lima

Fy(t) =

showed bounds for these distributions satifying

E (t) < F,(t) <FE'(1)

n

and similarly
Ty (1) < Fu(t) < F,0(1).

For both cases .
) fort > A",

§||“



and

t

-
El(t), Z.1(t) = (c—+) fort >cf > A",
n

where o0 = %. The rescaling constants are given explicitly as
ey =1
2(A+1
o = —(l — )20y (3T (@ + 1))@

where I is the gamma function.

Remark 1.5. The notation f(¢) ~ g(¢) is taken here to mean f and g have the same
limiting behaviour and in particular

f()

tlggﬁ =c € R.yp.

The notation ¢ >> s means ¢ > c¢s for some constant ¢ € R. Here it is needed
as there are terms that will converge to constants for large ¢, but the main result is
how these functions behave in the limit so these are omitted.

Here we say ¢, o< G, if the limit
Cn

lim —
n—eo C,

exists and is finite.

Floriani and Lima suggested that their bounds indicate a polynomial law for
the first return time distribution for any finite n € N, since the limiting behaviour,

but do not rule out an exponential law.

This motivates the work to investigate the distribution of the rescaled hitting
and return time processes of this system and other similar systems. This is es-
pecially due to the relationship between suspended flows and axiom A flows on

manifolds, which will be discussed later in the thesis.

I will show in this thesis that for any n € N and in the limiting case where n
diverges to infinity, the distribution of return times follows a poisson law and that

the first return time is indeed exponential.

14



1.3 Point Processes and Probabilistic Methods

I will now introduce some useful concepts from probability theory and statistics,
and discuss briefly how these can be used in hitting time problems. First define a

probability space (Q,P, %) where the probability, P, is a probability measure.

Definition 1.7. 1. A random variable X = X (@) is a measurable function
X :Q = R
2. A random vector X = X(w) = (X1,...,X,) is a vector consisting of random

variables X;.

Notice that a hitting time is a random variable since it is a measurable funtion
¢t : Q — R. The idea of a random variable can be extended to the idea of a random
element, something that takes on the same role as a random variable yet does not
necessarily take on real values.

Definition 1.8. Given measurable spaces (Q, %) and (Q', %) a random element
taking values in Q' is a measurable function X : Q — Q/.

It is worth noting that random variables and random vectors are examples of

random elements.

The objects we are to study are the times at which each orbit will hit the desired

sets. These can be denoted as sets of events for example as
{X; : X; is the i -th hitting time }.

To understand the distribution of these times it is desirable to be able to count how
many of these points are within an arbitrary time interval. This can be achieved by
utilising the Dirac point measure, J,, on R which puts unit mass at x € R. That is
for A € A)
1 xeA
Ox(A) :=

0 otherwise.

Then describe the process as a random measure which puts a unit mass at each

hitting time on the real numbers. That is to say let

X=) &

ieN
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This means that for an open interval B € R, X(B) simply counts the number of
hitting times that occur within the interval B. This motivates the following formu-
lation of a point process.

Definition 1.9 (Point Process). Consider a measurable spaces (Q, i, %) and a se-

quence of random variables (X;);cy defined on this space. A point process is a
o-finite measure on (0, ) with discrete support and can be written

Ox,

1

gk

X=X(ow)=
1

~.

where 0O, is the Dirac point measure with its mass at x € R.

We’re particularly interested in point processes as hitting processes, that is

where the X; are in fact hitting times.

Given a sequence of sets A, C  the hitting times to A, can be written as a
point process, that is as a point process where the random variables are the hitting
times. So let the random variable r,(lk) = X : Q — R be the k-th hitting time to A,,

then for each n use .
n = Z 6&’#)
k=1
to describe the hitting time process to the set A,,.

One particular point process of interest is the Poisson point processes on the
real numbers. This process is characterised by the distribution of the intervals
between consecutive random variables. Given random variables X; : Q — R the
interval (or difference) between each consectutive pair given by X; ;| — X; is expo-
nentially distributed and is independent of the index i, the size of any other interval
Xj+1 —Xj, and the value X;.

Definition 1.10 (Poisson Point Process). A Poisson point process of rate A is a
point process

where
1. X(By),...,X(B,) are independent for disjoint subsets Bj,...,B, C R

16



2. For any bounded subset B C R the random variable X(B) : Q — R has a
Poisson distribution of rate A Leb{B}, that is to say that the distribution is
given by

A Leb{B})"
P(X(B) = k) = ¢ ALeo(erALEDIBY) ek,{ 0
where 'Leb’ is used to denote the Lebesgue measure on R.

Convergence of Point Processes

There are many types of convergence when dealing with random variables, but here
we are mostly interested in convergence in distribution, also known as convergence

in law. This corresponds to a convergence of distribution functions.

Definition 1.11 (Distribution Functions). Consider a measureable space (Q, %).

1. For a random variable X : Q — R, a distribution function is a function
F : R— R given by

Fx(r) =P(X <t)=p{o € QX (w) < t}.

2. For arandom vector X = (X1,Xa,...,X,) : Q — R" a distribution function is
a function F : R" — R given by

Fx(ty,...,t,) =P(X; < 1; Vi).

3. A sequence of random variables (X, ),cn converges in distribution to X if the
sequence of respective distribution functions, (F;,),cn, converge pointwise to
F : R" — R, the distribution function for X, for all continuity points x € R”.

The following theorem gives a useful understanding of the idea of convergence

in distribution, and is a standard result from probability theory.

Theorem 1.6. A sequence of random variables X,, converges in distribution if and
only if for all continuous functions h : R — R with compact support the expecta-
tions E(h(X,)) converge to E(h(X)) in the usual sense of convergence.

This motivates the following generalisation of convergence in law (distribu-

tion) for a point process.

17



Definition 1.12. A point process

N
k=1 "

converges in distribution to X if and only if for all continuous g : R — R with
compact support the random variables given by

oo N X
N.(9)(0) = [ gndxu(@)() = ¥ (4 (@)
k=1
converge in distribution, as n — oo, to
M) = [ s0ax(@))

A point process X, is said to have a Poisson limit law (or converge in distribu-
tion to a Poisson process) if X is a Poisson point process.

This gives a simple object to study when considering the convergence in distri-
bution of random processes, and so for the rest of this thesis we will be considering
these objects and how they behave in the limit. The goal is to find Poisson limit

laws for the systems under consideration.
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Chapter 2

Discrete Dynamics

In this chapter we will discuss some previous results within the discrete dynamical
setting. We will also make use of and develop ideas appearing in [4] to build theory

around the self-similar model introduced earlier in section 1.2.

2.1 Markov Chains and Subshifts of Finite Type

Let V = {1,...,¢} be a finite set of symbols and let A = {A;;} be an ¢ x ¢ matrix
of zeros and ones, that is A;; € {0,1}. Define the phase space

Ypi= {a): (g, 01,00, ...) evN Al 0i41) =1 VieN},
and associate with it the shift map 6 : ¥4 — X4 defined by

o(wy, wy, n,...) = (O, 0, @3, ...).

This is the one-sided subshift of finite type. By considering sequences which are
inifite in both directions, that is sequences of the form (..., @_1, @y, ®; ... ), along
with the same shift map o, we obtain the two-sided subshift of finite type.

Definition 2.1. (Markov Measures). Let P = {F;; } be an irreducible ¢ x £ stochastic

matrix, that is any irreducible matrix such that P; ; > 0 for all 1 <17, j < /£ and the
rows sum to one, i.e.

4
szla
J=1
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and P;j = 0 if and only if A;; = 0. Then let p = (py,..., p¢), satisfying Yipi=1,
be the left eigenvector which has eigenvalue 1. A Markov measure |1 on ¥4, with
stochastic matrix P, is defined on cylinder sets by

‘I.L ([(L)_m, ceey (Dn]) = p(J)meCl)fm(D,mjL] .. 'Pwnflwn'

A subshift of finite type with a Markov measure is called a Markov Chain.

Limit Laws for Open Balls

In 1991, Pitskel [14] studied the hitting time process to a sequence of open balls for
mixing Markov chains, in the space of two sided sequences, and found a Poisson
limit law.

Definition 2.2 (Mixing). The system (Q, %, u,T) is called mixing, or strong mix-
ing, if for any A,B € #

lim u(ANT"B) = u(A)u(B).

n—soo

Let  be the space of allowable two sided sequences, o the shift map, and u

a o-invariant, mixing Markov measure. Then consider cylinder sets of the form
A=A (0")={weQ:w=0,—n<i<n}

for an arbitrary, and fixed ;. Pitskel looked at the hitting times to these cylinder

sets. So let r,(qk) = r,gk) () denote the k-th hitting time to A, and call the process

(@)= 8 w
i=1

where (c,) is a rescaling sequence. Pitskel [14] showed the following theorem for
such Markov chains.

Theorem 2.1. Let A, be a cylinder set in , and A > 0 then the hitting time process
rescaled by ¢, = AL(Ay) converges to a Poisson point process of rate A.

Axiom A Diffeomorphisms

In 1993, Hirata [11] produced a Poisson limit law for discrete axiom A diffeomor-
phisms. This is closely linked to the new work appearing in this thesis in that we

obtain a result for axiom A flows in continuous dynamical systems.
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Let M be a compact C* Riemannian manifold and f : M — M be a C' diffeo-
morphism. The notion of axiom A was first introduced by Smale in [18]. We first

require the definitions of hyperbolicity and non-wandering sets.

Definition 2.3 (Hyperbolic Sets). A closed f-invariant set A C M is hyperbolic if
the tangent bundle restricted to A can be written Ty M = E* & E° where E*, E*
are f-invariant subbundles and there are constants ¢ > 0 and A € (0, 1) such that

L. |[Df*(2)|| < cAK||z|| for every z € E¥, k € N.

2. IDf*(2)|| < cA¥|z|| for every z € E*, k € N.

Definition 2.4 (Basic Hyperbolic Sets). A closed invariant set A is a basic hyper-
bolic set if the following are satisfied:

1. Ais hyperbolic.
2. The periodic orbits of f|, are dense in A.

3. For any open sets U, V C A, there is an integer n € N satisfying
(flD)"U) N flaV) #0
4. There is an open set U D A with

A= rU.

keZ
Definition 2.5 (Non-Wandering Sets). The non-wandering set Q = Qp C M 1is
given by

Q= {ZEM: for every open V 3 z, kg > 0 E|k>k0withfk(V)ﬂV7£(i)}.

Definition 2.6. A diffeomorphism, f : M — M, is said to satisfy axiom A if its
non-wandering set £ is a hyperbolic set.
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Smale’s spectral decomposition theorem states that the non-wandering set for
an axiom A diffeomorphism is a disjoint union of a finite number of basic sets.
And that without loss of generality it can be assumed that the diffeomorphism f is
mixing.

As an example, consider the Smale horseshoe map.The horseshoe map f: S —
S is a diffeomorphism defined on S C R? into itself. The region S is a square capped
by two semi-disks. f is defined through the composition of three transformations:
First the square is contracted along the vertical direction by a factor a < % The
caps are contracted so as to remain semi-disks attached to the resulting rectangle.
a< % so that there will be a gap between the branches of the horseshoe. Next the
rectangle is stretched horizontally by a factor of % Finally the resulting strip is

folded into a horseshoe-shape and placed back into S.

The interesting part of the dynamics is the image of the square into itself. Once
that part is defined, the map can be extended to a diffeomorphism by defining its
action on the caps. The caps are made to contract and eventually map inside one
of the caps. The extension of f to the caps adds a fixed point to the non-wandering
set of the map. To keep the class of horseshoe maps simple, the curved region of

the horseshoe should not map back into the square.

In this example the non-wandering set will be the limiting matrix of points
which when mapped are contained in each iteration of f(S). The horseshoe map

is one-to-one, when restricted to the non-wandering set.

Hirata [11] considered an axiom A diffeomorphism, f : M — M, with non-
wandering set Q = Q, and assumed that f|q is mixing. Let u : @ — R be Lipschitz
and consider the associated unique equilibrium state 4 = p,,, that is the unique

measure  which realises the supremum
P(u) = sup {h(m) + / udm : mis a T-invariant probability measure}

— () + [ udu,

where P is the pressure function and h(m) is the measure-theoretic entropy of the

system (T, m). For a fixed z € Q, consider the neighbourhoods of radius €, denoted
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{U¢(z)}. Hirata showed the following Poisson limit law.

Theorem 2.2. For p-a.e. z € Q the return time process to Ug(z), rescaled by
w(Uyg), converges in distribution to a Poisson point process of rate I as € — 0.

In order to show this Hirata looked at Markov partitions and in particular sub-
shifts of finite type and produced the following result. This was achieved by show-
ing that normalised waiting times, for each successive return, are mutually inde-
pendent and are exponentially distributed in the limit. The return times were also
shown to satisfy a Poisson limit law.

Theorem 2.3. For p-a.e. z € X5 the return time process to Ug(z), rescaled by
W1 (Ue(z)), converges to a Poisson point process of rate 1 as n — oo.

Poisson Laws for Repeated Events

In 2009, Chazottes, Coelho and Collet [4] gave sufficient conditions for a Poisson
limit law for hitting time processes. In particular they considered the structure of

the target sets A,,.

Chazottes, Coelho and Collet considered the problem of how long until the
same event is repeated n times in a row, and then considered the distribution of
the waiting times between each of these sequences of repeat events. For example
consider how long until a series of coin flips produces n heads in a row. They

showed a Poisson limit law exists as n diverges to infinity.

Consider a subshift of finite type, (X4,0), for an irreducible and aperiodic
matrix of allowable paths A and let A C X4 be a set of positive measure. Construct

A, to be the set of points that are restricted to A for the first n iterates of 7. That is

A, =ANnc'AN---nc(MA.

In order to obtain a Poisson limit law Chazottes, Coelho and Collet showed
that the process of hitting times to A,, satisfies two particular properties. These two
properties are enough to show a Poisson limit law for a general hitting time process

to a sequence of measurable sets (A"), with positive meaasure satisfying

lim y(A") = 0.

n—yoo
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Property 1. The following limit exists:

m—1
— qs
Cm—nh_{rolocn Z E H%A"OT
0=g9<-<qm—1 s=0
qs—q5_1<3%

where ¢, is taken to be p(A").

Property 1 is used to acheive a distribution of points in the point process that
fits that of a Poisson process in the limit, and is controlled sufficiently by the se-
quence c¢,. By considering all possible sequences satisfying the condition that
gs —qs—1 < 5, and summing the expectation that all points lie in the target set gives
a sufficient estimate for the return time and hitting time for the process to A,,.

Property 2. There exist K;;, > 0 and O < y < 1 such that for every 0 = jo < j; <

- < J satisfying jo — joo1 < % we have for sufficiently large n,

< KnY " u(B)

; (Hm o T4 g0 Tr”m) - (Hm : Tjs) u(B)
s=0

s=0

for every r > 0, and for every B € 4.

Property 2 is often called the ‘ decay of correlations’ and gives a strong enough
condition for the dependence of the waiting times between each event to diminish

so that in the limit the waiting times are independent.
In [4] the following theorem is established.

Theorem 2.4. Let (A") be a sequence of sets in ¥ such that lim,,_, L(A") = 0 and
(cn) be a sequence of positive real numbers. If (A") and (c,) satisfy properties
1 and 2 then thehitting time process rescaled by c, converges to a Poisson point
process of rate 1.

They then apply this result to their construction, which satisfies properties 1
and 2, and conclude the following theorem.
Theorem 2.5. The hitting time and return time process to A, rescaled by e ",
converges in law to a Poisson point process with rate 1.
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Here P, is the pressure restricted to A. That is to say that if for some potential

f: Q — R the pressure is defined as
P(f)=sup {h(m) + / fdm : mis a T-invariant probability measure}

where h(m) is the measure-theoretic entropy of the system (7',m), then the poten-

tial restricted to A C Q is given by

Pr(f) = sup {hm(T|A+ / fdm : mis a T-invariant probability measure} .
A

2.2 Hitting Times for the Doubling Map with the
Self-Similar Model

Recall the motivating example introduced by Floriani and Lima (see section 1.2).
We shall be interested in the action of the doubling map on the base, I = [0, 1),
and make use of the self-similar set structure to show that the hitting time process
associated with this construction satisfies properties 1 and 2 and therefore show a
Poisson limit law.

Recall the construction of A,. Ag = [, 3] is the centre half of /. A; is then the

union of the centre halves of each disjoint interval of I\ Ao, thatis A| = [1—16, 13—6] U

[13 15
167 16

intervals in 7\ (A9 UA;) and A, is the union of the centre halves of each of the 2"

} . Aj is then the union of the centre halves of each of the four remaining

remaining intervals in 7'\ Uz;é A,. See Fig 1.1 in section 1.2.

The remainder of this section will be dedicated to proving the following theo-
rem.

Theorem 2.6. The hitting time and return time process to A, rescaled by e s,

where Py is the pressure function restricted to A converges in law to a Poisson point
process with rate 1.

The following lemma follows directly from the construction of the sets A,.

Lemma 2.7. For the system described above, the sets A, can be written

Ap=ANT2AN---NT 2 P2ANT 2"AC,
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where A=A§=[0,1)U(3,1].

Proof. First let n = 0 and consider
Ag=A"=1[13].

Then for general n € N assume the theorem holds and I will show it holds for n+ 1.
Ap+1 is the union of the centre halves of each disjoint interval of 7\ (AgU---UA,).
But this is the same as the union of the centre halves of

B, =1\ (AU---U(ANT2A...T2"A°)
=AN(AUT2A)N---N(AU---UT 2"A°)
= AUT ?AU---UT "P2AUT A,

Therefore
Ap =ASN---NASNT 2B,
n
= ((AUT2A°U---UT 2A)N(T2AUT *AU- - UT 2"2A°)

i=0
—ANT 2AN---NT AN T2t AC,

It follows from this lemma that 7%(4,) = A,_1.

Compare lemma 2.7 to the construction in [4], which shows that for an ergodic

transformation and a sequence of sets of the form
A"=ANT'AN---NT"A

the limit distribution of return times is indeed Poisson for a scaling sequence given
by ¢, = ¢"a. Py is the pressure function restricted to the region A. We will use a

similar method to show that for the sets
A, =ANT2AN---NT 22ANT 2AC

there is a Poisson limit law.
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Let X = {0, 1} be the space of one-sided sequences on the symbols 0, and 1,
and let o : £ — X be the shift map. That is 6(®y,)nen = (@y+1)nen. There is an

injective map 7 : I — X satisfying
nolT =o0om.

Explicitly this maps a point x € I to a sequence ® = (@,) € X as follows. If x € A
then wy = 1, otherwise @y = 0. Then for each n € N let

1 if T"x € A,
W, =
0 otherwise.

In the space ¥ one can describe sets called cylinder sets. These are usually

denoted with square brackets and are defined as follows:
[ai, e ,aH_m]i = {CO cerX:w=a...,04y= a,~+m}.

These cylinder sets form a basis of open sets for the topology of X, and can also
be shown to be closed in X. By using cylinder sets, the problem of the orbit of a
point in [ hitting A, can be reformulated in terms of the shift space, since x € A, is
equivalent to

o € [HoN 12N [1an N [1,-2) N [0]2n

In order for
o € [1oN 12N [1an---N[1,-2) N [0]2n

there is only a dependency on the first n even entries of the sequence w, and the

odd entries are entirely independent of whether or not
o € [1oN 12N [1a0 - N [1p—2) N [0]2n-

This means that the problem under consideration comes down to studying the sys-

tem given by the map T2
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Lemma 2.8. Let Ll be the Lebesgue measure on I, and consider the transformation
R:1— 1 given by R(x) = T*(x) = 4x mod 1. Then consider also the hitting times
to A, for a point x € I, with respect to R, given by

osV () = inf{i > 0: Rix € A},
(]),gk) (x) = inf{i > (P,Sk*l)(x) ‘R'x €A}
and the hitting times for the point Tx € [0,1) given by
l//,gl)(x) —inf{i > 0:R(Tx) €A,},
() =inf{i > y* V() RU(Tx) € A}

Assume there exists a sequence c, such that the point processes

28

keN

Z 51//11 C

keN

I‘l

and

n

both converge in distribution to a Poisson point process of rate 1, as n tends to
infinity. Then the full point process, given by

=2 500

keN W

also converges in distribution to a Poisson point process of rate 1.

Proof. Since U is the lebesgue measure on /, with transformation 7 : x — 2x
mod 1, u is a bernoulli measure with respect to 7' and T2, This can be seen by
considering a partition of 7, {[0,3),[3,1)} and {[0,3),[}.3).[3.2).[3,1)} respec-
tively. It therefore follows that the two point processes are independent and the full

point process can be written as the sum

Xu(x) =) 8w

% n ()C)Cn
eN

+Y 8
kg\lm cn k% @y (0)+1)en

= Xn(29)(x) + X, 2y + 1) (x)

Now recall that a point process converges in distribution to a Poisson process
if and only if the random variable N,(g)(x) converges in distribution for every
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continous g : R — R with compact support. So let g be such a function and consider
this as a random variable.

N9 = [ s X, (00
= ¥ 80,0,

keN

— ¥ a(¥e,)

keN

= ¥ 220+ Y gy + 1)c,)
keN keN

X, (¢) and X,,(y) both converge in distribution to a Poisson process of rate

one, and 2¢,§k) and (2 l;/,(,k) + 1) are independent since ¢, and y,, are dependent on

alternate points in the orbit of (T"x);cy, and the measure g is Bernoulli. Therefore
the two random variables in the last line both converge in distribution to Poisson
processes of rate % And so it follows that N, (g)(x) converges in distribution to a
Poisson process of rate 1.

]

With these ideas now consider, for a general ergodic measure ¢ and transfor-

mation 7, the sets A" defined by

A'=ANT 'AN--.AT"HANTAC,

As explained earlier in order to show a Poisson limit law it is sufficient to
check that two properties are satisfied. Recall property 1:
Property 1. The following limit exists:
. m_l q
Cp = lim c, o—qo;«zml E(SUO Aan o TH)

n
4s—4s—1<m

where ¢, is taken to be p(A").

To see that this property is satisfied first observe that for m = 1

1 n\—1 1 ‘u(An) _
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For m > 1, I argue that C,, = 0: The sum is over a sequence of points, (gs), which
satisfy gs — gs—1 < % < n. Therefore if T%x € A" then it cannot be the case that

T%-1x € A", since
A" =ANT AN NT"HANTAC,

So it then follows that the product is given by
m—1
H Xan© T% = 07
s=0
which has expectation equal to zero, and hence C,, is zero, whenever m > 1.

This proves property 1 is satisfied, so now consider property 2.

Property 2. There exist K;;, > 0 and O < y < 1 such that for every 0 = jo < j; <
o < Jp satisfying jg— joo1 < % we have for sufficiently large n,

< Ky " u(B)

y (Hm o T4 g0 Tmm) i (me : zj) u(B)
s=0

s=0

for every r > 0, and for every B € A.

This property is not as easy to check. To begin with we introduce and recall

notions from symbolic dynamics and thermodynamic formalism.

Let V ={l,...,¢} be a finite alphabet. A will denote an irreducible and ape-
riodic ¢ x ¢ transition matrix, with entries either a 0 or a 1, indicating allowable
transitions between vertices of a directed graph. Define the space of one-sided

allowable paths in the graph by
Ya={x=(x,) € yN tA(xi—1,x) = 1Vi > 1}.

Y4 1s compact and metrisable with Tychonov product topology. Let T : X4 — X4
be the shift map, given by T'(x), = x,41.

For ¢ € C(X,), let var,(¢) = sup{|@(x) — @(y)| : x; = yi,i < n}, and given

0 < 6 < 1, define
Varn((p) }
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Then the space
Fo = {p €C(Za) :[@lo <}
is a Banach space with norm ||@||g := ||@ ]|+ |@]g-

Given a potential ¢ € %y, let £, be the transfer operator on .%¢ defined by

(ZLow)(x Z e®0)

Ty=x

This operator ., has a maximum positive eigenvalue eP(®) which is simple and
isolated and the rest of the eigenvalues lie in a disc around the origin of radius

strictly less than (%), The value P(@) is the pressure of ¢ which satisfies
P(¢@) = sup {h(m) + / @dm : mis a T-invariant probability measure}

=h(p)+ / pdu,
where h(m) denotes the measure-theoretic entropy of the system (7,m), and U is
the equilibrium state corresponding to ¢ which maximises the supremum above.

The positive function given by

o := lim e 719 22(1),

n—oo

where 1 denotes the constant function equal to 1, can be shown to be an eigen-
function of %}, corresponding to the eigenvalue ¢P(9). Normalising ¢ by replacing
it with ¢’ = @ — P(¢) + log(®) —log(@w o T) gives .Zy(1) =1 and P(¢’) = 0.
Furthermore ¢ and ¢’ have the same equilibrium state. So assume without loss of

generality that @ is normalised. Thus .Z}, satisfies
/901 (p2oT)dp = /c%(%) “prdp

for any @, @1, g2 € C(Za).

Now consider a sub-alphabet A C V such that A # V, and consider the associ-
ated closed T'-invariant subset X4 C X4 defined by

ZA:{XEZAIxiEAViZO}.
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I will only consider the case where X, is an irreducible and aperiodic subshift
of finite type. This is to say that the matrix A restricted to A defines a matrix Ap

which is irreducible and aperiodic.

Let @A denote the restriction of @ to the subsystem ¥4, and P be the pressure
of @a with respect to (X4,7). If ¢ is normalised, then P, = 0 and so Pp < 0.
Let ua denote the equilibrium state of ¢a. Let @wp be the strictly positive, Holder

continuous function on X given by

wp = lim e 2.2 (1).

n—oo

Now define the restricted transfer operator £, acting on the space of Holder con-

tinuous functions %y, by
La9 =2 (¢ xa)
and consider the subset of X4
Yy ={x€Xy:Ibe A, A(b,xp) = 1}.
Since A is irreducible and aperiodic in V, %, is a non-empty finite union of cylinder
sets of X4, and in particular p(%,) > 0.

To continue we recall the following result from [4].

Proposition 2.9. There exists a Holder continuous function hy defined on ¥ such
that
gA(hA) = ePAhA

and hp|x, = OA. hy is strictly positive on % and is zero on the complement %/
Moreover

—nPp\ cpn .
e~ 23(0) s [ @dulle =0
for all ¢ € C(Zp).

I am now ready that to show that property 2 is satisfied. I will do this via the

following two lemmas.

Lemma 2.10. Using the notation used above

lim e~ (A") = /A hadyt.

n—oo
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Proof. Recall that
A =ANT'AN---NTIANT "AC.

Then it follows that

p(A") = / X du

where A? := A¢. Thus by Proposition 2.9, we have that

e Ay (A" = /hA-xAc du+ e ")

and therefore
lim e A p(A") = / hadu.
n—yoo AC

Lemma 2.11. There exists K > 0 and 0 < 'y < 1 such that
[E(xas 250 T") — (A )u(B)| < Ky" e u(B)

for every s,r > 0 and for every Borel set B C Y.

Proof. First note that from the properties of the transfer operator
E(xas - xpoT*") = /XAS xp(T°")dp

- [ 123230 au
— Bt Z (1))

The spectral properties of %, imply the existence of 0 < ¥ < 1 and K > 0 such
that for all k > 0
L0l < K¥[o]o.

whenever ® € . and [ @du = 0. Since e*" A_Z31 has uniformly bounded Holder

norm, taking
o = oy = e L1 —pu(A)),
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then
Jodu=e [ Z30) (&) dp =P (r() - (8 =0,
and there exists K’ > 0 independent of r, s such that
[E(xs- Zooy)| < K'y"u(B)

for all r,s > 0. The result now follows. O]

With lemmas 2.10 and 2.11 property 2 is now satisfied. The following theorem
now follows immediately by theorem 2.4.

Theorem 2.12. The hitting time and return time process of A", rescaled by s,
converges in law to a Poisson point process with rate 1.

Theorem 2.6 now follows as an immediate corollary.

In the example of Floriani and Lima, I showed that the structure of the dynam-
ics was such that it could be separated into two (sub-)sequences by considering
alternate points. This means that in order to study the distribution of hitting and
return times in this system it is enough to consider, without loss of generality, the
map 7 : x — 4x mod 1. This can be described using the double iteration of the
shift map on the space of sequences of Os and 1s with the map 0o = 62 : L = X
where ¥ = {x = (x;) : (x2;,%2i+1) € {00,01,10,11}Vi € N} and associating cylin-
ders [00],[01],[10],[11] with the intervals [0,7),[4,3),[3,3).[2,1) respectively.
This has a normalised potential of —log4 (noting that this is different from the
normalised potential of the doubling map which is —log2), and this can be shown
by calculating

P(—1log4) = lim llog Z exp(—nlog4)

n—$o0
n Oy x=x

1 1 2n ~—2n
_r}l_rgzlogQ 27

=0.

The sub-alphabet for A will be the set of pairs {01,10}. The restriction to A cor-

responds to the set of sequences £x = {x = (x;)n : x2; # X2i+1}, and is therefore
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aperiodic and irreducible. Now calculating the pressure of the normalised potential

restricted to A gives

1
Pp(—log4) = lim —log Z exp(—nlog4)

noeen 0y x=Xx,XxEXA
1 1 n ~—2n
_,}gllﬁlog@ 27
= —log2.

Therefore the rescaling constants, as given in Theorem 2.6, can be calculated as

¢"'s = exp(—nlog2) =27".
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Chapter 3

Continuous Dynamics

In this chapter we will relate the results from discrete dynamics and probability
theory to a continuous setting, in order to obtain sufficient conditions under which

a Poisson limit law exists.

3.1 Manifolds and Axiom A Flows

As stated in the previous chapter, axiom A was first introduced by Smale [18].
We previously described axiom A diffeomorphisms; we now need an equivalent
formulation for axiom A flows, and so we develop similar notions of hyperbolic

sets for flows.

Let M be a compact Riemannian Manifold, that is a smooth manifold with a
Riemannian metric, and let ¢ : M — M be a differentiable flow on M, that is a one

parameter family of diffeomorphisms such that ¢, = ¢, ¢;.

Definition 3.1 (Hyperbolic Sets). A closed (¢)-invariant set A C M containing no
fixed points is called hyperbolic if for every x € A the tangent space can be written
M = E ®E* ®E® where E, ES, E* are (D¢ )-invariant and continuous subspaces
and there are constants ¢ > 0 and A € (0, 1) such that

1. E is the one dimensional subbundle tangent to the flow ¢;.
2. |D¢:(2)|| < ce=*|z|| for every z € E*, 1 > 0.

3. |Do—(2)|| < ce ™ ||z| for every z € E*, t > 0.
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It is possible to choose appropriate #p > 0 and A > 0 for a given hyperbolic set
A C M such that the above conditions still hold with ¢ = 1 when ¢ > 7. Assume

that 7y < 1 since this can be achieved by rescaling t — ¢’ = %

Definition 3.2 (Basic Hyperbolic Sets). A closed invariant set A is called basic
hyperbolic if the following are satisfied:

1. A contains no fixed points and is hyperbolic.
2. The periodic orbits of ¢ |4 are dense in A.
3. ¢ is a topologically transitive flow.

4. There is an open set U D A with

A — ﬂ (PIU'
teR
Definition 3.3 (Non-Wandering Sets). The non-wandering set Q = Qy C M is
given by
Qy ={zeM: forevery open V 3 x, 1o >0 I > 1y with ¢,(V)NV #0}.

Definition 3.4. A flow, ¢, : M — M, is said to satisfy Axiom A if its non-wandering
set Qy is the disjoint union of a hyperbolic set with a finite number of hyperblic
fixed points.

Smale’s spectral decomposition theorem states that this hyperbolic set is a

disjoint union of a finite number of basic sets.

In the remainder of this thesis we will only consider continuous dynamical
systems (Qg, ¢;,m, %) with a probability measure m on Q4 and flows ¢; : Qy — Qy

satisfying axiom A.

3.2 Suspension Flows and Axiom A Flows

Some of the ergodic theory and dynamics of axiom A flows have been studied by
Bowen and Ruelle (see [1, 2]), who made the link to suspended flows. We will first

define and construct a general suspended flow.

37



Given a measure preserving discrete dynamical system (X,7,%,u) and a
measurable function y: X — (0,00) with [ ydu < oo, define a new space, the sus-

pended space
Q=Qy:={w=(x,y) eXxR:0<y<7y(x)},

identifying points (x, ¥(x)) with (T'x,0). Associate with this the product c-algebra,
and define a probability measure on €2 as the normalised product measure of ¢ and

the Lebesgue measure
__duxdLeb

dv,=dv :=
4 [ydu

Define a flow S; = S; y : &y — Q on the new measure space (Qy,V) by

n(t)-1 ,
Si(@) = S;(x,y) = (T”(’)x,yH— )y Y(T’X)>,

i=0
where 7(#) is the unique natural number which satisfies

n@)-1 ,
0<y+t— Y ¥(T'x) <y(1""x).
i=0
See Figure 3.1

Definition 3.5 (Suspension Flow). (Qy, V) defined as above is a suspended space
with respect to ¥ and S; is a suspension flow.

We will only consider suspended flows over X = X = ¥4, that is the space of
two-sided sequences, and T = ¢ = 0 is the shift map, so that (X4, 0y ) is a subshift

of finite type.

The link between suspension flows and axiom A flows has been investigated
by Bowen and Ruelle (see [1, 2]) and this relationship is described in the the theo-

rem below.

Theorem 3.1. For y: X — (0,0) let

vary(y) == sup{|y(x) —y()| : x,y €L, x; = y; V|i| <n}
and

F:={yeCX):3b>0, o €(0,1) so that var,y < bo" ¥Yn >0},
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Figure 3.1: Showing the motion of a suspension flow for a height function y. The
flow travels vertically upwards until y = y(x), at which point it jumps back to y =0,
and shifts along to Tx.

where C(X) is the set of continuous functions on ¥, taking values in R. Let ¢y be
an axiom A flow on (M,v) and A a basic hyperbolic set for ¢. Then there is a
subshift of finite type (X4,04) and a positive ¥ € F and a continuous surjection

p : Qy — A so that p(Si()) = ¢ (p(®)).

A proof of this theorem can be found in [2]. This theorem along with Smale’s
decomposition theorem [18] means that for any axiom A flow there is a suspension
flow which shares many of its properties. In particular note that if 7(z) is a hitting
time of z € A to some open set A C A with positive measure then there exists a
(small) € > 0 such that ¢;(z) € A fort € (1,74 ¢€) and ¢(z) ¢ A fort € (T —¢€,7).
But

P~ (@(2)) =Si(p~"2),

and p~'(¢,(z)) € p~'(A) if and only if ¢(z) € A. Therefore 7(z) = (@) when
z=p(w). So in order to study the hitting and return times of ¢, to a set A it
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is enough to look at the hitting and return times of the corresponding suspension

flow, S;, to the set p’lA.

3.3 Hitting times in Suspended Flows

Recall that a suspended flow over a measure preserving discrete dynamical system
(X,T, %, ) with a measurable height function y: X — (0,0) such that [ ydu < oo

is a flow on the suspended space
Q=0Qy:={w=(xy) eXxR: 0<y<y(x)},

where the points (x,y(x)) are identified with (7'x,0). Associate with this the prod-
uct o-algebra, and define a probability measure on Q by
du x dLeb
a’v},:dv:—l't>< © .
Jydu

The suspension flow (S, : Qy — Qy : 1 € R) is given by

n()-1 .
() = S, (x,y) = (T”(t)x,yﬂ— ) 7(”))

i=0
where 7)(¢) is the unique natural number which satisfies

n()-1

0<y+t— Y, Y(T'x) < y(T"x).
i=0

Consider the projections 7 : Q — X such that 7(x,y) = x and 7’ : Q — R the

projection to the vertical axis such that 7/ (x,y) = y.

Let (A, C Q) be a sequence of open balls with positive measure such that

lim,, e V(A,) = 0. Observe that @ (A,) > 0 since otherwise

V(A) = “fjf;zb (A) < “<”(A”>}<;i‘j(” (&)
(k)

Now consider the the hitting times, 7, ', to A,. Notice that from the construction

=0.

of suspended flows these hitting times can be related to the hitting times, r,(,k), of
the system (X, 7,9, 1) at the base of the flow, to the projected sets A, = m(A,).

This is formalised in the following lemma.
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Lemma 3.2. Let (X, T, %, L) be a T-invariant system with probability measure |,
and let (Qy,S;,%,V) be the associated suspension flow with height y: X — (0, 0)
uniformly bounded away from 0. Then consider a sequence of open balls A, C £y

with positive measure such that lim,_. V(A,) = 0. Let ’L',Sk) be the k-th hitting

time for the suspension flow to hit A, and let rﬁ,k) be the k-th hitting time for the

transformation T : X — X to hit the projected sets A, = n(Ay). Then

ROBENOME
where
[ (*
k k i 7,
B0 =1 ) =5 [ L v —y+h(Tx)
n i=0

and h : X — R is a positive measurable function with 0 < h(x) < y(x).

Remark 3.3. The sequence of balls A, C Q, are such that the measure converges
to zero. In this setting of a suspended space there are two possible conditions
that would give this convergence, convergence in measure of the projected sets
to X given by A, = m(A,), or convergence in measure of the projected sets to R
given by 7’. It will be shown later that convergence in measure of the projection
to X 1is associated to the r,(f) term, and therefore it is sufficient to only consider
convergence of [L(A,).

Proof. r,ﬁ") (w) is the time it takes for the flow S; to hit some particular set A, of
positive measure, starting at the point @ = (x,y). At the time t = b (w)

®
(r(k)) (k) Nt )-1 .
S wley)=T"" )x, y+1, — Z Y(T'x) |,

T,
" i=0

where (‘L’,Sk) ) is the unique natural number which satisfies

0<y+l = Y yrix) < yr®@ ).

We will show that 1 (’L’,Sk)) =r r(lk)

Each term in the sum coincides with the flow reaching the top of the suspen-
sion once, which is to say that the x-coordinate is translated to 7x for each term
in the sum. In order for the flow to hit A, for the k-th time, it will therefore have
to continue until the x-coordinate hits the projected set A, = w(A,) C X for the
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k-th time. After the first translation (that is the time to reach the point (Tx, 0)) S
has travelled a distance of y(x) — y, the height of y over the first point minus the

starting position. At subsequent translations the distance adds on the height of y(x)

for each x coordinate visited so that after r,(lk) translations S has flowed a distance

of
(k)
Y(x) =y +Y(Tx) + -+ 9T ~'x).

This must be at most the distance required to hit A, for the k-th time. Since S;

travels at unit speed,
(k)

'n —

1
o > ) Y (T'x) | —y.
i=0

Rearranging gives the left hand inequality
(k) _ i
0< y+m — ), y(T).
i=0

To get the right hand inequality observe that S; must hit A, before the next
translate. Therefore

)

(k)
o) < Y(x) =y + UTx) + -+ YT x).

Rearranging this inequality gives
(k) i P
y+o = Y} f(T'x) < y(T" x).
i=0

It follows that there is some function 4 : X — R which satisfies

, (®)
’L‘,(, = Z Y(T'x) —y+h(T™ x)

where 0 < h(x) < y(x) for every x € X. Define h(x) to be the height required for S
to hit A, from (x,0) if x € A, or 0 otherwise, that is to say

(1)
h(x) = Ty ' (x,0) xeAn.
0 otherwise.

The measurability of 4 follows from the measurability of 7. ]
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We have now separated the hitting times into two random variables. The rea-
son for this, as shown in the following lemma, is because the Yn(k) terms converge

almost surely to a constant.

Lemma 3.4. Yn(k) converges W-almost surely to [ ydu as n — oo.

Proof. This can be shown by rearranging and considering three terms separately,
by writing

( 1 r2k> —1 y h(Tr(k)x>
k_ L iy_ Y Al X
D S TR

where A (x) is the height required for S to hit A, from (x,0) if x € A, or O otherwise,
that is to say

(1)
h(x) = T, (x,0) x€A, |
0 otherwise.

(k)

For the second term, we recognise that r;, * — oo almost surely as n — oo since
the measure of the target set converges to zero and so the hitting times diverge
according to Kac’s theorem. As y is a constant here it follows that

D
iE

n

—0

u-almost surely as n — oo,

. . (k) (k) .
For the third term it’s already known that 0 < A(7T" x) < y(T™ x). Since
y € L! it follows that by the Birkhoff Ergodic theorem

0
1 & :
5 Y v(T'x) — /ydu.
n’ k=0

So consider

1 N0 1 0
1 V;(p 1 rr(zk)_l
= YV — ——— N(T'x)
r,(lk) k;o (r,(lk) —1) kgf)

Taking a limit as n — oo, and noting that r,(lk) is a subsequence of (n),cn, then both

terms in the final expression converge to the integral of y by the Birkhoff ergodic
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theorem. In particular, on a set of full measure,

1 (k)

n—yoo .l

(k)
and so %h(Tr n x) — 0 almost surely.

n

For the first term we use a generalised version of the Birkhoff ergodic theorem
(k)

and notice that r;, ’ diverges almost surely so the averages must converge almost
surely to the integral due to the ergodic properties of (. That is

(k)
1 n -1 ;
| X T-y %/Ydu
rn i=0
almost surely as n — oo.
The result now follows. []

Remark 3.5. Here 7y does not need to be continuous for the previous two lemmas
to hold, but needs only be integrable in order to use the Birkhoff ergodic theorem
in the proof.

Slutsky’s Theorem and the Continuous Mapping Theorem

We now consider a theorem of Slutsky [9] and give a proof, along with some gen-
eral and relevant remarks. We also consider related ideas including the continuous
mapping theorem and how these ideas might be applied to the hitting time problem

being considered in this thesis.

Theorem 3.6 (Continuous Mapping Theorem). Let Z, be a d-dimensional random
vector which converges in distribution to the random vector Z. If g : R? - R is a
continuous map with compact support then g(Z,) — g(Z) in distribution.

A proof of the continuous mapping theorem can be found in [13]. I now
give a proof of Slutsky’s theorem, in its usual form, using the continuous mapping

theorem.
Theorem 3.7 (Slutsky’s Theorem). Let (X,,) be a sequence of random variables
that converge in distribution to X, and (Y,) another sequence of random variables

that converge in probability to a constant ¢ € R. Then the product X,,Y,, converges
in distribution to the product X c.
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Remark 3.8.

1. Convergence in probability of Y}, to ¢ is defined as the convergence

lim P(|Y, —c|<€)=0

n—soo
and is implied by convergence almost surely, so convergence of the variable
Y, almost surely to a constant is enough for the result to hold.

2. Itis important that Y, converges to a constant, and it is not generally the case
that this theorem holds when Y,, converges to an arbitrary random variable.
As a counterexample consider Q = {0, 1}". This is the one-sided full shift
on two symbols. Consider the probability measure g = (%, %)N. Now for
o = (w1, m,,...) define a sequence of random variables by X, : Q — R by

0 ifw, =0, n=2k

X,(0) = 1 ifor=1, n=2k
TN ifor =0, n=2k+1

0

ifo,=1, n=2k+1

Then both X; and X5, converge in distribution to X = X, since they all
have the same distribution function. However note that Xy, x X5;_1 is iden-
tically equal to the constant random variable 0, and this does not converge to
Xo X Xog=Xp as k — oo,

Whilst proofs of this theorem can be found elsewhere (e.g. see [9]) we will
consider a new proof as we will use it to generalise Slutsky’s theorem later in the

thesis.

Proof. We will prove this theorem using the continuous mapping theorem (theo-
rem 3.6). The function that will be needed is g(x,y) = xy and the random vector is
(Xu,Y,). The remainder of this proof is now devoted to showing that (X,,Y,) con-
verges in distribution to (X,c), since from this the continuous mapping theorem
can be used to complete the proof.

For any bounded and continuous function with compact support i : R> — R
consider the difference

|E [A(Xn, Yn)] —E[A(X, )]

= [E[A(Xy, Yn)] = E[A(Xn, )] + E[A(Xy, €)] = E[A(X, c)]|
< |E[A(Xn, Yo)] = E[A(Xn, )]+ [E [h(Xy, c)] = E[R(X, c)]|
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Define g(x) := h(x,c), which is continuous and has compact support from the
compact support of 4. Then the second term converges to zero as n tends to infinity
since X,, converges to X in distribution.

The first term is harder and uses the fact that Y, converge in probability. That
is to say that for any € > 0, P(|Y,, — ¢| > €) — 0 as n — oo. Using this notation, for
any € > 0 it follows that

|E [h(XmYn)] —E [h(XnaC)“
_ ’/h(Xn,Yn) —h(Xn,c)d]P"
_ ’/|n_c>eh(x"’y"> — (X, ) dP

+ h(X,,Y,) —h(Xn,c)d]P)‘

|Y,—c|<e

< ‘/ (X, Y) — h(Xy, c) dP
|Y,—c|>¢€

n / h(Xn, o) — h(Xa ) dIP"
|Y,—c|<e

< sup {|h(xny) —h(x o)} P()Y, —c[ < )
{x,y:\y—c|§€}

42| h|P(Y, — | > €.

Observe that & is continuous with compact support. In particular /4 is uni-
formly continuous, which is to say that for any n > 0 there is a 6 = 6, > 0
such that dj ((x1,y1),(x2,y2)) < 6 = da(h(x1,y1),h(x2,y2)) < M, where d;
and d, are the metrics for R?> and R respectively. So there is a § > 0 such
that d; ((x,y),(x,c)) < 6 = da(h(x,y),h(x,c)) < n. But the distance
dy ((x,y),(x,¢)) = |y —¢|, so since in the above calculation &€ was arbitrary, pick
€ < 0. Now for any 1 > 0 there exists € such that

[E[A(Xn, Yo)] = B [2(Xn, 0)]| < 1 +2[|Al|P([Yn — c| > ).

Y, converges in probability so in particular there exists some N € N such that for
n>N
[ [A(Xn, Yo)] = E [2(X0, 0)]| < +1 =27

But 1) is arbitrary it follows that
lim E [h(X,,Y,) — h(X,,c)] = 0.

n—oo
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Remark 3.9. In the statement of the continuous mapping theorem the condition of
convergence in distribution of Z, — Z can be changed for convergence in probabil-
ity (or convergence almost surely) to give g(Z,) — g(Z) in probability (or almost
surely respectively).

We are interested with the convergence in distribution of the processes given
by

to the Poisson point process which will be denoted

T((I)) — Z 61.(]()((0).
keN

It is enough to check that the integral

/ga’rn
/gd‘c

for any continuous g : R — R with compact support. We will now attempt to

converges to

construct some theory generalising Slutsky’s theorem and the continuous mapping
theorem with this motivation, first by considering a point process with one point,

and extending this to a more general point process.

A General Slutsky’s Theorem for One Point

Consider again a sequence of random variables (X,,) which converge in distribu-
tion to X and another sequence of random variables (¥;) which converge to a con-
stant ¢ € R almost everywhere, which in particular means that ¥,, converges to ¢ in
probabililty. Define a point process 7,(®) = Jx, (w)y,(w)- This process converges
in distribution to T = Jx, if for any continuous function with compact support,
g:R—R,

/gdfn = 8(XnYy) = g(Xc) = /gdf-
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It is enough to check this is true for arbitrary indicator functions g = x[, ;| for
a < b. Making use of Slutsky’s Theorem above
P (X,Y, € [a,b]) ift=1
P(Xjap)(Xn¥n) <t) = .

1 -P (XY, € (a,b)) ift=0

P(Xc € [a,b]) ifr=1
1-P(Xc€la,b]) ift=0

=P (X[a,b} (ch) < t) .

So 7, converges in distribution to 7 as n tends to infininty.

A General Slutsky’s Theorem for Two Points

This time consider two sequences of random variables X,S]) and X,gz) which con-

verge in distribution to X (1) and x@ respectively and sequences Y,,(l) and Yn(z)
which converge almost everywhere to Y™" and Y@ respectively. Assume that
X() and the difference (X(®) — X)) are independent and that Y() = y() = ¢
is a constant. We are concerned with the convergence of the process given by

() = 6X,§1)Yn(1) + 5Xn(2)Yn(2)'

To see that this converges in distribution it is enough to show that for any

continuous function with compact support, g: R — R,

/ gdt, = g(X\Vr ) + g(x Py,

/gd‘c.

The goal is to use the continuous mapping theorem to show this, using the function
G : R* — R given by

converges to

G, u® v 2y = g(uMWy)) 4 g((u® — 1))

and substituting X,El) = u(l), (X,§2) —X,El)) =u®, Yn(l) =) and Yn(z) =2, For
ease of notation let Z,gl) = X,g 1), 7z = x() and similarly Z,(,Z) = (Xn(z) — Xn(l)) and
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7 = (X —x(1)). We must show that the random vector (Z,(Ll),Z,SZ),Yn(I),Yn(Z))
does indeed converge to (Z(l),Z(z) ,C,C).

Assume that (Z,(ll),Z,(zz)) converges in distribution to (Z(1),Z(?).  Now
we can adapt the proof of Slutsky’s Theorem to show the convergence of
2,220 ).

LetZ, = (Zr(ll),Z,(,z)), Y, = Yn(l), and similarly Z = (Z(l),Z(z)) andY =Y() =
c. For any bounded and continuous function with compact support 4 : R? — R

consider the difference

|E [~(Zn, Yn)] —E[h(Z,c)]]
= [E[1(Zn, Ya)] = E[h(Zn, )]+ E [h(Zn, c)] = E[R(Z, c)]]
< |E[h(Zn,Yn)] —E[h(Zy,0)]| + |E[A(Zy,c)] — E[h(Z,¢)]|
Define g(z) = h(z,c) which is continuous and has compact support from /. There-

fore by the continuous mapping theorem the second term converges to zero as n

tends to infinity since Z, converges to Z in distribution.

The first term is less difficult and uses the fact that Y, converges in probability,
which is to say that for any € > 0, P(|Y, —c| > €) — 0 as n — oo. Using this

notation, for any € > 0 it follows that
\E[A(Zy,Y,)] — E[h(Z4,0)]|
_ /h(Zn,Yn) —h(Zy,€) dIED‘

:/| | 1(Zn,Yy) — h(Zy,¢) dP+ h(Zy,Y,) — h(Zn,c)dIP"
Y, —c|>¢€

|V, —c|<e
g/ W(Zn, V) — h(Zn, ) d ' ’/ W(Zn, V) — h(Zy,¢) dP
|Yp—c|>¢€ |V, —c|<e
< sup A{[h(z,y) —h(z ) [} P([Ya — ¢ < &)+ 2[|Al[P([Y, —c| > €).
{zy:ly—c|<e}

Observe that & is continuous with compact support, in particular this means
that 4 is uniformly continuous, which is to say that for any n > 0 there is a
0 = &, > 0 such that d; ((x1,y1),(x2,y2)) < & = da(h(x1,y1),h(x2,y2)) <7,
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where d; and d, are the metrics for R> and R respectively. So there is a § > 0
such that d; ((x,y),(x,c)) < 8 = da(h(x,y),h(x,c)) < n. But the distance
dy ((x,y),(x,¢)) = |y —c|, so since in the above calculation € was arbitrary, pick

€ < &y. For any n > 0 there exists € > 0 such that
|E[A(Xn, Yn)] = E[2(X0, 0)]| <0 +2||hl|P(|Yn — ¢ > €).
Y, converges in probability so there exists some N € N such that for n > N
|E[A(X, Yn)] = E [2(X0,0)]| < +n =27.
But 1) is arbitrary so it follows that

lim E [A(X,, Y,) — h(Xy, )] = 0.

n—soo
It follows that (Z,,Y,) converges in distribution to (Z,Y).

Now let Z,, = (Z,S”,Z,S”,Y,f”) and Y, = Yn(z) and repeat the calculation, to get
that (z,i”,z,(f) , Y,l(l),Yn(z)) converges in distribution to (Z(1), Z(?) ¢, ¢). Then by the
continuous mapping theorem G(Z,(,I),Z,(lz),Y,fl),Yn(z)) converges in distribution to

G(Z(l) ,Z(z),qc) which is to say the process 7, converges in distribution to 7.

A General Slutsky’s Theorem for Multiple Points

This time now consider m sequences of random variables Xé”,x,ﬁz),...,x,ﬁ’")
which converge in distribution to XV X2 .. X" respectively and sequences
Y,,fl),Y,fz),...,Y,fm) which converge almost surely to Y Wy@ . ym respec-

tively. Assume that X,g D and the difference (Xn(z) —X,g 1)) are asymptotically inde-
pendent and that for i =2,...,m — 1 each pair consecutive intervals, (X,Ei) —X,Ei_ 1))
and (Xi+1 —X,@), are pairwise asymptotically independent, and that Y D =y® =
c € R. Here two variables, Z}, Z2 are considered asymptotically independent if they

converge in distribution to Z! and Z? respectively, and Z! and Z? are independent.

We are concerned with the convergence of the process given by
m
T (@) = Z‘i Sy iy
1=
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To see that this converges in distribution it is again enough to show that for

any continuous function with compact support, g : R — R,

&)
/gdrn: Zg(Xn Y,')
i=1

/gdr.

This can be shown using the continuous mapping theorem for the continuous func-

converges to

tion G : R?" — R given by

and substituting x — (), (X,gi) —X,gi_l)) — 4D,y =0 for i > 2.

For ease of notation let Z,gl) = X,El), ZM = x() and similarly Z,gi) =
(X,Ei) —X,,Ei_])) and Z() = (X — x(=1)) for i > 2. We therefore need to show
that the random vector (Z,(,l),...,Z,(lm),Yn(l),...,Yn(m)) does indeed converge to
(Z(l),...,Z(’"),c, ...,c). Assume also that (Z,(ll),...,Z,Sm)) converges in distribu-

tion to (Z), ..., Z(m).
Let Z, = (Z,Sl),...,z,ﬁm)), Y, = Y,,(l), and similarly Z = (Z(l),...,Z(’")) and

Y =YW =¢. For any bounded and continuous function with compact support

h: R™t1 5 R consider the difference

[E[1(Zn, Ya)] —E [A(Z, )]
= |E[(Zy, Yo)] = E[1(Zn, )] + E[h(Zy, )] = E[R(Z, ¢)]|
< |E[1(Zn, Yu)] — E[A(Zs,)]| + [E[A(Zy,0)] — E[A(Z, )|

Defining g(z) := h(z,c), which is continuous and has compact support from 4. Then
it follows from the continuous mapping theorem that second term converges to zero

as n tends to infinity since Z, converges to Z in distribution.

For the first term we will use the fact that Y¥;, converge in probability, which is

to say that for any € > 0, P(|¥,, — ¢| > €) — 0 as n — oo. Using this notation, for
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any € >0

\E[A(Z,Yn)] — E[h(Zy,0)]|

— /h(Zn,Yn)—h(Zn,c)dIP‘

:/ W(Zp, Y,) — h(Zn,c)d]P’+ W(Zp, Y,) — h(Z,,,c)d}P"
|Y,—c|>¢€ —c|<e

g/ W(Zn,Y) — h(Zn,c)d ' ’/ W(Z,Y) — h(Zp, ) dP
|Y,—c|>¢€ Y,—c|<e

< sup  A{|h(z,y) —h(z,0) |} P(|Yn —c < &) +2||h]|P(]Y, —c| > €).
{zy:ly—c|<e}

Observe that 4 is continuous with compact support. In particular this means
that 7 is uniformly continuous, which is to say that for any 7 > O there is a
0 = Oy > 0 such that d; ((x1,y1), (x2,¥2)) < & = da (h(x1,y1),h(x2,¥2)) <7,
where d; and d, are the metrics for R? and R respectively. So there is a § > 0
such that d ((x,y),(x,c)) < 8 == d(h(x,y),h(x,c)) < n. But the distance
di ((x,y), (x,c)) = |y

€ < Oy. Therefore for any n > 0 there exists € > 0 such that

since in the above calculation € was arbitrary, pick

|E [A(X, Yo)] = E [0(X0, 0)]| < 11 +2[|Al|P(|Yn — c| > €).
Y, converges in probability so there exists some N € N such that forn > N
E [A(Xp, Yn)] = E[A(Xp,0)]| <n +1m =27.
But 1) is arbitrary so it follows that

lim E [h(X,, ;) — h(Xy, ¢)] = 0.

n—soo
Therefore (Z,,Y,) converges in distribution to (Z,Y).

Now let Z, = (Z,(ll),...,Z,(lm),Y,fl) ) and Y, = Yn(z) and repeat the cal-
culation, to get that (Z,(,l),...Z,(lm),Yn(l),Yn(z)) converges in distribution to
(z,Z?) ¢,¢) and continue for ¥, = ¥? then ¥, = ¥* etc. until we have that
(Z,(,1)7...,Z,(,m),Yn(1),...,Yn(m)) converges in distribution to (Z(1,....Z" ¢ ... c).
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Then by the continuous mapping theorem G(Z,(ll),...,Z,gm), Yn(l),...,Yn(m)) con-
verges in distribution to G(Z(l), e ,Z(Z),c, ...,c¢) which is to say that the process

T, converges in distribution to 7.

This proves the finite, m-dimensional case, where
m
(@) = Z{ 6Xy$i)Yn(i).
1=

But for convergence in distribution for the infinite dimensional situation it is
enough to prove convergence for every finite m. This can be seen by recalling
the definition of convergence in distribution of a point process: T, converges in
distribution to 7 if and only if for all continuous g : R — R with compact support

the random variables N
Y e(xs %)
i=1

converge in distribution to

converge in distribution, as n — o, to
X = Z 6X(i)7
i=1

where X is a Poisson point process of rate 1. If Yn(i) converges l-almost surely to a
constant ¢ € R for all i € N then the process

. . . . 1
which is a Poisson point process of rate .
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3.3.1 Poisson Law for Suspended Flows

Consider a discrete dynamical system (X,7,%, ) with T-invariant probability
measure U, and the associated suspended space (£2y,S;, %, v) for a height function
7:X — R. Let A, C Q, be a sequence of open sets with positive measure satisfying
lim;, 0 V(A,) = 0. Recall the k-th hitting time for the action of S; to hit A, is
denoted T,(lk) and the k-th hitting time for the action of 7 to hit the projected sets
A, = w(A,) is denoted r,(lk).

Theorem 3.11. Assume there is a positive sequence of real numbers (c,) such that
the hitting time process given by

= X0
keN

converges in distribution to a Poisson point process of rate 1. Then it follows that
the process of rescaled hitting times

Tw(®)=) 8w,
keN

1
Jvdu:

converges in distribution to a Poisson point process of rate

Proof. First check the criteria for Theorem 3.10 are satisfied. Lemma 3.2 states

that T,E") = Yn(k)r,(,k) and by lemma 3.4, Y,,(k) converges almost surely to [ydu as
n — oo, for any k € N. It therefore follows that 7,(x,y) converges in distribution
(with respect to the measure () to a point process of rate 1, which will be denoted
T.

For any continuous function g : R — R with compact support, consider the
sequence of random variables given by

NA(9)(@) = N()(vy) = | g(0)d (Z 675<w>c,,> -
k=0
Theorem 3.10 states that

L@y dn— [ N()(y)d

where

N:N(a)):/o g(t)d(lg)Srk(w)>.
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However to show convergence in distribution with respect to the full measure given

by
u x Leb

Rz
we need to show convergence of the integral

| @)@ av(o).
Q

Consider the integral

[ vdu | Mg (@)av(o) = | Ny(e)(@)dp(x) @ dLeb(y)
_/ (/ ™ Na(e) (x.y) dLeb(y )) du ().

The internal integrals can be bounded above and below. First consider a lower
bound.

Up to a set of p-measure zero, the number of hits will eventually be minimised
by considering a starting point (x,0), as this requires the flow to travel the maxi-
mum distance before making the first hit, and then each subsequent hit. That is to
say that

y(x)
Y(x)Na(2) (x,0) < /0 Na(g)(x,y)dLeb(y)

except on a set of t-measure equal to zero. Therefore it follows that

[romwoaunt < [ ([ Mm@ dLen)) du

Similarly for an upper bound up to a set of t-measure zero, the number of hits
will eventually be maximised by considering the highest starting point, (x,y(x)) =
(Tx,0), as this requires the flow to travel the minimum distance before making the
first hit, and each subsequent hit after. That is to say that

()
7 ) dLeb(y) < 1M )& 7) = FIN8) (T,0)

except on a set of -measure equal to zero. Therefore it follows that

/(/ Na(g)(x, ) dLeb(y ) /y ) (Tx,0)du(x).
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To understand the convergence of

/)E ( /O e Nn(g)(x, y)dLeb(y)) du(x)

it is therefore enough to understand the convergence of the bounds

[ YN (&) (x.0) ()

and
/ Y(x)Na(g) (T, 0) dpa (x).

Consider the lower bound (given by the first integral). The two random variables
given by g(f,gk) (+,0)c,) and y are asymptotically independent for any k € N; con-
sider

®_,

'n

g(Tr(zk)<X,O)Cn) =gl cn Z 7( Tx +h(T’” x)
i=1

As g is a continuous function with compact support, this converges u-almost
surely, in the limit as n tends to infinity, to the integral

g (r(k)(X)/EYa’u)

which is independent of y(x). Therefore

lim [ YN, () (x.0)dpa() = lim [ (2 (/Ogrd( Sf,gcn»du(x)

™

Here we have made use of the monotone convergence theorem. Since g is contin-
uous with compact support the sequence given by

J
Z g(dfcn)
k=1 jeN
(k)

must eventually be monotonic (for a fixed n), yet also finite as 7, ’ diverges to
infinity as k diverges. So the infinite sum and the integral may be exchanged.
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Now observe that

[ Y0s(ak 0 dno < [ 70 dullg]

By the dominated convergence theorem

n—oo Jy n—o0

lim WM@wwwmﬁmiémm#Wmmww
k=1

= ¥ dim [ y(@)g(n) (x.0)cs) dp(x)

kzln*)w Yy
=¥ [rdu [ g(e¥)(x.0))dutx)
k=1"% z
= /Ydﬂ /N(g)(X> du
Similarly for the upper bound (given by the second integral), noting again that
since g(r,gk) (+,0)c,) and y are asymptotically independent for any k € N

ggZWW@WMMu-gg/Y</ (26 »wi>
~tim [y (i ) (Tx,0) cn)) du(x)
= lim ¥ [ v(@)s(e(T2,0)c) dua(x)

—lim ¥ [ (e (7x.0)er) du ()

=17Z

=Y lim [ y(@)g(m(Tx,0)e,) dp(x)

The upper and lower bound both converge to the same limit, therefore

nlgg (/ Nyu(g)(x,y)dLeb(y ) /}/ x)du(x /N )(x,0)dp(x),

and 7, converges in V-distribution to a Poisson process of rate ]

fydu
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Corollary 3.12. Consider an ergodic subshift of finite type, (L4, 0), equiped with
a suspended flow S; : Qy — Qy for some y € F, and let A, C Qy be a sequence
of open balls with measure v(A,) > 0 and lim,_, V(A,) = 0. Then there is a
sequence of positive real numbers (cp),eN such that the process of hitting times

given by
=) 9
ken o

converges in distribution to a Poisson point process of rate 1.

This follows as a direct corollary from Theorem 3.11, and Pitskel’s result (the-

orem 2.1), which gave a Poisson limit law for open balls in a Markov chain.

These results will extend naturally to give a Poisson limit law for the hitting
time processes to a sequence of more general open sets A, and not just open balls,
so long as the hitting time process of the discrete system given by r, converges to

a Poisson process.

3.3.2 Poisson Law for Axiom A Flows

By applying Theorem 3.11 to the developed theory of axiom A flows, the following

theorem holds.

Theorem 3.13. Let ¢; : A — A be an axiom A flow on a basic hyperbolic set, A, and
{An}n be a sequence of open sets with positive measure such that lim,,_,.m(A,) =
0. Then the hitting time process to A, given by

T = Z
CnTn

converges in distribution to a Poisson point process of rate 1, where ¢, =

1A [ydu.

Proof. The distribution of the rescaled hitting times in an axiom A flow is the same
as the distribution of rescaled hitting times in the corresponding suspension flow.
Open sets in the original space will also correspond to open sets in the suspended
space. It therefore follows from Theorems 2.1 and 2.2 that there is a rescaling
sequence ¢, such that the rescaled hitting time process, of the action on the base
of the suspension flow, converges in distribution to a Poisson point process of rate
1. Therefore by Theorem 3.11 there is a rescaling sequence such that the rescaled
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hitting time process of the full flow converges in distribution to a Poisson point
process of rate 1. Therefore, for the same rescaling sequence, the rescaled hitting
time process in the axiom A flow converges to a Poisson point process of rate
1. ]

3.4 Return Times

So far I have been looking at hitting times for flows, and I will now show how simi-
lar methods can be used to understand the distributions of the return times, proving
a theorem on the rescaled limit distribution of return times in a similar setting. In
general one would expect to find the return time process and hitting time process
have similar limiting distributions, especially if the system has sufficient mixing
properties, and I will show that the rescaled return time distribution is the same in

the limit as that of hitting times, provided that similar conditions are satisfied.
Start by defining the return times. Consider a sequence of measurable open

sets A, C Q such that v(A,) > 0 and

lim v(A,) = 0.

n—yoo

For o € A, denote the first return time to A, by
o\ (@) ;== inf{t > 0: ¢,(®) € A, and Is < 1 such that ¢,(®) & A,},
and subsequent return times are defined inductively as
M (w) = inf{r > 7" ¢ (w) € A and 3s € (17, 1) such that ¢,(w) & A,}.

We use the exact same notation here as for hitting times, as the definitions are
identical, with the only exception being that return times are restricted to the target
set. Because of this many of the useful observations made for hitting times still

hold true for return times.

One of the main differences of studying the distribution of return times and the
distribution of hitting times however is that because of the restriction to the target

sets the distributions must be measured using conditional probability measures.

59



Denote by v, the conditional measure of v given the condition A,. That is to say
for a measurable A C Q
V(ANA,)

Va(A) = VAl = =7

3.4.1 Return Times for Suspension Flows

Consider a measure preserving discrete dynamical system, (X,7,%,u), with a
measurable height function y: X — (0,00) such that [ ydu < oo. The suspended

space is given by
Q=Qy:={w=(xy) eXxR:0<y<y(x)},

where the points (x, y(x)) are identified with (7'x,0). Associate with this the prod-
uct o-algebra, and define a probability measure on Q by
du x dLeb
dvy=dy = SHZE
Jrdu

The suspension flow (S; : @y — Qy : ¢ € R) is given by

n(t)-1 .
Si(@) = Si(x,y) :== <T"(t)x,y+f— )y Y(T’X)>

i=0
where 7)(#) is the unique natural number which satisfies

n@)-1 ,
0<y+t— Y ¥T'x)< y(T"0y).
i=0

Recall also the projections 7 : Q — X given 7(x,y) =x and ' : Q — R given by
' (x,y) = y.
Consider a sequence of open balls (A, C Q) with positive measure such that

lim,,_,e V(A,) = 0. Denote 7(A,) = A, and observe that {1(A,) > 0 since otherwise

Leb A Leb(7'(A
Jrdu Jrdu
Now consider the the return times ’C,Ek) to these sets. As shown with the hitting
(k)

times, these return times can be related to the return times, r,, ’, of the system

(X,T, %, 1) at the base of the flow, to the projected sets A, = m(A,).
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Lemma 3.14. Let (X, T, %, L) be an invariant dynamical system with probability
measure |1, and let (Qy,S;,9,V) be the associated suspension flow with height
given by the L' integrable function y: X — R. Then consider a sequence of open

balls A, C Qy with positive measure such that lim,_,. V(A,) = 0. Let ‘L',(,k) be the
(k)

k-th return time for the suspension flow to hit A, and let r;,”’ be the k-th return time
for the transformation T : X — X to hit the projected sets A,, = T(A,). Then

T}’l - rl’l n
where
[ (*
k k ; ,
B0 =1 ) =5 [ L v —y+h(r )
In i=0

and h : X — R is a positive measurable function with 0 < h(x) < 7.

Proof. r,S") (w) is the time it takes for the flow S; to hit some particular set A, of
positive measure, starting at the point @ = (x,y). At the time ¢ = o) ()

S w(x,y) = G N Y vTh) |,

Tn

0< y+ o - Z Y(T'x) < y(T”(T’%x).
i=0
We will show that 1 (‘L',(,k)) = rﬁlk)

Each term in the sum coincides with the flow reaching the top of the suspen-
sion once, which is to say that the x-coordinate is translated to Tx for each term in
the sum. In order for the flow to hit A, for the k-th time, it will therefore have to
continue until the x-coordinate hits the projected set A, = m(A,) € X for the k-th
time. After the first translation (that is the time to reach the point (Tx, 0)) S has
travelled a distance of y(x) — y, the height of y over the first point minus the start-
ing position, and at subsequent translatio(n)s the distance just adds on the height of

k

Y each x coordinate visited so that after r,, ’ translations S has flowed a distance of

(k)
Y(x) —y+y(Tx)+- -+ (T " x).
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This must be at most the distance required to hit A, for the k-th time. Since S;
travels at unit speed,

o > Z YT’ | .

Rearranging gives the left hand inequlity

0< y+T,gk)— Z ¥(T'x).
i=0

To get the right hand inequality observe that S; must hit A, before the next translate.

So
(k)
o < y(x) —y+ Y(Tx) + o+ (T ).

Rearranging gives

v+ ZyT’ <yT’" x).

It follows that there is some function 4 : X — R which satisfies

(k) _

'n

(k)
Z ¥(T'x) y+h(Tr"k X)

where 0 < h(x) < y(x) for every x € X. Define h(x) to be the height required for S
to hit A, from (x,0) if x € A, or 0 otherwise, that is to say

(1)
o) = {gn (x0) xe4,

otherwise.
The measurability of 4 follows from the measurability of 7. U

Lemma 3.15. Yn(k) converges W-almost surely to [ ydu asn — oo.

Proof. This can be shown by rearranging and considering three terms separately,
by writing
1 s h(T’(k)x)
k _ i !
Z NI~ 5+ =
I'n I'n

where h(x) is the height requlred for S to hit A, from (x,0) if x € A,, or 0 otherwise,

that is to say
(1)
h(x) = Ty’ (x,0) xEAn'
0 otherwise.
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For the first term use a generalised version of the Birkhoff ergodic theorem

(k)

observing that since r; * diverges almost surely then the averages must converge
almost surely to the integral due to the ergodic properties of p. That is

(k)

1 n —1 ;

| X T | = / ydu
i=0

'n

almost surely as n — co.

(k)

For the second term recognise that r,,” — oo almost surely as n — oo since the
measure of the target set converges to 0 and so the hitting times diverge according
to Kac’s theorem. As y is a constant here so it follows that

A
(k)

In

—0

u-almost surely as n — oo,

For the third term it’s already known that 0 < h(T"(lk>x) < '}/(T"('k)x). Since
y € L! it follows that by the Birkhoff Ergodic theorem

(k)
1 .
rn " k=0

So consider

w1
h(T™ x) < —5 V(T™ x)
iC m
n n
rn 1 r£1k>_1

ZyTx o PR

(k)

Taking a limit as n — oo, and noting that r,, ’ is a subsequence of (n),cn, then both
terms in the final expression converge to the integral of y by the Birkhoff ergodic
theorem. In particular, on a set of full measure,

O<hm—hT’" /yd,u—/ydu—o

woee ()

(k)
1 n
and so @h(T’ x) — 0 almost surely.

The result now follows. L]
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This is where the immediate similarities with hitting times end, as in order to
construct a general version of Slutky’s Theorem which can be used here, a slightly

different proof will be needed. The lemmas below will be required in that proof.

Lemma 3.16. If y € L*>(X, 9%, 1) then Y,,(k) converges in L* to [ydu as n — .

Proof. Again this can be shown by rearranging and considering three terms sepa-
rately, by writing

|t y h (Tr<k)x)
w _ L iy_ Y
Y, = NG ;3 y(T'x) r,(,">+ B

where /(x) is the height required for S to hit A, from (x,0) if x € A,, or 0 otherwise,
that is to say

T,Sl)(x,O) x €A,
0 otherwise.

For the first term use a generalised version of the Von Neumann ergodic theo-

(k)

rem observing that since r;, * diverge almost surely then the averages must converge
in L? to the integral due to the ergodic properties of 1. That is

1 (hG

-1
| L YT | = / ydu
i=0

T'n

inL? as n — .

For the second term note that since ¥ € L? and y < y(x) the integral of y* exists
and is finite and
/ |
p

2
2
o] du < [ 5] du
1
<~ [ bPdu,
n

and this final term converges to zero as n — oo.

For the final term, again note that since yis L? and 0 < &,,(x) < y(x) then %)hn
'n

is also L%. Noting that £, is zero outside of A, the integral can be restricted to the
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set A, and making use of the upper bound /# < ¥ and that both £,y > 0 then

2
Lhn

/ NG

n

But lim, . tt(A,) = 0 and so this converges to zero.

The result now follows. O

Lemma 3.17. If Yn(k) converges in L to a constant ¢ € R then the probability
conditioned on A,, converges. That is to say

lim P, (
n—oo

Proof. Let € > 0 and use the Markov inequality to calculate

Yn(k) —cC

>s>:O.

Yn(k) — c‘ > 8)
P(An)

1
< .
= eP@A,) /XA”

Yn(k) — c‘ du

>£>:P<XA,,‘

Yn(k)—c‘ du

But € was fixed and so noting that Yn(k) converges in L? to ¢, and therefore in L! to
¢, then taking a limit as n — oo the result now follows. ]

Theorem 3.18. Let A, C X be a sequence of subsets such that u(A,) > 0 and

limy, 00 W(A,) = 0. Let X,gi) be a sequence of random variables defined on A,, such
that the processes given by

Xn - Z 6Xr(zi)
i=1

converge in distribution, as n — o, to



a Poisson point process of rate 1. Let Yn(i) be another sequence of random variables
on A, and ¢ € R be such that for any € > 0 the limit

lim P, (|Yn(") —e|> s) —0.
n—soo

Then the process given by

converges in distribution, as n — oo, to

T= Z 5CX(5)7
=1

1

Lo . . 1
which is a Poisson point process of rate -.

Proof. Consider m sequences of random variables X,gl),X,gz) ,...,X,§’") which
converge in distribution to X M, x@ . x0m respectively and sequences

Yn(l),Yn(z), e ,Yn(m) which converge almost everywhere to Y (1),Y(2),...,Y(’") re-

spectively. As X,, converges to a poisson process, X,gl) and the difference (X,gz) —
X,El)) are asymptotically independent and for each i = 2,...,m — 1 the pair of dif-
ferences (X,Ei) —X,Ei_l)) and (X! —X,gi)) are pairwise asymptotically independent.
Let Y() = ¢ € R. We are concerned with the convergence of the process given by

T(®) = L1 80,0

To see that this converges in distribution it is sufficient to show that for any
continuous function, g : R — R, with compact support

/gdrn = Zg(X,Ei)Y,,(i)),
i=1
converges in distribution to
m . .
/gdr =Y g(xy @),
i=1

Recall theorem 3.6, the continuous mapping theorem: if Z, is a d-dimensional
random vector which converges in distribution to the random vector Z and g : R¢ —
R is a continuous map with compact supoprt then g(Z,) — g(Z) in distribution.

Let G : R?" — R given by



and substituting X,gl) = u(]), (X,gi) —X,giil)) = u(i), Yn(i) = () for i > 2. For ease
of notation write Z,gl) = X,gl), ZzW = x() and similarly Z,gi) = (X,Ei) —X,Ei_l))
and Z) = (X — x(=1)) for i > 2. We will show that the random vector
(Zr(,l),...,Z,(,m),Y,fl),...,Yn(m)) does indeed converge to (Z(1)7...,Z(’”),c,...,c).
Note that (Z,(ll), e ,Z,Sm)) converges in distribution to (Z1),...,Z(™)),

Let Z, = (Z,Sl),...,z,ﬁm)), Y, = Yn(l), and similarly Z = (Z(l),...,Z(’")) and
Y =Y =¢. Let E, denote the conditional expectation, that is the expectation with

respect to the measure u, = u(-|A,). For any bounded and continuous function
with compact support / : R™+! — R consider the difference given by

|]En [h(zl’l7YI’l>] - IFf’n [h(z7 C)H = |En [h(ZmYn)] - En [h(Znac)]
+ IEn [h<Zn7 C)] - IE:n [h(Zv C)”
< B [A(Zn, Yn)] = B [1(Zn, €)]]
+ |Ey [1(Zy,¢)] — E, [0(Z,¢)]|.

Define g(z) := h(z,c), which is continuous and has compact support from /. Then
by the continuous mapping theorem the second term converges to zero as n tends
to infinity since Z, converges to Z in distribution.

For the first term, note the assumption that for any € > 0,
P,(|Y, —c|] >¢€) — 0
as n — oo, Using this notation, for any € > 0

\En[1(Zn,Yn)] — En [h(Zy, €)]|

_ / h(Z, Y) — h(Zp, ¢) dP,

_ / W(Z,Y) — h(Zn, ¢) APy + / h(Zn, Y,) — h(Zy, ¢) dP,
|Y,—c|>¢€ Y,

—c|<e

IN

/ 1W(Zn, ) — h(Zn, ) dP,
|Y,—c|>¢

_|_

/ h(Zn,Yn) _h(Zn,C) dPn
|Y,—c|<e

< 2|l (Y, —¢| > €)

+  sup  {|A(z,y) = h(z,0) [} Pu(]Yy —c| < ).
{zy:ly—c|<e}

Observe that & is continuous with compact support. In particular /4 is uniformly
continuous, which is to say that for any 1 > 0 there is a 6 = 6, > 0 such that
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dy ((x1,y1), (x2,y2)) <6 = dy (h(x1,y1),h(x2,y2)) <1, where d; and d, are the
metrics for R? and R respectively. So there is a § > 0 such that d; ((x,), (x,¢)) <
0 = dy(h(x,y),h(x,c)) < n. But the distance d; ((x,y), (x,c)) = |y —c|. In the
above calculation € was arbitrary, so pick € < &,. Therefore for any n > 0 there
exists € > 0 such that

[ [A(Xn, Yn) | = B [2(Xn, €)]| < 2[|Al[ooPn([Yn —c| > &) + 1.

Since
lim P, (|¥, —c| >€)=0

n—oo

there exists some N € N such that forn > N
En [1(X0, Yn)] — B [A( Xy, 0)]| <M +1 =27.
But 1 is arbitrary so it follows that

lim E, [h(X,,Y,) — h(Xy,c)] = 0.

n—soo
Therefore (Z,,Y,) converges in distribution to (Z,Y).

Now let Z, = (Z,(,l),...,Z,gm),Yn(l)) and Y, = Yn(z) and repeat the cal-
culation, to get that (Z,(,l), ... ,Z,gm),Y,fl),Y,,(z)) converges in distribution to
(Z(l), 4GOS c) and continue for ¥, = ¥ then ¥, = ¥ etc. until we have that
(Z,(ll),...,Z,gm),Yn(l),...,Yn(m)) converges in distribution to (Z(l),...,Z(m),c,...,c).
Then by the continuous mapping theorem

which is to say that the process T, converges in distribution to 7.

This proves the finite, m-dimensional case, where

o
g
1
T
B
<

But for convergence in distribution for the infinite dimensional situation it is
enough to prove convergence for every finite m. This can be seen by recalling
the definition of convergence in distribution of a point process: T, converges in
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distribution to 7 if and only if for all continuous g : R — R with compact support
the random variables

Y sxir)
i=1

converge in distribution to

Therefore the result follows. ]

This shows a Poisson limit law, with respect to the measure u, for the return
time process rescaled by t(A,). Now we will prove a full result for the flow with

respect to the product measure given by

v u x Leb
Jrydu
Theorem 3.19. Assume there is a positive sequence of real numbers (c,) such that
the return time processes given by
)=} 8,
keN

converge in distribution to a Poisson point process of rate 1. Then processes of
rescaled return times
Tw(®)=) 8w,

keN

converges in distribution to a Poisson point process of rate W'

Proof. Lemma 3.14 states that ’L',(,k) = Yn(k) r,gk), and by lemma 3.15 Yn(k) converges

almost surely to [ ydu as n — oo, for any k € N. It therefore follows from Theorem

3.18 that 7,,(x,y) converges in distribution (with respect to the measure (1) to a point

process of rate W, which will be denoted 7.

For any continuous function g : R — R with compact support, consider the
sequence of random variables given by

N.()(0) = Nu()(vy) = | g(0)d (Z 6@5((0)@,) -
k=0
Theorem 3.18 states that

| M)y dun — [ NGy du
n A
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where

N=N@)= [ glia (i afk(a,)> ,

and (N(g), ™) describe a Poisson point process of rate -——— Tydi 7/ . To show convergence
in distribution with respect to the full measure given by

_ uxLeb
Jvdu

we will show the convergence of the integral

/N 0)dv,(o).

Note that for continuous 7y an open ball A,, with respect to a product metric will
be a square, if it has sufficiently small diameter, given by A, = w(A,) X ' (A,) =
Ay X (ay,by), and so the conditional measure is given by

v, — V(AN )
v(An)
_ H(@(AnN -)) xLeb(x'(AyN -)) [ydu
1(m(An)) x Leb(n'(An)) [ vdu
= U, x Leb,.

Then consider

/N an /N d.un )®dLebn(y)

_/ (/ " M) (.y) d Leby (y )) i ().

This double integral can be bounded above and below. First consider a lower bound
by restricting the Lebesgue integral to only the points y € 7'(A,,) = (an,by), and
noting that the number of hits will eventually be minimised by starting at the high-
est possible y value as the flow will need to travel the maximum distance for each
hit. That is to say that

J (/OYN"@ <x7y>dLebn<y>> e

- / (m [ M) dLeb() ) diato)
)(Tx,0)du,

b_
—/N Tdeu,,
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But it’s already known that this converges to [ N(g)du*.

Similarly for an upper bound, the number of hits will be maximised by starting
at the lowest possible y value as it will hit A,, immediately, before continuing to the
subsequent hits. Therefore

/): (/OyNn(g)(xvy)dLebn(y)> d 1, (x)

1 by
_ / (m " o)) aLebi) ) ()
)(x,0)du,

b _
:/ZNn g) x,O)dun.

Again it is already known that this converges to [N(g)du*.
The upper and lower bound both converge to the same limit, therefore

fim ( /O”X)Nn<g)<x,y>dLebn<y>)dun )= [ N(e) (. 0)au* (),

n—oo )

and so T, converges in Vv distribution to a Poisson process of rate ]

Jydu Yd#

By applying this result with that of Pitskel (theorem 2.1, [14]) which gave a
Poisson limit law for open balls in a Markov chain we obtain the following corol-
lary.

Corollary 3.20. Consider an ergodic subshift of finite type, (X4,0,V), equiped
with a suspended flow S; on Ly for some y € F. Let A, C Qy be a sequence of
open balls with measure v(A,) > 0 and limy,_,c V(A ) =0. If y € L*(Z4,0) then

there is a sequence of positive real numbers (c,)nen such that the process of return
times given by

converges in distribution to a Poisson point process of rate 1.

These results will extend naturally to give a Poisson limit law for the return
time processes to a sequence of any open sets A, and not just open balls, so long
as the return time process of the discrete system given by r, also converges to a

Poisson process.
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3.5 Hitting times to the Self-Similar Model

Recall the self-similar model (see [8] and section 1.2), creating a suspended flow
over the unit interval, starting with the interval / = [0,1) and the doubling map
T:I—1:x—2x mod 1, with a T-invariant measure (. Define a sequence of sets
by the following construction: Ay = [%, %] is the centre half of /. A is then the

union of the centre halves of each disjoint interval of I\ Ao, thatis A} = [1]—6, 13—6] U

[Q 5
16° 16

intervals in 7'\ (Ao UA;) and A, is the union of the centre halves of each of the

} . Ay is then the union of the centre halves of each of the four remaining

2" remaining intervals in I\ UZ;(I) Aj,. Continuing as such, it should be clear that
I =U,_oAn. See Fig 3.2.

i — |

Ay A A Ag Ay A A

3 i
) 1

NI—T

o

Figure 3.2: Showing the fractal construction of the sets Ag,A,A> in the unit inter-
val.

For the suspended space use a height function y: I — I given by y(x) =
A™"if x € A, for some A > 1 and call the blocks A, x [0,A"] = A,. The value
of A should be chosen appropriately so that [ ydu < o. The suspended space is
defined by .

Q={o=xy):xel,0<y<y(x)}= UAn,
n=0
(see Fig 3.3) and define a new measure on € by

v._uxLeb
- Jrdu

The suspension flow is then given by

n(t)-1 ,
Si(@) = S;(x,y) := (T”(’)x,wf— ) Y(T’X)>
i—0

1=
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A0 S
1 1 3
0 5 2 i

Figure 3.3: Showing the construction of the suspended space.

where 1)(¢) is the unique natural number which satisfies

n()-1 _
0<y+r-— Z Y(T'x) < y(T"Wx).
i=0
Let 7 : Q — I be the projection given by 7 (x,y) = x. Recall theorem 2.6, that
the hitting and return time process of the doubling map, 7 : I — I, equipped with
a T-invariant measure, to the sets A, = m(A,), rescaled by e s, converges in law

to a Poisson point process with rate 1.

In order to consider the hitting time process of the full suspension flow of
the system, the problem is very similar to that handled in the previous sections.
The aim is to use the convergence of the base process to get a convergence of the
full process. The principle difference here is that instead of having a continuous
height function, the height funtion is only integrable and is discontinuous on a set

of measure zero.

As before it is possible to write the hitting times as two components, as shown
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in Lemma 3.2, as
(@) =x" )1 (w)
(k)

where X, is the hitting times in the base system, and

XM -1
n ) (k)
Y (w) =¥ (x,y) = Y Y(Tx) —y+h(T* x)
i=0

xM
with i : X — R a positive measurable function such that 0 < h(x) < 7. Recall the
modified version of Slutsky’s Theorem, which is given in Theorem 3.10, which
states that since Yn(k) converges in probability to a constant [ydu, then 7, con-

verges in law with respect to the measure (.

The proof of the final theorem requires more care now that the height function

7Y can take infinite values.

Theorem 3.21. The hitting time process for the self similar model, given by

Tn(a)) = Z 67,(Lk)((1))cn
keN

converges to a Poisson point process of rate 1, where ¢, = e "' [ydy.

Proof. First check the criteria for Theorem 3.10 are satisfied. Lemma 3.2 states
that 7. = ¥ x
applies for any integrable 7, Yn(k) converges almost surely to [ ydu as n — oo, for

any k € N. It therefore follows that 7,(x,y) converges in distribution (with respect
to the measure (1) to a point process of rate 1, which will be denoted 7.

, and by lemma 3.4, and noting the Birkhoff ergodic Theorem

Now, for any continuous function g : R — R with compact support, consider
the sequence of random variables given by

Nu(g)(@) = Nu(g)(x,y) = /O g(t)d (Z 5f,g<<w)c,,> :
k=0
Theorem 3.10 states that

[N y)du = [ N(g)xy)du
X X
where

N:N(a)):/o g(t)d(lg)Srk(w)>.
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To show convergence in distribution with respect to the full measure

v_uxLeb
Jrdu

it is sufficient to show convergence of the integral
| Ma(e) @) av(o).
Q
Consider
[ rau [ Ni(@)(@)avio) = [ Ni(g)(@)du(x) @ dLeb(y)
(x)
[ ([ Mm@ aren) ) auto

The internal integrals can be bounded above and below. First consider a lower
bound: The bounds are clear in the case ¥ is finite, however they are not where y
is infinite. Fortunately the set of discontinuities for ¥ has measure zero and so the
infinite values of y can be ignored as it is still integrable. Therefore, except on a set
of -measure zero, the number of hits will be minimised by considering a starting
point, (x,0). That is

[romoaue < [ ([ miwnaren)) dut.

Similarly, except on a set of (-measure zero, the number of hits will be maximised
by considering the highest starting point, (x,y(x)) = (T'x,0), so

L[ miotnarest) ) daue < [ rom(ernodut

To understand the convergence of

/E(/OY(x)Nn(g)(xa)’)dLeb(y)> dp(x)

it is therefore enough to understand the convergence of

L YON(8)(,0)da(x)

and

/E YNa(2) (T, 0) dpa (x).
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Consider the first integral. The two random variables are asymptotically inde-
pendent as the time interval for counting hits (weighted by g) will expand, and
therefore by the same arguement used in the proof of Theorem 3.11, using Lemma
A.1, the value of the height function at the starting point and the number of hits are
independent in the limit. Therefore

Jim [ 7N, () (5. 0)dp(x) = fim [ (5)dia(0) lim [ No()(0:0) s
= [0 du) [ Me)x.0)dp).

Similarly the same result will hold for the upper bound and

tim [ YN (8)(T.0)du(v) = [ 7(0)du(x) [ N(g)(Tx.0)du(x)

= [rduto) [ Ng)(x0)du).

The upper and lower bound both converge to the same limit, therefore

n—yoo

. (%)
lim | (/0 Ni(8)(x,y) dLeb(y)) du(x) = /E'y(x) du(x) /ZN(g)(x, 0)du(x),
and so T, converges in v-distribution to a Poisson process of rate 1. N

Therefore we have found a suitable rescaling sequence for a Poisson limit law

for the hitting time processes to the sets given in this self-similar model.
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Chapter 4

Conclusion

This thesis has focussed on the limiting behaviour of hitting and then return time
processes of flows to a sequence of sets with asymptotically small measure. Chap-
ter 1 introduced a motivating example and notations being used in this work, before

exploring some of the known results in discrete systems.

Chapter 3 created the link between continuous and discrete systems by consid-
ering suspension flows and axiom A flows: flows which could be identified with
suspended flows making use of results by Bowen and Ruelle. Using this link I
showed that for axiom A flows, if the rescaled hitting time process for an associ-
ated discrete system had a Poisson limit law of rate 1 then it would follow that the
rescaled hitting time process for the flow would also have a Poisson limit law, with

rate
1

Jydu
the integral of the height funtion for the suspended space.

I then showed, using similar techniques, that if the height function Y that de-
scribes the suspended space is L? then the rescaled return time process for the flow
has a Poisson limit law if the rescaled return time process also has a Poisson limit
law. The extra condition that y € L? was used to ensure that the conditional prob-
abilities behaved in such a way as to give a property analagous to convergence in
probability. A natural next question is whether L? is a necessary condition for this

property to hold and whether it is necessary for the Poisson limit law to hold.
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By making use of previous results for Poisson limit laws of hitting time pro-
cesses and return time processes in discrete dynamics, the new results in chapter 3
can be extended to give Poisson limit laws for hitting and return time process for a

wide variety of axiom A flows.

Theorem 2.6 gave a Poisson limit law for the hitting time process of the dis-
crete system as described in Floriani and Lima’s self-similar model. By then ap-
plying similar working I showed that the hitting time process for the continuous
suspension flow in this model also had a Poisson limit law. This expanded on
the results produced in the original paper to give an explicit limit law, and found

suitable rescaling constants.

The main results in this thesis have focussed only on axiom A flows so that
they can be identified with suspended flows and hence described using discrete
systems. Next steps and further work could include looking for similar limit laws
for hitting and return time processes for a wider class of flows, and whether axiom

A is a necessary condition on flows to achieve a Poisson limit law.

Other work to note in the area is that of Rousseau [17], which studies in par-
ticular recurrence rates of Anosov flows, linking the Poincare recurrence rate with

the dimension of the local measure.
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Appendices
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Here we will prove an asymptotic independence of two random variables,
which is used in the proofs of theorem 3.11, theorem 3.19 and theorem 3.21.
Asymptotic independence is independence in the limit between sequences of pairs

of random variables where each finite pair may not be independent.

Let g : R — IR be continuous with compact support and using the notation used

throughout this thesis let

NA()(@) = Ny(g)(x3) = | s(0)d (2 51#)(@)%) (1) =Y g(1l (@)cy).
k=0

Lemma A.1. The random variables g(‘z,',(lk)(-,())cn) and y: X — R are asymptoti-

cally independent for any k € N. That is to say that if F,, and Fy are the cumulative

distribution functions of g(’c,(lk)

bution function then

(+,0)cy) and y respectively and F, y the joint distri-

n—o0 n—o0

Proof. For a,b > 0 we will show that the conditional probability

P (3(m"(x,0)cn) € (0,a)|(x) < b)

converges as n tends to infinity to

P (g (r<’<> (x,O)) e (o,a>) .
It follows that

. (k)
lim P(g(e"(x,0)¢,) € (0,a)|y(x) < b)
! (®)

=1limP| ¢, Z Y(T'x) +h(T™ x

n—oo !
i=1

) | €87'(0,a)|y(x) <b

n—oo

r(k>—1
— (k) [ L™ i -1
= 1im P | c,m r,(lk) ,:Zi Y(T'x) | € g (0,a)|y(x) <b

P (r<k> / ydp € g7(0,a)|y(x) < b)
P (r(k)/ydu € g_I(O,a)> .
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For the last equality notice that [ ydu is a constant and that %) does not depend
on Y.

]
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